


Fundamental Physical Constants1 

Constant 

Gravitational con tant, G 
Velocity of light in vacuum, c 
Magnetic field constant, JJ-o 

Electric field con tant, eo 

Planck's constant. h 
h = h/2rr 

Elementary (electron· ) charge. e 
Atomic ma unit. mu = u 
Ret ma ofth 

proton lllp 

neutron mn 

electron me 

hydrogen atom ntH 

tnp/llle 

pecific charge of the electron, efme 
Avogadro's number, NA 
Univer al gas con tant, :R 
Boltzmann' con tant. k 
Fine- tructure con tant, a 
Compton wavelength of the 

proton Ap 
electron Ae 

Classical electron radiu , rc 
Thomson cro ection, aT 

Rydberg's con tant, R 

I st Bohr radiu . ao 
Planck' radiation constant. c2 

tefan-Boltzmann 
radiation con tant. a 

SI Units 

6.673 · 10- I I m3 kg- I -2 

2.9979· 108 m -I 

1.2566 · I o-6 m kg - 2 A -2 

= V A- 1 m- 1 

8.8542·10- 12 m- 3 kg- 1 4 A2 

= Asv- 1 m- 1 

6.6261 .w-34 m2 kgs- 1 = J s 
1.0546· Io- 34 Js 
1.6022. 10- 19 A = c 
1.6605. 10- 27 kg 

1.6726. 1 o-27 kg 

1.0073 u 

1.6749. w- 27 kg 

1.0087 u 
9.1094· 10- 31 kg 
5 .4858 . w-.; u 
1.6736. 10- 27 kg 

1.0078 u 
1.8362. 103 

1.7588-1011 Ckg-1 
6.0221· 1023 mol - 1 

8.3145 Jmol-tK-1 
1.3807·10- 23 JK- 1 

7.2974· w-3 = 1/137.036 

1.3214·10- 15 m 
2.4263. 10- 12 m 
2.4263. 1 o-2 

2.8179·10- 15 m 
6.6525. 1 o-29 m2 

1.0974 · 107 m- 1 

1/911.27 -I 

5.2918· 10- 11 m 
1.4388 . w-2 mK 

5.6704. 1 o-8 wm-2 K-4 

Gaus ian Units 

6.67 . w-8 cm3 g- 1 s-2 

2.9979· 1010 cms- 1 

6.6261 . w-21 ergs 
1.0546. w-27 erg 
4. 032. w - IO esu 

1.6605. w-24 g 

1.6726. lo-24 g 

1.6749. w-24 g 

9.1094·10-28 g 

1.6736. 1 o-24 g 

5.2728 · 1017 e u g- 1 

8.3145· 107 ergmol- 1 K- 1 

1.3807 · I0- 16 ergK-I 

1.3214·10- 13 cm 
2.4263. w-IO em 

2. 179 ·10- 13 em 
6.6525 · 10- 25 cm2 

1.0974 · lo5 cm- 1 

5.2918. w-9 em 
1.4388 em K 

5.6704·10- 5 ergcm- 2 s- 1 K- 4 

1 All numerical values were rounded to 5 significant digits. For more precise values (with error limits) see P.J. Mohr, 
B.N. Taylor: CODATA recommended values of the fundamental physical constants: 1998. Rev. Modem Phys. 72, 351 
(2000) 



Astronomical Constants and Units 

A tronomical unit 

Parsec 

idereal year 

Tropical year 

Magnitude 

Earrlz: 
Equatorial radius 

Mas 

olar onstant 

Sun: 
Radius 

Mas 

Luminosity 

Effective temperature 

urface gravity 

Ab olute vi ual magnitude 

Milky Way: 
Distance un -galactic center 

Rotational velocity 

Rotational period 

Oort con ·tants 

Universe: 
Hubble con tant 

h = Ho/(50kms- 1 Mpc- 1) 

Hubble time 

Critical density 

Temperature of the 

microwave background radiation 

Planck time 

I AU= 1.496· 1011 m 

= 499.0 light second. 

I pc = 3.086 · 1016 m = 2.063. 105 A 

= 3.261ight years 

365.256d = 3. 1558. 107 s 

365.242d = 3.1557. 107 s 

I mag corrc. ponds to a 

brightness ratio of 2.512 = I 0°..1 

RE = 6.378 ·106 m 

ME=5.973 · 1024 kg 

S = 1.37kwm- 2 

R0 = 6.960 · 10M m 

.M.0 = 1. 989 . 1 o30 kg 

L'0 =3.846 · I0~6 w 

Tell .. ,= 5780 K 
g~Z. =2.736 · 102 m ~ 

Mv.0= 4.87 mag 

Ro = 8.5 kpc 

Vt> = 220 km s - I 

CtJQ =26kms 1 kpc- 1 

to = 2JT / CtJQ = 2.4- 108 yr 

A = 14kms- 1 kpc 1 

8 = - 12 km s 1 kpc 1 

Ho =50hkms- 1 Mpc- 1 

,-, ~ 1.4 

ro = 1/ Ho = 6.2·1017 ii - 1 s 

= 19.6· 109 1! - I yr 

Qc.O = 4 .7 · I 0 27 ii~ kg m- 3 

llc.o = 3 ii 2 m- 3 

To = 2.73K 
Tp = 5.4 · 10 .j.j 
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Preface to the Corrected Reprint 

In the preparation of this corrected and updated reprint 
of the 5th edition, Prof. Wolfgang J. Duschl once more 
provided active help with many contributions and ex
citing discussions. My dearest thanks to him. I would 
also like to thank Prof. W. Beiglbt:ick and Claus-Dieter 
Bachem from Springer most sincerely for their con
structive collaboration in the preparation of this reprint. 

Preface to the 5th Edition 

Albrecht Unsold's Der Neue Kosmos, in which he gave 
an overview of the whole field of astronomy that was 
intended to be accessible to all students and practition
ers of the natural sciences, first appeared in 1967. The 
title was deliberately chosen with reference to Alexan
der von Humboldt's Kosmos and expressed the author's 
intention of "making our new understanding of the Uni
verse clear" to a wide group of readers and of "allowing 
the basic ideas of the various areas of astronomical 
research with their factual and historical-humanistic 
connections to come into the foreground" . After the 
third edition, new editions of the book were prepared 
with the collaboration of B. Baschek, who gradually 
took over responsibility for it. Prof. Dr. Dr. h.c. mult. Al
brecht Unsold died in 1995 at the age of 90; he was 
a pioneer and an Old Master of astrophysics. Although 
he announced his retirement from active research "of
ficially" in 1988 in the Foreword to the 4th German 
edition of this book, he remained keenly interested in 
the further development of this introduction to astron
omy and astrophysics and continued to contribute to its 
revisions through discussions and observations. 

Now, ten years after the appearance of the 4th edi
tion, a completely revised and updated version of the 
New Cosmos, translated from the 7th German edition, 
has been completed; it takes into account the wealth 
of new results from astronomical research which have 
appeared in recent years, ranging from our Solar Sys-

I take this opportunity to note that, to my great plea
sure, Wolfgang J. Dusch! is prepared to work together 
with me as author of all further, new editions of "The 
New Cosmos". 

Heidelberg, December 2004 Bodo Baschek 

tern to the most distant galaxies. In this new edition, the 
organization of the material has been made clearer by 
introducing some changes in the order of presentation 
as well as by a finer subdivision of the topics covered. 

Within our Solar System, space probes have inves
tigated the Moon and Mars, the Jupiter system, some 
of the asteroids, and the solar wind from close up. New 
satellites have brought an enormous increase in observa
tion power ranging from the gamma-ray region down to 
the radiofrequency spectral range; especially notewor
thy is the Hubble Space Telescope with its incomparable 
angular resolution in the optical and near-ultraviolet, 
as well as the two large X-ray satellites, Chandra and 
XMM Newton. Furthermore, in the past decade, a new 
generation of large earthbound telescopes based on 
active and adaptive optics has come into use. 

Among the discoveries and events of this period we 
mention the following: the numerous planetoids found 
outside the orbit of Neptune, the impact of a comet onto 
Jupiter, and the appearance of the bright comets Hyaku
take and Hale-Bopp; advances in solar seismology, the 
resolution of very detailed structures in the regions of 
star formation and in planetary nebulae, the evidence 
for black holes in the centers of our Milky Way and of 
other galaxies; the observation of very distant supernova 
explosions, and the precise determination of the fluctu
ations in the 3 K cosmic background radiation, giving 
indications of a flat Universe with a nonzero cosmo-

v 



VI 

logical constant; the view of most distant galaxies in 
the Hubble Deep Field, obtained with the Hubble Space 
Telescope; the new evidence for neutrino oscillations, 
the explanation of the origin of the gamma-ray bursts 
which had remained a riddle for decades; and finally the 
discoveries of numerous planets orbiting nearby stars. 

My thanks go to all those readers of the earlier 
editions who have contributed to the improvement of 
this book through their suggestions, criticisms and 
detection of errors. Furthermore, I wish to thank my col
leagues W.J. Duschl, D. Fiebig, B. Fuchs, H. Holweger, 
G. Klare, M. Scholz, A. Schwope, P. Ulmschneider, 
C. van de Bruck, R. Wehrse, and G. Weigelt for criti
cal readings of various sections and for their comments 

and suggestions on numerous topics. In particular, I owe 
sincere thanks to Prof. Wolfgang J. Duschl for his aid in 
the choice of new illustrations and for their acquisition 
and electronic image processing. 

It was a great asset for the preparation of this book 
that Prof. William D. Brewer was once again willing to 
undertake the translation. I wish to express my heartfelt 
thanks for his excellent job as well as for very agree
able and constructive collaboration. Prof. W. Beiglbock, 
Dr. H. Lotsch, and Mr. C.-D. Bachem of Springer
Verlag are due my sincere gratitude for their excellent 
cooperation, as always, in the completion of this edition. 

Heidelberg, June 2001 Bodo Baschek 
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L Introduction 
Astronomy, the study of the stars and other celestial 
objects, is one of the exact sciences. It deals with the 
quantitative investigation of the cosmos and the physical 
laws which govern it: with the motions, the structures, 
the formation, and the evolution of the various celestial 
bodies. 

Astronomy is among the oldest of the sciences. The 
earliest human cultures made use of their knowledge of 
celestial phenomena and collected astronomical data in 
order to establish a calendar, measure time, and as an aid 
to navigation. This early astronomy was often closely 
interwoven with magical, mythological, religious, and 
philosophical ideas. 

The study of the cosmos in the modem sense, 
however, dates back only to the ancient Greeks: the 
determination of distances on the Earth and of positions 
of the celestial bodies in the sky, together with know
ledge of geometry, led to the first realistic estimates of 
the sizes and distances of the objects in outer space. The 
complex orbits of the Sun, the Moon, and the planets 
were described in a mathematical, kinematical picture, 
which allowed the calculation of the positions of the 
planets in advance. Greek astronomy attained its zenith, 
and experienced its swan song, in the impressive work 
of Ptolemy, about 150 a.D. The name of the science, as
tronomy, is quite appropriately derived from the Greek 
word "aa7:7Jp" = star or "aar:pov" =constellation or 
heavenly body. 

At the beginning of the modem period, in the 16th 
and 17th centuries, the Copernican view of the universe 
became generally accepted. Celestial mechanics re
ceived its foundation in Newton's Theory of Gravitation 
in the 17th century and was completed mathematically 
in the period immediately following. Major progress in 
astronomical research was made in this period, on the 
one hand through the introduction of new concepts and 
theoretical approaches, and on the other through ob
servations of new celestial phenomena. The latter were 
made possible by the development of new instruments. 
The invention of the telescope at the beginning of the 
17th century led to a nearly unimaginable increase in 
the scope of astronomical knowledge. Later, new eras 
in astronomical research were opened up by the devel
opment of photography, of the spectrograph, the radio 

telescope, and of space travel, allowing observations to 
be made over the entire range of the electromagnetic 
spectrum. 

In the 19th and particularly in the 20th centuries, 
physics assumed the decisive role in the elucidation 
of astronomical phenomena; astrophysics has steadily 
increased in importance over "classical astronomy". 
There is an extremely fruitful interaction between as
trophysics/astronomy and physics: on the one hand, 
astronomy can be considered to be the physics of the 
cosmos, and there is hardly a discipline in physics which 
does not find application in modem astronomy; on the 
other hand, the cosmos with its often extreme states of 
matter offers the opportunity to study physical processes 
under conditions which are unattainable in the labora
tory. Along with physics, and of course mathematics, 
applications of chemistry and the Earth and biological 
sciences are also of importance in astronomy. 

Among the sciences, astronomy is unique in that no 
experiments can be carried out on the distant celes
tial objects; astronomers must content themselves with 
observations. "Diagnosis from a distance", and in par
ticular the quantitative analysis of radiation from the 
cosmos over the widest possible spectral range, thus 
play a central role in astronomical research. 

The rapid development of many branches of astron
omy has continued up to the present time. With this 
revised edition of The New Cosmos, we have tried to 
keep pace with the rapid expansion of astronomical 
knowledge while maintaining our goal of providing 
a comprehensive - and comprehensible - introduc
tory survey of the whole field of astronomy. We have 
placed emphasis on observations of the manifold ob
jects and phenomena in the cosmos, as well as on the 
basic ideas which provide the foundation for the var
ious fields within the discipline. We have combined 
description of the observations as directly as possible 
with the theoretical approaches to their elucidation. Par
ticular results, as well as information from physics and 
the other natural sciences which are required for the 
understanding of astronomical phenomena, are, how
ever, often simply stated without detailed explanations. 
The complete bibliography, together with a list of im
portant reference works, journals, etc., is intended to 
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help the reader to gain access to the more detailed and 
specialized literature. 

We begin our study of the cosmos, its structure and 
its laws, "at home" by considering our Solar System in 
Part I, along with classical astronomy. This part, like the 
three following parts, starts with a historical summary 
which is intended to give the reader an overview of the 
subject. We first become acquainted with observations 
of the heavens and with the motions of the Earth, the 
Sun, and the Moon, and introduce celestial coordinates 
and sidereal time. The apparent motions of the planets 
and other objects are then explained in the framework of 
the Newtonian Theory of Gravitation. Before consider
ing the planets and other objects in the Solar System in 
detail, we give a summary of the development of space 
research, which has contributed enormously to know
ledge of our planetary system. Part I ends with a discus
sion of the individual planets, their moons, and other 
smaller bodies such as asteroids, comets and meteors. 

Prior to taking up the topic of the Sun and other 
stars, it is appropriate to describe the basic principles 
of astronomical observation methods, and we do this in 
Part II. An impressive arsenal of telescopes and detec
tors is available to today's astronomer; with them, from 
the Earth or from space vehicles, he or she can inves
tigate the radiation emitted by celestial bodies over the 
entire range of the electromagnetic spectrum, from the 
radio and microwave regions through the infrared, the 
visible, and the ultraviolet to the realm of highly ener
getic radiations, the X-rays and gamma rays. The use 
of computers provides an essential tool for the modem 
astronomer in these observations. 

Part III is devoted to stars, which we first treat as in
dividual objects. We give an overview of the different 
types of stars such as those of the main sequence, gi
ants and supergiants, brown dwarfs, white dwarfs and 
neutron stars, as well as the great variety of variable 
stars (Cepheids, magnetic stars, novas, supernovas, pul
sars, gamma sources ... ) and of stellar activity, and 
become acquainted with their distances, magnitudes, 
colors, temperatures, luminosities, and masses. In this 
part, the Sun plays a particularly important role: on the 
one hand, as the nearest star, it offers us the possibility of 
making incomparably more detailed observations than 
of any other star; on the other, its properties are those of 
an "average" star, and their study thus yields important 
information about the physical state of stars in general. 

The treatment of the physics of individual stars occupies 
an important place in Part III. Along with the theory of 
radiation, atomic spectroscopy in particular forms the 
basis for quantitative investigation of the radiation and 
the spectra of the Sun and other stars, and for the un
derstanding of the physical-chemical structure of their 
outer layers, the stellar atmospheres. Understanding of 
the mechanism of energy release by thermonuclear reac
tions and by gravitation is of decisive importance for the 
study of stellar interiors, their structures and evolution. 

We then discuss the development of the stars of the 
main sequence, which includes the phase of intensive 
stellar hydrogen burning, continuing to their final stages 
(white dwarf, neutron star or black hole). The forma
tion of stars and their earliest development are treated 
in the following sections in connection with the inter
stellar material in our galaxy. At the end of Part III, we 
deal with strong gravitational fields, which we describe 
in the framework of Einstein's General Relativity the
ory; here, we concentrate in particular on black holes, 
gravitational lenses, and gravitational waves. 

In Part IV, we take up stellar systems and the macro
scopic structure of the universe. Making use of our 
knowledge of individual stars and their distances from 
the Earth, we first develop a picture of stellar clusters 
and stellar associations. We then discuss the interstellar 
matter which consists of tenuous gas and dust clouds, 
and treat star formation. Finally, we develop a picture 
of our own Milky Way galaxy, to which the Sun be
longs together with about 100 million other stars. We 
treat the distribution and the motions of the stars and 
star clusters and of the interstellar matter. After mak
ing the acquaintance of methods for the determination 
of the enormous distances in intergalactic space, we 
tum to other galaxies, among which we find a variety 
of types: spiral and elliptical galaxies, infrared and star
burst galaxies, radio galaxies, and the distant quasars. In 
the centers of many galaxies, we observe an "activity" 
involving the appearance of extremely large amounts of 
energy, whose origins are still a mystery. 

Galaxies, as a rule, belong to larger systems, called 
galactic clusters. These are in tum ordered in clusters of 
galactic clusters, the superclusters, which finally form 
a "lattice" enclosing large areas of empty intergalac
tic space and defining the macroscopic structure of 
the Universe. Like individual stars, the galaxies and 
galactic clusters evolve with the passage of time. The 



mutual gravitational influence of the galaxies plays an 
important role in their development. 

At the conclusion of Part IV, we consider the Uni
verse as a whole, its content of matter, radiation, and 
energy, and its structure and evolution throughout the 
expansion which has taken place over the approximately 
13.5 · 109 years from the "big bang" to the present time. 

Finally, after pressing out to the far reaches of the 
cosmos, we return at the end of Part IV to our Solar 
System and take up the problems of the formation and 
evolution of the Sun and the planets as well as the ex
istence of planetary systems around other stars. In this 
section, we give particular attention to the development 
of the Earth and of life on Earth. 
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Humanity and the Stars: Observing and Thinking 
Historical Introduction to Classical Astronomy 

Unaffected by the evolution and the activities of 
mankind, the objects in the heavens have moved along 
their paths for millenia. The starry skies have thus al
ways been a symbol of the "Other" - of Nature, of 
deities - the antithesis of the "Self' with its world of 
inner experience, striving and activity. The history of 
astronomy is at the same time one of the most excit
ing chapters in the history of human thought. Again 
and again, there has been an interplay between the ap
pearance of new concepts and ways of thinking on the 
one hand and the discovery of new phenomena on the 
other, the latter often with the aid of newly-developed 
observational instruments. 

We cannot treat here the great achievements of the 
ancient Middle Eastern peoples, the Sumerians, Babylo
nians, Assyrians, and the Egyptians; nor do we have the 
space to describe the astronomy of the the Far Eastern 
cultures in China, Japan, and India, which was highly 
developed by the standards of the time. 

The concept of the Universe and its investigation in 
the modem sense dates back to the ancient Greeks, who 
were the first to dare to shake off the fetters of black 
magic and mythology and, aided by their enormously 
flexible language, to adopt forms of thinking which al
lowed them, bit by bit, to "comprehend" the phenomena 
of the cosmos. 

How bold were the ideas of the pre-Socratic Greeks! 
Thales of Milet, about 600 B.C., had already clearly 
understood that the Earth is round, and that the Moon 
is illuminated by the Sun, and he predicted the Solar 
eclipse of the year 585 B.C. But is it not just as important 
that he attempted to reduce understanding of the entire 
universe to a single principle, that of "water"? 

The little that we know of Pythagoras (in the middle 
of the 6th century B.C.) and of his school seems sur
prisingly modem. The spherical shapes of the Earth, the 
Sun, and the Moon, the Earth's rotation, and the revo
lution of at least the inner planets, Venus and Mercury, 
were already known to the Pythagorans. 

After the collapse of the Greek states, Alexandria 
became the center of ancient science; there, the quanti
tative investigation of the heavens made rapid progress 

with the aid of systematic measurements. The numerical 
results are less important for us today than the happy re
alization that the great Greek astronomers made the bold 
leap of applying the laws of geometry to the cosmos! 
Aristarchus of Samos, who lived in the first half of the 
3rd century B.C., attempted to compare the distances of 
the Earth to the Sun and the Earth to the Moon with the 
diameters of the three bodies by making the assumption 
that when the Moon is in its first and third quarter, the tri
angle Sun-Moon-Earth makes a right angle at the Moon. 
In addition to carrying out these first quantitative esti
mates of dimensions in space, Aristarchus was the first 
to teach the heliocentric system and to recognize its im
portant consequence that the distances to the fixed stars 
must be incomparably greater than that from the Earth to 
the Sun. How far he was ahead of his time with these dis
coveries can be seen from the fact that by the following 
generation, they had already been forgotten. Soon af
ter Aristarchus' important achievements, Eratosthenes 
carried out the first measurement of a degree of arc on 
the Earth's surface, between Alexandria and Syene: he 
compared the difference in latitude between the two 
places with their distance along a much-traveled car
avan route, and thereby determined the circumference 
and diameter of the Earth fairly precisely. However, 
the greatest observer of ancient times was Hipparchus 
(about 150 B.C.), whose stellar catalog was still nearly 
unsurpassed in accuracy in the 16th century A.D. Even 
though the means at his disposal naturally did not al
low him to make significantly better determinations of 
the basic dimensions of the Solar System, he was able 
to make the important discovery of precession, i.e. the 
yearly shift of the equinoxes and thus the difference 
between the tropical and the sidereal years. 

The theory of planetary motion, which we shall treat 
next, was necessarily limited in Greek astronomy to 
a problem in geometry and kinematics. Gradual im
provements and extensions of observations on the one 
hand, and new mathematical approaches on the other, 
formed the basis for the attempts of Philolaus, Eudoxus, 
Heracleides, Appollonius, and others to describe the ob
served motions of the planets; their attempts employed 



the superposition of ever more complicated circular mo
tions. Ancient astronomy and planetary theory attained 
its final development much later, in the work of Claudius 
Ptolemy, who wrote his 13-volume Handbook of As
tronomy (Mathematics), Ma81Jf.LCXTLX1J<; IJvvra~ew<;, 
in Alexandria about 150 B.C. His "Syntax" later ac
quired the adjective f.LSytar1J, "greatest", from which 
the arabic title Almagest is derived. The Almagest is 
based to a large extent on the observations and research 
of Hipparchus, but Ptolemy also added much new ma
terial, particularly in the theory of planetary motion. At 
this point, we need only sketch the outlines of Ptole
my's geocentric system: the Earth rests at the midpoint 
of the Universe. The motions of the Sun and the Moon 
in the sky may be represented fairly simply by circular 
orbits. The planetary motions are described by Ptolemy 
using the theory of epicycles: each planet moves on a 
circle, the so-called epicycle, whose nonmaterial center 
moves around the Earth on a second circle, the defer
ent. We shall not delve further into the refinements of 
this system involving additional, in some cases eccen
tric circular orbits, etc. The intellectual posture of the 
Almagest clearly shows the influence of Aristotelian 
philosophy, or rather of Aristotelianism. Its modes of 
thought, originally the tools of vital research, had long 
since hardened into the dogmas of a rigid school; this 
was the principal reason for the remarkable historical 
durability of the Ptolemaic world-system. 

We cannot go into detail here about how, following 
the decline of the academy in Alexandria, first theN esto
rian Christians in Syria and later the Arabs in Bhagdad 
took over and continued the work of Ptolemy. 

Translations and commentaries on the Almagest 
were the basic sources of the first Western textbook 
on astronomy, the Tractatus de Sphaera of Ioannes de 
Sacrobosco, a native of England who taught at the Uni
versity of Paris until his death in the year 1256. The 
Sphaera was issued again and again and often com
mentated; it was still "the" text for teaching astronomy 
in Galileo's time, three centuries later. 

The intellectual basis of the new thinking was pro
vided in part by the conquest of Constantinople by the 
Turks in 1453: thereafter, numerous scientific works 
from antiquity were made accessible to the West by 
Byzantine scholars. For example, some very fragmen
tary texts concerning the heliocentric system of the 
ancients clearly made a strong impression on Coper-
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nicus. The result was a turning-away from the rigid 
doctrine of the Aristotelians in favor of the much more 
lively and flexible thinking of the schools of Pythago
ras and Plato. The "Platonic" idea that the process of 
understanding the Universe consists of a progressive 
adaptation of our inner world of concepts and ways 
of thinking to the more and more precisely-studied 
outer world of phenomena has become the hallmark 
of modem research from Cusanus through Kepler to 
Niels Bohr. Finally, with the blossoming of a practical 
approach to life exemplified by the rise of crafts and 
trades, the question was no longer "What did Aristotle 
say?", but rather "How can you do this . . . ?". 

In the 15th century, a completely new spirit in science 
and in life arose, at first in Italy and soon thereafter in 
the North as well. The sententious meditations of Car
dinal Nicholas Cusanus (1401-1464) have only today 
begun to be properly appreciated. It is fascinating to 
see how his ideas about the infinity of the Universe and 
about quantitative scientific research arose from reli
gious or theological considerations. Near the end of the 
century (1492), the discovery of America by Christo
pher Columbus added the classic expression "il mondo 
e poco" to the new spirit. A few years later, Nico
las Copernicus (1473-1543) founded the heliocentric 
system. 

About 1510, Copernicus sent a letter to several noted 
astronomers of his time; it was rediscovered only in 
1877, and was entitled "De Hypothesibus Motuum 
Caelestium A Se Constitutis Commentariolus". It fore
shadowed the major part of the results which were later 
published in his major work, "De Revolutionibus Or
bium Coelestium", which appeared in Nuremberg in 
1543, the year of his death. 

Copernicus held fast to the idea of the "perfection of 
circular motion" which had formed the basis for astro
nomical thought throughout antiquity and the Middle 
Ages; he never considered the possibility of another 
form of motion. 

It was Johannes Kepler (1571-1630) who, starting 
from the phythagorian-platonic traditions, was able to 
break through to a more general point of view. Making 
use of the observations of Tycho Brahe (1546-1601), 
which were vastly more precise than any that had pre
ceded them, he discovered his three Laws of Planetary 
Motion. Kepler derived his first two laws from an enor
mously tedious trigonometric calculation of the motions 
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of Mars reported by Tycho in his "Astronomia Nova" 
(Prague, 1609). The third law is reported in his "Har
monices Mundi" (1619). We can only briefly mention 
Kepler's ground-breaking works on optics, his Kep
lerian telescope, his Rudolphinian Tables (1627), and 
numerous other achievements. 

About the same time, the Italian Galileo Galilei 
(1564-1642) directed the telescope which he had built 
in 1609 to the heavens and discovered, in rapid suc
cession: the "maria", the craters, and other mountain 
formations on the Moon; the numerous stars of the Plei
des and the Hyads; the four largest moons of Jupiter and 
their free orbits around the planet; the first indication of 
the rings of Saturn; and sunspots. His "Galileis Sidereus 
Nuncius" (1610), in which he describes the discoveries 
with his telescope, the "Dialogo Delli Due Massimi Sis
temi Del Mondo, Tolemaico, e Copernico" (1632), and 
the "Discorsi e Dimonstrazioni Matematiche Intorno a 
Due Nuove Scienze" (1638), which was written after 
his condemnation by the Inquisition and contained the 
beginnings of theoretical mechanics, are masterworks 
not only in the scientific sense but also as works of art. 
The observations with the telescope, Tycho Brahe's ob
servation of the supernova of 1572 and that of 1604 
by Kepler and Galileo, and finally the appearance of 
several comets required what was perhaps the most es
sential scientific insight of the time: that, in contrast 
to the opinion of the Aristotelians, there is no funda
mental difference between cosmic and earthly matter 
and that the same natural laws hold in the realms of 
astronomy and of terrestial physics (this had already 
been recognized by the ancient Greeks in the case of 
the laws of geometry). This leap of thought, whose dif
ficulty only becomes clear to us when we look back at 
Copernicus, gave impetus to the enormous upswing of 
scientific research at the beginning of the 17th century. 
W. Gilbert's investigations into electricity and mag
netism, Otto v. Guericke's experiments with vacuum 
pumps and electrification machines, and much more, 
were stimulated by the revolution in the astronomical 
worldview. 

We have no space here to pay tribute to the many 
observers and theoreticians who developed the new 
astronomy, among whom such important thinkers as 
J. Hevelius, C. Huygens, and E. Halley are particularly 
prominent. 

An entirely new era of natural science be
gan with Isaac Newton (1642-1727). His major 
work, "Philosophiae Naturalis Principia Mathemat
ica" (1687), begins by placing theoretical mechanics 
on a firm basis using the calculus of infinitesimals 
("fluxions"), which he developed for the purpose. Its 
connection with the Law of Gravitation explains Ke
pler's Laws and in one stroke provides the justification 
for the whole of terrestrial and celestial mechanics. In 
the area of optics, he invented the reflecting telescope 
and investigated the interference phenomena known 
as "Newton's Rings". Almost casually, he developed 
the basic approaches leading to numerous branches of 
theoretical physics. 

Only the "Princeps Mathematicorum", Carl 
Friedrich Gauss (1777-1855), is of comparable im
portance; to him, astronomy owes the theory of orbit 
calculation, important contributions to celestial mech
anics and advanced geodesics as well as the method of 
Least Squares. Never again has a mathematician shown 
such a combination of intuition in the choice of new 
areas of research and of facility in solving particular 
problems. 

Again, this is not the place to pay tribute to the great 
theoreticians of celestial mechanics, from L. Euler to 
J.L. Lagrange and P.-S. Laplace to H. Poincare; how
ever, to finish this historical overview, we describe 
briefly the discovery of those planets which were not 
known in ancient times. 

The planet Uranus was discovered quite unexpect
edly in 1781 by W. Herschel. Kepler had already 
supposed that there should be a celestial body in the 
gap between Mars and Jupiter (Fig. 2.15); the first plan
etoid or asteroid, Ceres, was discovered in this region on 
1.1.1801 by G. Piazzi, but in mid-February, it was "lost" 
when it passed near the Sun. By October of the same 
year, the 24-year-old C.F. Gauss had already calculated 
its orbit and ephemerides, so that F. Zach could find it 
again. Following this mathematical achievement, Gauss 
solved the general problem of determining the orbit of a 
planet or asteroid based on three complete observations. 
Today, several thousand asteroids are known, most of 
them between Mars and Jupiter (Sect. 3.3). 

From perturbations of the orbit of Uranus, 
J.C. Adams and J.J. Leverrier concluded that there must 
be a planet with a still longer orbital period, and calcu-



lated its orbit and ephemerides. J.G. Galle then found 
Neptune near the predicted position in 1846. 

Perturbations of the orbits of Uranus and Neptune led 
to the postulate that there was a transneptunian planet. 
The long search for it, in which P. Lowell (d. 1916) 
played a decisive role, was finally crowned with success: 
C. Tombaugh discovered Pluto in 1930 at the Lowell 
Observatory as a "faint star" of 15th magnitude. 

Humanity and the Stars: Observing and Thinking 

Lengthy search programs for a "planet X" beyond 
the orbit of Pluto have remained unsuccessful; there are 
no indications for the existence of a further large planet. 
However, in 1992, D. Jewitt and J. Luu succeeded in 
discovering a small object outside Pluto's orbit, whose 
size is comparable with that of many of the asteroids. 
Soon thereafter, many "planets" were observed outside 
the orbits of Neptune and Pluto. 

I 
9 
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2. Classical Astronomy 

Following the historical overview of classical astron
omy from ancient times up through the founding of 

the heliocentric worldview and the discovery of the ba
sic principles of celestial mechanics, we begin in Sect. 2.1 
our treatment of astronomy with a description of the mo
tions of the Sun, the Earth, and the Moon in terms of 
the coordinates on the celestial sphere and of astronom
ical determinations of time. In Sect. 2.2, we then give a 

2.1 Spatial Coordinates and Time; 
the Motions of the Sun, the Earth, 
and the Moon 

As a beginning of our study of astronomy, in Sect. 2.1.1 
we describe apparent motions on the celestial sphere and 
the coordinate system used to specify the positions of 
celestial objects. In Sect. 2.1.2, we treat the motions of 
the Earth, its rotation and its revolution around the Sun, 
which are reflected as apparent motions on the celes
tial sphere. Section 2.1.3 is devoted to the astronomical 
measurement of time. Following these preparatory top
ics, we gradually become familiar with the objects in 
our Solar System, beginning this process in Sect. 2.1.4 
with our Moon, its motions and its phases. We then treat 
lunar and solar eclipses in Sect. 2.1.5. 

2.1.1 The Celestial Sphere 
and Astronomical Coordinate Systems 

Since antiquity, human imagination has combined the 
easily-recognized groups of stars into constellations 
(Fig. 2.1 ). In the northern sky, the Great Bear (or the 
Big Dipper) is readily seen. We can find the Pole Star 
(Polaris) by extending the line joining the two brightest 
stars of the Big Dipper until it is about five times longer. 
Continuing about the same distance past Polaris (which 
is the brightest star in the Little Dipper or Small Bear), 
we see the "W" of Cassiopeia. Using a sky globe or 
a star map, we can readily find the other constellations. 
In his "Uranometria Nova" (1603), J. Bayer named the 
stars in each constellation a, {3, y ... , as a rule in the 

summary ofthe motions of the other planets, the comets 
etc. and of the determination of distances within the So
lar System. After a brieftreatment ofthe basic principles 
of mechanics and gravitational theory (Sect. 2.3), we give 
some applications to celestia l mechanics in Sect. 2.4. Fi
nally, in Sect. 2.S, we treat the orbits of artificial satellites 
and space probes and summarize the most important 
space research missions within our Solar System. 

order of decreasing brightness. Besides these Greek let
ters, we also use the numbering system of the "Historia 
Coelestis Britannica" (1725), compiled by the first As
tronomer Royal, J. Flamsteed. The Latin names of the 
constellations are usually abbreviated to 3 letters (see 
Appendix A.2). 

Fig. 2.1. Circumpolar stars from a location having a geo
graphic latitude of cp = + 50° (about that of Frankfurt or 
Prague). The coordinate lines indicate the right ascension RA 
and the declination ( + 40° to + 90°). Precession: the celes
tial pole circles about the pole of the ecliptic ENP once 
every 25 700 years. The location of the celestial north pole 
is indicated for several past and future dates 
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Celestial Sphere. On the celestial sphere (in mathe
matical terms, the infinitely distant sphere on which the 
stars seem to be projected), we in addition define the 
following quantities (Fig. 2.2): 

1. the horizon with the directions North, West, South, 
and East, 

2. vertically above our position the zenith, directly un
der us the nadir, 

3. the curve which passes through the zenith, the nadir, 
the celestial pole, and the north and south points is 
the meridian, and 

4. the curve which is perpendicular to the meridian and 
the horizon, passing through the zenith and the east 
and west points, is the principal vertical. 

In the coordinate system defined by these features, 
we denote the momentary position of a star by giving 
two angles (Fig. 2.2): (a) the azimuth is measured along 
the horizon in the direction SWNE, starting sometimes 
from the S- and sometimes from the N-point; (b) the 
altitude is 90° - the angle to the zenith. 

The celestial sphere apears to rotate once each day 
around the celestial axis (which passes through the ce
lestial North and South Poles). The celestial equator 
is perpendicular to this axis. The position of a star 

Fig. 2.2. The celestial sphere. The horizon with north, east, 
south, and west points. The (celestial) meridian passes through 
the north point, the (celestial) pole, zenith, south point, and 
the nadir. Coordinates: altitude and azimuth 

Fig. 2.3. Celestial coordinates: right ascension RA and dec
lination 8. The hour angle t =sidereal time minus the right 
ascension RA. c, =lower culmination, C2 =upper culmina
tion. Lower right: the Earth (polar flattening exaggerated). 
Polar altitude= geographic latitude 

(Fig. 2.3) at a given time on the celestial sphere, imag
ined to be infinitely distant, is also described by the 
declination 8, which is positive from the equator to the 
North Pole and negative from the equator to the South 
Pole, and by the hour angle t, which is measured from 
the meridian in the direction of the diurnal motion, i.e. 
towards W. 

In the course of a day, a star therefore traces out 
a circle on the sphere; its plane is parallel to the plane 
of the celestial equator. On the meridian, the greatest 
height reached by a star is its upper culmination, and 
the least height is its lower culmination. 
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Sidereal Time. We also mark the Aries Point Y on the 
celestial equator; we shall deal with it in the following 
section. It marks the point reached by the sun on the 
vernal equinox (March 21), on which the day and the 
night are equally long. The hour angle of the Aries point 
defines the sidereal time r. 

Astronomical Coordinates. We are now in a position 
to determine the coordinates of a celestial object on the 
sphere independently of the time of day: we call the arc 
of the equator from the Aries point to the hour-circle of 
a star the right ascension RA of that star. It is quoted in 
hours, minutes, and seconds. 24 h (bora) correspond to 
360°, or 

1 h = 15°, 1 min= 15', 1 s = 15", 

1' =4s. 

From Fig. 2.3, one can readily read off the relation: 

Hour angle t = sidereal time r 
-right ascension RA . 

(2.1) 

The declination 8, our second stellar coordinate, has 
already been defined. 

If we now wish to train a telescope on a particu
lar star, planet, etc., we look up its right ascension RA 
and declination 8 in a star catalog, read the time from 
a sidereal clock, and adjust the setting circles of the in
strument to the angle hour t calculated from (2.1) and 
to the declination ( + north, - south). The especially 
precisely determined positions of the so-called funda
mental stars (especially for determinations of the time, 
see Sect. 2.1.3) are to be found, along with those of 
the Sun, the Moon, the planets, etc. in the astronomical 
yearbooks or ephemerides; the most important of these 
is the Astronomical Almanac. 

Astronomical Coordinates. The Copernican system at
tributes the apparent rotation of the celestial sphere to 
the fact that the Earth rotates about its axis once ev
ery 24 h of sidereal time. The horizon is defined by 
a plane tangent to the Earth at the location of the ob
server; more precisely, by an infinite water surface at the 
observer's altitude. The zenith or vertical is the direc
tion of a plumb-bob perpendicular to this plane, i.e. the 
direction of the local acceleration of gravity (including 
the centrifugal acceleration caused by the Earth's ro
tation). The polar altitude (the altitude of the celestial 

pole above the horizon) is given from Fig. 2.3 by the 
geographic latitude ({J (the angle between the vertical 
and the Earth's equatorial plane); it can be readily mea
sured as the average of the altitudes of the Pole Star or 
a circumpolar star at the upper and lower culminations. 

The geographic longitude l corresponds to the hour 
angle. If the hour angle of the same object is measured 
simultaneously at Greenwich (zero meridian, la = 0°) 
and, for example, in New York, the difference gives 
the geographic longitude of New York, la. The deter
mination of the latitude requires only a simple angle 
measurement, while that of a longitude necessitates 
a precise time measurement at two places. In earlier 
times, the "time markers" were taken from the motions 
of the Moon or of one of the moons of Jupiter. The 
introduction of the "seaworthy" chronometer by John 
Harrison (ca. 1760-65) brought a great improvement, 
as did the later transmission of time signals by telegraph 
and still later by radio. 

A few further facts: at a location having (northern) 
latitude ({J, a star of declination 8 reaches an altitude of 
hirnlX = 90° -I({J- 81 at its upper culmination andhmin = 
-90° + I({J+81 at its lower culmination. Stars with 8 > 
90° - ({J always remain above the horizon (circumpolar 
stars); those with 8 < (90°- ({J) never rise above the 
horizon. 

Refraction. In measuring stellar altitudes h, we must 
take the refraction of light in the Earth's atmosphere into 
account. The apparent shift of a star (the apparent minus 
the true altitude) is termed the refraction. For average 
atmospheric tmperature and pressure, the refraction !1h 
of a star at altitude h is summarized in the following 
table: 

h = 0° 5° 10° 20° 40° 60° 90° 
Llh = 34'50" 9'45" 5'16" 2'37" 1'09" 33" O". 

The refraction decreases slightly for increasing tem
perature and for decreasing atmospheric pressure, for 
example in a low-pressure zone or in the mountains. 

2.1.2 The Motions ofthe Earth. 
Seasons and the Zodiac 

We now consider the orbital motion or revolution of the 
Earth around the Sun in the Copernican sense, and then 
the daily rotation of the Earth about its own axis, as well 
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as the motions of the axis itself. We first place ourselves 
in the position of an observer in space. In Sect. 2.4, we 
shall derive Newton's theory of the motions of the Earth 
and the planets starting from his principles of mechanics 
and law of gravitation. 

Ecliptic and Seasons. The apparent annual motion of 
the Sun in the sky was attributed by Copernicus to the 
revolution of the Earth around the Sun on a (nearly) 
circular orbit. The plane of the Earth's orbit intersects 
the celestial sphere as a great circle called the ecliptic 
(Fig. 2.4). This makes an angle of 23°27' with the ce-

Fig. 2.4. Annual (apparent) motion of the Sun among the stars. 
The Ecliptic. The seasons 

Stan Name Coordinate' of tlkl The Sun enten. 
date Sun the constellation 

Right Dedi-
ascension nation 
RA[h) 8 

March 21 Vernal 0 o• AriesY 
Spring equinoxa 

June 21 Summer 6 +23°271 CancerO 
ummer olstice 

Sept.i3 Autunmal 12 00 LibmA 
Autumn equinox 111 

Dec.22 Winter 18 -23°271 Capricorn li 
Winter sol lice 

• On these days. the day and night arcs of the Sun are equal and each corre
spond to 12 hours. 

lestial equator, the obliquity of the ecliptic. This means 
that the Earth's axis retains its direction in space relative 
to the fixed stars during its annual revolution around the 
Sun; it forms an angle of 90°-23°27' = 66°33' with 
the Earth's orbital plane. 

A brief summary will suffice to explain the seasons 
(Figs. 2.4, 5), starting with the Northern Hemisphere. 

In the Northern Hemisphere, the Sun reaches its 
maximum altitude (midday altitude) at a geographical 
latitude cp on the 21st of June (the first day of Summer or 
Summer solstice), h = 90° -123°27'- cpl. On the 22nd 
of December (Winter solstice), it has its lowest midday 
altitude, h = 90° - (/J - 23 °271 • It can reach the zenith 
at latitudes up to cp = +23°27', the Tropic of Cancer. 
North of the Arctic Circle, cp :=::: 90° - 23°27' = 66°33', 
the Sun remains below the horizon around the Winter 
solstice; near the Summer solstice, the "midnight Sun" 
acts as a circumpolar star. 

In the Southern Hemisphere, Summer corresponds 
to Winter in the Northern Hemisphere, the Tropic of 
Capricorn to the Tropic of Cancer, etc. 

The zodiac is the term for a band in the sky on each 
side of the ecliptic. Since ancient times, it has been 
divided into 12 equal "signs of the zodiac" (Fig. 2.5). 

It is often expedient for calculating the motions of 
the Earth and the planets to use a coordinate system 
oriented on the ecliptic and its poles. The (ecliptical) 
longitude is measured along the ecliptic starting from 
the Aries or Y point, like the right ascension in the di
rection of the annual motion of the Sun. The (ecliptical) 

Fig. 2.5. The orbit of the Earth around the Sun. The seasons. 
The zodiac and the signs of the zodiac. The Earth is at perihe
lion (closest approach to the Sun) on the 2nd of January, and 
at aphelion (furthest distance from the Sun) on the 2nd of July 
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latitude is measured, analogously to the declination, in 
a direction perpendicular to the ecliptic. The ecliptical 
coordinates in the sky must naturally not be confused 
with the similarly-named geographical coordinates! 

Kepler's Laws. The apparent annual motion of the Sun 
contains irregularities which were already known to an
cient astronomers; they were recognized by Johannes 
Kepler as consequences of his first two laws of plane
tary motion, which we shall treat in more detail in 
Sect. 2.4.1: 
Kepler's 1st Law: The planets move on elliptical orbits, 
with the Sun at one (common) focus. 
Kepler's 2nd Law: The radius vector of a planet sweeps 
out equal areas in equal times. 
Kepler's 3rd Law: The squares of the orbital periods of 
two planets are in the ratio of the cubes of their orbital 
semimajor axes. 

The quantities needed for the geometric definition of 
the Earth's orbit or that of another planet around the Sun 
are shown in Fig. 2.6: we first note the semimajor axis a. 
The distance from a focus to the midpoint is denoted by 
a · e, where the pure number e is called the eccentricity 
of the orbit. At the perihelion, the closest approach to the 
Sun, the distance of the Earth or other planet from the 
Sun is r min = a( 1 -e); at the aphelion, the point furthest 
from the Sun, r max = a( 1 +e). The diurnal motion of the 
Sun in the sky, i.e. the angle passed through by the ra
dius vector of the Earth each day, is found from Kepler's 

Fig. 2.6. The orbital ellipse of a planet. The semimajor axis 
is a, and the distance from the midpoint to a focus (the Sun) 
is a· e, where e is the eccentricity. (The actual eccentricity of 
the orbits of the planets is much smaller than shown here) 

2nd law to obey (rmax / rmin)2 = [(1 +e) / (1-e)f. The 
corresponding apparent diameters of the Sun's disk have 
the ratio (1 + e)/(1- e). Measurements yield an eccen
tricity for the Earth's orbit of e = 0.0167. At present, 
the Earth passes through its perihelion about January 
2nd. The approximate coincidence of this date with the 
beginning of the year is purely accidental. 

Precession. Hipparchus had already discovered that the 
Aries point (Y point) is not fixed with respect to the 
celestial equator, but rather moves forward by about 
50" each year. This has led to the advancing of the 
Y point from the constellation Aries in ancient times 
to the constellation Pisces today. The precession of the 
equinoxes described is due to the fact that the celes
tial pole rotates about the fixed pole of the ecliptic on 
a circle of radius 23°271 with a period of 25 700 years 
(Fig. 2. 1 ); or, expressed differently: every 25 700 years, 
the Earth's axis of rotation traces out a cone with an 
opening angle of 23 °271 , centered around the axis of the 
Earth's orbit. 

Since this precession shifts the position of the celes
tial coordinate system in which we measure the right 
ascension RA (or a) and the declination 8 relative to the 
stars, in quoting the positions of individual stars or in 
star catalogs, the equinox (position of the Y point) for 
which RA and 8 are measured must always be specified. 
In Table 2.1 , we show the various corrections which are 
to be applied to the RA (depending on the values ofRA 
and 8) and to 8 (depending only on RA) to take account 
of the precession during a 10-year interval. The stellar 
positions also change because of the stars' proper mo
tions (Sect. 6.2.2). We shall come back to the question 
of the stellar positions and star catalogs in Sect. 6.2.4. 

Nutation. Superimposed on the precession, which has 
a period of 25 700 years, is a superficially similar mo
tion having a period of 19 years, the nutation. Finally, 
the axis of the Earth's rotation fluctuates relative to the 
body axis of the Earth itself by about ± 0.2" ; analysis of 
this motion shows it to have a periodic part, with the so
called Chandler period of 433 days, as well as an annual 
contribution and an irregular part. The resulting fluctu
ations in the polar altitude are continuously checked at 
a series of observation stations. We shall return to the 
explanation of the various motions of the Earth's axis 
in Sect. 2.4. 
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2.1.3 Time: Days, Years, and the Calendar 

Our daily life depends to a considerable extent on the 
position of the Sun. Thus, the 

true solar time = hour angle of the Sun+ 12 h 

was first defined. This is the time indicated by a simple 
sundial; 12:00 h corresponds to the upper culmination 
of the Sun. However, due to the nonuniformity of the 
Earth's orbital motion around the Sun (Kepler's 2nd 
law) and to the inclination of the ecliptic, this time 
varies throughout the year. The mean solar time was 
therefore introduced; it is based on a fictitious "mean 
Sun", which passes through the equator uniformly in 
the same time required by the true Sun in its passage 
around the ecliptic. The hour angle of this fictitious Sun 
defines the mean solar time. The difference 

true solar time - mean solar time 
= equation of time 

is thus composed of two contributions, which derive 
from the eccentricity of the Earth's orbit and from the 
inclination of the ecliptic, respectively. Their extrema 
are: 

Febr. 12 May 14 July 26 Nov.4 
Equationoftime: -14.3min +3.7min -6.4min +16.4min 

Table 2.1. Precession during a 10-year interval 

a) .1 (RA) in minutes of time ( + increase, - decrease) 

RA for 6 7 8 9 JO II 
nonhem objects (h] 5 4 3 2 I 

so• + 1.77 + 1.73 +1.60 + 1.40 +1.14 +0.84 
70° 1.12 1.10 1.04 0.94 0.82 0.67 
60" 0.898 0.885 0.846 0.7 5 0.705 0.612 
so• 0.778 0.76 0.742 0.700 0.645 0.581 

1&1 40° 0.699 0.693 0.674 0.644 0.606 0.560 
30" 0.641 0.636 0.624 0.603 0.576 0.546 
20° 0.593 0.590 0.582 0.570 0.553 0.533 
Jo• 0.552 0.550 0.546 0.540 0.532 0.522 
0" +0.512 +0.512 +0.5 12 +0.5 12 +0.512 +0.5 12 

RA for 18 19 20 21 22 23 
southern objects (hi 17 16 15 14 13 

Mean solar time is different for each meridian. As 
a simplification for transportation and communication, 
it has been agreed upon to use the local time of a par
ticular meridian within a suitably defined "time zone", 
for example Greenwich Mean Time (GMT) in England 
and Western Europe, Central European Time (CET) in 
Central Europe, Eastern Standard Time (EST) on the 
East Coast of the USA and Canada, etc. 

For scientific purposes, for example astronomical 
or geophysical measurements at stations which may 
be spread around the globe, the same time is used 
everywhere, namely universal time: 

world time or universal time (UT) 
= mean solar time 

at the Greenwich meridian . 

This time is measured in 24-hour days, starting with 
0:00 hat midnight. For example, 12:00 h corresponds to 
07:00h EST or l3:00h CET. 

For astronomical observations, the relation between 
mean solar time and sidereal time is required. The 
"mean Sun" moves relative to theY point by 360° or 
24 h from west to east in the course of a year (365 d). 
The mean solar day is thus 24 h/365 d or 3 min 56 s 
longer than a sidereal day. A sidereal clock gains about 
2 h per month relative to a "normal" UT clock. To make 

12 13 14 15 16 17 18 0 23 22 21 20 19 

+0.51 +0. 19 - 0.12 - 0.38 - 0.58 -0.70 -0.75 o• 
0.51 0.35 +0.21 +0.08 -0.02 - 0.08 - 0.10 70° 
0.512 0.412 +0.3 19 + 0.240 +0.178 +0.140 +0. 126 60" 
0.512 0.444 +0.380 +0.324 +0.282 +0.256 +0.247 so• 
0.512 0.464 +0.4 19 +0.380 +0.350 + 0.332 +0.335 40" 
0.512 0.479 + 0.448 +0.421 +0.401 +0.388 +0.384 30" 
0.512 0.491 +0.472 +0.455 + 0.442 +0.434 +0.431 20" 
0.512 0. 02 +0.492 +0.484 +0.47 +0.476 +0.473 10° 

+0.512 +0.5 12 +0.512 +0.512 +0.512 +0.512 +0.512 o• 

0 I 2 3 4 5 6 12 II 10 9 8 7 

b) .18 in minutes of arc (+increase in 8, in the southern sky thus decreasing absolute values 181 !) 

RA fh] 0 l 2 3 4 5 6 7 8 9 lO II 12 24 23 22 21 20 19 18 17 16 15 14 13 

.d8 +3.34' +3.23' +2.8<1 +2.361 + 1.67' +0.86' 0.0' -0. 6' - 1.67' -2.36' -2.89' -3.23' -3.34' 
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this clearer, we list the sidereal time for several dates at 
0:00 h local time (midnight). This is given by the hour 
angle of theY point or the right ascension of stars which 
cross the meridian at midnight (and are thus favorable 
for observation): 

0 h local time January 1 Apri11 July 1 October 1 
sidereal time or 
RA at the meridian 6.7 h 12.6 h 18.6 h 0.6 h. 

The Year. The suitable unit for long periods of time is 
the year. We define: one 

siderial year= 365.25637 mean solar days 

as the time between two passages of the Sun through 
the same point in the sky (from sidus ="star"); it is thus 
the true orbital period of the Earth. One 

tropical year= 365.24220 mean solar days 

is the time between two passages of the Sun through 
the Aries point Y or beginning of Spring (from 
rpmrt:"iv ="to turn"). Since this point moves 50.3" to 
the west each year, the tropical year is correspondingly 
shorter than the sidereal year. 

Calendar. The seasons and the calendar are calculated 
relative to the tropical year. Because it is preferable for 
practical reasons that each year comprise an integral 
number of days, in everyday life we use the 

calendar year 
= 365.2425 = 365 + i- 4~0 mean solar days 

It corresponds to the prescription for leap years given 
by the Gregorian calendar, introduced in 1582 by Pope 
Gregory XIII. Every 3 years with 365 days are followed 
by a leap year with 366 days, except for the whole cen
turies which are not divisible by 400. We cannot discuss 
here the earlier Julian calendar introduced by Julius Cae
sar in 45 B.C., nor other problems of chronology which 
are interesting from a cultural-historical point of view. 

The Julian Day. To simplify chronological calculations 
dealing with long periods of time, and in particular for 
observations and ephemerides of variable stars, etc., 
it is desirable to avoid the variation in the lengths of 

years and months. Following a suggestion of J. Scaliger 
(1582), the Julian days are simply counted in an unbro
ken succession. Each Julian day begins at 12:00h UT 
(mean Greenwich midday). The beginning of Julian 
day 0 was fixed at 12:00 hUT on January 1st in the year 
4713 B.C. On January 1, 2005, the Julian day number 
2 453 372 began at 12:00 hUT. 

Independently of the detailed definition, we use the 
symbols yr for "year" and d for "day". 

For the calculation of astronomical times over long 
periods, the unit 

Julian century= 36 525.0 d 

with 1 d = 24 · 60 · 60 s = 86 400 s has been defined. 

The Measurement of Time. Astronomical time reck
oning was long based on the assumed uniformity of the 
Earth's rotation. The basic physical principle underlying 
terrestrial time measurements was already recognized 
by Christian Huygens ("Horologium Oscillatorium", 
1673 ): every clock consists of an oscillatory mechanism 
which is isolated as far as possible from its surroundings 
(a pendulum, clock movement, etc.) and held in motion 
by a driving mechanism (weight, spring, etc.) with the 
least possible feedback. The pendulum chronometer, 
steadily improved over the years, was for three cen
turies one of the most important instruments in every 
astronomical observatory. The quartz clock, consider
ably less susceptible to disturbances, consists of an 
oscillating piezoelectric quartz crystal, which is kept in 
motion by a loosely-coupled electrical oscillator circuit. 
The pinnacle of metrological precision, however, was 
attained in recent times by the atomic clock, which uses 
the oscillation frequency of cesium atoms (the isotope 
133Cs) in the vapor phase to measure time. The frequency 
corresponds to the transition between the two energet
ically lowest hyperfine levels. Other atomic clocks are 
based on oscillations in rubidium atoms or hydrogen 
masers. The extreme exactness of atomic clocks, which 
attain a relative accuracy of their oscillation frequencies 
of better than w- 14, is the basis for various funda
mental measurements and observations in physics and 
astronomy. 

The comparison of astronomical observations with 
groups of quartz clocks and later with atomic clocks 
has shown that the rotational period of the Earth is 
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not constant, but rather exhibits fluctuations of the or
der of a millisecond, in part with an annual period, in 
part aperiodic; these are related to changes in the mass 
distribution on the Earth. 

The second was defined in 1967 as 1 s =the time 
required for 9 192 631 770 oscillations of the radiation 
from the transition between the lowest two hyperfine 
structure levels of the ground state of 133Cs; it is a base 
unit of the international system of units (SI). 

The atomic-clock measurements of time by standards 
institutes are combined into International Atomic Time 
(TAl). From it, Coordinated Universal Time (UTC), the 
basis for civil time, is derived as an approximation to 
universal time; it is corrected only for the variations in 
the Earth's axis and thus is not uniform. It is termed 
UTI. It is a measure of the true rotation of the Earth 
about its axis and differs from UTC by the correction 

L1UT =UTI- UTC, 

which is promulgated regularly by the Bureau Interna
tional des Poids et Mesures (BIPM) in Sevres, near Paris 
(prior to 1987, it was called the Bureau International de 
l'Heure or BIH) and by other similar institutions. 

In everyday life, for navigation, geophysics, etc., the 
measurement of time is still necessarily based on the 
Earth's rotation; therefore, UTC is "switched" by one 
whole second ahead or back whenever the magnitude 
of L1 UT appraoches 1 s. 

Independently of the progress in the physical mea
surement of time it has been discovered that the motions 
of the planets and the Sun, or of the Earth and in partic
ular the Moon, exhibit small, common variations over 
long periods of time relative to the ephemerides cal
culated according to the laws of Newtonian mechanics 
and gravitation theory. On the one hand, there is a sec
ular (i.e. progressive) increase in the length of the day, 
which is caused by the braking effect of tidal friction 
(Sect. 2.4.6). Another contribution shows no such obvi
ous origins. However, comparison of the variations for 
different objects forces us to attribute them to deviations 
of "astronomical time", which is based on the Earth's 
rotation, from "physical time", based on Newton's laws. 
Because of this empirical fact, it was decided in 1950 to 
base all astronomical ephemerides on a time scale de
rived from the basic laws of physics; the latter is termed 
Ephemeris Time, ET. The small corrections (Ephemeris 

Time minus Universal Time) are found for the most 
part by very accurate observations of the motion of the 
Moon. They can only be determined retrospectively; for 
most predictive purposes, they can be extrapolated with 
sufficient accuracy. In 1956, the ephemeris second was 
defined as the 31556925.9747th part of tropical year 
1900. 

Ten years later, it was decided to relate the ephemeris 
second to the atomic time unit. This, however, disturbs 
the internal consistency of the system of ET. On the rec
ommendation of the International Astronomical Union, 
ephemeris time was replaced by Terrestrial Iime, TT, 
which is based on the SI second. 

2.1.4 The Moon 

The Moon appears to us as a disk in the sky of mean di
ameter 31'; it is thus just the same apparent size as the 
Sun. Its distance from the Earth is small enough to be 
determined by triangulation from two widely-separated 
points on the ground (e.g. on the same meridian). As
tronomers refer to the angle subtended by the equatorial 
radius of the Earth, seen from the Moon, as the equato
rial horizontal parallax of the Moon.lt has a mean value 
equal to 3422.6". Since the Earth's radius is known to 
have the value 6378 km, one can calculate from these 
two numbers the average distance of the Moon from the 
center of the Earth: 

rM = 60.3RE = 384 400 km 

and therefore the Moon's radius: 

RM = 0.272RE = 1738 km . 

We shall take up the physical structure of the Earth and 
the Moon in Sect. 3.2. First, we consider the Moon's 
orbit and its motions from the viewpoint of an observer. 

The Moon orbits around the Earth, in the same direc
tion as the Earth around the Sun, in one sidereal month 
= 27.32 d; that is, after that time it has returned to the 
same point in the heavens. 

The origin of the phases of the Moon is illustrated 
in Fig. 2.7. Their period, the synodic month= 29.53 d 
(1 ~ 3 in Fig. 2.8), is the time after which the Moon 
returns to exactly the same position relative to the Sun, 
and is longer than the sidereal month ( 1 ~ 2 in Fig. 2.8). 
The Moon moves in an easterly direction relative to the 

I 
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first CD quarter 

0 
full moon 

rig CD 
Earth 

rays 

Sun·s 

0 
new moon 

Fig. 2.7. The phases of the Moon; the Sun is at the right 
The outer pictures indicate the Moon as seen from the Earth: 
A= waxing Moon, B =waning Moon 

/Moon 's orbit 

Fig. 2.8. The synodic month ( 1 --+ 3) is longer than the sidereal 
month ( 1 --+ 2), because the Earth moves onwards in its orbit 
in the meantime 

Sun by 360°/29.53 d = 12.2° each day, and relative to 
the stars, by 360°/27.32 d = 13.2°. 

The difference between the sidereal and synodic 
daily motion of the Moon is equal to the daily mo
tion of the Sun, i.e. 360°/365 d ~ 1 od- 1. This becomes 
immediately clear if we consider that the daily motion 
is nothing other than the angular velocity (2rr /period) 
in astronomical units. We could just as well write 

sidereal month sidereal year 
1 

synodic month 

Orbit. More precisely, the orbit of the Moon around 
the Earth is an ellipse with eccentricity e = 0.055. The 
point in the orbit where the Moon is closest to the Earth 
(analogous to the perihelion in the Earth's orbit around 
the Sun) is called the perigee, and the most distant point 
is the apogee. The plane of the Moon's orbit is inclined 
relative to the Earth's orbit (the plane of the ecliptic) by 
an angle i = 5.1 o. The Moon crosses over the eclip
tic from the south to the north at ascending nodes, 
and passes "below" the ecliptic (for observers in the 
Northern Hemisphere) at descending nodes. 

As a result of the perturbation (gravitational attrac
tion) caused by the Sun and the planets, the Moon's 
orbit also includes the following motions: 

1. the perigee rotates "directly" around the Earth in the 
plane of the Moon's orbit, i.e. in the same sense as the 
revolution of the Earth around the Sun, with a period 
of 8.85 yr. 

2. the nodes of the Moon's orbit, or the line of nodes, 
in which the orbit of the Moon crosses the Earth's 
orbital plane, has a retrograde motion in the ecliptic, 
i.e. in the opposite sense from the Earth's revolution, 
with a period of 18.61 yr, the so-called period of 
nutation. 

This "regression of the lunar nodes" furthermore 
causes a corresponding "nodding" of the Earth by 
a maximum of 9"; this is the nutation of the Earth's 
axis mentioned previously. 

The average time between two successive passages of 
the Moon through the same node is called the draconitic 
month= 27.2122 d. It is important for the prediction of 
eclipses (see Sect. 2.1.5). 

If we were to observe the orbits of the Moon and the 
Earth around the Sun from a spaceship, we would see, 
in agreement with a simple calculation, that the Moon's 
orbit is always concave as seen from the Sun (Fig. 2.9). 

I 
last quarter 

Fig. 2.9. The orbits of the Earth and the Moon around the Sun 
(-Earth's orbit,--- Moon's orbit) 
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Rotation. Let us now consider the rotation of the Moon 
and its other motions around its center of gravity. These 
can be determined very precisely by observing the mo
tion of a sharply defined crater or similar feature on the 
lunar disk. 

The fact that the Moon always shows us more or 
less the same face is because the lunar rotational period 
is equal to the orbital period, i.e. equal to a sidereal 
month. The two periods apparently were equalized by 
tidal interactions (Sect. 2.4.6) between the Moon and 
the Earth. 

Librations. Careful observation shows, however, that 
the "face" of the Moon wobbles somewhat. The so
called geometric librations of the Moon have the 
following causes: 

1. the equator and the orbital plane of the Moon form 
an angle of~ 6. 7°; the latitudinallibration caused by 
this is equal to about ± 6. 7°. 

2. the rotation of the Moon is uniform (following New
ton's law of inertia), but its revolution, from Kepler's 
second law taking the eccentricity of its orbit into ac
count, is not; this causes a longitudinal libration of 
about ±7.6°. 

3. the equatorial radius of the Earth appears to subtend 
an angle of 57', from the Moon, the lunar horizontal 
parallax; the daily rotation of the Earth thus causes 
a diumallibration. 

Furthermore, there is the considerably smaller phys
ical libration, which is due to the fact that the Moon 
is not quite spherical in shape and therefore performs 
small oscillations in the gravitational field (mainly that 
of the Earth). 

All together, the librations have the effect that we can 
observe 59% of the Moon's surface from the Earth. 

2.1.5 Eclipses ofthe Sun and the Moon 

Having studied the motions of the Sun, the Earth, and 
the Moon, let us tum to the impressive spectacle of the 
lunar and solar eclipses! 

A lunar eclipse occurs when the full Moon is cov
ered by the shadow of the Earth. As with shadows on 
the Earth, we distinguish between the central part of the 
shadow, the umbra, and the surrounding half-shadow, 

the penumbra. If the Moon is completely in the um
bra of the Earth, we speak of a total eclipse; if only 
a part of the Moon's disk is in the umbra, we have 
a partial eclipse. From the known geometrical facts we 
can calculate that a lunar eclipse can last for at most 
3 h 40 min, while totality lasts for at most I h 40 min. 
Because the Sun's light is absorbed and scattered by 
the Earth's atmosphere more strongly at the blue end 
of the visible spectrum than at the red end, the outer 
edge of the penumbra on the Moon is not sharp and that 
of the umbra is also noticeably fuzzy. Furthermore, the 
penumbra and to a lesser extent the umbra seem to have 
a reddish-coppery color. 

If the new Moon passes in front of the Sun, a solar 
eclipse occurs (Fig. 2.10). It can be partial or total. If the 
apparent diameter of the Moon is smaller than that of the 
Sun, we will observe only a ring-shaped eclipse when 
the Moon's shadow is centered on the Sun. In a partial 
eclipse, an observer on the Earth is in the penumbra 
of the Moon; in a total eclipse, the observer is in the 
umbra. In the case of a ring-shaped eclipse, the vertex 
of the Moon's shadow cone is between the Moon and 
the observer. 

Total eclipses are particularly important for astro
physical observations of the outer layers of the Sun 
and the nearby interplanetary material; the bright sun
light is then completely blocked off outside the Earth's 
atmosphere. 

Relative to the Sun, the Moon moves through an an
gle of 0.51" per second in the sky, in agreement with the 

Sun 

partial eclipse 
(penumbra) 

Fig. 2.10. An eclipse of the Sun (shown schematically). The 
Moon moves from W toE across the Sun's disk. In the umbra, 
a total eclipse is observed; in the penumbra, a partial eclipse 
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length of the synodic month. This corresponds to a dis
tance of 370 km on the Sun. Observations of eclipses 
carried out with good time resolution therefore yield an 
angular resolution which is generally better than that of 
available telescopes. 

Stellar occultations by the Moon, which, like so
lar eclipses, must be predicted individually for each 
location, are also very sharply defined in time, since 
the Moon has no atmosphere. They are important for 
checking the orbit of the Moon, for determining the 
fluctuations in the Earth's rotation. Since the Moon 
moves 0.55" per second relative to the stars, measure
ments of these occultations with good time resolution 
may, in favorable cases, yield the angular diameters of 
the tiny stellar disks. Still more important for radio
astronomical observations with high angular resolution 
are occultations of radio-emitting objects by the Moon. 

It was already known to the ancient eastern cultures 
that eclipses of the Sun and Moon (in the following, we 
shall refer for short simply to eclipses) succeed each 
other with a period of about 18 yr 11 d, the so-called 
Saros cycle. This cycle is based upon the fact that an 
eclipse can occur only when the Sun and the Moon are 
rather close to a node in the lunar orbit. The time which 
the Sun requires to return to a particular lunar node is, 
due to the regression of the nodes, slightly less than 
a tropical year, namely 346.62 d; this time is called an 
eclipse year. As we may readily verify, the Saros cycle 
corresponds to an integral number of eclipse years: 

223 synodic months= 6585.32 d 

and of 

19 eclipse years= 6585.78 d 

furthermore, 

239 anomalous months = 6585.54 d 
(from perigee to perigee, 27.555 d). 

Thus, an eclipse configuration indeed repeats itself with 
good accuracy after 18 yr 11.33 d. In one year, as one 
can show by considering the orbits of the Earth and the 
Moon, taking their diameters into account, there can be 
a maximum of 3 lunar eclipses and 5 solar eclipses. At 
a particular location, lunar eclipses, which can be seen 
from a whole hemisphere of the Earth, are relatively 
frequent; a total solar eclipse is, in contrast, very rare. 

2.2 Orbital Motions and Distances 
in the Solar System 

The planets known since ancient times (with their 
time-honored symbols), Mercury~. Venus 9, Marso, 
Jupiter l.j., and Saturn Q, have fascinated people again and 
again; their motions in the sky often appeared erratic, 
but were found, step by step, to obey regular laws. 

In the historical introduction to Part I, we briefly 
summarized the efforts made in ancient times to ex
plain the motions of the planets. Here, we immediately 
adopt the heliocentric point of view, as developed by 
N. Copernicus in 1543. We shall furthermore drop the 
insistance on circular orbits which Copernicus had re
tained as a last vestige of Aristotelianism and make use 
of J. Kepler's elliptical orbits and his three laws of plane
tary motion ( 1609 and 1619). We thus place ourselves at 
the threshold of modem mathematical-physical think
ing, which took on a clear form through the work of 
Galileo (1564-1642) and was consolidated into the be
ginnings of classical mechanics and gravitation theory 
in Newton's Principia (1687). 

In Sect. 2.2.1, we describe the planets and their orbits 
and define the orbital elements necessary to fully spec
ify their motions. In Sect. 2.2.2 we then summarize the 
orbits of the comets and meteors. Finally, in Sect. 2.2.3, 
we discuss the determination of the Earth-Sun distance, 
the fundamental "astronomical unit" (AU), as well as 
the Doppler effect which results from the motion of the 
Earth, and the aberration of light. 

We shall defer the discussion of the physical strucure 
of the planets and their satellites, the comets and other 
objects in the Solar System to Chap. 3. 

2.2.1 Planetary Motions and Orbital Elements 

The origin of the direct (west-east) and of the retrograde 
(east-west) motions of the planets is explained in Fig. 
2.11, taking Mars as an example. 

Referring to Fig. 2.12, we first consider the motion 
around the Sun of an inner planet, e.g. Venus, as seen 
from our more slowly revolving Earth. The planet is 
closest to us at its lower conjunction. It then moves away 
from the Sun in the sky and, as Morning Star, reaches its 
greatest westerly elongation of 48°. At the upper con
junction, Venus is at its greatest distance from the Earth 



east 

west 

retrograde 
motion 

Fig. 2.11. Direct (west-east) and retrograde (east-west) mo
tions of the planet Mars. The positions of the Earth and Mars 
on their orbits are numbered from month to month. At 4, Mars 
is in apposition to the Sun; it is overtaken here by the Earth 
and thereafter shows retrograde motion. At this time, it is clos
est to the Earth and most readily observed. The orbit of Mars 
is inclined relative to that of the Earth, i.e. the ecliptic, by 1. 9° 

and is closest to the Sun as seen in the sky. It then again 
moves away from the Sun and reaches its greatest east
erly elongation of 48° as the Evening Star. The ratio of 
the orbital radii of Venus and the Earth is established by 
the maximum elongation of ±48° (for Mercury, ±28°). 
The phases of Venus, which are readily recognized in 
Fig. 2.12, and the corresponding changes in its apparent 
diameter (9.9" to 64.5") were immediately discovered 

Earth 

Fig. 2.12. The orbit and phases of Venus, an inner planet. The 
elongation of Venus in the sky cannot exceed ±48° (Mercury, 
±28°). The phases are similar to those of the Moon. The 
maximum brightness occurs near the maximum elongation 
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by Galileo with his telescope; they prove that the Sun 
is also at the center of the true orbit of Venus. The 
planet reaches its maximum apparent brightness, as can 
be seen from Fig. 2.12, in the neighborhood of its great
est elongations. In the lower conjunction, Venus (and 
Mercury) can pass in front of the Sun. These transits of 
Venus were previously of interest for the determination 
of the distance to the Sun or of the solar parallax. 

An outer planet, for example Mars (Fig. 2.13), is 
nearest to us at its opposition; it then has its culmination 
at midnight true local time, when it has its largest ap
parent diameter and is most favorable to observe. When 
it is near the Sun in the sky, it is said to be in conjunc
tion. The outer planets do not go through the full cycle 
of phases from "full" to "new". The angle between the 
Earth and the Sun as seen from the planet is called the 
phase angle cp. The fraction of the planet's hemisphere 
which faces the Earth and is dark is thus cp/180°. The 
phase angle of an outer planet passes through a max
imum at the quadratures, i.e. when the planet and the 
Sun form an angle of 90° in the sky. The largest phase 
angle of Mars is 47°, that of Jupiter is only 12°. 

oppostion 
025.1" " 

Fig. 2.13. The orbit and phases of Mars, an outer planet. The 
maximum brightness and largest angular diameter of 25.1 11 

occur when it is in opposition 
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Planetary Period. The true time taken by a planet to 
revolve around the Sun is termed its sidereal period. The 
synodic period is the time it requires for a revolution in 
the sky relative to the Sun, i.e. the time between two 
successive, corresponding conjunctions. In analogy to 
the Moon, the following relations hold for the planets 
(subtraction of the angular velocities): 

1 

Synodic Period 
(2.2) 

= I Siderea~ Period - Sidereal ~ar (Earth) I 

For example, the sidereal period of Mars is found from 
the observed synodic period of 780 d and the length of 
the sidereal year, 365 d, to be 687 d. 

Planetary Orbits. Kepler was the first to derive the true 
form of Mars' orbit, by combining pairs of observations 
of Mars which were taken at intervals equal to Mars' 
sidereal period, that is when the planet had returned to 
the same point on its orbit. Thus he could localize Mars 
from two points on the Earth's orbit separated by 687 d; 
since the latter was sufficiently well-known, he was able 
to trace out the true orbit of Mars. Two fortunate cir
cumstances, namely that the conic sections had been 
thoroughly investigated by Apollonius of Pergae; and 
that, of the then-known planets, Mars has the greatest 
orbital eccentricity, e = 0.093, made it possible for Ke
pler to arrive at his first two laws of planetary motion. 
He discovered the third law only after 10 further years, 
guided by the unshakeable conviction that a "universal 

decending 
node 

Fig. 2.14. The orbital elements of a planet or comet 

harmony" must somehow express itself in the orbits of 
the planets. 

The complete description of the orbit of a planet or 
comet (Sect. 2.2.2) around the Sun requires the orbital 
elements defined in Fig. 2.14: 

I. The semimajor axis a. It is measured either in 
terms of the semimajor axis of the Earth's or
bit= 1 astronomical unit (AU), or in kilometers. 

Pluto I? 

1000 mittion 
km 

500 mittion 
km 

100 million 
0 km 

-- Neptune UJ 

-- Uranus 6 

.-- Saturnll 

Ceres and other 
asteroids 
Mars o 

-Earth a 
Venus <? 

Mercury t! 
Sun 0 

Fig. 2.15. Mean orbital radii 
of the planets (semimajor 
axes a). The arcs correspond 
to the average motion per year; 
in one year, Venus circles the 
Sun 1.62 times and Mercury 
4.15 times 



2. The eccentricity e [distance at perihelion a(l- e); 
distance at aphelion a(l +e)]. 

3. The inclination i of the orbital plane relative to the 
ecliptic. 

4. The length of the ascending node dl (angle from the 
Aries pointY to the ascending node). 

5. The distance w of the perihelion from the node (angle 
from the ascending node to the perihelion). The sum 
of the two angles, dl + w, where the first is measured 
in the ecliptic and the second in the orbital plane, is 
called the perihelion length, w. 

6. The period P (sidereal period, measured in tropical 
years) or the mean daily motion n (in degrees or arc 
seconds per day). 

7. The epoch E or the time of the passage through the 
perihelion, T. 

The orbital elements a and e determine the size and 
shape of the orbit (Fig. 2.6), i and dl fix the orbital 
plane, and w determines the position of the orbit within 
the plane. The motion along the orbit depends upon 
P and T; the period P is, in fact, determined by the 
value of a, from Kepler's third law, apart from small 
corrections. 

To conclude this section, in Table 2.2 we have listed 
the orbital elements of the planets which are of interest 
to us here (Fig. 2.15). In addition to the planets known in 
ancient times, we have included Ceres, the brightest of 
the many thousand planetoids or asteroids which orbit 

Table 2.2. Some orbital elements of the planets (epoch 1990.0) 
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between Mars and Jupiter, as well as, of course, Uranus 
(discovered in 1781), Neptune (1846), and Pluto (1932). 

Pluto's orbital elements (eccentricity e = 0.25, in
clination 17.1 °), along with its diameter and mass ( cf. 
Sect. 3.5 .1) make it quite different from the other outer 
planets. Pluto spends some time within the orbit of Nep
tune, and its orbital period is in "resonance" (3:2) with 
that of Neptune. Pluto's last perihelion occurred in 1989. 

We will consider the orbits of the many "small ob
jects" which have been recently discovered (since 1992) 
outside the orbit of Neptune (and to some extent outside 
that of Pluto) in Sect. 3.5.2. 

2.2.2 Comets and Meteors 

Our planetary system also contains, besides the planets 
and their moons and the asteroids, comets and meteors 
("shooting stars"). 

The comets are characterized by their extended, dif
fuse outer shell, the coma, which surrounds the bright 
core or nucleus. When a comet approaches the Sun, its 
coma develops a noticeable tail (see Fig. 3.27). 

In ancient times and in the Middle Ages, the comets 
were relegated to the Earth's upper atmosphere, in ac
cordance with the doctrine of the immutability of the 
heavenly regions. The first proof that this doctrine was 
incorrect was given by Tycho Brahe's precise observa
tions of the comets of 1577 and 1585, from which he 

arne Symbol Sidereal emimajor axi> Eccentri- Inclination i Mean 
period of !he orbit city e to 
[yr] ecliptic ci ty 

[AU] [106 km) o[kms- 1] 

Inner Mercury ~ 0.241 0.387 57.9 0.206 7.CY' ~7 .9 

Planets Venu 9 0.615 0.723 108.2 0.007 3.40 35.0 

Eanh 6 1.000 1.000 149.6 0.017 29.8 

Mars d 1.881 1.524 227.9 0.093 t.8• 24. 1 

Asteroids: Ceres 4.601 2.766 41 .5 0.077 10.6° 17.9 

Outer 
Jupiter ~ 11.87 5.205 779 0.048 t.3• 13. 1 Planets 
Saturn ~ 29.63 9.576 1432 0.055 2.5° 9.6 
Uranu 6 84.67 19.28 2884 0.047 o.s• 6.8 

eptune ijJ 165.5 30.14 4509 0.010 t.8• 5.4 
Pluio I? 251.9 39.88 5966 0.248 17.1° 4 .7 
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derived parallaxes that showed that the comet of 1577, 
for example, must be at least six times more distant 
from the Earth than the Moon. Isaac Newton recognized 
that the comets move on elongated ellipses or parabolas 
around the Sun, with eccentricities equal to or a little 
smaller than 1. His contemporary E. Halley improved 
the method of determining their orbits and in 1705 was 
able to show that Halley's comet of 1682, which bears 
his name, must have a period of 76 yr. From Kepler's 
third law, the semimajor axis of its orbit is equal to 
2. 76213 = 36 AU, i.e. its aphelion lies somewhere out
side the orbit of Neptune. Halley's orbit calculation also 
showed that the bright comet of 1682 was identical with 
those of 1531 and 1607, and he could predict its return 
in 1758. All together, 29 appearances ofHalley's comet 
have been witnessed since the year 240 B.C. The most 
recent perihelion of Halley's comet took place in 1986. 

In searching for comets, observations in the far in
frared, which are sensitive to the thermal radiation 
emitted by the comet's dust (cf. Sect. 3.6.1), can be 
very useful. Thus, the first infrared observation satel
lite, IRAS, was able to discover six new comets in the 
single year 1983, while they were still extremely faint 
in the visible region. 

Nomenclature. The modern (since 1995) method of 
naming comets is similar to that used for asteroids 
(Sect. 3.3.1): when a comet is discovered, a letter cor
responding to the time interval (in half months) and 
a number for the order of the discovery within that in
terval are appended to the year of discovery; the name 
of the discoverer is often included, also, with a number 
added after the name to distinguish different comets dis
covered by the same person. Furthermore, the type of 
comet is indicated by a prefix: P/ stands for comets with 
short orbital periods, less than 200 yr, C/ for comets of 
long period or non-periodic comets, and D/ for comets 
which have ceased to exist. (A/ indicates an asteroid or 
planetoid). If a clearcut determination of the orbit has 
been made, a series number is put before the PI or D/, 
as is also done in the case of asteroids. 

For example, Halley's comet has been denoted 
(retroactively) as lP/Halley or IP/1682 Ql Halley; 
the two bright comets of the 1990's are C/1995 01 
Hale-Bopp (Fig. 3.28) and C/1996 B2 Hyakutake. 

Previously, comets were given a provisional name 
according to their year of discovery, with lower-case 

letters indicating the order of discovery in that year. 
Then, after determination of the orbit, they were de
noted by the year of their perihelion followed by 
Roman numbering in the order of their passage through 
perhelion in that year; comets of short period were 
characterized by P/ before the year. Examples are 
lP/Halley = 1835 III= 1910 II= 1986 III, C/1956 
Rl Arend-Roland = Arend-Roland 1956h = 1957 III, 
29P/1927Vl Schwassmann-Wachmann 1 = 1925 II= 
1974 II. 

One of the reasons for introducing the new ter
minology was that comets are not always clearly 
distinguishable from asteroids in terms of their appear
ance and orbit. For example, the asteroid 2060 Chiron 
(semimajor orbital axis a= 3.7 AU) developed a coma 
many years after its initial discovery and thus became 
a comet (95 P/Chiron). Conversely, comets can lose 
their coma (through "sealing" of their surfaces by a thin 
layer of dust) and become inactive asteroids. 

The Orbits and Periods of the Comets. The orbits of 
the comets fall into two groups: 

a) Comets of long orbital period with periods of rev
olution between 102 and 106 years, and perhelia in the 
range of 1 AU (high probability of discovery): the incli
nations i of their orbits are randomly distributed; direct 
and retrograde motions are about equally probable. The 
eccentricities e are slightly smaller than or nearly equal 
to 1, so that their orbits are long, thin ellipses or, as a lim
iting case, parabolas. Hyperbolic orbits, withe> 1, are 
only rarely produced by perturbations from the major 
planets. 

C/1995 Hale-Bopp- the third-brightest comet which 
has ever been observed - had its perihelion in 1997. 
According to its calculated orbit, it last passed near the 
Sun 4210 years ago and will return in 2380. The changes 
in its period are caused by perturbations from the major 
planets. 

Since the velocities v of these comets are quite small 
at large distances from the Sun, it is likely that they 
originate from a cloud which accompanies the Sun on 
its path in the Milky Way. It is estimated that this "Oort 
Cloud" (with a diameter of about 50 000 AU) contains 
some 1012 comets, whose total mass is however equal 
to only about 50 times the mass of the Earth. 

b) Comets of short orbital period, with periods less 
than 200 years. They move for the most part in elliptical 



orbits with small inclinations i (mean inclination of this 
group i ~ 20°). Nearly half of these comets have their 
apeheliain the range 5 ... 6 AU, i.e. in the neighborhood 
of Jupiter's orbit (a1 = 5.2 AU). The mean values of 
the orbital data correspond to a ~ 3.6 AU and e ~ 0.56. 
This "Jupiter family" of comets evidently arose through 
capture of longer-period comets by the planet Jupiter. 
Similar comet families associated with other planets 
have not been identified with certainty. 

Encke's comet (2P/1786Bl Encke) has the short
est known orbital period of 3.3 yr. The comets 
29P/Schwassmann-Wachmann (a= 6.0 AU, e = 0.04) 
and82P/Gehrels (a= 4.1 AU,e = 0.12)moveonnearly 
circular orbits. 

Comets decay in time by breaking up and by va
porization of cometary matter, so that the swarm of 
short-period comets must be constantly replenished 
by capture of new objects. Model calculations for the 
short-period comets with their small orbital inclinations 
indicate a flattened, ring-shaped reservoir outside the 
orbit of Neptune at a distance up to 50 AU from the 
Sun, the Kuiper ring, containing 108 to 1012 comets. 

We can thus observe only a vanishingly small fraction 
both of the long-period and of the short-period comets. 

The Breakup of Comets. Not only the orbits of the 
comets are unstable with respect to gravitational pertur
bations; the comets themselves are also not stable. Since 
they consist of weakly bound matter (cf. Sect. 3.6.2), 
they can be strongly influenced by a near passage 
through the gravitational field of Jupiter or the Sun. 
In fact, several comets have been observed to break up: 
the comet 3D/1772 E1 Biela broke into two parts in 
1846, which were both last observed in 1852 and have 
since disappeared. Comet 16P/1889N1 Brooks2 was 
discovered after a near passage by Jupiter, when it al
ready consisted of (at least) two separate comets. Only 
the larger of these fragments has "survived" until the 
present as a returning comet with a period of 6.9 yr. 

An unusual object was discovered in 1993 by C. and 
G. Shoemaker und D. Levy: a comet which had al
ready split up into a chain of many fragments which 
were arrayed along its orbit. Each fragment was sur
rounded by its own dust-filled coma. This comet 
D/1993F2 Shoemaker-Levy 9 orbited Jupiter(!) on 
a strongly elliptical orbit, approaching to within about 
0.3 AU and having a period of around 2 yr. In 1992, 
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it approached the big planet so closely that it was 
tom apart; one orbital period later, in July 1994, about 
20 fragments crashed one after another within 6 days at 
velocities near 60 km s-1 onto the surface ofJupiter. We 
shall describe this spectacular event later in connection 
with the structure of Jupiter's atmosphere (Sect. 3.4.1). 

Meteors. The showers of "falling stars" or meteors 
which on certain days of the year appear to emanate 
from a particular point in the sky (their "radiant", sim
ilar to a vanishing point in perspective drawings) are, 
as indicated e.g. by their periodicity, simply the de
bris of comets, whose orbits crossed or nearly crossed 
that of the Earth. In some cases, the cometary matter 
seems to be fairly well concentrated along the orbit, 
so that especially lively meteor showers are observed 
with the corresponding period: an example is the fa
mous case of the Leonids (radiant a ~ 152°, 8 ~ +22°), 
which were observed by Alexander v. Humboldt from 
Venezuela in 1799, and can be attributed to the comet 
55P/1865Y1 Tempel-Tuttle, with a 33 year period. In 
addition, there are sporadic meteors which show no 
recognizable periodicity. 

The fact that "falling stars" are really small objects 
from space, which enter the Earth's atmosphere and are 
heated to incandescence by it, was first demonstrated in 
1798 by two students in Gottingen, Brandes and Ben
zenberg. They made observations of meteors from two 
sufficiently distant points and calculated the altitude of 
their tracks. Earlier, E.F.F. Chladni had shown that me
teorites are just meteoric material (from larger meteors) 
which has reached the Earth's surface. 

Comets are not the only source for the meteors and 
meteorites. They can also be debris from larger objects 
originally in the asteroid belt (Sect. 3.3). 

Comets or meteors whose orbits were originally 
hyperbolic, i.e. objects which have entered the Solar 
System from outer space, have not been observed either 
among the comets or among the meteors. 

2.2.3 Distance Determination, 
the Doppler Effect and Aberration of Light 

We need now to tum to the important question of how the 
distance from the Earth to the Sun (or, more precisely, 
the semimajor axis of the Earth's orbit, which we have 

I 
2S 



26 

12. Clml<al A<tmnomy 

defined as the astronomical unit, 1 AU) can be measured 
in established units such as kilometers. Astronomers 
prefer to refer to the solar parallax n 0 , i.e. the angle 
which the equatorial radius of the Earth, RE = 6378 km 
(known from geodetic measurements) subtends when 
seen from the center of the Sun. The solar parallax is 
too small for direct measurement, as can be done in the 
case of the lunar parallax. Therefore, the first step is to 
determine the distance to a planet or asteroid whose orbit 
brings it sufficiently near to the Earth, by making obser
vations from several observatories in both the Northern 
and Southern Hemispheres. In former times, Mars at 
opposition or Venus at its lower conjunction were used; 
more recently, extensive series of observations of the 
oppositions of the asteroid Eros, which is more favor
able for such determinations, have been carried out. 
These astronomical methods of distance determination 
have recently acquired serious competetion from radar 
techniques, which allow the precise determination not 
only of the distance to the Moon, but also that to Venus 
and Mars by direct measurement of the round-trip travel 
time of reflected radiofrequency signals, together with 
the velocity of light c which is known from terrestrial 
experiments. Combining the individual measurements 
allows the calculation of the radius of the Earth's or
bit using Kepler's 3rd law; the details involve difficult 
celestial-mechanical calculations. 

Instead of the radius of the Earth's orbit, the orbital 
velocity of the Earth can be determined in [kms- 1] by 
using the Doppler effect (Fig. 2.16), which was derived 
in 1842 by C. Doppler in connection with considerations 
of the orbital motions of binary stars using the wave 
theory of light: 

When a radiation (light) source moves relative to 
an observer with a radial velocity v (the velocity com
ponent in the direction of the line of sight between 
source and observer), the wave length Ao of the radia
tion (or its frequency vo = c/Ao) appears to be shifted 
by b.. A = A- Ao or b. v = v- vo, where: 

v 
(v«c). (2.3) 

c 

A source whose relative motion is away from the ob
server (by definition a positive velocity) produces an 
increase in the wavelength A, i.e. a red shift of the spec
tral lines and a reduction in their frequency v, and vice 
versa. (One speaks of a "red shift" even for example 

at rest 

move apart 

Fig. 2.16. The Doppler effect, I:::.. A/ Ao = vIc 

{j, 

Comparison 
spectrum 

in the radiofrequency range, when a shift occurs away 
from red, to still larger wavelengths.) 

In practice, either the radial velocity of a fixed star 
relative to the Earth is followed over most of a year, 
using the Doppler shift in its spectral lines, or else the 
relative velocity between the Earth and e.g. Venus is 
determined from the frequency shift of reflected radar 
signals (reflection from a moving mirror yields twice 
the frequency shift quoted above). 

A similar consideration formed the basis of the his
torically important first measurement of the velocity of 
light by 0. Romer in 1675: he determined the frequen
cies of revolution v of the larger moons of Jupiter from 
their transits behind the planet's disk. When the Earth 
is moving away from Jupiter, these frequencies appear 
to be reduced, due to the finite propagation velocity c 
of light; when it is moving towards the planet, the fre
quencies are apparently increased. Starting from the 
contemporary value of the solar parallax, Romer ob
tained a relatively good numerical value for the velocity 
of light. The fact that he anticipated Doppler's principle 
(2.3) by nearly two hundred years before its first spec
troscopic application is seldom mentioned in texts on 
astronomy and physics. 

The first terrestrial determination of the velocity 
of light was carried out by A. Fizeau in 1849 using 
a rotating chopper in a light beam. 

Another effect which is due to the finite velocity of 
light is the aberration of light (Fig. 2.17), which was 
discovered by J. Bradley in 1728 while he was attempt
ing to measure the parallax of fixed stars. When a star is 
observed which would be perpendicular to the Earth's 
orbit for an observer at rest, the Earth's (and thus the 
observer's) orbital motion makes it necessary to incline 
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Fig. 2.17. The aberration of light. The light from the stars 
seems to be deflected in the direction of the velocity vector 
of the Earth (left) by an angle vjc, where vis the component 
of the Earth's velocity perpendicular to the light propagation 
direction and c is the velocity of light. A star at the celestial 
pole thus describes a circle of radius equal to the ratio of 
Earth's velocity/velocity of light: a = 20.49" ; in the ecliptc, it 
moves on a line of maximum extension ±a; and in between, 
it describes an ellipse (indicated at the upper right). (*)shows 
the true position of the star; an observer looking to the right 
sees the star at intervals of 1 j 4 year in the positions 1-2-3-4 

the telescope by a small angle in the direction of the 
Earth's orbital velocity v in order to see the star; this 
aberration angle is vIc. As a result, a star at the celestial 
pole appears to describe a small circle in the course of 
a year (Fig. 2.17, upper right); in the ecliptic it seems to 
move back and forth on a straight line, and in between, 
it moves on an ellipse. The usual analogy is that of an 
astronomer who is walking rapidly through rain which 
is coming straight down, and must incline his umbrella 
forwards in order to stay dry, 

This demonstration, like our elementary derivation 
of the Doppler effect, is imperfect; it neglects the prin
ciple of the constancy of the velocity of light in all 
frames of motion, independently of the motion of the 
source, which was demonstrated by the experiment of 
A.A. Michelson and KW Morley in 1887. A consistent 
explanation of all the effects of order vi c in that exper
iment, and especially of those of order (vIc f, is given 
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by Einstein's special relativity theory (1905), We treat 
the relativistic Doppler effect in Sect. 4.2.1. 

Finally, we give a summary of the numerical values of 
the quantities discussed and their various relationships: 

Equatorial radius of the Eanh 

Solar parallax (equatorial 
horizontal parallax) 

Astronomical nit [AU] 
=semi major axis of the Earth"s orbit 

Velocity of light 
Light propagation time for t AU 
Average orbital velocity 
of the Earth 

Rotation of the Earth: 
Angular velocity 
Velocity at the equator 

Aberration constant 
(Epoch 2000) 

2.3 Mechanics 

" 0 =8.794" 

C = 2.9979 · to8 IIlS-I 

TA =Afc =499.0s 
ii = 2.98 ·tO" m s- 1 

WE =7.29 · to-5 - t 

Vroc = WERE = 465 ms- 1 

x = iJfc = 9.94 · 10- s 
a = 20.496" 

and Gravitational Theory 

Following the tedious and even dangerous beginnings 
made by Galileo Galilei and Johannes Kepler, Isaac 
Newton in his Principia (1687) gave the first complete 
treatment of the mechanics of terrestrial and extraterres
trial systems. Combining it with his law of gravitation, 
in the same work he derived Kepler's laws and many 
other observed regularities in the motions of objects 
in the Solar System. It is not surprising that the further 
development of celestial mechanics remained an impor
tant field for the great mathematicians and astronomers 
for nearly two hundred years. 

We begin our treatment here by stating the 
most important concepts and laws of mechanics and 
the theory of gravitation for later reference: New
ton's laws of motion (Sect. 2.3.1), conservation of 
momentum (Sect. 2.3.2), conservation of angular mo
mentum (Sect. 2.3.3), the law of conservation of 
energy (Sect. 2.3.4) and the virial theorem (Sect. 2.3.5), 
and finally Newton's Law of Universal Gravitation 
(Sect. 2.3.6). Its application to celestial mechanics is 
then treated in the next section, Sect. 2.4. 
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2. Classical Astronomy 

2.3.1 Newton's Laws of Motion 

We formulate Newton's three basic laws of mechanics 
in modem language: 

1. A body remains in a state of rest or moves with 
constant velocity in a straight line as long as it is not 
subject to an external force (law of inertia). 

We denote velocities in direction and magnitude by 
a vector (arrow), v; in a similar way, we denote the vector 
quantity force by F: the vector quantities are indicated 
in print by using boldface characters. The magnitude of 
a vector quantity, e.g. of the velocity - the "length of 
the arrow", so to speak- is an ordinary number (scalar 
quantity) and is denoted by absolute value signs I vI or 
simply by the corresponding nonboldface character, v. 

For the addition and subtraction of vector quanti
ties, we use the vector parallogram: the two vectors are 
represented by their components in a rectilinear coor
dinate system x, y, z, i.e. by their projections on the 
corresponding axes. Thus for example v = {vx, Vy, Vz}. 

If a moving body has the mass m, the vector mass 
times velocity 

p=mv (2.4) 

is defined as its momentum. This important concept 
allows the formulation of the law of momentum: 

2. The rate of change with time of the momentum of 
a body is proportional to the magnitude of the exter
nal force which acts on it, and is in the direction of 
that force. 

Mathematically formulated, we write for one body 
(where tis the time): 

dp d(mv) 
-=--=F, 
dt dt 

(2.5) 

Law 1 is clearly just a special case for F = 0 of law 2. 
We can interpret the velocity v as the rate of change of 
the position vector r with components {x, y, z}, and we 
thus write v = dr j dt and, form =constant, also 

d2r 
m dt2 =F. (2.6) 

This formulation (force= mass x acceleration) is how
ever valid only for constant masses, while (2.5) remains 
generally valid within special relativity theory, where 
the mass depends on the velocity (Sect. 4.2.2). 

If we consider N objects, denoted by indices k = 
1, 2, 3 ... N, then (2.5) corresponds to the N vector 
equations or 3N coordinate equations: 

dpk d(mkvd 
-= =Fk. 
dt dt 

(2.7) 

Newton's final law deals with the interactions of two 
bodies; it states that: 

3. The forces which two bodies exert on one another 
have equal magnitudes and opposite directions. 

If F;k is the force which body i exerts on body k, we 
thus have: 

(2.8) 

the law of action and reaction. 
As a simple example of Newton's laws of motion, 

we consider a mass m (Fig. 2.18a) which moves at the 
end of a string of length r in a horizontal circle with the 
constant velocity v =I vi. Its angular velocity is then 

dcp 2n: v 
w=-=-=-

dt P r 
(2.9) 

(angle cp in arc measure, units =radians; P is the period 
of the rotational motion.) Conversely, v = w · r. 

d~E)t v 

c-..:-1------1 2 

3 

a b 

Fig. 2.18a,b. Calculation of centrifugal force. (a) A point mass 
m on a circular orbit, with the position vector r at the times 
1, 2, 3, ... and the velocity vector v = dr ldt tangential to the 
orbit. The magnitude of v is v = r · dq;ldt = wr. (b) Hodo
graph. The velocity vector v at the times 1, 2, 3, ... The 
acceleration vector d vldt points in the direction of the tan
gent to the hodograph and is therefore parallel to -r. The 
magnitude of the acceleration is v · d q; I dt = v2 1 r = w2 r 



If we trace successive velocity vectors v using the 
same starting point, thus drawing a socalled hodograph 
(Fig. 2.18b ), we can immediately see that the acceler
ation ldvjdtl is equal to (vjr)v and points towards the 
center of the circular path. We thus obtain the law of cen
trifugal force which was derived by C. Huygens even 
before Newton: 

F=mv2 jr=mo}r. (2.10) 

Newton's 3rd law states thatthe string pulls on its anchor 
at the center with the same force that pulls the object 
towards the center of its circular orbit. 

When the details of the internal structure of a suf
ficiently small object of mass m are not important in 
mechanics, we speak of a point mass. In the theory 
of planetary motion, for example, we can consider the 
Earth to be a point mass. 

From Newton's three laws for the motion of individ
ual point masses, we go on to the equations of motion 
for a system of point masses. From them, we derive the 
three conservation laws of mechanics, which we shall 
often use later in this book. 

2.3.2 The Conservation of Linear Momentum 

In a system of N point masses mk> which we denumerate 
by the indices i or k (i, k = 1, 2, 3 ... N), we distinguish 
between internal forces Fib which for example mass i 
exerts on mass k, and external forces Fie), which are 
exerted on the mass k from "outside". This point mass 
obeys the equation of motion (2.7): 

dpk _ F(e) +" p. 
dt - k ~ tk. (2.11) 

Here and in the following sections, all summation signs 
L imply a summation from k = 1 to N over all values 
of k. Defining the total linear momentum of the system 
by 

p = LPk (2.12) 
k 

an the total external force acting on the system by 

F = L Fie), (2.13) 
k 

we find, summing (2.11) over all values of k and using 
(2.8), the equation of motion for the system, analogous 

to that for a single point mass: 

dP 
-=F. 
dt 

(2.14) 

If no external forces act on the system (F = 0), then the 
law of conservation of total linear momentum applies: 

P = L Pk = const . 
k 

(2.15) 

The content of equations (2.14) and (2.15) can be per
haps more intuitively clarified if we define the position 
vector R of the center of gravity of our system of overall 
mass M = I:mk: 

(2.16) 

With this definition, (2.14) is converted into the equation 
of motion of the center of gravity: 

(2.17) 

in analogy to that of a single point mass. We can see from 
this last equation that in the case of no net external force, 
F = 0, the center of gravity must exhibit a straight
line inertial motion with a constant velocity, dRjdt = 
constant (in agreement with Newton's 1st law). 

2.3.3 Conservation of Angular Momentum: 
the Area Theorem 

We first consider a point mass m (Fig. 2.19), which is 
free to rotate about a fixed point 0 on a lever arm r. 
A force Facts on m. This force tends to rotate the mass 
around an axis through 0 and perpendicular to the plane 
containing r and F; only the tangential component of the 
force IFI sin a is effective in producing such a rotation, 
where a is the angle between r and F. The quantity 
"lever armr times effective force component IFI sin a", 
drawn as a vector perpendicular to the plane containing r 
and F, is, in mathematical terms, the vector product r x 
F, and in physical terms, it is the moment of the force 
F around 0, also known as the torque M = r x F. 

The torque is the equivalent of the force for ro
tational motion; similarly, we can define a quantity 
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Fig. 2.19. The torque Mk = rk x Fk. The absolute magnitude 
of Mk is lrki·IFkl sin a, i.e. equal to the area of the parallelo
gram spanned by rk and Fk. The order of the factors is defined 
in such a way that a right-handed screw which is screwed in 
the direction from rk to Fk would move parallel to Mk 

corresponding to the linear momentum p = mv, the 
angular momentum: 

L=rxp=rxmv. (2.18) 

We now multiply Newton's equation of motion, 
(2.14), vectorially from the left by r: 

and the total angular momentum is defined by 

L= L'k xpk = L'k xmkvk. 
k k 

The equation of motion then becomes 

dL 
-=M, 
dt 

(2.23) 

(2.24) 

i.e. the time derivative of the angular momentum vector 
is equal to the combined torque due to all the forces. 

If only central forces act in our system, such as grav
itational forces, for example, which act along the line 
connecting two point masses, then the contribution toM 
from internal forces vanishes and the right side of (2.24) 
contains only the torque due to external forces, M(e). 

If, furthermore, no external forces are present or if 
the resultant torque is zero, then dL/dt = 0 and the im
portant theorem of conservation of angular momentum 
holds for the system of masses: 

L = L'k x mkvk = const. 
k 

(2.25) 

dp 
rx-=rxF=M, 

dt 
(2.19) 2.3.4 Conservation of Energy 

and then take the time derivative of the angular 
momentum 

dL dr dp 
-=-xp+rx-. 
dt dt dt 

(2.20) 

Here, the first term on the right is zero, since dr /dt = 
v, p = mv, and the vector product of the two parallel 
vectors v and p is zero. We thus obtain the law of 
conservation of angular momentum, initially for a point 
mass k: 

(2.21) 

If we consider a system of N point masses mk. we 
define the total torque of all internal and external forces 
relative to the fixed point 0 as 

M= L'kxFk 
k 

= ~rk x (F~el + ~F;k) (2.22) 

If a point mass m moves under the influence of a force 
F along a differential path element dr, the latter making 
an angle a with the force F, then the net work: 

dA = IFIIdrl cos a= F · dr (2.26) 

is performed. The scalar product of the two vectors is 
denoted by a raised dot"·". If we calculate the work 
performed on passing along a finite section of an orbit, 
I --+ 2, using the Newtonian equation of motion (2.5) 
and v = dr /dt, we find: 

2 2 J F-dr = /d(:v) ·dr 

I I 

= ~mv212 . 
2 I 

(2.27) 

The scalar quantity which appears on the right, or its sum 
over several point masses, is called the kinetic energy: 

I 2 p2 
Ekin =- mv = 

2 2m 
(2.28) 

In the following, we shall limit our discussion to 
conservative forces, among which in particular is the 



gravitational force (Sect. 2.3.6). Such forces may be de
rived from a Potential C/J(r) (which may, for example, 
depend only on position): 

F = -m grad C/J = -m { ac:p, ac:p, ac:p } . 
ax ay az 

(2.29) 

Here, the gradient of C/J is a vector, whose components 
are given in (2.29) for a cartesian coordinate system. The 
zero point of the potential can be arbitrarily chosen; it 
then follows from (2.29) that F · dr is an exact differ
ential and the work performed by the forces, J F · dr, 
is independent of the actual orbits of the point masses 
and depends only on the initial and final positions of m. 

If we now introduce the potential energy 

Epot = m C/J (2.30) 

then from (2.27), the important theorem of conservation 
of energy holds: 

E = Ekin + Epot = const , (2.31) 

i.e. the sum E of kinetic energy Ekin and potential energy 
Epot is constant. 

In a system of point masses mk with conservative 
forces, (2.31) holds when Ekin and Epot are interpreted 
as the sum over the contributions from all the point 
masses k. In a system with gravitational forces - as in 
many other cases- Ekin depends only on the velocities 
and Epot only on the positions of the point masses. 

2.3.5 The Vi rial Theorem 

An important basis for the understanding of many prob
lems, not only in celestial mechanics but also in the 
structure and evolution of stars and stellar systems, is 
the virial theorem of R. Clausius (1870). In an isolated 
system of point masses, we consider the time variation 
of the quantity LPk ·rk. By differentiating, we find 

d" "dpk " - ~Pk·rk= ~-·rk+ ~Pk·Vk, 
dtk kdt k 

(2.32) 

or - cf. (2.27) - using the equation of motion (2. 7) and 
the kinetic energy defined above (2.28), 

2.3 Mechanics and Gravitational Theory 

If we now average this expression over a sufficiently 
long time, the mean value of the left side is equal to 
zero (as long as rk and Pk are finite for all the point 
masses, and therefore L, Pk · rk remains bounded), and 
we obtain the virial theorem: 

(2.34) 

In order to evaluate the vi rial LkFk · rko we must 
know the forces Fk. We initially consider only a sin
gle particle of mass m under the influence of a central 
(conservative) force oc rn with the corresponding po
tential C/J oc rn+ 1 (2.29), where r = (x2 + y2 + z2) 112 is 
the distance from the origin of the coordinate system. 
The virial is then defined with r( d C/J / dr) = ( n + 1) C/J and 
(2.30) by: 

" dC/J -~Fk ·rk = -m ·r- = -(n+ 1)Epot, 
k dr 

(2.35) 

i.e. ( -n -1) multiplied by the time average of the poten
tial energy. In the important case that the point masses 
are held together by gravitational forces (Sect. 2.3.6), 
n = -2, so that the total energy E distributes itself 
in such a way between the kinetic and the potential 
energies that the time averaged energies obey 

-- 1-
Ekin = -2.Epot 

and, with (2.31), 

Ekin = -E 

holds. 

(2.36) 

(2.37) 

For a system of gravitationally interacting point 
masses, Epot consists of individual contributions from 
r;/1, where r;k = lr; -rkl is the relative distance of two 
point masses i and k. As can be verified by calculation, 
for such a system Eqns. (2.36) and (2.37) likewise hold. 

2.3.6 The Law of Gravitation. 
Gravitational Energy 

In order to obtain a theory of celestial motions, Newton 
(2.33) had to add his law of universal gravitation (ca. 1665) to 

his basic laws of mechanics: 
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Two point masses m; and mk at a distance r attract 
each other along the line joining them with a force of 
magnitude 

F(r) = G m;~k . (2.38) 
r 

By carrying out an integration, which we shall not 
repeat here, Newton first demonstrated that exactly the 
same law (2.38) holds for the attraction of two spherical 
mass distributions of finite size (e.g. the Sun, a planet, 
etc.) as for the corresponding point masses. He then 
verified the law of gravitation by assuming that free fall 
near the Earth's surface (Galileo) and the lunar orbit 
are both dominated by the gravitational attraction of the 
Earth. 

The acceleration (force/mass) for a free fall can be 
determined in experiments with falling objects, or, more 
precisely, with a pendulum. Its exact value depends on 
the location on the Earth, and is reduced by the centrifu
gal acceleration of the Earth's rotation (Sect. 3.2.1). Its 
standard value for an "average" Earth, after correction 
for the Earth's rotation, is equal to: 

gE = 9.81 ms-2 . (2.39) 

On the other hand, the Moon moves on its 
circular orbit of radius 1M= 60.3 RE = 3.84 .IQ8 m 
with a velocity v = 2rrtM/ P (P = 1 sidereal month 
= 27.32 d = 2.36 ·106 s) and is thus subject to the 
acceleration (Fig. 2.18): 

v2 4rr2rM 2 gM =- = --2- = 2.72 .IQ-3 ms- . 
1M p 

(2.40) 

(gM should not be confused with the acceleration which 
an object experiences on the Moon's surface.) 

The accelerations gE and gM are, in fact, related as 
the inverse squares of the radii of the Earth, RE, and of 
the lunar orbit, rM, i.e. 

1 1 
gE : gM = 2 : 2 C:::: 3620 . 

RE rM 
(2.41) 

The numerical value of the universal gravitation con
stant G appears here [cf. (2.38)] only as a product with 
the initially likewise unknown mass of the Earth, .ME. 
Similarly, in other astronomical problems, G occurs 
only in a product with the mass of the attracting celes
tial object. Thus G can, for fundamental reasons, not be 
determined by astronomical measurements; instead, it 
must be found from terrestrial experiments. 

The first attempt at such a measurement was that of 
N. Maskelyne in 1774, who investigated the deflection 
of a plumb line by a large mass (a mountain). In 1798, 
H. Cavendish used a torsional balance, and in 1881, 
P. v. J oily performed measurements with a suitable beam 
balance. The result of modem determinations is 

G = (6.673 ± 0.010). 10-11 m3 s-2 kg-1 . (2.42) 

Gravitational Energy. For applications to celestial me
chanics and for the understanding of the structure of 
planets and stars, we still need the gravitational en
ergy, i.e. the potential energy which results from the 
action of gravitational forces. We first consider a point 
mass m at a distance r from a pointlike central mass .M; 
we can readily convince ourselves that the potential or 
the potential energy associated with Newton's law of 
gravitation (2.38) is given by: 

G.M G.M 
<l>(r) = --, Ep01 (r) = -m-. (2.43) 

r r 
The potential energy can also be considered as the 

work which must be performed when (in a virtual exper
iment) we remove the mass .M from the distance r under 
the influence of the gravitational force G(.Mmjr2 ) to 
infinity (r ~ oo ): 

00 f .Mm G.M 
Epo1(r) = -G - 2-dr = -m -- . 

r r 
(2.44) 

r 

The negative sign of the gravitational potential indi
cates a binding energy or an attractive interaction: if the 
distance between the two masses is reduced, then en
ergy is set free from the overall system; e.g. it might be 
converted into kinetic energy of m. Conversely, energy 
must be put into the system if we are to increase the 
distance. 

If we now consider a spherically symmetrical mass 
distribution of radius R, then- as we already mentioned 
- the gravitational action in the exterior region r :::: R 
remains the same. A sphere thus acts as if its mass were 
concentrated at its center. We shall not consider here the 
more complicated potential in the interior of the sphere, 
which in contrast to that outside the sphere is dependent 
on the mass distribution. 

The Acceleration of Gravity. For a sphere of radius R 
having the mass .M, we give the acceleration of grav
ity: g(r) = d<l>(r)jdr. According to (2.43), outside the 



sphere we have 

G.M 

For an arbitrary density Q(r), only the numerical factor 
changes, so that in general, the gravitational energy of 

g(r) = - 2 (r 2:: R) , 
r (2.45) a sphere of radius R has the order of magnitude 

i.e. the same value as for a point mass .M. However, at 
a point r within the sphere, the acceleration of gravity 
is 

g(r) = G.M(r) (r :S R); 
r2 

it thus depends only on the mass within r, 
r 

.M(r) = 4n J Q(r')r'2dr', 

0 

d.M(r) = 4nr2Q(r)dr. 

(2.46) 

(2.47) 

Naturally, both expressions give the same value at the 
surface of the object, R: 

G.M 
g = g(R) = Ji2 , (2.48) 

since .M = .M(R). 
We immediately apply (2.48) and calculate from 

gE = 9.81 ms-2, the acceleration of gravity at the 
Earth's surface, with the known value of the radius 
of the Earth, RE = 6378 km, its mass .ME and - with 
.M = (4nj3)[!R3 - its mean density. We obtain 

.ME= 5.97 · 1024 kg, QE = 5500 kg m-3 . (2.49) 

We shall return to a discussion of the geophysical 
significance of these numbers later. 

The Homogeneous Sphere. Finally, we calculate the 
gravitational energy EG of a homogeneous sphere of 
radius R with a constant interior density Q(r) = Qo. 
Starting with a sphere of radius r and mass .M(r) 

- as an "intermediate step" - we add a shell of 
mass d.M(r), and find a gain in potential energy 
dEG = -G.M(r)d.M(r)jr. With 

4n 3 2 
.M(r) = 3r Qo, d.M(r) = 4nr Qodr (2.50) 

we immediately obtain 

R 

f .M(r)d.M(r) (4n)2 2 R5 
EG= -G =-3G - Q0 -

r 3 5 
0 

3 G.M 2 
----

5 R 
(2.51) 

G.M2 
E ~-G- R . 

2.4 Celestial Mechanics 

(2.52) 

Celestial mechanics deals with the application of New
ton's law of universal gravitation and the laws of 
mechanics to the motions of the various bodies which 
make up our Solar System. 

First, we go back to Newton's Principia and derive 
Kepler's laws from the basic equations of mechanics 
and the law of gravitation, in order to gain a deeper un
derstanding of the laws themselves and of the numerical 
values which occur in them. We apply Kepler's laws im
mediately to the orbits of the planets (Sect. 2.4.1) and to 
the determination of the masses of the celestial objects 
(Sect. 2.4.2). We then calculate - with later applica
tions in mind - the escape veloticy (Sect. 2.4.3) and 
the rotational energy of a rigid body (Sect. 2.4.4). We 
treat precession (Sect. 2.4.5), the problem of the tides 
(Sect. 2.4.6), and finally, we consider from the modem 
point of view the relation between the Ptolemaic and 
the Copernican worldviews (Sect. 2.4.7). Applications 
of celestial mechanics to artificial satellites and space 
probes are treated later, in Sect. 2.5.1. 

2.4.1 Kepler's First and Second Laws: 
Planetary Orbits 

The mass of the Sun is clearly very much greater than 
that of any of the planets, so we start by treating the Sun 
as fixed and calculate the radius vectors r orr = lr I of the 
planets from the center of the Sun. The mutual attraction 
of the planets among themselves, their perturbations, 

will be left out of our calculations. 
The motion of one planet around the Sun is governed 

by the central force G .M0 m I r 2 , where .M0 is the mass 
of the Sun, and m( « .M0 ) is that of the planet. Conser
vation of angular momentum (2.25) thus holds, i.e. the 
angular momentum vector of the planet 

L=rxmv (2.53) 
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Planet 

v =velocity 
vector 

Fig. 2.20. The surface area swept out by a planet per unit time 
within its orbit, ! lr x vI = ! rv sin a 

is constant in magnitude and direction. Here, v is the 
planet's orbital velocity vector and r its position vec
tor. Both remain in the same plane, perpendicular to 
L, the spatially fixed orbital plane of the planet. The 
magnitude of lr x vI = rv sin a (Fig. 2.20) is twice the 
area which is swept out by the radius vector r of the 
planet per unit time. Conservation of angular momen
tum is therefore identical with the statement that each 
planet follows an orbit in a fixed plane with constant 
areal velocity (Kepler's 2nd and part of his 1st laws). 

We shall not reproduce here the somewhat tedious 
calculations which show that the orbit of a point mass 
(planet, comet, etc.) under the influence of a central 
force proportional to ljr2 must be a conic section, 
i.e. a circle (eccentricity e = 0), an ellipse (0 < e < 1), 
a parabola (e = 1), or a hyperbola (e > 1) with the Sun 
in one focus (Kepler's first law). 

2.4.2 Kepler's Third Law: 
Determination of Masses 

We shall carry out the calculation of planetary motion 
and the derivation of Kepler's 3rd law only for circular 
orbits. The general calculation can be found in any text 
on classical mechanics. However, in view of future ap
plications, we shall not restrict the mass m of the planet 
to be much less than the mass M 0 of the Sun. We there
fore consider the motion of two masses around their 
common center of gravity, and, on the other hand, the 
relative motion of the two masses with respect to, for 
example, the larger one. Let m 1 and m2 be the masses 
and a1 and a2 their respective distances from the center 
of gravity S (Fig. 2.21). Then a= a1 +a2 is their mutual 
distance. Using the definition of the center of gravity, 

we have: 

a1: a2: a= m2: m,: (m, +m2) 
m1m2 

m,a, = m2a2 = a= f.La, 
mi+m2 

where 

or 

(2.54) 

(2.55) 

is termed the reduced mass. For each of the two 
masses m 1 and m2, the force of gravitational attrac
tion, Gm 1m2ja2, must be balanced by the centrifugal 
force. Calling the orbital period of the system P, we 
find for the centrifugal force on m 1 : 

m,vi = (2:rr)2 miai. (2.56) a, p 

Because of action= reaction, as expressed in (2.54), 
a similar equation and the same value of P naturally hold 
for m2. Applying this equation once more, together with 
(2.54), we obtain after rearranging Kepler's 3rd law: 

a3 G 
p2 = 4:rr2 (m, +mz). (2.57) 

If we relax the requirement of a circular orbit (we 
shall not carry out the explicit calculation here), the 
masses m1 and m2 are found to move on similar conic 
sections around the center of gravity S; the relative orbit 
is also a corresponding conic section. Instead of orbital 
radii, we then have orbital semimajor axes, which are 
likewise denoted by a 1, a2 and a. We thus obtain a gen
eralized version of Kepler's 3rd law (2.57). In the Solar 
System, as we shall see, the mass of e.g. the largest 
planet, Jupiter, is only about 1/1000 the mass of the 
Sun. To this accuracy, we can therefore set the expres
sion m 1 + mz on the right-hand side of the equation 
equal to the Sun's mass, M0 . 

Fig.2.21. The motion of the masses m, and mz about their 
common center of gravity S. From the definition ofthe center 
of gravity, m1a1 = mza2 



By inserting the numerical values of a and P for the 
orbit of the Earth or another planet into (2.57), we obtain 
the solar mass M 0 . Its apparent disk radius of 16', 
together with a, gives the solar radius, R0 . From M = 
(4n/3)R3[!, we finally obtain the mean density of the 
Sun, [! 0 . The numerical values are: 

Mass M 0 = 1.989 ·1030 kg, 

Radius R0 = 6.960 ·108 m, 

Density (!0 = 1409 kg m - 3 . (2.58) 

The uncertainty in these values is in each case about ± 
one unit in the last place. 

In a similar way, we calculate the masses of the plan
ets (Table 3.1) by applying Kepler's 3rd law to the orbits 
of their moons. If the planet has no moons, then mu
tual perturbations of the planets must be used; this is of 
course much more difficult. Space travel has opened up 
further possibilities of determining planetary masses by 
observing the orbital motions of artificial satellites and 
space probes. 

2.4.3 Conservation of Energy 
and the Escape Velocity 

It is instructive to consider the "Kepler problem" again 
from the point of view of energy conservation (2.31); 
this requires that the total energy E, e.g. for a planet, 

1 2 GMo 
E = Ekin +Epot = lmv -m -r- (2.59) 

remain constant in time. We can immediately see again 
from this that the velocity increases on going from the 
aphelion to the perihelion. For a circular orbit ( v = v0 ), 

the centrifugal force is equal to the attractive force of 
the two masses, and therefore mv5!r = m GM0 /r2 , or 

thus the total energy, are zero. Since E is a constant of 
the motion, from E = 0 it follows using (2.59) that: 

mv2 M 0 m 
-=G--

2 r 

Ekin = - Epot · 

or 

(2.61) 

At the same distance from the Sun, the parabolic veloc
ity, i.e. v on a parabolic orbit, is larger by a factor of -J2 
than the velocity on a circular orbit. For example, if the 
mean velocity of the Earth is 30 km s - 1, that of a comet 
or meteor swarm which meets us on a parabolic orbit 
would be 30-Ji = 42.4 km s-1. 

Conversely, the conservation of energy in the limiting 
case of a parabolic orbit, (2.61), also determines the 
escape velocity, 

Ve = j2G:o = hvo, (2.62) 

i.e. the smallest velocity which an object must have 
in order to leave a circular orbit at a distance r from 
a central mass M and to escape its gravitational field. 
For example, the escape velocity for leaving from the 
Earth and completely escaping the Solar System is Ve = 
42.4kms-1, while that for escaping from the Earth's 
gravitational field starting from the surface of the Earth 
is 11.2kms-1 (cf. Sect.2.5.1). 

2.4.4 Rotation and the Moment of Inertia 

For later applications, we give the intrinsic or proper 
angular momentum of a rigid rotating body, in which 
all the mass points mk have the same angular velocity 
vector w, so that their (linear) velocities are: 

(2.63) 

The proper angular momentum ("spin") of the body 
(2.60) follows then from (2.25): 

Thus, the kinetic energy Ekin is equal to- Epot/2, a spe
cial case of the virial theorem (2.36) for the periodic 
motion of a single point mass attracted by a central 
force. 

If, on the other hand, we consider a parabolic orbit 
(e.g. a nonperiodic comet), which is the limiting case 
of an elliptical orbit extending to infinity, we find that 
at infinity, both the kinetic and the potential energy, and 

S= I>kxmk(wxrk)=lw, 
k 

where 

I= l:mkr; 
k 

(2.64) 

(2.65) 

is the moment of inertia of the body relative to the 
particular axis of rotation. 
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For a "dumbbell", i.e. two masses m1 and m 2 which 
rotate rigidly about their common center of gravity at 
a fixed distance a (Fig. 2.21), it follows from (2.54) that 

I m1m2 2 2 
= a =J-ta , 

mi+m2 
(2.66) 

where J-t again denotes the reduced mass. 
For a homogeneous sphere of mass .M and radius R, 

we have: 

(2.67) 

The rotational energy of the body, i.e. the total ki
netic energy (2.28) which is associated with the (rigid) 
rotation of all the point masses, is given by 

Erot = 

Erot= 

1"' 2 1"' 2 2 - ~mkvk = -2 ~mkrk w 
2 k k 

1 S2 
-lw2 -
2 21 

2.4.5 Precession 

or 

(2.68) 

Besides the Kepler problem, Newton solved numerous 
other problems in celestial mechanics. We shall first 
consider precession, at least in outline form. 

The "wobble" of the Earth's axis around the pole of 
the ecliptic is a result of the same physical phenomenon 
as the wobbling of a top under the influence of gravity: 
the equatorial bulge of the Earth is pulled into the plane 

Pole of 
the ecliptic 

Celestial pole 
I 

Moon 's orbit 
(mass distributed) 

Fig. 2.22. Lunar precession 

of the ecliptic by the Sun and the Moon, whose mass 
we can imagine to be distributed around their orbits 
over the long precession period of the Earth's axis (the 
Moon has only a small orbital inclination). The angular 
momentum vectorS of the Earth's rotation, which is es
sentially parallel to the rotation axis, reacts to this torque 
M (Fig. 2.22) according to (2.24). The rate of change in 
the Earth's spin S, given by dS/dt = M , produces the 
circling motion of S, i.e. of the Earth's axis, on a cone 
of constant vertex angle, as can be seen in Fig. 2.22. 
Numerical calculation yields the correct period for the 
lunisolar precession (Fig. 2.22). 

2.4.6 The Tides 

Next, we tum briefly to the old problem of the tides. 
Galilei became involved in controversies with his con
temporaries over a wholly incorrect theory of the 
12-hour alternation of ebb and flow (the tides being 
known to Mediterranean peoples only by hearsay); they 
were a major contributor leading to his unfortunate trial 
by the Inquisition. It was again Newton who developed 
the elements of a static theory of the tides (Fig. 2.23). 

We assume here for simplicity that the common cen
ter of gravity of the Earth and the Moon lies at the 
midpoint of the Earth. In fact, it is at a distance of 0. 73 
Earth radii from the midpoint, but still within the Earth 
(2.54). The gravitational acceleration due to the Moon 

Earth 

Moon 

A 8 

Fig. 2.23. The static theory of the tides. The acceleration of 
the three points indicated relative to the Moon corresponds to 
their differing distances from it: A, lower culmination of the 
Moon: a- aG; B, center ofthe Earth (center of gravity): a; C, 
upper culmination of the Moon: a+ aG. The (rigid) Earth takes 
on, as a whole, the acceleration a. Therefore, at the points A 
and C, an acceleration aG is left over, and it produces a high 
water level at both these points 



is exactly compensated by centrifugal acceleration only 
at the center of gravity (midpoint of the Earth); at every 
other point, a tidal acceleration occurs as their differ
ence. The acceleration vector a0 at the surface of the 
Earth (at the Earth's radius RE), acting for example on 
a water droplet in the ocean, points upwards both at 
the upper and at the lower culmination of the Moon, 
i.e. at the passages of the Moon through the meridian 
in the north and the south. Accordingly, correspond
ing to the apparent motion of the moon (llunarday = 
24 h 51 min), two "high-water peaks" and two "low
water valleys" will continually circle the Earth, getting 
later by 51 minutes (at any given point) every day. 

The difference between the accelerations of gravity 
due to the attractive mass .M of the Moon acting at the 
Earth's center (at a distance r from .M) and that at e.g. 
the lower culmination (at a distance r + RE, point A in 
Fig. 2.23) is then 

G.M G.M 2G.M 
aa = --- ::: --RE . 

r2 (r + RE)2 r3 
(2.69) 

The tidal acceleration is thus only a tiny fraction of the 
Earth's gravitational acceleration, aa ::: w-7 gE. It is 
a differential acceleration and is therefore proportional 
to 1 I r 3 ; it is thus a stronger function of the distance 
than the gravitational acceleration and force. For this 
reason, the tidal force due to the Sun is only about half 
as great as that from the Moon, although the Sun's mass 
is enormously greater. At the new Moon and full Moon, 
the tidal forces of the Moon and the Sun act together and 
produce a spring tide; in the first and last quarters of the 
Moon, they oppose each other and we have a neap tide. 

This static theory given here in fact only explains the 
rough features of tidal phenomena; the exact theory of 
tides takes into account in detail the Earth's rotation, 
the fact that the center of gravity is not at the Earth's 
midpoint, and the spatial and directional variation of the 
vector aa on the Earth's surface. It is then found that in 
reality this vector's horizontal components "shove up" 
the water into tidal peaks and are therefore the real "driv
ing force" behind tidal motion. Furthermore, the deep 
areas and coastal regions of the oceans play a decisive 
role in the dynamic theory of the tides (G.H. Darwin), 
in which forced oscillations that are produced in the 
oceanic basins by tidal forces with the different peri
ods of the apparent solar and lunar motions lead to the 
propagation of waves. 

The average tidal height (twice the amplitude of the 
tidal oscillations) can in the presence of resonances in 
some places (e.g. the Bay of Fundy, Canada) be as large 
as 16m. The tidal forces also cause lifting and sinking 
of the Earth's crust of up to ±0. 3 m. 

Tidal friction in the oceans and in the Earth's crust 
produces a braking effect on the Earth's rotation (a de
crease in the angular velocity, ~wE) and thus an increase 
in the length of the day. The tiny increase of ca. 2 ms 
per 100 yr is readily measurable over geologic times 
(Sect.l4.1.4). 

According to the law of conservation of angular mo
mentum (2.64 ), the angular momentum of rotation lost 
by the Earth, ~SE, must be transferred to the orbital 
motion of the Moon; thus 

~SE + ~L = IE~WE + .ML\(wr2 ) = 0 (2.70) 

holds. The Moon's intrinsic angular momentum can be 
neglected here. Since furthermore, from Kepler's 3rd 
law (w2r3 =canst), the angular momentum L is pro
portional to the square root of the orbital radius r, the 
Moon must be gradually moving away from the Earth, 
i.e. its orbital period P = 2n I w is increasing. This will 
continue to occur until the length of the day and the 
orbital period of the Moon have equalized. 

In recent times, the use of Lunar Laser Ranging has 
permitted the determination of the distance to the Moon 
with a precision of around 1 em, so that this effect 
of tidal friction can be directly measured. The value 
- averaged over a few years - has been found to be 
(3.7 ±0.2) cmyc 1. 

2.4.7 The Ptolemaic 
and the Copernican Worldviews 

Before leaving the theory of planetary motions, we want 
to consider the decisive change which was made in 
going from the Ptolemaic to the Copernican world view, 
looking back from our modem standpoint (Fig. 2.24). 

Viewed from the Sun (heliocentric system), let us 
denote the position vector of a planet by r P and that of 
the Earth by rE. Then as seen from the Earth (geocen
tric system), the position of the planet is given by the 
difference vector 

R=rp-rE. (2.71) 

We tum once more to the geocentric view of Ptolemy: 
(a) for the outer planets, e.g. Mars, we begin by first 
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drawing the vector r P from the Earth and letting it ro
tate as it did before around the Sun. Following (2.71), 
we then add the vector -rE (the position vector of the 
Sun as seen from the Earth) and thus obtain the posi
tion vector R of the planet as seen from the Earth. The 
imaginary circle which r P describes with its sidereal pe
riod around the Earth is the Ptolemaic deferent. The 
other circle around the point r P which is described by 
the planet at the end of the vector -rE with the side
real period of the Earth is the Ptolemaic epicycle. (b) 
For the inner planets, it appeared more reasonable to the 
Alexandrians to first let the larger vector circle the Earth 
with a period of one sidereal year as the deferent, and 
then to allow the smaller vector r P to circle the point -rE 

with the sidereal period of the planet as the epicycle. 
So far, the geocentric constructions still correspond 

exactly to the equation R = r P - TE. Scheme (b), applied 
to all the planets, would represent the worldview of 
Tycho Brahe. 

outer planet 
Mars r:f 

inner planet 
Venus '? 

deferent 

~' \ rp , \ ' 
Venus '........_ ___ .. /epicycle 

Geocentric 
picture 

Fig. 2.24. The motion of an outer planet (Mars) and an inner 
planet (Venus) on the celesta! sphere, represented in helio
centric and in geocentric pictures (0 =Sun, E9 =Earth). The 
dashed arrow indicates in each case the position of the planet 
in the sky. Correspondingly, for: 

deferent 
epicycle 

outer planets 

rp 

- r E 

inner planelS 

In fact, however, we have not yet completed the 
transition to the Ptolemaic system: as long as only the 
positions of the planets in the sky, i.e. only their direc
tions but not their distances, could be measured, only 
the direction, not the magnitude, of the vector R was 
of importance. One could therefore draw the vector R 
on a different scale for each planet. This means that the 
vectors 

R'p = Ap · Rp (2.72) 

with a fixed but purely arbitrary numerical factor Ap 
for each planet, give a completely satisfactory repre
sentation of the motions of the planets in the sky in the 
Ptolemaic system. 

Now we can see clearly what was lost in our stepwise 
return from the Copernican to the Ptolemaic system: 

1. The change of coordinate system means relinquish
ing a simple mechanical explanation. 

2. The scale factors Ap leave the positions of the planets 
in the celestial sphere unchanged, but the mutual re
lations of the planetary positions among themselves 
are lost. 

3. The fact that in the Ptolemaic system the annual pe
riod, corresponding to the motion of rE, is introduced 
independently for each planet, is another indication 
of the "clumsiness" of the ancient world view. 

However, it is important to recognize that a purely 
kinematic consideration of the planetary motions in the 
sky did not allow a decision to be made between the 
ancient and the modem views. Only Galileo's obser
vations with his telescope (1609) led to progress: (a) 
Jupiter, with its freely orbiting moons, could be seen 
as a "model" of the Copernican solar system. (b) The 
phases of Venus are determined by the relative positions 
of the Sun, Earth, and Venus. The smallness of the phase 
angle e.g. for Jupiter also supports Copernicus. Even the 
very idea of a celestial mechanics presupposes, as we 
should keep in mind, that the basic similarity of cosmic 
and terrestrial matter and its physics be recognized. 

2.5 Space Research 

Astronomy owes to the advent of space travel a great 
expansion in available observational methods and with 
it, an enormous increase of knowledge. On the one 



hand, the spectral regions which were previously inac
cessible due to absorption in the atmosphere have been 
opened up for observations: the far ultraviolet, X-ray 
and gamma-ray regions, and at longer wavelengths, the 
infrared out to the millimeter-wave range and finally the 
radiofrequencies which are reflected by the ionosphere, 
with wavelengths longer than ca. 30 m. On the other 
hand, near flybys of objects in the Solar System and 
landings onto them have become commonplace, and 
they offer a wealth of new observational possibilities. 

As a conclusion to our discussion of celestial me
chanics in the previous Sect. 2.4, we shall in the next 
section take a brief look at the orbits of artificial satel
lites and spacecraft (Sect. 2.5.1). Then, in considering 
the development of space travel in Sect. 2.5.2, we con
fine ourselves to those aspects relevant to astronomical 
observations. Finally, we give an overview of the space 
missions which have investigated our nearest neighbor, 
the Moon (Sect. 2.5.3), and other objects in the Solar 
System (Sect. 2.5.4). 

Here, we will consider only the gravitational field of 
the Earth, limit ourselves to circular orbits, and neglect 
the braking effect of the atmosphere. 

2.5.1 The Orbits of Artificial Satellites 
and Space Vehicles 

A satellite in a circular orbit near the Earth (Earth's ra
dius RE = 6378 km) must have, according to (2.60), 
a velocity near v0 = 7. 9 km s - 1 and an orbital pe
riod near Po = 84.4 min. In a larger orbit with 
a radius r, from Kepler's 3rd law the velocity 
must be v = v0 (rj RE)- 112 and the period must be 
P = Po(rj RE)312. Of particular importance is the fact 
that the period becomes equal to one sidereal day 
(P = 1) for r = 6.6 RE. A geostationary satellite at this 
distance then "stands" at an altitude of nearly 36 000 km 
above a fixed spot on the Earth's surface. 

In order to allow a spacecraft which lacks its own 
drive motor to escape from the gravitational field of the 
Earth (alone) and travel to infinite distances, it must start 
with at least the parabolic or escape velocity vov-'2 = 
11.2 kms- 1 (cf. (2.61)). 

Jules Verne, in his great novel "From the Earth to the 
Moon" (1865), suggested a solution to this problem by 
using a gigantic cannon. This would not work, however, 

2.5 Spm """"" I 

since the initial velocity of a cannon shell cannot be 
much greater than the velocity of sound in the gases 
from the explosive charge, which is too small. 

Higher velocities can be reached by using rockets. We 
shall first deal with the mechanics of rocket propulsion 
by considering a rocket without the influence of gravity 
(i.e. on a horizontal test ramp or in space) and without 
air resistance. Let the mass of the rocket's hull and other 
parts plus fuel at timet be given by m(t). The change 
in m(t) per unit time, corresponding to the mass of 
combustion products expelled from the rocket per unit 
time, is dmjdt. If we now call the expulsion velocity 
of the combustion gases u, then a momentum equal to 
-(dmjdt)u will be transferred to the rocket per unit 
time. Considering the acceleration of the rocket from 
the point of view of an astronaut moving along with it, 
we obtain the Newtonian equation of motion: 

dv dm 
m(t)- = --u 

dt dt 
or 

dv dm 
u m(t) 

(2.73) 

By integrating and using the initial condition that for 
(t = 0, v = 0) the mass is equal to m0 , we find the rocket 
equation 

mo 
v=uln--. 

m(t) 
(2.74) 

If we had taken the (homogeneous) gravitational field 
in the neighborhood of the Earth into account, for a verti
cal takeoff we would have had on the right the additional 
well-known term -gEt. 

Taking the relatively favorable values u = 4 km s -I 
and mofm = 10 at burnout, we find a final velocity 
(without air resistance!) for our single-stage rocket of 
v = 9.2 km s- 1. For real space travel, it is thus neces
sary to use multi-stage rockets, whose basic principle 
quickly becomes clear on repeatedly applying the rocket 
equation (2.74). 

An extremely effective method which is frequently 
applied in space travel is the flyby (or "slingshot") tech
nique, which produces a change in the orbit of a space 
probe without consuming fuel, making use of the gravi
tational field of a massive planet, e.g. Jupiter. We denote 
the velocity of the probe as v and that of the planet as Vp 

- both relative to the Sun -, then, according to energy 
conservation (2.59), the magnitude of the relative ve
locity I v - Vp I at a large distance from the planet before 
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North polar pass 
June-September 1995 

~ 

South polar pass 
Jun&-November 1994 

probe Ulysses by Jupiter out of the plane of the eclip
tic; and in Fig. 2.28, we illustrate the flight paths of the 
two Voyager probes to the outer planets. 

2.5.2 Astronomical Observations from Space 

Fig. 2.25. The orbit of the space probe Ulysses, seen from an 
angle of 15° above the ecliptic. Its second passage through 
perihelion occurred in May, 2000. The tick marks along the 
orbit indicate time intervals of 100 days 

A preliminary phase of space research was the inves
tigation of the celestial objects from simple rockets, 
which can be carried out with a relatively moderate in
vestment; the observational time is, however, limited 
to a few minutes. The V-2 rockets constructed in Ger
many during the 2nd World War could attain heights 
of nearly 200 km. After the war in the USA, the V-2 
and improved rockets were employed for the investiga
tion of the highest layers of the atmosphere (the ozone 
layer and the ionosphere) and of short-wavelength solar 
radiation. 

and after the flyby remains constant, but its direction 
in general will change. More important, however, is the 
fact that the space probe can be accelerated or deceler
ated relative to the Sun, since its relative velocity and 
the velocity of the planet Vp add vectorially. As an ex
ample, in Fig. 2.25 we show the redirection of the space 

In 1957, Soviet researchers succeeded in launching 
the first artificial satellite Sputnik 1 into an orbit of alti
tude between 225 and 950 km. Since then, thousands of 
satellites for research, television and communications as 
well as for military purposes have been launched. For 
long series of astronomical observations, a good stabi-

Table 2.3. Some Astronomical Satellites 

Period of operation De ignation Pwpose l wavelength or energy range) 

1978-1996 IUE International Ul!raviolet UV SpeC!rOSCOpy ( 115-320 nm) 
Explorer 

1978- 19 I HEA0-2 =Einstein High Energy A lrOnomical X-ray (0.1-3 keV). first 
Observatory imaging tele cope 

1983 (10 months) ffiAS Infrared AslrOnomical Satellite Infrared (12-1001-lm) 

1989-1993 IDPPARCOS High Precision ParaUax Stellar parallax"' 
Collecting Satellite 

1989-1993 COBE Cosmic Background Explorer Microwave radiation (0.1-10 mm) 

1990- HST Hubble Space Telescope 2.4 m telescope for the visible and UV regions 

1990-1998 ROSAT (German) Rontgen-Satellit 83 em X-ray tele pe (0.1-2 keV) 

1991-2000 CGRO Compton Gamma Ray Ob crvmory Gamma radiation (0.02-30 000 MeV) 

1992-2001 EUVE Extreme Ultraviolet Explorer Extreme ultraviolet (6-76 nm) 

1993-2000 ASCA Advanced Satellite X-rays (0.5-12 keY) 
for Cosmology and Astrophysies 

1995-199 ISO Infrared Space Observatory Infrared (2.5-240 11m) 

1997- HALCA Highly Advanced Laboratory Radio waves (I .6-22 GHz) fllr VLBI 
for Communications and A tronomy 

1999- Chandra Chandra X-Ray Observatory X-rays (0.2- 10 keV) 

1999- FUE Far Ultraviolet Far UV (90.5-118.7 nm) 
Spectroscopic Explorer with high spectral resolution 

1999- XMM Newton X-Ray Multi-Mirror Mission X-rays (0.1-12 keV) 

2002- Integral lmem, tional Gamma Ray Gamma radiation ( 15 keV -I 0 MeV) 

Astrophysics Laboratory 

2003- SST pitter Space Telescope 85 em Infrared telescope (3-180 ~~om) 



lization of the satellite to at least 1" is important. This 
was first achieved by NASA (the US National Aeronau
tics and Space Administration) with the launching of the 
OSO and OAO series (Orbiting Solar and Astronomical 
Observatories) in 1962/1975. 

Some satellites which have been important in as
tronomical observations are listed in Table 2.3. We 
will describe their instrumentation in part in Chap. 5, 
and give information about the observational results 
obtained by the various satellites and returned to the 
Earth by telemetry when we discuss the corresponding 
celestial objects. 

The first manned space flight was ventured upon in 
1961 by J. Gagarin, who circled the Earth in Vostok 1. 
The manned space vehicles of the American "Gemini" 
series (beginning in 1965) and the Soviet "Soyuz" series 
(beginning in 1967) were able to perform orbital and 
coupling maneuvers. In 1971, Soyuz 10 coupled to an 
unmanned vehicle - the first step on the way to a space 
station, on which a crew of several persons could stay 
in space for a longer period of time and then be replaced 
by a new crew. 

In 197317 4, three different crews in the space labora
tory Skylab carried out astronomical, biological, and 

Fig. 2.26. The Space Shuttle. Left part: the takeoff configu
ration, in which the Shuttle is attached to the large fuel tank 
and two solid-fuel rockets. Its overall height is about 56 m. 
Right part: the Shuttle with its payload transport bay opened. 
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technical experiments. In the joint American-Soviet 
Apollo-Soyuz mission in 1975, observational data in the 
extreme ultraviolet spectral region were obtained for the 
first time. The Soviet/Russian space station Mir (1986-
200 1) was constructed from several modules and has 
also been used for astronomical observations, among 
other things. 

Since the early 1980's, the launching of satellites and 
space research missions by NASA has been carried out 
increasingly by using the manned, reusable Space Shut
tle instead of multistage launch vehicles. The explosion 
and loss of the Space Shuttle "Challenger" in 1986 rep
resented a considerable setback for the space program. 
The Shuttles (Fig. 2.26) are fully maneuverable and can 
land on a runway. 

The vertical takeoff system consists of two solid-fuel 
rockets whose motors can be recovered and reused, as 
well as a large, non-reusable fuel tank and the actual 
Shuttle (orbiter), which resembles an airplane. Depend
ing on the payload, orbits of maximum altitude from 
200 to as much as 1000 km can be reached. Satellites 
such as the geostationary satellites mentioned above, 
which require orbits of higher altitude, employ an addi
tional rocket motor. Several satellites can be launched 

The manipulator arm can be used to launch or retrieve a satel
lite, for example. (With the kind permission of Octopus Books 
Ltd., London) 
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on one Shuttle flight, containers with instrumentation 
may be set out and retrieved, and repairs and mainte
nance may be performed on satellites. The Shuttle itself 
can serve as an orbiting laboratory (Spacelab). It will 
also be used in the construction of the ISS (International 
Space Station), which began in 1998. 

Current astronomical research from space is car
ried out mostly with unmanned satellites and space 
probes instead of manned observational missions or 
space stations. 

2.5.3 The Exploration of the Moon 

The investigation of celestial objects outside the Earth 
using space vehicles naturally began with the Moon, 
our nearest neighbor in space. In 1959, the Soviet probe 
Luna 1 approached the Moon to within 5000 km, Luna 2 
made a "hard" landing on its surface, and Luna 3 trans
mitted the first pictures of the back side of the Moon. 
The unmanned flights of the American Ranger space 
probes (1961-65) also ended in hard landings. A new 
era in the exploration of the Moon began in 1966 with 
the sucessful soft landing of Luna 9 and the placement 
of Luna 10 in a lunar orbit, making it the Moon's first 
artificial satellite. 

Preparations for landing men on the Moon, a diffi
cult and costly undertaking, were carried out by NASA 
in the period from 1966-69. Possible landing sites were 
investigated by various Lunar Orbiter and soft-landed 
Surveyor probes, and manned test flights with Lunar or
biting as well as a number of simulation experiments 
were carried out. The manned landing itself was ac
complished using the following principle: While one 
of the astronauts circles the Moon a number of times 
in the command unit, the two others land on the sur
face in an auxiliary craft (LM: Lunar Module). After 
completing their mission there they take off with the 
aid of a rocket motor, couple their LM to the command 
unit, and start on the return journey after discarding 
the now-useless LM. The main difficulties in land
ing result from the heating during reentry into the 
Earth's atmosphere (heat shield!) and the temporary in
terruption of radio communication because of ionization 
of the air. 

The first landing on the Moon was made in 1969 with 
Apollo 11 by the astronauts N. Armstrong, M. Collins, 

Fig. 2.27. The Lunar Module "Eagle" of Apollo II has landed 
in the mare tranquillitatis. Astronaut E. Aldrin is setting up the 
seismic station. Many small craters can be recognized in the 
foreground; pieces of rock are scattered on the ground, and 
the shoes of the astronauts' space suits leave sharp imprints 

and E. Aldrin in the mare tranquillitatis (Fig. 2.27).They 
left behind a research station, containing among other 
things a seismometer, and brought back 22 kg of lunar 
rocks and loose material. Through 1972, there were 
five further landings on the Moon as part of the Apollo 
project. 

Soviet researchers in the meantime developed the 
techniques of unmanned, automated or remote-control 
exploration of the Moon. In 1970176, they brought back 
rock samples from the Moon using unmanned space
craft of the Luna series. The remote-controlled lunar 
vehicles Lunachod 1 and 2 explored further regions of 
the lunar landscape. 

Only in 1994 was the Moon again the goal of a space 
mission. The space probe "Clementine" orbited it for 
2.5 months and mapped almost the whole lunar sur
face, taking nearly 2 million digital images; the region 



near the Moon's south pole was also flown over for the 
first time. In 1998, the Lunar Prospector, with instru
ments for the detection of particles and gamma rays, 
was placed into orbit around the Moon. 

2.5.4 Space Probe Missions in the Solar System 

The investigation of the Solar System using unmanned 
space probes began in the 1960's with flights to Venus 
and Mars. The American flights initially made no at
tempt at landing, but rather gathered data from "flybys" 
of the probes in the "Mariner" and "Pioneer" series, 
as close as possible to the planets; in contrast, sev
eral of the Soviet space probes in the "Venera" and 
"Mars" series were launched with the goal of placing 
instrumentation capsules on the planetary surfaces. We 
unfortunately cannot describe in detail here the great 
variety of instrumentation used in the space probes, 
which includes cameras for direct photography, spec
trometers, radiometers, and detectors for particles and 
magnetic fields. 

The first successful flyby of Venus was that of 
Mariner2 in 1962, and the first flyby of Mars was 
by Mariner4 in 1965. Mariner 10 investigated Venus 
in 197 4 and then continued on to Mercury after its 
orbit was suitably redirected by passing through the 
gravitational field of Venus. 

Venus. The atmosphere of Venus was investigated in 
1967 in situ for the first time by a capsule which was 
ejected from Venera 4 and dropped to the surface on 
a parachute. In 1970, Venera 7 carried out the first of 
a series of landings on the surface of Venus. For longer 
series of observations, artificial satellites (orbiters) were 
put into orbit around the planet. For example, Pioneer 
Venus (1978 to 1992) and Magellan (1990 to 1994) 
carried out mapping of the surface of Venus using radar. 
Towards the end of its mission, Magellan also measured 
the gravitational field of Venus, for which purpose its 
orbit was gradually allowed to drop into the atmosphere 
until the probe finally burned up. 

Mars. Orbiters have also been employed for the study 
of Mars: Mariner9, Mars 2 and 3 (1971), Mars 5 (1973) 
and more recently Viking 1 and 2 (1976). While the 
instrument capsule landed by Mars 3 transmitted data 

for only 20 s, the two Vikings have provided us with 
a large amount of information on the details of the Mar
tian surface. In 1988, two Soviet vehicles of the Phobos 
mission were launched with the goal of taking closeup 
photographs of Mars and of its moon Phobos. Radio 
contact to Phobos 1 broke off after a few weeks of flight, 
while Phobos 2 obtained a few images of Mars before 
it also lost contact in 1989. In the 1990's, two missions 
failed: the American Mars Observer and the Russian 
probe Mars 96. 

Following these failures, two successful missions, 
Mars Pathfinder and Mars Global Surveyor, reached 
the red planet in 1997. Pathfinder landed directly on 
the martian surface, slowed by a parachute and airbags, 
without first going into an orbit around the planet. It sent 
out the ca. 40 em long, six-wheeled Mars vehicle "So
journer", which analyzed rock samples with a particle 
detector and an X-ray spectrometer (Fig. 3.12). Global 
Surveyor is investigating the surface and the atmosphere 
of Mars from a circular orbit at an altitude of around 
400 km using various instruments, and is also study
ing the gravitational field and the magnetic fields of the 
planet. 

With the loss of two American probes at nearly the 
same time (the Mars Climate Orbiter and the Mars Po
lar Lander), Mars research in 1999 once more suffered 
a major setback. 

In October 2001, the Mars Odyssey probe reached 
the planet Mars; it carried out spectroscopic analyses 
of the chemical elements in minerals, searched for the 
presence of water, and measured the radiation level at 
the planet's surface. 

Since the end of 2003/beginning of 2004, Mars has 
been explored simultaneoulsy by three missions. The 
European probe Mars Express is taking pictures of the 
Martian surface with a high-resolution stereographic 
camera from an elliptical orbit. (Radio contact was lost 
to the lander, Beagle 2, which the Orbiter sent down to 
the surface). At the same time, the two identical Mars 
Rovers Spirit and Opportunity of the American Mars 
Exploration mission are analysing Martian rock with 
spectrometers. 

The Major Planets. Space missions to the major plan
ets began in 1972 with the launch of Pioneer 10, which 
reached Jupiter in 1973, and that same year with Pio
neerll, which flew past Jupiter in 197 4 and also 
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Fig. 2.28. The orbits of the space probes Voyager 1 (launched 
on Sept. 5, 1977) and Voyager2 (August 20, 1977) to the 
major planets. The gravitational field of Jupiter was used to 
produce the required redirection of the orbit to allow a near 
passage ("flyby") of Saturn (in 1980 and 1981; "slingshot 

investigated Saturn during a close approach in 1979. 
The two space probes Voyager 1 and 2, launched in 
1977, have carried out close-up investigations of the 
Jupiter and Saturn systems; Voyager2 also reached 
Uranus in 1986 and finally flew past Neptune in 1989 
(Fig. 2.28). 

The space probe Galileo was launched in 1989, 
carrying a number of instruments, with the goal of in
vestigating the Jupiter system. Following near passes by 
the asteroids 951 Gaspra and 243 Ida, it was able to ob
serve the collision of the comet D/Shoemaker-Levy 9 
with Jupiter (Sect. 3.4.1). In 1995, a few months before 
it reached Jupiter, it ejected a capsule which later en-

technique"). The favorable constellation of the planets allowed 
Voyager2 to pass near Uranus in 1986, and near Neptune in 
1989. (G. Hunt and P. Moore, 1983; with the kind permission 
of the Herder-Verlag, Freiburg) 

tered the Jovian atmosphere. From 1996 until the end of 
its mission 2003, Galileo passed several times close to 
the large moons of Jupiter, Ganymede, Europa, Callisto 
and Io. 

The probe "Cassini", launched in 1997, to study 
the Saturn system, entered orbit around the planet in 
2004. 

Comets. Following the passage in 1985 of the Inter
national Cometary Explorer through the tail of Comet 
Giacobi-Zinner 1986, the return of Halley's Comet in 
the same year offered an opportunity for no less than 
five space probes with a variety of instrumentation to 



investigate the cometary gas and dust in situ and to pho
tograph its head from close up. The European probe 
Giotto flew past the nucleus of the comet at a distance 
of only 600 km while the two Japanese probes Sakigake 
and Suisei and the Soviet probes Vega 1 and 2 - after 
flybys of Venus (Vega= Venus-Halley, from the Rus
sian Venera-Gallei) passed the comet at considerably 
larger distances. 

The NASA space probe Stardust approached the 
comet 81P/Wild 2 to a distance of 300 km, collecting 
comet dust which should be brought back to Earth in 
2006. 

Asteroids. In 1991, the space probe Galileo, on its way 
to Jupiter, passed first by 951 Gaspra and - after an
other flyby of the Earth- passed near 243 Ida in 1993. 
Previously, it had twice circled the Sun on "spiral" or
bit, passing Venus and the Earth. The probe NEAR 
(Near Earth Asteroid Rendezvous) observed the aster
oid 253 Mathilde from close up in 1997, before reaching 
433 Eros in December,1998. 

2.5 Space Research 

On the way to the comet Wild 2, the probe Star
dust photographed 5535 Annefrank from a distance of 
3000km. 

The Neighborhood of the Sun. The interplanetary 
medium in the neighborhood of the Sun was studied 
in 1974-76 by the two "Sun probes" Helios 1 and 2, 
whose orbits attained perhelia of around 0.3 AE. The 
probe Ulysses, launched in 1990, was redirected by the 
gravitational field of Jupiter into an orbit with a very 
large inclination (Fig. 2.25), so that for the first time, 
the properties of the inner heliosphere - e.g. magnetic 
fields and the solar wind- could be measured from out
side the plane of the ecliptic, even including the poles 
of the Sun. 

The results of the manned and unmanned flights to 
the Moon as well as those of the interesting missions to 
other objects within the Solar System will be discussed 
together with the detailed descriptions of the objects 
concerned. 
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3. The Physical Structure of the Objects 
in the Solar System 

The study of the planets and their satellites, exploit
ing the possibilities of space research, has developed 

in recent years into one of the most interesting but also 
most difficult branches of astrophysics. In particular, un
derstanding the observations has required a lithe available 
resources of physical chemistry and the Earth sciences 

(geology, mineralology, etc.). 
We begin this topic by treating the planets and 

their moons, considering some of their global properties 
(Sect. 3.1). Proceeding from these basics, we then discuss 
the Earth and the Moon, which are the members of the 
Solar system that have been studied in most detail, and 
continue with the earth like planets Mercury, Venus, and 
Mars (Sect. 3.2); finally, we treat the asteroids (Sect. 3.3). 
All these celestial bodies have mean densities Q in the 
range from 3000 to SSOO kg m- 3, corresponding roughly 
to those of terrestrial rocks or metals. We then turn 

3.1 Global Properties of the Planets 
and Their Satellites 

We begin in Sect. 3.1.1 with some remarks about ob
servational methods; however, we will defer a more 
detailed desription of some of the instruments used 
until Chap. 5. We then discuss some general theoret
ical points of view and the energy balance of the 
planets (Sect. 3.1.2), their inner structures and stabil
ity (Sect. 3.1.3), and finally the makeup ofthe planetary 
atmospheres (Sect. 3.1.4). 

3.1.1 Ways of Studying the Planets 
and Their Satellites 

We need make no further remarks about methods of 
determining the apparent and true diameters of the plan
ets or their masses, and their mean densities "§ which 
are calculated from those data. Numerical values (rele
vant to the following sections as well) are collected in 
Table 3.1; Fig. 3.1 gives some feeling for the true sizes 
of the planets and the Sun. 

to the major planets Jupiter, Saturn, Uranus, and Nep
tune, which have completely different structures, with 
mean densities e in the range 700 to 1600 kg m- 3, cor
responding roughly to those of liquified gases in the 
laboratory (Sect. 3.4}. Finally, we describe Pluto, which is 
much smaller than the other outer planets, together with 
the recently discovered transneptunian objects (Sect. 3.S). 
We then consider the remaining small objects in the 
Solar System, beginning with the comets (Sect. 3.6), 
then treating the meteors and meteorites (Sect. 3.7), 
and concluding with the interplanetary dust (Sect. 3.8), 
which contains particles of sizes up to those of the 
smallest meteorites. 

The origin and development of the Solar System (cos
mogeny} will be dealt with in Sect.14.1; they can only 
be treated reasonably after we have learned about the 
formation and evolution of the stars. 

100000km 
1-----l 

• • • 

Sun 

Pluto 

Neptune 

Fig. 3.1. The true relative sizes of the planets and the Sun 

The rotational periods of celestial objects can be 
determined by observation of any sufficiently perma
nent surface features. Another possibility is to use 
the Doppler effect of the Fraunhofer lines in reflected 
sunlight or the absorption lines of the atmosphere itself. 

Radar methods allow us to discern ring-shaped zones 
around the midpoint of the planetary disk of nearby 
planets, by making use of the different propagation 
times of the radar waves. If the planet rotates, sectors 



3.1 Global Properties of the Planets and Their Satellites 

Table 3.1. Physical Structures of the Planets and of the Moon. Radius in units of RE = 6378.1 km, mass in units of .ME = 
5.97 · 1024 kg. The total acceleration g includes the centrifugal acceleration 

Equatorial Mas Mean density 
radius .Alf.MF. Q"[kgm-3) 
RJRE 

Mercury 0.3 0.055 5430 

Venu 0.95 0.82 5240 

Eanh 1.00 1.00 5520 

Moon 0.27 0.012 3340 

Mars 0.53 0.1 1 3930 

Jupi ter 11.2 317.8 1330 

9.41 95.2 690 

ran us 4.01 14.6 1260 

eptune 3. I 17. 1 1640 

Pluto 0.18 0.002 2200 

a retrograde rotation 

parallel to the projection of the axis of rotation can also 
be differentiated according to the Doppler shift of there
flected waves. Using the 300m paraboloid antenna near 
Arecibo, Puerto Rico in 1964/65, the first clearcut mea
surements of the rotation of Venus and Mercury were 
finally achieved. 

Conclusions about the distribution of mass in the 
interiors of the planets and satellites can be reached 
by measuring the polar flattening due to their rotation, 
from their precession in the gravitational fields of other 
masses (see Sect. 2.4.5), as well as from precise mea
surements of the gravitational potential or acceleration 
of gravity at their surfaces and (using artificial satellites 
or space probes) some distance out from the surface. In 
the case of the Earth and the Moon, investigations of 
the propagation of seismic waves also give information 
on the depth dependence of the elastic constants and the 
densities. 

The reflectivity is described by quoting the albedo, 
which is defined as the ratio of the intensity of sunlight 
reflected or scattered in all directions to that of the in
cident light. Its magnitude and wavelength dependence 
gives information on the nature of the surface, partic
ularly in the case of the asteroids and moons. More 
detailed information can be obtained from the bright
ness as a function of the phase angle, or the surface 
brightness as a function of the angles of incidence and 
of reflection, as well as through measurements of the 
polarization of the reflected light. 

Sidereal Inclination of To!al Global 
rotational the equator acceleration effective 
period [d] relative to at the ~uator temperature 

the orbital plane g [ms-·] 'f.rr [KJ 

58.65 20 3.7 443 

243.0" J• 8.9 230 

0.997 23.5° 9. 255 

27.32 6.7° 1.6 274 

1.03 23.9° 3.7 216 

0.41 3. 10 23.2 124 

0.45 26.7° 9.3 94 

0.72 97.9° 8.6 59 

0.67 2 .s• 11.2 59 

6.39 122° 0.7 42 

Some gases, at least, can be identified in the spectrum 
of a planet in terrestrial observations, by utilizing their 
absorption bands, which occur in addition to the Fraun
hofer lines of the reflected solar spectrum. By making 
the observations outside the Earth's atmosphere, we can 
avoid interference from the terrestrial bands due to H20, 
C02 and 03, and can also identify other components of 
the planetary atmosphere by means of spectral lines in 
the ultraviolet and the infrared. 

We obtain information about the temperatures in the 
atmospheres (or on the surface of the planet or moon 
when the atmosphere is sufficiently transparent) by de
termining the intensity of the emitted thermal radiation 
in the infrared or mm- to dm-wave regions of the radio 
spectrum. However, a theoretical model of the atmo
sphere is necessary to decide which layers correspond 
to the measured temperatures. 

The many possibilities of space travel for investigat
ing the Solar System, such as near approaches of space 
probes to the planets and their satellites, manned and un
manned landings with in situ measurements, or artificial 
satellites around other planets for longer observations, 
have already been discussed in Sect. 2.5; there we also 
gave a summary of the most important missions to the 
Moon and the planets thus far. 

Before we tum to the individual planets and their 
satellites, we shall first present some theoretical consid
erations about their energy balances, their interior and 
atmospheric structures, and their stabilities. 
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3. The Physical Structure of the Objects in the Solar System 

3.1.2 The Global Energy Balance of the Planets 

The input of radiant energy from the Sun at a distance of 
1 AU is given by the solar constant, S = 1.37 kW m-2 

(6.10); for a planet with an orbital radius r, it is 

S(r)=S·(;E)-2
• (3.1) 

The planet (of radius R) absorbs nR2(1- A)S(r) of this 
power, where A is its mean albedo (mean reflectivity). 
For the Earth, A ::::= 0.3, whereby a major part is due to 
the clouds (whose reflectivity is ::::= 0.5) which cover on 
the average about 50% of the surface. 

Radiant losses occur for the most part in the in
frared; for a "black" planet at temperature T, they would 
be given by the Stefan-Boltzmann radiation law as the 
surface area 4n R2 x aT4 , where the radiation constant 
a = 5.67 · 10-8 W m-2 K-4 (Sect. 4.3.3). 

For objects like the planets, which are not black bod
ies, a global effective temperature Teff is defined by the 
Stefan-Boltzmann law. 

Since the radiant energy input together with the heat 
input Q from internal energy sources just balances the 
radiant losses, we have 

For the earthlike planets, the internal energy sources 
may be neglected in comparison to the radiant energy 
input from the Sun; in the case of the Earth, the mean 
internal heat input, which is predominantly due to the 
energy released by the decay of radioactive elements 
in the crust, is only Q = 0.06 W m-2 ::::= 10-4 S. On the 
other hand, infrared measurements for the major plan
ets Jupiter, Saturn, and Neptune indicate radiant losses 
which are 2 to 3 times greater than the absorbed solar 
radiation: 

Jupiter Saturn Uranus Neptune 
4Q 

1.7(±0.1) 1.8(±0.1) 1.1 (±0.1) 2.6(±0.3) 
(1-A)S(r) 

This energy is due to the release of gravitational energy 
or to heat remaining from the time of the formation of 
the planets. Whether or not Uranus also has an internal 
energy source is still not completely clear. 

The global effective temperatures are listed in Ta
ble 3.1. As we shall see in the discussions of the 

individual planets, the actual temperatures which oc
cur in the atmospheres and on the planetary surfaces 
differ considerably from Teff· On the one hand, rotation 
and atmospheric flow play a decisive role in equaliz
ing the temperatures in the day and night portions of 
the planet; on the other, a strong dependence of atmo
spheric transparency on the wavelength of the radiation 
can lead to the well-known "greenhouse effect" or to 
selective heating of particular layers, for example of the 
ozone layer in the Earth's atmosphere. 

3.1.3 Interior Structure and Stability 

The pressure distribution in the interior of a planet or 
moon (or also of a star; see Sect. 8.1.1) is determined by 
its hydrostatic equilibrium. If we consider a volume ele
ment with the base area dA and height dr at a distance r 
from the center, then its mass Q(r)dA dr (Q: density) 
will be attracted by all the masses which are closer to 
the center. That part of the mass of a planet M (r) which 
is located within a sphere of radius r is given by (2.47): 

r 

M(r) = J Q(r')4nr'2dr' or 

0 

dM(r) 
-- =4nr2Q(r). 

dr 
(3.3) 

M (r) produces a gravitational acceleration at its surface 
according to Newton's law of gravitation: 

GM(r) 
g(r) = --2-. 

r 
(3.4) 

In the region of our volume element, the pressure P thus 
changes by an amount: 

-dPdA = Q(r) dA dr · g(r) 

force = mass · acceleration . (3.5) 

The hydrostatic equation for the planet is thus given by: 

dP GM(r) 
- = -Q(r)g(r) = -Q(r)--. 
dr r2 

(3.6) 

For the special case of a homogeneous sphere with 
Q(r) = Q = const, we can readily integrate this expres
sion and thus obtain an estimate of the pressure Pc at 



the center of the planet. Let M be the total mass of the 
planet and R its radius; then from M (r) 1M = (r 1 R) 3 

(3.6) it follows that: 

0 R 

Pc =I dP dr =Qf GM (!:...)3 dr 
dr r2 R 

R 0 

1 GM =-Q-2 R . (3.7) 

It can be shown that a homogeneous mass distribution 
gives a minimum value for Pc, as long as we consider 
only the case that Q(r) increases monotonically towards 
the center. 

For the pressure at the center of the Earth, 
we obtain an estimate from (3.7) and (2.49): 
Pc ::::: 170 GPa ::::: 1. 7 Mbar, which is roughly a fac
tor of two smaller than the exact value of 360 GPa 
(1 GPa = 1 Gigapascal = 109 Pa). 

In the general case, we shall need the equation of state 
of the material P = P(Q, T; {c}), which depends not 
only on Q but also on the temperature T and the chem
ical composition { E'}, and we can therefore obtain the 
pressure or density distribution only if the temperature 
profile T(r) is known. This quantity is determined by en
ergy transport. In the interior of an earthlike planet, the 
equation of state is only weakly dependent on T, so that 
here Q and M together with information about the mass 
distribution (Sect. 3.3.1) and the chemical composition 
practically determine the planet's internal structure. The 
pressures deep in the interior of a planet somewhat 
exceed those which are at present obtainable in the labo
ratory (:S 200 GPa); the equation of state must therefore 
be derived from theoretical considerations. 

Stability. We now consider the stability of a satellite 
with respect to tidal forces. A satellite which orbits 
around its central body at a distance r will tend to be 
pulled apart by the tidal forces of the latter (Sect. 2.4.6) 
and, if it approaches too closely, will disintegrate or will 
never be formed. If the satellite is not too small, we can 
neglect its internal cohesive forces and can readily esti
mate the critical tidal force. We assume for the central 
body (planet) the mass M, radius R, and mean density 
Q, and correspondingly for the satellite Ms, Rs and Qs· 
Now we can estimate the mutual attraction of the parts 
of the satellite by replacing it by two masses M,l2 at 

3.1 Global Properties of the Planets and Their Satellites 

a distance Rs, i.e.: 

GMsMs 
4R; . 

(3.8) 

On the other hand, the tidal force which pulls the two 
fictitious masses Msl2 apart is, according to (2.69), 
equal to GMMs · Rslr3 . Centrifugal (i.e. inertial) terms 
are of the same order of magnitude as these forces. The 
condition for stability of the satellite is therefore: 

(3.9) 

where c is a constant of the order of one. If we now 
use the fact that for the satellite Ms = (4ni3)Q"sR~, and 
correspondingly for the planet, M = (4ni3)Q"R3, we 
obtain 

!:... ~ (4c)I/3 !! (
-) 1/3 

R Qs 
(3.10) 

A more precise calculation due to E. Roche ( 1850) 
yields (for a satellite which rotates synchronously, as 
does our Moon) the stability limit: 

!:...>2.44(Q)
113 

(3.11) R- Qs . 

A (large) satellite with the same density as its central 
body is thus not "allowed" to approach the latter closer 
than 2.44 planetary radii. 

For smaller satellites, in contrast, it was remarked by 
H. Jeffreys (1947) that the internal cohesive forces must 
be considered. These are larger than the intrinsic gravi
tational forces for objects with radii Rs _::::: R0 , where Ro 
is determined by the tensile strength 1;, i.e. by the max
imum force per initial cross-section which can pull on 
the body without tearing it apart. In the framework of 
our estimate of the attractive force (3.8), we find: 

R2"' GM; - ~ (4n)2 -2 4 
I; o - 4R6 - 4 3 GQs Ro (3.12) 

or, up to a factor of the order of one, 

"-' ( I; ) 1/2 Ro- --2 
GQ"s 

(3.13) 

For stone, the tensile strength 1; is of the order of 
100 MPa; for ices, it is about 10 MPa; and for loose 
material, for example corresponding to carbonaceous 
chondrites (Sect. 3.7.3), it is _::::: 1 MPa. Therefore, for 
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3. The Physical Structure of the Objects in the Solar System 

a density es ::::: 3000 kg m-3, Ro lies in the range 30 
to 300 km. From these considerations, we see that the 
hydrostatic equation (3.6) represents a good approxi
mation for the structure of planets and satellites which 
are not too small. 

Finally, for smaller satellites, we can estimate the 
stability limit by comparing ~ R5 with the tidal force 
G.M.MsRslr3 . We readily see that this limit lies closer 
to the central body than Roche's limit (3.11) which 
applies to larger satellites dominated by their intrinsic 
gravitation. Precise calculations, which also take into 
account the dynamics of the process of disintegration, 
yield r I R ::::: 1.4. 

3.1.4 The Structures of Planetary Atmospheres 

The pressure distribution in a planet's atmosphere is, 
like the pressure distribution in its interior, governed 
by the hydrostatic equation (3.6). If the thickness of 
the atmosphere is small compared to the planetary ra
dius R, we can take the gravitational acceleration (3.4) 
to be constant, g = G .M I R2. Introducing the altitude 
h = r- R, we find 

dP 
dh = -ge(h). (3.14) 

The pressure p is related to the density e (or the particle 
density n), the temperature T, and the mean molecular 
mass ji through the equation of state of the ideal gas: 

kT :RT 
P = e-=-- = e- = nkT 

JLfflu M 
(3.15) 

where k = 1.38 ·10-23 JK-1 is the Boltzmann con
stant, :R = 8.31 JK-1mol-1 the universal gas constant, 
mu = 1.66 · 10-27 kg the atomic mass unit, and M in 
[kgmol-1] the molecular weight. Inserting into (3.14) 
yields: 

dP = _ gJimudh = _ dh 
P kT H 

(3.16) 

with the equivalent height or scale height H: 
kT 

H = --. (3.17) 
gJimu 

If H is constant, we can easily integrate and obtain 
the barometric altitude formula, which is usable for 
moderate altitudes: 

Here, Po is the pressure at the surface or at the initial 
height h = 0. Quite generally, it follows from (3.16) 
for the region between two levels at h 1 and h2 and the 
pressures P1 and P2: 

(3.19) 

As a result of (3.16), the structure of a planetary 
atmosphere thus depends on (a) the gravitational ac
celeration g; (b) the mean molecular mass jl, i.e. the 
chemical composition, and possibly also the dissocia
tion and ionization of the atmospheric gases; and (c) the 
temperature distribution T( h). This last quantity is de
termined by the mechanisms of energy transport, that 
is the input and outflow of thermal energy into each 
layer from h to h + dh, which result from convection 
and radiation (and in individual layers also from heat 
conduction). 

We can obtain the temperature gradient in a convec
tive atmosphere, in which hot matter rises adiabatically 
(without heat exchange with its environment) and cooler 
matter falls, by logarithmic differentiation with respect 
to h of the well-known adiabatic equation: 

T ex pH1/Y) , (3.20) 

where y = cplcv is the ratio of the specfic heats at 
constant pressure and constant volume. We obtain: 

1 dT _ ( 1) 1 dP r dh - 1 - r P dh · 
(3.21) 

If we now use the hydrostatic equation (3.14) together 
with the equation of state (3.15) and the relation cp
c v = k I Jimu, we find the adiabatic temperature gradient 

dT 
= 

dh 

g 
(3.22) 

In the lower, convectively unstable part of the 
Earth's atmosphere, the troposphere, we obtain with 
g = 9.81 ms-2 for dry air (cp = 1005 Jkg-1 K-1) a gra
dient equal to 9.8 Kkm-1; for moist air, the latent heat 
which is liberated on condensation of moisture leads to 
a gradient which is only half as large. The measured 
mean temperature decrease with increasing altitude is 
6.5Kkm-1. 

We will investigate the other limit, that of an atmo-In P-In Po= -hiH or 

p = Poe-hfH' (3.18) sphere with energy transport by radiation, in Sect. 7 .2.1, 



in connection with radiative energy transport in stellar 
atmospheres. The relations derived there are in principle 
also applicable to planetary atmospheres. In a plane
tary atmosphere with surface heating due to unabsorbed 
solar radiation in the visible range, we observe a tem
perature increase, the so-called greenhouse effect, when 
the reradiated energy in the infrared spectral region is 
strongly absorbed by the atmosphere. In the Earth's 
atmosphere, this effect adds 33 K. 

The general case of an interaction between convec
tive and radiative energy transport cannot be treated 
here, nor can the atmospheric currents and winds, which 
are due to the variable input of solar energy depend
ing on the time of day and the season. We shall limit 
ourselves to reporting some particular results in the 
descriptions of the individual planets. 

The Existence of Atmospheres. First, we ask the ques
tion as to whether a planet or satellite can retain its own 
atmosphere. The molecules of a gas with mass ii and 
temperature T have, according to the kinetic theory of 
gases, a most-probable velocity given by (4.87): 

v= ~. (3.23) 
y~ 

On the other hand, a molecule having the velocity v 
can escape from a celestial body of mass M and ra
dius R if its velocity is greater than the escape velocity 
Ve (2.62). If we now introduce the equivalent altitude 
H (cf. (3.17)) and assume as an approximation that 
the acceleration of gravity g is constant near the plan
et's surface, we find v = fiiH and Ve =../fiR. We 
thus obtain as a rough criterion for the existence of 
a planetary atmosphere: 

v < Ve oder H < R . 

For the Earth's atmosphere, T = 288 K and Ji = 29 
(Table 3.2), so that H:::::: 8 km « RE. Taking into ac
count the Maxwell-Boltzmann probability distribution 
of molecular velocities v > v, we can understand that 
e.g. Mercury, our Moon, and most of the satellites in 
the Solar System can have practically no atmospheres, 
and that on the other hand Saturn's largest moon, Titan, 
could in fact retain its atmosphere for a very long time. 

In the outermost layers of a planetary atmosphere, 
the exosphere, there are only infrequent collisions be
tween the gas particles owing to the low density. The 

3.2 The Earth, the Moon, and the Earthlike Planets 

Table 3.2. The atmospheres of the earthlike planets 

Venu Eanh Mars 

'"Solar constant" S(r) 
(I kWm-2] 2.6 1.4 0.6 

Mean albedo A 0.7 0.3 0.2 
Effective temperature Tetr [KJ. 

(3.2) 230 255 216 
Surface temperature To [K] 735 288 218 

(220-310) (140-300) 

Pressure at the surface Po 
[loS Pa = I bar] 93 7. w-3 

Relative pressure variation 

ilP/P :5 lo- 3 (?) :::0.01 0.1 

Tropo phere: 

cale height H = ~T (km], 14 8 II 
g/J.mu 

(3.17) 
Altitude of the tropopause [km] 60 10 15 
Mean temperature gradient 

[Kkm- t) 8 6.5 3' 

Chemical composition 
(Relative volume 
or particle densities) 

C02 0.96 J · lo-4 0.95 

2 0.03 0.78 0.03 

~ 7. 10-S 0.21 I .J0-3 

co 2·10-5 ).J0-7 7. 10-4 

H20 ::: w -3 (1-28)· 10- 3 3· 10-4• 
Ar 7. 10-S 9·10-3 0.02 

Mean molecular mass "ji 43.-1 29.0 43.5 

a strongly variable 

electrically neutral particles thus move practically on 
Keplerian orbits in the gravitational field of the planet; 
the exosphere cannot be described by the hydrostatic 
equation. For the motion of charged particles, which are 
formed in the upper atmosphere by ionization processes 
mainly due to solar UV radiation, the planet's magnetic 
field is the determining factor. The extent of the magne
tosphere is determined by the interaction between the 
planetary magnetic field and the plasma flowing out 
from the solar wind (Sect. 7.3.7). 

3.2 The Earth, the Moon, 
and the Earthlike Planets 

Inside the asteroid belt - which practically divides the 
Solar System into two physically differing zones - all 
the planets have masses less than 1 Earth mass and 
mean densities between 3900 and 5500 kg m-3. They 
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evidently consist essentially of solid matter. Their at
mospheres are chemically oxidizing; they contain 0 2, 

COz, HzO, Nz, ... It thus seems justified to collect 
them under the name earthlike planets. We shall exam
ine our Earth somewhat more carefully, as a paradigm 
for the other planets; of course, we cannot attempt to 
give a summary of all of geophysics here. Knowledge 
of our Moon has made a quantum leap within a few 
years, thanks to the successes of space travel. Mercury, 
Venus, and Mars have also been examined from close 
up in recent years. 

3.2.1 The Internal Structures 
of the Earth like Planets 

As a result of its rotation, the Earth is to a good 
approximation a flattened ellipsoid of rotation, the so
called terrestrial spheroid, with an equatorial radius of 
RE =a= 6378.1 km, a polar radius of b = 6356.8 km, 
and a flattening ratio given by 

a-b 
(3.24) = 

a 298 

Flattening and centrifugal force have the effect that the 
gravitational acceleration at the equator is 1 I 189 weaker 
than at the poles. 

Mars, with its somewhat slower rotation, has 
a flattening of 11171. Precise measurements of the grav
itational potential show that both planets have a "pear 
shape"; for the Earth, the largest deviation from the 
spheroidal shape is only 17 m, while for Mars it is nearly 
2 km. Venus, as a result of its extremely slow rotation, 
exhibits no deviation from a spherical shape. 

The Moon, due to its rotation which is synchronous 
with its orbital period around the Earth, is elongated 
along the axis connecting its midpoint with that of the 
Earth; its geometrical midpoint lies about 2 km further 
from Earth than its center of gravity. Mercury, owing to 
the (3: 2) resonance of its rotation with the (eccentric) 
orbital motion, is subject to constant deformation by 
tidal forces (cx 11r3). 

The mean densities of the planets and the Moon have 
already been discussed ( cf. Table 3.1 ). The density of the 
Earth's crust (granite, basalt) is 2600 to 3000kgm-3, 

and similar densities have been found for the crusts of 
the earthlike planets. 

The moments of inertia about their rotational axes, 
I= a.MR2 (.M mass, R =equatorial radius of the 
planet), which have been obtained from observations 
of the precession or determinations of the gravitational 
field using artificial satellites, indicate that the den
sity increases with depth. In contrast to a homogeneous 
sphere for which a = 0.40 (2.67), the value found for 
the Earth is a = 0.33, and for Mars it is a = 0.38; the 
value for the Moon, a = 0.39, differs only slightly from 
the homogeneous case. 

The Earth's Interior. More precise information about 
the density variations in the interior of the Earth is 
available from the propagation of seismic waves. Dur
ing an earthquake, longitudinal and transverse elastic 
waves are generated at the epicenter, which is rela
tively near to the surface. These propagate through the 
Earth's interior and will be refracted, reflected, and will 
interact with each other depending on the depth de
pendence of the elastic constants and the density. By 
careful studies of the propagation of seismic waves 
around 1906, E. Wiechert found that the Earth's inte
rior contains several surfaces of discontinuity, at which 
the elastic constants and the density Q change suddenly. 
The Earth's crust has a thickness of about 30-40 km 
under flat regions, increasing to up to 70 km under 
recently-formed mountain ranges. Beneath the oceans, 
it decreases down to::::: 10 km. Its lower boundary is the 
MohoroviCic discontinuity or "Moho". Below it, down 
to 2900 km depth, is the mantle, with a density Q = 3300 
to 5700 kg m-3 ; it probably consists mainly of silicates. 
From 2900 km bis 6370 km depth, we have the core, 
with 10 000 to 12 000 kg m-3 . In the outer core, there 
is no propagation of transverse waves. In this sense, we 
can consider it to be liquid, but with an enormous vis
cosity. Thorough investigations, however, indicate that 
the inner core below 5150 km depth is again solid. 

The chemical-mineralogical composition of the 
Earth's core can be only indirectly determined. Lab
oratory experiments at high pressures and temperatures 
lead to a phase diagram which is compatible with the 
geophysical data if the assumption is made that the core, 
like iron meteorites, consists in the main of Fe and Ni, 
along with small amounts of S. The pressure increase 
towards the center can be calculated with sufficient ac
curacy from the hydrostatic equation (3.6). The increase 
in the temperature with increasing depth can be mea-



sured in deep wells, which hovever reach depths of only 
10 to 12 km; one obtains a geothermic depth variation of 
up to 30 K km -I. The temperature distribution at great 
depths is determined by the heat production due to de
cay of the radioisotopes 238U, 232Th and - to a lesser 
extent- 4°K; and on the other hand by the slow trans
port of heat to the exterior by the thermal conductivity 
and convection of the magma. The temperature of the 
Earth's core is probably about T::::: 5000 K. 

The Moon. Its mean density of 3340 kg m-3 is notice
ably similar to that of the Earth's mantle; the Moon 
cannot have the same average composition as the Earth. 
The seismometers which were set up during the Apollo 
flights have given us some information about the Moon's 
inner structure. Surprisingly, seismic waves, which are 
produced on the Moon by the impacts of meteorites or 
the crash of the discarded Lunar Lander, can be detected 
for up to an hour. The damping of lunar quake waves is 
extremely weak compared to that of earthquake waves, 
and this may be a result of their scattering or of par
ticular dispersion relations. From recent measurements 
of the Lunar Prospector and model calculations, the 
Moon has a metallic core with a radius of around 300 
to 500km. 

Mercury, Venus, and Mars. Our knowledge of the 
interiors of these planets is considerably less certain 
than that of the Earth. Model calculations yield on the 
whole a similar variation of the density (Fig. 3.2). While 
the Fe-Ni core makes up about 30% of the total mass 
of the Earth and Venus, it forms a noticeably smaller 
core of 15% in the case of Mars, and is considerably 
larger at 60% for Mercury. (However, the internal struc
ture of Mercury can also be represented using a nearly 
homogeneous model). 

3.2.2 Radioactive Dating. The Earth's History 

The methods of radioactive dating give us the most 
accurate information about the age of the Earth, of the 
Moon and of meteorites, as well as about the length of 
the various geologic eras. The radioactive decay of the 
following sufficiently long-lived isotopes is employed 
(we list only the stable end products of the whole decay 
chain in each case): 

3.2 The Earth, the Moon, and the Earth like Planets 

Fig. 3.2. The dependence of the density Q(r) on distance from 
the centers of the earthlike planets Mercury, Venus, Earth, and 
Mars. Q [1 gcm-3 = 103 kgm-3] 

I47Sm ~ I43Nd +4He 

87 Rb ~ 87 Sr +e-
187Re ~ 187 Os + e-

232Th ~ 2ospb +64He 

23su ~ 206pb + 8 4He 

mu ~ 207pb + 7 4He 

40K ~ 40ca + e-

\. 40 Ar (K capture) 

Half-life T 

1.06 · 1011 yr 

4.88 · 1010 yr 
4.4 · 1010 yr 

1.40 · 1010 yr 

4.47 · 109 yr 

7.04·108 yr 

1.28 · 109 yr 

1.1 · 1010 yr . 

In all the methods, the ratio of end product to parent 
isotope is determined. This ratio was initially (t = 0) 
equal to zero, and after a time t it is given by 21/ T - 1 
(assuming that the abundance of the parent isotope 
decreases with a decay constant A., i.e., a half
life T = ln 2/A., according to the exponential law 
n(t)jn(O) = e-A.t = 2-t/T). 

The oldest rocks in the Earth's crust have an age 
between 3.7 and 3.9 ·109 yr. The age of the Earth since 
the last mixing - or separation - of its material can be 
determined by investigating the abundance distribution 
of the lead isotopes in uranium-free lead minerals or 
by finding its original value in the "archaic lead" from 
iron meteorites, which contain practically no uranium 
or thorium. The relatively exact value obtained for the 
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age of the Earth and of the oldest meteorites, and thus 
for the age of the Solar System, is: 

(4.53 ±0.02) ·109 a. (3.25) 

The oldest rocks on the Moon likewise are dated at about 
4.5-109 yr, i.e. the Moon was formed at the same time 
as the Earth, within the accuracy of the measurements. 

The most important geological periods of the Earth's 
history are briefly characterized and their absolute 
datings are summarized in Table 3.3. 

3.2.3 Magnetic Fields. Plate Tectonics 

The Earth possesses a magnetic field, which corre
sponds roughly to a dipole field with a magnetic 
flux density at the equator of 3.1·10-5 Tesla (T) or 
0.31 Gauss (G). We can characterize a dipole by its 
magnetic moment a, which points in the direction of the 
dipole axis and from which we can obtain the vector of 
the magnetic induction or magnetic flux density B by 
taking the gradient: 

a ·r a sin A. 
B= -grad-= -grad--, 

r3 r2 
(3.26) 

where a = Ia I and A. is the magnetic latitude. The radial 
and horizontal components (in the directions parallel to 
r and A.) are given by: 

B,=Bpsin).., BJ..=-!Bpcos).. (3.27) 

with the flux density at the poles Bp = 2ajr3• The 
azimuthal component is Bq, = 0. At large distances 
from the origin, B decreases proportionally to r-3 • For 
a planet of radius R, the field strength at the poles is 
(A. = 90°) 2a/ R3 , while at the equator (A. = 0°), it is just 
half as large. 

In the case of the geomagnetic field, a forms an angle 
of a = 11.SO with the axis of rotation of the Earth, and 
the dipole axis is shifted from the center of the earth by 
0.07 RE ~ 450 km. The magnetic moment of the Earth's 
magnetic field is 8-1015 Tm3 or 8 ·1025 Gcm3 ; it is 
currently decreasing by 0.05% per year, and the dipole 
axis precesses with about 0.04°yC1 (with a period of 
about 9000 yr). 

In the case of Mercury, the space probe Mariner 10 
surprisingly determined a magnetic field with a moment 
of 5 · 1012 T m3 (with a~ 11 °). In contrast, Venus and 

3.2 The Earth, the Moon, and the Earthlike Planets 

Mars probably have no planetary magnetic fields. (The 
extremely small fields which were measured are likely 
due to magnetized plasma from the solar wind striking 
their surfaces.) Our own Moon also has no measureable 
dipole field (a< 109 Tm3); the weak remanent mag
netization of some lunar rocks, corresponding to a few 
percent of the Earth's field, is an indication of an earlier 
lunar magnetic field. 

Variations of the Earth's Magnetic Field. The mag
netic field of the Earth and its secular variation (the 
rapid variations caused by the Sun will be treated 
later) can be interpreted as follows, according to 
W. M. Elsasser and E. Bullard: the liquid matter in 
the outer regions of the Earth's core forms large 
vortices driven by convection and heat exchange. If 
traces of a magnetic field are present in such a vor
tex of conducting material, they can be amplified, as in 
the self-exciting dynamo invented by W. v. Siemens. 
The details of such dynamos in the Earth's interior 
are not yet completely clear; however, the dynamo 
theory offers the only possibility of explaining the ter
restrial magnetic field, its secular variations, and its 
periodic reversals. 

The geomagnetic field in past epochs can be deter
mined thanks to the circumstance that when certain 
minerals are formed, the magnetic field which hap
pens to be present at the time is, so to speak, frozen 
into them (P.M. S. Blackett, S. K. Runcom, and oth
ers). Such paleomagnetic determinations have shown 
that the magnetic field vectors in previous times can 
best be brought into an orderly scheme by applying 
the hypothesis of continental drift, originally deduced 
from the arrangement of the continents on the globe 
by A. Wegener (1912). If the reasonable assumption is 
made that the Earth had essentially a magnetic dipole 
field in earlier times, we can reconstruct the relative po
sitions of the continents in previous geologic epochs and 
can show, in good agreement with geological and pa
leontological observations, how the present continents 
were formed bit by bit in the course of the Earth's his
tory. For example, the Atlantic ocean had its beginnings 
about 1.2 · 108 yr ago, i.e. in the Jurassic to Calciferous 
periods, as a narrow trench, similar to the Red Sea to
day. On the average, America and Europe have moved 
apart by a few centimeters per year in the intervening 
time (Fig. 3.3). 
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Fig. 3.3. The con
tinental drift. The 
positions of the con
tinents around the 
Atlantic ocean (in 
relation to North 
America) at different 
times. The continents 
move apart with ve
locities of 2.5 to 
4 em yr-1 . (With the 
kind permission of 
the Wissenschaftliche 
Verlagsgesellschaft, 
Stuttgart) 

200 million yaers ago (Triassic era) 150 million years ago (Jurassic era) 

In the 1950's, paleomagnetic investigations thus pro
vided strong evidence in favor of the continental drift 
theory, which had previously been the subject of contro
versy for many years; then, in the 1960's, they provided 
an insight into the basic mechanisms of the continen
tal motion: it had been noticed from the paleomagnetic 
measurements that directly adjacent layers of miner
als often indicate diametrically opposed directions for 
the magnetic field. Detailed investigations of precisely 
dated series of layers showed that this was due not to 
a spontaneous remagnetization of the rocks, but rather 
to a reversal of the entire magnetic field of the Earth. 

This no longer seems so surprising if one considers that 
in the self-exciting dynamo, the direction of the cur
rent is determined by the random weak magnetic fields 
present when the machine is started up. 

Plate Tectonics. After it had become clear that the ge
omagnetic field changes its sign in irregular periods 
of several hundred thousand years, it was discovered 
by H. H. Hess and others that the floor of the Atlantic 
ocean shows a whole series of strips with approximately 
north-south orientation and alternating directions of 
magnetization. Their magnetic dating indicates that the 



ocean floor has been spreading for about 1.2 · 108 yr, 
starting from a mid-atlantic ridge about halfway be
tween America and Europe and moving out on both 
sides, pushing the two continents apart. This fruitful 
theory of sea floor spreading was soon complemented 
through the recognition by H. H. Hess, I. T. Wilson and 
others (around 1965), that in the course of all these pro
cesses, large slabs or plates in the upper portion of the 
Earth's crust are shifted in one piece or are broken along 
fault lines (this is the origin of tectonic earthquakes); we 
thus refer to plate tectonics. 

The driving force behind all of these geologic occur
rences is, as had been assumed by A. Holmes as early 
as 1928, clearly convection currents, especially in the 
upper portion of the mantle; they well up along the 
mid-oceanic ridges. Here, fresh crust material and fresh 
plates are formed and forced apart on both sides. Where 
the oceanic plates are pushed back down into the man
tle, deep oceanic trenches are formed, and behind them, 
young mountain ranges are produced by folding. These 
and many other basic geological processes have such 
a simple explanation! The necessary energy is provided 
by the radioactive decay of minerals within the Earth; 
from the geothermal temperature profile and the ther
mal conductivity of the rocks, it can be estimated that 
the entire Earth obtains about 1 o21 J yc 1 of thermal en
ergy in this way. About 1 I 1000 of this energy goes to 
produce earthquakes. If our "thermodynamic machine" 
produces mechanical energy with an efficiency of even 
about 11 1000, it would be quite sufficient to drive the 
convection in the mantle. Geologic observations further
more support the idea that the tectonic activity of the 
Earth has been subject to strong changes in the course 
of time, with maxima at 0.35, 1.1, 1.8, and 2.7 · 109 yr 
ago. 

Owing to the continual formation of new, hot litho
spheric material and its subsequent cooling, plate 
tectonics or sea floor spreading represents the most 
important process for cooling the Earth's interior. 

We cannot go into the details of oceanic physics 
here, especially since within the Solar System, oceans 
are unique to the Earth. 

The Earthlike Planets and the Moon. Still very little is 
known about matter flow, convection, etc. in the interiors 
of the earthlike planets. On the small planets Mercury 
and Mars, as well as on the Moon, all tectonic and vol-

3.2 The Earth, the Moon, and the Earth like Planets 

canic activity has now ceased; heat transport from the 
interiors is accomplished by the thermal conductivity 
of the lithospheres. It is astonishing that Mercury can 
generate a magnetic field. Its metallic core is, to be 
sure, relatively large (Fig. 3.2); but its rotational veloc
ity, which plays an important role in driving the dynamo, 
is much slower than e.g. that of Mars, which has no 
magnetic field of its own. 

In the case of Venus, there are no topographical in
dications for global plate tectonics, although its inner 
structure and energy sources are quite similar to those 
of the Earth. On the contrary, tectonic stresses occur 
in broad (100 km) border zones as deformations be
tween relatively undisturbed larger blocks. Venus also 
has no magnetic field. It is possible that differences in 
the thickness of the crust and its temperature and thermal 
conductivity, as well as the slow rotation, are respon
sible for the lack of plate tectonics and of a magnetic 
field on Venus. Loss of heat from the interior of Venus 
is probably mostly due to the thermal conductivity of 
the crust and to cooling of hot magma, which reaches 
the surface in several volcanic regions. 

We shall now turn to the description of the sur
faces and the surface-forming processes on the earthlike 
planets and their moons, beginning with our own Moon. 

3.2.4 The lunar Surface 

Selenographic investigations with increasingly larger 
telescopes, with space probes, and through the land
ings of the Apollo astronauts have given us detailed 
information on the formations of the lunar surface 
(Figs. 3.4, 5). 

There can now be no more doubt that all of the cir
cular formations, from the enormous maria (terming 
them "seas" has only historical significance) through the 
craters and down to microscopic holes of a few microns 
diameter in smooth surfaces (Fig. 3.6), were caused by 
the impact of meteor-like bodies with planetary veloci
ties. Mare Imbrium has a diameter of 1150 km, and the 
south polar Aitken basin, whose status as the largest, 
deepest, and oldest Mare was recognized only in 1994 
as a result of the images sent back by the lunar probe 
Clementine from the back side of the Moon, has a di
ameter of 2600 km! The depth of these impact craters 
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Fig. 3.4. The Moon. At the rim of the Mare Serenitatis (above), 
the crater Posidonius (lower right) with a diameter of 100 krn, 
and the smaller crater Chacomac (lower left) may be seen. 
In the Mare Serenitatis, there is a richly structured mountain 
range of:::::: 180m altitude. Numerous small craters can be seen 
strewn over the landscape. This photograph was made with 
the 120" reflector at the Lick Observatory in 1962 

varies with their diameter in the same way as in terres
trial explosion craters. The largest Maria have depths of 
the order of l 0 km; below them, the crust of the Moon 
is unusually thin, being only about :2: 10 km, while it is 
otherwise around 100 km thick. The floors of the maria 
and of many larger craters were evidently later flooded 
by liquid lava. After it had hardened, the smooth surface 
was again covered with smaller craters. 

The meandering rills are probably lava channels 
which were originally "roofed over" to a considerable 
extent. Other, longer rills may be explained as cracks in 
cooling lava. 

Infrared measurements indicated long ago that the 
shadow's edge during an eclipse of the Moon changes 
its temperature only very slowly, and thus the surface 
material has a very low thermal conductivity. In fact, 
the surface of the Moon is covered to a large extent with 
fine dust and loose fragments of stone (regoliths), which 
were produced by the impacts of the meteorites. 

Many of the larger craters are surrounded by a system 
of bright rays, readily seen even with a small telescope. 
They evidently consist of material which was thrown 
out when the crater was formed. 

Exact measurements by the Clementine probe, car
ried out using laser beams, indicated that on the Moon, 
altitude differences up to about 16 km occur. The highest 
mountains are to be found in the bright, crater-pocked 
highlands, the Terra regions. Their height is limited by 
the breaking strength of the material and is of the same 
order as those on the Earth, as was already determined 
by Galileo, who observed the lengths of their shad
ows along the terminator or day-night boundary on the 
Moon. 

The Moon rocks brought back by the astronauts from 
the maria are filled with bubble-like hollows, simi
lar to terrestrial lavas which have hardened under low 
pressure. They are thus igneous rocks, i.e. they were 
formed by hardening from the melt. The Moon dust 
mentioned above was formed by pulverizing of such 
rocks. The breccias consist of dust and other small 
particles which have become clumped together. Min
eralogically, the lunar rocks are roughly similar to 
terrestrial basalts. In Fig. 3.7, we compare the abun
dance of some important elements in lunar material 
with those in terrestrial basalts and in meteorites ( eu
crites and carbonaceous chondrites; cf. Sect. 3. 7. 3). This 
comparison and other studies of rarer (socalled trace) 
elements show that some elements are enriched in lu
nar rocks compared to solar matter by up to :::::: 100-fold, 
while the elements which bind to Fe (siderophilic el
ements), Ni, Co, Cu, ... , are reduced by factors of 
:::::: 100. 

When energetic cosmic-ray particles (Sect. 10.4.2) 
collide with the lunar surface, they produce among other 
things "fast" neutrons. With the neutron spectrometer 
of the Lunar Prospector in 1998 in the neighborhood 
of the two lunar poles, "slow" neutrons were detected, 
which presumably were slowed down by collisions with 
protons. This is a strong indication of the existence 



of H2 0 ice in the regions on the Moon which are in 
perpetual shadow. 

While the age of the mountain ranges goes back to 
4.5 · 109 yr, the maria are found to be younger: the south 
polar Aitken Basin is 3.8 to 4.3 · 109 yr old, the Mare 
Imbrium 3.9. 109 yr, and the Mare Tranquillitatis only 
3.7 · 109 yr. From around 3.3 to 4 · 109 yr ago, the maria 
were partially filled with basalt lava, which welled up 
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Fig. 3.5. The Mare Nectaris with the 
craters Theophilus, Miidler, and Da
guerre. The photo was taken from the 
command module of Apollo II at an 
altitude of 100 km. In the Mare Nec
taris, two "ghost craters" can be seen in 
the foreground, mostly covered over 
with lava; otherwise, there are only 
numerous small craters 

Fig. 3.6. In lunar dust (collected 
by Apollo 11), g1asslike spherules 
are found; they were formed from 
stone liquified by meteorite impacts. 
This electron microscope image by 
E. Bri.iche and E. Dick (1970) shows 
one of these spherules which has 
a diameter of 0.017 mm; the impact 
of a micrometeorite has produced a 
"microcrater" on its surface 

from deeper regions. Their formation was thus com
pleted only about 109 yr after that of the Moon itself. 
These data, together with the statistics of the lunar 
craters and their "covering up", indicate that the cos
mic bombardment was initially extremely strong and 
then decreased in the course of the first 109 yr of the 
Earth's and the Moon's history, at first rapidly and later 
much more gradually. 
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Fig. 3. 7. The abundance distribution of the elements iron, mag
nesium, aluminum, calcium, and titanium (in weight percent) 
from samples of lunar material (left half: Apollo 11, Mare 
Tranquillitatis; right half: Apollo 12, Oceanus Procellarum), 
from eucrites, i.e. basalt-like achondritic meteorites, and from 
carbonaceous chondrites of type 1. In the last-named mete
orites, the abundance distribution of all non-volatile elements 
corresponds to that of original solar matter 

The great plains of the maria, the "drowned" craters 
and some remarkable hills on the Moon however 
demonstrate, as already mentioned, that in addition to 
meteoric impacts, also volcanic processes, i.e. the melt
ing of rocks and outflows of basaltic lava, must have 
played an important role in the formation of the lunar 
surface. 

3.2.5 The Surfaces of the Earth like Planets 

Mercury. This planet is very difficult to observe, since 
it is never more than ±28° away from the Sun. Radar 
measurements together with older visual observations 
have shown that the rotational period of Mercury is 
not, as was previously believed, equal to its period of 
revolution (88 d); instead, it is 58.65 d, or exactly 2/3 
of the period of revolution. 

The space probe Mariner 10, which flew past Mer
cury three times in 1974/75, transmitted numerous 
high-quality pictures of nearly 50% of the planetary 
surface with a resolution comparable to that with which 
the Moon can be seen from the Earth. Mercury's sur
face, like that of the Moon, is thickly covered with 
craters. The largest, the Caloris Basin, has a diameter of 
1300 km, similar to the Mare Imbrium. Other structures 

(plains, terrae, ... ) also exhibit great similarity to the 
Moon's surface. Because of Mercury's stronger gravi
tational field, the matter ejected from impact craters is 
not thrown as far as on the Moon. 

The surface formations on Mercury and the Moon 
have remained essentially intact because tectonic and 
volcanic activity ceased early on both bodies and since 
- due to the lack of an atmosphere - no weathering and 
erosion have occurred. Currently, "weathering" can take 
place only through the energetic protons of the solar 
wind, through the impacts of micrometeorites, which 
produce craters of 1 to 20 mm diameter, and through the 
strong temperature variations, particularly on Mercury 
( 600 K on the day side compared to 100 K on the night 
side). 

Venus. The surface of Venus cannot be observed visu
ally, because it is completely covered by a thick layer 
of clouds. Its exploration only became possible with the 
development of high-sensitivity radar technology and 
through the soft landings of space probes. 

The radar investigations led to the surprising result 
that the rotation of Venus is retrograde, with a side
real period of 243.0 d. While it was possible to localize 
some individual mountains on the surface of Venus with 
earthbound radar, the topographic structure was later 
surveyed by the Pioneer Venus orbiter, which has been 
orbiting the planet in a strongly elliptical orbit since 
1978, with a horizontal resolution of :5 100 km and 
a vertical resolution which is in part as low as several 
100m. The soviet Venus satellites Venera 15 and 16 pro
vided radar images in 1984/85 with a greatly improved 
(horizontal) resolution of 1 to 2 km. Finally, starting in 
1990 the artificial satellite Magellan circled Venus at 
an altitude of 290 to 8000 km for four years until it 
dropped down through the atmosphere, and it surveyed 
practically the entire planetary surface using radar with 
a resolution down to 120m. 

Venus exhibits no great altitude variations on its sur
face. About 80% of the surface area shows less than 
±I km deviations from the mean level, i.e. from the ra
dius of the planet (Fig. 3.8). Around 65% is occupied by 
rolling plains with altitudes between 0 and 2 km; about 
27% are up to 3 km deep lowlands, and only less than 
10% are highlands (terrae) with altitudes of more than 
2 km, which can be compared with Earth's continents 
in terms of their size. lshtar Terra contains an extended 
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Fig. 3.8. The topography of the surface of Venus in a Merca
tor projection, from radar observations by the Pioneer Venus 
Orbiter. The dotted areas are raised up to 1 km from the aver
age altitude level (plains); the light areas are highlands above 

plateau with an altitude of 3 to 4 km and high, steep 
edges, including the Maxwell Montes, which, at 11 km, 
have the greatest height of any mountains on Venus. 

The surface of Venus is covered by a great variety 
of tectonic structures: folds, upheavals, rifts, and chains 
of hills and mountains, which often run in various di
rections at angles to one another and can be some 100 
up to 1000 km long. The surface was shaped almost 
exclusively by volcanic activity; around 85% is taken 
up by "volcanic plains", covered by lava fields and 
volcanoes. The latter are mostly flat (basaltic) shield 
volcanoes with diameters between 100 and 200 km; the 
smaller (:S 35 km) round domes with steeper sides are 
much rarer. The noticeably long (up to severallOOO km) 
lava channels indicate a rather thin, nonviscous type of 
lava. Furthermore, we find extended, flat highlands cut 
through by long trenches more than 1000 km in length, 
which are similar to terrestrial structures such as the 
East African rift valley. The circular coronae, with di
ameters of 100 up to 2000 km (Fig. 3.9), in contrast, 

I km altitude; and the dark areas are lowlands below 1 km. 
G. E. McGill: Nature 296, 14 (1982). (With the kind per
mission of Macmillan Magazines Ltd., London, and of the 
author) 

have no counterparts on the Earth. They are surrounded 
by a wide trench with a ring-shaped wall; their interi
ors lie about 100m above the surrounding regions. The 
raised highlands are also of volcanic origin. Beta regio, 
with a diameter of 2000 km, is one of the few remain
ing "hot spots" which are still active today and through 
which the hot magma from the interior of the planet 
gives up its heat to the exterior. 

Characteristic of the highlands are the tessera for
mations, of which the largest is Alpha Regio. These 
structures, which are raised above the surrounding 
volcanic plains by about I km, are "striped" and are or
ganized in part into zones in a mosaic pattern, separated 
by trenches. As a result of their altitude, the tesserae 
were not flooded with lava. 

All together, these structures indicate how the crust 
of Venus is deformed by upward pressure, compression 
and stretching as a result of tectonic strains. While the 
coronae and tesserae are to be found only on Venus, the 
high mountain ranges and long trenches of the terrae are 



62 

3. The Physical Structure of the Objects in the Solar System 

similar to terrestrial structures which have been formed 
by plate tectonics. However, on Venus, no global sys
tem of the apparently tectonic formations is found on 
the rims of the plates, as is characteristic of the Earth 
(Sect. 3.2.3). ThecrustofVenus has probably not broken 
up into plates. 

Considerably more details of the surface structure 
than yielded by radar observations have been obtained 
thanks to the pictures and the analyses of the surface 
material sent back by several soft-landed space probes, 
first in 1972 by Venera 8, then in 197 5 by Venera 9 
and 10 with the first pictures of low resolution, and fi
nally in 1982 by Venera 13 and 14, which transmitted 
color images permitting the recognition of structures 
of a few mm diameter. In the brief time intervals ( 1 to 
2 h) during which these last-named vehicles survived 
the inhospitable surface conditions on Venus, with tem
peratures around 740 K and pressures around 90 bar, 
among other things rock samples were obtained with 
a drill and chemically analyzed in the interior of the 
vehicle using X-ray fluorescence following irradiation 
by radioactive 55Fe und 238Pu. At both landing sites, 
on the edge of Beta Regio at an altitude of 2 km (Ven
era 13) and 960 km distant in the lowlands (Venera 14), 
we find rocks of volcanic origin, quite similar to the 

Fig. 3.9. A high-resolution radar im
age of the surface of Venus, recorded 
by Magellan in January, 1991. The im
age represents a roughly 300 km wide 
view of the region at 59° south lat
itude and 164° longitude within the 
extended plain south of Aphrodite Terra 
(Fig. 3.8), with round formations and 
a complex pattern of ring-shaped and 
linear fractures. The large circular struc
ture which fills the left half of the image, 
with a diameter of about 200 km, is Aine 
Corona. Directly north of it, a "pancake 
dome" of volcanic origin with a diame
ter of about 35 km may be seen; it was 
probably formed by an outflow of ex
tremely viscous lava. A smaller dome 
lies within the western ring-shaped frac
ture zones of the Corona, and additional 
small domes (5 10 km) are in the south
ern part of the ring structure. (With the 
kind permission of NASNJPL/Caltech) 

basalts which are widespread on the terrestrial ocean 
floors and the lunar maria. 

The surface of Venus is covered by numerous impact 
craters with diameters of several km up to 300 km. As 
a result of the strong braking of the impact objects by 
the heavy atmosphere of Venus, there are hardly craters 
with diameters ::::; 3 km; the abundance of the craters 
::::; 30 km is low, relative to that of the larger ones. Impact 
craters are distributed statistically and homogeneously 
over the entire planetary surface, which also - in com
parison to the Earth - argues against the presence of 
plate tectonics on Venus. It is noticeable that nearly 2/ 3 
of the craters show no modification by flooding with 
lava or by tectonic processes, which are widespread on 
Venus. 

The density of the impact craters offers the only 
possibility of estimating their age and thus that of the 
surface, since direct radioactive dating of the stone is 
not possible. As the mean age of the crust of Venus, 
one finds 0.5 · 109 yr, i.e. only about 1/ 10 of the age of 
the planet. (In comparison: the terrestrial continents are 
around 4 · 109 yr old, the sea floors about 0.1 · 109 yr.) 
There is still no satisfactory explanation for this result. 
Was the crust considerably harder at a time 0.5 · 109 yr 
ago than it is today, so that the structures of the impact 



craters became rapidly unrecognizable? Or was there 
some global, catastrophic event at an earlier time- per
haps a mixing up of the entire crust - which destroyed 
all the older craters or covered them by lava? 

Mars. In contrast to Venus, on Mars the surface is read
ily observable owing to the thin atmosphere. The lively 
reddish color of the planet is due to a decrease of its re
flectivity in the short wavelength region of the visible 
spectrum. This, along with polarimetric measurements, 
indicates iron oxides. Visual observations already per
mit a multiplicity of structures to be seen. However, 
the long-popular canals of Mars have been found to be 
due to a physiological-optical contrast phenomenon: our 
eyes have a tendency to "connect" outstanding points 
and vertices by lines (think of the constellations!). In the 
telescope, one recognizes two white polar caps, which 
are reduced in size in the Martian summer and increase 
during the winter. 

The first television images from Mariner4 (1965) 
showed numerous craters on the surface of Mars, whose 
diameters ranged from the limit of resolution at a few 
krn up to::::: 120 krn. These craters correspond closely to 
those on our Moon. Mariner 9, which circled Mars from 
1971 on, delivered images with a considerably improved 
resolution. They showed that the surface was shaped 
not only by meteorite impacts, but also to a large extent 
by volcanic activity (volcanic craters, shield volcanoes, 
calderas), by tectonics, by erosion (Fig. 3.10), and by 
the deposit of minerals. 

Since 1976, the Viking Orbiters 1 and 2 have been 
circling the planet and have yielded a large number 
of pictures, confirming the enormous variety of sur
face structures. Each of the Orbiters released a probe 
(Viking Lander) to make a soft landing on the surface 
and investigate more closely two regions of the northern 
hemisphere at 23° and 48° latitude, separated by 180° 
longitude (Chryse Planitia and Utopia Planitia). Only 20 
years later, in 1997 - with the Global Surveyor - could 
a satellite again be put into orbit around Mars, and with 
Pathfinder, a direct landing on the planet was carried 
out. Ares Vallis at 19° north latitude (and 34° west lon
gitude) was chosen as the landing site. The Mars vehicle 
Sojourner was sent out to analyze the composition of 
the surface material and of some pieces of rock. 

Since January 2004, Mars Exploration 's two Rovers 
have been studying the Martian surface, Spirit the 
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Fig.3.10. This Mariner9 photograph (from 1972) of an area 
of about 500 · 380 km2 on the surface of Mars shows, along 
with several meteorite craters, a part of the over 2500 km 
long canyon system of the Coprate region. This canyon was 
probably formed through a complex interaction of tectonics 
and erosion 

crater Gusev (14°S, 184°W) and it's surroundings 
(Fig. 3.11 ), and Opportunity the flat plain Meridiani 
Planum (2° south, ~ 0° east/west) on the other side 
of the planet. 

On Mars, we find a large-scale asymmetry in the sur
face formations corresponding to its "pear shape": the 
northern hemisphere is dominated by lower-lying plains 
with few impact craters, while the southern hemisphere 
shows a very high density of craters, comparable to that 
of the terrae on the Moon. The Tharsis region near the 
equator is impressive, with several great shield volca
noes of more than 20 krn height. Olympus Mons has 
a diameter of 600 krn at its base and rises to 21 krn 
altitude; it has a caldera 80 krn in diameter. 

The surface contours on Mars are somewhat rounded 
in comparison to those on the Moon, as a result of 
erosion. The complex system of canyons and twisted 
crevices, reminiscent of dried-up river beds, indicates 
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that in earlier times there were great floods. This idea 
is supported by the numerous high-resolution images 
taken by the Global Surveyor and Odyssey probes, and 
since 2003/04 especially by Mars Express, as well as 
rock analyses by the Rovers Spirit and Opportunity. 

While in earlier times (about 4 · 109 yr ago) large 
areas of Mars were covered in water, today, water is 
found only in the form of ice and as traces of water 
vapor, not as a liquid; a large amount of water may be 
bound up in the minerals of the crust. 

In spite of the numerous sandstorms, wind erosion 
probably does not now play an important role in forming 
the surface of Mars, since even very old formations 
can be found which still retain sharp features. Only 

around the polar caps do we find deposits of basaltic 
sand of :S 100 m depth left by the wind (transported from 
equatorial regions?) as well as a belt of dunes (around 
the northern polar cap only). 

The relatively flat, yellow-brown colored landing 
sites of the two Viking Landers remind us of a stony 
desert on Earth, with their many small stones and fine
grained, windblown sand. During the Martian winter, 
a thin white layer of frost can sometimes be seen. 

Samples collected at the two landing places indi
cated iron-containing clays and hydroxides, along with 
sulfates and carbonates. The Mars vehicle Sojourner 
was sent out by Mars Pathfinder in the Aris Vallis, 
a plain with a wide variety of deposited boulders. It 

Fig. 3.11. The sur
face of Mars, pho
tographed on the 
31st of May 2004 
by the american 
Rover Spirit. It re
sembles a field of 
rubble, strewn with 
rock up to a meter 
in diameter. The chain 
of the Columbia Hills 
in the background is 
approx. ! km distant 



Fig. 3.12. A detailed image of the martian surface taken in 
July 1997 by the Mars Pathfinder which landed in Ares Vallis: 
the Mars vehicle Sojourner (length 40 em) is empoloying its 
alpha-proton-X-ray spectrometer to analyze the surface of the 

analyzed the chemical composition of the surface us
ing an alpha-proton-X-ray spectrometer; moreover, it 
also studied a number of rocks, which was not possible 
with the Viking Landers (Fig. 3.12). The composition of 
the surface material in Aris Vallis is not different from 
that at the Viking landing sites - clearly a result of the 
global dust storms. In contrast, the rocks vary consider
ably, ranging from primitive basalts to stone very rich in 
quartz. The systematic evaluation of the rock analyses 
by Spirit and Opportunity has not yet been undertaken. 

Both polar caps contain both water ice and C02 ice 
and are layered with bands of dark dust. Whereas the 
frozen C02 sublimates completely from the northern 
polar cap in the summer, the HzO ice on the southern 
pole remains covered by C02 ice. 

The temperature on the surface is 218 K on average, 
with variations between about 140 and almost 300 K. 

Both the Viking Landers carried out several experi
ments to detect the possible presence of life on Mars. 
Surface samples were heated to 800 K and the liquids 
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rock "Yogi", a primitive, quartz-depleted basalt. (Sojourner 
(TM), Mars Rover (TM) and space vehicle: design and images 
© 1996/97 Caltech) 

driven off were analyzed with gas chromatography and 
mass spectrometry. The result was negative, since aside 
from C02 and some HzO, no fragments of organic 
molecules were detected. On the other hand, the micro
biological experiments, which were supposed to react 
to gas exchange, metabolism and carbon assimilation, 
have not permitted a clear-cut distinction to be made as 
yet between biological and chemical activity. 

The weak magnetic fields detected by the Mars 
Global Surveyor, ranging up to 4 · 1 o-7 Tesla in strength 
can be interpreted as the remains in the crust of Mars of 
an earlier global magnetic field. The magnetized strips 
in the Martian southern hemisphere, which are up to 
2000 km long and exhibit polarity, are indicative of the 
effects of plate tectonics in the past. 

The Moons of Mars. In 1877, A. Hall discovered the 
tiny moons of Mars, Phobos and Deimos (Fig. 3.13), 
which have diameters of about 27 and 14 km, respec
tively. The period of revolution of Phobos, 7 h39 min, 
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Fig.3.13. Images of the Martian moons Phobos (above) 
and Deimos (below), taken by the Viking Orbiter (1977). 
The diameter of the irregularly- shaped satellites is about 
27 and 14 km. They are covered with impact craters hav
ing diameters up to 5.3 km. (With the kind permission of 
NASA/JPL/Caltech) 

is considerably shorter than the rotational period of the 
planet. Mariner 9 and then later the Viking missions 
returned photographs showing the traces of strong bom
bardment by meteorites on the two moons. In 1989, 
the probe Phobos 2 was able to obtain additional im
ages of Phobos from a distance of 200 to 1000 km with 
improved resolution. 

Surface-forming Processes. Although we have met 
widely differing surface structures on the earthlike plan
ets and their moons, they may all be understood as the 
results of the same basic processes. For all the objects 
in the Solar System which have formed solid crusts, 
the strong bombardment by planetesimals, especially in 
the first 109 yr after their formation, is the most impor-

tant process. The result is surfaces covered with impact 
craters, which we find all the way out to the satellites 
of the Neptune system (Sect. 3.4). 

In the cases of Mercury, Earth's Moon, and the two 
small moons of Mars, this original surface structure is 
for the most part still present, since essentially no pro
cesses have occurred which would have destroyed it. In 
contrast, on Venus, the Earth, and Mars, the crust was re
formed on the one hand by tectonic and volcanic effects, 
and on the other by weathering and erosion. While on 
the Earth, which remains geologically very active, the 
crust is modified into a variety of forms on a planetray 
scale mainly by plate tectonics and the associated vol
canic activity, on Venus and Mars mostly local tectonic 
processes such as the rise and fall of mountain ranges, 
as well as volcanic activity, play a dominant role. On 
planets with atmospheres and constituents which have 
condensed from them, we have a variety of leveling pro
cesses, mechanical and chemical weathering as well as 
transport and deposit by wind, water, or glaciers. On 
the Earth, erosion by water (dissolution of minerals, 
cracking by frost) is dominant; on Venus, owing to the 
high temperatures and pressures, chemical weathering 
is probably the most important process. On Mars, we 
have found indications of water erosion in the past and 
of wind erosion. 

3.2.6 The Atmospheres of the Earth like Planets 

Mercury and Earth's Moon have no atmospheres in the 
strict sense. They merely have exospheres (Sect. 3.1.4) 
with very low concentrations of particles, on the order 
of 109 m-3 on the day side and 1011 m-3 on the night 
side; they result mainly from an equilibrium between 
supply of particles by the solar wind and loss as a result 
of thermal motion. 

In contrast, Venus, Earth, and Mars have atmospheres 
of differing densities (Table 3.2). We have already dis
cussed the basics of their global energy balances in 
Sect. 3.1.4. The suiface temperatures of Venus, and 
to a lesser extent of the Earth, are as a result of the 
"greenhouse effect" higher than the effective tempera
ture, while on Mars with its very thin atmosphere they 
more closely correspond to the equilibrium value (3.2). 

The chemical composition (Table 3.2) of the atmo
spheres of Venus and Mars, which consist mainly of 



C02, is very similar, while the Earth's atmosphere is dis
tinguished by a high proportion ofN2 and 0 2. The Earth 
probably also previously had an atmosphere similar to 
that of Venus and Mars, formed by volcanic activity and 
by outgassing. However, through condensation of wa
ter into oceans, in which C02 dissolves and can then 
react with silicate minerals to form carbonates, as well 
as through the presence of living organisms (photo
synthesis of oxygen by plants), its composition was 
fundamentally changed (Sect. 14.2.1). 

The Earth's Atmosphere. In particular with a view to 
comparisons with the other planets, we first consider 
briefly the structure of the Earth's atmosphere. Its pres
sure profile is, according to (3 .19), determined in the 
main by the temperature profile T(h). The latter is fixed 
by the mechanisms of energy transport, i.e. the input 
and output of thermal energy into each layer between h 
and h+dh. In the Earth 's atmosphere (Fig.3.14), the 
removal of absorbed solar energy in the lowest layer, 
the troposphere, takes place mainly through convection, 
which leads to a uniform decrease of the temperature 
on going upwards. Above the socalled tropopause, at an 
altitude of roughly 10 km, radiation becomes the dom
inant mechanism of energy transport and we arrive at 
the stratosphere, which is almost isothermal. What is 

Fig. 3.14. The mean temperature as a function of altitude in 
the lower atmospheres of the Earth, Venus, and Mars. In the 
case of Venus, there are large temperature differences between 
the day and night sides of the planet. The atmosphere of Mars 
is subject to wide temperature variations; the (smoothed) mea
surements of the Viking Lander are shown. During major dust 
storms, the temperature in the lower part of its atmosphere 
increases (shaded region) 
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now important is the decisive mechanism of absorption 
of solar radiation on the one hand, and its reradiation 
into space at longer wavelengths on the other. At an 
altitude of 25 km we find a warm layer in connection 
with the formation of ozone, 0 3, up to the stratopause 
at an altitude of about 60 km. In the mesosphere which 
lies above it, C02 radiates energy in the infrared, while 
warming through absorption by 0 3 no longer occurs, 
so that a brief decrease in temperature results. Above 
the mesopause at about 85 km altitude, in the thermo
sphere, the temperature rises to about 1000 K (night 
side) or 2000 K (day side) as a result of the dissociation 
and ionization of the atmospheric gases N2 and 02 by 
solar UV radiation. 

The roughly 20 km thick ozone layer has a broad 
maximum in 0 3 partial pressure at about 25 km altitude; 
the relative particle concentration has a value there of 
about 5 · 1 o-6, the temperature is near 220 K. The ozone 
in the stratosphere is formed by photolytic dissociation 
of molecular oxygen, 0 2, by the short-wavelength solar 
radiation (energy hv at wavelength A.= cjv::; 242 nm) 

02+hv---+ 0+0, 

0+02 +M---+ 03 +M, (3.28) 

Here, an additional particle M (e.g. N2) is required in 
order to fulfill energy and momentum conservation dur
ing the reaction. The 0 3 is not destroyed by photolysis 
reactions 0 3 + h v ---+ 0 2 + 0 , which are relatively slow, 
so that free 0 preferentially again forms 0 3 by combin
ing with 02. Instead, the destruction of ozone occurs 
primarily through catalytic reactions: 

03 +X ---+ X0+02, 

O+XO---+ X+02 (3.29) 

with the net balance 03 + 0 ---+ 202 . The most important 
catalysts X are OH, NO, and Cl, whereby Cl and in part 
OH and NO are industrial waste products, i.e. they are 
of anthropogenous origin. 

Photoionization produces the electrically conducting 
layers of the ionosphere (with the maximum electron 
density of the D layer at about 90 km, that of the E 
layer at about 115 km, and of the F layer at 300 to 
400 km altitude). These layers allow the transmission of 
electromagnetic waves of relatively long wavelengths 
completely around the globe. The recombination of 
electrons and ions in the E layer produces the emission 
lines and bands called the airglow. 

67 



I 
68 

3. The Physical Structure of the Objects in the Solar System 

Up to the socalled turbopause around 120 km in alti
tude, apart from temporal and spatial variations in some 
socal1ed trace substances (e.g. HzO or 03), the atmo
sphere is well mixed; above it, the different gaseous 
constituents separate by diffusion. For example, above 
about 300 km, atomic oxygen 0 is predominant, and 
above about 2000 to 3000 km, atomic hydrogen H 
is mainly present; it can be observed from satellites 
through the strong Lyman a emission at)..= 121.6 nm. 

From the exosphere (above about 500 km altitude), 
particles from the atmosphere can escape into space 
(Sect. 3.1.4). The terrestrial magnetic field is very im
portant for the dynamics of the ionized constituents. The 
extent of the magnetosphere is determined by interac
tions with the solar wind on the side of the Earth directed 
towards the Sun. At the subsolar point, its boundary, the 
magnetopause, is at about 10 earth-radii; on the night 
side, a plasma trail extends to about 1000 earth-radii. At 
1.6 and 3.5 earth-radii, we find higher concentrations of 
charged particles in the "radiation belts" discovered in 
1958 by J. A. van Allen. 

For the global energy balance of the Earth's atmo
sphere, the clouds (consisting of HzO) play a decisive 
role. On the average, they cover about 50% of the sur
face; a typical cloud layer has an albedo of about 0.5. 
The details of both the input of solar radiation and the 
albedo of Earth's atmosphere and its surface depend 
on the latitude. The excess of absorbed radiation in 
the equatorial zones as opposed to the polar regions 
provides the driving force for atmospheric and oceanic 
currents. We cannot delve further here into the dynam
ics of planetary atmospheres and weather, a complex 
subject in itself. 

The Atmosphere of Venus. The discovery in 1932 by 
W. S. Adams and Th. Dunham based on infrared spec
tra that Venus possesses a thick atmosphere rich in 
C02 was followed by determinations of the radiation 
temperatures in the em- and dm-wavelength spectral re
gions, and later the flybys of the Mariner satellites, the 
parachute drops of instruments by the Venera probes, 
and observations by the Pioneer Venus Orbiter; the last 
two investigations in particular yielded considerable in
formation about the planet's atmosphere. This dense 
atmosphere, with a pressure of about 93 bar and a tem
perature of735 Kat the surface, consists almost entirely 
of C02 and N2 (Table 3.2). The traces of HCl and 

HF which have been detected in the lower atmosphere 
(as well as the drops of sulfuric acid in the clouds) 
probably result from chemical reactions of the atmo
sphere with surface minerals. Due to its high density, 
the lower portion of Venus' atmosphere exhibits only 
very weak pressure and temperature variations and low 
wind velocities (:51 m s-1 at the surface). 

In the upper part of the troposphere, between about 
50 and 70 km altitude, at temperatures of 370 to 220 K, 
there are dense cloud layers which completely block 
optical observations of the planet's surface and prevent 
all but a few percent of the incident sunlight from reach
ing it, owing to scattering. Both above and below the 
cloud cover there are in addition layers of haze about 
20 km thick. Observations with ultraviolet light reveal 
high-contrast structures in the cloud layer (Fig. 3.15), 
which are between 10 and 1000 km in size and per
sist for several days; dark V- or Y-shaped formations 
are particularly noticeable. The clouds consist mainly 
ofHzS04 droplets a few )..lm in diameter with a concen
tration of several 108 droplets per m3; in addition, there 
are particles of 10 to 15 J..lm diameter, which apparently 
consist of solid or liquid sulfur. The sulfuric acid and the 
SOz which results from its dissociation, together with 
the C02 and HzO in the atmosphere, are presumably 
responsible for the strong greenhouse effect on Venus. 

In order to investigate the horizontal structure of 
Venus' atmosphere, in 1985, before their mission to 
Halley's comet, Vega 1 und 2 dropped weather balloons 
into the cloud layer; at 54 km altitude, the wind velocity 
of 70ms-1 is considerably greater than the rotational 
velocity of the planet, 1. 8 m s - 1 . 

The atmosphere of Venus has no stratosphere; the 
mesosphere follows directly above the tropopause or the 
cloud layer, followed by the thermosphere (Fig. 3.14). 
The exosphere begins at an altitude of about 160 km. 
With temperatures in the range 120 to 250 K, it is rel
atively cool in comparison to the upper atmosphere of 
the Earth. The turbopause is at about 140 km altitude; 
above 150 km, atomic oxygen predominates, and above 
250 km, helium and hydrogen. The ionosphere has its 
maximum around 140 km with ion densities of several 
lOll m-3, comparable to the Earth's E-1ayer. Its main 
constituent up to 200 km altitude is the molecule-ion 
ot, and higher up it is o+. 

The upper atmosphere of Venus shows diurnal and 
annual variations. Furthermore, clearcut thermal struc-



Fig. 3.15. A photograph of the cloud structures of Venus from 
an altitude of 65 000 km taken with the cloud photopolarimeter 
of the Pioneer Venus Orbiter ( 1979). The bright cloud bands 
near the poles, which are higher than the adjacent background, 
are set off clearly from the other formations. The north pole 
is at the top of the picture 

tures have been observed, which are to some extent 
not yet understood. For example, in the mesosphere 
at around 90 km altitude, the poles are warmest and 
the subsolar point coolest; at the mesopause, there is 
a relative maximum in temperature in the middle of the 
night side. In addition, infrared observations near both 
poles show long structures(~ 4000 km) which are up to 
35 K warmer than their surroundings and rotate in the 
retrograde sense with a period of about 3 d. 

The Atmosphere of Mars. Mars has an atmosphere 
which is very thin in comparison to those of Venus and 
Earth, and exhibits extensive pressure and temperature 
variations. Also characteristic are violent sandstorms on 
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a planetary scale. The atmosphere reacts sensitively to 
fluctuations in the absorption of solar radiation, which 
in tum is strongly dependent on the albedo of the polar 
caps and of the dust which is stirred up by storms. In 
particular, the temperature gradient in the lower atmo
sphere decreases strongly with increasing dust content 
(Fig. 3.14). 

Spectroscopic observations and the mass-spectro
scopic measurements of the Viking Landers indicate 
that Mars' atmosphere, which is well mixed up to anal
titude of 120 km, consists mainly of C02 and N2 with 
some other constituents present in minimal concentra
tions (Table 3.2). Water vapor plays a special role; it is 
present only in trace quantities and is subject to very 
strong local and seasonal variations. (Under the present 
conditions on Mars, free H20 can exist as a stable phase 
only in the form of ice or vapor, however not as a liq
uid.) In spite of its low concentration, the water vapor in 
the atmosphere is probably nearly saturated and plays 
an essential part in the formation of the clouds which 
have been observed. The weather on Mars is charac
terized by various types of thin ice clouds, surface fog, 
and by diurnally and annually varying winds and dust 
storms. 

The short-wavelength "airglow" from the upper at
mosphere of Mars contains the Lyman cr emission line of 
hydrogen; also, atomic oxygen and carbon, in addition 
to cot and CO, have been detected. 

Mars also has an ionosphere, onto which- as shown 
by measurements from the probe Phobos 2 - the solar 
wind (Sect. 7 .3. 7) impinges directly. On the side of the 
planet facing away from the Sun, the ionospheric plasma 
streams as a kind of "tail" away from Mars. 

3.3 Asteroids or Small Planets 
(Planetoids) 

Today, we have catalogued several thousand asteroids, 
most of them between Mars and Jupiter. The total num
ber of asteroids is estimated to be around 106 . They are 
denoted by the year of their discovery and two letters, 
which give the time when they were first observed (in 
coded form), and may be followed by a number when 
more than one were discovered in that time interval. 
Objects with a known orbit, of which there are almost 
100 000, also receive a series number and a name. 
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3.3.1 The Orbits of the Asteroids 

The eccentricities of their orbits have a maximum fre
quency of occurrence at e c:::: 0.14, and the inclinations 
of the orbits at i c:::: 10°; both of these values differ con
siderably from those of the comets (Sect. 2.2). Their 
semimajor axes a are mainly in the range between 1.8 
and 5.2 AU. Following K. Hirayama and others, we 
distinguish about 80 families of asteroids with simi
lar orbital elements, which can probably be attributed 
to a larger parent object which has now broken up. 
The distribution of orbits according to their orbital 
periods shows several clusters and gaps (named for 
D. Kirkwood), which correspond to integral ratios with 
the orbital period of Jupiter; for example, we find a well
developed gap at a ratio of 3 : 1 (i.e. with a c:::: 2.5 AU), 
and a cluster in the group of the Trojans at the socalled 
libration (or Lagrange) point (1 : 1) of Jupiter's orbit. 

433 Eros, for example, has unusual orbital elements, 
with e = 0.23; at opposition, it approaches the Earth 
to within 0.15 AU and thus permits excellent determi
nations of the solar parallax. 1566 Icarus (e = 0.87, 
a= 1.08 AU) approaches the Sun at perihelion to within 
the orbit of Mercury. 2102 Tantalus has an unusually 
large orbital inclination of i = 64°. 2060 Chiron, by 
contrast, remains for the most part between the orbits 
of Saturn and Uranus (a= 13.7 AU); only years after 
its discovery, when it showed a large increase in bright
ness and formed a coma (Sect. 3.6.1 ), was it recognized 
to be a comet. 

We shall treat the recently-discovered small objects 
outside the orbits of Neptune and Pluto, whose sizes are 
comparable with those of the asteroids, in Sect. 3.5.2. 

Asteroids near the Earth. Particularly interesting for 
us are those asteroids which cross the Earth's orbit and 
thus could collide with our planet. Three such fam
ilies are known: the Aten group, the Apollo group, 
and the Amor group. 69230 Hermes (1937 UB), ap
proached the Earth to within at least 0.005 AU, roughly 
twice the distance from the Earth to the Moon (rM = 
384 400 km).lts orbit (a= 1.65 AU, e = 0.63, P c:::: 2 a) 
was only precisely calculated after its rediscovery in 
2003. 

Using the 0.9 m Spacewatch telescope in Arizona, 
a sky survey was begun in 1990 to detect traces of 
rapidly moving, faint asteroids which might approach 

the Earth closely. Numerous objects with diameters 
from around 10 up to 300 m have been found; they 
thus occupy a position between the smallest asteroids 
and the largest meteorites (fireballs, Sect. 3.7). Among 
these was 2004 FH, which approached the Earth to 
within about 0.1rM.It is estimated that an unrecognized 
object with a diameter of more than 10 m approaches 
the Earth to within a comparable distance almost 
daily. 

The total number of objects with diameters 2: 1 km 
which might approach the Earth closely is estimated to 
be around 1000, of which not quite half are presently 
known. 

"Companions" of the Earth (Cruithne, 2002 AA29). 
The Cruithne asteroid 3753 (1986 TO) with a diameter 
of only about 5 km has an orbit whose semimajor axis 
of a c:::: 1 AU (varying between 0.977 and 1.003 AU), 
eccentricity e = 0.51 and inclination i = 19.8° at first 
glance seem not unusual. The orbit reaches from within 
that of Venus out to somewhat beyond that of Mars 
and crosses the Earth's orbit with a period of P c:::: 1 yr, 
approximately in ( 1 : 1) resonance. However, if one con
siders the orbit of this object in the coordinate system 
which rotates with the Earth around the Sun, it can be 
seen - according to calculations of P. A. Wiegert and 
others -to exhibit an unusual behavior: In 1 a, Cruithne 
follows a kidney-shaped, not quite closed orbit which 
shifts along Earth's orbit around the Sun with a cycle of 
770 yr. The asteroid never approaches the Earth nearer 
than about 0.1 AU. Its orbit is sensitive to perturbations 
by Venus and Mars and thus will be stable only over 
a time of at most 108 yr. 

The tiny (::S 100 m) rock 2002 AA29 follows a similar 
orbit. As its eccentricity of e c:::: 0.01 is almost identical 
to Earth's, it is bound to the planet even more strongly. 

Along with the ancient Moon, the Earth thus has other 
"companions" in the form Cruithne and 2002 AA29, 
bound in a ( 1 : 1) resonance, at least for some time to 
come. 

3.3.2 Properties of the Asteroids 

Mass. The masses of the three largest asteroids can 
be determined from the perturbations which they 
cause to the orbits of other asteroids (J. Schubart, 



1973). Recent values are 1.2. 1021 kg= 2.0. 10-4.ME = 
6.0·10-10.M0 for 1 Ceres, 3.5 -10-5.ME for2Pallas and 
4.5 · 10-5 .ME for 4 Vesta. The overall mass of all the as
teroids is estimated to be 5 · 1 o-4 .ME or about 2.5 times 
the mass of Ceres. 

Diameter. The angular diameter can be measured di
rectly only for the largest and brightest asteroids; for 
the smaller ones, diameters to 0.4 km can be estimated 
from their brightness or polarization of reflected light 
by assuming a reflectivity curve. For example, 1 Ceres 
is found to have a diameter of 940 km, 2 Pallas, of 
538 km, and 4 Vesta of 535 km, with an uncertainty 
of 10 km; their mean densities are thus of the order 
of 3000 kg m-3, somewhat smaller than those of the 
earthlike planets. 

Rotation. Many asteroids show a periodic variation of 
brightness, which indicates their rotational periods. Re
markably, they all lie between 3 and 17 h. Brightness 
variations of0.1 to 0.3 mag (for the definition of magni
tude, cf. Sect. 6.3.1) are typical; however, 433 Eros, for 
example, has a stronger fluctuation with an amplitude 
of 1.5 mag and a period of 5.3 h, and 1620 Geographus 
has an even larger amplitude of 2.0 mag with a 5.2 h 
period. The light curves of many asteroids indicate that 
they have elongated, irregular shapes. 

Spectrum of Reflected Light. Spectrophotometric 
measurements of the reflected light from asteroids in 
the visible and infrared regions allow us to identify 
various surface characteristics. The reflection spectra 
of most asteroids are similar to those of the me
teorites (Sect. 3.7.3), which are indeed fragments of 
asteroids. From this relationship, one can reach conclu
sions about the chemical composition of the asteroids 
themselves. Most frequently, one finds type S ("stony 
meteorites") with broad absorption bands in the ultra
violet and blue, or type C ("carbonaceous chondrites"), 
with a low albedo (0.03-0.08) and a flat spectrum show
ing only weak structure. Type S predominates in the 
inner parts of the asteroid belt, type C in contrast in the 
outer parts. 

Shapes. Using radar, in addition to the distance one can 
determine the size, shape and surface structure, along 
with the rotation of an asteroid. Frequently, dumbbell or 
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peanut-shaped "double asteroids" are observed, which 
presumably consist of two loosely bound objects. In 
favorable cases, stellar occultations by an asteroid also 
yield information about its shape. 

Close-up Observations. The space probe Galileo while 
underway to Jupiter in 1991193 observed the two type S 
asteroids Gaspra (from a distance of 1600 km), and Ida 
(from 3100 to 3800 km). Deep Space 1 flew past Braille 
in 1999 at a distance of only 10 to 15 km. The NEAR
Shoemaker mission (Near Earth Asteroid Rendezvous), 
yielded images of Mathilde in 1997 from a distance of 
1200 km; then, in 2000, after an unsuccessful maneuver 
a year before, it was swung into an orbit around Eros 
and landed on the asteroid in 2001. 

951 Gaspra, an elongated, irregular (19 km · 12 km · 
11 km) object covered with impact craters (of up to 
1.6 km diameter), rotates with a period of 7.04 h; its 
albedo is 0.23. Its age, i.e. the time since it split off from 
a larger parent object, lies between 3 and 5 · 108 yr. 

243 Ida is at 56 km · 24 km · 21 km more than twice 
the size of Gaspra, and exhibits larger impact craters 
with a higher density, which indicates an age of 
l · 109 yr. Its rotation is retrograde, with a period of 
4.65 h. Galileo discovered the first satellite of an aster
oid at a distance of about 100 km from Ida's surface 
(Fig. 3.16): the tiny (1.6 km · 1.4 km · 1.2 km) moon 
Dactyl revolves around Ida in the same direction as 
its rotation. It is likewise covered with impact craters 
(of diameters up to 0.3 km). From its orbit around the 
asteroid, using Kepler's third law (2.57), one finds for 
Ida a density of around 2500 kg m-3 . 

9969 Braille, discovered only in 1992, is indicated 
by its infrared reflection spectrum to be a 2 km long 
"splinter" from the large asteroid 4 Vesta. The eucrites, 
a subclass of the achondritic meteorites (Fig. 3.31 ), are 
probably also debris from Vesta. 

253 Mathilde, of size 66 km · 48 km · 44 km, has 
a very low albedo of about 0.04 and a mean density 
of only around 1300 kg m-3 . This porous asteroid is 
likewise thickly covered with craters (of up to 30 km 
diameter!). 

433 Eros, an elongated asteroid (34 km · 11 km. 
11 km) of type S, likewise almost completely covered 
with craters (for the most part of :::; 1 km diameter), 
has a density of about 2700 kg m-3 . Its chemical com
position, obtained by X-ray fluorescence spectroscopy, 
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is similar to that of the common chondrites (Fig. 3.31 ). 
This is evidence for the fact that the most common mete
orites and the reddish-colored type S asteroids "belong 
together". The difference in coloring between the grey 
chondrites and the red-tinted S asteroids could be due 
to "weathering" of the surfaces of the asteroids, which 
have spent more time in space. 

The unexpectedly low average density of some of 
the asteroids which have been observed from close 
up indicates a loose, porous structure (like a "rubble 
pile"); this idea is supported by their relatively large 
impact craters as well as the partial covering of their sur
faces by regoliths, similar to the Moon (see Sect. 3.2.4 ). 
A solid, stony object would break apart as a result of 
such impacts. 

3.4 The Major Planets 

After this rather brief survey of the earthlike planets, 
we tum to the major planets, which, as their masses 
and mean densities already demonstrate, are of quite 
different character (Table 3.1). 

3.4.1 Jupiter 

Fig. 3.16. An image taken by 
the space probe Galileo in Au
gust 1993: asteroid 243 Ida 
with its moon Dactyl (to the 
right of Ida) from a distance 
of 10 500 km; insert: close-up 
image of Dactyl at a distance 
from the probe of only 3900 km. 
(With the kind permission of 
NASA/JPUCaltech) 

Jupiter, the largest and most massive of the planets 
(1/1047 solar masses), exhibits a dense atmosphere on 
observation from the Earth, with clear stripes parallel 
to the equator (Fig. 3.17), similar to the wind belts on 
the Earth. The socalled Great Red Spot, discovered in 
1665 by G. Cassini, is a large oval structure which has 
persisted for a long time. 

Jupiter's Atmosphere. The first close-up pictures and 
measurements were obtained in 1973 by the space probe 
Pioneer 10, which flew by Jupiter with a closest ap
proach of 130 000 km (::::: 2 Jupiter radii). In 1979, the 
two probes Voyager 1 and Voyager 2 transmitted im
pressive high-resolution images of the flow patterns on 
the planet (Fig. 3.18): we see among other things cloud 
bands, convection cells, jetstreams, vortices, white and 
brown ovals of varying size, and circulation systems. 
Neighboring structures can have relative velocities of 
over 100 m s -I. In addition to long-lived formations, 
for example the Red Spot, we can observe changes in 
large structures on a time scale of a few days. 

As early as 1932, R. Wildt identified the strong ab
sorption bands in the spectrum of Jupiter with higher 



Fig.3.17. Jupiter. Photograph by B. Lyot and H. Camichel, 
taken with the 60 em refractor on the Pic du Midi 

overtones of the molecular vibrations of methane, CH4 , 

and of ammonia, NH3 ; this represented a turning point 
in the investigation of the major planets. In 1951, 
G. Herzberg succeeded in detecting some infrared band 
lines of the hydrogen molecule, H2 , which are weak 
due to their small quadrupole transition probabilities. 
During a stellar occultation by the disk of Jupiter in 
1971, some insight was gained into the layer structure 
of the planetary atmosphere, and from the equivalent al
titude (3.17), its main components could be concluded 
to be hydrogen and helium. Furthermore, especially by 
means of infrared spectroscopy, numerous trace com
pounds were discovered, such as ethane, C2H6, ethyne 
(acetylene), CzHz, water, H20, hydrocyanic acid, HCN, 
phosphine, PH3, germane, GeH4 , and the deuterated 
molecules HD and CH3D. 

In the infrared, one can observe into layers at up to 
225 K. In this region, the transparency of the atmosphere 
is more and more limited by clouds; only occasionally, 
thorough gaps in the cloud layer, can deeper layers at 
up to 280 K (and a pressure of 5 bar) be seen. The high-

Fig. 3.18. This Voyager 1 
photograph of Jupiter 
(1979) from a distance of 
4.3 · 106 km shows the re· 
gion immediately to the 
southeast of the Great Red 
Spot, with a vortex-like 
flow field around one of the 
"white ovals". The smallest 
structures which can be dis
tinguished are about 80 km 
in size 
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est cloud layer (at about 150 K) consists presumably of 
NH3 crystals; the deeper layers are probably ~SH 
and H20; the explanation of the red and brown col
ors requires that trace compounds also be present. The 
weather on Jupiter appears to be much more complex 
than in the Earth's atmosphere, particularly because of 
the occurrence of chemical reactions. 

The instrument capsule which was released in 1995 
by the Jupiter probe Galileo penetrated into the atmo
sphere down to about 200 km below the cloud layer 
before its radio signals ceased after around 10 hours. 
Along with mass spectrometric determinations of the 
abundances of various elements, it also studied weather 
phenomena, in a region relatively free of clouds. The 
zonal winds around the planet dip with their full strength 
of around 180m s-1 deep into its atmosphere. 

The Inner Structure of Jupiter. A detailed analysis of 
all the observations together with the basic premises of 
a theory of inner planetary structures yields the fol
lowing model: Jupiter consists for the most part of 
unchanged solar material, with hydrogen and helium in 
the (atomic) ratio He/H ~ 0.1 being the most abundant 
elements. In spite of the high pressures and densities, the 
hydrogen in the planetary interior remains for the most 
part liquid, owing to the relatively high temperatures 
(:::; 30 000 K). At 0. 77 jupiter radii, i.e. at a pressure of 
3 · 1011 Pa and a density of 1000 kg m - 3, a phase tran
sition takes place from liquid molecular hydrogen, H2, 
to liquid metallic hydrogen. Jupiter in all probability 
has a solid core, which contains about 4% of its mass 
or about 14 Earth masses, and consists of a mixture of 
stones (Si02, MgO, FeO, FeS) and ices (C~. NH3, 
H2S, H20). This core could have served in the early 
phases of the formation of the Solar System as a "con
densation nucleus" for the hydrogen- and helium-rich 
solar material. The models give a density for the core 
of :=: 2 · 104 kg m - 3 and a pressure of about 1013 Pa. 
The excess of thermal radiation from Jupiter compared 
to the solar irradation has already been discussed in 
Sect. 3.1.2. 

The Magnetic Field of Jupiter. The radiofrequency 
emission of Jupiter is thermal at wavelengths A.:::; 1 em, 
with a radiation temperature of about 120 K, corre
sponding approximately to that of the tropopause. In 
the decimeter-wave range, the intensity of the radio 

emission increases and, due to its partial polarization, 
must have its origin as nonthermal synchrotron radia
tion in the planetary magnetic field (see Sect. 12.3.1). 
In the meter wavelength region, there are are in addi
tion sharply localized radiation bursts from well-defined 
sources on the planetary disk. 

The measurements of the Pioneer and Voyager 
probes indicate that Jupiter has a dipole-like magnetic 
field with about 4 · 1 o-4 Tesla at the equator and a dipole 
moment (3.27) of 1.5 ·1020 Tm3, whose axis is tilted 
away from the planet's axis of rotation by about 10°. 
Jupiter's magnetosphere, similar to the Van Allen belts 
around the Earth, traps enormous numbers of energetic 
electrons and protons, as well as thermal plasma. At 
high altitudes in the Lyman region, one can observe 
the emission lines of hydrogen and helium, a sort of 
airglow. 

The Crash of a Comet. A spectacular occurrence in 
1994 was the crash of the comet D/Shoemaker-Levy9 
(Sect. 2.2.2) onto Jupiter: 21large fragments impacted 
one after the other over a period of 6 days at a veloc
ity of 60 km s-1 near 45° south latitude on the far side 
of Jupiter, roughly 5 to 10° behind the rim ofthe plane
tary disk. Material which was thrown up to great heights 
could be observed against the dark background of the 
sky. Due to the rapid rotation of the planet (rotational 
period 9.8 h), the impact points themselves became vis
ible about 15 min after each impact. The event was 
observed by numerous earthbound telescopes, by the 
Hubble Space Telescope, and from a distance of 1.5 AU 
by the space probe Galileo. 

Two important questions pose themselves: what was 
the size of the comet fragments, and how did the atmo
sphere of Jupiter react to the impacts? Since the size 
or mass of the fragments and thus their kinetic energy 
were not sufficiently well known, predictions about the 
phenomena which might be observed remained vague. 

Most of the impacts set off a relatively unified chain 
of events: as soon as the coma of a fragment, with its nu
merous dust particles, entered the atmosphere, a glow 
slowly rose up. When the massive nucleus of the frag
ment entered the atmosphere, within about 10 s a strong 
flash was seen, much like that which occurs when a me
teoroid (bolide) enters the Earth's atmosphere. A few 
tenths of a second later, the channel which had been 
"bored" into the atmosphere by the comet's head ex-



ploded into a fireball as a result of the input of energy. 
Hot gas was thrown up out of the channel to a height 
of about 3000 km. At first, it was so hot (around 7000 
to 8000 K) that it emitted light in the optical range; 
later, as soon as it emerged from Jupiter's shadow, it 
could be observed in reflected sunlight. Furthermore, 
ring-shaped sound waves propagated outwards horizon
tally in the stratosphere, above the cloud layers. After 
about l 0 min, the material which had been ejected fell 
back onto the upper atmospheric layers and heated them 
up; this produced a powerful, long-lasting outburst in 
the infrared range (Fig. 3.19). After a further 10 min, 
another burst could be seen due to reflected material 
which had again fallen into the atmosphere. Finally, 
the falling material formed dark brown structures up 
to 25 000 km in diameter, which remained visible for 

Fig. 3.19. The impact of the comet Shoemaker-Levy 9 onto 
Jupiter. This image was taken with the radiation from the 
methane band at 'A = 1.7 j.tm, in which the planetary disk ap
pears relatively dark; it clearly shows the bright area around 
the explosion following an impact immediately behind the 
hemisphere facing the camera (below left), as well as the 
flashes following three other previous impacts of comet frag
ments - these have been moved into the field of view by the 
rotation of the planet. Image taken by T. Herbst et a!. with the 
infrared camera MAGIC at the 3.5 m telescope of the Calar 
Alto Observatory in Spain on the 20th of July, I 994. (With the 
kind permission of the authors and of Sterne und Weltraum) 

weeks and were only gradually pulled apart by Jupiter's 
rotation. Their dark coloration is caused by dust par
ticles and gas which absorb strongly in the ultraviolet 
range. 

The spectroscopic observations showed that first am
monia - from the uppermost layer of clouds - becomes 
visible at an increased concentration, then sulfur, S2 , and 
compounds such as CS2 and H2S, which normally are 
not found in Jupiter's atmosphere. Sulfur and oxygen are 
abundant elements in comets; however, the low abun
dance of oxygen compounds observed after the impacts 
proves that NH4SH from the middle cloud layers was the 
main source of the sulfur compounds. Finally, the low 
concentration of water argues against the impacts hav
ing released material from the lowest H20-containing 
cloud layer into the higher visible layers . The H20, CO, 
Mg, Si, and Fe observed in the spectra must have come 
from the comets themselves. 

From the overall picture of the observed phenomena, 
we can conclude that the largest comet fragments had 
diameters of only about 700 m, that they exploded at 
a relatively high altitude in Jupiter's atmosphere, still 
in the stratosphere, and failed to reach the lowest layer 
of clouds. The effects of the comet fragments on the 
magnetosphere of Jupiter cannot be treated here. 

Jupiter's Moons. In 1610, Galileo discovered the four 
brightest satellites J1 to J4. With increasingly larger tele
scopes, a total of 12 were then detected from the Earth, 
before the number of known satellites increased to 16 
as a result of the Voyager missions (Table 3.4). From 
1999, Earth-bound telescopes rapidly discovered many 
additional tiny, dark moons -largely under S. Sheppard 

Table 3.4. The moons of Jupiter. The distance a from the 
center of the planet is given in units of Jupiter's radius, R1 = 
71 400 km. The satellite radius R (or the semiaxis of the ring) 
is in [km] 

t~/RJ arne R a/RJ ame R 

1.80 J 15 Adrostea 10 156 Jl 3 Lcda 
I. 0 Jl6 Metis 20 161 16 Himalia 95 

2.55 15 A mal thea 135·83·75 164 1 I 0 Lysithea 18 

3. 11 114 Thebe 50 165 I7 Elaro 38 
5.9 J I lo 1815 291 112 Ananke 15 

9.5 12 Europa 1570 314 JJJ Carme 20 

15.1 J3 Ganymede 2630 327 J8 Pasiphae 25 
26.6 J4 Calli to 2400 333 19 Sinope 18 
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and coworkers. The orbital radii of these moons, which 
are not included in Table 3.4, lie between about 100 and 
350 R1; the radii of the moons themselves are at most 
3 to 8 km. The number of presently-known satellites of 
Jupiter is thus all together 63 (as of 2004). 

The circular orbits (e.::: 0.01) of the inner satellites 
are all nearly in the equatorial plane of the planet (reg
ular orbits). The outer satellites, in contrast, have larger 
eccentricities (0.1 to 0.5) and orbital inclinations, with 
14 of the outermost showing a retrograde motion. They 
are presumably asteroids which have been captured by 
Jupiter. 

Amalthea, the innermost known moon until the 
Voyager missions (E. E. Barnard, 1892), is a reddish, 
elongated and irregularly-shaped body, whose orbit lies 
just outside the Roche stability limit (3.11). A ring 
system was unexpectedly discovered by the Voyager 
probes; it consists of a flat (:S30 km), bright ring with 
a radius of about 1.8 Jupiter radii, which is embedded in 
a disk and a weak halo, and of a much weaker ring which 
extends to about 3 Jupiter radii. At the outer edge of the 
bright ring, two small moons (115 and J16) move co
orbitally, i.e. practically on the same orbit, with periods 
of revolution of only 7 h8 min. 

The radii and masses or mean densities of the four 
Galilean satellites are rather precisely known: 

Satellite J I lo J2 Europa J3 Ganymede J4 Callisto 
Mass 4.7 2.6 7.8 5.6 [10- 5 M1] 

Mean Density 3550 3040 1940 1830 [kgm- 3] 

Ganymede is the largest moon in the Solar System. 
While the mean densities at first suggest that Io and 
Europa mainly consist of silicates, and Ganymede and 
Callisto in contrast of a mixture of ice and silicates 
(about 1 : 1), the observations of moments of inertia 
and the analysis of surface structures during the fly-bys 
of the Galileo mission have revealed a more detailed 
structure of the Jupiter moons. Io has a core of Fe and 
FeS with a radius of .::: 940 km, i.e . .::: 0.52 of the ra
dius of the satellite; outside the core are the partially 
molten mantle and the crust, made of light silicates. Eu
ropa and Ganymede likewise consist mainly of metallic 
core and a silicate mantle, which on its outside (up to 
several! 00 km) is surrounded by a thick layer of (HzO) 
ice. 

The surface of Io, the innermost of the four large 
moons, is spotted and sprinkled with varying, mainly 

Fig. 3.20. In this Voyager 1 picture from 1979 of Jupiter's 
moon lo, an eruption of one of the active "volcanoes" 
(Prometheus) can be readily discerned at the rim; it rises to 
more than 100 km above the surface 

grayish-yellow colors; its rocks are rich in sodium
potassium compounds and especially in sulfur and 
sulfur compounds. In a few mountain ranges, the 
crust rises up to about 10 km altitude. Particularly 
noticeable is the large number of calderas with di
ameters of :=:: 200 km, indicating dead volcanoes, as 
is the complete absence of impact craters. The most 
surprising discovery of the Voyager probes was the 
strong surface activity on Io: all together, nine active 
"volcanoes" (Fig. 3.20) were observed, which eject 
sulfur- and oxygen-containing gases with velocities 
up to 1 km s- 1 nearly 300 km high, in eruptions last
ing several hours. As was shown by the images from 
the space probe Galileo, nearly 20 years later, some 
of the volcanoes, e.g. Prometheus (Fig. 3.20), were 
still active. This volcanic activity continually changes 
Io's surface and makes the lack of impact craters 
understandable. A few dark spots, which are about 
150 K hotter than their surroundings, can be explained 
as being recently-solidified lava. The energy source 
for this activity is probably heating of the interior 
by strong tidal forces, which are generated because 
Io's orbit is forced to be somewhat eccentric due to 
resonances with the orbital periods of Europa and 
Ganymede. 



Io has its own thin atmosphere (of S02), about 
120 km thick, and an ionosphere (S, 0 and Na ions) 
up to about 700 km altitude, which are constantly re
newed from the active surface, since interactions with 
Jupiter's magnetosphere create a toroidal tube of plasma 
with particle densities of::: 2 · 109 m-3 that encloses Io's 
entire orbit. The interactions with the magnetosphere 
have a strong influence on the radio bursts from Jupiter, 
also. 

The next Galilean moon, Europa, also shows only 
few impact craters. Its bright, icy surface is covered 
by a web of dark, interlacing lines. It is astonishingly 
smooth (altitude differences :=:: 100m); seen at the res
olution of the Voyager mission, the lines seem to be 
painted on. The markedly improved resolution of the 
Galileo probe allows us to recognize structures in the 
thick ice crust (Fig. 3.21), which indicate that it covers 
a global ocean. The stresses caused by rotation and tidal 
forces break up the "pack ice" and shift the ice blocks, 
which then once again freeze together. The ocean un
derneath the ice prevents the formation of higher hills 
or deeper valleys. 

In contrast, the two outermost major moons of 
Jupiter, Ganymede and Callisto, are covered with im-

Fig. 3.21. Detailed image of the surface of Jupiter's moon 
12 Europa, taken by the space probe Galileo, and put to
gether from several smaller images ( 1996/97). This photo, 
representing an area of 70 km · 30 km at 9° north latitude 
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pact craters like our Moon or Mercury. The images of 
Ganymede from the space probe Galileo reveal, at a res
olution down to about 70 m, an icescape of long, closely 
packed, narrow highlands and rills. For both moons, as 
for Europa, they give indications of oceans deep below 
the ice which covers their surfaces. Galileo made the 
surprising discovery that Ganymede has its own mag
netic dipole field with a field strength at the equator of 
about 8 · 1 o-7 T, as well as its own small magnetosphere 
within that of Jupiter. 

3.4.2 Saturn 

Saturn (Fig. 3.22) is to a large extent similar to 
Jupiter. The rings of Saturn were discovered in 1659 
by Ch. Huygens with the telescope he constructed 
(Galileo had already seen indications of them); Huy
gens also discovered the brightest moon of Saturn, Titan. 
J. E. Keelers' measurement of the rotational velocity of 
Saturn's rings in 1895 using the Doppler effect of the re
flected sunlight shows that the various zones of the rings 
revolve at different rates corresponding to Kepler's 3rd 
law, and thus they must consist of small particles. 

and 274° west longitude, shows a variety of structures 
("pack ice") in the thin, fractured ice crust (illuminated 
by sunlight from the right). (With the kind permission of 
NASA/JPL/Caltech) 
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Fig. 3.22. Saturn. A photograph taken by H. Camichel using 
the 60 em refractor at Pic du Midi 

A quantum leap in our knowledge of the planet, its 
ring system, and its moons was obtained through the 
fly-bys of the space probes Pioneer 11 and especially 
of Voyagers 1 and 2, which reached Saturn in 1979, 
1980, and 1981 following their exploration of the Jupiter 
system. In Summer 2004 Cassini went into orbit around 
Saturn. 

Saturn's Atmosphere and Interior. The spectrum of 
Saturn, the chemical composition of its atmosphere, and 
its cloud structure and flow patterns are all similar to 
those of Jupiter. In the case of Saturn, the stripes which 
run parallel to the equator are broader and reach up 
to higher latitudes. The structures appear more washed 
out due to a denser layer of haze above the clouds. The 
temperature of the upper cloud layer, consisting of NH3 
crystals, is about 110 K, and that of the tropopause is 
about 80 K. 

More precise analyses show that the abundance of he
lium in the atmosphere of Saturn is noticeably less than 
in the case of Jupiter. Apparently a separation of hydro
gen and helium occurs on the planet, which is somewhat 
less massive and cooler than Jupiter; the helium sinks 
down to lower atmospheric layers. The energy released 
in this process probably makes a major contribution to 
the thermal radiation, which in Saturn's case also ex
ceeds the incoming radiation from the Sun (Sect. 3.1.2). 
Similar to the case of Jupiter, model calculations for the 
inner structure indicate a solid ice-silicate core of about 
16 Earth masses. 

Saturn's Magnetosphere. Like Jupiter, Saturn has 
a magnetosphere, extending out from 20 to 40 Sat-

urn radii. Corresponding to the dipole moment of 
4.6. 1018 T m3, the magnetic field strength at the equator 
is 2 · w-5 T, similar to that of the Earth. It is of inter
est for the dynamo theory of the generation of planetary 
magnetic fields that the direction of Saturn's dipole mo
ment is almost precisely ( < l 0 ) parallel to its axis of 
rotation. Finally, Saturn is also surrounded by radiation 
belts containing energetic electrons and protons, with 
intensity maxima at roughly 7 and 4 Rs from the cen
ter of the planet; they evidently contain structure due to 
the inner moons. 

Saturn's Moons. The number of Saturn's known satel
lites has increased to (at least) 18 following the two 
Voyager missions (Table 3.5). The data evaluation 
of this extensive observational material showed after 
some years ("retroactively") the existence of the moon 
S 18 Pan and some candidates for moons of Saturn. The 
favorable opportunity in 1995 for observing the edge of 
the ring system from the Earth, as well as earthbound 
observations in the following years, increased the num
ber of known moons of Saturn to a total of 31 (as of the 
year 2004). 

In the Saturn system, too, the orbital eccentricities 
and inclinations of the inner satellites out to and includ
ing Titan are small, while those of the outer moons are 
considerably larger. S9 Phoebe, the darkest outer moon, 
has a retrograde orbit. 

The largest moon of Saturn, S6 Titan, is the only 
moon in the Solar System to have its own atmo
sphere. It came as a surprise when in 1944 G. P. Kuiper 
discovered absorption bands of methane, CH4 , in its 
spectrum, similar to those from Saturn itself; later, 
L. Trafton found bands attributable to H2. According 
to the estimate in Sect. 3.1.4, the gravitational field of 
Titan is, indeed, sufficiently strong to retain a (cool) 
atmosphere. 

Voyager 1 approached Titan to within 4000 km and 
was in particular able to investigate its atmosphere 
spectroscopically; previously, there had been diverse 
opinions about its composition. Surprisingly, it was 
found to contain mostly molecular nitrogen, N2, with 
a relative abundance of 90%. Also, in addition to 
methane, CH4 (~ 3%) and H2 (~ 0.2%), which had 
long been known, a number of trace constituents were 
observed in the infrared spectrum, especially hydro
carbons such as ethane, C2H6, propane, C3Hs, ethyne 



Table 3.5. The ring system and satellites of Saturn. The dis
tance r from the center of the planet and the semimajor 
axis a of the orbit are given in units of Saturn's radius, 
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Rs = 6 · 104 km. The satellite radius R (or the semiaxis of 
the rings) is in [km]. Roche's stability limit (3.11) is 3.0 Rs 
(for a mean satellite density of 1300 kg m- 3) 

r/R, Ring Division (gap) afR, atcllile R [km] 

1.1 

1.24 
1.50 

1.53 
1.95 

2.03 
2.28 

2.32 

z2.8 
3.5 

::::5.0 

~ 
B 

A 

-- F--

..... G ... 

Maxwell 

Cassini 

- Encke-- 2.23 
2.28 

Pioneer 

L 2.31 
2.35 
2.51 
2.51 
3.1 
4.0 

1 4.9 
4.9 
4.9 
6.3 
6.3 
8.7 

20.3 
24.6 
59 

18 Pan 10 
s 15 Atlas 15 

16 Prometheus 73 -43 -31 
s 17 Pandora 57·42·31 
s 11 Epimetheus 72 -54·49 
s 10 Janus 98·96·75 

Mimas 196 
S2 Enceladus 249 

3 Thetys 530 
s 13 Telesto 17· 14 · 13 
s 14 Calypso 17· II· II 

4 Dione 560 
S12 Helene 18· 16· 15 
S5 Rhea 765 

6 Titan 2575 
S7 Hyperion 205 · 130 · 110 

8 Iapetus 730 
215 S9 Pboebe 110 

(acetylene), C2H2, and ethene, C2H4, as well as cyano 
compounds. In order to explain the mean molecular 
mass of 28.6, known from observations of occultations, 
it must be presumed that the second most abundant 
constituent is argon, with about 10% relative abun
dance. Dense layers of haze block the view down to 
the lower levels of the atmosphere and the surface 
of Titan. Model calculations yield a pressure at the 
surface of 1.6 bar (1.6 · 105 Pa) and a surface temper
ature of 94 K. The density of the atmosphere is thus 
of the same order as that of Earth's atmosphere. Under 
these conditions, methane should be present in liquid 
form. Perhaps methane (together with other hydrocar
bons such as ethane) plays a similar role to that of 
water on the Earth, forming seas, clouds, and rain. The 
mean density of Titan, at 1940 kg m-3 , is similar to that 
of Jupiter's moon Ganymede, and indicates that Titan 
also is composed of ice and silicates in roughly equal 
parts. 

The remammg seven major moons, S1 Mimas, 
S2 Enceladus, S3 Tethys, S4 Dione, S5 Rhea, S7 Hy
perion, and S8 Iapetus, have icy surfaces covered by 
numerous impact craters. The density of craters is of 
the same magnitude as on the Moon, i.e. the rate of im
pacts of chunks of stone in the first 109 yr of the Solar 
System (Sect. 14.1.1) was comparable out at Saturn's 
orbit to that near the Earth. From the density of 1200 to 
1400 kg m- 3, the interior of these moons probably also 
consists of an ice-silicate mixture. 

Within the orbit of Mimas, there are two minor 
moons, Sll Epimetheus and SlO Janus, sharing nearly 
the same orbit; apparently they exchange their relative 
positions during their periodic close approaches. An 
additional small moon (S12 Helene) occupies the same 
orbit as Dione, in one of the Lagrange points (Fig. 6.15), 
maintaining a constant angular distance of 60° to the 
larger satellite. On the orbit of Tethys there are actually 
two minor moons, S 13 Telesto and S 14 Calypso, at the 
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socalled Lagrange points L 3 and L4 . The companion 
moons or "shepherd moons" in some of Saturn's rings 
are particularly interesting (see below). 

We also note that a larger satellite, according to 
E. Roche (3.10) could not exist within about three Sat
urn radii from the midpoint of the planet, as a result of 
the tidal forces of Saturn. 

Saturn's Ring System. Direct images and observations 
of occultations by the Voyager probes have given us the 
following picture of the ring system (Table 3.5): the 
rough structure in the radial direction consists of seven 
ring zones. In addition to the three brighter rings, which 
have long been known (denoted from the outermost to 
the innermost as A, B, and C, with the readily-visible 
Cassini division between A and B), and the narrow F
ring discovered by Pioneer 11, there are three weaker 
rings. The D-ring is inside the C-ring and reaches from 
it to near the planetary surface; the other two (G and E) 
are further out, near the orbits of the moons Mimas and 
Enceladus, respectively. 

The ring system is extremely thin ( < 3 km) in a direc
tion perpendicular to the equatorial plane, and its total 
mass is probably not more than w-s of Saturn's mass. 

The high spatial resolution of the Voyager images 
provided some very surprising results concerning the 
fine structure of the ring system (Fig. 3.23): in the ring 
zones, several hundred to thousand partial rings can 
be observed, consisting of thin bright and dark regions 
with sharp boundaries and apparently irregular spac
ings. These partial rings are in some cases only a few 
hundred meters in width. Even within the Cassini divi
sion, we find a series of thin rings. The deviations from 
a circular shape in some of the partial rings are of inter
est, as are the nearly radial structures ("spokes") in the 
B-ring, which appear dark in backward-scattered light; 
they persist for about one rotational period of the planet. 
The F-ring, which is only about 100 km across, exhibits 
an unusual, nearly unchanging structure; it consists of 
a few twisted strands, in which thickenings and kinks 
can be seen. This ring is accompanied on each side by 
a small, irregularly-shaped moon (S16 Prometheus and 
S17 Pandora) of about 100m diameter. A small com
panion moon (S15 Atlas) has also been found near the 
sharp outer edge of the A-ring, and an additional one 
(S 18 Pan) within the narrow Encke division; it "holds 
open" the division. The companion moons, along with 

resonances with the orbital periods of the major moons, 
no doubt play an important role in forming the struc
ture of the rings. The "spoke" phenomenon is possibly 
caused by the interaction of charged dust particles with 
the magnetosphere of Saturn. 

3.4.3 Uranus 

Following Jupiter and Saturn, we turn to the two 
outermost major planets, Uranus and Neptune. Both 
are noticeably smaller, but have comparable densities 
(Table 3.1), and thus must differ in structurefrom Jupiter 
and Saturn. 

As seen from the Earth, the disk of Uranus hardly 
shows any recognizable details. The five large, relatively 
dark moons which were known before the Voyager 
missions were discovered in 1787 by W. Herschel 
(U3 Titania, U4 Oberon), in 1851 by W. Lassell 
(U1 Ariel, U2 Umbriel) and in 1948 by G. P. Kuiper 
(U5 Miranda). The discovery during observations of 
a stellar occulation by Uranus in 1977 of a system of 
nine narrow, dark rings came as a complete surprise; 
they were seen as a series of short, sharp eclipses of 
the star before and after the expected actual occultation 
by the planet. In 1986, the fly-by of the space probe 
Voyager 2 brought a plethora of new information, as it 
had in the cases of the Jupiter and Saturn systems, also; 
among them was the discovery of 10 new, small moons 
and an additional ring. 

Planetary Structure. The interior of Uranus- and also 
of Neptune - is, in contrast to Jupiter and Saturn, not 
dominated by hydrogen and helium; here, they make up 
only 15 to 20% of the mass. The major portion con
sists of stone- and ice-forming heavier elements. The 
rotational period of Uranus, 17.2 h, is consistent with 

Fig. 3.23. A Voyager 1 photograph of the ring system of Saturn C> 
from a distance of 8 · 106 km, taken in 1980. The long-known 
broad ring zones A, B, and C with the Cassini and Encke 
divisions, as well as the thin F ring with its inner compan-
ion satellite (arrow) are indicated. The picture shows nearly 
100 individual rings, which in tum consist of further narrower 
rings, as shown by images with better resolution from Voy
ager 2; thus for Saturn all together at least 100 000 rings are 
estimated to exist. (From G. Briggs and F. Taylor, 1982) 
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an inner structure consisting of a silicate/iron core (of 
roughly 7 Earth masses?), surrounded by a mantle of 
ice (H20, CH4 , and NH3) and a gas shell of H2 and He. 

Uranus' Atmosphere. The cool atmosphere of the 
planet (T ::::::: 60 K) is dominated by molecular hydrogen, 
H2; its helium abundance of about 12% corresponds to 
the solar mixture. Methane, CH4 , is relatively abundant 
in the atmosphere, but ammonia, NH3, is unexpectedly 
rare. At a greater depth (corresponding to a pressure of 
1.6 bar), there is a layer of CH4 clouds. The tropopause, 
above which the temperature again increases, has a pres
sure of around 0.1 bar. Uranus is surrounded by an 
extended corona of neutral hydrogen, H; on the sunward 
side, an intense emission from hydrogen molecules 
("dayglow"), whose excitation mechanism is still not 
understood, is observed in the upper atmosphere. 

Uranus' Magnetosphere. Uranus, like Jupiter and Sat
urn, has a magnetic field and a magnetosphere and 
emits radiofrequency radiation. The magnetic field at 
the equator is 2.3 · 10-5 T; the magnetosphere has an 
extent of about 20 Uranus radii (Ru = 25 600 km) and 
forms a long plasma tail on the side away from the sun. 

The magnetosphere of Uranus has a structure and dy
namics which are unique among the planets, as a result 
of the unusually large angle of about 59° between the 
magnetic dipole axis and the planetary rotation axis, 
the latter being nearly in the orbital plane of the planet. 
(We shall find a similarly large angle also in the case of 
Neptune.) 

Uranus' Moons. The five large, relatively dark moons 
orbit Uranus practically in its equatorial plane on al
most circular, prograde orbits (Table 3.6). Except for 
the smallest, U5 Miranda, they are comparable in size to 
e.g. Saturn's moon Rhea. Their densities are of the order 
of 1600 kg m-3, so that their interiors probably con
sist of an ice-silicate mixture. Their surfaces, which are 
covered with ice and dark matter, show in the Voyager 
pictures not only the expected large number of craters, 
but also (except for U2 Umbriel) complex geological 
structures such as rills, valleys, steps, dislocations, etc. 
(Fig. 3.24). 

Voyager 2 discovered 10 small, very dark moons 
between 2.1 and 3.4 Ru, i.e. within the orbit of 
US Miranda. An additional moon (S/1986 U10) was 
discovered by E. Karkoschka "retroactively" in 1999 on 

Fig. 3.24. A picture of 
Uranus' moon Ul Ariel 
taken by Voyager 2 from 
a distance of 170 000 km. 
Along with many craters, 
the surface shows well
defined rills and valleys 



Table 3.6. The satellites of Uranus. The distance a from the 
center of the planet is given in units of Uranus' radius, Ru = 
25 600 km. The satellite radius R is in [km] 

a/Ru ame R a/Ru Name R 

1.95 U6 Cordelia 13 5.12 us Miranda 236 

2.10 U7 Ophelia 16 7.56 Ul Ariel 579 

2.32 US Bianca 22 10.5 U2 Umbriel 585 

2.42 U9 Cressida 33 17.2 U3 Titania 790 

2.45 UIO Desdemona 29 23. 1 U4 Oberon 762 

2.52 Ull Juliet 42 281 U16 Caliban 30 

2.59 UI2Ponia 55 311 U20 Stephano 10 

2.74 U13 Rosalind 27 333 U21 Trinculo 5 
2.94 Ul4 Belinda 34 477 Ul7 Sycorax 60 
2.94 S/1986 UIO 20 631 U 18 Prospero 15 

3.37 UIS Puck 77 713 Ul9 Sctebo 15 

the Voyager images. In an international collaboration, 
B.J. Gladman, J.J. Kavelaars, J. Holman et al. have dis
covered from earthbound observations since 1997 11 
additional small irregular moons, which orbit Uranus 
at a large distance, so that currently (2004) a total of 
27 satellites of Uranus are known. 

Uranus' Ring System. The ring system consists of 11 
extremely dark rings (albedo:::::: 0.04) in the equatorial 
plane at distances between 1.6 and 1.95 Ru from the 
center of the planet. The outermost ring (e-ring) is be
tween 20 and 100 km across and is accompanied on 
either edge by a small shepherd moon; it contains un
usually large chunks of stone (:::: 1 m). As in the case of 
Saturn, some of the Voyager images of Uranus also show 
finer ring structures and fine dust-like matter outside the 
"main rings". 

3.4.4 Neptune 

The size, mass, and spectrum of Neptune, and therefore 
its structure, are to a great extent similar to those of 
Uranus. 

Our knowledge of Neptune, whose disk, as seen from 
the Earth, has a diameter of only 2.3", was considerably 
increased following the fly-by of the space probe Voy
ager 2, which approached its surface to within 5000 km 
in 1989. 

Neptune's Atmosphere. It consists mainly of hydrogen 
(H2), helium, and traces of methane, which causes its 
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Fig. 3.25. A photograph of Neptune from Voyager 2 ( 1989). 
The blue atmosphere shows only a weak striped structure. To 
the left at 22° south latitude is the "Great Dark Spot" with cir
rus clouds in its neighborhood; further south is a smaller dark 
spot with a bright center. These structures had disappeared in 
the images taken in 1994 with the Hubble Space Telescope 

bluish color. The atmosphere shows a variety of struc
tures (Fig. 3.25): in addition to stripes and small spots, 
we can see in the southern hemisphere the "Great Dark 
Spot", a structure which persists for some months and, 
with a rotational period of 18.3 h, moves against the di
rection of rotation of the planet (rotational period 16.1 h) 
at a velocity of 0.3kms- 1• Around 50km above the 
blue cloud layer of CH4 ice, we see the bright fingers 
of cirrus clouds. Later observations with the Hubble 
Space Telescope showed that these structures had dis
appeared a few years after the Voyager mission; by 
this time, however, other structures, e.g. a larger dark 
spot, were present in the northern hemisphere. Nep
tune's brightness appears to have increased steadily in 
the last 20 years by about 10%. 
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The (in comparison to Uranus) surprisingly well
developed flow patterns probably have their origin in 
the high internal energy of the planet, which exceeds 
the radiation input from the Sun by a factor of 2.6 
(Sect. 3.1.2). This by the way balances out the 40% 
lower solar irradiation as compared to Uranus, so that 
the surface temperatures of both planets have the same 
value, 59 K. 

Neptune's Magnetic Field. The dipolar magnetic field 
of Neptune is weaker than those of the other major 
planets. Its axis is inclined relative to the axis of rotation 
by 47°, a similarly large angle as in the case of Uranus. 
Neptune's magnetosphere shows relatively low particle 
densities. 

Neptune's Moons. Of the 13 Moons of Neptune (Table 
3.7), only two were known before the Voyager mis
sion: N1 Triton, discovered in 1846 (by W. Lassell), 
whose size is nearly as great as that of Earth's Moon 
and which moves in a circular, retrograde orbit; and the 
considerably smaller N2 Nereid (discovered in 1949 
by G. P. Kuiper), which has a strongly elliptical orbit 
(e = 0.75). Voyager 2 discovered 6 additional moons 
which revolve around Neptune on circular orbits nearly 
in the equatorial plane. Like Nereid, they are irregu
larly shaped, dark (albedo:::::: 0.06) objects with radii 
between 25 and 200 km; 5 further small moons (not 
included in Table 3.7) were discovered from Earth in 
2002/3. 

The large, reddish moon N1 Triton, with a mean den
sity of 2080 kg m-3 , consists for the most part of stone 
and must have a strong source of internal energy owing 
to its radioactivity. Voyager 2 flew past Triton at a dis
tance of 38 000 km and transmitted information about 
the variety of surface structures: dislocations and long 
cracks, "frozen lakes" with terrace-shaped banks, still 

Table 3.7. The satellites of Neptune. The distance a from the 
center of the planet is given in units of Neptune's radius, 
RN = 24 760 km. The satellite radius R is in [km] 

nfR a me R n/RN arne R 

1.94 3 aiade 29 2.97 97 
2.02 4 Thalass:> 40 4.75 209 
2.12 N5 Despina 74 14.3 1350 
2.50 N6Galatea 79 222.7 170 

unexplained flat, dark areas with bright edges, and dark 
spots more than 50 km long (Fig. 3.26). The latter may 
consist of dust which was swept out by the eruptions of 
"geysers" (of nitrogen from deeper liquid layers?). The 
small number of impact craters on Triton implies a ge
ologically young surface. The region around the south 
pole is covered at present with frozen methane and ni
trogen, whose thickness varies annually. Due to the high 
albedo of these ices (around 0.85), the temperature here 
is extremely low, at 38 K. 

The atmosphere of Triton, with a surface pressure of 
only about 15 ~-tbar, is extremely thin. It consists mainly 
of nitrogen, whose vapor pressure is in equilibrium with 
N2 ice, and of traces of methane; occasionally scattered 
clouds and dust are observed. 

Neptune's Ring System. Observations of stellar oc
cultations by Neptune gave indications in 1984/85 of 
an irregularly shaped ring or fragments of a ring (arcs) 
at a distance of about 3 RN. Voyager 2 then discov
ered a complex ring system. It consists of two narrow, 
sharply bounded rings (the Leverrier ring at 2.15 and 
the Adams ring at 2.54 RN); and of the diffuse, very 
broad Galle ring within the orbit of the innermost moon 
(at 1.69 RN), in addition to an extended disk of finely 
divided dust particles. The Adams ring contains irreg
ular, large regions of higher density, which must have 
been responsible for the stellar occultations observed 
from the Earth. 

3.5 Pluto 
and the Transneptunian Objects 

Outside the orbit of Neptune, as the only "large" planet 
we find Pluto, which is considerably smaller in terms of 
its diameter and mass than all of the other planets and 
is even smaller than our Moon (Table 3.1). Owing to 
its large orbital eccentricity, it is at times - for example 
from 1979 to 1999- closer to the Sun than Neptune is. 

Since 1992, in the course of systematic surveys using 
high-sensitivity detectors, a whole series of small plan
ets outside Neptune's and in part outside Pluto's orbit 
has been discovered. These transneptunian objects have 
almost exclusively diameters of at the most 1 I 10 that of 
Pluto and are most comparable to the larger of the aster
oids in the belt between Mars and Jupiter. These objects 



Fig. 3.26. A photograph of Neptune's moon Nl Triton, taken 
by Voyager 2 ( 1989). This image, composed of several smaller 

in the Kuiper belt (Sect. 2.2.2) are probably "left-over" 
planetesimals, which were not incorporated into a larger 
planet. 

3.5.1 Pluto and Charon 

This faint outermost planet of our Solar System is 
difficult to observe. In the course of a series of as
tronomical observations at the US Naval Observatory 
in 1978, J. W. Christy found a systematically-occurring 
elongation of the planetary disk, whose analysis indi
cated the presence of a moon; it was later observed 
directly using speckle interferometry. P1 Charon, about 
2 mag fainter than Pluto, has an orbital period of 6.39 d, 
synchronous with the rotation of Pluto. Its mean dis-

3.5 Pluto and the Transneptunian Objects 

partial images, shows surface structures in the neighborhood 
of the south pole 

tance from the planet is only 0.9" or 19 600 km. As 
a result of the discovery of this satellite, the mass and 
thus the mean density of Pluto can be much more reli
ably determined than was previously possible from its 
perturbations of Neptune. In the 1980's, the observation 
of a series of mutual occultations and then in the 1990's 
the direct measurement of the diameters of Pluto and 
Charon with the Hubble Space Telescope permitted an 
exact determination of the parameters of the system: 

Pluto PI Charon Nl Triton 

Mass [.ME= 5.97 · 1024 kg] 2.1·10-3 3.2·10- 4 J.no-3 

Radius [krn] 1137 586 1350 
Mean Density [kgm-3] 2200 2200 2100 

For comparison, we have included the largest moon 
of Neptune, Nl Triton. The mass of the total system 
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is about 1/400 Earth masses, with a mass ratio for 
Charon/Pluto of 1/7; this mass ratio of a satellite to its 
planet is by far the largest in the Solar System, so that 
the Pluto-Charon system can be thought of as a double 
planet. 

From its mean density, Pluto consists of about 75% 
stone and 25% H20 ice. Little is known about the 
structure of Charon; it probably resembles that of e.g. 
Saturn's moon Rhea. 

With the Hubble Space Telescope at a resolution 
of 160 km, one can discern on Pluto's surface large, 
strongly contrasting light and dark structures, includ
ing an ice cap at the north pole. Spectrophotometric 
investigations show that the surface of Pluto, whose tem
perature varies between 38 and 63 K, is mainly covered 
with N2 ice (absorption at 'A = 2.15 ~tm); in addition, 
there is CH4 ice and traces of CO ice. In contrast, 
Charon's surface is covered by HzO ice. 

Pluto has an extremely thin atmosphere (pressure at 
the surface :::::; w-5 bar), which has a temperature of 
about 100 K and consists almost exclusively of N2 , in 
vapor equilibrium with the frozen gas on the surface. 
The concentration of methane, CH4, is only about 1%. 
The properties of the atmosphere must vary widely, 
since the ice layer sublimes more or less strongly 
depending on the distance to the Sun; it probably ex
ists only near perihelion. Charon most likely has no 
atmosphere at all. 

Pluto shows an astonishing similarity to Neptune's 
moon N1 Triton, both in mass, size, and mean den
sity (see above), as well as in the composition of its 
surface ices and its atmosphere. This indicates a pos
sible common origin of these two celestial bodies 
(Sect. 14.1.2). 

3.5.2 The Transneptunian Objects 

At the end of the 1980's, three research groups began 
the tedious work of a systematic survey of objects in 
the Kuiper ring (Sect. 2.2.2) in selected regions near the 
ecliptic. 

Then, in 1992, D. Jewitt and J. Luu succeeded in 
discovering the first faint, reddish "small planet" outside 
the orbit of Neptune: 1992 QB 1 has a brightness in 
the red of only mR = 23 mag and a diameter of about 
200 km. Its orbit has a semimajor axis a = 43.8 AU, 

an eccentricity e = 0.09 and an inclination i = 2.2°; its 
orbital period is 290 yr. 

For this survey, large-area CCD-detectors (Sect. 
5.1.4) with 2048-2048 pixels were used with a 2.2m 
telescope. For the identification of a planet at this 
distance, one essentially makes use of its slow 
proper motion on the celestial sphere, of not more 
than 1 0" h - 1. (For comparison: an asteroid in the 
belt between Mars and Jupiter typically moves at 
30" h- 1.) These systematic surveys included only 1.2 
square degrees down to a limiting brightness of 
25 mag in the red spectral region, and initially led 
to the discovery of only 7 transneptunian small plan
ets. Today (as of 2004), we know of more than 
800 such objects at 30 to 50 AU from the Sun, 
mostly in orbits with low eccentricity and inclination. 
Their diameters lie for the most part between 100 
and 300 km, and their albedo is estimated to be 
about 0.04. 

A small number of objects in the Kuiper belt, such 
as 20 000 Varuna, 28 978 Ixion, 50 000 Quaoar and 
2004 DW, surpass Ceres (Sect. 3.3.2) and some also 
Charon (diameter 1190 km) with their diameters of 1000 
to 1600km. 

An object discovered by J. Luu et al., No. 15 874 
(1996 TL 66), has an orbit, with a semimajor axis of 
a= 84 AU, and has (unlike the objects in the Kuiper 
ring) an unusually large eccentricity of e = 0.58 and an 
orbital inclination of i = 24 o; thus at aphelion it reaches 
a distance of 132 AU from the Sun. 1996 TL 66 is the 
first of a whole population of almost 150 small objects 
which were presumably "scattered" out of the Kuiper 
belt by Neptune. 

A further subgroup of transneptunian objects, the 
Plutinos, is characterised by orbits which are resonant 
with that of Neptune, especially in a proportion of 3:2 -
like Pluto also. 

With the Hubble Space Telescope, a number of ob
jects down to a brightness (in the red spectral range) of 
28 mag, having diameters of 10 to 20 km (at an albedo 
of 0.04) and proper motions of about 1" h- 1 have been 
identified. They are for the most part candidates for 
small planets or comets in the Kuiper belt. 

Estimates based on the transneptunian objects thus 
far discovered allow us to expect a total of around 35 000 
objects with diameters 2: 100 km in the Kuiper ring, and 
even 2 · 108 with diameters 2: 10 km. 



The transneptunian objects which populate the 
Kuiper ring make up a new group of objects in our 
Solar System. They are much too small to be consid
ered "genuine" planets and have the wrong orbits for 
"classical" asteroids (Sect. 3.3). Their connection with 
the comets, of which the Kuiper ring has been postu
lated as the source, is still unclear, since comet nuclei 
have characteristic diameters of only 5 to 10 km. 

The group of transneptunian objects which were 
scattered out of the flat Kuiper belt by gravitational 
interaction with Neptune is closely related to the 
Centaurs, a few "classical" planetoids such as 944 Hi
dalgo, 5145 Pholus, 7066 Nessus and 2060 Chiron 
(Sect. 3.3.1 ), whose orbits reach out well beyond that of 
Jupiter. These could have originally been objects from 
the Kuiper ring that made their way into the interior 
of the Solar System as a result of orbital perturbations. 
Finally, the question arises as to whether even Pluto, 
along with Charon and Neptune's moon Triton, also 
could have had their origins in the Kuiper ring. 

The recently discovered object Sedna (2003 VB12) 
with a diameter of about 1800 km is only marginally 
smaller than Pluto and is currently around 90 AU from 
the Sun. The strongly eccentric orbit (perihelion 75 AU) 
is completed in roughly 10 500 yr. Sedna is thus the 
transneptunian object furthest from the Sun and could 
belong to the inner Oort cloud (Sect. 2.2.2). 

3.6 Comets 

We now tum to the physical properties of the comets, 
a further group of small objects from the outer reaches 
of the Solar System. 

3.6.1 Structure, Spectra, 
and Chemical Composition 

Photographs taken with a suitable exposure time 
(Figs. 3.27, 28) show that a comet consists of a nucleus 
(which is seldom clearly recognizable), often having 
a diameter of only a few kilometers. It is surrounded 
by the coma which is like a diffuse, misty shroud that 
usually takes the form of a series of parabolic shells or 
rays stretching out from the nucleus. The nucleus and 
the coma together are called the head of the comet; its 
diameter is in the range of 2 · 104 to 2 · 105 km. Roughly 

3.6 Comet< I 

Fig. 3.27. Comet C/1957 P1 Mrkos in a photograph made with 
the Mount Palomar Schmidt camera (1957). Above, we see 
the extended, richly structured type I or plasma tail; below, 
the thicker, nearly featureless type II or dust tail 

within the orbit of Mars, comets develop the well-known 
tail which, in its visible portion, can attain a length 
of 107 and sometimes even 1.5 ·108 km = 1 AU. The 
brighter comets can be observed in the ultraviolet re
gion of the spectrum from satellites and it is found that 
the head is surrounded by a halo out to a distance of 
several 107 km, consisting of atomic hydrogen which 
radiates strongly in the La line at A.= 121.6 nm. 

The Heads of Comets. The spectrum in the visible re
gion shows in part reflected sunlight (Fig. 3.29), whose 
intensity distribution indicates scattering from dust par
ticles with diameters of the order of the wavelength of 
visible light (about 0.6 J.Lm). In addition, there are emis
sion bands from numerous molecules and radicals such 
as CN, CH, C2, C3, NH, NH2, OH, and OH, and from 
radical ions such as co+, CH+, OH+, Ni, COi, and 
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Fig.3.28. and Frontispiece, p. 5. Comet C/1995 01 Ha1e
Bopp, photographed on April 1st, 1997 at the Puckett 
Observatory, Mountain Town, Georgia (USA) by D. Lynch 
with a 30 em telescopic lens. To the left is the bluish plasma 
tail, to the right the reddish-yellow dust tail. (With the kind 
permission of D. Lynch and T. Puckett) 

H2o+. Near the Sun, the [01] spectral lines of atoms 
such as Na, Ca, Fe etc. also occur. (Square brackets 
[] indicate "forbidden" transition lines and I denotes 
neutral atoms; cf. Sect. 7.1.1.) 

L..] 
OH 

309nm 
NH 

336nm 

Fig.3.29. The spectrum of the head of comet C/1940 R2 
Cunningham (at a distance of 0.87 AU from the Sun). In the 
center is the continuous spectrum of reflected sunlight; further 

In the infrared, we can observe the silicate structures 
at A.= 10 and 18~-tm (Sect. 10.1.5) and, especially, the 
thermal radiation of the dust particles in the comet. 
In the microwave region, in addition to OH and CH 
which were already known from optical spectroscopy, 
hydrogen cyanide, HCN, hydrogen sulfide, H2S, methyl 
cyanide, CH3CN, and water, H20, were discovered. In 
the ultraviolet, in addition to the atoms and molecules 
known from other spectral regions, for example C, c+, 
0, S, S2, CO, CS and CN+ as well asH have been found. 

The Nuclei of Comets. The nucleus of roughly 1 to 
10 km diameter and mass in the range 1012 to 1015 kg 
can be observed only rarely and with difficulty. 

According to F. Whipple ( 1950), it can be consid
ered to be a "dirty snowball", consisting of a mixture 
of ice and small grains of silicates. This model was ver
ified when, in 1986, the comet 1P/Halley (Sect. 2.2.2) 
was observed from close up by several space probes. 
The European probe Giotto passed through the in
ner coma and approached the nucleus to a distance 
of 600 km, using among other methods mass spec
trometry and impact detectors to measure gas and 
dust particles in situ, and taking closeup images 
of the nucleus. 

The nucleus of the comet 1P/Halley has an elon
gated, asymmetric shape, similar to a potato or a peanut, 
with dimensions of about 15 km · 7 km · 7 km. Its mass is 
around 1014 kg and its mean density is thus 500 kg m-3. 
The surface has an irregular structure and is very dark 
(albedo about 0.02 to 0.04). The gaseous components, 
which evaporate as the nucleus approaches the Sun, 
consist of 80% water, H20; CO and C02 make up 
15 and 4%, respectively, and the lighter volatile com
pounds such as CH4, NH3, and N2 together contribute 
less than I%. The dust exceeds the gaseous components 
in mass and occurs in the form of grains of about 1 em 
down to 0.1~-tm in size, which are composed of sili-

CN(Q,O) C3 CN(0,1)CH (2,0) (1,0) (0,0) 
388nm c2 630nm 

out are the emission bands of the molecules OH, NH, CN, C2, 
c3 .... (*)indicates the nightglow line [Ol] at 630 nm 



cates and to a surprisingly large extent of compounds 
containing only the elements C, H, N, and 0. 

The nucleus of the bright comet C/Hale-Bopp (Fig. 
3.28), which attained its perihelion in 1997, was larger 
than that of Halley's comet, with a diameter of 30 to 
40 km; not only was it larger in size, but also the rate 
of gas and dust production, around 100 t s - 1, was also 
greater. 

The Tails of Comets. The spectra of the tails are char
acteristic in the main of molecular or radical ions: Ni, 
co+, oH+, cH+, eN+, cot, and H2o+. 

The characteristic shapes and motions of the tails of 
comets require for their explanation that we assume that 
the Sun produces a repulsive force which must often be 
stronger than the gravitational force by a large factor. 

The narrow, elongated tails (type I) consist for the 
most part of molecular ions, as indicated by their spec
tra. The radiation pressure is in this case not sufficient to 
explain the observed large ratio of radiation acceleration 
to gravitational acceleration. According to L. Biermann 
(1951), these plasma tails are instead blown away from 
the Sun by an ever-present corpuscular radiation, the 
solar wind (Sect. 7.3.7). At a distance equal to that of 
the Earth's orbit, the solar wind consists of a stream of 
ionized hydrogen particles, i.e. protons and electrons, 
with a density of 106 to 107 particles per m3 and ave
locity of around 500 km s - 1 . Thus, the often (but not 
always) observed influence of solar activity on comets 
can be understood. 

The broad diffuse and curved tails (type II) con
sist mainly of small dust particles (:Sl ~-tm). For such 
particles, the radiation pressure (each absorbed or scat
tered light quantum h v transfers a momentum h v 1 c) 
can indeed reach a multiple of the gravitational force, 
as required by the observations. 

Chemical Composition. The hydrogen halo as well as 
the fact that all of the molecules in comets are composed 
of the light elements H, C, N, and 0 with their cosmic 
abundances indicate that comets consist essentially of 
solar matter. The isotopic ratios- insofar as they can be 
determined - also are the same as in the Solar System. 
The material of comets has not been "falsified" through 
chemical or geological processes and thus represents -
along with the carbonaceous chondrites (Sect. 3.7.3)
the original "primitive" matter of our Solar System. 

3.7 Meleo<S ood Meteo'~"' I I 
~9 

3.6.2 The Evolution of Comets 

On the basis of the spectroscopic and direct obser
vations, we can imagine the evolution of a comet as 
follows: 

At a large distance (> 5 AU) from the Sun, only 
the nucleus is present; its mass is in the range 1012 to 
1015 kg. 

As the nucleus approaches the Sun, the "dirty snow
ball" melts and H20, HCN, CH4, NH3 etc. evaporate 
and begin to form the coma. These mother molecules 
are dissociated and ionized by solar radiation and by 
interactions with the solar wind, and stream away at 
velocities of the order of 1 kms-1. Through multiple 
chemical reactions, other particles are formed in the 
outer coma and are excited to fluorescence by the solar 
radiation. The dust particles embedded in the nucleus 
are likewise released into the coma during this evapora
~on process; in the case of Halley's comet, an extremely 
Irregular release of dust from the nucleus, in the form of 
jets, was observed; it originated from only about 20% 
of the surface of the comet's nucleus. The rest of the 
surface seems to be covered by a protective layer which 
prevents the ice within from evaporating. The smaller 
dust particles (:S1 ~-tm) are then driven away from the 
Sun by radiation pressure. 

The gas in the outer coma is carried along by the 
solar wind and makes up the plasma tail. On the side 
facing the Sun, a shock wave forms as a result of the 
braking of the solar wind by the coma of the comet; in 
the case of Halley's comet, for example, it was about 
I 06 km from the nucleus. The molecules and radicals in 
the tail are further ionized by energetic solar radiation, 
while recombination of the positive ions with electrons 
is rare owing to their low particle density. Therefore, 
ionic spectral lines dominate in the spectra of comets' 
tails. 

3.7 Meteors and Meteorites 

The meteors or "falling stars" represent only a portion of 
all of the small bodies of our Solar System. A distinction 
is sometimes made between a meteor, which is a brief, 
luminous trail in the heavens, ranging from "telescopic 
meteors" to fireballs (bolides) which shine as bright 
as day, and the body which causes it, the meteoroid. 
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If a meteoroid succeeds in passing through the Earth's 
atmosphere without burning up, and reaches the ground, 
it is termed a meteorite. 

As a rule, meteorites, of which nearly 104 are known, 
are named for the place where they were found. Most 
of them have been found since 1969 on the ice surfaces 
of the Antarctic, and - as a result of the cool and dry 
environment - are in a well preserved condition. 

3.7.1 Meteorites and Impact Craters 

Since celestial bodies on roughly parabolic orbits in 
the neighborhood of the Earth have a velocity of 
42 km s-1, and on the other hand, the orbital velocity 
of the Earth itself is 30 km s-1 (Sect. 2.4.3), depend
ing on the direction of approach (morning or evening), 
relative velocities between 72 and 12 km s- 1 can be 
reached. 

On entering the Earth's atmosphere, the objects are 
heated. In the case of larger objects, the heat cannot 
penetrate sufficiently rapidly to the interior, and the sur
face forms melt-pits and burns off; such objects reach 
the ground as meteorites. The largest known meteorite 
is the Hoba, in Namibia, with a mass of about 60 tons. 
It must have required very large masses to make some 

of the meteoritic craters on the Earth (as on the Moon 
and other bodies in the Solar System). 

According to E. M. Shoemaker et al. ( 1979), we can 
use the diameter D of a (large) impact crater to esti
mate the associated impact energy E, i.e. the kinetic 
energy E = mv2 /2 of a celestial object of mass m and 
velocity v, from the empirical formula 

( 
E )0.294 

D::: Do · -
Eo 

(3.30) 

with Do= 15 km and Eo= 1020 J. For example, for 
a meteorite with a radius of 1 km and a density of 
3000kgm-3 at an incident velocity of20kms-1, the 
energy is E = 25 .1 · 1020 J and thus the diameter of the 
resulting crater will be 39 km. 

The well-known crater of Canyon Diablo in Arizona 
has a diameter of about 1.2 km and (today) a depth of 
170 m. According to the geologic evidence, it must have 
been formed about 20 000 years ago by the impact of 
an iron meteorite of about one million tons mass. The 
Nordlinger Ries in southern Germany, with a diame
ter of about 25 km, is probably also a meteoric impact 
crater, which was produced 15 · 106 yr ago in the Ter
tiary Era. The crater which has been discovered under 
thick layers of sediment near Chicxulub in Yucatan, with 
a diameter of around 180 km, must have been made by 

Fig. 3.30. The iron meteorite Toluca, 
named for the place where it was found. 
This polished and etched cut surface ex
hibits Widmannstetter figures, which are 
due to Fe-Ni crystal layers of kamazite 
(7% Ni) and taenite (with a large nickel 
content) which fit together parallel to the 
four pairs of surfaces of the octahedra; 
such meteorites are termed octahedrites 



the impact of a large object with a diameter of about 
10 km, which among other effects probably led to the 
extinction of the dinosaurs at the end of the Cretaceous 
Era 65 · 106 yr ago (Sect. 14.2.4). 

3.7.2 Meteors in the Earth's Atmosphere 

Small meteorites bum up in the atmosphere as "falling 
stars" at an altitude of about 100 km. On their paths 
through the upper atmosphere, they ionize a tube-shaped 
region of air. Large meteor showers thus contribute 
to the ionosphere, along with the socalled anomalous 
E-layer at about 100 km altitude. Furthermore, such a lu
minous, ionized cylinder emits electromagnetic waves 
like a wire, mostly at right angles to its own axis; 
this is the basis for the enormous impetus which has 
been given to the study of meteors by radar technol
ogy. On the radar screen, only the larger objects are 
themselves visible, but the direction of the "ion-tube" 
can be determined even for meteors which are well be
low the level of visual detectability. Velocities can also 
be measured with radar techniques. Their decisive ad
vantage compared to visual observation, however, is 
the fact that they are independent of clouds and the 
time of day. 

The most precise information about somewhat 
brighter meteors is obtained from observations using 
wide-angle cameras of strong light-gathering power, if 
possible from two stations a suitable distance apart. In 
this way, one can determine the precise spatial position 
of the orbits. Rotating sectors ("choppers") interrupt 
the image of the orbit and allow the calculation of 
the orbital velocity. The intensity of the streak records 
the optical magnitude and its often rapid temporal 
variations. 

Since the air resistance varies as the cross-sectional 
area (proportional to a2), but the gravitational force as 
the mass (proportional to a3), it is readily seen that 
for smaller and smaller particles, air resistance be
comes so dominant that they never begin to bum up and 
simply drift slowly to the ground, undamaged. These 
micrometeorites are smaller than a few 100 (..lm. Us
ing suitable collection apparatus, they can be found in 
large quantities on the ground and also in deep-sea mud; 
a difficulty is naturally to distinguish them from terres
trial dirt. In recent times, research with satellites and 

space probes has yielded important results concerning 
micrometeorites and the interplanetary dust (Sect. 3.8). 
Further information has been obtained from the study 
of microcraters on the Moon (Sect. 3.2.4). 

3.7.3 Properties and Origins of Meteorites 

The meteorites, being the only cosmic matter which 
is directly accessible on the Earth, have been care
fully investigated, at first using mineralographic and 
petrographic methods, and more recently for traces of 
radioactive elements and anomalous isotopes. It was 
originally believed that the chemical analyses of a large 
number of meteorites by V. M. Goldschmidt and the 
Noddacks represented the "cosmic abundance distri
bution" of the elements; today, these data are used in 
conjunction with the quantitative analysis of the Sun to 
give information on the early history of the meteoritic 
material and of the Solar System. 

Classification of Meteorites. A first classification of 
the meteorites divides them into iron meteorites (den
sities about 7800 kg m-3), whose Fe-Ni crystallites 
with their characteristic Widmanstetter etch figures 
(Fig. 3.30) rule out their confusion with terrestrial iron, 
and stone meteorites (densities about 3400 kg m-3). 

The latter are subdivided into two further classes: the 
much more common chondrites, characterized by sili
cate spherules of mm size, called chondra or chondrula, 
and the rarer achondrites. The finer classification is 
given in Fig. 3.31. The carbonaceous chondrites of 
type C1- similar to the nuclei of comets (Sect. 3.6.2)
have chemical compositions corresponding essentially 
to unmodified solar matter (Table 7.5); only the noble 
gases and other readily volatile elements are less abun
dant or lacking. The matrix in which the chondrula of 
carbonaceous chondrites are embedded contains many 
organic compounds, such as amino acids and com
plex ring compounds, which are not, as occasionally 
presumed, of biogenic origin (Sect. 14.2.3). They even 
contain traces of Fullerenes ("soccer ball molecules") 
such as C6o and C7o· 

The matrix of the C1 carbonaceous chondrites must 
have been formed at temperatures below about 360 K. 
The formation of the (older) chondrites and in particu
lar the separation of metals (Fe, Ni, ... ) and silicates 
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Fig. 3.31. The division of me
teorites into four main classes 
(left) according to the ratio 
of metals (shaded) to silicates 
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is carried out according to var
ious chemical and structural 
criteria (right). At the far left, 
the percentage of occurrence is 
indicated. (E. Anders, 1969) 
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implies complicated separation processes which are 
only partially understood. H. C. Urey (1952), then later 
J. W. Larimer, E. Anders, and others have calculated the 
successive production of various chemical compounds 
and minerals depending on the pressure and tempera
ture. According to these results, the chondrites required 
formation temperatures of ::::::: 500 to 700 K. We shall 
return to the subject of the origin of meteorites in con
nection with the development of the Solar System in 
Sect.14.1.3. 

The tectites or glass meteorites are greenish-black 
objects a few centimeters across which are composed of 
silicate-rich glass (70%-80% SiOz with a density near 
2400 kg m-3), whose often rounded or conical shape 
shows that they must have passed through the air at high 
speeds in the molten state. Tectites are found only in cer
tain areas, e.g. the moldavites in Bohemia. W. Gentner 
showed that several of these groups can be associated 
with meteoritic craters of the same age and in neighbor
ing regions; for example, the moldavites are associated 
with the Nordlinger Ries mentioned above. 
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Dating of Meteorites. Radioactive dating (Sect. 3.2.2) 
yields a maximum age which is the same as that of 
the Earth within the error limits, namely 4.5. 109 yr. 
On the other hand, it can be determined how long 
a meteorite was bombarded by energetic protons from 
the (constant) cosmic radiation background in space. 
Its main component penetrates about 1 m into matter 
and produces various stable and radioactive isotopes by 
spallation of heavy nuclei. The irradiation age can be 
found from the abundancy ratios of these product iso
topes. The irradiation ages of the tough iron meteorites 
are several108 to 109 yr, while those of the much more 
fragile stone meteorites are only 106 to 4 · 107 yr. These 
ages are a measure of the elapsed time since the ob
ject in question was broken off from a larger body by 
a collision in space. 

More precise dating (also of the formation of the 
Solar System, for example) is based not only on the 
long-lived radioactive elements (Sect. 3.2.2), but also 
on shorter-lived nuclides which have therefore decayed 
completely today; their stable decay products can still be 



found in primitive meteorites such as the carbonaceous 
chondrites: 

Half-life Decay products 
1291 1.7 · 107 yr 129Xe 
244Pu 8.2·107 yr I31...136Xe 

26Al 7.4·105 yr 26Mg 

Two carbonaceous chondrites: the C3 meteorite Al
lende, which fell in Mexico in 1969, and the Murchison 
chondrite (C2), which impacted in 1969 in Australia, 
with their numerous, varied components, have been 
especially thoroughly studied; the abundances of the 
elements and their isotopes as well as the age of various 
inclusions were carefully determined. 

Isotopic Anomalies. The isotopic mixture in mete
orites is not that of solar matter; instead, it has been 
modified through physical-chemical processes during 
the formation and evolution of the Solar System, such 
as radioactive decay, spallation by cosmic radiation, 
or fractionation as a result of diffusion and other 
processes. Thus, parts of some meteorites have in
clusions containing the noble gases neon and xenon. 
Their isotopes and abundance distribution indicate that, 
like the noble gases in Moon dust and in the sur
faces of Moon rocks, they originated mainly from 
the solar wind. Investigations of the Xe furthermore 
show that in some cases, those isotopes are over
abundant which result only from the decays of the 
relatively short-lived iodine and plutonium isotopes 
129I and 244Pu. 

An isotopic mixture is termed anomalous if it cannot 
be explained as the result of processes in the formation 
and evolution of the Solar System in terms of isotopi
cally homogeneous matter. In the inclusions of many 
meteorites, we find not only overabundances of iso
topes of Ne and Xe, but also additional anomalies, such 
as e.g. an enrichment of the isotope 160 (in the case 
of the Allende meteorite, up to 5% relative to the solar 
abundances of the oxygen isotopes), as well as an over
abundance of 26Mg from the decay of short-lived 26 AI 
in calcium- and aluminum-rich inclusions. 

Presumably these anomalies reflect the formation of 
elements and the condensation of dust in the later phases 
of stellar evolution, with further modifications within 
the Solar System. During the formation of the latter, 
the parent objects of the meteorites, or parts of them 

(originally at the outer edge of the Solar System?), were 
not chemically and isotopically in equilibrium with the 
rest of the "normal" solar material. 

These investigations, which are very complex in their 
details, indicate that the origins of all meteorites, in
cluding the carbonaceous chondrites, occurred within 
at most the last 107 yr, perhaps even within 106 yr. 

In the primitive meteorites Allende and Murchison, 
some inclusions with a high carbon content have been 
found, which exhibit extremely unusual isotopic ratios 
that are clearly different from those of solar material 
and - in terms of their extent - also from the isotopic 
anomalies just discussed. In these cases, notjusttrace el
ements in the inclusions are involved, but also their main 
constituents. For example, the ratios of the isotopes 
12C j 13C have been found to exhibit a broad scatter from 
about 1 j 10 up to 100 times the normal value of 89 in the 
Solar System. Furhermore, overabundances of isotopes 
relative to the values for solar material have been found 
for the trace elements such as N, 0, Mg and others. 

Dating of some of the inclusions in Allende yielded 
4.9 · 109 yr, an age which is considerably greater than 
that of the Solar System. This result suggests the ex
istence of presolar matter, whose nuclear composition 
dates from the time before the formation of our So
lar System. Thus, in these meteorites, small interstellar 
dust grains have survived the formation process of the 
Solar System unchanged. 

Recent investigations of the C-containing inclusions 
in the primitive meteorites have also shown surpris
ing results, e.g. in the Murchison meteorite. Typically, 
the mass fraction of carbon is 2 to 3%, with most 
of this being due to organic compounds; amorphous 
carbon and graphite are relatively rare. In the inter
stellar dust grains, three fairly heat-resistant carbon 
forms were found which had survived the formation 
process of the Solar System: tiny diamond grains with 
diameters of less than 2 nm, small particles of sili
con carbide (SiC) with sizes between about 0.2 and 
10 f.Lm, and some graphite particles a few f.Lm in size. 
With a mass fraction of 2% of the carbon, or 4 · 10-4 

of the overall mass, the microdiamonds predominate 
over SiC and graphite, which occur two orders of 
magnitude less frequently. These three interstellar com
ponents are the carriers of those trace elements which 
exhibit the isotopic anomalies, including the noble gases 
Ne andXe. 
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Origin of Meteorites. We still know very little about the 
origin of the meteors and meteorites, and their relation to 
the comets and the asteroids. From orbital information, 
especially from radar measurements, we can conclude 
that a portion of the meteors is of cometal origin; another 
portion, the sporadic meteors, travels on statistically
distributed elliptical orbits with eccentricities very close 
to one. Hyperbolic orbits or the corresponding velocities 
do not occur. 

On the other hand, a quantitative comparison of their 
reflectivity over the whole range from the ultraviolet 
into the infrared for various types of meteorites, with 
that of the asteroids (Sect. 3.3.2), shows that there must 
be some relationship, at least of the larger meteorites, to 
the asteroids: we can find asteroids ranging in type from 
that of the iron meteorites to that of the carbonaceous 
chondrites. A considerable portion of the meteorites 
must therefore have had its origin in the asteroid belt, 
and have been formed there as debris from collisions be
tween larger objects. This hypothesis is also supported 
by the few available calculations of the original orbits 
in the Solar System from a sufficiently accurate mea
surement of the luminous trail left in the atmosphere 
by the meteorites (named by the places where they 
were found): Pribram (1959), Lost City (1970), Innis
free (1977), Peekskill (1992), Moravka (2000), Tagish 
Lake (2000) and Neuschwanstein (2002). The aphelia 
of these objects were within the asteroid belt between 
Mars and Jupiter. 

Finally, we know of only a few meteorites which -
as shown by their chemical compositions- were broken 
out of the surfaces of the Moon and Mars through the 
impact of a larger object, and then found their way to 
us on the Earth. 

3.8 Interplanetary Matter 

Passing from the meteors and meteorites to still smaller 
particle sizes, i.e. particle radii below 100 11m or masses 
below 10-8 kg, we find the interplanetary dust. 

The reflection and scattering of sunlight from inter
planetary particles with radii of 10 to 80 ~tm gives rise 
to the zodiacal light, which can be observed as a cone
shaped glow in the sky in the region of the zodiac, in 
Spring shortly after sunset in the west, or in Autumn just 

before sunrise in the east. Opposite to the Sun, one can 
observe the faint gegenschein (counterglow). During to
tal eclipses of the Sun, the strong forward scattering 
by interplanetary dust (Tyndall scattering) gives rise to 
a continuation of the zodiacal light in the neighborhood 
of the Sun as an outer part of the solar corona, the so
called F-or Fraunhofer corona. It is called that because 
its spectrum, like that of the zodiacal light, contains the 
dark Fraunhofer lines of the solar spectrum. In both 
cases, the scattered light is partially polarized. 

The intrinsic radiation from the dust particles con
tributing to the zodiacal light, in the far infrared region, 
was observed by the IRAS satellite. Three narrow emis
sion regions are clearly visible above the background 
radiation: the brightest coincides with the ecliptic, while 
the other two are at a distance of about 10° above 
and below the ecliptic. They correspond to bunches of 
dust at about 2.5 AU from the Sun, i.e. in the asteroid 
belt (Sect. 3.3.1), and they could have been formed as 
debris from collisions between asteroids (with orbital 
inclinations i ::::: 10°). 
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Fig. 3.32. The cumulative particle flux if>(> m) at a distance 
from the Sun of 1 AU, as a function of the mass m or diameter 
d ofthe particles. if>(> m) is the total number of particles with 
masses larger than m which fall on each m2 per s. Values for 
the smaller particles are taken from satellite and space-probe 
observations as well as from the analysis of microcraters on 
the Moon's surface. (H. Fechtig eta!., 1981) 



In recent times, it has been possible to directly collect 
and analyze interplanetary dust particles and microme
teorites with satellites and space probes, and from the 
tiny (diameter ::::: 1 mm) impact craters on the Moon. 
Flaky, porous micrometeorites can even be collected 
undamaged by stratospheric aircraft at altitudes around 
20 km. Some of the particles contain among other things 
polycyclic aromatic hydrocarbons with two or more 
benzene rings (Sect. 10.1.5). 

Figure 3.32 gives a summary of the total flux of parti
cles of varying mass in the neighborhood of the Earth. In 
total, a mass of about 4 · 107 kg yr- 1 falls onto the Earth, 
i.e. a daily mass of around 105 kg, mostly in the form of 
micrometeorites of diameters in the range of 0.2(-lm. 

The space probe Ulysses discovered a stream of 
micrometeorites beyond the orbit of Mars, which 
move in a retrograde direction (with velocities around 
26 km s - 1 ), i.e. against the direction of the planets' 
motions. Comets are not a possible source of these par
ticles, since they do not occur in the inner parts of the 

Solar System. Their velocities indicate that they are 
interstellar dust grains. 

The comets are probably the most important source 
of interplanetary dust, which is released from them 
when they are near the Sun. Smaller dust particles are 
continually produced due to collisions of larger particles 
and by evaporation of larger objects in the neighborhood 
of the Sun. The solar radiation pressure drives suffi
ciently small particles (of diameters :S1(-lm) out of the 
Solar System; these ,8-meteoroids, on hyperbolic orbits, 
have been observed from space probes. 

In addition to dust, the interplanetary medium in
cludes on the one hand the magnetic plasma of the solar 
wind (Sect. 7.3.7), which at a distance of 1 AU from 
the sun has a mean particle density of about 107 m-3 

and a magnetic field of about 6 · 10-9 T, and streams 
outwards with an average velocity of 470kms-1. Fur
thermore, in interplanetary space we also find the highly 
energetic particles of cosmic radiation, both of solar 
origin and from the galaxy (Sect. 10.4.2). 
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The Development of Astronomical Observation Methods 
Historical Introduction to Our Knowledge of the Electromagnetic Spectrum 

The great advances in research are often associated with 
the invention or introduction of new types of instru
ments. The telescope, the clock, the photographic plate, 
photometer, spectrograph, and finally the whole arsenal 
of modem electronics and space travel each are associ
ated with an epoch of astronomical research. However, 
equally important- and we should not forget this- is 
the creation of new concepts and approaches for the 
analysis of the observations. Scientific attainments of 
genius are indeed always based upon a combination of 
the formulation of new concepts and of instrumental 
developments, which only together can achieve an ad
vance into previously unknown realms of Nature. We 
are tempted to agree with Simon Stevin (1548-1620), 
"Wonder en is gheen wonder". 

The invention of the telescope (G. Galilei, 1609; 
J. Kepler, 1611) opened a new era for astronomy 
with previously unsuspected observational possibili
ties, due to the enormous increase in magnification and 
light-gathering power. 

Beginning with Galileo's refracting telescope with 
a diameter of only 2 em, larger and larger optical tele
scopes were constructed, culminating in those of the 
20th century with mirrors (in one piece) of 3.5 up to 6 m 
in diameter. The 1990's brought the construction and to 
some extent the use of a new generation of large tele
scopes in which the primary focusing elements are made 
of several parts and are adjusted by active and adaptive 
optics, so that their mirror surfaces are equivalent to 
diameters of 10 to 20 m. 

The accessible spectral region of visual observa
tions is limited by the sensitivity of the human eye; 
visible light occupies only a small portion of the elec
tromagnetic spectrum, from about 400 to 750 nm in 
wavelength, from violet through blue, green, and yel
low to red. Only in the 19th century, after the invention 
of the photographic plate, did a light detector for astro
nomical observations become available which, on the 
one hand, stores and "integrates over" the incident light, 
and on the other, possesses sensitivity beyond the visible 
spectral region. Finally, in the 1970's, highly sensitive 
solid-state detectors were developed, such as the CCD 

(Charge Coupled Device), with very high quantum 
yields, thereby offering a further enhancement of the 
possibility of observing extremely faint light sources, 
especially those of extragalactic origin. 

The wavelength region which is accessible to as
tronomical observations from the Earth's surface is 
limited by the transmission of the Earth's atmosphere 
(Fig. 11.1). 

The "optical window" includes the near ultraviolet 
and the near infrared, in addition to the visible region. 
On the short-wavelength end, it is limited by the absorp
tion due to atmospheric ozone, 03, near A. = 300 nm; 
on the long-wavelength end, by the absorption of wa
ter vapor, HzO, at about A.= 1 J.Lm. Out to about 20 J.Lm, 
some observations are still possible in several narrow 
windows. 

Only in the radiofrequency range does the atmo
sphere again become transparent. The "radio window" 
is bounded on the shortwave end at A. ::::: 1 to 5 mm 
or v ::::: 300 to 60 GHz by the absorption due to at
mospheric water vapor and oxygen; on the longwave 
end, at A. ::::: 50 m or v ::::: 6 MHz by reflection from the 
ionosphere. 

Although the propagation of long-wavelength elec
tromagnetic waves in free space was discovered in 1888 
by H. Hertz, available radio receivers were for a long 
time not sufficiently sensitive to detect radio emissions 
from cosmic sources. Following the fortuitous discovery 
by K. G. Jansky in 1932 of the radiofrequency emis
sions of the Milky Way in the meter wavelength region 
(A.= 12 to 14m), G. Reber, beginning in 1939, car
ried out a survey of the heavens at A.= 1.8 m using 
a 9.5 m parabolic mirror antenna (in the garden of his 
house!). During the 2nd World War, in 1942, J. S. Hey 
and J. Southworth detected the radio emissions of the 
active and of the quiet Sun, using receivers which had in 
the meantime been improved for use in radar apparatus. 

In 1951, various researchers in Holland, the USA, 
and Australia almost simultaneously discovered the 
21 em line of interstellar hydrogen, which had been pre
dicted by H. C. van der Hulst; its Doppler effect opened 
up enormous possibilities for investigating the motions 
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Fig. 11.1. The transmission 
of the Earth's atmosphere 
for electromagnetic radi
ation as a function of the 
wavelength). (lower scale) 
or the frequency v and 
the corresponding photon 
energy Ey = hv (upper 
scale). The altitude h [km] 
(and the corresponding 
pressure P in units of the 
pressure at ground level, 
Po::::: 1bar) at which the 
intensity of the incident 
radiation is reduced to 
one-half its initial value is 
shown, and the maximum 
altitudes for observations 
from aircraft and balloons 
are also indicated 

of interstellar matter in our Milky Way galaxy and in 
other cosmic formations. Since the 1950's, an almost ex
plosive development of radio astronomy has occurred, 
owing to the construction of individual telescopes and 
of a wide variety of antenna systems based on the 
principles of interferometry and of aperture synthesis 
(M. Ryle) which have yielded better and better angular 
resolution, as well as the improving detection sensitiv
ity, obtained especially through low-noise amplifiers. 
Using long-baseline interferometry with transcontinen
tal base lengths, an angular resolution of better than 
10-4 seconds of arc has now been attained, by far 
exceeding the precision of optical observations. 

Since about 1970, radio-astronomical observations 
have been extended to the millimeter and recently to 
the submillimeter ranges, in particular as a result of 
progress in amplifier technology. 

Observations outside the atmospheric envelope of 
the Earth with rockets and especially with satellites 
and space probes have allowed astronomical observa
tions to extend to all the spectral regions which would 
otherwise be completely absorbed by the Earth's atmo
sphere: the medium and far infrared between 20 and 
350 iJ-m, which is absorbed by atmospheric water vapor 
and oxygen bands; the far ultraviolet past the trans
mission limit of atmospheric ozone at A. = 285 nm; the 
contiguous Lyman region, where absorption is mainly 

due to atmospheric oxygen, 0 2; then the X-ray and 
finally the gamma ray regions. Although we can investi
gate the solar spectrum continuously from wavelengths 
in the radiofrequency region out to the X-ray region, 
for galactic and extragalactic research we must keep in 
mind the Lyman continuum of the interstellar hydrogen 
atoms (Sect. 10.2). Their absorption sets in strongly at 
A.= 91.2 nm and allows no "viewing" until we reach 
the X-ray region beyond about A.= 1 nm. 

At the beginning of "space astronomy", immediately 
after the end of the 2nd World War, observations were 
made using rockets which were developed in Germany 
during the war, and later with stabilized research rock
ets: in 1946, H. Friedman and his group obtained the 
first ultraviolet spectrum, and in 1948, T. R. Bumight 
recorded the first X -ray image of the Sun. Following the 
launching of the first artificial satellite Sputnik 1 ( 1957), 
a rapid development in the investigation of the Solar 
System and in astronomical observation using satellites 
and space probes has occurred, which we have to some 
extent already described in Sect. 2.5. 

From the 1960's on, beginning with the Orbiting 
Solar Observatory (OSO) and Orbiting Astronomical 
Observatory (OAO), satellites with sufficient positional 
stability (::::; 1") to permit longer series of observations 
of the Sun and other cosmic sources in the ultraviolet, 
X-ray, and gamma-ray regions became available. 
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In the ultraviolet, from 1979 and for some years 
thereafter, the IUE satellite with its 0.45 m telescope 
carried out successful observations. In the extreme ultra
violet region below the Lyman edge at 91.2 nm, where 
observations are blocked in many directions through 
absorption by interstellar hydrogen, the EUVE satellite 
was operating from 1992 to 2003. 

In 1962, (nonsolar) X-ray astronomy began with the 
accidental discovery of the strong source Sco X -1 by 
R. Giacconi and coworkers using a rocket-carried in
strument; in 1970, the first X-ray satellite, UHURU, 
began its survey of the skies. Larger X-ray satellite
borne telescopes became available in 1978 with the 
Einstein Observatory, in 1990 (ROSAT), and from 1999 
on (Chandra and XMM Newton). 

In the 1970's, gamma-ray astronomy also attained 
a sufficient angular resolution to be able to resolve indi
vidual cosmic sources. Following the COS-B satellite, 
launched in 1975, since 1991 the Compton Observa
tory CGRO has carried out detailed observations in the 
gamma region. Astronomy with observation of high
energy photons has thus developed within a few years 
into one of the most interesting areas of research, mak
ing use of an arsenal of new and unusual instruments. 

In the infrared region, the generally weak sources 
must be detected against a background of thermal ra
diation from the instrument itself and from the Earth's 
atmosphere. The development of cooled semiconductor 
detectors since the 1960's has produced a rapid im
provement in our ability to observe infrared sources 
from stratospheric balloons and aircraft, as well as from 
the first infrared satellite observatory, IRAS, launched 
in 1983. Infrared astronomy could again be carried out 

with larger satellite telescopes in 1995/98 with ISO, and 
from 2003 with the Spitzer Space Telescope. 

For the mm and sub-mm wavelength ranges, the 
COBE satellite was launched in 1989 and has been suc
cessfully employed for the investigation of the cosmic 
background radiation. 

Observations from space also offer clear advantages 
in the optical spectral region, owing to the fact that the 
angular resolution is no longer limited by air motion. 
The 2.4 m Hubble Space Telescope launched in 1990 
has offered (since the repair of an imaging error in its 
mirror system in 1993) an enormous improvement in 
resolution and detection limits for optical astronomy, 
and with it a plethora of exciting new observations, 
especially in the area of extragalactic astronomy. 

To end our introductory overview, we shall men
tion several astronomical observation methods which 
are not based on the detection of electromagnetic radia
tion. In 1912, V. F. Hess had already discovered cosmic 
radiation in the course of a balloon ascent; today, it 
represents an important research area of high-energy as
tronomy. While the secondary particles resulting from 
interactions of the primary energetic protons and heav
ier nuclei in the upper atmosphere can be investigated 
on the ground, the primary radiations themselves must 
be observed from outside the atmosphere. 

The search for gravitational waves from cosmic 
sources has thus far remained unsuccessful. 

The interesting area of neutrino astronomy, whose 
early development was due to R. Davis Jr. (1964 ), is at 
present still limited to the Sun and to unusual events 
such as the explosion of the supernova SN 1987 A in 
the nearby Large Magellanic Cloud. 



4. Radiation and Matter 

Having come to know classical astronomy and our So
lar System, we have reached what is perhaps the 

most suitable point to consider the more important astro
nomical and astrophysical instruments and experimental 
methods all together, before turning to the astrophysics 

of the Sun and the stars. 
We shall begin with an overview of the electromag

netic spectrum and related basic concepts (Sect. 4.1), 
and then summarize in Sect. 4.2 the most important 
resu lts of Special Relativity Theory for later use in the 
description of particles with high velocities - especially 

4.1 Electromagnetic Radiation 

We can describe electromagnetic radiation either in 
terms of electromagnetic waves, or as a stream of 
particles (photons). 

Electromagnetic Waves. These propagate in vacuum 
at the speed of light, c = 2.998 ·108 m s- 1 (and in mat
ter with an index of refraction n, at the velocity cjn). 
They are a result of the time variation of the electric 
field vector E or, via the Maxwell equations, by the re
lated magnetic field vector H. For a given direction of 
propagation, they are characterized by their period of 
oscillation or their frequency v, by the phase of the os
cillation, by the plane of oscillation (polarization), and 
by the amplitude of E or of H. 

Instead of the frequency v, we can just as well use 
the wavelength A to characterize the electromagnetic 
radiation. The following relation between A and v holds 
(strictly speaking, only in vacuum): 

C= VA. (4.1) 

It us usually fulfilled to sufficient accuracy in the plasma 
of astronomical objects. 

The unit of frequency is the Hertz, 1Hz= I s- 1; 

wavelengths are quoted in suitable multiples of 
the meter, depending on the spectral region, 
e.g. 1 nm = w-9 m in the optical region. In addi
tion, special units such as 1 A (Angstrom)= 0.1 nm 
are also used. Besides v and A, the angular frequency 

in high-energy astronomy. We then consider the ba
sic elements of radiation theory in Sect. 4.3; it plays 
a central role in the interpretation of the radiation 
from cosmic sources. We turn in Sect. 4.4 to a descrip
tion of the occupation of atomic or molecular energy 
levels in matter which is in thermodynamic equilib
rium. Finally, in Sect. 4.5, we become acquainted with 
the basics of the interactions of radiation with mat
ter, but leave the treatment of atomic spectroscopy for 
Sect. 7.1, where we discuss the interpretation of stellar 
spectra. 

w = 2nv = 2ncjA, the wavenumber ii = 1/A = vjc, and 
the angular wavenumber k = 2nii = 2n/A are also 
commonly quoted. 

The amplitudes of the electric and magnetic fields 
are related in magnitude by: 

E = J J.Lo/eo H = cB. (4.2) 

The magnetic flux density in vacuum is given 
by B = J.LoH. The electric field constant (per
mittivity constant of vacuum), eo = 8.854 · w- 12 ::::: 

w-9 j(36n)A s v- 1 m-1, and the magnetic field con
stant (permeability constant of vacuum), J.Lo = 4n · 
w-7 V sA - 1 m - I, depend on the speed of light via the 
relation 

2 1 
c =--

eoJ.Lo 
(4.3) 

The energy density of an electromagnetic wave in 
vacuum is: 

w = !(eo£2 + J.LoH2) = 4(eoE2 +B2 /J.Lo) (4.4) 

and the vector of the energy-current density (Poynting 
Vector) is defined by: 

S=ExH. (4.5) 

In the international system of units (SI), E is quoted 
in [Vm- 1], H in [Am- 1], Bin Tesla [T], win [Jm-3] 

and S in [W m-2]. For visible electromagnetic radia
tion, i.e. light, there are special SI units derived from 
the base unit of light intensity, 1 cd (Candela), which 
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corresponds to the radiated power in a unit solid angle 
[W sc 1]; we shall, however, not make use of them in 
this book. 

In the Gaussian unit system, the relations correspond
ing to equations (4.2, 4 and 5) are: 

E=H=B, 

w = _1 (E2+H2) = _1 (E2+B2)' 
8rr 8rr 

and 
c 

S=-ExH, 
4JT 

(4.2a) 

(4.4a) 

(4.5a) 

where E is measured in electrostatic units, H in [Oe = 
Oersted], B in Gauss [G], all three having the same 
dimensions [cm- 112g112 s- 1], while w is expressed in 
[erg cm-3] and Sin [erg s- 1cm-2]. 

In general, electromagnetic radiation from cosmic 
sources is an incoherent superposition of waves of dif
fering frequencies and polarization directions, and the 
rapid oscillations themselves are not of interest, but only 
average values over many periods of oscillation, for 
example the average of the energy-current density S, 
proportional to E2 or to H 2 . 

Photons. Especially at high frequencies, it is often ex
pedient to consider electromagnetic radiation not as 
a wave, but as a stream of photons, which of course 
move at the velocity c. A photon of frequency v or 
wavelength A has the energy 

Ev = hv = fiw =he/A. (4.6) 

Here, 

h = 2rrfi = 6.626. w-34 J s (4.7) 

is Planck's constant. If the photon is moving in the 
direction n (unit vector, In I = 1), then its momentum is 
given by 

hv 
Pv = -n = fikn. (4.8) 

c 
An often-used unit of energy is the electron 

volt, 1 eV = 1.602. w- 19 J, which corresponds to 
a frequency of 2.418. 1014 Hz and whose equivalent 
wavelength is given by 

1.240. w-6 
Ev[eV] = ---

A[m] 

1240 

A[nm] 
(4.9) 

We shall return to the basic concepts of radiation 
theory, such as intensity, radiation current density, etc. in 
more detail in Sect. 4.3. 

4.2 The Theory of Special Relativity 

Newtonian mechanics had proved itself very powerful 
for the classical problems of celestial mechanics, where 
only velocities which are small compared to the speed 
oflight occur. Towards the end of the 19th century, how
ever, basic difficulties arose, in particular as a result of 
the experiment of A A Michelson and E. W. Morley 
in 1887, which showed no detectable sign of an "ether 
wind" relative to the Earth in its orbit. Following initial 
considerations by H. A. Lorentz, J. H. Poincare and oth
ers, A Einstein developed his special relativity theory in 
1905. It starts from the experimental result of Michelson 
and Morley and requires that the propagation of a light 
wave, when described in different coordinate systems 
which may be in (translational, nonaccelerated) motion 
relative to each other, socalled "inertial systems", be 
physically identical; i.e. it must obey the same equation. 
If the light wave moves through a differential distance 
element of ( dx2 + d y2 + dz2) 112 in the time dt at the 
speed of light in vacuum c, then we have 

(4.10) 

This quantity can be considered as a line segment ds2 
in a four-dimensional space with the three spacelike 
coordinates x, y, z and the time coordinate ct (or, more 
intuitively, ict with i = ,J=T). The light propagation 
(along a straight line) is then described by 

( 4.11) 

One now requires generally of a transformation from 
one Cartesian coordinate system S into another, S', 
which may be in a (nonaccelerated) state of translational 
motion with the velocity v relative to S, that the four
dimensional line element be conserved, i.e. it remains 
invariant: 

ds2 = c2dt2 - (dx2 + dl + dz2 ) = inv or 

ds2 = d(ict)2-(dx2+dl+dz2)=inv. (4.12) 

Such a transformation can clearly not be limited to the 
spacelike coordinates x, y, z ~ x', y', z' alone; rather, 



the time t ----+ t' must be transformed, also. This Lorentz 
transformation is- as can be seen from (4.12)- noth
ing other than a rotation in the four-dimensional space 
{ict, x, y, z}, for which by definition the line element ds 
is invariant. The essential progress of the special relativ
ity theory with respect to the Newtonian theory results 
from the fact that the particular significance of the speed 
of light in vacuum c is taken into account from the be
ginning. It correspondingly leads to the recognition that 
no material motions and no signal (of any kind) can 
exceed the velocity c :::::: 3 · 108 m s- 1. Special relativity 
theory further requires for all of physics that all natural 
laws be invariant under Lorentz transformations (i.e. be 
physically independent of translational motions). 

4.2.1 The Lorentz Transformation. 
The Doppler Effect 

We give the Lorentz transformations only for the simple 
case in which a Cartesian system S moves relative to S' 
with a velocity v parallel to the x-axis, whereby at the 
time t = t' = 0, the two spatial coordinate systems are 
identical: 

x' = y (x- vt), t' = y (t- ~~) . (4.13) 

Here, y is the Lorentz factor, which typifies the theory 
of special relativity: 

1 
y = y(v) = . Jl- v2 jc2 

(4.14) 

For velocities which are small in comparison to the 
speed of light, we have 

1 v2 
y::::::1+--+··· (v«c), 

2 c2 
(4.15) 

and the transformation ( 4.13) becomes equivalent to the 
Galilean transformation: 

x' = x - vt , t' = t , (4.16) 

which forms the basis of Newtonian mechanics, with its 
concept of absolute time. 

From (4.13), it immediately follows that there will be 
a contraction of lengths along the direction of motion 
(Fitzgerald contraction): a length moving at velocity v 
appears to be shortened to l = lo/Y in comparison to 
its value 10 in the system "at rest" ( v = 0). A second 

4.2 The Themy of Sped•l Rel•t;v;ty I 

important result is the time dilation: if a clock in the 
system S gives time marks at intervals of L1t0 , they 
appear in a system in relative motion to S at velocity v 
to be longer: 

Llt = yL1to. (4.17) 

Time thus passes most rapidly in the system at rest. 
Finally, we give the expression for the relativistic 

Doppler effect. A source - considered e.g. to be at rest 
in the system S' of a radiating atom - is moving in the 
"laboratory system" S at velocity v, with the radial ve
locity Vrad relative to the observer. If the wavelength 
emitted at rest by the source is A.', i.e. its proper fre
quency is v', then the observer measures a wavelength A 
or a frequency v corresponding to 

~ = ~ = Y ( 1 + Vrad) . 
A.' v c 

(4.18) 

Compared to the non-relativistic Doppler effect (2.3), 

~:::::: 1 + Vrad 

A.' c ' 
V Vrad 
-~l--
v'- c ' 

(4.19) 

the relativistic expression ( 4.18) differs only by the 
Lorentz factor, which results from the additional time 
dilation. In contrast to the "simple" Doppler formula, 
we find in the theory of relativity an effect when the 
source is moving transversely to the observer, i.e. even 
when Vrad = 0. 

4.2.2 Relativistic Mechanics 

Let us consider the motion of a point mass (in a suffi
ciently weak gravitational field); the central results of 
relativistic particle mechanics may be summarized in 
the equations for conservation of the momentum p and 
energy E: 

p = ymv' 

E = ymc2 . 

(4.20) 

(4.21) 

Here, y is again the Lorentz factor (4.14), and m is the 
rest mass of the particle, i.e. its mass in the system at 
rest relative to the particle, where v = 0. The relativistic 
(inertial) mass ym occurs in ( 4.20); it depends upon the 
velocity v. 

In the non-relativistic case v « c (y----+ 1), (4.20) 
becomes the Newtonian momentum p = m v, while the 
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energy becomes: 

E 2 I 2 =me + 2mv + ... (4.22) 

This last expression contains, in addition to the kinetic 
energy as in the Newtonian case, an additional term, the 
rest energy 

Eo= E(v = 0) = mc2 . (4.23) 

This famous equation of Einstein's, which expresses 
the equivalence of energy and mass, is valid above and 
beyond the area of mechanics for all types of energy. 

The following relations between momentum and en
ergy hold in relativistic mechanics for a particle of mass 
m =1 0, as we can see from (4.20) and (4.21): 

E 
p= -v. 

c2 

(4.24) 

(4.25) 

In the extreme relativistic limit, i.e. for particles moving 
at nearly the speed of light, y » 1 and the energy is 
E » Eo = mc2, where Eo e.g. for an electron has the 
value 511 keY and for a proton, the value 938 MeV. 
Equation (4.25) is valid also for v = c, so that 

E 
p=-. (4.26) 

c 
In this form, the relation between momentum and en
ergy holds also for particles of rest mass m = 0 such as 
photons (Sect. 4.1 ). For a photon of energy E = h v, we 
then have p = h v 1 c, and the inertial mass corresponding 
to its energy is ym = hvjc2 . 

4.3 The Theory of Radiation 

In view of the various radiation fields of cosmic objects, 
such as the atmospheres and interiors of stars, planetary 
atmospheres, gas nebulae and interstellar space, we now 
wish to present the fundamentals of radiation theory. 

First, in Sect. 4.3.1, we introduce phenomenologi
cally the concepts of intensity, radiation current density 
and other quantities relating to radiation fields. In 
Sect. 4.3.2, we present a -likewise phenomenological
description of absorption, extinction, and emission and 
then introduce the important radiation transport equa
tion. In Sect. 4.3.3, we then describe the special case of 
thermodynamic equilibrium and introduce the relevant 
radiation quantities of a cavity radiator or black body. 

4.3.1 Phenomenological Description of Radiation 

In the radiation field, about which we initially make 
no special assumptions, we place a surface element dA 
having a surface normal n (Fig. 4.1 ); we then consider 
the radiation energy which passes through dA in a time 
interval dt at an angle () to n within a small range of 
solid angle d.Q (characterized by the directional angles 
() and cp). By spectral decomposition, we separate out 
the frequency range (v, v+dv) and write: 

dE= lv(8, cp)dv cosfJdAd.Qdt, (4.27) 

where d.Q = sin ()d()dcp = -d( cos B)dcp and dA cos() is 
the cross-sectional area of the radiation beam. 

I 
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I 
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I 
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I 
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I 
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I 
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I 
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I 

Fig.4.1. The definition 
of radiation intensity 

Radiation Intensity. The (specific) radiation intensity 
lv(8, cp) is then defined as the amount of energy which 
passes through a unit surface (1m2) normal to the di
rection (8, cp), per unit solid angle (1 sr = 1 steradiant) 
and unit frequency range (1 Hz) in one second, 
corresponding to (4.27). 

We can relate the spectral decomposition to the 
wavelength range instead of the frequency range; since 
naturally the total amount of energy remains the same, 
we have 

lv dv = -h dA.. (4.28) 

From v = c/A. it follows that dv = -(c/A. 2) dA. and thus 

c 
h= A.2 lv or vlv=A.h. (4.29) 



The intensity of the total radiation is obtained by 
integrating over all frequencies or wavelengths: 

00 00 

I = J Iv dv = J h dA. . (4.30) 

0 0 

We also define the mean intensity (averaged over all 
solid angles): 

2IT IT 

lv = - 1 J Iv dQ = -1 J J Iv sinededcp 
4rr r 4rr 

<p=08=0 (4.31) 

The average intensity of the total radiation is then J = 
J0

00 lv dv. 
As a simple application, we calculate the energy dE 

radiated per unit time (dt = 1) from one surface ele
ment dA into a second surface element dA' at a distance 
r from the first. The surface normals of dA and dA' are 
assumed to make the angles e and e' with the line r con
necting them (Fig. 4.2). dA' as seen from dA subtends 
a solid angle dQ =cos e' dA' jr2• We thus have: 

dE= IvdvcosedAdQ 
cos e dA cos e' dA' 

= Iv dv 2 r 
(4.32) 

On the other hand, dA as seen from dA' subtends a solid 
angle dQ' = cos e dA j r2• We can thus also write, in 
a manner symmetrical to the first equation in (4.32), 

dE= Iv dv cos e' dA' dQ'. (4.33) 

Thus, the intensity Iv of, for example, solar radiation, as 
defined by (4.27), is the same in the immediate vicinity 
of the Sun and somewhere far out in space. 

~ ------------~ - -- r " 

::.:-------------~ 

Fig. 4.2. Radiation emitted from one surface element and 
observed at another one 

4.3 The Theory of Rod ;oHoo I 

to 
observer 

Fig. 4.3. Radiation flux density Fv from a star. The average 
intensity fv from the disk is equal to Fv/rr 

Radiation Flux Density. What is meant in the some
what fuzzy terms of everyday language by "strength", 
e.g. of sunshine, is more closely related to the exact con
cept of radiation flux density or, for short, the radiation 
flux. We define the radiation flux Fv 1 in the direction n 
by writing the total energy of radiation with frequency 
v which passes through our surface element per unit of 
time (Fig.4.1) as: 

Fv = f Iv cosedQ. (4.34) 

For a narrow ray, Fv corresponds directly to the magni
tude of the Poynting vector of an electromagnetic wave, 
(4.5). In an isotropic radiation field Uv independent of 
n), Fv = 0. It is often expedient to decompose Fv into 
the emitted radiation (0 :5 e :5 rr/ 2) 

2IT IT/ 2 

r: = J J I" cos e sine de dcp 

0 0 

and the incident radiation (rr / 2 :5 e :5 rr) 

2IT IT/ 2 

r; = J J I" cos e sine de dcp , 

0 IT 

so that Fv = F;t - F; holds. 

(4.35) 

(4.36) 

In analogy to ( 4.30), the total radiation flux is defined 
as: 

00 00 

F= f Fvdv= f F;.dA. (4.37) 

0 0 

1 Often, the radiation flux is also denoted by rr :Fv. This socalled 
astrophysical flux :Fv is thus smaller than Fv by a factor of rr. 
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We now consider the radiation emitted by a (spher
ical) star (Fig.4.3). The intensity lv of the radiation 
emitted by the star's atmosphere will depend only on 
the exit angle e (calculated with respect to the nor
mal at the particular position), i.e. lv = lv(B) . The same 
angle e occurs once more (see Fig. 4.3) as the angle 
between the line connecting the observer with the mid
point M of the star, and the line connecting M with the 
observed point P. The distance of the point P from M, 
projected onto a plane perpendicular to the direction of 
observation, in units of the radius R of the star, is thus 
equal to sine. 

Then the mean intensity lv, averaged over the appar
ent disk of the star, of the radiation emitted towards the 
observer is given according to (4.27) by: 

2rr rr/ 2 

nR2 ·lv= J J lv(8)cos8R2 sin8d8d(/). (4.38) 

0 0 

Dividing by R2 and comparing with (4.35), we see that 

(4.39) 

i.e. the mean radiation intensity of the stellar disk is 
equal to I In times the radiation flux Fv at the star's 
surface. Ifthe star (of radius R) is at a large distance r 
from the observer (cos e :::::: I), its disk is seen with a solid 
angle d.Q = n R2 1 r 2 and therefore produces, as a result 
of (4.35), a radiation flux at the observer of 

- + 2 2 fv=fvdS?=FvRir. (4.40) 

The theory of stellar spectra must therefore aim at the 
calculation of the radiation flux. The great advantage of 
solar observations, on the other hand, is due to the fact 

Table 4.1. Fundamental concepts and units of radiation 

Extended our e 

on-re olved 
(point-) ource 

Radiation quantity 

lnten ity or urface
brightnes 
Radiation flux den ity 
or radiation current (-flux) 

that here, as first recognized by K. Schwarzschild, we 
can measure lv directly as a function of e. 

In general, the radiation flux is the characteristic 
measurable quantity for the observation of unresolved 
sources (point sources), and the intensity or surface 
brightness is that for the observation of extended 
sources. Table 4.I summarizes the units which are 
currently in common use. 

Radiation Density. As a further concept of radiation 
theory we introduce the (specific) monochromatic ra
diation density Uv and write the energy density [J m-3] 

of the radiation field in the frequency range (v, v+dv) 
as Uv dv. The relation between Uv and the radiation in
tensity l v is found from the following considerations: 
From (4.27), the basal area dA of a cylindrical vol
ume element of height dl transmits a radiation energy 
dA J I v d.Q per unit time; it traverses the volume ele
ment in the time dllc (distance traveled divided by the 
speed of light). The specific radiation density is then 

I J 4n Uv =- fv d.Q = - lv , 
c c 

(4.4I) 

where lv is the mean intensity ( 4.3I ). 
If we integrate (4.41) over the whole spectrum, we 

obtain the total energy density of the radiation 

00 

U = J UvdlJ . 

0 

(4.42) 

Photon Density. It is frequently useful to relate the 
radiation quantities not to the energy, as in (4.27), but 
rather to the number of the corresponding photons. 

SJ-Unit 

wm-2Hz-1sr- 1 

wm- 2 r- 1 

wm- 2Hz-1 b 

wm- 2 

I SI-

er"s- 1cm- 2Hz- 1 r- 1 
erg -1cm-2 

erg - 1cm-2Hz- 1 

erg - 1cm- 2 

nit= 103 cg -Unit 

a In the A. scale the corresponding quantities of the radiation field, h._, F).. , fA, are usually quoted per (..lm, nm, or A, according to 
the particular application. Thus, for example h.. is given in [W m-2(..lm- 1sr- 1], [W m-2nm- 1sr- 1], [erg s- 1cm-2A - 1sr- 1] etc. 

b The unit often used for the flux, particularly in radioastronomy, is 1 Jy (Jansky)= w-26 W m- 2Hz-1. 



Since the energy of a photon is given by hv (4.6), 
we obtain e.g. the photon flux from the radiation flux Fv 
(4.34), by simply replacing Iv with Ivf(hv). 

In the same way, the specific radiation density Uv 

corresponds to a photon density 

4rr lv 
nv=--, 

c hv 
(4.43) 

and the total energy density u to a total photon density 

00 

4rr f lv 
n = ~ hv dv. (4.44) 

0 

Radiation Pressure. Every beam of radiation transports 
not only energy in the form of the radiation flux Fv or F, 
but, from ( 4.26), also momentum. A beam which falls 
onto a unit surface of surface normal n at an angle f) 
thus applies a pressure to the surface, which is given by 
the momentum per unit time and surface area (2.5). This 
radiation pressure Pr (index r: radiation), which we give 
as an integral quantity over the whole spectrum of the 
radiation, is found from (4.34) to be 

Pr = ~ f I cos2 f)d.Q, (4.45) 

where I is the total intensity (4.30). The addi
tional factor cos f) takes into account the fact that 
only the perpendicular component contributes to the 
momentum. 

For an approximately isotropic radiation field, we 
can extract the average value of cos2 f) over a sphere, 
i.e. 1/3, from the integral, and then using (4.31) obtain 
the radiation pressure 

Pr=- Id.Q=-1. I f 4rr 
3c 3c 

(4.46) 

Introducing the total energy density from ( 4.42), we find 

I 
Pr = 3u. (4.47) 

This relation, which shows that the pressure is equal 
to I /3 times the energy density, is valid not only for 
radiation, but also for a relativistic gas, in which the 
particle velocities are near the speed of light. 

4.3 The Theory of Radiation I~ 
4.3.2 Emission and Absorption. 

The Radiation Transport Equation 

We shall now describe the emission and absorption 
of radiation, at first phenomenologically: let a volume 
element d V emit into the solid angle d.Q and in the 
frequency interval ( v, v + d v) the energy per unit time: 

(4.48) 

where }v is the emzsswn coefficient of dimensions 
[Wm-3Hz-1sc1]. The total energy output of an 
isotropically radiating volume element d V per unit time 
is then given by 

00 

4rr J }vdvdV. (4.49) 

0 

We compare this emission to the energy loss by ab
sorption which a beam of radiation of intensity Iv 
experiences in passing through a layer of matter of thick
ness ds with the absorption coefficient Kv. This is given 
by: 

(4.50) 

In the general case, the intensity of the beam is re
duced not only by absorption, but also by scattering out 
of the direction of the beam. If we denote the scattering 
coefficient by av, then the extinction coefficient 

(4.51) 

is a measure of the overall attenuation of the radia
tion. The emission coefficient (4.48) may then also 
contain a corresponding contribution to the intensity 
from scattering into the direction ds of the beam. 

If we combine the changes in the intensity of our 
radiation beam along the path ds from extinction (4.51) 
and emission ( 4.48), we obtain the transport equation 
for radiation of frequency v: 

div . ds = -kviv+ ]v · (4.52) 

We can see from this equation that the extinction, 
the absorption and the scattering coefficients have 
the dimensions of a reciprocal length [m- 1 ]. The 
coefficients Kv, av, and }v which we have intro
duced phenomenologically depend in general on the 
frequency v as well as on the type and state of the mate-
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rial (chemical composition, temperature, pressure), and 
possibly on the direction of propagation of the beam rel
ative to a direction within the material (e.g. of a magnetic 
field applied to a plasma etc.) 

If our beam passes through a nonemitting layer 
Uv = 0), we have: 

div 
- =-kvds 
Iv 

(4.53) 

and the intensity I v of the radiation after passing through 
this layer of thickness s is related to the intensity I v of 
the incident radiation by: 

where the dimensionless quantity 

s 

Tv= I kvds 

0 

(4.54) 

(4.55) 

is termed the optical thickness of the transmitting layer. 
For example, a layer of optical thickness Tv = 1 atten
uates a beam to e-1 = 0.368 of its original intensity. 
In the case that the layer neither emits nor absorbs, 
i.e. for propagation of radiation in vacuum, we again 
find that the intensity along the beam stays constant, 
cf. (4.32, 33). 

Using the optical thickness or its differential dTv = 

kv ds, we can rewrite the radiation transport equation 
(4.52) in the form: 

(4.56) 

where the source function has been introduced as the 
ratio of emission to absorption coefficients: 

jv 
Sv=- · 

kv 
(4.57) 

As an example, we give here the extinction of the 
radiation of frequency v by the Earth's atmosphere for 
a star with the zenith distance z (Fig. 4.4 ).It corresponds 
to an attenuation factor of: 

(4.58) 

where sec z = 1 I cos z and Tv is the optical thickness 
of the Earth's atmosphere (as measured in a direction 

a 

0 
b 

ex1ra
polation 

15 2 
o• 48•11 · oo• 

0 star 

3 
70°32' 
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t: 
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Fig. 4.4. (a) Atmospheric extinction of the radiation from a star 
at the zenith distance z. (b) Extrapolation to sec z----* 0 yields 
the extraterrestrial radiation intensity I v,O 

perpendicular to the ground) at the frequency v. The ex
traterrestrial intensity I v,o can, by the way, be obtained 
by linear extrapolation to sec z ----* 0 of the values of ln I v 

measured at various zenith distances z, as long as Tv is 
not too large. 

As a further important application, we calculate the 
radiation intensity Iv emitted by a layer of matter having 
the thickness s in the direction of observation and whose 
source function Sv is constant, i.e. not dependent on x 
(Fig. 4.5): 

A volume element which extends from x to x + dx 
in the direction of observation (0 ::: x ::: s) and has 
a unit surface area as its cross section, emits per s 
and sr the contribution kvSv dx = Sv dtv to the inten
sity, where dtv = kv dx is the optical thickness. Before 
leaving the layer, this contribution is attenuated by the 
factor exp( -tv) with tv(x) = J; kv dx. We thus obtain 
for the overall layer of thickness s with a total optical 
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Fig. 4.5. The emission of a layer of thickness s or optical 
thickness rv with a constant source function Sv. Geometric 
scale x, optical scale tv 

thickness of Tv = tv(s) the emitted intensity 

rv 

Iv(s) = f Sv e-tv dtv (4.59) 

0 

or, since S is supposed to be constant within the layer, 

Iv(S) = Sv (1-e-r") ::::::: l TvSv for Tv « 1 

Sv for Tv» 1 
(4.60) 

The radiation from an optically thin layer (Tv« 1) is 
thus equal to its optical thickness times the source func
tion. The radiation intensity from an optically thick layer 
(Tv » 1), in contrast, approaches the value of the source 
function and cannot exceed it. 

4.3.3 Thermodynamic Equilibrium 
and Black-Body Radiation 

We meet a particularly clear situation when we con
sider a radiation field which is in thermal equilibrium 
or temperature equilibrium with its surroundings. Such 
a radiation field can be generated by immersing an 
(otherwise arbitrary) cavity in a heat bath at the tem
perature T. In such a bath, all objects have by definition 
the same temperature; it thus seems justified to speak of 
cavity or black -body radiation at a temperature T. In an 
isothermal cavity, every body or every surface element 
will emit and absorb the same amount of radiation en
ergy per unit time. Starting from this fact, we can now 
easily show that the intensity Iv of the cavity radiation 

is independent of the material content and the form of 
the walls of the cavity and of the direction (isotropy). 
We need only consider a cavity with two different cham
bers H 1 and H2 (Fig. 4.6). If Iv,i =!= Iv,2• we could obtain 
energy by putting a radiometer (the well-known "light 
mill" sometimes seen in shop window displays) into 
the opening between the two cavities; we would then 
have a perpetual motion machine of the 2nd kind! It is 
readily shown that I v, 1 = I v,2 must hold for all frequen
cies, radiation directions, and polarization directions by 
inserting into the opening between H 1 and H2 sequen
tially a colored filter, a tube oriented in a particular 
direction, or a polarizing filter; in each case, as a result 
of the 2nd Law of Thermodynamics, one cannot con
struct a perpetual motion machine of the 2nd kind. The 
intensity Iv of the cavity radiation is thus a universal 
function Bv(T) ofv and T. 

A small hole in the cavity wall takes up all the inci
dent radiation by multiple reflections and absorption in 
its interior, and thus represents a socalled black body. 
Cavity radiation is therefore also called black-body ra
diation or, for short, simply thermal radiation. It can be 
produced and measured by "sampling" a cavity at the 
temperature T through a sufficiently small opening. 

The Kirchhoff-Pianck Function. The important func
tion Bv(T), whose existence was recognized in 1860 by 
G. Kirchhoff and which was first explicitly calculated 
in 1900 by M , Planck, is called the Kirchhoff-Planck 
function. Planck recognized that he could find a function 
which would agree with measurements of the inten
sity of cavity radiation only by extending the laws 
of classical mechanics and thermodynamics to include 
the well-known requirements of quantum mechanics, 

heat bath at temperature T 
lj; i nserts: 

~· · 

~ ~ 

H, w 
color filter 

~ narrow tube 

$ Nicol prism 

Fig.4.6. Black-body radiation is unpolarized and isotropic. 
Its intensity is a universal function of v and T, the Kirchhoff
Pianck function Bv(T) 
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whose founder he thus became. He derived the Planck 
radiation formula, which we give in terms of both 
frequency v and of wavelength A.: 

2hv3 1 
Bv(T) = -2- hvfkT 1 or c e -

B T _ 2hc2 1 
~.c ) - A.s ehc/kAT _ 1 • (4.61) 

where k = 1.38 · 10-23 J K-1 is the Boltzmann constant, 
with the two important limiting cases 

hv 2hv3 - » 1: Bv(T) ~ - 2-e-hvjkT (4.62) 
kT c 

Wien'sLaw, 

hv 2v2kT 
kT « 1 : Bv(T) ~ ---;;z-

Rayleigh-Jeans Law . 

(4.63) 

In the Rayleigh-Jeans radiation law, the quantity h char
acteristic of quantum mechanics has vanished. For light 
quanta h v whose energy is much smaller than the ther
mal energy kT, quantum mechanics (quite generally) 
is transformed into classical mechanics (Bohr's Corre
spondence Principle). The quantity which occurs in the 
exponent of the A.-representation (4.61) is summarized 
in the radiation constant c2: 

he 2 c2 = k = 1.439·10- mK (4.64) 

The maximum in the Kirchhoff-Planck function Bv(T) 
or B~.(T) is given by Wien's displacement rule: 

_c_·T=5.10·10-3 mK or 
Vmax 

Amax · T = 2.90 · 10-3 m K . (4.65) 

The intensity of the total radiation of the black 
body is obtained by integrating ( 4.61) over frequencies, 
B(T) = J0

00 Bv(T)dv. The total radiation flux, i.e. the 
radiation emitted by a black unit surface into the cav
ity, is F+ = JTB(T). If one carries out the integration 
over Bv(T), the result is the Stefan-Boltzmann Radia
tion Law found experimentally in 1879 by J. Stefan and 
derived theoretically in 1884 by L. Boltzmann using 
a calculation of the entropy of cavity radiation: 

F+ = JTB(T) = aT4 (4.66) 

with the radiation constant 
2JT5k4 

= -- = 5 67 · 10-8 W - 2 K-4 
a 15c2h3 . m . (4.67) 

Kirchhoff's Law. In thermodynamic equilibrium, i.e. in 
a cavity at temperature T, the emission and absorp
tion of an arbitrary volume element must be equal. We 
write them for a volume element of base area dA and 
height ds in the frequency domain v within a solid an
gle element d.Q perpendicular to dA. From (4.48, 50), 
we have: 

Emission/s = jvdAdsd.Qdv and 

Absorption/s = Kv dsBv(T)dAd.Qdv. (4.68) 

Setting the two quantities equal, we obtain Kirchhoff's 
Law: 

(4.69) 

This important result means that in a state of ther
modynamic equilibrium, the ratio of the emission 
coefficient jv to the absorption coefficient Kv is the same 
universal function Bv(T) of v and T as also describes 
the intensity of the cavity radiation. For the source func
tion in the radiation transport equation ( 4.56), we then 
find Sv = jv/Kv = Bv(T). 

The thermal emission of a layer of thickness s with 
the overall optical thickness Tv, in which T (and thus 
also Bv) is supposed to be constant, is then found from 
(4.60): 

lv(s) = Bv(T)(1- e-'") (4.70) 

~ { TvBv(T) for Tv « 1 

Bv(T) for Tv » 1 

In the optically thick case, the emission thus approaches 
that predicted by the Kirchhoff-Planck function. 

If the matter in the layer is not in thermodynamic 
equilibrium, then Kirchhoff's law cannot be applied to 
the radiation transport equation for the resulting non
thermal radiation, but the solution (4.60) remains valid 
if we replace the Kirchhoff-Planck function by the 
source function Sv = jv/kv #:- Bv(T). To be sure, its cal
culation based on the individual processes of interaction 
of the radiation with the material in the plasma requires 
a considerably greater effort (Sect. 4.5). 

The Black-body Radiation Field. For the isotropic 
radiation field of a black body, the intensity and the 
average intensity are given by the Kirchhoff-Planck 



function, lv = lv = Bv(T); therefore, we have 

4;rr 
Uv =- Bv(T). 

c 
(4.71) 

The total radiation density is then, from the Stefan
Boltzmann law ( 4.66), given by 

4;rr 
u = - B(T) = aT4 

c 

with the radiation constant 

4a 
a = - = 7.56 · 10-16 J m - 3 K-4 

c 

(4.72) 

(4.73) 

The total photon density ( 4.44) for a thermal radiation 
field is 

00 

n = 4;rr f Bv(T) dv = bT3 
c hv 

(4.74) 

0 

where 

a 
b = 0.370- = 2.02. 107 m-3 K-3 k . (4.75) 

We thus finally obtain the mean energy of the photons: 

u 
(hv) =- = 2.10kT. (4.76) 

n 

4.4 Matter 
in Thermodynamic Equilibrium 

Mter having described the radiation field from mat
ter in thermodynamic equilibrium by introducing the 
Kirchhoff-Planck function in the previous section, we 
now consider the most important fundamentals needed 
to describe a gas in thermodynamic equilibrium (TE) 
at a temperature T. This state is attained when the gas 
density is sufficiently high so that collisions between 
the particles are frequent. The assumption of global 
thermodynamic equilibrium- e.g. for a whole star- is, 
to be sure, not reasonable; but it is often applicable to 
small volume elements within the star. These in general 
are at different temperatures. We then speak of a local 
thermodynamic equilibrium (LTE). 

4.4 Matter in Thermodynamic Equilibrium 

4.4.1 Boltzmann Statistics 

We consider an (ideal) gas at the temperature T hav
ing n particles of one type, e.g. atoms, per unit volume. 
These particles are in different states i with the ener
gies E;, which are composed of the excitation energy Xs 
of their (internal) states s and their kinetic energies 
E = mv2 /2 = p 2 /(2m): 

p2 
E; =xs+ 2m. (4.77) 

Here, m is the mass, v the velocity, and p = m v the 
momentum of the particles. (We consider only nonrela
~ivistic particles with v «c.) The excitation energy Xs 
ts measured from the ground state 0 of the particle, with 
xo=O. 

According to the basic principles of statistical ther
modynamics developed by L. Boltzmann, for each state 
i the number of particles in the volume d V is given by 

(4.78) 

The multiplicity or degeneracy of the state, i.e. the num
ber of states with the same energy, is taken into account 
through the statistical weight G;. 

By the way, one can consider (4.78) to be a gen
eralization of the barometric pressure formula, (3.18), 
which gives the density distribution of an isothermal 
atmosphere at the temperature T as a function of the 
altitude z: n(z) <X exp( -mgzj(kT)). Here, g is the ac
celera~ion of gravity; the quantity mgz is thus simply the 
potential energy of a particle at the altitude z above the 
surface. It corresponds to the energy E;, which however 
in quantum mechanics, in contrast to classical statistics, 
may be quantized. 

Since the excitation state s of a particle is indepen
dent of its motion p, the overall statistical weight G; 
can be written as the product of the statistical weight gs 
of the (inner) excitation state with the weight g for the 
translational motion. Statistical mechanics sh~ws that 
gp is equal to the number of quantum cells of size h3 
in phase space (configuration times momentum space), 
where h denotes Planck's constant. If we take the vol
ume element in configuration space to be d V and in 
momentum space to be the spherical shell4;rrp2dp, we 
find 

(4.79) 
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For the Boltzmann formula (4.78), using (4.77, 79) we 
then obtain 

n· ex g e-xsfkT. -- exp --- dp. 4np2 ( pz ) 
' s h3 2mkT 

(4.80) 

In this expression and in the following, we consider the 
particle number per unit volume, i.e. we set d V = 1. 
Integrating over momenta, we obtain the density ns of 
all the particles in the excitation state s, independent of 
their state of motion: 

(4.81) 

For the overall particle number n = Ls ns, we then have 

(2nmkT) 312 
n ex Q. h3 (4.82) 

The factor Q in this equation is the important (inner) 
partition function 

(4.83) 

Finally, for the relative occupation density of the state 
i, we find: 

n· g 4 
__!.. = _!_ -e-XsfkT. -p2(2mkT)-3/2 
n Q ..,fo 

x exp (-____i:_) dp. 
2mkT 

4.4.2 The Velocity Distribution 

(4.84) 

Leaving the inner energy states out of consideration, 
the particles are distinguished from one another only 
through their kinetic energies mv2 /2 = p2 /(2m). 

If we now denote the particle number in a unit vol
ume with momentum in the interval (p, p+dp) by 
nc:t>(p)dp, where n is again the total number of all par
ticles in the unit volume, then from (4.84) we find the 
distribution function c:t>(p) of the momenta: 

4 
c:t>(p)dp = ..jii(2mkT)-3f2 pz 

x exp (-____i:_) dp 
2mkT 

(4.85) 

with the normalization J0
00 c:t>(p)dp = 1. 

The number ncP(v)dv of particles with velocities 
(v, v+dv) in the unit volume is then given by the 
Maxwell-Boltzmann velocity distribution: 

(4.86) 

with the most probable velocity 

vo=f!!-. (4.87) 

If the gas consists of a mixture of different types of 
particles, then due to their differing masses m, their val
ues of v0 will also differ. In contrast, in thermodynamic 
equilibrium, all of the types of particles have the same 
temperature T. 

4.4.3 Thermal Excitation 

We now want to consider the inner energy states s of 
a particle, e.g. of an atom or ion. In a unit volume, there 
are all together n atoms, of which no are in their ground 
state 0 with the energy xo = 0, as well as ns atoms 
in excited states s with the excitation energies Xs· From 
( 4.81 ), for the occupation densities relative to the ground 
state, the Boltzmann formula 

ns _ 8s -xs/kT ---e 
no go 

(4.88) 

holds. The factor for the translational energy cancels 
here. The statistical weights and excitation energies are 
calculated in the theory of atomic spectra, which we 
will discuss in Sect. 7.1.1. 

If we refer ns to the total number of all the atoms n, 
instead of the number in the ground state, we find from 
(4.82) that 

ns _ gs -xslkT ---·e . 
n Q 

(4.89) 

4.4.4 Thermallonization 

The thermal excitation of the atoms into quantum states 
with higher and higher excitation energies Xs as de-



scribed by the Boltzmann formula ( 4.88) always leads 
finally to ionization. For this to occur, the atom must be 
excited by at least its ionization energy Xion• i.e. the en
ergy which is just sufficient to remove an electron from 
the atom. Any additional energy becomes kinetic energy 
m v2 /2 which is carried off by the ejected electron. 

How can we calculate n °1 n +, i.e. the ratio of the num
bers of singly ionized to neutral atoms in their respective 
ground states, or the degree of ionization? Clearly, this 
problem can be reduced to the calculation of the statisti
cal weight of the ionized atom in its ground state plus its 
free electron. The former has the statistical weight Q+; 
we do not need to calculate the part due to translational 
energy, since it cancels with that of the neutral atoms. 
For a free electron of mass me, the statistical weight or 
partition function is Qe = 2, corresponding to the two 
possible spin orientations. In addition, for the electron's 
motion, the volume (2rrmekT)312 in momentum space, 
and - taking ne free electrons per unit volume - the 
volume 1/ne in configuration space must be taken into 
account. We thus find for the statistical weight of an ion 
plus a free electron 

+ (2rrmekT)312 
g=Q ·2·---:-;;--

h3ne 
(4.90) 

Inserting this expression into the Boltzmann formula 
(4.89), we immediately obtain the Saha equation for 
ionization: 

n+ Q+ (2rrmekT)312 
-n =-·2· ·e-Xion/kT. (4.91) 
nO e Qo h3 

Analogous expressions hold for the transition from the 
r-th to the (r + 1)-th ionization state, where the (r + 1)
th electron is ejected with the ionization energy Xr. 
independently of other ionization processes: 

n<r+l) Q(r+l) (2rrm kT)3f2 2 e -xr/kT ----;;r;:J ne = Q(r) . . h3 . e . 

(4.92) 

Instead of the number of electrons per unit volume, ne, 
the electron pressure, i.e. the partial pressure of the free 
electrons 

(4.93) 

could just as well be employed. 
M. N. Saba originally derived his formula on the ba

sis of thermodynamic considerations. One considers the 

4.4 Matter in Thermodynamic Equilibrium 

process of ionization of an atom A 0 or of the recombi
nation of the ions A+ with an electron e- as a chemical 
reaction, in which the reaction 

(4.94) 

occurs with equal frequency in both directions. If we 
limit ourselves to sufficiently low pressures, then the 
number of recombination processes ( ...--) will be pro
portional to the number of collisions between ions and 
electrons, i.e. oc n+ne. The number of ionization pro
cesses (---"-) is proportional to the density of the neutral 
atoms n°. The proportionality factors depend only on 
the temperature. Thus, we can understand the form 

n+·n 
- 0-e = f(T) (4.95) 

n 
of the ionization equation (4.91), which can be seen as 
a special case of the law of mass action (Sect. 4.4.5). 

Applications of the Boltzmann and Saba formu
las will be given in Sect. 7 .1.2 in connection with the 
quantitative analysis of stellar spectra. 

4.4.5 The Law of Mass Action 

We shall give here the law of mass action of C. M. Guld
berg and P. Waage only for the simple reaction 

C:;::::!A+B (4.96) 

which describes e.g. the dissociation equilibrium of 
a diatomic molecule AB ( = C): 

nAnB = K(T) . (4.97) 
nc 

Using (4.82), we can calculate the "equilibrium 
constant" K(T), obtaining 

nAnB QA QB . (2rr~-tkT)3!2 . e-Xc!iss/kT 

nc Qc h3 
(4.98) 

where Xdiss is the dissociation energy and 

mAmB 
1-L = (4.99) 

mA+mB 

is the reduced mass (2.55), using the fact that me = 
mA+mB. 

For the special case of ionization ( 4.94 ), we obtain the 
Saba equation (4.91). Here, 1-L ~me, since the electron's 
mass me is small compared to the mass of the atom or 
the ion. 
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4.5 The Interaction of Radiation 
with Matter 

In connection with the radiation transport equation in 
Sect. 4.3.2, we have already met up with phenomeno
logical or macroscopic cross sections in the form of the 
absorption and emission coefficients Kv and j". Now, 
we will systematically consider the interaction of radi
ation with matter on the basis of atomic processes; its 
strength will be described by an atomic cross section 
(Sects. 4.5.1, 2). After that, we collect and summa
rize the formal relations which allow us to calculate 
the important case of kinetic equilibrium (Sect. 4.5.3). 
We then give an overview of the fundamental atomic 
processes in Sect. 4.5.4, followed by a discussion of 
the extinction and emission coefficients for the radia
tion transport equation (Sect. 4.5.5). Finally, we shall 
discuss the interaction of radiation with matter in the 
high-energy region, which is important for X-ray and 
gamma astronomy (Sect. 4.5.6). 

The basic concepts presented in this Sect. 4.5 will 
find numerous applications in the discussion of as
tronomical instruments and the various objects in the 
cosmos. 

4.5.1 Mean Free Paths 

We begin by considering a simple reaction, the "binary 
collision": 

(4.100) 

in which particles of type a with a relative velocity v 
collide with particles of type b. In this interaction, par
ticle a is supposed to be "annihilated"; we are initially 
not concerned with the reaction products X. We con
sider photons also to be particles in this sense, whose 
relative velocity is equal to the speed of light c. 

Now let Ta be the mean time between collisions of a or 
the mean lifetime with respect to the reaction ( 4.1 00); 
then the probability of a reaction in the time dt is given 
by dt/ra (insofar as dt « Ta). We could equally well 
describe the interaction in terms of the meanfree path 

la =Via (4.101) 

instead of using Ta, so that the probability of a collision 
in the time dt or along the path ds = vdt is equal to 
ds/la. 

We now examine a current of particles Fa= nav, 
i.e. the number of particles of type a which passes 
through a unit surface area per unit time (here na is 
the number of particles in a unit volume). This quantity 
decreases along a path ds in the target containing a par
ticle density nb of particles of type b, depending on the 
number of collisions along the path ds (or in the volume 
given by ds times the unit surface area), by an amount 

ds 
dFa =Fa·-. (4.102) 

fa 

On integrating this expression, we find that the particle 
current decreases exponentially with s from its initial 
value Fa.o: 

F _ F e-s/la 
a- a,O , 

Fa,o- Fa= Fa,o (1- e-s/la) (4.103) 

4.5.2 Interaction Cross Section and Reaction Rate 

How can we now obtain la or Ta for a particular case 
from atomic physics? To this end, we first introduce the 
atomic interaction cross section a, with the dimensions 
of a surface area. We can imagine a to represent a "tar
get" or a "barrier disk", which is attached to each of the 
target particles of type b. a is defined in such a way that 
a reaction is presumed to occur when a particle of type 
a hits this disk. For each incoming particle, the frac
tion nba ds of the area 1 is "blocked" in its flight along 
the path ds. Then the probability of a collision, ds/la, is 
equal to nba ds and thus 

1 
la=Via=-. 

nba 
(4.104) 

The rate !Pa [ s-1] of the reaction with respect to one 
particle of type a is then given by 

1 v 
!Pa = - = - = nbav 

Ta la 
(4.105) 

and the transition probability in the time dt is !Pa dt. 
If we exchange the projectile and target particles in 

the reaction (4.100), then v and a naturally remain un
changed, but the mean free path lb and the reaction rate 
/Pb for particles of type b are modified as a result of the 
different densities in the target. We then have 

and 
na nb 
- = - = nanbav . (4.106) 
Ta ib 



On the other hand, the number of reactions which occur 
in a unit volume per unit time, 

(4.107) 

is symmetrical with respect to a and b. 
In a reaction of the kind described by (4.100), there 

are often several different possibilities for the product X. 
For example, the interaction of a photon y with a neutral 
atom A 0 can lead to the scattering of the photons (into 
a different direction), to an excitation (A*) of the atom 
through absorption of the photon, or to photoionization: 

I
Ao+y' 

y+Ao= A* 

A++e-
(4.108) 

We shall describe the probability of each output chan
nel i in terms of a partial interaction cross section ai, 
where the sum over all the possible reactions again 
yields the total (integral) interaction cross section, 

a=l::iai. 
Often, one requires of a reaction an exact separa

tion in terms of the properties of the reaction products, 
e.g. when the number of particles scattered into a par
ticular direction or into a particular energy range is 
of interest. For this purpose, we introduce differential 
interaction cross sections, such as 

da· da· 
d; [m2 sr- 1], d~ [m2 Hz- 1] 

or also double-differential cross sections, such as 

d2a· 
--'- [m2 sr- 1 Hz-1] 
d.Qdv ' 

which give the number of reactions per unit range of the 
parameters (solid angle Q or frequency v). The integral 
over the whole range of the parameters then again yields 
the partial interaction cross section, e.g. 

loo J.. d2ai dQ dv =a· . r d.Qdv l 

0 

Instead of the atomic interaction cross section -
i.e. calculated per particle - a = aat. which we now 
denote for clarity with the index "at", we can also intro
duce cross sections referred to a unit volume or a unit 
mass: 

av [m2 m-3 =m-1] =n·aat, 
2 -1 av n 

OM [m kg ] =- =- ·O'at, (4.109) 
Q Q 
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where Q[kg m-3] is the density of the material. We have 
for example already met up with the frequency depen
dent absorption coefficient Kv =Kv,v[m- 1] =Kv,atn in 
the radiation transport equation (4.52). 

The mean free path l can also be expressed in terms 
ofthe mass column Ql [kg m-2] which must be traversed 
on the average before a reaction takes place. 

4.5.3 Collision and Radiation Processes: 
Kinetic Equations 

In general, the interaction cross section of a reaction de
pends on the relative velocity v or on the corresponding 
kinetic energy, i.e. a= a(v). We therefore have to take 
the distribution <b ( v) of relative particle velocities into 
account. 

In thermodynamic equilibrium, the velocities follow 
the Maxwell-Boltzmann distribution cP(v) (4.86). It can 
be shown that this distribution also holds for the relative 
velocities if the particle mass m in the expression for the 
most probable velocity ( 4.87) is replaced by the reduced 
mass, mamb/(ma +mb). 

In the important case that electrons interact with 
atoms, owing to the small mass me of the electrons 
relative to that of the atoms, the relative velocity is 
practically equal to the velocity of the electrons and the 
reduced mass is equal to me. 

After taking the velocity distribution into account, 
the rate ( 4.105) becomes 

00 

:Pa = nb I a(v)vcP(v) dv = nb (av) 

0 

(4.110) 

and the number of reactions per unit volume and unit 
time, (4.107), is equal to 

00 

P = nanb I a(v)vcP(v) dv = nanb (av) , 

0 

(4.111) 

where the angular brackets denote the thermal average 
of the product of a( v) times v. 

In most astrophysical applications, an electron 
temperature is established through collisions of the 
electrons among themselves, so that for the elec
tron component, there is a thermodynamic equilibrium 
corresponding to Te. The atoms also usually reach 
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equilibrium with the electrons, so that their kinetic 
temperature is likewise given by Te. 

The description of the excitation and ionization states 
of the atoms by the Boltzmann or the Saha formulas 
(4.88, 91) is based on the validity of the assumption of 
thermodynamic equilibrium. While in the interiors of 
stars and for the most part also in their atmospheres 
(photospheres), the densities are sufficiently high so 
that equilibrium can be established through mutual col
lisions of the particles, this is not the case for e.g. the 
outermost, thin atmospheric layers and in particular also 
for the gaseous nebulae and the interstellar medium. 
Here we must return to the detailed atomic elementary 
processes and carry out a calculation in the "non-LTE", 
i.e. without the assumption of local thermodynamic 
equilibrium. In such cases, one preferably speaks of 
a kinetic or statistical equilibrium. 

Usually, we can assume that all the atomic processes 
take place so frequently that the plasma can be consid
ered to be stationary. Then the population density n; 
for every energy state i of an arbitrary particle averaged 
over time is constant, 

an· -'-0 at - · (4.112) 

The kinetic equilibrium is then determined by a sys
tem of rate equations, which describes the balance 
of the elementary processes leading to all other states 
a' = {a', i'}, and from other states a" = {a", i"} for each 
energy state i of a particle of type a, which we denote 
for brevity as a= {a, i}: 

(4.113) 

or, using (4.107), 

(4.114) 
a' a" 

The atomic processes include on the one hand colli
sion processes, whose rate we denote by e; on the other 
hand radiation processes with the rate /R, so that we 
can assume that 

(4.115) 

In what follows, we limit ourselves to excitation and 
ionization and their reverse processes in atoms and ions 

as well as the important case that the electrons predom
inate in the collision processes. The collision rates then 
have the form 

00 

e = ne f u(v)v<Pe(v)dv' 

0 

and the radiation rates take the form 
00 

/R = ny J u(v)c<Py(v)dv, 

0 

(4.116) 

(4.117) 

where ne refers to the electron density, ny to the pho
ton density, and <Py(v) to the distribution function of 
the photons over frequency, normalized to one. From 
(4.43, 44), the photon density 

00 

4n f lv 
ny = ~ hv dv (4.118) 

0 

and the number of photons 
frequency interval (v, v+dv) 

per unit volume and 

4n lv 
ny<Py(v) dv = nv dv = -- dv 

c hv 
(4.119) 

can be expressed in terms of the average radiation 
intensity lv. 

4.5.4 Elementary Atomic Processes 

The possible energy levels of an atom are represented 
graphically in an energy-level or Grotrian diagram 
(Fig. 4.7). Every level of energy E is characterized 
by several quantum numbers (Sect. 7.1.1), which we 
will represent symbolically here only by a single index 
i, j, .... We set the energy of the ground state of the 
atom equal to 0. The ionization energy, i.e. the mini
mum energy which is required to remove an electron 
from an atom (in its ground state) we denote by Xion· 

We discriminate between: 
discrete energy values E; < Xion, corresponding to 

the bound or elliptical orbits of the electrons in Bohr's 
model of the atom; and 

continuous energy values EK > Xion, corresponding 
to the free or hyperbolic orbits of the electrons in Bohr's 
model. At a large distance from the atom, such an elec
tron has only kinetic energy mev2 /2, where me is its 
mass and v its velocity. 



In a transition between two energy levels E; and Ej , 
a photon of energy 

(4.120) 

is absorbed (t) or emitted(..!,.). Here, h or fi = h j (2n) 
refers to Planck's constant and w = 2nv is the angular 
frequency. In the following, we denote in particular the 

bound states of an atom by x (as we have already done 
in Sect. 4.4.1), and the free states by E. 

We can divide the transitions in an atom in a natural 

way into the following three groups: 

l. X; , Xj < X ion : bound-bound transitions, in which 
a spectral line is absorbed or emitted. 

2. Xi < X ion, E > X ion: free-bound transitions. At the 
absorption edge where hv; = Xion- X;, the free
bound absorption v > v; accompanied by ejec
tion of a photoelectron with the kinetic energy 

mev2 /2 = hv- (Xion- X;) begins. The atom is 
ionized in this process. 
The inverse process is binary recombination, i.e. the 
capture of a free electron of energy me v2 j2, 

E>x~on { 
continoous 
energies 

E<x~on 
discrete 
energies 

hv 

hv 

, , 

I};IN ~~ hv 

II Q) 0 
w 5i -a. 

"' f 
c 

~ 
g 
.0 .. 

ground state ------:---------- E=O 
transitions { bound- I bound-free I free-free 

bound seri~s limit Bremsstrahlung 
lines cont1nua continua 

Fig. 4. 7. Energy level or Grotrian diagram for an atom 
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accompanied by the emission of a photon 

hv = !mev2 + (Xion- X;). (4.121) 

3. E', E" > Xion:free-free transitions, in which a pho
ton h v = IE' - E" l is absorbed or emitted. The free 
electron gains or loses the corresponding amount of 
kinetic energy in the interaction with the atom or ion. 
In the latter case, we also refer to bremsstrahlung. 

Line Transitions. We first consider the bound-bound 
transitions. According to A Einstein, we can describe 
the interaction of the radiation with matter in terms of 
the following processes: 

l. Spontaneous emission of photons with the probabil
ity A ji, associated with a transition from an excited 
state j to a lower-lying state i. The energy emitted 
per unit time in all directions (with equal probabili
ties) is h v A ji . 

2. Stimulated or induced emission. An atom in an ex
cited state j is caused by a photon of frequency v to 
emit a photon of the same frequency and direction 
with a probability proportional to the intensity lv of 
the radiation field, Bji lv , per unit time and unit solid 
angle. 

3. Absorption of a photon with the probability B;jlv 
(the inverse process to stimulated emission), associ
ated with the excitation of an atom from the state i 
into a higher state j. The total energy absorbed from 

the spectral line per unit time from a unit solid angle 
is hvB;jlv/(4n). 

The following relations hold between the Einstein 
coefficients A ji, B ji and B;j: 

2hv3 
A j; = - 2-Bj; , g;B;j = gjBj; , 

c 
(4.122) 

where g; and gj are again the statistical weights of the 
levels i and j. 

We write the frequency-dependent atomic absorption 
cross section as a;j(v) = a¢(v) with the profile function 
(normalized to one) ¢(v); then we find the following 

relation for the total absorption in the spectral line: 

, f hv a= a;j(v) dv = -B;j. 
4n 

(4.123) 

line 

We shall discuss the precise form of the profile function, 

which is resonant at v = IXj- xd/h, in Sect. 7.1.4. 
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An equivalent description of spectral-line emission 
makes use of the (dimensionless) oscillator strength 
f = fij, which is the "effective number of oscillators" 
and represents the quantum-mechanical extension of the 
expression already obtained in the framework of clas
sical electron theory. It attempts to relate the spectral 
lines to harmonic electron-oscillators of the correspond
ing frequencies. The f value is related to Einstein's 
B coefficient by the equation: 

f hv 1 ne2 
a;-(v) dv = -B;· = ---- f, 

1 4n 1 4m:o mec 
(4.124) 

line 

where e is the electronic charge and c:0 the electric field 
constant. The oscillator strength f can thus also be 
expressed in terms of the A coefficient using (4.122): 

1 8n2e2 v2 

gjAji = 4-- 3 g;J. 
JT£o mec 

(4.125) 

The rates corresponding to the bound-bound 
processes are, according to ( 4.117), 

R;j = B;jlv, 

Rji = Aji +Bjilv = Aji ( 1 + 2~~3 lv) , (4.126) 

where for simplicity we have given only the result 
averaged over all angles. 

Along with the bound-bound radiation processes, 
particle collisions also cause ("radiationless ") transi
tions between the energy states of an atom. We limit 
ourselves here to collisions with electrons, which pre
dominate e.g. in stellar atmospheres at temperatures 
above some 103 K. In other cases, collisions with pro
tons, hydrogen atoms and molecules and other particles 
would also have to be considered. 

For the excitation of a level of energy Xj by electron 
impact from a lower level Xi, the electron requires a min
imum energy Xj- Xi= mev6f2 or a velocity vo relative 
to the atom. The excitation cross section a;j attains char
acteristic values of the order of na6 = 8.80 · 10-21 m2 

(a0 is the 1st Bohr radius); it depends in detail on the rel
ative velocity v. The collision rate is found from ( 4.116) 
to be 

00 

C;j = ne J a;j(v)vct>e(v) dv. (4.127) 

VQ 

According to the "principle of detailed balance", 
which cannot be derived here, the rate of each inverse 
process is determined by that of the corresponding for
ward process. For example, in the case of bound-bound 
radiation processes, this yields the relations (4.122). 

From the principle of detailed balance, we now obtain 
the electron collision rate C ji for de excitation j ---+ i: 

00 

gjCji = ne J gpj;(v)vct>e(v) dv 

0 

= giC;j exp[ -(xj- Xi)/kT]. (4.128) 

The rate for j to i, if we take collisions and radiation 
into account, is A ji + B ji lv + C ji. 

Ionization. The ionization of an atom or ion from 
a bound state i, in which the electron is ejected into a free 
state K, may be produced by radiation (bound-free tran
sition). Let aiK(v) be the interaction cross section for 
this photoionization process; then from ( 4.117, 119), 
the corresponding rate is 

00 00 

R;K= J a;K(v)cnvdv=4n J a;K(v):~dv. 
v; v; 

(4.129) 

For hydrogen-like atoms with a nuclear charge Z, a;K de
creases from the ionization limit h v; = Xion - Xi towards 
higher frequencies in a way proportional to v-3 : 

aiK(v) =a; ( ~) - 3 
(4.130) 

with a;= 7.91·10-22njZ2 [m2] (n is the principal 
quantum number; cf. Sect. 7.1.1). 

On the other hand, an atom can also be ionized by 
electron impact at a rate given by 

00 

C;K = ne J aiK(v)vct>e(v) dv, (4.131) 

v; 

where aiK is the collisional ionization cross section and 
meV~ /2 = hv;. 

The cross sections or the rates for the inverse pro
cesses of recombination can once again be derived from 
the principle of detailed balance. 

The interplay of the various elementary processes 
will be discussed in terms of a simplified atomic model 
in Sect. 7.1.2. 



Scattering. Another important elementary process is 
the scattering of a photon by an atom or electron (which 
is described quantum mechanically as a two-photon pro
cess). For astrophysical applications, Rayleigh scatter
ing by abundant atoms or molecules, as well as Compton 
or Thomson scattering by electrons are significant. 

The interaction cross section for scattering of pho
tons by free electrons is, for the case of relatively low 
photon energies (h v « mec2 , me the rest mass of the 
electron), given by the frequency-independent Thomson 
scattering cross section 

(4.132) 

Here, r0 is the classical electron radius. Referred to 
the unit mass of a fully ionized hydrogen plasma, the 
Thomson cross section is uTimH = 0.04 m2 kg-1 (mH: 
mass of the H atom). 

4.5.5 Extinction and Emission Coefficients 

The extinction, absorption, scattering and emission 
coefficients kv = Kv + Uv and jv which occur in the radi
ation transport equation (4.52) can be obtained from the 
atomic interaction cross sections for the associated radi
ation processes by multiplying them with the density of 
the energy levels in question and summing over all the 
processes which contribute at the frequency considered. 

To calculate the radiation transport, it is usual to 
include stimulated emission, which is proportional to 
the intensity lv, together with the absorption in a single 
term Kvlv in the radiation transport equation, i.e. to treat 
it as a "negative absorption". Then, if we make the 
simplification of assuming the same profile function for 
emission and absorption, the line absorption coefficient 
becomes: 

hv 
Kv= 4Jr(B;jn;-Bjinj)¢(v) (4.133) 

or, with (4.122, 125), 

(4.134) 
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For the description of masers, which also occur in cos
mic sources (e.g. OH masers, Sect. 10.2.3), and lasers, 
a more precise treatment of the stimulated radiation 
processes would be essential; we cannot include it here, 
however. 

The factor [1- (n j I gj) I (n;/ g;)] for stimulated emis
sion in thermodynamic equilibrium, according to the 
Boltzmann formula (4.88) becomes [1-exp(hvlkT)]. 
It thus produces a strong reduction of the absorption, 
particularly in the Rayleigh-Jeans region (hvlkT « 1), 
by a factor of hvlkT. 

The contribution of a spectral line to the emission 
coefficient is, finally, given by 

hv 
jv =- Ajinjc/J(v). 

4;r 
(4.135) 

We will dispense with writing down the contributions 
from photoionization and its inverse process to the ab
sorption and emission coefficients. However, we should 
mention the contribution of scattering by free elec
trons with a density of ne to the scattering coefficient: 
Cfv = CJT ne. 

4.5.6 Energetic Photons and Particles 

In the range of high energies, additional processes oc
cur in the interaction of radiation with matter; they are 
important for X-ray and gamma-ray astronomy and for 
the understanding of cosmic radiation. 

High-Energy Photons. The energy of photons in the 
optical and ultraviolet regions suffices only to eject 
electrons from the outer (valence) shells of atoms or 
ions; in contrast, X-ray photoionization, i.e. at energies 
above about 100 e V or wavelengths below about 10 nm, 
proceeds mainly by emission of electrons from the in
ner shells (core electrons). Also in contrast to optical 
spectroscopy, in the X-ray region, except from highly 
ionized atoms, absorption lines (i.e. transitions between 
two bound energy states) are seldom observed, since 
the less strongly-bound states are in general occupied 
by electrons. Instead, ionization edges are characteristic 
of X-ray absorption spectra; at an edge, the absorp
tion cross section increases abruptly at a frequency Vn 

or a wavelength An, corresponding to the binding en
ergy of an electron in a shell of principal quantum 
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number n: 

he 
hvn =-=En, 

An 
(4.136) 

and then decreases towards higher energies at a rate 
proportional to E-3 or A 3 . En is proportional to 
Z2 jn2, where Z is the nuclear charge (atomic number) 
(4.130). 

The proportionality between Jv and Z for corre
sponding edges of different elements in the X -ray region 
was first discovered by H. Moseley in 1913. 

For the innermost electron of the socalled K shell, 
the ionization energy is given by: 

EK = 13.6 z;ff [eV] , (4.137) 

where Zeff = Z- sis the effective nuclear charge, taking 
account of the shielding s due to the other electrons. For 
example, the binding energy in the K shell of hydrogen 
(Z = 1) is 13.6 eV; for oxygen (Z = 8), it is 530 eV; for 
silicon (Z = 14), it is 1.84 keY; and for iron (Z = 26), 
it is 7.11 keY. We shall not discuss the fine structure 
of the edges here; it reflects the different "subshells" 
of the atom. In Fig. 4.8, we show as an example the 
absorption cross sections in the X-ray region for matter 
of a composition corresponding to that of the interstellar 
medium (Sect. 1 0.2.1 ). 

As long as the energy h v of the photons is small rel
ative to the rest energy of an electron, mec2 = 511 keY 
(me= 9.11 · w-31 kg is the rest mass of the electron), 
they give up their energy mainly through photoioniza
tion processes. At higher energies, i.e. in the gamma-ray 
region, another process becomes important: Compton 
scattering of photons by electrons, y+e- ~ y' +e-. 
The energy loss on scattering corresponds to a change 
in wavelength by the amount: 

2h 2 cp 
L1A=- sin -

meC 2 ' 
(4.138) 

where IP is the scattering angle of the photon. 
A= h/(mec) = 2.43 ·10- 12 m is the Compton wave
length of the electron. It is, by the way, the wavelength 
corresponding to the rest energy of the electron 
(mec2 = hv =he/ A). 

The cross section for Compton scattering in the case 
of low photon energies, hv « mec2, is given by the 
Thomson scattering coefficient aT ( 4.132). Above mec2, 
a(y) decreases from aT roughly in inverse proportion to 

10-28 .__ ___ ......__ __ ......... ...__ 

0.1 1 10 
E [keV] 

Fig. 4.8. Photoionization in the X-ray region for the elemental 
mixture of the interstellar medium: dependence of the ab
sorption cross section a per hydrogen particle on the photon 
energy E = hv. The Kedges of the most abundant elements 
are shown; the strongest edge at 0.53 keY is that of oxygen. 
The absorption coefficient is K =a· nH with nH the number 
density of hydrogen particles (H). (With the kind permission 
of Cambridge University Press, Cambridge) 

the photon energy h v, as described by the Klein-Nishina 
scattering formula; in the limit h v » mec2, it is given 
by: 

3 mec2 ( 2h 1J 1 ) a(y)=--- In--+- ·aT . 
8 hv mec2 2 

(4.139) 

If the energy of the photon becomes greater than 
2mec2 = 1.02 MeV, then pair production in the 
Coulomb field of a charge Z, y ~ e+ +e-, becomes 
possible. The cross section for this process is of the 
order of 

(4.140) 

where a= 1/137.04 is the fine structure constant. 
Above some 10 MeV, a(e±) thus becomes larger than 
the cross section for Compton scattering and pair pro
duction is then the dominant process in the interaction 
of energetic photons with matter. The electron-positron 
pair takes on the direction of the gamma quantum which 
produced it, within an angle of the order of mec2 /(hv). 



Energetic Particles. Like the photons, both protons and 
heavy nuclei as well as electrons ionize the atoms of the 
material and thereby lose their energy. They readily 
destroy the weak bonds within molecules and crystal 
lattices. The energy loss of an ionizing particle of rest 
mass m and charge z with the energy E = ymc2 (4.21) 
or the velocity v (y: Lorentz factor) on passing through 
a length x of a material of density Q (with atoms having 
charge Z and atomic number A) is 

dE z2 Z 
d(Qx) =- v2 f(v)A' (4.141) 

where f(v) is a function which varies weakly with v, and 
the relation between velocity and energy for relativistic 
particles is given by ( 4.24, 25). The material proper
ties thus enter only weakly (ZI A!). The energy loss at 
energies of E:::::: mc2 is inversely proportional to E; at 
higher energies, it increases only slowly with E. The 
minimum energy loss, at E :::::: mc2 , is equal to 0.2z2 

[MeV] for a path with column thickness of 1 kgm-2. 

If the ejected electrons gain sufficiently high energies, 
they can initiate secondary ionization processes. 

The Origin of Cosmic Gamma Radiation. A thermal 
source of these energetic photons is hardly possi
ble, since it would require temperatures above some 
109 K (kT ~ 0.5 MeV), which - apart from the ear
liest phases of the Universe and perhaps some late 
phases of stellar evolution - do not occur. Instead, 
we must consider nonthermal sources. In particular, 
the interactions of relativistic electrons (of energies 
above mec2 = 0.511 MeV) and energetic protons, which 
become relativistic above 938 MeV, can effectively 
produce gamma quanta. 

1) Gamma radiation can be emitted as 
bremsstrahlung or free-free radiation (Sect. 4.5.4) by 
energetic electrons in the Coulomb fields of charged 
particles (of charge Z, atomic number A). In this way, 
photons with energies of the order of the electron en
ergy E (» me2) are emitted; on the one hand, the 
interaction cross section decreases in a way which 
varies roughly in inverse proportion to the energy of 
the bremsstrahlung photon. On the other hand, it is, like 
that for pair production by a gamma quantum (4.140), 
proportional to aZ2aT. The corresponding energy loss 
rate (4.105) is then proportional to aZ2aTCn, where 
n ex Q I A is the particle density. Relative to QX, the mass 
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column traversed, we find for the energy loss: 

dE 

d(QX) 
= 

E 

~0 
(4.142) 

Here, ~o ex A(aZ2aT)-1 is the "radiation length", 
i.e. that distance over which the initial energy E 
decreases by a factor of 11e:::::: 0.37. 

When a relativistic electron passes through matter, 
there is a high probability that roughly half of its en
ergy E will be converted to one or two gamma quanta. 
The radiation is emitted predominantly into an angular 
range given by mec2 IE around the direction of travel of 
the electron. Since however a highly energetic gamma 
quantum in the field of a charge Z tends to create an 
electron-positron pair (see above), and both electrons 
and positrons again yield bremsstrahlung quanta, an 
electromagnetic cascade is produced in the material: 

etc. 

It eventually "runs down", when the energies of the 
gamma quanta are no longer high enough to initiate 
pair production. 

2) By inverse Compton scattering, relativistic elec
trons can transfer a considerable portion of their 
energy E to low-energy photons and thus inject them 
into the X-ray and gamma-ray spectral regions. Photons 
with the mean energy E y receive on the average in this 
process an energy given by: 

Ey':::::: ;Ey (m~c2 Y (4.143) 

In this way, for example, electrons of energy 
E :::::: 60 Ge V can transform the very low-energy photons 
of the cosmic 3 K-background radiation (Sect. 13.2.2), 
with energies Ey:::::: 6-10-4 eV, into gamma rays of 
energies in the range of 10 MeV. Inverse Compton 
scattering can, in the rest system of the electron, be 
considered as simple Thomson scattering with an in-
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teraction cross section aT, since the photon energy 
EyE/mec2 "seen" by the electron is small compared 
to its own rest energy mec2 over a wide range of gamma 
energies. 

3) In the case of inelastic collisions of protons with 
protons, above a threshold energy of around 300 MeV, 
neutral pions (n mesons) are produced with an inter
action cross section of about 10-30 m2 . The rr0 meson 
decays after only around 1.8 ° 10-16 s into two gamma 
quanta with energies of m(rr0)c2 j2 = 67.5 MeV each 
in its rest system. As a result of the velocity distribu
tion of the relativistic pions, the gamma radiation shows 
a broad maximum at 67.5 MeV. 

4) Whenever positrons are created, annihilation 
e+ + e- -+ y + y' also can occur. The annihilation 
radiation is emitted at an energy of mec2 = 0.511 MeV. 

5) The synchrotron radiation (Sect. 12.3.1), which 
is emitted by relativistic electrons moving in magnetic 

fields, can extend up to the gamma-ray region. Accord
ing to (12.25), the electron energy and the strength of 
the magnetic field must be sufficiently large; e.g. in 
magnetic fields of 2 · 10- 10 T or 2 · 10-6 G, typical of 
the interstellar medium, it would be necessary for the 
electrons to be extremely energetic, with ca. 1016 eV, 
in order for them to emit gamma radiation of energy 
10 MeV as synchrotron radiation. This process thus 
plays no role in the production of galactic gamma radi
ation (Sect. 10.4.3). However, it is important in pulsars 
or neutron stars, with their extremely strong magnetic 
fields of order 106 to 108 T (Sect. 7.4.7). 

6) Finally, in the low-energy gamma-ray region 
(:S 10 MeV), one also observes the emission of nuclear 
spectral lines. These correspond to transitions from ex
cited to lower-lying energy states in nuclei, which are 
emitted in radioactive decays or following excitation of 
the nucleus by energetic particles. 



5. Astronomical and Astrophysical Instruments 

Before we discuss the astrophysics of the Sun and the 

stars, then the galaxies etc., we give a compact sum

mary in this chapter of the most important astronomical 

and astrophysical instruments. We start with telescopes 

and detectors for the optical and the neighboring ultravi

olet spectral regions (Sect. S.1). We then treat instruments 

for imaging and detecting in the radiofrequency and 

the infrared regions (Sect. 5.2). Finally, we introduce in

struments for high-energy astronomy, the observation of 

5.1 Telescopes and Detectors 
for the Optical 
and the Ultraviolet Regions 

From the instrumental viewpoint, there is no dif
ference in principle between the ultraviolet and the 
optical spectral regions, if we exclude the extreme 
ultraviolet (A.:::; l 00 nm). Instruments intended for ul
traviolet astronomy must, however, be designed for 
observations from space, since absorption by atmo
spheric ozone prevents observations from the ground for 
A.:::; 300 nm (Fig. ILl). In the laboratory, measurements 
at A.::::::: 200 nm (vacuum ultraviolet) must be carried 
out in vacuum owing to absorption by the air. Below 
A.::::::: 100 nm, the reflectivity of the usual mirror materials 
decreases sharply, so that here, as in the X-ray spec
tral region (Sect. 5.4), systems with grazing incidence 
mirrors must be used. 

To begin, in Sect. 5.1.1 we treat the most impor
tant types of telescopes, the refractor and the reflector, 
with their focusing systems, as well as the Schmidt 
mirror. In the following Sect. 5.1.2, we discuss some 
basic concepts such as resolving power, light-gathering 
power, and the principle of the interferometer. After 
our discussion of conventional telescopes and inter
ferometers, in Sect. 5.1.3 we introduce the principles 
of adaptive and active optics and their application to 
the construction of earthbound telescopes having light
collecting mirror surfaces with effective diameters of 
more than 8 m. Section 5.1.4 gives an overview of de
tectors used for observing the radiation collected by 

cosmic rays and gamma rays (Sect. 5.3) as well as tele

scopes and detectors for the X-ray and extreme ultraviolet 

regions (Sect. 5.4). 

More specialized instruments, e.g. those for observ

ing the solar corona, neutrinos, or gravitational radiation, 

will be most practically described in connection with the 

corresponding astronomical objects. 

At the close of this chapter, we will give a brief account 

ofthe role of computers in today's research in astronomy. 

the telescope, from the photographic plate to modern 
high-sensitivity semiconductor detectors. As disper
sive element for the spectral decomposition of light, 
either a prism or, more usually, a diffraction grat
ing is used; the basic principles of the spectrograph 
will be treated in Sect. 5.1.5. Finally, in Sect. 5.1.6, 
we introduce some telescopes and their instrumen
tation designed for carrying out observations from 
space. 

5.1.1 Conventional Telescopes 

The principles of Galileo's telescope (1609) and Ke
pler's telescope (1611) are recalled in Fig. 5.1; in both, 
the magnifying power is determined by the ratio of the 
focal lengths of the objective and the ocular lenses. 
Galileo's arrangement yields an upright image and 
therefore became the prototype of opera glasses and 
binoculars. Kepler's telescope, in contrast, casts a real 
image in the focal plane, which for visual observations 
is viewed through the ocular, using it like a magnifying 
glass. This permits a reticle to be inserted in the com
mon focal plane of the objective and the ocular and it can 
thus be used to fix angles precisely, e.g. on the meridian 
circle. If the reticle is extended to include a microme
ter scale, among other things the relative positions of 
binary stars can be determined. 

The disturbing colored borders (chromatic aberra
tion) in the images of telescopes with simple lenses were 
eliminated by J. Dollond and others around 1758 by the 
invention of achromatic lenses. An achromatic positive 
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Objective 

Binary 
star 

~s:~~ance 

N Position angle 
Kepler ·sor 

astronomlcaJ telescope 

__ : _\J._~ ----;:-c- >F ~ Crosshairs 

------------~'·----------~ 

: (I 
Gallleo 's 
telescope 

Orular F 

Fig. 5.1. Kepler's and Galileo's telescopes. The former uses 
a converging lens as ocular, the latter a diverging lens. F 
denotes the common focal point of the objective and the ocular 
lenses. The (magnifying) power V is equal to the ratio of the 
focal lengths ofthe objective, !1, and of the ocular, h; in this 
figure, a ratio V = !1 I h = 5 has been chosen. In Kepler's 
telescope, a crosshair or a micrometer scale can be inserted 
in the focal plane at F to allow the quantitative observation 
of double stars. (The curvature of the lenses is exaggerated in 
the drawing) 

lens consists of a convex lens (positive lens) made of 
crown glass, whose dispersion compared to its refract
ing power is relatively small, combined with a concave 
lens (negative lens) made of flint glass, whose disper
sion is large compared to its refracting power. With an 
objective consisting of two lenses, it is possible to elimi
nate the change of the focal length f with)... (i.e. to make 
dfjd).. = 0) at only one wavelength Ao. For a visual ob
jective lens, one chooses )...0 ~ 529 nm, corresponding 
to the wavelength of maximum sensitivity of the eye; 
for a photographic objective lens, in contrast, one takes 
Ao ~ 425 nm, the wavelength of maximum sensitivity 
of a photographic blue plate. 

Image Formation. Let us examine in more detail the 
imaging of a region in the sky by a telescope onto the 
focal plane of the objective lens. The task of converting 
the incident plane wave coming from "infinity" into 
a convergent spherical wave is accomplished by the lens, 
making use of the fact that in glass (index of refraction 
n > 1 ), light moves at a speed which is n times slower 
and therefore the wavelength is n times shorter than in 
vacuum. As a result, the wavefront is delayed in the 
middle of the objective lens relative to its outer edges 
(Fig. 5.2). 

Fig. 5.2. Image formation by a plane-convex lens. Wavefronts 
of plane-wave light from a star are incident at the far left; the 
light rays are perpendicular to the wavefronts. The velocity 
of light in the glass of the lens is a factor n smaller than in 
vacuum (n =index of refraction); as a result, the wavefronts 
are bent into spherical surfaces which converge on the focal 
point F and then diverge behind it 

What the lens telescope or refractor accomplishes 
by inserting layers of material with n > 1 of differing 
thickness into the optical path is achieved in the mir
ror telescope or reflector (1. Newton, about 1670) by 
means of a concave mirror. This arrangement has the 
a priori advantage of suffering no chromatic aberra
tions. A spherical mirror (Fig. 5.3a) focuses a beam of 
axial rays at a focal length f equal to half its radius of 
curvature R, as can be seen by simple geometric consid
erations. Rays which are more distant from the optical 
axis are focused at somewhat shorter distances from 
the center of the mirror; this imaging error is called 
spherical aberration. The exact focusing of a beam of 
axial rays in a single focal point is accomplished by 
a paraboloid mirror (Fig. 5.3b); this can be seen most 
easily by considering the paraboloid as a limiting case 
of an ellipsoid, whose right focal point has moved away 
to infinity. Unfortunately, however, a paraboloid mirror 
yields a good image only in the immediate neighbor
hood of the optical axis. At a larger aperture ratio (the 
ratio of the mirror diameter D to the focal length f) , 
the usable diameter of the image field is very small, 
owing to the imaging errors from obliquely incident 
rays which increase rapidly as one moves away from the 
axis. 



5.1 Telescopes and Detectors for the Optical and the Ultraviolet Regions 

a b 

M 
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Telescope Mountings. The mounting of a telescope has 
the task of allowing it to follow the diurnal apparent ce
lestial motion of the Earth with sufficient precision. The 
commonly-used equatorial mount therefore has a "right 
ascension" axis which is parallel to the axis of the Earth 
and is driven by a sidereal clock, and perpendicular to 
it a "declination" axis. 

The azimuthal mount, with a vertical and a horizon
tal axis, permits a compact telescope construction with 
uniform axis loading and is convenient for large, heavy 
instruments. The problem of the necessary nonuniform 
motion around both axes can now be readily solved by 
a computer-controlled drive system. Azimuthal mounts 
have long been used for large radiotelescopes but have 
only recently become widespread in optical astronomy. 

Refracting Telescopes. Refractors, with aperture ratios 
in the range 1:20 to 1: 10, are usually equipped with 
the socalled Fraunhofer or German Mount, as for ex
ample the largest instrument of this type, the refractor 
at the Yerkes Observatory of the University of Chicago 
(Fig. 5.4), with an objective of 1m and 19.4 m focal 
length, which was completed in 1897. Large refractors 
were no longer constructed in the 20th century. For spe
cial applications, e.g. in positional astronomy or for the 

Fig. 5.3. (a) A spherical mirror. 
A bundle of rays near the optical 
axis (upper bundle) converges at the 
focal point F, whose distance from 
the crown of the mirror, S, corre
sponds to the focal length f = R/2, 
with R the radius of curvature of the 
mirror. A bundle which is further 
from the optical axis (lower bun
dle) converges on a point closer to 
S: this gives rise to spherical aberra
tion. The planar wavefronts incident 
from the right are converted into 
spherical wavefronts on reflection 
by the mirror. (b) A parabolic mir
ror combines all the incident rays 
which are parallel to the optical axis 
precisely at the focal point F, i.e. 
the plane wave which is incident 
parallel to the axis is converted into 
a single convergent spherical wave. 
The conformal sphere (- - -) has 
the same curvature at the center 
point S as the paraboloid 

Fig. 5.4. The refractor of the Yerkes Observatory; it has 
a Fraunhofer or German mount 

125 



I 
126 

5. Astronomical and Astrophysical Instruments 

Fig. 5.5. The Hale-reflector on Mount Palomar 

visual observation of binary star systems, however, lens 
telescopes are even today still preferable to reflecting 
telescopes. 

Reflecting Telescopes. Reflectors are usually con
structed with an aperture ratio of 1 : 5 to 1 : 2.5 and 
equipped either with one of the various types of fork 
mounts (the declination axis passes through the cen
ter of gravity of the tube and is reduced to two bosses 
on either side of the latter), or with an English Mount, 
in which the north and south bearings of the long right 
ascension axis rest on separate pillars. The largest reflec
tors (with the primary mirror in a single massive piece) 
are at present the Hale telescope on Mount Palomar, 
California, placed in service in 1948, with a diameter of 
5 m and a focal length of 16.8 m for the primary mirror 
(Fig. 5.5), and, since 1976, the (azimuthally mounted) 
6 m reflector of the Astrophysical Observatory in Ze
lenchuk (Caucasus Mountains), whose primary mirror 
has a 24.0 m focal length. 

Since about 1970, the number of conventional re
flecting telescopes of more than 3.5 m diameter has 
increased sharply. Instruments in this class in the 
Northern Hemisphere are at the Kitt Peak National Ob
servatory of the USA in Arizona (3.8 m), on Mauna 
Kea (the Canada-France-Hawaii 3.6 m telescope), at the 
German-Spanish Astronomical Center in Calar Alto in 
Southern Spain (3 .5 m), and at the European Observa
tory on the Roque de los Muchachos on the island of 
La Palma (4.2 m). In the Southern Hemisphere, they 
include those at the Cerro Tololo Inter-American Ob
servatory in Chile (4.0 m), at the European Southern 
Observatory (ESO) on La Silla in Chile (3 .6 m), and at 
the Anglo-Australian Observatory at Sliding Spring in 
Australia (3.9 m). 

In contrast to lens telescopes, the image quality 
of reflectors is influenced strongly by temperature 
variations, unless materials of very small thermal ex
pansion coefficients are used. Glasses, e.g. Pyrex, from 
which the 5 m Palomar mirror was constructed, have 
a linear thermal expansion coefficient 30 · w-7 K- 1. 

Quartz has 6 · w-7 K- 1. The ability since about 1965 
to manufacture and work large blocks of high-quality 
ceramic glasses, e.g. Zerodur, has permitted signifi
cant progress. This mixture of an amorphous glass and 
a crystalline ceramic component with opposing thermal 
properties exhibits no thermal expansion to speak of 
(:S l0- 7 K- 1 ). The reflecting surface consists of an alu
minum layer of only 100 to 200 nm thickness which is 
vacuum-evaporated onto the mirror. 

Focusing Systems. With many reflectors (Fig. 5.6), one 
can observe either in the primary focus of the main mir
ror or, by means of a plane secondary mirror which 
reflects the beam out the side of the tube, in the Newto
nian focus. It is also possible to attach a convex mirror 
in front of the primary focus and to produce the image 
at the Cassegrain focus (aperture ratio 1 : 20 to 1 : 10) 
behind an opening in the center of the main mirror. In 
newer telescopes, the Ritchey-Chretien system ( 1 : 10 to 
1 : 7) is often used; here, both mirrors in the Cassegrain 
system are replaced by mirrors with hyperboloid-like 
forms in order to obtain a larger field of view (0.5°) 
and a coma-free image1. In both the Cassegrain and the 

1 Coma: an image aberration in which rays not parallel to the optical 
axis are not focused at the same point, so that the image of a point 
source is drawn out into a "comet's tail" shape. 
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Fig. 5.6a-c. Different focus arrangements, using the exam
ple of the 2.5 m-Hooker reflector on Mount Wilson, the first 
of the large modem telescopes (completed in 1917); it was 

Ritchey-Chretien systems, boring through the primary 
mirror can be avoided and the image can be directed 
out of the tube by a plane mirror to the Nasmyth focus. 
Finally, by means of a complicated arrangement of mir
rors, the light can be directed through the hollow pole 
axis and the image of a star can be projected for exam
ple onto the entrance slit of a fixed large spectrograph 
in the Coude focus (1 : 45 to l : 30). 

Schmidt Cameras and Mirrors. The desire of as
tronomers for a telescope with a large field of view and 
a large aperture ratio (light-gathering power) was ful
filled by the ingenious invention of the Schmidt camera 
(1930/31 ). Bernhard Schmidt first noticed that a spheri
cal mirror of radius R will focus small beams of parallel 
rays, which are incident from any direction but pass 
roughly through the neighborhood of the spherical cen
ter of curvature, onto a concentric sphere of radius R/2 
- corresponding to the well-known focal length of the 
spherical mirror, f = R/2. With a small aperture ra
tio, one can thus obtain a good image on a curved 
plate over a large angular region, if in addition to the 
spherical mirror an entrance iris diaphragm is placed 
at the center of curvature, i.e. at a distance equal to 
twice the focal length from the mirror (Fig. 5.7). If 
a high light-gathering power is also desired, so that 
the entrance iris must be opened wide, spherical aber
ration becomes apparent as a smearing out of the stellar 

c 

only recently decomissioned. (a) Primary (P)- and Newtonian 
(N)-focus (aperture ratio 1 : 5), (b) Cassegrain focus (l : 16), 
(c) Coude focus (1 : 30) 

images. This was eliminated by Schmidt, who placed 
a thin, aspherically-ground correction plate in the en
trance iris, compensating the differences in optical path 
by corresponding thickness variations in the glass and 
a small shift in the focal plane. These path differences 
are seen in Fig. 5.3b to correspond to the distance be-

Spherical mirror 
E Focal plane 

F 

Entrance 
apertu~-

M 

~~~1:;;-,:-s~-----~~----~ ~I' --
~ Correction 
. 11 plate 

~ 
\Sl 

Fig. 5. 7. A Schmidt mirror. Bernhard Schmidt based his instru
ment on a spherical mirror with a radius of curvature R = MS. 
Bundles of parallel rays, even those incident at a considerable 
angle from the optical axis, are collimated by the entrance 
aperture at the center point M of the mirror and thus are 
combined into a spherical wavefront around M with a radius 
R/2 = M F; this is termed the focal surface. The focal length 
is then f = FS = R/2. To remove the spherical aberration, 
an aspherically-ground, thin correction plate is placed in the 
aperture. (The dimensions shown correspond to those of the 
Mount Palomar 48" Schmidt telescope) 
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tween the paraboloid and the conformal sphere. Due to 
the smallness of these differences, correction is possible 
simultaneously for a large range of incident angles and 
without introducing disturbing chromatic aberrations. 

Schmidt telescopes, as a rule, have aperture ratios of 
1:3.5 to 1:2.5, but can be constructed with ratios down 
to 1 :0.3. The 48" Mt. Palomar Schmidt telescope ( 1 :2.5) 
has a correction plate of diameter 48" = 1.22 m. To 
avoid vignetting, the spherical mirror must have a larger 
diameter of 1.83 m. This instrument was used for the 
famous Palomar Observatory Sky Survey; ca. 900 im
age fields of 7° · 7°, each taken with a blue plate and 
a red plate having detection limits of 21 mag and 
20 mag, respectively, cover the entire celestial Northern 
Hemisphere to a declination of -32°. 

In the case of the Maksutsov-Bouwers telescope 
(or camera), the Schmidt correction plate for avoiding 
spherical aberrations is replaced by a large meniscus 
lens having spherical surfaces. 

Among the special instruments for positional as
tronomy, we must at least mention the meridian circle 
(0. Romer, 1704). The telescope can be moved about 
an east-west axis in the meridian. The right ascension 
is determined by the time of transit of a star through the 
meridian. 

5.1.2 Resolving Power 
and Light Gathering Power. 
Optical Interferometers 

We shall now attempt to develop a clear picture of the 
usefulness of different telescopes for various applica
tions! The visual observer is primarily interested in the 
magnification. This is, as stated above, simply equal to 
the ratio of focal lengths of the objective and ocular. 
A limit to imaging of smaller and smaller sources is 
however set by the diffraction of light at the entrance 
aperture of the telescope. 

Resolving Power. The smallest angular distance be
tween two stars, e.g. binary stars, which can still just be 
separated in the image, is termed the resolving power. 
A square aperture of side D (which is simpler to treat 
than a circular aperture) produces a diffraction image 
from the parallel rays of light arriving from a star; it is 
bright in the center, and has on either side a dark band 

r---- 0 

0/2 -l 

a b 

Path length difference IJ2 
(1st minimum) 

Fig. 5.8. Diffraction 
of light by a slit or 
rectangle of width D. 
When two bundles 
of rays spaced a dis
tance D /2 apart have 
a path length differ
ence equal to one-half 
wavelength, i.e. A/2, 
then the first diffrac
tion minimum results 
from destructive inter
ference; it occurs at 
an angle of deflection 
given by J... j D 

resulting from interference, where the light excitation 
from the two halves of the aperture (Fresnel zones) can
cels. From Fig. 5.8, this corresponds to an angle (in 
radians) of A./ D. For a circular aperture of radius D, 
we find for the angular spacing 

A. 
¢=1.22D, (5.1) 

in which the diffraction disks of two stars half cover each 
other and can just still be separated. Equation (5.1) thus 
yields the resolving power of the telescope. If¢ is calcu
lated in seconds of arc and the diameter of the telescope 
is in meters, we obtain for A. = 550 nm a theoretical 
resolving power of: 

0.14" 
¢ = D [m] , (5.2) 

i.e. for example for a 5 m mirror 0.03". In the "oldest 
optical instrument", the human eye, the resolving power 
for a pupil diameter of several mm is found to be of the 
order of 1'. 

With a focal length f, (5.1) corresponds to a linear 
size of the diffraction disk in the focal plane of l = 
f tan¢ or, for small angles, 

l ~ 1.22 A. f 
D 

(5.3) 

(where D/ f is the aperture ratio). For A.= 550 nm we 
then have l ~ 0.67 f/ D [t-Lm]. 
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Longer exposures made from the ground are sub
ject to a smearing of point images of the order of 1" 
due to "seeing" (scintillation), so that even a small tele
scope of somewhat more than 10 em diameter reaches 
the maximum angular resolution permitted by the 
atmosphere. 

Light Gathering Power. The aperture or the diame
ter D of the telescope mirror determines in the first 
instance the collecting area (ex D2 ) for the light from 
a star, a nebula, etc. The collected light or energy flux 
is imaged onto the receptor in the focal plane; the light 
gathering power I is a measure of how strongly the light 
is concentrated on the receptor surface. The light from 
a distant star, i.e. that of a "point source", whose diam
eter is small compared to that of its diffraction disk, is 
spread in any case over an area given by (5.3), so that 
its intensity is at the most equal to: 

(5.4) 

For a given aperture ratio D j f, I thus increases propor
tionally to D2 . If the diameter 8 of the smallest resolving 
element of the receptor is now chosen to be larger than 
the dimension l of the diffraction disk, the intensity of 
the point source depends only on D 2, not on the aperture 
ratio. 

On the other hand, for an extended source, e.g. 
a comet or a nebula, with an angular diameter whose 
image ¢ f is larger than the diffraction disk or the recep
tor resolution, the intensity is proportional to (D / /) 2 . 

This is also valid for the case that the disk caused by 
air motion (¢ ::::= 1") is larger than the diffraction disk. 
The power of an instrument for determining faint area 
magnitudes therefore depends, like that of a camera, in 
the first instance only on the aperture ratio, but secon
darily on absorption and reflection losses in the optical 
system. In both respects, the Schmidt mirrors and their 
variants are unequalled. 

A much more complex question is that of how faint 
a star can be and yet still be detected. The limiting 
magnitude of a telescope is clearly determined by the 
criterion of whether the small stellar disk- its size given 
by scintillation, diffraction, detector resolution, etc. -
can still be distinguished from the background due to 
airglow and other disturbances. Thus, fainter stars can in 
the first instance be seen by using an instrument oflarger 

diameter; for a given aperture, a smaller aperture ratio, 
i.e. a longer focal length, is advantageous. In practice, 
the exposure times must also be considered! 

The Michelson Interferometer. As we have seen, the 
theoretical resolving power of a telescope is determined 
by the inteiference of edge rays. A somewhat improved 
resolution was obtained by A. A. Michelson using his 
stellar interferometer, by placing two slits at a spacing D 
in front of the objective (Fig. 5.9a). A "pointlike" star 
then yields a system of interference fringes with the 
angular spacing: 

¢ = n'Aj D (n = 0, 1, 2, 3, ... ). (5.5) 

If a binary star is observed with this instrument, with 
its two components separated by an angular distance y 
along the axis of the two slits, then the interference 
fringes from the two stars are superposed; the bright
est fringes are obtained when y = n'A/ D. In between, 
the interference fringes become undetectable, when the 
components of the binary star are equally bright; other
wise, they pass through a minimum. Conversely, if one 
slowly moves the two slits apart, the interference fringes 
are most readily observable for y = 0, Aj D, 2Aj D ... 
and least visible for y = !'A/ D, V D .... 

When a disk of angular diameter y' is observed, it is, 
as can be shown by an exact calculation, nearly equiv
alent to two bright points at a spacing y = 0.41 y', and 
the first visibility minimum is obtained at a slit distance 
Do corresponding to 0.41 y' = ~'A/ Do or 

y' = 1.22'AjD0 . (5.6) 

Compared to using a normal telescope, it at first may 
seem that little is to be gained (Do s Din (5.1)), but in 
fact the criterion of visibility of the interference fringes 
is less dependent on air motions (seeing) than for ex
ample a measurement with a cross-hair micrometer. 
Michelson and others were thus first able to measure 
the diameter of Jupiter's moons, closely-spaced binary 
stars, etc. 

Later, however, Michelson inserted a system of mir
rors like that of binoculars in front of the mirror 
of a 2.5 m reflector, and could thus make Do > 2R 
(Fig. 5.9b). It then became possible in the 1920's to 
measure the diameters of several red giant stars directly 
(the largest are::::= 0.04"). 
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Fig. 5.9. (a) A stellar inter
ferometer as developed by 
A. A. Michelson. A "point
like" star produces a system 
of interference fringes whose 
distances from the optical axis 
are </J=n-}.. j D (n=O, ±1 , 
±2, ... ). The fringes from 
two (equally bright) stars su
perpose and give a constant 
intensity at angular spacings of 
Y = 1}../ D, ~}..j D, . . . , i.e. zero 
visibility. (b) 6.1 m-Michelson 
interferometer of the Mount 
Wilson Observatory. A steel 
beam above the aperture of the 
2.5 m reflector carries the in
ner two 45° mirrors U and V, 
which are fixed, and the outer, 
movable mirrors A and B. The 
distance A B (maximum 6 m) 
corresponds to the slit width 
D in (a). Observations are 
made visually at the Cassegrain 
focus E 

total 

f\f\f\f\f\f\1\MM y=lJ(2D) 

fringe-visibility 
zero 

Correlation Interferometers. An important problem 
in the Michelson interferometer is to bring the two 
rays together with the correct phase. This difficulty, 
which made the construction of still larger instruments 
impossible, was overcome by the correlation interfer
ometer developed by R. Hanbury Brown, as follows: 
two mirrors at a separation D collect the light of a sin
gle star, each one onto a photomultiplier. The correlation 
of the current fluctuations from the two photomultipli
ers in a particular frequency range is measured. The 
strength of this correlation is, as can be shown by the
ory, related to D and y in exactly the same way as the 
visibility of the interference fringes in the Michelson 
interferometer. 

The correlation interferometer in Narrabri, Australia, 
uses two 6.5 m mirrors, which are each constructed 
as a mosaic of hexagonal plane mirrors (the image 
quality is unimportant here); they are mounted on 
a circle of diameter Do = 188 m, on which they can 
be moved, so that their spacing D can be varied in 
the range Do :::: 188m. The maximum resolving power 

M 

corresponding to Do, for A.= 420 nm, is, from (5.1), 
equal to 6 · 10-4 seconds of arc. With this instrument, 
R. Hanbury Brown and R. Q. Twiss in 1962 determined 
the diameters of about 30 brighter stars, where for 
each star an integration time of the order of 100 h was 
required (stable electronics!). 

Speckle Interferometry. The limitation of resolving 
power of a ground-based telescope to roughly 1" due 
to air motion can be avoided by applying speckle inter
ferometry, developed by A. Labeyrie in 1970, as well 
as the Knox-Thompson method (1973) and the speckle 
masking interferometry technique of G. Weigelt 1977, 
A. W. Lohmann and others (1983). While speckle in
terferometry reconstructs only partially the information 
about the object (the autocorrelation function), the other 
two methods yield true images with the theoretical 
diffraction-limited angular resolution. In the usual as
tronomical exposures, the diffuse seeing-disk is caused 
by turbulent fluctuations, in particular of the index of 
refraction in the atmosphere. On the other hand, a "mo-
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Fig. 5.10. A speckle masking measurement of the star 
77 Carinae with a resolution of 0.076". Upper image: one of 
the total of 740 speckle interferograms which were evalu
ated; they were taken with the 2.2 m ESO-MPG telescope 
through a 6 nm Ha interference filter at A = 654 nm. Lower 
image: the reconstructed picture of 77 Car at the theoreti
cal diffraction-limited resolution, showing glowing gas in 
the immediate neighborhood of the star. It was obtained 
from the 740 speckle interferograms by applying the speckle 
masking interferometry method. (Images by G. Weigelt and 
K. Hofmann) 

mentary exposure", which is obtained in a time shorter 
than the mean fluctuation time of the turbulence el
ements (:SO.l s), yields a diffraction image composed 
of numerous small speckles (Fig. 5.10). Although the 
speckles are spread over an angular range of the order 
of 1", the angular diameter of each individual speckle 
is on the average ::::'A/ D, and thus corresponds to the 
resolving power of the telescope with aperture D (5 .1), 
e.g. 0.03" in the visible range for a 4.0 m telescope. Such 
a speckle inteiferogram contains highly-resolved, coded 
information about the distribution of brightness of the 
object, however with a very poor signal to noise ratio. 
The art of speckle interferometry lies in superimposing 
100 to 106 images, depending on the brightness of the 
object, and in then extracting information about the ob
ject by Fourier analysis. The three techniques mentioned 
above can be applied to objects with V magnitudes down 
to 17 and K magnitudes down to 12 mag. 

5.1.3 Adaptive and Active Optics. 
Large Telescopes 

Parallel to the deployment of space telescopes on un
manned satellites and the planning of observations from 
a space station, the development oflarge earthbound op
tical telescopes with effective diameters of more than 
8 m has been actively continued. Now that the opti
cal detectors have attained high sensitivity near to the 
theoretical limit, the principal possibility for further 
increasing the power of optical telescopes lies in an 
enlargement of their light-gathering areas. This allows 
observations to be extended to extremely faint objects 
while retaining all the advantages of an earthbound tele
scope: the easy accessibility and the possibility of using 
complex instruments at a relatively low cost compared 
to installations in space. The disadvantage of observa
tions from the Earth's surface is the smearing out of the 
images and the resulting limited resolution due to at
mospheric scintillation; this can be overcome to a great 
extent by correcting the wavefronts with the aid of adap
tive optics. Another possibility of almost completely 
eliminating the influence of the atmosphere is through 
speckle interferometry as we have already mentioned in 
the previous section. 

The construction of conventional telescopes with 
a stable, rigid primary mirror having a high surface 
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precision (:'SA/ 10) from one piece has reached its limit 
with apertures of 4 to 6 m diameter due to the techni
cal problems which increase drastically with increasing 
mirror diameter (weight!) and to the cost. The devel
opment of large telescopes has therefore taken another 
direction: on the one hand, the use of lighter and thus 
thinner mirrors, and on the other, the construction of the 
primary reflecting element in the form of several indi
vidual mirrors. Since thin mirrors are readily deformed, 
the shape and direction of the reflecting surfaces must 
be continuously controlled and adjusted using an au
tomatic feedback system operating on the principle of 
active optics. 

Before we introduce some of the modem large 
telescopes individually, we will briefly describe the 
principles of adaptive and active optics. 

Adaptive Optics. With the aid of this technique, the 
deviations from planarity of the wavefront from a dis
tant light source (or the corresponding phase deviations) 
due to turbulence in the atmosphere can be continuously 
measured and, under computer control, corrected. In 
this way, the angular resolution is increased by a fac
tor of from 4 to 10 and approaches the diffraction limit; 
furthermore, all of the light collected by the primary 
mirror can be focused onto a smaller detector area. In 
the case of weak (unresolved) objects, this brings are
duction of the sky background and favors in particular 
spectroscopy with high spectral and spatial resolution 
as well as interferometric observations. 

The principle of adaptive optics is simple: the light 
from the primary mirror is collimated and focused onto 
a small, thin secondary mirror which is deformed via 
piezoelectric transducers under continuous computer 
control, so that the effects of atmospheric scintillation 
are to a large extent eliminated in the light rays re
flected from this mirror. The exact surface shape of the 
mirror, which can be varied by up to a few ~-tm, can 
be measured interferometrically. In addition, a tiltable 
plane mirror is also introduced and used to correct er
rors in the telescope drive motion. The electro-optical 
correction system has to be able to follow the rapid 
atmospheric fluctuations, i.e. the corrections must be 
carried out "online" within a few ms, which is possible 
only with a relatively small secondary mirror. 

The spatial and time-dependent deformations of the 
wavefront are measured by a wavefront sensor on 

a guide star, which can be the object under observation 
itself, or a brighter nearby star (at least 1Oth magnitude). 
The angular distance between the guide star and the ob
ject must be less than about 1 to 2", so that its light 
experiences the same atmospheric disturbances. Such 
stars are, to be sure, rather rare, so that the development 
of adaptive optics for astronomy progressed only after it 
became possible to provide artificial laser "guide stars" 
by backscattering of a laser beam from the atmosphere 
above the turbulent layers; these laser guide beams can 
be positioned in any arbitrary location in the sky. The 
correction of the wavefront is easier for longer wave
lengths, so that the infrared region is more favorable 
than the visible for this technique. 

In practice, the methods of adaptive optics are com
plex and could be technically realized only in the 1980's; 
their development for astronomical applications was in
dependent of those in the USA for military purposes. 
After the end of the Cold War and the resulting relax
ation of military secrecy in the early 1990's, a rapid 
development occurred, so that it is to be expected that 
adaptive correction systems will be used in practically 
all optical telescopes in the coming decades. 

Active Optics. In this method, the surfaces of the 
telescope mirrors themselves are corrected for mechan
ical, thermal and optical defects by computer-controlled 
transducers (Figs. 5.11, 12). These corrections are much 
slower than the turbulent variations of the wavefronts, 
so that the adjustments can be carried out on a time scale 
of the order of 2: 1 s, and thus even the primary mirrors 
of large telescopes can be corrected in this way. 

Large Optical Telescopes. Technically, there are sev
eral different possibilities for constructing large optical 
telescopes. One is to use a single, thin mirror of large 
diameter in connection with active optics; another is 
a mosaic-like arrangement made of several segments 
which together form a paraboloid reflecting surface, 
each of which can be "actively" adjusted. Furthermore, 
the rays from several independent telescopes in an array 
can be be collected onto a common focal point; or, fi
nally, several telescopes can be put on a common mount 
with a common focal point. 

The precursor of the new generation of large tele
scopes was the multiple-mirror telescope or MMT on 
Mount Hopkins in Arizona, which has been used since 
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Fig. 5.11. The New Technology Telescope (NTT) of the Eu
ropean Southern Obeservatory (ESO) on La Silla (Chile). In 
this telescope, completed in 1989, the shape of the 3.5 m mir
ror is optimized by 78 transducers under computer control. 
(@European Southern Observatory, ESO) 

1979 for optical and infrared observations (Fig. 5.13). 
Six identical mirrors, each with a diameter of 1.8 m, are 
mounted together with a common axis; the light from 
each mirror is redirected by a secondary mirror onto the 
common quasi-Cassegrain focus. In this way, a light
collecting area is obtained which corresponds to a that 
of a conventional telescope of .,;6 · 1.8 m = 4.4 m di
ameter, while the angular resolution is limited by the 
diameter of the individual mirrors. The common az
imuthal mount allows a very compact arrangement of 
the MMT in a building which weighs "only" about 450 t 
and is 17 m high; it can be rotated around its vertical 
axis in the azimuthal direction. 

In 1998, the mirrors of the MMT were exchanged 
for a telescope with a single 6.5 m mirror made of 
borosilicate (MMT now stands for Monolithic Mirror 
Telescope). A honeycomb structure of glass guaran
tees its rigidity and also greatly reduces its weight. The 

Fig. 5.12. Very Large Telescope (VLT) of the European South
em Observatory (ESO), on the Cerro Parana!, Chile. Above: 
A single telescope with an 8.2 m primary mirror made of 
Zerodur ceramic glass. Below: active optics: the mirror, just 
18 em thick, weighs about 22 t and is supported by a complex 
steel structure; it rests on 150 force transducers which contin
uously control and correct its shape. (@ European Southern 
Observatory, ESO) 
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Fig. 5.13a,b. The Multiple Mirror Telescope (MMT) on 
Mount Hopkins, Arizona. (a) Schematic drawing of the tele
scope with its six mirrors, in mounted azimuthally in its 
building. (b) Light-ray paths for a pair of oppositely-mounted 
1.8 m mirrors in a Cassegrain optical system with a common 

Cassegrain secondary mirror serves at the same time 
as a variable element for adaptive optics and is used to 
correct the image. 

Another forerunner of the new large telescopes is 
the New Technology Telescope (NTT) of the Euro
pean Southern Observatory on La Silla in Chile, which 
was completed in 1989 (Fig. 5.11). The 3.5 m primary 
mirror of its Ritchey-Chretien optical system is a menis
cus mirror of only 24 em thickness made of Zerodur, 
whose surface is continuously sensed and shaped by 
78 force transducers under computer control. The NTT 
is mounted azimuthally in a building which rotates with 
the telescope and has only one Nasmyth focus; the 
observations can be carried out by remote control. 

The first large telescope for the visible and near 
infrared region (out to about 10 11m wavelength), com
pleted in 1991, is the Keck I telescope with a 9.8 m 
mirror in the Ritchey-Chretien configuration; it is on 
Mauna Kea (Hawaii). The mirror consists of 36 hexag
onal, thin segments each 1.8 m across and made of 
Zerodur, which are individually adjusted using active 
optics. The similar Keck II telescope, set up at a dis-

b 1------- 6.9m 

focus. In the central axis, there is a 0.76 m guide telescope for 
pointing the MMT and steering the main mirrors. These mir
rors were replaced in 1998 by a single 6.5 m mirror. (With the 
kind permission of the American Institute of Physics, New 
York, and of the authors) 

tance of 85 m from Keck I, was completed in 1997, 
so that both instruments can also be used as an inter
ferometer - aided in addition by smaller mirrors with 
a maximum baseline of 165m. 

The Very Large Telescope (VLT) of the European 
Southern Observatory on the Cerro Parana! in Chile 
(Figs. 5.12, 14) consists of four identical 8.2 m menis
cus mirrors made of Zerodur, which can be operated 
together and thus provide a light-collecting area cor
responding to an effective diameter of 16m. The four 
telescopes for observations in the optical and infrared re
gions (A..:::: 12~tm) were completed in 1998-2000. They 
are called Antu (the word for Sun in the language of the 
Mapuche), Kueyen (Moon), Melipal (Southern Cross), 
and Yepun (Venus, as the Evening Star). In the com
ing years, these large telescopes will be complemented 
by several smaller mirrors in order to obtain a base
line of up to 200 m for long-baseline interferometry 
(VLTI). 

In the Japanese Subaru telescope, completed in 1999 
on Mauna Kea (Hawaii), the 8.2 m primary mirror is 
constructed along similar lines to that of the NTT. 
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Fig. 5.14. and frontispiece, p. 97. The Very Large Telescope 
(VLT) of the European Southern Observatory (ESO) on the 
Cerro Parana! in Chile. This aerial photograph, taken in 1995, 
shows the control building (in the foreground) and the concrete 
apron with the "domes" of the four 8.2 m telescopes, along 
with the tracks and 30 concrete foundations for positioning 

Within the next 5 to 10 years, further large tele
scopes with effective diameters of the order of 10 m 
will be put into service; of these, we mention only the 
following: 

The Large Binocular Telescope (LBT) on Mount 
Graham in Arizona consists of two twin telescopes, 
each with an aperture ratio of 1: 1.14 and 8.4 m diam
eter, and thus an overall effective diameter of 8.4 m · 
,J2 = 11.8 m. The two mirrors are supported at a fixed 
distance of (23 m) on a common mount and can also be 
used as an interferometer. As in the "new" MMT, the 
primary mirrors are made of borosilicate and stabilized 
by a honeycomb structure. 

The 10.4 m mirror of the Gran Telescopio Canarias 
(GTC) on the Canaray Island of La Palma is constructed 

several 1.8 m telescopes which together with the large in
struments will make up the interferometer system VLTI. The 
first 8.2 m telescope (Antu, in front) saw its "first light" in 
1998, the fourth and final one in 2000. (@European Southern 
Observatory, ESO) 

in a similar manner to the mirrors of the two Keck 
telescopes; it consists of 36 hexagonal segments, each 
1.9 m across. 

5.1.4 Optical Detectors 

Just as important as the telescopes themselves are 
the means of detecting and measuring the radiation 
from stars, nebulae, etc. Visual observation today plays 
practically no role. 

The photographic plate, one of the most important 
tools of the astronomer for more than a century, has 
been replaced in recent times for nearly all applications 
by semiconductor detectors, in particular the CCD (see 
below). The (spatial) resolving power of astronomical 
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photographic plates, which is determined by the grain 
size of the emulsion, is in the range between about 
5 and 25 ~-tm. The darkening S of a plate is defined 
by S =-log If I0 , where If I0 is its transparency, i.e. 
the ratio of the intensity I transmitted by the darkened 
plate to the undarkened intensity Io. The relationship 
between the total incident radiation exposure E = It 
(more precisely: the number of photons incident dur
ing the exposure time t) and the darkening is nonlinear. 
The darkening curve, S as a function of logE, increases 
(above a threshold intensity) at first only slowly; it then 
becomes linear, the slope of this part of the curve giv
ing the contrast of the emulsion; and finally, it reaches 
a saturation region where it flattens out again. A single 
photographic plate covers only a very limited brightness 
region (dynamic range about 1:20, maximum 1:100) 
before everything "goes black". 

Photographic photometry makes it possible to de
termine the brightnesses of stars with an accuracy of 
5 to 10%, provided the darkening curve is determined 
empirically and individually for each plate. 

Photoelectric photometry has, since the 1950's, 
made use of photomultiplier or electron multiplier tubes 
with suitable amplifiers. The incident photons release 
electrons from the photocathode, as long as their en
ergies are greater than the work function for electron 
emission (external photoelectric effect). The electrons 
are then accelerated by a high voltage onto additional 
electrodes where they cause secondary electron emis
sion, and thus amplify the initial electron current in an 
avalanche process, giving an amplification ratio of 106 

to 107 . The dark current, which represents background 
noise, can be reduced by cooling the electrodes. Pho
toelectric instruments cover a similar spectral region to 
that of photographic plates, but they are more repro
ducible and precise and respond linearly over a larger 
range of incident light intensity. Their quantum yield, 
i.e. the fraction of the photons which produces a sig
nal, lies for blue light in the range of 20 to 30%, while 
that of photographic emulsions is at best 2 to 4%. The 
photomultiplier collects all the electrons at the anode; 
therefore, image details are lost. In recent times, pho
tometric measurements have been carried out mainly 
using CCD detectors (see below). 

The wish to record more and more distant galax
ies and other faint objects as well as their spectra 
with acceptable exposure times made it attractive to 

try to combine the advantages of the photographic 
plate, with its extremely high image resolution, with 
those of photoelectric detectors: linearity, a large dy
namic range with easy amplification, and high quantum 
yields. This can be achieved by arranging many very 
small photoelectric detectors in a two-dimensional ar
ray, resulting in a multichannel detector. As early as the 
1930's, A. Lallemand and others developed the first im
age converters. Progress in microelectronics and solid 
state physics and their applications to computer man
ufacture, to television technology, and to military uses 
(night-vision apparatus, reconnaissance, ... ) has led 
since about 1970 to an enormous development and the 
rapidly increasing application of various kinds of high
sensitivity photoelectric detectors in optical astronomy. 
At the end of this development process, the CCD has 
emerged as the detector of choice for the optical and 
nearby spectral regions. In the following section, we in
troduce some of the more important of the newer types 
of detectors, without making a claim to completeness. 

In the image intensifier or image converter, electrons 
are released from a photocathode by the incident light 
and are accelerated, but then - unlike the photomulti
plier- they are not all collected by one anode, but rather, 
using electron optics (applied magnetic or electrostatic 
fields, combined with glass fibers to make the image 
plane conform to the shape of the electrodes), they are 
focused onto a fluorescent screen. This image, having 
a 50- to 1 00-times increased intensity compared to the 
original incident light, is then photographed directly 
from the screen. By placing several amplifier stages in 
series (Fig. 5.15), the amplification can be increased up 
to 106 to 107 , although with reduced image quality. 

The microchannel plate consists of a thin bundle of 
parallel glass capillaries ("microchannels", between 1 
and 15 ~-tm in diameter and about 1 mm long), which is 
placed directly behind a photocathode. The photoelec
trons are accelerated in the microchannels by a voltage 
applied to electrodes evaporated on the front and back 
surfaces of the plate, and impact on the inner channel 
walls, causing the emission of a cascade of secondary 
electrons from a thin semiconducting layer applied 
there. The microchannel plate thus exhibits the high 
avalanche amplification of a photomultiplier, but at the 
same time maintains spatial resolution by guiding the 
electrons within the channels. The image at the anode 
can be further amplified and enhanced. 
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Fig. 5.15. The construction of a three-stage image amplifier 
with magnetic focusing. (With the kind permission of Sterne 
und Weltraum) 

Among television imaging systems, in particular the 
Vidicons have been developed for astronomical appli
cations in conjunction with image intensifiers. In the 
imaging section of the television camera, the photoelec
trons are initially accelerated and focused onto a target 
which consists of a thin foil; the optical image is thus 
directly converted into an electrical charge distribution, 
which is then amplified within the target. This image 
is finally sampled by an electron beam, similar to that 
in a television tube, in the output section, and, after ad
ditional amplification, it is read out, for example into 
a computer for further treatment. 

In photon-counting detectors, the amplification is 
raised to such a high value by a multistage image con
verter that signals can be discerned on the fluorescent 
screen which are due to individual incident photons. 
A television camera views this screen and serves as 
a spatially-resolving "intermediate memory"; it trans
mits the image to a computer, where it is then digitally 
reconstructed and further processed. 

In a semiconductor detector such as the silicon diode, 
the incident photons create electron-hole pairs within 
the solid semiconductor material, if they have sufficient 
energy to lift electrons from the valence band into the 
conduction band (internal photoelectric effect). The free 
charges can then be collected in potential wells on the 
boundary layer between p- and n-doped silicon by an 
externally-applied voltage, and thus build up a charge 
image during long exposure times. The dark current 
due to electrons released by thermal lattice vibrations 
must be suppressed by cooling. Silicon diodes have es-

pecially good quantum yields in the red and infrared: 
at A. = 600 to 700 nm, they reach values around 80%. 
Their disadvantage, that avalanche amplification is not 
readily possible - in contrast to devices using the ex
ternal photoelectric effect - is offset to a considerable 
degree by their high quantum yields and the storage 
ability of semiconductor detectors. The small size of 
photodiodes permits arraying a large number of them 
in two-dimensional structures (diode arrays) with their 
associated electronic control circuits on a single chip. 

The silicon diode responds not only to light, but also 
to (sufficiently energetic) electrons. This fact is used in 
the Dig icon (E. A. Beaver and C. E. Mcilwain, 1971 ), 
in which the electrons emitted from a photocathode, 
after acceleration in a vacuum tube, strike a diode array 
which serves as detector. Imaging of the photocathode 
on the diode array is accomplished by electron optics. 

To an increasing extent since the mid-1970's, the 
CCD (Charge-Coupled Device) has found application 
in optical astronomy. It is a two-dimensional arrange
ment of extremely small semiconductor detectors, 
invented at Bell Laboratories in 1970 by W. S. Boyle 
and G. E. Smith and developed for television applica
tions. A CCD (Fig. 5.16) consists of a thin n-p-doped 
silicon platelet (chip), on which a two-dimensional ar
rangement of small electrodes is placed, separated by 
a thin insulating silicon oxide layer. These electrodes, 
together with the electronic circuitry, define the smallest 
independent receptors or image elements (pixels, from 
picture elements), which have roughly 20 IJ.m · 20 IJ.m 
areas. During the exposure, the electrons released, 
proportional to the number of incident photons, are col
lected in the potential well of each corresponding pixel. 
After completion of the exposure, control circuitry car
ries out a charge-coupled readout process by suitable 
changes in the potentials; in this process, the charge 
distributions of the pixels are moved to the edge of 
the picture, line by line, and are read into a computer 
memory via an amplifier. The readout frequency can 
be very high (2: 1 MHz), so that the production of new 
charges during the readout process remains insignif
icant. In the computer, several charge-images can be 
digitally combined to give the final picture. CCD chips 
are in a period of rapid development; at present, chips 
with up to 8000 · 8000 pixels on an area of several cm2 

are in use. In order to increase the detector area, several 
CCD chips can be combined in a mosaic arrangement. 
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Fig. 5.16. Schematic construction diagram and principle of 
the readout process of a three-phase ceo (charge-coupled 
device) . The charges collected initially (t = t1) under the elec
trodes 1 and 4 are shifted in such a way by stepwise changes 
in the potentials</> (at times tz and t3) that they are located un
der electrodes 2 and 5 at time t4 . (Reproduced by permission 
from Sterne und Weltraum) 

The impressive success of CCD cameras in recent 
years for the observation of extremely faint objects is 
based in particular on their favorable quantum yields 
and the large range of their linear response. Their initial 
disadvantage compared to photographic plates, namely 
a much lower number of image elements, has been 
overcome by technological development. 

5.1.5 Spectrographs 

A precise analysis of the spectral distribution of the 
light from cosmic sources is the task of spectroscopy. 
We shall here consider only its experimental aspects, 
by (somewhat artificially) deferring the relevant basic 
concepts and applications to later sections. 

The decomposition of light into its wavelength com
ponents requires a prism or a grating as the dispersive 
element of a spectrograph. The telescope has here only 
the task of focusing the light of a cosmic source, 
e.g. a star, onto the entrance slit of the spectrograph. 
Spectrographs of high light-gathering power for the 

investigation of faint objects are placed at the pri
mary focus of the mirror. Large spectrographs are 
mounted statically in a separate room behind the Coude 
focus. The Cassegrain focus has the advantage that 
relatively large spectrographs can be mounted there, 
rigidly attached to the telescope, avoiding light losses 
by reflection from additional mirrors. 

In a grating spectrograph (Fig. 5.17), the collimator 
initially selects parallel rays of light and directs them to 
the grating. The focal length of the collimator mirror is 
chosen to be as large as allowed by the dimensions of 
the available grating; its aperture ratio should be equal 
to that of the telescope, in any case no smaller (full il
lumination of the grating!). The spectrally-decomposed 
light is then imaged in the spectrograph camera, for 
which the grating serves as entrance aperture. These 
cameras are frequently constructed as Schmidt cameras 
(Fig. 5. 7), whose advantages we have already seen: large 
field of view, low absorption and reflection losses, small 
curvature of the image field, and negligible chromatic 
aberrations. It is often expedient to combine the grating 
and the camera mirror into a concave grating. 

A diffraction grating (line grating, e.g. in the form of 
a reflection grating) yields intensity maxima, i.e. spec
tral lines, when the optical path difference between 
neighboring rays is given by: 

a(sin ¢- sin¢o) = nA. (n = ±1, ±2, .. . ) (5.7) 

(Fig. 5.17). Here, a is the spacing of the parallel lines 
of the grating, (the grating constant), ¢0 is the fixed 
angle of incidence onto the grating, ¢ is the angle of 
the reflected rays, and n is the spectral order. Neigh
boring orders are separated by L1 sin¢ = A./ a from one 
another. Overlapping orders, which would complicate 
the spectra (for example, the 2nd order at A. = 400 nm 
is coincident with the lst order at A.= 800 nm) must 
be separated out using color filters together with the 
spectral response of the detector. 

The angular dispersion of the grating, 

d¢ n 
(5.8) = 

dA. acos¢ 

is, according to (5.7), independent of the wavelength, an 
advantage compared to a prism with its rather nonlinear 
dispersion. When the spectrograph camera has a focal 
length f , (5 .8) corresponds to a linear dispersion given 
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a 

Fig. 5.17a-c. The grating spectrograph. (a) Principle of the 
diffraction grating (reflection grating). Interference maxima, 
i.e. spectral lines, are obtained when the path difference of 
neighboring rays is a(sin ¢-sin c/>o) = nA. (n = ± 1, ±2, .. . ) 
according to (5.7), where a is the grating constant. The dis
persion (5.8) and resolving power (5.12) are proportional to 
the spectral order n. (b) By vapor deposition of e.g. aluminum 
onto the grating, called "blazing", specular reflection from 

by: 

dx d¢ 
dA. =f. dA.. 

The spectral resolving power, 

A. 
A=

.dA. 

(5.9) 

(5.10) 

is defined for a grating by the spacing .dA. for which two 
sharp spectral lines are just recognizably separated from 
each other. For a grating of dimension D, according 
to the theory of diffraction, (see (5.1)), .1¢ =A./Dis 
the smallest resolvable angle, so that (for a small exit 
angle¢), with (5.8) we have: 

a A. a 
.dA. = - .1¢ = -- . 

n n D 
(5.11) 

Schmidt camera 

Collimator mirror 

the grating steps for certain angles of incidence and emission 
can be obtained, giving an increased intensity in the spectra. 
(c) A Coude spectrograph. The star's image is focused onto 
the entrance slit of the spectrograph by the telescope. The col
limator mirror makes the light rays parallel and reflects them 
onto the grating. The spectrally decomposed light is then im
aged in the Schmidt camera; the grating serves simultaneously 
as the entrance slit of the camera 

If we now introduce the total number of grating lines, 
N = D/a, we find: 

A=nN, (5.12) 

i.e. the resolving power depends only on the number of 
lines and the order. 

In astronomical spectroscopy, diffraction effects can 
be for the most part neglected, since .dA. is limited by 
the spatial resolution of the detector, i.e. by the size of 
the image elements of a CCD (Sect. 5.1.4). The image 
of the entrance slit produced by the collimator and the 
camera optics of the spectrograph should, for reasons of 
economy, be adapted to this resolution. If one wishes, 
for example, to obtain spectra e.g. of stars of a particular 
limiting magnitude with a telescope of a given size in 
a particular exposure time (exposure times > 5 h are in-
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convenient in practice), then the camera focal length and 
the dispersion (i.e. the number of lines) of the grating 
are predetermined. 

Today, practically only grating spectrographs are in 
use, since it is now possible to manufacture the lines 
of the grating with the required profile so that only 
a particular reflection angle ("blaze angle"), and thus 

Vncuurn 
Tow r 

T 1 cope 

(VTT) 

Soctlonol vi w 

frorn th nst 

Fig. 5.18a,b. 60 em Vacuum Tower Telescope of the German 
Solar Observatory at the Observatorio del Teide of the Insti
tute de Astrofisica de Canarias on Teneriffa: (a) cross section 
and (b) optical path. The two computer-controlled coelostat 
mirrors direct the sunlight perpendicularly downwards into 
a tube which is evacuated to w- 3 atmospheres to avoid heat
ing; it has a diameter of 2.5 m. At its base is the main mirror 

a particular order n, shows a strong light intensity. With 
blaze angles of :S25°, a spectral resolving power A in 
the range 500 to 5000 in low orders with Cassegrain 
spectrographs having grating sizes D up to about 15 em 
can be obtained; using Coude spectrographs with grat
ings of about 50 em size, the resolving power can be up 
to 105. 
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with a focal length of 46 m. After exiting the vacuum tube, the 
light can be directed either horizontally into laboratories or 
vertically into a high-resolution echelle spectrograph, which 
is located in a tube 16 m deep under the ground. The 38 m high 
building consists of two concentric towers; the inner one holds 
the instruments while the outer prevents vibration, especially 
from the wind. E. H. Schroter and E. Wiehr (1985) 
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In recent times, along with "classical" grating spec
trographs, the newer echelle spectrographs have found 
increasing application. They permit a high spectral res
olution (A= nN :S 105) with an echelle grating (stepped 
grating) in high orders (n :::: 10 ... 1 000) at a large blaze 
angle (ca. 65°). The overlapping orders are separated at 
right angles to the dispersion direction of the echelle 
grating by a second grating which need have only a lim
ited resolving power and can be made as a concave 
grating to serve simultaneously as the camera mirror, 
so that altogether a "two-dimensionally" arrayed spec
trum is obtained. As examples, in Fig. 5.18 we show the 
echelle spectrograph of the Vacuum-Tower Telescope in 
the Observatorio del Teide, with which the solar spec
trum can be registered at very high resolution; and in 
Fig. 5.19, we illustrate the high-resolution spectrograph 
of the Hubble Space Telescope. 
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Fig. 5.19. The high-resolution spectrograph of the Hubble 
Space Telescope (up to 1997). Parallel rays of light from the 
collimator mirror are first spectrally decomposed by one of the 
six plane gratings, which are mounted on a carousel so they 
can be interchanged. For the highest resolution, 'A/ Ll'A = 105 

(the optical path shown), an echelle grating is used, followed 
by a transverse spectral decomposition using a concave grat
ing which serves simultaneously as the camera mirror. Two 
digicons with a one-dimensional arrangement of 512 diodes 
serve as detectors, with either a Csl cathode and a LiF win
dow ('A= 105-170 nm), or with CsTe/M5F2 (170-320 nm). 
Spectra oflowerresolution ('A/ Ll'A = 2 · 10 or 2 · 104 ) are pro
duced by the remaining five plane gratings on the carousel and, 
depending on the spectral region, are focused onto the corre
sponding digicon by one of the two camera mirrors. (From 
J. Brandt et al., 1982) 

For spectral surveys of whole starfields, an objec
tive prism is used, i.e. a prism is placed in front of the 
telescope at the angle of minimal deflection, giving the 
spectrum of each star on the focal plane. For example, 
the Henry Draper Catalog was prepared in this manner 
by E. C. Pickering and A. Cannon at the Harvard Ob
servatory; in addition to position and magnitude, it lists 
the spectral type of about a quarter of a million stars. 
Instead of an objective prism, an objective grating may 
also be used. 

5.1.6 Space Telescopes 

In order to observe cosmic sources in the ultraviolet 
(A. :S 300 nm), we have seen that the only possibility is 
to employ a telescope outside the Earth's atmosphere. 
But even in the visible region, a space telescope offers 
notable advantages, which must, to be sure, be weighed 
against the enormous cost of placing an instrument in 
space. The limitation on resolution due to seeing no 
longer applies, and the background brightness is re
duced by the amount due to the atmosphere, so that for 
the same mirror diameter, a space telescope can detect 
fainter objects than an Earth-based instrument. Further
more, the useful duty cycle of a space telescope is 
greater, since there in space observations can be carried 
out day and night, independently of weather conditions. 

Telescopes for the Ultraviolet Region. Following ini
tial rocket experiments with very limited observation 
times, the Copernicus satellite (OA0-3) with an 82 em 
telescope offered from 1972 to 1981 the first opportu
nity to carry out high-resolution spectroscopy in the 
ultraviolet in the range A. ;::, 95 nm as a long series 
of measurements. The "conventional" spectrograph, in 
which the spectrum is sampled stepwise by a photo
multiplier, limited these spectroscopic observations to 
relatively bright stars. 

The IUE Satellite (International Ultraviolet Ex
plorer), launched in 1978, carried a 45 em telescope of 
the Ritchey-Chretien design, with two spectrographs 
in its Cassegrain focus, one for the spectral region 
A.= 115-195 nm and one for the region 190-320nm. 
In each of these regions, either a spectrum of low res
olution (5.10), using a concave grating (with A./ LlA.:::: 
a few 1 00) or else a high-resolution spectrum using an 
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Fig. 5.20. The ultraviolet spectrum of the planetary nebula 
NGC 3242 in Hydra. The photograph was made by the Inter
national Ultraviolet Explorer in the range A = 115-200 nm 
by J. Koppen und R. Wehrse in 1979 and shows a section of an 
echelle spectrum from the 66th to the 125th orders with a res
olution of A/ LlA = 1.2 · 104 , corresponding to LlA ~ 0.01 nm. 
Each order band covers a region of about 2.5 nm. The con
tinuum from the central star is superposed on the emission 
lines of the nebula, of which the strongest are the C III 
doublet A = 190.7/190.9 nm (left) and the He II line at 
A= 164.0 nm (center) . At the upper right, the resonance line 
of H I La A = 121.5 nm, is visible on the one hand as a broad 
absorption band due to the interstellar medium, and on the 
other as emission from the geocorona. In the lower part of 
the picture, the track of a spurious particle ("cosmic") may be 
seen 

echelle grating (with A./ !J.A. = 1.2 · 104 ; see Fig. 5.20) 
could be recorded. The detectors were Vidicon tele
vision cameras (Sect. 5.1.4), the ultraviolet light first 
being transformed into visible light by an image con
verter (CsTe cathode with a MgF2 entrance window) 
and guided to the photocathode of the television camera 
tube using fiber optics. After an exposure, the image, 
consisting of 768 · 768 pixels, was read out by an elec
tron beam, and the video signal was digitized and then 
transmitted to a computer at the ground station, together 
with information for calibration, image reconstruction, 
etc. The nearly geostationary, elliptical orbit of the IUE, 
with an apogee of about 46 000 km, permitted con tin-

uous contact with the ground station. By the use of 
two-dimensional, more sensitive detectors, a consider
ably weaker limiting magnitude was attained than in the 
Copernicus satellite, in spite of the smaller telescope. 
With exposure times of the order of 2 h, high-resolution 
spectra from lOth magnitude stars could be recorded. 
The highly successful IUE was decommissioned only 
in 1996. 

Following the Copernicus satellite, since 1999 FUSE 
(the Far Ultraviolet Spectroscopic Explorer) has again 
made possible high-resolution spectroscopy in the far 
ultraviolet (90.5-118. 7 nm). The instrument consists 
of four small telescopes mounted on a common axis, 
each one with a free aperture of 35 · 39 em. Each of 
these directs the light it collects to a grating spectro
graph, attaining a resolution of A./ !J.A. 2:: 104 . Two of the 
telescope- spectrograph pairs are coated with Al and 
LiF, and cover the range from 100 to 119 nm, while the 
other two, coated with SiC, are for the short-wavelength 
range. The (two) detectors, each one registering two 
spectra, are two-dimensional microchannel plates with 
a spatial resolution of 20 1-1m in the direction of the 
dispersion. 

The spectral region of the far ultraviolet, below 
91.2 nm, has still been only barely investigated, be
cause the strong absorption in the Lyman continuum by 
the interstellar medium limits possible observations to 
our immediate neighborhood in the Milky Way Galaxy. 
However, the Apollo-Sojus mission (1975) demon
strated that earlier estimates were too pessimistic and 
that the inhomogeneous distribution of the interstellar 
gas would permit a view out to greater distances (up 
to about 100 pc) in several "holes". The interstellar 
medium again becomes transparent only in the X-ray 
region (A. ::=: 10 nm). 

The Hubble Telescope. With NASA's 2.4 m Hubble 
Space Telescope (HST), a larger instrument for the op
tical and ultraviolet spectral regions has since its launch 
in 1990 for the first time been available over an extended 
period. The telescope, of the Ritchey-Chretien type, at
tains an angular resolution of ::=: 0.1" at ).. = 633 nm 
and thus nearly reaches the the diffraction limit (5 .1 ) 
in its Cassegrain focus (aperture ratio 1 : 24). To be 
sure, this resolution was not obtained at first, due to 
a construction error in the mirror system which caused 
spherical aberration (see Sect. 5.1.1) and thus led to 
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fuzzy images. Through the introduction of several small 
mirrors (COSTAR: Corrective Optics Space Telescope 
Replacement) during a mission of the Space Shuttle 
"Endeavor", which required several days in 1993, the 
image errors could be corrected. 

In the original instrumentation of the Space Tele
scope, the following instruments could be selected for 
use in the focal plane: (a) a wide-angle camera with 
a maximum field of view of 2. 7' · 2. 7', covered by four 
CCD detectors in a mosaic, each with 800 · 800 pix
els. Its spectral sensitivity ranges from the ultraviolet 
into the near infrared (115 nm-1.1 !LID). (b) A camera 
for faint objects with a more narrow field of view and 
more limited spectral range (120-600 nm), in which, 
with a view to image reconstruction, detectors with 
a very high spatial resolution of 0.008" to 0.044" 
are used (image intensifiers with television camera 
tubes capable of single-photon detection). (c) A low
resolution spectrograph, with "A/ Ll"A = 250 ... 1300 in 
the range 115-700 nm, using a Digicon detector (a lin
ear diode array with 512 elements, cf. Sect. 5 .1.4 ), for 
investigation of faint objects; and (d) a high-resolution 
spectrograph for the ultraviolet (110-330 nm), with 
"A/ Ll"A = 2 · 103 ... 105, also using Digicon detectors; it 
is illustrated in Fig. 5.19. 

The camera for faint objects (b) and the high
resolution spectrograph (d) were replaced with other 
instruments by the crew of a Shuttle in 1997: (e) NIC
MOS, a camera and a multiobject spectrometer for the 
near infrared, as well as (f) an imaging spectrograph 
with two-dimensional diode arrays for both the optical 
and the ultraviolet spectral regions. 

5.2 Telescopes and Detectors 
for Radiofrequencies 
and the Infrared 

The second major region of transparency of the Earth's 
atmosphere, besides the "optical window", is the "ra
diofrequency window"; on the long wavelength end, it 
is limited by reflection from the ionosphere, mainly in 
the F-layer (Sect. 3.2.6). The longest wavelength which 
is transmitted varies strongly, depending on fluctuations 
in the electron density of the ionosphere, between about 
A= 12 and lOOm (i.e. between 24 and 3MHz). At 
the short wavelength end of the region, below about 

A = 5 mm, absorption by atmospheric oxygen and water 
vapor limits observability more and more, until finally in 
the submillimeterrange below "A= 0.35 mm (860 GHz), 
ground-based astronomy is no longer possible. Below 
about 20 ILffi, the atmosphere again becomes transpar
ent as we approach the optical window, at first however 
only in narrow regions between the absorption bands of 
water vapor (Fig. 11.1 ). 

We shall begin with a description of the most im
portant types of radio telescopes (Sect. 5 .2.1 ). In order 
to obtain high angular resolution in spite of the long 
wavelengths, both parabolic mirrors with the largest 
possible diameters, and especially interferometers are 
employed, the latter consisting of many individual tele
scopes at a considerable distance from one another. In 
Sect. 5.2.2, we give a very short summary of the re
ceivers and spectrometers used for the radiofrequency 
region. Finally, in Sect. 5.2.3, we briefly describe in
struments for the infrared spectral region, which lies 
between the radiofrequency and the optical regions and 
requires observation techniques combining elements of 
those used in the two neighboring regions. It is es
sential for the observation of astronomical sources in 
the infrared to suppress the intense thermal radiation 
background from the Earth and from the telescope itself. 

5.2.1 Radiotelescopes 

The weak radiofrequency signals from space are ini
tially collected by an antenna, which should have the 
largest effective area possible and good directional char
acteristics (angular resolution); they are then passed to 
a receiver or radiometer for amplification and rectifica
tion, and on to a detector, so that finally their intensity 
can, for example, be traced by a strip-chart recorder or 
stored in digital form in a computer for further analy
sis. The radiation which is collected by the radiometer 
can also be decomposed into its frequency components 
with good frequency resolution in a spectrometer, or it 
can be analyzed in terms of its state of polarization in 
a polarimeter. 

The most flexible type of antenna, with good direc
tional characteristics over a large frequency range, is the 
parabolic mirror, which, so long as the wavelength to 
be collected is not too short, can be made of reflecting 
sheet metal or wire mesh (mesh diameter ;S "A/10). The 
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precision of the reflecting surface determines the short
est wavelength which can be observed. The radiation is 
collected at the focal point by a feeder antenna (a hom 
or, for A i:: 20 em, a shielded dipole) and input to there
ceiver via a transmission line. Analogously to an optical 
telescope, the signal can be taken up by the feeder an
tenna at the primary focus or, via a secondary reflecting 
surface, at a secondary focus, e.g. the Cassegrain focus 
(Fig. 5.6). The latter arrangement offers the possibility 
of placing several different receivers behind the primary 
mirror for parallel use. 

Resolving Power. The resolving power of a mirror of 
diameter Din the radiofrequency region is also given by 
(5.1), as long as A« D. It is usual in radioastronomy to 
quote the beam width as the angle between the points in 
the directional characteristic curve at which the energy 
sensitivity has decreased from its maximum value by 
one-half (HPBW: half power-beam width). The beam 
width 

A 
cp= 1.03-

Deff 
(5.13) 

(in radians) differs only slightly from (5.1) through its 
numerical coefficient. Owing to the directional charac
teristic of the receiver hom, the effective diameter of the 
primary mirror is Deff < D. Instead of the angle cp, we 
can just as well describe the resolving power in terms 
of the solid angle Sh r:x.cp2 of the antenna beam. Since 
furthermore the (effective) antenna area or aperture A 
is Aerr ex D;ff, the following relation holds (it can be 
shown to be generally valid): 

(5.14) 

Radiation Power. We first recall that the character
istic quantity for radiation from an extended source 
(Sect. 4.3.1) is the intensity or surface brightness lv 
( 4.27); in contrast, for an unresolved point source, it 
is the flux density (4.40): 

(5.15) 

Here, QQ = rrR2 jr2 « fh is the solid angle which 
a source Q of radius R subtends at a distance r, and I v is 
the intensity averaged over the source Q. In the radio fre
quency region, the Kirchhoff-Planckfunction (4.61) can 
furthermore be replaced without loss of accuracy by the 

Rayleigh-Jeans law (4.63): 

2v2kT 2kT 
Bv(T) = --2 - = - 2 • 

c A 
(5.16) 

To characterize extended sources in radio astron
omy, the brightness temperature TB is also often used. 
One asks what temperature TB a black-body radiator 
would have to be at, in order that it would emit just the 
intensity lv at the frequency v according to (5.16): 

2v2kTB 2kTB 
lv= --- = -- or c2 A2 
lv [W m-2Hz-1sr-1] 

= 3.08 -10-28 (v [MHz])2 TB[K]. (5.17) 

The brightness temperature is a special case of the radi
ation temperature (Sect. 6.1.3) for the Rayleigh-Jeans 
regime; the radiation temperature is generally defined 
via the exact Planck function. 

The radiation flux density of a point source is also 
often expressed in terms of a temperature, the antenna 
temperature TA, which however depends not only on 
the source but also on the properties of the antenna 
(see below). The common unit which is used in radio 
astronomy for the "monochromatic" flux Fv is 

1 Jansky (Jy) = 10-26 W m-2 Hz-1 , (5.18) 

which is frequently denoted by Sv, a notation which we 
however do not employ in this book, in order to avoid 
confusion with the source function (4.56). 

Let us now observe a source with the intensity dis
tribution lv((), cp); according to (4.27), a planar surface 
A will receive from it the radiation power 

v+Llv 

Wv =A J f lv((), cp) cos()dQdv (5.19) 

v 

in the frequency band Llv around the frequency v. We 
assume that the antenna QA has a well-defined direc
tional characteristic (cos () ~ 1) and that the frequency 
bandwidth is sufficiently narrow, and take the intensity, 
which we now denote simply by I, to be the average 
value over QA and Llv. Then the radio power received 
by the antenna is 

WA = ~Aerrl!2AL1v. (5.20) 

The factor 1/2 which is usual in radio astronomy in 
connection with the definition of Q A and of the effective 
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antenna area Aeff takes into account the fact that a dipole 
can respond to only one of the polarization directions 
of natural, unpolarized radiation. We now define the 
antenna temperature TA analogously to the noise power 
kT 11 v of a resistance at the temperature T according to 
H. Nyquist (5.26) by 

(5.21) 

Then we can also describe the radiation power by 

(5.22) 

If we now express I according to (5.16) in terms of 
the radiation temperature, then for an extended source, 
using (5.14), we find 

AeffSh 
TA=~Ts=Ts. (5.23) 

In contrast, for a point source of solid angle QQ « QA, 

with the flux density f = IQQ, we find that the antenna 

temperature is lower than the radiation temperature: 

(5.24) 

The relation between the flux and the antenna 
temperature is 

2kTA 
j--

- Aeff . 
(5.25) 

Radiotelescope Mirrors. In the em and lower dm 
wavelength region, several large radiotelescopes with 
diameters over 60 m have been available for some time, 
beginning in the 1950's with the construction of the 76 m 
telescope at Jodrell Bank near Manchester in England. 
The currently largest fully-directable radiotelescope, 
the azimuthally mounted 100m parabolic mirror of the 
Bonn Max-Planck-Institute for Radio Astronomy at Ef
felsberg in the Eifel Mountains (completed in 1972; 
Fig. 5.21), can be utilized for observations from about 
50 em to 6 mm wavelength (0.6 to 50 GHz). 

Fig. 5.21. The 100m radio tele
scope of the Max Planck Institute 
for Radio Astronomy, Bonn, at 
Effelsberg in the Eifel mountains 
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In the case of the fixed 305 m spherical mirror in 
a valley at Arecibo, Puerto Rico, an effective variation 
in the direction of observation within a limited range 
can be obtained by means of changing the phase of 
the incident waves by swinging the feeder antenna. The 
observational capabilities of this instrument (originally 
commissioned in 1963) were considerably improved by 
the addition of modem instrumentation in 1997. 

The angular resolution of even these largest radiote
lescopes is poor compared to that of Galileo's first 
optical telescope! According to (5.13), for a 100m tele
scope at A = 50 em, it is only about 18'. It is therefore 
understandable that radio astronomers quite early devel
oped instruments using the inteiferometer principle for 
the meter wavelength region, in order to obtain better 
resolution. 

Radio Interferometers. The radio interferometer of 
M. Ryle, which corresponds precisely to Michelson's 
stellar interferometer (Sect. 5.1.2), attains a high resolv
ing power. In it, the signals from two radiotelescopes 
are combined, retaining phase information, and then 
further amplified. In contrast to the optical region, the 
phase of radiofrequency waves can be transmitted over 
several kilometers by cable and up to several 10 km by 
a radio link. 

The principles of the linear diffraction grating and 
the two-dimensional grid grating (for a fixed wave
length) have also been applied to antenna technology 
in order to obtain a high angular resolution with multi
element interferometers. In the Mills Cross (B. Y. Mills, 
1953), two long, cylindrically-parabolic antennas, each 
of which has a planar directional characteristic (i.e. good 
angular resolution in only one dimension), are mounted 
in a cross-shaped arrangement and are alternately con
nected to the receiver in phase and then with a A /2 phase 
shift in one of the transmission lines. Taking the differ
ence of the two signals yields a synthetic, rod-shaped 
power beam in the center of the cross, with an angu
lar resolution of the order of A/ D, where D is here 
the length of the crossarms. Thus, for example, with 
the crossed antenna in Molonglo, Australia, whose arm 
lengths are 1.6 km, an angular resolution at A= 73.5 em 
(408 MHz) of 1.4' · 1.4' is obtained. 

The British interferometer MERLIN (Multi-Element 
Radio-Linked Interferometer Network; 1990), which is 
composed of seven telescopes between Jodrell Bank 

and Cambridge with a maximum baseline of 230 km, 
achieves a resolution under 0.01" at 22 to 24 GHz. 

The principle of the correlation inteiferometer, first 
applied to radio astronomy by R. Hanbury Brown and 
R. Q. Twiss, has already been described for its "optical" 
version. 

Aperture Synthesis. It has furthermore been shown by 
M. Ryle how the principles of aperture synthesis can be 
applied to use the information on amplitude and phase 
obtained successively from several small antennas at 
suitable, preselected positions, rather than that collected 
by a single large instrument during a particular time in
terval. For this purpose, the individual antennas, usually 
in an X-, T-, or Y-shaped arrangement, are moved with 
respect to each other - and the Earth's rotation is also 
used- to change their relative distances (projected onto 
a sphere). The angular resolution according to (5.13) 
corresponds to that of a single antenna whose aperture 
would be equal to the area covered in the course of time 
by all the small antennas taken together. 

Among the large aperture-synthesis telescopes for 
the em and dm ranges, we mention the Synthesis
Radiotelescope at Westerbork, in the Netherlands, with 
12 fixed and 2 movable 25m mirrors in an east-west ar
rangement with a maximum baseline of 1.6 km; and the 
Very Large Array at Socorro, NM, USA, with 27 mov
able 25 m telescopes in a Y-shaped arrangement, the 
lengths of the three arms being up to 21 km (Fig. 5.22). 
With these antenna systems, angular resolutions of a few 
0.1" to 1" are obtained. 

Very Long-Baseline Interferometry. In order to attain 
a resolution much better than 1", since about 1970 the 
technique of very long baseline interferometry (VLBI) 
has been developed: two radiotelescopes which are very 
far apart, up to distances of order of the Earth's diameter, 
are used. They detect the radiation from the same source 
at exactly the same frequency independently of one an
other as a function of time, and thus of the effective 
baseline. The signals (i.e. the intermediate frequencies) 
are recorded digitally on videotape; they are accompa
nied by extremely precise time markers from two atomic 
clocks, so that their interference patterns can later be 
analyzed with known phases in a computer (correla
tor). Instrumental phase fluctuations and disturbances 
in the atmosphere, which are different for the two sites 
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at the large distances used, can be nearly eliminated by 
suitable combination of the signals from three or more 
telescopes (arranged along a "closed loop"). Thus, us
ing a worldwide network of the largest radiotelescopes 
with D on the order of ;::: 104 km, the obtainable an
gular resolution and positional precision according to 
(5.13) is reduced to 0.0001"; i.e. about 104 times better 
than that achievable in optical measurements, which is 
limited by the seeing! 

With the Very Long Baseline Array (VLBA), radio 
astronomers have had access since 1995 to a further 
development in long-baseline interferometry: it is an 
arrangement of 10 identical 25 m telescopes with iden
tical antennas, receivers and computers which spans the 
North American continent from Hawaii via California 
to New Hampshire on the East Coast and St. Croix 
(Virgin Islands) in the Caribbean, giving a maximum 
distance of 9600 km. The array can be used to investi
gate both continuum and line sources in the range from 
)... = 7 mm (43 GHz) to 90 em (0.33 GHz). Its angular 
resolution reaches 2 · 10-4" at the shortest wavelengths. 
The advantage of this system as compared to previous 
VLBI lies on the one hand in the optimal usage of angu
lar resolution and dynamic range even for the shortest 
wavelengths as a result of the homogeneous instrumen
tation; on the other hand, observing time on the VLBA 
is available only for interferometric observations. 

Fig. 5.22. The Very Large Array 
(VLA) in Socorro, New Mexico 
(USA). This is a radio synthesis
telescope with 27 movable 25 m 
diameter mirrors in a Y-shaped 
arrangement (maximum arm 
lengths 21, 21, and 19km). 
(With the kind permission of the 
American Institute of Physics, 
New York, and of the author) 

Using an additional telescope on a satellite in 
a strongly elliptical orbit, the angular resolution of long
baseline interferometry could be further improved to 
several w-s seconds of arc. Since 1997, the Japanese 
radio satellite HALCA (Table 2.3), together with the 
associated ground stations, has been available for this 
purpose; it circles the Earth on a strongly elliptical orbit 
at altitudes between 560 and 21 000 km every 6.1 h. 

Millimeter and Submillimeter Telescopes. In the mm 
and sub-millimeter wavelength region, the resolution 
becomes more favorable, according to (5.13 ), but there
quirements for surface precision of the mirrors become 
considerably more demanding, especially considering 
thermal deformations due to differential heating dur
ing the day- and-night cycle. Besides steel, carbon-fiber 
strengthened plastics with a reflecting foil surface are 
used in this region. In particular for the submillimeter 
region, telescope and receiver technology are in a state 
of rapid development. 

Since the Earth's atmosphere becomes opaque to
wards the submillimeter range, the telescopes for this 
spectral region are set up on the highest possible sites. 

Among the largest telescopes for the mm region are 
the 45 m mirror at Nobeyama, Japan, built in 1985 and 
usable down to the 3 mm range; and the French-German 
30 m mirror of the IRAM (lnstitut de Radio Astronomie 
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Millimetrique) on the Pica Valeta near Granada, Spain, 
for wavelengths down to 1.3 mm. Among the larger in
struments for the sub-mm region down to wavelengths 
of 0.85 mm, we mention the 15m mirror on La Silla in 
Chile (SEST: Sweden-ESO Sub-mm Telescope), and, 
down to 0.35 mm, the 15m James Clerk Maxwell tele
scope on Mauna Kea, Hawaii with the SCUBA detector 
(Submillimeter Common-User Bolometer Array), as 
well as the 10m Heinrich Hertz telescope (Fig. 5.23) 
on Mount Graham, Arizona, which has been operated 
jointly since 1995 by the Max Planck Institute for Radio 
Astronomy in Bonn and the University of Arizona. 

Since 1998, NASA's SWAS satellite (Submillimeter 
Wave Astronomy Satellite) has been investigating the 
spectrallines of important components such as 02, H20, 
13CO and CI in star-formation regions. 

As with longer wavelengths, interferometry and long 
baseline interferometry (VLBI) are carried out in the 
mm region. As examples, we mention firstly the Ar-

Fig. 5.23. Left: The 10 m Heinrich-Hertz Telescope of the 
Submillimeter Telescope Observatory on Mount Graham, Ari
zona (USA). Right: a portion of the primary mirror, made of 

ray of the IRAM, consisting of four 15m mirrors on 
the Plateau de Bure in the French Alps: it is an inter
ferometer with only a few large mirrors; and secondly, 
the BIMA (Berkeley-Illinois-Maryland Array) on Hat 
Creek, California: it has more (nine), but smaller (6 m) 
mirrors. 

COBE. Precise measurements of the isotropy and the 
spectral distribution of the cosmic 3 K background ra
diation (Sect. 13.2.2) were carried out in the microwave 
(and infrared) regions from 1989 to 1993 by the COBE 
(Cosmic Background Explorer) satellite from its circu
lar orbit which passed over the poles at an altitude of 
900 km. Its three instruments were cooled by superftuid 
helium to temperatures below 2 K. 

A differential microwave radiometer measured the 
intensity differences between two different points on 
the sphere at wavelengths of 3.3, 5.7, and 9.6 mm us
ing two hom antennas, and thus determined the isotropy 

carbon-fiber strengthened polymer and covered with a vapor
deposited aluminum layer, along with the movable secondary 
mirror (69 em diameter) at the primary focus. Photo: D. Fiebig 
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of the background radiation. With a spectrometer, ab
solute measurements of the far-infrared radiation in the 
range of 0.1 to 10 mm were carried out, in order to de
tect possible deviations from the Planck distribution. In 
addition, the diffuse infrared radiation from 1 to 300 ~-tm 
was observed, in an attempt to find indications of galax
ies from the early stages of the cosmos whose radiation 
has been shifted into this region. 

5.2.2 Receivers and Spectrometers 
for the Radiofrequency Region 

We cannot treat amplifier technology here, but we shall 
mention at least a few principles and the most important 
types of amplifiers. 

Noise Power. The in general weak, incoherent radiofre
quency radiation from outer space ("noise") has to be 
detected and measured in the receiver or radiometer 
against the background of antenna noise and that of the 
receiver components, as well as the background radia
tion from the Earth's atmosphere in the case of shorter 
wavelengths (A. $ 1 em). 

In the receiver, a noise power (H. Nyquist, 1928) is 
produced by the thermal motion of electrons in every 
(ohmic) resistance at temperature T in the frequency 
bandwidth ~v: 

(5.26) 

where k = 1.38 · 10-23 J K- 1 is Boltzmann's constant. 
In addition, there is "shot noise" and "semiconductor 
noise" in some components such as transistors, diodes, 
etc. The overall noise in the receiver, WN (> WR) can, 
analogously to (5.26), be represented by an effective 
receiver noise temperature TN: 

(5.27) 

where TN is higher than the physical temperature T. 
The main contribution to WN or TN comes in the first 
amplifier stage and the components before it, so that 
particularly low-noise amplifiers are used for this func
tion. Since the contribution due to thermal noise is 
proportional toT, WR and thus WN can frequently be 
considerably reduced by cooling. 

The total noise power W of the receiver system is the 
sum of antenna noise, WA, and the receiver noise WN 

itself: 

W= WA+ WN =k(TA+TN)~v, (5.28) 

where WA, again analogously to (5.21), can be ex
pressed in terms of the antenna temperature TA. In the 
ideal case, W A comprises only the noise power of the 
cosmic object being observed. In practice, W A also in
cludes a noise contribution from the antenna itself, and, 
for A.$ 1 em, radiation from the atmosphere and possi
bly from the ground, or for A. 2:: 30 em, the background 
radiation from our Milky Way galaxy (nonthermal 
synchrotron radiation, Sect. 12.3.2). 

Sensitivity Limit. The limit of sensitivity, i.e. the weak
est radiation power Ll W which can still be detected 
above the overall noise power W, is given for a measure
ment in a frequency bandwidth Ll v with an integration 
timer by: 

w 
~W=--.,rr;s:v (5.29) 

since in this case, the number of independent measured 
values is N = r ~ v and the relative accuracy, according 
to the law of statistical fluctuations, is ~WI W = 1 I ,JN. 

For the detection of weak cosmic signals it is thus 
important to have a stable amplifier (constant amplifi
cation) over the integration time r. Furthermore, WN 
must be kept as low as possible, since all contributions 
to W are of stochastic nature and in principle cannot be 
separated from one another. The frequency bandwidth 
is determined to a large extent by the problem at hand 
(a continuum measurement or observation of a single 
spectral line). 

Amplifiers. Fluctuations in the amplification can be 
eliminated to a large extent by the method of R. H. Dicke 
(1946), employing a Dicke or modulation receiver, 
in which the receiver input is periodically switched 
between the antenna and a resistance at a fixed tem
perature, and the difference signal is then analyzed. If 
the resistor is replaced by a second antenna, which is 
pointed at a neighboring area of the sky, the noise con
tributions from celestial background and atmospheric 
radiations can be largely eliminated by taking the 
difference between the signals from the two anten
nas (beam switching). Another possibility for reducing 
background radiation is either to shift the radiotele
scope mirror at a low "wagging frequency" between the 
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source of interest and a neighboring area in the sky, and 
again to use only the difference signal in the receiver 
(on-off technique), or else to swing the secondary mir
ror back and forth relative to the telescope's optical axis 
(wobbling). 

Following the first amplifier stage, the high frequency 
radio signal is usually converted to a (low) intermediate 
frequency (difference frequency) in a superheterodyne 
receiver using a mixer to combine with a fixed frequency 
from a stable oscillator; the intermediate frequency 
signal is then further analyzed. 

In the case of dm- and meter-waves (A. :2: 30 em or 
v :S 1 GHz), the nonthermal background noise radia
tion from our own galaxy dominates all other noise 
contributions; its radiation temperature increases with 
increasing A. from a few 10 K to well above 1000 K. 
Thus, in this range, there is no need for particu
larly low-noise amplifiers, and conventional amplifiers 
from radio technology, e.g. silicon transistor amplifiers 
and, more recently, (uncooled) field effect transistors 
(TN ~ 300 K) are used. 

In the em-wave region (1 to 30 em, 30 to 1 GHz), the 
celestial background is "cold" (radiation temperature 3 
to 10 K: microwave background radiation, Sect. 13.2.2), 
so that it is worth the effort to use low-noise ampli
fiers. With HEMT amplifiers (High Electron Mobility 
Transistor) cooled to about 15 K, noise temperatures TN 
of several 10 K are obtained; with masers cooled to still 
lower temperatures (T ~ 4 K), one obtains TN even be
low 1 K and thus an enormous increase in the precision 
of measurements of faint radio sources, to be sure at the 
price of reduced bandwidth. 

Going into the mm-wave region, the thermal radiation 
from the Earth's atmosphere increases rapidly, and ra
diation temperatures soon reach about 300 K. For the 
longer-mm-wavelength region, SIS (superconductor
Insulator-Superconductor) amplifiers are used. Below 
about A.= 3 mm (v > 100 GHz), there are currently no 
low-noise amplifiers available. Here, the signal is fed 
directly into a mixer and reduced to an intermediate fre
quency in the 1 GHz range without preamplification; the 
latter can then be amplified conventionally. With very 
low-temperature (T ;S 4 K) Josephson mixers and SIS 
mixers, TN~ 100 K is achieved at 100 GHz. 

Receiver technology for the observationally diffi
cult submillimeter wavelength region (v :2: 700 GHz) is 
currently undergoing rapid development; it uses "quasi-

optical" components in heterodyne receivers, based on 
a "hybridization" of waveguide techniques as used for 
microwaves, and the methods of geometric optics as 
used in the infrared and optical regions. 

Spectrometers. For the investigation of radiofrequency 
spectral lines, as for example the 21 em line of neu
tral hydrogen or the many molecular lines in the em
and mm-regions, the broadband signal from the re
ceiver is decomposed into its component frequencies 
in a spectrometer and their intensities are determined. 
In a filter spectrometer, the original frequency band 
(in some cases after conversion to another frequency 
range using the heterodyne principle) is divided up by 
a large number (several hundred) of narrow bandpass 
filters with fixed center frequencies. The signals from 
the individual spectrometer channels are then analyzed 
in parallel. In the acousto-optical spectrometer, the 
electromagnetic waves are first converted to ultrasonic 
oscillations using the piezoelectric effect. These then 
produce standing waves in a (transparent) crystal, cor
responding to fluctuations in the density and the index of 
refraction of the material, and thus forming a "diffrac
tion grating" which is irradiated with monochromatic 
light. The spectral energy distribution of the radio sig
nal is thus finally converted into an optical diffraction 
image, whose intensity distribution can be measured, 
e.g. with a CCD. 

5.2.3 Observation Methods in the Infrared 

Observations from the ground can be made only in 
the near infrared (0.8 ;S A. ;S 1.2 [Lm) and in limited 
"windows" through the absorption by atmospheric wa
ter vapor in the medium infrared (1.2 ;SA. ;S 20 [Lm); 
owing to the strong decrease in water vapor content 
of the air with increasing altitude, they are best car
ried out from high mountains (2: 4 km). Astronomical 
observations in the far infrared (A. :2: 20 [till), in con
trast, have to be made from aircraft (altitude range 
;S 15 km) and balloons (:S 40 km) or from space ve
hicles and satellites. Only in the very-far infrared 
or submillimeter region (A. :2: 350 [till = 0.35 mm) does 
the atmosphere again become transparent in several 
windows (Fig. Il.1). 
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The infrared celestial background contains contribu
tions from the zodiacal light (Sect. 3.8) for A ::::; 50 j.Lm 
and from the diffuse galactic emission for A ~ 100 j.Lm. 

Telescopes. In the entire infrared range, optical tele
scopes can in principle be used (Sects. 5.1.1, 3). How
ever, since at T ::::: 300 K the background radiation from 
not only the atmosphere but also from the telescope parts 
themselves is strong in the infrared, this bothersome 
thermal radiation has to be reduced as far as possible, by 
limiting the field of view, by keeping to a minimum the 
number of reflecting surfaces, and by cooling the tele
scope and the detectors, among other methods. In order 
to detect the faint infrared radiation from cosmic sources 
against the background of intense, variable emissions 
from the Earth's atmosphere and from the sky, a differ
ence signal between the source and a neighboring area 
of the heavens is obtained by periodic "wobbling" as in 
the radiofrequency region (for example by wobbling the 
secondary mirror in a Cassegrain arrangement at about 
10Hz; this is termed chopping or beam switching). 

Along with temporarily "modified" optical tele
scopes, especially constructed infrared telescopes are 
employed, for example the 3.2 m mirror of NASA and 
the British 3.8 m telescope (UKIRT), both on Mauna 
Kea (Hawaii). 

Longer observations from altitudes of 12 to 15 km 
were possible from 1974-95 with the Kuiper Airborne 
Observatory, an aircraft equipped with a 91 em mirror 
for infrared astronomy. 

Infrared Satellites. The first infrared satellite, IRAS 
(Infrared Astronomical Satellite) carried out a sky sur
vey in 1983 with a 57 em telescope in four broad 
wavelength regions between 12 and 100 j.Lm with an 
angular resolution on the order of 1'. The telescope, 
cooled to a temperature of ;S 10 K with liquid Helium, 
found about 250 000 infrared "point sources", among 
them many in distant galaxies whose light is primarily 
in the infrared, and made some surprising discoveries 
(among others new comets, interstellar dust clouds, and 
a dust ring around Vega). 

The ISO satellite (Infrared Space Observatory, 
launched in 1995) carried out observations for around 
2 years from its strongly elliptical orbit- with an alti
tude of 70 600 km at its apogee - and detected infrared 
objects in the extended wavelength range of A = 2.5 j.Lm 

to 240 j.Lm. On board, it carried a Ritchey-Chretien tele
scope of 60 em diameter with four instruments cooled 
to between 2 and 8 K: a camera together with a po
larimeter and an imaging photopolarimeter, furthermore 
two spectrometers with a spectral resolution A/ L1A of 
their gratings in the range of 1000 to 2500 in the 
short wavelength region (A ::::; 45 j.Lm) and 200 in the 
long wavelength region. By using Fabry-Perot inter
ferometers, resolutions up to 3 · 104 or 104 could be 
obtained. In particular, with ISO the widely-spread dis
tribution of the cold (T ::::: 20 K) interstellar dust in 
numerous galaxies could be observed. Since 2003, the 
Spitzer Space Telescope (originally called SIRTF, Space 
Infrared Telescope Facility) has delivered its first re
sults. Spitzer has detectors cooled to below 6 K on 
board, which are sensitive in the range 3-180 j.Lm and 
which use its 85 em telescope. 

Detectors. For the infrared, which lies between the 
visible and the radiofrequency regions, techniques 
for detection of both the radiation from the visible 
(Sects. 5.1.4, 5) and from the submillimeter ranges 
(Sect. 5.2.2) can be applied. 

As detectors for the near infrared region 
(A ::::; 1.2 j.Lm), photomultipliers and image converters, as 
in the optical region, but with special cooled photocath
odes (AgOCs or GaAsP) are used; silicon photodiodes 
are also employed. Out to about A= 5.5 j.Lm, indium 
antimonide (InSb) photodiodes cooled with liquid ni
trogen at 77 K or liquid helium at 4.2 K are used; lead 
sulfide cells are also employed to about 4 j.Lm. In the 
medium and far infrared, cooled semiconductor detec
tors predominate; they can also be used in CCD cameras. 
In a photoconductive detector, the absorption of a light 
quantum in a semiconductor creates an electron-hole 
pair by exciting an electron from the valence band 
through the energy band gap which separates it from 
the conduction band. The briefly increased electrical 
conductivity (until recombination of the pairs occurs) is 
then used for detection. Compared to the correspond
ing optical detectors, the photon energies in the infrared 
are considerably lower, so that the detector material 
must have a small band gap. In pure semiconductors 
such as germanium or silicon, the band gap is of the or
der of I eV, corresponding to A ::::: 1.2 j.Lm. Doping with 
suitable materials, however, creates "impurity states" 
within the band gap, with energy spacings down to 
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about 0.01 eV, so that the response limit of the pho
toconductor is extended to much longer wavelengths. 
The semiconductor must be cooled to a temperature at 
which these energy states are not populated thermally, 
i.e. cooling to lower temperatures is necessary as the 
limiting wavelength increases. By doping silicon with 
In, Ga, As, or Sb or germanium with Cu, and cooling to 
below about 10 K, detectors for infrared radiation out 
to the 20 to 30 11-m range can be fabricated; germanium 
detectors doped with Ga and cooled to liquid helium 
temperatures (:S 4 K) are sensitive even as far out as 
120j.Lm. 

In the whole infrared region, thermal detectors are 
also used, in which the absorbed radiation is trans
formed into the heat energy of a crystal lattice: in the 
bolometer, one makes use of the strong temperature 
dependence of the electrical resistance of a suitably 
doped cooled semiconductor crystal for the detection 
of infrared radiation. At liquid helium temperature, us
ing 4He or 3He (4.2, 0.3 K), a range from 1 to about 
1000 11-m is accessible with a gallium-doped germanium 
bolometer. 

Spectroscopy. For spectroscopy in the infrared, be
sides cooled prisms and gratings of medium resolving 
power, high-resolution Fourier spectrometers are also 
employed. The heterodyne spectrometers developed for 
the microwave region (Sect. 5.2.2) permit spectroscopy 
of line sources in the far infrared for wavelengths greater 
than about 100 11-m. 

5.3 Instruments 
for High-Energy Astronomy 

From the long-wavelength region of the electromagnetic 
spectrum, we now jump to the region of the shortest 
wavelengths, or the highest frequencies and energies: to 
the gamma-ray and X-ray regions. Reflection, e.g. from 
the surface of a mirror, is as a result of the strong pen
etrating power of these high-energy photons possible 
only for soft X-rays (energies below a few keV) at graz
ing incidence, i.e. at angles ::S 1 a to the surface. At higher 
energies, the detection of the photons is carried out 
with instruments developed in high-energy physics for 
counting energetic particles, making use of the ener-

getic electrons released from the detector material by 
the photons. 

Along with high-energy electromagnetic radiation, 
the radiation consisting of energetic particles has be
come increasingly important: the solar wind blows 
solar matter, i.e. mainly high-energy hydrogen and he
lium ions and electrons, with velocities of about 200 
to 1000 km s - 1 into space. Protons of velocity around 
500 kms- 1 have an energy of 1 keV. The range of even 
higher energies is taken up by cosmic radiation, which 
reaches us with energies of up to 1010 eV from outbursts 
on the Sun, and in addition from the Milky Way (and 
possibly from other galaxies) with energies of a few 
108 up to 1020 eV; it continually bombards the Earth's 
atmosphere (Sect. 10.4.2). 

Many of the physical processes behind the interac
tions of energetic photons and particles with matter, 
which are important for the understanding of the par
ticle detectors and the telescopes used in high-energy 
astronomy, as well as for the description of the propa
gation of gamma rays or cosmic rays from their sources 
to the point of detection, have already been introduced 
in Sect. 4.5.6. 

We thus begin immediately in Sect. 5.3.1 with a dis
cussion of the most important types of particle detectors, 
and continue in Sect. 5.3.2 by treating telescopes used to 
observe cosmic rays. Finally, in Sect. 5.3.3, we describe 
the instrumentation for the detection of high-energy 
photons in the gamma-ray region. 

5.3.1 Particle Detectors 

When energetic (charged) particles pass through mat
ter, they give up their energy mainly through ionization 
of the atoms ( 4.141) in the material or by interac
tions with the nucleons in their nuclei. For electrons, 
the bremsstrahlung (4.142) which is produced as are
sult of their acceleration by the charges of the ions 
and electrons in the material can lead in addition to 
a considerable energy loss. For ions, in contrast, energy 
losses through bremsstrahlung play no role, since the 
interaction cross section for its production is inversely 
proportional to the square of the particle mass. 

While energetic protons and heavy ions maintain 
their original directions practically unchanged in matter, 
the lighter electrons are strongly deflected. 



When energetic protons or heavy ions approach the 
nuclei of atoms upon penetrating matter to within a dis
tance of _:::: 10-15 A 113 m (A: atomic number), i.e. to 
within the range of the nuclear force, they undergo nu
clear interactions. In this process, 40 to 50% of their 
energy is converted into a multiplicity of particles, in 
particular into n mesons, but also into nucleons, hyper
ons, etc. The charged particles lose a large part of their 
energy by ionization of the material; the secondary nu
cleons, if they have sufficient energy, can interact with 
other nuclei and lead to a nucleon cascade. The charged 
poins, Jt±, decay within a few w-8 s into muons that 
have a high penetrating power, and into neutrinos or 
antineutrinos. In contrast, the neutral pions decay after 
their average lifetime of only about 1.8 · w- 16 s into two 
gamma quanta each; these then initiate electromagnetic 
cascades (Sect. 4.5.6). 

The orbit of an energetic particle can be directly ob
seved in a bubble chamber. The ions which are produced 
along its track act as nucleation points for vaporization 
in a superheated liquid with boiling hysteresis, so that 
the path becomes visible as a string of small bubbles of 
vapor. The particle's energy can be derived from the in
tensity of the track; a magnetic field can be applied to 
affect the particle orbits and allow the determination of 
their charge and mass. Bubble chambers are, however, 
not suitable for use in satellites or space vehicles due to 
their size and complexity. 

In plastic detectors, the tracks of strongly ionizing 
particles can be detected using the permanent damage 
to the material which they produce. Since the damaged 
areas have an increased chemical reactivity, the particle 
tracks can be made visible by etching. 

In nuclear emulsions, which consist of a gelatine 
layer containing suspended AgBr crystals much like 
a conventional photographic emulsion, the crystals are 
first activated by secondary electrons. After develop
ment, the tracks of ionizing particles become visible 
as a result of precipitation of silver grains. The den
sity of grains at each point is proportional to the energy 
loss dEjdx. 

A scintillation detector converts the energy of 
charged particles or energetic photons to visible light 
flashes via secondary electrons released by the ener
getic particle in a suitable crystal or liquid; the yield 
is a few percent, and the light flashes are detected us
ing photomultipliers. The intensity of the current pulse 
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from the photomultiplier is proportional to the energy 
loss of the primary particle. Materials for scintillation 
detectors are Nal and Csi crystals, thallium doped Nal, 
and also organic liquids and plastics. 

In order to register energetic particles above a partic
ular threshold energy or velocity, Cherenkov detectors 
are used; they are made of a transparent, solid dielectric 
material such as plexiglas, or employ a gas. If a parti
cle moves through a medium with a velocity v which is 
greater than the velocity of light c / n in the medium (of 
index of refraction n ), it will emit Cherenkov radiation 
at an angle to the direction of flight of the particle which 
is determined by v and n. This weak light in the optical 
region can once again be detected by photomultipliers. 

Individual charged particles can be detected by a gas 
counter tube, in which they ionize the gas charge, e.g. Ne 
or Xe, along their paths. A high voltage is applied be
tween the outer metal wall of the tube and a thin wire 
along its axis, giving rise to an electron avalanche due 
to ionization of the gas, which can be detected as a cur
rent pulse on the wire electrode. In the gas proportional 
counter, the voltage is set so that the total number of 
electrons detected is directly proportional to the number 
of electrons produced by the primary incident particles. 
Gas proportional counters are currently not so much 
used as particle detectors, but instead as detectors for 
X-radiation (Sect. 5.4.1). 

By increasing the applied voltage, one can operate 
a gas counter tube, as in the Geiger-Muller detector, in 
the saturation region, in which each particle ionizes the 
whole gas and produces a spark. Counters of this type 
can be made with very small dimensions and assembled 
into a spark chamber. Because of their good positional 
resolution, spark chambers are suitable for determining 
the orbits of particles. 

In solid state detectors, electron-hole pairs are cre
ated in a semiconducting material, which may be 
fabricated as an extremely pure single crystal. The pairs, 
similarly to the electron-ion pairs in a gas counter, then 
make the material conducting and can be registered as 
a voltage pulse after amplification. The disadvantages 
of the relatively small detector areas and the need for 
cooling are compensated by the high energy resolu
tion of semiconductor detectors, which is due to the 
well-defined energy of the electron-hole pairs and to 
the short stopping ranges of the primary particles in 
the material. 
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5.3.2 Telescopes for Cosmic Radiation 

Now that we have briefly introduced the numerous 
types of detectors with which energetic particles can be 
observed, we may ask how a particle telescope for ob
servation of cosmic radiation can be constructed. Since 
these energetic particles can neither be reflected nor fo
cused by matter, owing to their high penetrating power, 
it is necessary to construct a particle telescope in a com
pletely different manner from, for example, an optical 
telescope. To select a particular type of energetic parti
cles, characterized by their charge z and mass m, at the 
same time discriminating against other types of parti-
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Fig. 5.24. A telescope for detecting cosmic-radiation particles. 
A cross-section through the telescope constructed by the Uni
versity of Chicago for the IMP-7 satellite (launched in 1977), 
and used to measure beryllium isotopes from cosmic radiation 
in the energy range around 100 MeV per nucleon. The vari
ous detectors Dl to 06, together with logic circuits, detect 
the type, energy, and direction of incidence of the particles 
and eliminate signals from secondary and background radia
tions; the silicon drift counters Dl through 03 determine the 
angular resolution of the telescope. "Desired" particles must 
be stopped in the Tl-doped Csi counter 04, and therefore may 
not produce a signal in the Cherenkov detector D5 or in the 
plastic scintillator shielding D6 (PM tube= photomultiplier 
tube). M. Garcia-Munoz eta!. , Astrophys. J. 217, 859 (1977). 
(Reproduced by permission of the Unversity of Chicago Press, 
the American Astronomical Society, and the authors) 

cles, and to determine their direction of incidence and 
energy E, one assembles several detectors having differ
ent sensitivities, together with shielding and absorbing 
elements, into a telescope. Its geometric arrangement, 
together with its electronic logic, which includes co
incidence and anticoincidence circuits that operate on 
the detector signals, are designed to yield the desired 
information (Figs. 5.24, 25). The observable angular 
range of the telescope can, for example, be geometri
cally defined by the transmission of a particle through 
two particular detectors; details of particle orbits can 
be obtained from numerous small detectors arranged, 
for example, into a spark chamber. The determination 
of the charge z requires the analysis of the energy 
loss dE/d(Qx), e.g. using the degree of ionization in 
a detector (4.141), with as many variously-responding 
detectors as possible. Finally, in order to find the par
ticle's mass m, the total kinetic energy (y -l)mc2 

(y =Lorentz factor) must be precisely measured. For 
this purpose, the particle must be stopped in the tele
scope. This is verified by an "exit detector", in which 
the particular particle is not allowed to produce a signal 
and which is connected via an anticoincidence circuit to 
the other detectors with their positive detection signals. 

The particles of galactic cosmic radiation interact 
strongly even with the upper layers of the Earth's 
atmosphere, since their average distance of travel corre
sponds to a mass column for strong interactions of about 
100 kg m- 2, i.e. less than one-hundredth of the whole 
atmosphere. Thus, complex apparatus can be placed on 
the ground to investigate the cascades or air showers 
of secondary particles, from which conclusions can be 
drawn about the primary radiation. The secondary par
ticles excite the air molecules (N2) to fluorescence; the 
short flashes of light can then be detected. 

We list some of the sensitive detectors which were 
put into operation during the 1990's: 

1. The "Fly's Eye" near Dugway in the Arizona 
desert, which consists of a large number of 1.5 m mir
rors, each of which focuses the light onto about a dozen 
photomultipliers, each one "seeing" a hexagon on the 
celestial sphere. The mirrors are arranged in such a way 
that all of the detectors together cover the whole sky -
like the eye of a fly. Since the year 2000, its succes
sor, the High Resolution Fly's Eye (HiRes), also near 
Dugway, has been available for observations of cosmic 
radiation. It attains an angular resolution of 1 o · 1 o. 



2. TheA keno Giant Air Shower Array (AGASA) near 
Akeno in Japan, with over 100 scintillation detectors, 
each with an area of 2.2 m2, which are set up at distances 
of about I km apart. 

On the other hand, however, the primary cosmic ra
diation, which consists mainly of protons of 2: 1 GeV 
energy and, to a lesser extent, of heavier nuclei and 
electrons, must be observed outside the atmosphere. 
This places heavy demands on the technology, since 
in particular for the most energetic particles, which 
have relatively low intensities, large, heavy telescopes 
must be employed over long periods of time. Satellites 
and space vehicles are used, as well as stratospheric 
balloons; it must be remembered, however, that even 
at an altitude of 50 km, a layer of atmosphere of 
about 20 kg m - 2 thickness (Fig. 11.1) still remains above 
a balloon-carried telescope. 

5.3.3 Gamma-ray Telescopes 

Gamma rays from space are absorbed in the upper lay
ers of the Earth's atmosphere; in addition, large numbers 
of gamma quanta are produced by the impact of highly 
energetic cosmic ray particles on the upper atmosphere. 
Therefore, astronomy in the gamma-ray region (above 
a few 100 keV photon energy) can be carried out only 
from balloons, satellites, or space vehicles. Only ex-
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Fig. 5.25. A large-area particle tele
scope for observing cosmic-radiation 
isotopes at several 100 MeV per nu
cleon from a stratospheric balloon. The 
dimensions are roughly 1.4 m · 1.4 m · 
1.4 m (a collaboration of the University 
of Siegen, Germany, with the God
dard Space Flight Center of NASA; 
photograph by M. Simon) 

tremely high-energy gamma rays can be investigated by 
ground-based instruments using the air showers which 
they produce in the atmosphere. 

In the 1960's, gamma radiation from the Sun and 
our Milky Way galaxy were measured for the first time, 
although only limited limited angular and energy res
olution was achieved. At the beginning of the 1970's, 
longer series of observations with sensitive gamma-ray 
telescopes could be carried out; they first attained an an
gular resolution worthy of mention. Thus, the surveys 
performed by the satellites SAS-2 and COS-B (launched 
in 1972 and 1975) at energies ;::: 100 MeV had an angu
lar resolution of a few degrees and an energy resolution 
f"..E/ E of about 50% (Fig. 10.20). Using the instru
ments of the satellite CGRO (Compton Gamma Ray 
Observatory), observations were carried out at an an
gular resolution around 1 0' and an energy resolution of 
4 to 20%, depending on energy range. 

Since 2002, the European-Russian-American project 
Integral (International Gamma-Ray Astrophysics 
Laboratory) has undertaken observations in the range 
15 keV to 10 MeV. Its resolution goes down to 12', its 
energy sensitivity to 0.2%. Integral also has detectors 
on board which are sensitive to UV and visual light. 

Detectors. In principle, the detection of a gamma quan
tum is performed using the particles released by it 
in the detector, so that all of the varieties of parti-
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cle detectors used in high energy physics (Sect.5.3.1) 
can be employed for this purpose. At low energies, 
Ey :S 30 MeV, detection is performed using Compton 
backscattering electrons; at higher energies, electron
positron pair formation is used (Sect. 4 .5.6). In the 
low-energy gamma-ray region, the determination of the 
direction of incidence of the gamma radiation is partic
ularly difficult. It can be accomplished e.g. by using two 
large-area scintillator detector systems placed a certain 
distance apart. The relatively good angular resolution 
achieved at high energies is based upon the fact that 
the e± pair retains the direction of the gamma quantum 
which produced it to within an angle of~ mec2 j Ey (the 
rest energy of the electron is mec2 = 0.511 MeV). 

Telescopes. Cosmic gamma radiation with its low pho
ton flux has to be detected against a strong background 
of secondary gamma radiation generated by cosmic rays 
in the atmosphere and in the detector itself. Gamma-ray 
telescopes therefore consist of a suitable geometric ar
rangement of several types of detectors with differing 

A 

Fig. 5.26. Schematic construction of the gamma-ray tele
scope on the COS-B satellite. SC: wire spark chamber; 
B1,2: scintillation counters; C: Cherenkov detector; A: an
ticoincidence shield; D: plastic scintillators; E: Csl crystal; 
P: photomultipliers. (With the kind permission of Sterne und 
Weltraum) 

response functions for charged particles and photons, 
together with electronic logic circuits. 

In the case of the gamma-ray telescope on COS-B 
(Fig. 5.26), a spark chamber serves as the primary detec
tor; it contains layers of wire mesh and tungsten plates, 
and is filled with a mixture of neon and ethane gases. The 
incident gamma quantum creates an electron-positron 
pair in the tungsten, which then ionizes the gas along 
its path and is detected on passing through a scintil
lation or Cherenkov counter. The system of wires in 
the spark chamber localizes the orbits of the electrons 
and positrons and thus determines the direction of the 
gamma quantum. To this end, a discharge in the ion
ized gas along the tracks is initiated by a high-voltage 
pulse triggered from the detection counter, leading to 
current pulses in the "targeted" wires. In order to verify 
that the electron-positron pair was in fact produced by 
a gamma quantum and not by a cosmic-ray particle, the 
spark chamber is surrounded by a large-area scintillation 
counter which responds to cosmic radiation, but not to 
gamma radiation. An anticoincidence circuit opposite to 
the detection counter eliminates triggering of the spark 
chamber by the unwanted particles. The energy of the 
gamma quantum is finally determined from the energy 
of the electron-positron pair, which produces flashes of 
light upon absorption in an additional detector system 
consisting of a cesium iodide and a plastic scintillator; 
their intensity depends on the gamma energy. 

The Compton Observatory CGRO carried four in
struments which could detect cosmic gamma radiation 
in different energy ranges at the same time. The de
tector system BATSE (Burst and Transient Source 
Experiment) used Nal scintillation crystals and photo
multipliers and "saw" the entire celestial sphere (except 
for the part covered by the Earth); it was used in 
particular for the investigation of the brief, rapidly 
varying gamma bursts which were for a long time un
explained (Sect. 7.4.9), and of other transient sources at 
relatively low energies (:S 2 MeV). Its resolving time 
was less than 1 ms and its positional accuracy (for 
strong sources) was about 1 o . The spectrometer OSSE 
(Oriented Scintillation Spectroscopy Experiment) con
sisted of a system of Nal and Csl scintillation counters 
and allowed spectroscopic observations between 0.1 
and 10 MeV with an energy resolution D.. E j E of 4 
to 12% and angular resolution of around 10' . In this 
range of energies, there are many gamma-ray lines 



from radioactive nuclides, which give information about 
nucleosynthesis in stars (Sect.10.4.3). At somewhat 
higher energies (1-30 MeV), the imaging Compton 
Telescope COMPTEL achieved an energy resolution 
of about 7%, a positional accuracy of 5 to 30', and an 
angular resolution of a few degrees. In this telescope, 
gamma quanta which were scattered in a liquid scintil
lator were detected by scintillation crystal detectors at 
a suitable distance. Finally, for the high-energy region 
(20 MeV -30 GeV), the CGRO carried the EGRET tele
scope( Energetic Gamma-Ray Experiment Telescope), 
constructed with a number of spark chambers and 
a large Nal scintillation crystal. It permitted the de
termination of the positions of gamma sources to 
a precision of 5 to 10', but with only moderate energy 
resolution(::::::: 20%). 

The Observation of Air Showers. At energies above 
1012 eV = I TeV, gamma rays can be detected indirectly 
from the ground by means of their electromagnetic cas
cades, which result from their interactions with the 
particles of the upper atmosphere. At the very high
est energies, 2: 100 TeV, the large air showers reach the 
ground over an area of a few 100m diameter and can be 
registered by the usual particle telescopes. Below sev
eral10 TeV, the Cherenkov radiation from the energetic 
particles can be detected in the optical region with rel
atively small telescopes. For example, the Crab-nebula 
pulsar, the binary star system Cyg X-3, and the radio 
galaxy Cen A were discovered in the high-energy region 
in this way. 

At the Whipple Obervatory on Mount Hopkins (Ari
zona), since 1968 showers have been observed with 
a 10m mirror which is assembled out of a mosaic of 
250 hexagonal segments. Recently, a new telescope was 
set up there at a distance of 140 m from the first. Other 
observatories for the observation of gamma radiation in 
the TeV range using Cherenkov radiation are for exam
ple HEGRA, an assembly of five telescopes for High 
Energy Gamma Ray Astronomy, built by a German
Spanish-Armenian collaboration on the Canary Island 
of La Palma, and its successor HESS (High-Energy 
Stereoscopic System) in Namibia, as well as CAT, the 
French Cherenkov Array Telescope near Tbemis, in the 
Pyrenees. 

The difficulty of making air shower observations is 
to differentiate the electromagnetic cascades originating 
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with gamma quanta from the over 1000 times more 
frequent "nuclear" cascades due to cosmic ray particles, 
which contain considerably more muons. 

5.4 Instruments for X-rays 
and the Extreme Ultraviolet 

We now turn to the last region in the electromagnetic 
spectrum, the X -ray and its neighboring extreme ultravi
olet (EUV). The X-ray region includes photon energies 
from around I 00 eV to severallOO keV, i.e. wavelengths 
from about 10 to a few 10-3 nm; the EUV lies in the en
ergy range above about 10 eV or at wavelengths below 
100 nm and borders on the X-ray region. 

Corresponding to their position between the visible 
and the gamma-ray ranges, observations in the X-ray 
and EUV require instrumentation which is intermediate 
between those used for the neighboring spectral regions. 
Up to photon energies of a few keV, one can still use 
imaging telescopes with grazing incidence at the re
flecting surfaces. At still higher energies, it is necessary 
to use detectors and telescope arrangements similar to 
those for the gamma-ray region. 

In the X-ray and EUV regions, astronomical obser
vations must again be carried out from above the Earth's 
atmosphere. The first cosmic X-ray sources (apart from 
the Sun) were discovered in 1962 by R. Giacconi and 
coworkers using a rocket-borne detector. This discov
ery was followed by a number of observations of X-ray 
sources from rockets and balloons. The first X-ray satel
lite, UHURU, was able to carry out a complete sky 
survey and discovered around 340 sources. Within the 
following decade, the number of known X-ray sources 
increased through further satellite observations to well 
over 1000, of which many could be identified with a va
riety of different celestial objects. The most surprising 
result of nonsolar X-ray astronomy was the discovery 
of the great multiplicity of temporal variations of the 
cosmic sources. 

The first satellite able to carry out systematic ob
servations in the EUV was launched only in 1992: 
the Extreme Ultraviolet Explorer (EUVE). There were 
no earlier attempts, because it was generally assumed 
that absorption by neutral hydrogen in the interstellar 
medium would make observations in this spectral region 
practically impossible. 
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5.4.1 Detectors and Spectrometers 
for the X-ray Region 

The most important detector for the X-ray region is 
the gas proportional counter, which can be constructed 
with a large surface area and is usually filled with Ar or 
Xe; such counters have yields of 30 to 40% up to en
ergies of ;S 20 keV. In order to distinguish whether the 
ionization in the counter was due to an X-ray quantum 
or a cosmic-ray particle, it is necessary to use anticoin
cidence circuits or electronic discrimination methods 
based on the pulse shape of the electron avalanche 
pulses, as with all types of X-ray detectors. In gas-filled 
(Xe) scintillation proportional counters, the electrons 
which are set free by the X-ray quanta are accelerated 
so gently that they cause no secondary ionization of 
the gas atoms, but instead just excite them to fluores
cence, which is then detected in the visible by the usual 
photomultiplier tubes. 

Solid-state detectors, which are fabricated oflithium 
doped germanium or high-purity germanium and cooled 
with liquid nitrogen or helium, have the best currently 
available energy resolution, but can be manufactured 
only with a relatively small detector area. 

In order to make use of the imaging properties of 
an X-ray telescope, position sensitive detectors are re
quired. In the imaging proportional counter (IPC), the 
localization of the X-ray photons is carried out by using 
crossed wire grids together with electronic discrimina
tor methods. Arrangements using multichannel plates 
and and CCD cameras have also recently been applied. 

The Sun is the only X-ray source whose radiation flux 
in the X-ray region is sufficiently high to permit images 
to be captured on photographic film, as for example 
during the Skylab mission in 1973 (Fig. 7.19). 

In the range of hard X-radiation (~ 10 keV), one 
can also employ scintillation detectors using crystals 
of Nai(Tl) or Csi(Na), where once again, the optical 
light flashes are detected by photomultipliers. 

Spectral decomposition into more or less well
defined wavelength intervals in the X-ray range is 
accomplished with absorptionfilters, making use of the 
sharp absorption cutoff on the long-wavelength side 
of the absorption edge of the elements in the filter 
(Sect. 4.5.6). The spectral resolution or energy resolu
tion of the detectors themselves is not very high. The 
best resolution is offered by solid-state spectrometers, 

which, depending on the energy range, reach 1 to 10%. 
In the soft X-ray region, using transmission gratings 
or Bragg crystal spectrometers, one can obtain high 
resolutions of the order of 'A j L1'A c:::: 103 to 104. 

5.4.2 Telescopes and Satellites 
for the X-ray Region 

Images in the X-ray spectral region were first achieved 
with the Sun as source, using a primitive pinhole cam
era, then with mechanical collimators behind which 
e.g. a large-area scintillation detector counts the X-ray 
quanta. The moderate angular resolution of around 1 o 

can be improved by using modulation collimation, in 
which the X-ray intensity is modulated by e.g. moving 
wire grids. 

Only in 1964 did R. Giacconi take up the method 
developed by H. Wolter in 1951 (initially for X-ray mi
croscopy), the X-ray mirror telescope. It is based on 
the following considerations: a metal surface, no matter 
how well polished it is, can reflect X-rays like a mirror 
only at grazing angles, i.e. for angles between the beam 
and the surface of less than a few degrees. The first at
tempt to produce an image of a distant object thus used 
a metal ring cut from a long paraboloid, while the un
used portion of the entrance aperture was covered with 
a round metal disk (Fig. 5.27a). A telescope of this de
sign would however yield only very poor images owing 
to the strong aberrations (coma). These can, according to 
Wolter, be considerably reduced by following the first 
reflection from the paraboloid by a second reflection 
from a coaxial and confocal hyperboloid (Fig. 5.27b). 
In order to increase the radiation-gathering area of the 
telescope, a number of these confocal double mirrors 
can be stacked one inside the other. 

On the Einstein Observatory (HEA0-2) operated by 
NASA from 1978 to 1981, the first imaging Wolter tele
scope, developed under the leadership of R. Giacconi, 
with an aperture of 56 em, was available for high
resolution observations (angular resolution ;S 2") oflong 
duration in the energy range from 0.1 to 4 keV. It was 
able to discover new, very weak X-ray sources. The 
European EXOSAT satellite (1983-1986) carried two 
small 27 em Wolter telescopes in a strongly eccentric 
orbit (perigee 190 000 km); it permitted long series 
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Fig. 5.27a,b. The X-ray mirror telescope designed by H. 
Wolter (1951) is based on a paraboloid mirror used at grazing 
incidence with a ring-shaped entrance slit (a). The extreme 
aberrations (coma) in this arrangement are practically elim
inated by a further reflection of the rays from a confocal 
and coaxial hyperboloid (b). Still more effective reduction 
of the aberrations can be obtained by using more complex 
rotationally-symmetric mirror systems 

of observations (without interruption by the Earth's 
shadow). 

The ROSAT satellite, developed by J. Triimper and 
coworkers and launched in 1990, first carried out a com
plete sky survey with its 83 em Wolter telescope from 
a circular orbit at an altitude of 570 km; thereafter, in
teresting objects were individually investigated. The 
image detectors are sensitive in the energy range of 
0.1-2.5 keY, and in this range- without further energy 
resolution - an angular resolution of 3" can be attained; 
alternatively, four spectral regions (E/ ,1£::::: 2.5) can 
be observed at a reduced angular resolution of 25". 

The four identical telescopes on the Japanese satel
lite ASCA (Advanced Satellite for Cosmology and 
Astrophysics) have since 1993 allowed for the first time 
in the X-ray region the simultaneous acquisition of im
ages and spectra (0.5 to 12 keY) with good resolution. 

5.4 Instruments for X-rays and the Extreme Ultraviolet 

Each of the telescopes consists of 120 closely fitted 
concentric pairs of hyperbolic and parabolic mirror seg
ments made of thin aluminum foil with a surface layer 
of acrylic and gold; they thus represent the optimum 
realization of the Wolter-Giacconi design (Fig. 5.27), 
i.e. the largest possible radiation-collecting area with 
low weight. However, since the foils cannot be man
ufactured with sufficient surface smoothness, these 
telescopes have the disadvantage of a limited angular 
resolution of only about 3'. 

Two of the telescopes on ASCA are each equipped 
with a spectrometer and a gas proportional counter 
as detector; the other two have imaging solid-state 
spectrometers (CCD cameras), which permit an energy 
resolution of E I ,1 E ::::: 20 at energies of 1.5 keY or ::::: 50 
at 6 keY. 

For the observation of strongly variable and eruptive 
X-ray sources, the RXTE satellite (Rossi X-ray Timing 
Explorer) was launched in 1995 by NASA. Since 1996, 
the Italian-Dutch satellite BeppoSAX has served to 
identify and investigate gamma bursters (Sect. 7.4.9). 

In the year 1999, two large X-ray observatories 
of a new generation were put into strongly eccentric 
orbits around the Earth: Chandra (named for S. Chan
drasekhar) was launched by the American space agency 
NASA, and XMM Newton (X -ray Multimirror Mission) 
by the European ESA. Both satellites are equipped 
with very efficient, high-resolution X-ray spectrometers 
which are sensitive over a large range of energies. 

Chandra carries a Wolter telescope with a very high 
angular resolution of 0.5'', which is constructed with 
four pairs of concentric confocal mirror shells. This 
instrument covers the energy range from about 0.2 
to 10 keY with an effective mirror area of 400 cm2 . 

Along with a high-resolution camera constructed of mi
crochannel plates and having a field of view of 30' · 30', 
an imaging spectrometer and two transmission gratings 
can be employed for the spectral decomposition of the 
X-radiation. 

XXM Newton has three X-ray telescopes ofthe Wolter 
type, each with a diameter of 70 em. Each telescope con
sists of 58 concentric, thin (0.5 to 1 mm thick) mirror 
shells made from nickel covered by a 200 nm layer of 
gold. The high precision of the surfaces and the stiffness 
of the mirrors leads to an angular resolution in the range 
of 5 to 15". The X -radiation from one of the telescopes is 
imaged at its primary focus by a CCD camera; that from 
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the other two is spectrally decomposed by a reflection 
grating in a spectrometer for each telescope, and then 
also registered by CCD cameras. The radiation which is 
not diffracted is also detected by a CCD camera. Obser
vations in the range from about 0.1 to 12 keV are carried 
out using all three instruments simultaneously, giving 
an overall effective area (5 keV) of around 1800 cm2. 

5.4.3 Telescopes for the Extreme Ultraviolet 

In the extreme ultraviolet, beginning below about 
50 nm, telescopes with "normal" mirrors can no longer 
be used, since in this region, light which falls nearly 
perpendicularly onto the reflecting surfaces will be com
pletely absorbed. Instead, reflection at a grazing angle, 
as in the X-ray region, must be employed. 

A first survey in the limited extreme ultraviolet region 
from 6-20 nm was carried out by the X-ray satellite 
ROSAT. 

The EUVE satellite (Extreme Ultraviolet Explorer) 
was launched in 1992 as the first satellite intended ex
clusively for observations in the extreme ultraviolet; its 
instruments were developed at the University of Cali
fornia in Berkeley by S. Bowyer and coworkers. EUVE 
carries three 40 em telescopes, three spectrometers, and 
a telescope for spectrometric surveys. The energetic 
light is imaged by metal mirrors with grazing angles of 
reflection; the detectors are multichannel plates. EUVE 
can carry out photometric observations in four bands: 
6-18, 16-24, 35-60, and 50-74nm; spectroscopy is 
possible in the range of 7-76 nm at a resolution of 
)..j ,1).. ::= 250. 

Computers in Astronomy. To conclude our introduc
tion to observational methods in the various spectral or 
energy regions, we should mention the rapid develop
ment of electronic data processing devices (computers), 
which - one can say without exaggeration - have 
opened up a new era in astronomical observation and 

measurement techniques. With the steady and rapid 
progress of semiconductor technology, miniaturization 
and low-cost mass production of components, com
puters with ever-increasing processing capacities and 
growing memory size have taken on such an im
portant role in astronomy that today, the acquisition 
and evaluation of observational data without the com
puter has become simply unimaginable. We mention 
here only a few examples, such as the steering of 
telescopes (azimuthal mounting) and the control of 
mirror surfaces applying the principles of active op
tics, the synthesis of enormous amounts of data from 
long-baseline interferometry into high-resolution radio 
images, the logic operations required by particle and 
gamma-ray detectors, the readout control of CCD cam
eras and the resulting generation of a "digital image" 
in the computer, or the reduction of incoming "raw 
data" by either automatic or interactive, often very 
complicated software systems. Finally, "space astron
omy" from satellites and space vehicles only became 
feasible through the application of powerful digital 
computers. 

Astronomers have become accustomed to the fact 
that their observational material today for the most 
part exists only in the form of digital records or ar
rays on suitable data media (magnetic tapes or disks, 
semiconductor memories, ... ). Even the information 
from photographic plates is often digitized for direct 
input into a computer. 

We should also mention here that not only observa
tional astronomy, but also theoretical astrophysics, with 
its enormously complex model calculations (e.g. of radi
ation transport, stellar structure and stellar evolution, or 
of magneto hydrodynamic processes) would be unthink
able without powerful computers with large memory 
capacities. 

The fantastic "working capacity" of digital com
puters opens up unimagined new possibilities for 
research on the one hand; on the other, it puts a heavy 
responsibility on today's astronomers. 
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The first measurements of trigonometric star parallaxes 
by F. W. Bessel, T. Henderson and F. G. W. Struve in 
1838 provided the final confirmation of the Coper
nican worldview (whose validity was by then hardly 
doubted). But in addition, they provided a secure foun
dation for the determination of all cosmic distances. 
Bessel's parallax of 61 Cygni, p = 0.293", indicated 
that this star is at a distance of 1/ p = 3.4 parsec or 
11.1 light years. With this value, we can, for example, 
compare the luminosity of this star directly with that of 
the Sun. However, determination of trigonometric paral
laxes became an important method in astrophysics only 
after about 1903, when F. Schlesinger developed their 
photographic determination to a tool of unbelievable 
precision (:::::: 0.01") 

Information about the masses of stars is obtained 
from binary star systems. W. Herschel's observations 
of Castor ( 1803) left no doubt that here, two stars were 
revolving about one another on elliptical orbits under the 
influence of their mutual attraction. As early as 1782, 
1. Goodricke had observed the first eclipsing variable 
star, Algol. The application of the variety of informa
tion obtained from binary star systems is the work of 
H. N. Russell and H. Shapley (1912). The first spectro
scopic binary system (determination of the motion by 
means of the Doppler effect) was Mizar, whose binary 
nature was discovered by E. C. Pickering in 1889. 

Stellar photometry, the measurement of the appar
ent brightness of stars, obtained a firm basis in the 
middle of the 19th century, after its beginnings in the 
18th century (Bouguer 1729, Lambert 1760 and oth
ers). For one thing, in 1850 N. Pogson introduced the 
definition of a magnitude: it was taken to correspond 
to a decrease in the logarithmic brightness of 0.400, 
i.e. a brightness ratio of 10°.4 = 2.512. Furthermore, 
J. F. Zollner in 1861 constructed the first visual spec
trophotometer, with which even the colors of stars 
could be determined. About the same time, the great 
catalogues of stellar magnitudes and positions made 
knowledge of the stars available on a widespread basis: 
e.g. in 1852/59, the Bonner Durchmusterung, a sky sur
vey with data for 324 000 stars down to about 9.5 mag, 

was prepared by F. Argelander and coworkers; later fol
lowed the Cordoba Durchmusterung for the southern 
hemisphere. 

Photographic stellar photometry was founded by 
K. Schwarzschild with the Gottinger actinometrie in 
1904/08. He also recognized that the color index ( = 
photographic minus visual brightness) can be used as 
a measure of the color and thus of the temperature of 
a star. Soon after the invention of the photoelectric cell, 
from 1911, H. Rosenberg, P. Guthnick and J. Stebbins 
began the development of photoelectric photometry. 
Since the invention of the photomultiplier shortly af
ter the second World War, it has become possible to 
measure the brightnesses of stars with a precision of 
a few thousandths of a magnitude in expediently chosen 
wavelength ranges, such as the system of UBV magni
tudes (Ultraviolet, Blue, Visual) of H. L. Johnson and 
W. W. Morgan (1951). The corresponding color indices 
can then be derived. 

Parallel to stellar photometry, the spectroscopy of the 
Sun and stars was developed. In 1814, J. Fraunhoferdis
covered the dark lines in the solar spectrum which bear 
his name. In 1823, with an extremely modest appara
tus, he was able to observe similar lines in the spectra 
of several stars and noted their differences. Modern 
astrophysics, i.e. the investigation ofthe stars with phys
ical methods, began in 1859, when G. Kirchhoff and 
R. Bunsen in Heidelberg discovered spectral analysis 
and explained the Fraunhofer lines in the solar spectrum 
(Fig. III.l). Beginning in 1860, G. Kirchhoff formulated 
the basic principles of a theory of radiation, in particular 
Kirchhoff's Law, which deals with the relation between 
the absorption and emission of radiation in thermal equi
librium. This theorem, together with Doppler's principle 
(.1"A/"A = vj c), represented for forty years the entire the
oretical basis of astrophysics. The spectroscopy of the 
Sun and of stars was at first directed to the following 
applications: 

1. recording of the spectra and determination of the 
spectral-line wavelengths of all the elements in 
the laboratory. Identification of the lines from 
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Fig. III.la,b. The basic experiment of spectral analysis, after 
G. Kirchhoff and R. Bunsen, 1859. (a) A Bunsen-burner flame 
to which some sodium (salt) has been added shows bright Na 
emission lines in its spectrum (right). (b) When the light of 
a carbon-arc lamp, which is at a much higher temperature, is 
passed through the sodium flame, a continuous spectrum is 
obtained with dark Na absorption lines, similar to the solar 
spectrum 

stars and other cosmic light sources (W. Huggins, 
F. E. Baxandall, N. Lockyer, H. Kayser, Ch. E. 
Moore-Sitterly and many others); 

2. photographic registration and increasingly precise 
analysis of the spectra of stars (H. Draper 1872; 
H. C. Vogel and J. Scheiner 1890, and others); and 
of the Sun (H. A. Rowland 1888/98). 

3. classification ofthe stellar spectra, initially in a one
dimensional series, essentially as a function of 
(decreasing) temperature. Following early works 
by W. Huggins, A. Secchi, H. C. Vogel and others, 
E. C. Pickering and A. Cannon et al. created the Har
vard Classification (starting in 1885) and the Henry 
Draper Catalogue. Later progress was made as a re
sult of the discovery of the luminosity as the second 
classification parameter, and thus the determination 
of spectroscopic parallaxes by A. Kohlschtitter and 
W. S. Adams in 1914; much later, under "modem" 
aspects, the Atlas of Stellar Spectra was compiled by 
W. W. Morgan, P. C. Keenan and E. Kellman in 1943 
using the MKK classification. 

4. However, for a long time the main interest of as
tronomers was held by the determination of the radial 
velocities of stars using Doppler's principle. Follow
ing visual attempts by W. Huggins in 1867, first 
usable photographic radial velocity measurements 
were obtained H. C. Vogel in 1888. The rotation of 
the Sun had already been verified spectroscopically 

by that time. The further development of the tech
nique of precise radial velocity determination was in 
particular the achievement of W. W. Campbell at the 
Lick Observatory. 

What might be termed the conclusion of this pe
riod in astrophysics came with the discovery in 1913 
of the Hertzsprung-Russell Diagram. As early as 
1905, E. Hertzsprung had recognized the difference be
tween giant and dwarf stars. H. N. Russell drew the 
well-known diagram based on improved trigonomet
ric parallaxes, with the spectral types on the abscissa 
and the absolute magnitudes on the ordinate; it showed 
that most of the stars in our neighborhood fall within 
the narrow band of the main sequence (Fig. 6.8), while 
a smaller number occur in the region of the giant stars. 
Russell at first based a theory of stellar evolution on this 
diagram (a star begins as a red giant, undergoes com
pression and heating to join the main sequence, then 
cools along the main sequence), which however had to 
be abandoned ten years later. We shall take up further 
developments in this theme later on. 

What astrophysics most needed at the beginning of 
the 20th century was an extension of its physical and 
theoretical fundamentals. The theory of cavity radia
tion, i.e. of the radiation field in thermal equilibrium, 
begun by G. Kirchhoff in 1860, had been completed 
in 1900 by M. Planck with the discovery of the quan
tum theory and the law of spectral energy distributions 
for black-body radiation. Astronomers then attempted 
to apply this theory to the continuous spectra of stars 
in order to estimate their temperatures. However, the 
brilliant Karl Schwarzschild (1873-1916) soon devel
oped one of the future pillars of the theory of stars, 
his theory of stationary radiation fields. He showed in 
1906 that in the photosphere of the Sun (i.e. in the lay
ers which emit the main portion of the solar radiation), 
energy transport takes place from within to the outer 
layers by means of radiation. He calculated the increase 
in temperature with increasing depth under the assump
tion of radiation equilibrium, and was able to obtain 
the correct center-limb darkening for the solar disk. 
Schwarzschild's paper on the solar eclipse of 1905 is 
a masterpiece of the mutual interaction of observation 
and theory. In 1914, he investigated radiation exchange 
theoretically and spectroscopically in the broad H- and 
K-lines of the solar spectrum. It was then clear to him 



that the further development of his ideas required first 
of all an atomic theory of absorption coefficients, i.e. of 
the interaction of radiation and matter; he thus accepted 
with great enthusiasm the quantum theory of atomic 
structure founded by N. Bohr in 1913. He produced his 
famous papers on the quantum theory of the Stark effect 
and on band spectra. In 1916, K. Schwarzschild died, 
much too soon, at the age of only 43. 

The relationship between the theory of radiation 
equilibrium and the new atomic physics was clarified 
on the one hand by A. S. Eddington in 1916/26 with 
his theory of the inner structure of stars. On the other 
hand, J. Eggert (1919) and M.N. Saba (1920) sought 
the key to the interpretation of the spectra of the Sun 
and of stars in the theory of thermal ionization and 
excitation. The fundamental principles of the modem 
theory of stellar atmospheres and of the solar and stel
lar spectra thus were rapidly developed. We should 
mention also the works of R. H. Fowler, E. A. Milne 
and C. H. Payne on ionization in stellar atmospheres 
(1922/25); the measurement and calculation of mul
tiplet intensities by L. S. Ornstein, R. deL. Kronig, 
A. Sommerfeld, H. Honl, and H. N. Russell; and then the 
important contributions of B. Lindblad, A. Pannekoek, 
M. Minnaert and others. By 1927, a serious attempt 
could be made to combine the theory of radiation 
transport, which had been further developed, with the 
quantum theory of absorption coefficients, and to con
struct a rational theory of solar and stellar spectra 
(M. Minnaert, 0. Struve, and A. UnsOld). This made 
it possible to determine the chemical composition of 
stellar atmospheres from their spectra and thus to 
study stellar evolution empirically in relation to energy 
production by nuclear processes in the interior of stars. 

The theory of convective flow in stellar atmo
spheres and especially in the Sun was founded in 
1930 by A. Unsold with the discovery of the hydro
gen convection zone. The connection to hydrodynamics 
(theory of mixing lengths) was soon thereafter made 
by H. Siedentopf and L. Biermann, after S. Rosseland 
had already pointed out the astrophysical importance of 
turbulence. 

We know that the ionized gases in stellar atmospheres 
and in other cosmic objects have a high electrical con
ductivity. T. G. Cowling and H. Alfven pointed out in 
the 1940's that cosmic magnetic fields might persist for 
very long times until the currents associated with them 

are consumed by ohmic dissipation. The magnetic fields 
and flow fields interact continuously; the basic princi
ples of electrodynamics and of hydrodynamics must be 
combined into the science of magnetohydrodynamics. 
Empirically, G. E. Hale in 1908 had discovered mag
netic fields of up to 4 T in sunspots by observing the 
Zeeman effect of the Fraunhofer lines (incidentally, 
he started from physically quite incorrect hypotheses!). 
The weak magnetic field on the remainder of the solar 
surface, measured in 1952 by H. W. Babcock, has more 
recently been found to result from the superposition of 
numerous, thin flux tubes, each having a magnetic field 
intensity of a few tenths of a Tesla. The sunspots, the 
faculae which surround them, prominences, flares, and 
many other solar phenomena are statistically correlated 
in the 2 · 11-year cycle of solar activity. 

Only by studying the flow phenomena and magnetic 
fields in the Sun can we arrive at a certain degree of un
derstanding of the structure and excitation of the corona, 
the outermost shell of the Sun with a temperature of 
some 106 degrees. Here, very complex processes occur 
which lead to the production ofX-rays and the radiofre
quency radiation of the Sun, as well as various types of 
corpuscular radiation and the solar wind. 

The investigation of the chromospheres, coronas, and 
actvity phenomena of other stars has become possible 
through observations in the ultraviolet and X-ray spec
tral regions made from space. The ultraviolet resonance 
lines of common elements from hot giant and supergiant 
stars exhibit evidence in their short-wavelength absorp
tion components of massive stellar winds with velocities 
ofseveral1000 kms-1• The loss of mass connected with 
these stellar winds is orders of magnitude higher than in 
the Sun and has an important influence on the evolution 
of these stars. A. Deutsch found already in the 1950's 
that cool giant stars are surrounded by extended, slowly 
expanding gas shells; these could later be observed 
using the infrared emissions of the dust particles and 
molecular emission lines in the radiofrequency region. 

Since the 1920's, the theory of the internal structure 
of the Sun and of other stars has developed in parallel 
with progress in the understanding of the outer, "visi
ble" stellar layers. In relation to the age of the Earth and 
the Sun of about 4.5 · 109 yr, known from radioactivity 
measurements, J. Perrin and A. S. Eddington suggested 
already in 1919/20 that the energy which is continuously 
radiated by the Sun is generated by conversion of hydro-



gen to helium. In 1938, H. Bethe and C. F. v. Weizsacker 
were then able to show, based on the understanding of 
nuclear physics which had in the meantime been de
veloped, just which thermonuclear reactions would, for 
example, be able to slowly "burn" hydrogen to helium 
in the interior of main-sequence stars at temperatures of 
about 107 K. 

In the 1950's, in particular investigations of the color
magnitude diagrams of star clusters (Sects. 9.1.3, 2.3), 
together with the theory of the internal structure of stars, 
increased our understanding of stellar evolution: A star 
remains on the main sequence in the phase of hydrogen 
burning until it has consumed around 10% of its hydro
gen. It then moves to the right in the color-magnitude 
diagram (M. Schonberg and S. Chandrasekhar, 1942) 
and becomes a red giant star. The theoretical inves
tigations begun by F. Hoyle and M. Schwarzschild in 
1955 thus represent a fundamental modification of 
A. S. Eddington's theory of stellar structure, since the 
assumption of a continuous mixing of the matter in the 
interiors of stars had to be abandoned under the pressure 
of observations. The new assumption is that a burned
out helium zone forms in the center of a star. The 
resulting forced displacement of the nuclear burning 
zone away from the center is the cause of the expansion 
of the star into a red giant. 

The burning phases which follow hydrogen burning, 
i.e. helium burning, carbon burning, etc. take place at 
higher and higher temperatures and densities and on in
creasingly short time scales. Characteristic of these later 
evolutionary stages is a strong loss of mass through stel
lar winds and expulsion of outer layers, a major energy 
loss by emission of neutrinos, and a complex interplay 
of hydrodynamic and nuclear processes, so that mod
els of these phases can be calculated only with the aid 
of the most powerful supercomputers. Our knowledge 
of the nuclear reactions which are important for en
ergy release in stars was enormously increased by the 
measurements of nuclear interaction cross sections by 
W. A. Fowler. A closely related question to stellar evo
lution and the nuclear reactions which occur in it is that 
of the formation of the chemical elements. Stars pro
duce heavy elements and - in part through supernova 
explosions - enrich the interstellar matter in these el
ements. Form these, a new generation of "metal rich" 
stars is formed, etc. Although many detailed questions 
are still open, we now understand the basic facts of 
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stellar evolution including its final phases: stars which 
begin with less than about 8 solar masses end- often af
ter a considerable loss of mass - as white dwarfs, while 
stars with originally larger masses end as neutron stars 
or black holes. 

With regard to the compact final stages of stellar 
evolution after all energy sources have been exhausted, 
R. H. Fowler recognized as early as 1926 that white 
dwarfs, for example the star accompanying Sirius, have 
a structure which is completely different from that of 
normal stars; their high densities are due to the Fermi 
degeneracy of their electrons. A star of e.g. 0.5 solar 
masses may shrink down to the size of the Earth. Even 
its stored thermal energy suffices to supply its weak 
radiation losses over billions of years. According to 
S. Chandrasekhar (1931), white dwarfs are stable only 
below a mass limit of about 1.4 solar masses. 

Near the end of the evolution of massive stars, the 
stellar matter can become even more dense (to about 
1017 kg m-3), causing the protons and electrons to com
bine into neutrons. These neutron stars, which were 
already predicted in 1932 by L. Landau, shortly after 
the discovery of the neutron, were first treated theo
retically in the framework of general relativity theory 
by J. R. Oppenheimer and G. M. Volkoff in 1939. Only 
in 1967 were they discovered experimentally as pulsars 
by A. Hewish using their radio emissions. W. Baade and 
F. Zwicky had realized by 1934 that the collapse of a star 
into a neutron star releases sufficient gravitational en
ergy to explain the violent outburst of a supernova. Still 
stronger compression leads finally, according to general 
relativity, to the black holes, whose enormous gravita
tional fields can prevent the escape even of light quanta. 

The discoveries of X-ray binary stars, of X-ray 
and gamma-ray bursters, etc., with their intense, 
time-varying emissions, have provided an additional op
portunity since the 1970's to observe neutron stars and, 
possibly, black holes. In a close binary star system, the 
components exchange matter in the course of their evo
lution. If a compact object, e.g. a neutron star, accretes 
the matter which is sucked out of its companion star, the 
gravitational energy which is released can be converted 
into X- and gamma-radiation, giving rise to unusual 
high-energy phenomena. For many years, the origin of 
the energetic bursts in the gamma-ray region remained 
one of the great unsolved riddles of astronomy, until 
in 1997 the gamma bursters could be attributed to dis-
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tant galaxies as a result of their "aftgerglow" in other 
spectral regions. 

A very interesting possibility for testing Einstein's 
theory of general relativity was offered by the "binary 
pulsar" PSR 1913 + 16, discovered in 1974. The length
ening of its period corresponds to the predicted energy 
loss rate through emission of gravitational waves as 
a result of the movements of mass within the system. 

A "view" into the interior of stars is in general possi
ble only in the case of the Sun: the neutrinos which are 
generated in the solar interior by the fusion of hydrogen 
reach the outside with practically no interactions. Their 
detection was achieved by R. Davis and coworkers in 
an experiment which has been running since the mid-
1960's. Besides the Sun, the only other cosmic source 
of neutrinos which could thus far be identified has been 
the supernova SN 1987 A, relatively near to the Earth in 
the Large Magellanic Cloud. 

Information about the interior of the Sun is also 
obtained from "helioseismology", in which the vari
ous types of solar oscillations (R. B. Leighton 1961, 
F. L. Deubner 1975, and others) are analyzed on the 
basis of the periodic, large-area components in the 
photospheric flow patterns. The oscillations of stars 
have recently also been spectroscopically investigated, 
opening up the new field of "asteroseismology". 

Summarizing briefly, we can characterize the de
velopment of the physics of stars as follows: (1) the 
theory of radiation: interactions between radiation and 
matter; (2) the thermodynamics and hydrodynamics of 
flow processes; (3) magnetohydrodynamics and plasma 
physics. Parallel to these for stellar evolution: ( 4) nu
clear physics and energy generation; matter at high 
densities; finally, in more recent times: (5) high-energy 
astrophysics: cosmic corpuscular radiation, X- and 
gamma-rays, neutrinos, and gravitational waves. 
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We shall begin with a discussion of our nearest star, 
the Sun. In Sect. 6.1, we collect the data concern 

ing the Sun, which are often used to define units for 

describing the properties of other stars, and introduce 
the energy distribution of the solar radiation from the 

photosphere: a continuum with numerous absorption 
lines. 

Before turning to the fundamenta l properties of the 
stars, we consider in Sect. 6.2 their parallaxes or distances, 

and describe their motions relative to the Sun. Only when 

6.1 The Sun 

We briefly summarize once more the data relevant to 
the Sun; when dealing with the stars, we shall often use 
them as intuitively apparent units of measure. 

Making use of the solar parallax of 8.794", we first 
obtained the mean distance from the Earth to the Sun, 
the astronomical unit: 

1 AU= 23 456 equatorial Earth radii 

= 149.6-106 km. (6.1) 

The corresponding apparent radius of the solar disk is 

15' 59.63" = 959.63" = 0.004652 rad . (6.2) 

We obtain from this the radius of the Sun, 

R0 = 696000km. (6.3) 

Therefore, on the Sun, 1" = 725 km. Owing to atmo
spheric scintillation, the limit of resolving power for 
most observations made from the Earth is about 500 km. 

The rotation of the Sun can be determined e.g. by 
observing sunspots (Sect. 7.3.3). At the solar equator, 
its period has the value 24.8 d, corresponding to a ve
locity of only 2 km s -I. The equator of the Sun has an 
inclination angle relative to the ecliptic of 7° 15'. 

The flattening of the Sun as a result of its rotation is 
at the limit of current detectability (:S 0.01"). 

From Kepler's 3rd Law, we obtain the mass of the 
Sun: 

M 0 = 1.989 · 1030 kg. (6.4) 

the distance to a star is known can we convert e.g. its 

apparent magnitude into an absolute radiation flux. In 

Sect. 6.3, we then treat the fundamental properties of 
the stars, among others their magnitudes, co lors and 

radii, and in Sect. 6.4 we discuss the great variety of stel

lar spectra; here, we introduce the Hertzsprung- Russell 
diagram, which is an important way of representing the 

data for many stars. Finally, in Sect. 6.S, we discuss the 
stellar masses in connection with an overview of binary 
star systems. 

With it, we can calculate the mean density of the Sun, 
(20 = 1409 kg m-3 ; from the density, we readily obtain 
the gravitational acceleration at the Sun's surface, 

(6.5) 

or 27.9 times greater than the acceleration of gravity on 
the Earth's surface. 

The spectrum of the Sun appears on observation to 
consist of a continuum, if we initially disregard the 
far ultraviolet and the radiofrequency regions; it con
tains many dark absorption lines, the Fraunhofer lines. 
Those layers of the solar atmosphere which give rise to 
the continuous radiation and the major portion of the 
Fraunhofer lines are termed the photosphere. 

In Sect. 6.1.1, we give an overview of the photo
spheric spectrum and its intensity curve from the center 
of the Sun's disk to the limb. Then, in Sect. 6.1.2, we dis
cuss observations of the absolute energy distribution in 
the solar spectrum and derive in Sect. 6.1.3 the luminos
ity and the effective temperature of the Sun. We delay 
the analysis of the Fraunhofer spectrum until Sect. 7.3. 

During total solar eclipses, the higher layers of the at
mosphere can be observed at the limb of the solar disk; 
they do not emit a continuum, but rather practically 
only the emission lines corresponding to the Fraun
hofer spectrum. This layer is called the chromosphere; 
it yields only a small contribution to the intensity of 
the absorption lines. Above it comes the corona, which 
stretches outwards into the interplanetary medium. We 
shall deal with these outermost layers of the Sun, and 
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likewise with all the various phenonena of solar activ
ity (sunspots, prominences, eruptions, etc.) or, as it is 
also called, with the disturbed Sun, in Sect. 7.3. 

6.1.1 The Spectrum of the Photosphere. 
Cent.er-Limb Variation 

Using large grating spectrometers, for example in 
a tower telescope (Fig. 5.18), the solar spectrum can 
be recorded with extremely high resolution, so that 
the Fraunhofer lines can be investigated in great detail 
(Fig. 6.1). 

A quantity of observational data concerning the 
wavelengths A., the identifications, and the intensities 
of the photospheric Fraunhofer lines are collected in at
lases, tables and, more recently, in digital form. Here, 
we mention only the tables of H. A. Rowland (1895/97) 
and their (second) revised edition by C. E. Moore, 
M.G. J. Minnaert, G. F. W. Mulders, and J. Houtgast 
(1966) for the range from 293.5 to 877 nm, as well 
as the Utrecht Photometric Atlas of the Solar Spectrum, 
by M.G. J. Minnaert, G. F. W. Mulders, and J. Houtgast 
(1940). 

Many of the measurements refer to the center of 
the solar disk. Towards the limb, the solar disk ex
hibits a considerable center-limb darkening; along with 
the continuous spectrum, the line spectrum also shows 
a center-limb variation. 

We specify the position of observation on the solar 
disk (Fig. 4.3) by giving its distance from the center 
in units of the solar radius, rl R(C;, or, for theoretical 
purposes, by giving the angle of emission () relative to 
the normal to the solar surface. We thus have: 

;
0 

=sin(), f.l =cos()= .jl- (;
0
y. (6.6) 

The center of the Sun corresponds to sin() = 0, 
cos() = I and its limb to sin() = I, cos() = 0. The radia
tion intensity at the surface of the Sun (optical thickness 
ro = 0, Sect. 7 .2.1) at a distance r I R0 = sin() from the 
center of the disk is denoted by 1;.(0, ())or lv(O, ()) re
ferred to a wavelength or a frequency scale, (4.28). 
The center-limb variation of the radiation intensity, 
h (0, ())I h (0, 0) is measured by setting the entrance 
slit of the spectrograph at various positions on the solar 
image. The main difficulty in this and all other measure-

Mgi 5172.700(20) 

Fel 5172.219(-1) 

Ru.I 5171.025(-J) 

Fer 5170.77o(oJ 

s 167. 718(-1) 
Fe! s 167.510(5) 
Mgi 5167.330(15) 

-~~~~~ ... -. ... --.. Fel 5166.286(3) 

•------- Fe I 5165.'117(2) 

Fei 516'1.55'1(1) 

Fig. 6.1. A solar spectrum (from the center of the Sun's disk), 
A.= 516-518 nm recorded in the 5th order of the vacuum 
grating spectrograph of the McMath-Hulbert Observatory. 
The wavelength in A (1 A= 0.1 nm), the identification, and 
the (estimated) Rowland intensity of the Fraunhofer lines are 
noted at the right 

ments of details on the solar disk lies in the elimination 
of scattered light from the instrument and the Earth's at
mosphere. A summary representation of measurements 
of the center-limb variation at different wavelengths is 
given in Fig. 6.2. The ratio of the mean intensity of the 
solar disk, IJ.. = FJ..ITC (4.39) to the intensity at the cen
ter of the disk, h (0, 0), can be readily calculated using 
(4.35). 
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Fig. 6.2. The center-limb darkening of the Sun. The ratio 
of the radiation intensities h (0, ()) 1 h (0, 0) is plotted against 
cos() for several wavelengths A. in [nm] (at which there are 
no spectral lines) from the blue into the infrared. The non
uniform upper sin() scale gives the distance from the center 
of the disk in units of the Sun's radius 

6.1.2 The Energy Distribution 

Absolute values for the radiation intensity, for ex
ample at the center of the Sun's disk, 1;..(0, 0), are 
obtained by reference to a cavity radiator (black body) 
at a known temperature. The highest fixed point on 
the temperature scale which has been precisely de
termined by gas thermometry is the melting point or 
solidification point of gold, TAu · The temperature scale 
above TAu is based on this fixed point and on pyrom
eter measurements using Planck's radiation formula 
or the radiation constant c2 (4.61, 64). The Interna
tional Practical Temperature Scale of 1968 uses the 
value TAu= 1337.58 K or 1064.43 oc and the radiation 
constant C2 = 1.4388 · IQ-2 mK. 

The extinction of the Earth's atmosphere must 
of course be precisely determined at a number of 
wavelengths (Fig. 4.4) and corrected for. 

Since the solar spectrum (Fig. 6.1) contains many 
Fraunhofer lines, the best procedure is to measure the 
intensity If (0, 0) of the spectrum including the lines, 
averaged within sharply-defined wavelength regions of 

e.g . .1A = 2 nm (superscript m). The integration over 
the solar disk using the center-limb variation mea
sured in the same wavelength regions then gives directly 
the corresponding mean values of the radiation flux, 
Ff(O). Using absolute measurements of this kind, high
resolution spectra of both the center of the disk and of 
the radiation integrated over the disk can be calibrated. 

The continuum between the lines, 1~(0 , 0) or F~(O), 
is also of interest for the physics of the Sun. Its de
termination in the long-wavelength region A > 450 nm 
can be carried out without difficulties. In the blue to vi
olet spectral region, however, the lines are so closely 
spaced that the determination of the "true" continuum 
becomes problematic below A = 450 nm. In this region, 
only a "local quasi-continuum" can be defined using 
those places in the spectrum ("windows") which are the 
least influenced by the lines. In this part of the spec
trum, the "true" continuum can only be determined by 
reference to a well-developed theory. 

The results of the most precise absolute measure
ments and center-limb observations up to the present, 
by D. Labs and H. Neckel, as well as the high-resolution 
Fourier spectra by J. Brault, are shown in Fig. 6.3. 

The fraction TJ of the radiation absorbed by the lines 
from the continuum, averaged over well-defined regions 
LlA of about 1 to 10 nm width, 

TJ~ = 1- If(O, 0)/ 1~(0, 0) (6.7) 

or the corresponding expression for Ff(O), is deter
mined from high-resolution spectra. TJIJ: in the ultraviolet 
(300 to 400 nm), determined in 1 nm wide regions and 
relative to the local continuum, lies between 25 and 
80%; only above A > 550 nm does it drop down to a few 
percent. 

6.1.3 Luminosity and Effective Temperature 

By integration of the radiation flux F). (0) over all wave
lengths, whereby the end regions in the ultraviolet and 
infrared which are cut off by absorption in the Earth's 
atmosphere must be supplemented using measurements 
made outside the atmosphere, the total radiation flux 
from the Sun's surface can be obtained: 

00 

F =I FJ,.dA = 6.33 ·107 wm-2 . 

0 

(6.8) 
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Fig. 6.3. The absolute energy distribution in the solar spectrum 
after H. Neckel and D. Labs (1984). The intensity h (0, 0) 
at the center of the disk (upper curves) and the intensity 
f.;._ = F)jJT averaged over the disk (lower curves) are shown. 
The stepped curves represent intensities lf' or lf' aver
aged over intervals of LlJ.. = 10 nm, including the Fraunhofer 
lines. The smooth curves show the dependence of the quasi
continuum, lf or lf. The right-hand scale shows the radiation 
flux (lower curves) at the Earth's position (r = 1 AU), but out
side the atmosphere, fi. .. = F~..(R0 jr) 2 . Integration of !1.. over 
all wavelengths yields the solar constant S (6.10) 

From this value, one readily calculates the total emission 
of the Sun per unit time, i.e. its luminosity: 

L 0 = 4rrR~F = 3.85 ·1026 W. (6.9) 

On the other hand, we can obtain the radiation flux S 
at the distance of the Earth (r = l AU) according to 
(4.40) by multiplying the mean radiation intensity of 
the solar disk by its solid angle (as seen from the Earth), 
rrR~jr2 = 6.800. 10-5 sr, or by multiplying the radia
tion flux F by the attenuation factor (R0 jr) 2. In this 
way, we obtain the solar constant: 

S= 1.37kWm-2 . (6.10) 

This important quantity was first determined 
precisely by K. Angstrom (about 1883) and by 
C. G. Abbot (about 1908), following initial experiments 
by C. S. Pouillet in 1837. They started by measuring the 
total solar radiation arriving at the Earth's surface using 
a "black" receiver, a pyrheliometer. This measurement 
must then be complemented by relative determinations 

of the spectrally decomposed radiation, since only then 
can the atmospheric extinction (Fig. 4.4) be eliminated. 
In recent times, S has been determined from aircraft, 
rockets, and space vehicles, with smaller and smaller 
extinction corrections. The combination of all these 
measurements leads to (6.10) with the precise numerical 
value of (1366 ± 3) W m-2 . This solar radiation power 
is available outside the atmosphere. 

Measurements with high relative precision using sen
sitive radiometers on satellites have shown that the solar 
"constant" is subject to temporal fluctuations of about 
0.1 to 0.2%, which are proportional to the fraction of 
the surface of the Sun which is covered by sunspots 
(Sect. 7.3.3). 

Next, we shall return once more to consideration 
of the total radiation flux F and the radiation inten
sity h (0, 0) at the surface of the Sun. In order to obtain 
a rough idea of the temperatures in the solar atmosphere, 
at first in a rather formal and preliminary way, we inter
pret the total flux F in terms of the Stefan-Boltzmann 
radiation law and thus define the effective temperature 
of the Sun: 

F = aTe'k , Teff = 5780 K . (6.11) 

Furthermore, we interpret the radiation intensity 
h(O, 0) using Planck's radiation law (4.61) and thus 
define the radiation temperature T1.. for the center of 
the solar disk as a function of the wavelength A. Anal
ogously, a wavelength-dependent radiation temperature 
can also be defined by means of the monochromatic 
radiation flux F1.. (0) . 

However, the Sun does not radiate as a black body 
(otherwise, for one thing, h (0, B) would be independent 
of e, i.e. the Sun would exhibit no center-limb darken
ing; for another, the Fraunhofer lines would not occur); 
thus we cannot interpret Teff and T1.. all too literally. 
Teff or T1.. will at least be a reasonable approximation to 
the temperature in those layers of the solar atmosphere 
which give rise to the overall observed radiation or the 
radiation of wavelength A, respectively. The effective 
temperature Teff is furthermore an important character
istic of the solar atmosphere (and, correspondingly, of 
the atmospheres of stars), since it yields by definition, 
together with the Stefan-Boltzmann law, the total radi
ation flux F, i.e. the total energy per unit time which 
arrives at a unit surface of the Sun from its interior. 



The analysis of the solar spectrum, the tempera
ture and density profiles in the photosphere, and the 
abundances of the chemical elements will be treated 
in connection with the theory of stellar atmospheres in 
Sect. 7.2. 

6.2 Distances and Velocities 
of the Stars 

Having dealt with the Sun, we now tum to the much 
more distant stars and concern ourselves first, in 
Sect. 6.2.1, with the trigonometric measurement of par
allaxes and thus the determination of distances to the 
stars, with which their true or absolute magnitudes can 
be calculated from the apparent magnitudes. Then, in 
Sect. 6.2.2, we consider the radial velocities and the 
proper motions of the stars, and in Sect. 6.2.3, we treat 
the stream or cluster parallax as an additional method 
of distance determination. In Sect. 6.2.4, we give an 
overview of the positions of the stars on the celes
tial sphere and of the most important star catalogs, 
and finally, in Sect. 6.3-5, we tum to the fundamental 
properties of the stars. 

6.2.1 Trigonometric Parallaxes 

Due to the orbital motion of the Earth around the Sun, 
a nearby star describes a small ellipse in the course of 
a year relative to the more distant, fainter stars (Fig. 6.4; 
not to be confused with the aberration, Fig. 2.17 !). Its 
semimajor axis, i.e. the angle which the radius of the 
Earth's orbit would subtend as seen from the star, is 
called the heliocentric or annual parallax p of the star 
(from TTXXQaA.Aa~zc; =back-and-forth motion). 

In the year 1838, F. W. Bessel in Konigsberg suc
ceeded (with the aid of a Fraunhofer heliometer) in 
measuring the direct trigonometric parallax of the 
star 61 Cyg to be p = 0.293". We should also men
tion the observations carried out at the same time by 
F. G. W. Struve in Dorpat and by T. Henderson at the 
Cape Observatory. The star a Cen, observed by Hender
son, is, along with its companion Proxima Centauri, our 
nearest neighbor in interstellar space. Their parallaxes, 
according to recent measurements, are 0.75" and 0.76". 
A fundamental advance was made by F. Schlesinger in 
1903, who succeeded in making photographic determi-

6.2 Distances and Velocities of the Stars 

circle 

ecliptic 
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distant stars 

Fig. 6.4. The star parallax p. A nearby star describes a circle 
of radius pat the pole of the ecliptic relative to the much more 
distant background stars; in the plane of the ecliptic, it appears 
to move on a line of length ±p, and in between it moves on 
an ellipse 

nations of trigonometric parallaxes with a precision of 
about ±0.01". 

An improved precision down to 0.001" for brighter 
stars and 0.003" for fainter ones has recently been 
achieved with the extremely precise position mea
surements from the European astronomical satellite 
HIPPARCOS (High Precision Parallax Collecting 
Satellite), launched in 1984. 

The first measurements of star parallaxes meant not 
only a confirmation of the Copernican world view 
(at that time hardly any longer necessary), but more 
importantly the first step towards measurements of 
the distances to the stars. We define suitable units of 
measure: 

A distance of 360 · 60 · 60/2rr = 206 265 astronom
ical units or radii of the Earth's orbit corresponds to 
a parallax of p = 1". This distance is termed 1 parsec 
(from parallax and second), abbreviated 1 pc. We thus 
have: 

1 pc = 3.086 · 1016 m = 3.26lightyears, 

1lightyear = 0.946 ·1016 m = 0.31 pc. (6.12) 
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This means that light, moving at 300 000 km s -I , 
requires 3.26 years to travel a distance of 1 pc. A par
allax p (in seconds of arc) corresponds to a distance of 
1/ p [pc] or 3.26/ p [light years]. Given the precision 
of measurement of trigonometric parallaxes, these take 
us out into space to distances of "only" 500 or at most 
1000 pc. The stream or cluster parallaxes, for groups 
of stars which "stream" through the Milky Way galaxy 
with the same velocity vectors, reach out somewhat 
further; they will be discussed later in Sect. 6.2.3. 

6.2.2 Radial Velocities and Proper Motions 

We have already described the spectroscopic determi
nation of radial velocities Vr using the Doppler effect 
(H. C. Vogel, 1888; W. W. Campbell and others): 

L1A. 
Vr = C-, (6.13) 

A.o 

which gives us Vr in absolute units, e.g. in [km s-1], 

(2.3). The sign is defined in such a way that a positive 
(negative) radial velocity means a red shift (blue shift), 
i.e. moving away from the Sun (approaching the Sun). 
The changing influences of the orbital motion and the 
rotation of the Earth are avoided by using the Sun as 
reference point. 

In order to describe completely the motions of the 
stars in space, we still require their proper motions J-i, 
(PM = Proper Motion) on the celestial sphere, which 
were discovered much earlier by E. Halley (1718). They 
are usually given in seconds of arc per year. One mea
sures relative proper motion (relative to distant stars 
with small PM) by comparing two photographs taken 
when possible with the same instrument at a time in
terval of 10 to 50 yr. The reduction to absolute proper 
motion presumes that the absolute positions of some 
stars have been determined for various epochs. Follow
ing C. D. Shane, one uses distant galaxies or also quasars 
as an extragalactic reference system. From 1989 to 1993 
using the astrometry satellite HIPPARCOS, the proper 
motions of around 120 000 stars were determined with 
a precision of a few thousandths of an arc-second per 
year. 

The proper motion J-i is related to the tangential 
component V1 [km s-1] of the star's velocity as follows: 

If p is the parallax of the star in seconds of arc, then 
J-L/ p is equal to V1 in astronomical units per year. The 

latter is equal to 1 j (2rr) times the orbital velocity of the 
Earth or 4.74 km s-1• We thus have 

~ [km s-1] = 4.74 1-i ["yc 1
] . 

I p ["] 
(6.14) 

The spatial velocity v of the star is then 

v = Jv? + v?. (6.15) 

The angle e with which the star moves relative to the 
line of sight is given by the relations 

Vr = vcose and V1 = vsin8. (6.16) 

6.2.3 Stream Parallaxes 

L. Boss discovered in 1908 that e.g. for a group of many 
stars in Taurus, which are collected around the open 
star cluster called the Hyades, the proper motions on 
the celestial sphere all point to a convergence point at 
a = 6 h 31 min, 8 = so 59'. The stars of this star stream 
or moving cluster thus apparently carry out parallel mo
tions in space like a school of fish, with directions all 
tending towards the convergence point. Let the veloc
ity of the cluster (relative to the Sun) be vc. If we now 
know the proper motion J-i (Fig. 6.5) of one star in the 
cluster, and its radial velocity Vr relative to the Sun, and 
if furthermore e is the angle of the star in the heav
ens from the convergence point, then we can apply the 
considerations of (6.14) and (6.16), and find 

Vr = vccose, 
V1 = vc sine= 4.74 J-L/ p, (6.17) 

point of 

Sun convergence 

Fig. 6.5. A moving cluster or star stream 



from which one immediately obtains the parallax of the 
star: 

11 4.74!-L ["yr- 1] 

p[] = Vr[kms- 1]·tane · 
(6.18) 

The Hyades cluster is at a distance of 46 pc from the 
Earth, and most of its stars are within a region about 
10 pc in diameter. This method of stream parallaxes is -
in terms of range and often in terms of accuracy- com
parable to the measurements of trigonometric parallaxes 
by the Hipparcos satellite. 

6.2.4 Star Positions and Catalogs 

Every observation of stellar properties presumes that the 
star under consideration has been "found and identified" 
with a telescope, i.e. that its position e.g. in the equator
ial coordinate system, (a, 8) (Sect. 2.1.1) is sufficiently 
precisely known. 

We term the measured position of a star its appar
ent position; it is initially corrected for instrumental 
errors, refraction in the Earth's atmosphere (Sect. 2.1.1) 
and for the daily aberration. From this position relative 
to the Earth's center, we then compute the true posi
tion relative to the center of the Sun, by taking into 
account the annual aberration (Sect. 2.2.3) and the par
allax (Sect. 6.2.1). A star catalog finally contains the 
mean position, which is obtained from the true position 
after correction for precession and nutation (Sect. 2.1.2) 
and is referred to a particular time (equinox). 

The Almagest of Ptolemy (around 150 A.D.) con
tains about 1000 stars, whose positions are given to 
a precision of 10 to 15', together with their magni
tudes. Among newer catalogs, we mention the Bonner 
Durchmusterung (BD) (1855), with around 460 000 
stars, and its extension to the southern sky (1875), 
the C6rdoba-Durchmusterung (CD), with 610 000 stars. 
The Henry Draper Catalogue (HD) of the Harvard Sur
vey (around 1900) contains about 225 000 stars with 
their spectral types. Among the most important tools 
of the astronomer is also the General Catalogue of 
Trigonometric Stellar Parallaxes by L. F. Jenkins ( 1952, 
1963) and the Catalogue of Bright Stars (D. Hoffleit and 
C. Jaschek, 1982). 

The stars are, properly considered, not "fixed", but 
rather change their relative positions due to their proper 
motions f.L (Sect. 6.2.2). Thus for example our nearest 
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neighbor star Proxima Centauri moves by 3 .85" yc 1 and 
Barnard's star by as much as 10.3"yc1 tangentially on 
the celestial sphere. In order to calculate precise stellar 
positions for any given time, it is thus necessary to 
know f.L. 

The laws of mechanics are formulated for inertial 
systems (Sect. 4.2), so that we require at least a good 
approximation to such a system in order to investigate 
the motions of the celestial objects. To fulfill this re
quirement for an equatorial coordinate system (a, 8), 

besides exact determinations of the positions and proper 
motions we need to apply the constants of celestial me
chanics and the theory of motions of the Earth, the 
Moon and the planets; we thus require a "dynamic" 
system. 

A catalog which contains especially precise star 
positions based on absolute measurements is termed 
afundamental catalog. Since however the preparation 
of such a catalog is very time-consuming, for practical 
purposes a reference catalog is used, which contains 
the coordinates and proper motions of a large number 
of stars from all over the celestial sphere -for a particu
lar equinox. From it, the data for any time and for other 
stars can be obtained by interpolation. In the 1960's, 
the rapid development of satellites and space probes re
quired a modem, complete reference catalog; this need 
was filled by the SAO (Smithsonian Astrophysical Ob
servatory) catalog with the positions and proper motions 
of 260 000 stars. 

Since the 1990's, the standard for the equatorial 
coordinate system has been the FK5/J2000.0 System, 
which was set in place by the International Astronom
ical Union. It is represented on the celestial sphere by 
the Fundamental Catalogue FK5 ( 1988), with more than 
1500 bright stars whose positions have been determined 
absolutely. The coordinates a and 8 are referred to the 
vernal equinox of the Julian year 2000. This new coordi
nate system replaces the FK4/B 1950 System, in which 
a and 8 were calculated from the vernal equinox at the 
beginning of the Bessel year 1950. It is distinguished 
from the earlier system by - among other things - the 
improved position of the equinox and the precession 
constant (50"yc 1). This system is very near to an in
ertial system. Deviations occur mainly because of the 
fact that the Sun moves around the center of the Milky 
Way galaxy with the small angular velocity of 0.55" per 
century (Sect. 11.2.1). The reference star catalog for 
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the new system is the PPM Star Catalogue (Positions 
and Proper Motions), completed in 1991192, with about 
380 000 stars distributed over the entire celestial sphere, 
whose positions are exact to ca. 0.3" and the proper 
motions to about 0.4" per 100 yr. 

A further increase in precision was obtained through 
the measurements of the astrometric satellite HIPPAR
COS from 1989 to 1993. Parallaxes for more than 
20 000 stars with uncertainties of less than 10% are 
available. The data are collected in two catalogs of 
the European Space Agency (ESA) (1997): Hipparcos, 
with parallaxes and proper motions of around 120 000 
stars, and Tycho, with more than 106 astrometrically 
investigated stars with their magnitudes and their colors. 

From the year 2000, the Fundamental Catalog 
FK6 has been available, combining the data from the 
Hipparcos catalogue with that of FK5. 

6.3 Magnitudes, Colors and Radii 
of the Stars 

We first take up in Sect. 6.3.1 the apparent magnitudes 
of the stars, then in Sect. 6.3.2 their colors and spectral 
energy distributions. With knowledge of their distances, 
we can compute the absolute magnitudes of stars from 
their apparent magnitudes (Sect. 6.3.3). In Sect. 6.3.4, 
we introduce the bolometric magnitude and the lumi
nosity, and finally we give an overview of the radii of 
stars and the methods of determining them in Sect. 6.3 .5. 

6.3.1 Apparent Magnitudes 

Hipparchus and many of the earlier astronomers had al
ready begun to make catalogues of the brightnesses of 
stars. Stellar photometry in the modem sense dates from 
the definition of the magnitude scale by V. Pogson in 
1850 and the construction of a visual photometer in 1861 
by J. F. Zollner. With this instrument, the brightness of 
a star could be precisely compared with that of an arti
ficial star image by using two Nicol prisms; when their 
directions of polarization are rotated through an angle a, 
they attenuate the transmitted light by a factor cos2 a. 

If the radiation fluxes measured from two different 
stars are in the ratio sJ/ s2, then according to Pogson's 
definition, their "apparent magnitudes" differ by an 

amount 

(6.19) 

or, conversely, 

(6.20) 

Thus, a difference of: 

-Llm= 1 2.5 5 10 15 20 [mag] 

corresponds to a ratio of the radiation fluxes (or, for 
short, a brightness ratio) of: 

The unit of measure of m is the magnitude and is 
abbrevated as mag or m. 

The zero point of the magnitude scale was originally 
based on the international pole sequence, a series of 
stars in the neighborhood of the pole, whose magni
tudes were precisely measured and checked for their 
constancy. Since brighter stars correspond to smaller 
and finally to negative magnitudes, it is reasonable to 
say, for example, "The star a Lyr (Vega) with an appar
ent (visual) magnitude of 0.14 mag is 1.19 magnitudes 
brighter than a Cyg (Deneb), which has 1.33 mag", or, 
"a Cyg is 1.19 magnitudes fainter than a Lyr". 

The early photometric measurements were carried 
out visually. Photographic photometry came into prac
tice in 1904/08, beginning with K. Schwarzschild's 
Gottinger Aktinometrie, initially using conventional 
blue-sensitive plates. It was soon discovered that by 
using plates sensitized in the yellow region and plac
ing a yellow filter in front of them, one could imitate 
the spectral sensitivity of the human eye. Thus, in addi
tion to visual magnitudes mv, photographic magnitudes 
mpg and then photovisual magnitudes mpv could be de
termined. Today, it is possible to adjust the sensitivity 
maximum of the apparatus to any desired wavelength 
region by using a suitable combination of detectors with 
corresponding color or interference filters. 

We begin by clarifying our concepts and asking the 
question, "What do the various magnitudes actually 
mean?'' 

Assume that a star of radius R emits at its surface 
a radiation flux F;. at the wavelength A.. If it is at a dis
tance r from the Earth, we obtain a radiation flux outside 



the Earth's atmosphere (we shall initially neglect 
interstellar extinction; see (4.40)) given by: 

(6.21) 

Now assume that the value which our apparatus indi
cates for a normal spectrum /;,. = 1 can be described as 
a function of wavelength by a sensitivity function E;._ , 
which is determined by the transmission of the instru
ment and the sensitivity of the detector. The indicated 
value is then proportional to the integral: 

00 

s= r~ f R2 F;._ E;._ dA, (6.22) 

0 

and the apparent magnitude m of our star is given by 
the following expression (with a constant of integration 
which must be fixed by convention): 

00 
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Fig. 6.6. Relative sensitivity functions E ;._ (referred to 
a light source with fA = const) for UBV photometry. After 
H. J. Johnson and W. W. Morgan 

1 f 2 m = - 2.5log r 2 R F;._E;._ dA + const. 

0 

(6.23) most often used (U =ultraviolet, B =blue, V =visual); 
the resulting magnitudes are denoted in brief as: 

In (6.23), we have left out the extinction due to the 
Earth's atmosphere. Since E;._ in practice takes on rea
sonably large values only within a limited wavelength 
range, the extinction determination can indeed be car
ried out as in Fig. 4.4 without further problems, as if for 
monochromatic radiation at the sensitivity maximum 
of E;._ . 

The visual magnitudes mv are, from (6.23), thus de
fined by the sensitivity function of the human eye times 
the transmission of the instrument; the sensitivity max
imum, called the isophotic wavelength, lies at about 
540 nm, in the green. In a corresponding manner, the 
sensitivity maximum for the photographic magnitudes 
mpg lies near A = 420 nm. 

6.3.2 Color Index and Energy Distribution 

The difference of two apparent magnitudes measured in 
different wavelength ranges X and Y is termed the 

color index= mx- my . (6.24) 

As a standard system for the determination of stellar 
magnitudes and colors, the UBV system developed by 
H. L. Johnson and W. W. Morgan in 1951 is currently 

U = mu , B = ms , V = mv . (6.25) 

The corresponding sensitivity functions E;._, which 
can be obtained photographically or photoelectrically, 
are displayed in Fig. 6.6. Their sensitivity maxima for 
average star colors are: 

Au ~ 365 nm , As ~ 440 nm , 

A.v ~ 548 nm. (6.26) 

For hot (blue) or cool (red) stars, these are shifted to 
shorter or longer wavelengths, respectively. 

The three magnitudes U, B, and V are by definition 
related to each other in such a way (i.e. the three con
stants in (6.23) are chosen in such a way) that for AO V 
stars (e.g. a Lyr =Vega; Sect. 6.4) 

U=B=V, 
(for AOV) 

U-B=B-V=O. (6.27) 

For practical purposes, including transfer from one 
instrument to another with a (possibly) somewhat differ
ent sensitivity function, the UBV system is referred to 
a number of precisely measured standard stars, whose 
magnitudes and colors cover a large range. 

The color indices give a measure of the energy dis
tribution in the stellar spectra, i.e. of the wavelength 
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dependence of the radiation flux f>.. or F~.., as first recog
nized by K. Schwarzschild; they are thus also a measure 
of the temperatures of the stellar atmospheres. As a first 
approximation, we obtain the color temperature Tc, 
when we fit the energy distribution, in a limited spectral 
region, to Planck's radiation law. In Wien's approxi
mation (c2 / ('AT) » 1), we have F~.. ex exp( -c2/('ATc)); 
if we limit the integrations in (6.23) to the sensitiv
ity maxima of the sensitivity functions, we obtain for 
example: 

B - V = - - - + const. 2.5 c2 loge ( 1 1 ) 
Tc 'As 'Av 

(6.28) 

or, with the radiation constant c2 = 0.014 mK and 
(6.26), 

0.7 ·104 
B- V ~ +const . (6.29) 

Tc 
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Fig. 6.7. The energy distribution in the spectrum of the 
AO V star a Lyr (Vega), showing the observed radiation 
flux density />.. in units of [lo- 11 wm-2 nm- 1]. In the 
optical region: absolute measurements by H. Tiig et a!. 
(1977), corrected for extinction in the Earth's atmosphere ex
cluding the regions where there are strong hydrogen lines 
(points • • • ). In the ultraviolet, A :::; 350 nm: satellite ob
servations from TD 1 (C. Jamar et a!., 1976), (-- -) and 

The numerical values of the color temperatures cal
culated e.g. from the color index B- V have no great 
significance, owing to the considerable deviations of the 
stars from black body behavior (absorption constants, 
Fraunhofer lines, ... ; see Fig. 6.7). The importance of 
the color indices lies elsewhere: they (or the color tem
peratures) are related to fundamental parameters, in par
ticular to the effective temperature Teff (total radiation 
flux!), the gravitational acceleration g, and the absolute 
magnitudes of the stars (Sect. 7 .2), as we shall see from 
the theory of stellar atmospheres. Since the color indices 
can be measured with a precision of 0.01 mag without 
difficulty, it can be expected from (6.29) that e.g. around 
7000 K, temperature differences can be determined with 
an accuracy of about 1%, which is not obtainable with 
any other method. The temperatures themselves are of 
course not nearly so accurately determined. 
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from Copernicus (A. D. Code and M. Meade 1979) (--). 
For comparison: the Kirchhoff-Planck function B>.. (T), fit
ted to the data at A = 555 nm for 9500 K, corresponding 
to the overall radiation flux or the effective temperature, 
and for 15 000 K, the color temperature in the blue. Also 
shown is a theoretical model(---) by R. L. Kurucz (1979) 
for Teff = 9400 K and g = 89.1 m s-2, taking into account 
absorption lines 



In addition to the UBV system, the UGR system of 
W. Becker, with sensitivity maxima at A = 366, 463, 
and 638 nm and the six color system of J. Stebbins, 
A. E. Whitford, and G. Kron, which reaches from 
the ultraviolet to the infrared (Au = 355 nm ... "A1 = 
1.03 iJ,m), have attained some importance. The mutual 
interrelation of magnitudes and color indices among the 
various systems with not too different isophotic wave
lengths is calculated with the aid of empirically derived 
relations which are for the most part linear. 

H. L. Johnson and others have extended the UBV 
system into the red and infrared by adding the fol
lowing filters and sensitivity-maximum wavelengths, 
determined essentially by the transmission of the Earth's 
atmosphere: 

R I J H K 

"A: 0.7 0.9 1.25 1.63 2.2 
(6.30) 

L M N Q 

3.6 5.0 10.6 21 [iJ,m]. 

If the colors of the faintest stars are not required, 
broadband photometry (with halfwidths of the sen
sitivity functions Ll"A 2: 50 nm) is not necessary, and 
measurements can be carried out with narrow band 
filters, which offer advantages with respect to a theoret
ical calibration as a function of the fundamental stellar 
parameters. The medium bandwidth photometry devel
oped by B. Stromgren (LU ~ 10-30 nm) is often used; 
it employs the following filters: 

u v b y 
A: 350 411 467 547 [nm] . 

(6.31) 

The color indices used in this system are u - b and b - y 
(analogous to U- Band B- V) as well as c1 = (u- v) 
-(v- b) and the "metal index" m1 = (v- b)- (b-y). 

Furthermore, narrow band filters having a halfwidth 
of a few nm can be employed to investigate individual 
strong lines or groups of lines in the spectra. For ex
ample, Stromgren's uvby System is extended to include 
the {3-index for brighter stars; this measures the inten
sity of the hydrogen line Hf3 A = 486 nm relative to the 
neighboring continuum through a filter with Ll"A ~ 3 nm. 

For measurements in spectral regions of only a few 
nm width, photoelectric spectrophotometry has become 
increasingly important since the 1960's. In this method, 
the narrow spectral regions are not defined by color or 

6.3 Magnitudes, Colors and Radii of the Stars 

interference filters, but rather are defined by a slit or by 
the width of the detector (for example a CCD chip) in the 
focal plane of a spectrograph. The goal of spectropho
tometry, to investigate as much of the entire accessible 
spectrum as possible, can be accomplished with one de
tector which measures the various parts of the spectrum 
sequentially (scan technique), or with several detectors 
which register the energy distribution in the spectrum 
by simultaneous measurements at different wavelengths 
(multichannel spectrophotometry). 

The Standard Star rl Lyrae. Although it is rela
tively easy to determine relative radiation fluxes with 
spectrophotometry, relating them to carefully inves
tigated standard stars, it is difficult to obtain from 
these the absolute fluxes. The AO V-star a Lyra (Vega) 
serves as the primary photometric standard. We show in 
Fig. 6.7 the absolute measurements of a Lyra by H. Tug, 
N. M. White and G. W. Lockwood (1977), in which the 
calibration was accomplished by comparison to a cavity 
radiator (black body) of precisely known temperature. 
The melting point of platinum at 2042.1 K was one of 
the fxed points used to determine the temperature scale. 
The radiation fluxes obtained in this manner should be 
accurate to 1 to 2%. In the far ultraviolet, there are ob
servations of a Lyra using, for example, the European 
astronomical satellite TD 1 and the Copernicus satellite, 
with bandwidths of a few nm. In this range, absolute cal
ibration is very difficult, and the accuracy of the fluxes 
obtained is probably not better than 10 to 20%. 

The infrared satellite IRAS discovered in the case of 
a Lyr in the 60 iJ,m and 100 iJ,m bands a radiation flux 
which was around 10 times greater than expected on 
the basis of the theoretical atmosphere models, which 
however reproduce the optical and ultraviolet regions 
well. From the observed diameter of the infrared source 
of about 35", this excess radiation can be traced to the 
thermal emission from a circumstellar disk of dust about 
140 AU in diameter with a temperature of only 85 K, 
making use of the radiation balance of the particles 
(10.12) as in the case of the interstellar dust. The dust 
particles, with radii mainly in the range of 0.1 to 10 iJ,m, 
are somewhat larger than those in the usual interstellar 
medium (Sect. 10.1.4). The mass of the disk is of the 
order of magnitude of the mass of our Solar System, 
so that this could be an example of a "protoplanetary 
system". 
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6.3.3 Absolute Magnitudes 

The observed apparent magnitude of a star (in some 
arbitrary photometric system) depends, according to 
(6.23), on its true magnitude and on its distance. We now 
define the absolute magnitude M of a star by imagining 
it to be displaced from its true distance r to a standard 
distance of lOpe. From the 1j r2 law of photometry 
(6.21), its magnitude is then modified by a factor of 
(r/10)2. In magnitudes, we thus find 

r [pc] 
m - M = 5 log ----w- = 5 log r (pc] - 5 

= -5-5 log p[" ] . (6.32) 

The quantity (m- M) is termed the distance modulus. 
A modulus (m - M) of 

-5 0 +5 +10 

corresponds to the distance r 

1 pc 10 pc 100 pc 103 pc 

= 1 kpc 

+25 [mag] (6.33) 

In our calculation using the 1jr2 law, we initially disre
garded interstellar extinction. We must recognize that 
it becomes quite important at distances of more than 
10 pc. Then the relation (6.23) between the distance 
modulus and the distance or parallax must be corrected: 

m - M = 5 log r (pc] - 5 + A , (6.34) 

where A gives the interstellar extinction in magnitudes. 
A = 1 mag corresponds to an optical thickness r ~ 1 for 
extinction in the wavelength region under consideration, 
since from (4.54), A= -2.5 loge-r = 1.08 r. 

In principle, absolute magnitudes can be quoted 
in any photometric system; they are then denoted 
by M with the corresponding subscript, for example 
Mv = absolute visual magnitude. If no subscript is 
given, Mv is always to be understood. 

We shall now collect the data for the Sun as a star, 
which are important as a point of reference. We need 
hardly mention that it is metrologically extremely diffi
cult to make a photometric comparison of the Sun with 
the fainter stars, which have brightnesses at least 10 or
ders of magnitude fainter. The distance modulus of the 
Sun is obtained from the definition of the parsec and 
(6.32) and is (m- M)0 = -31.57 mag. With this, in 
units of magnitude, we obtain: 

Apparent 
magnitude 

u0 = -25.85 
80 = - 26.03 
v0 = -26.70 

Color indice 

(U - 8)0 = 0.18 
(U - V)0 = 0.67 

Ab olute 
magnitude 

Mu,o = + 5.72 
Ms.o = + 5.54 
Mv,o= + 4.87 

The limits of error of these data lie in the range of 
several hundreths of a magnitude. 

6.3.4 Bolometric Magnitudes and Luminosities 

Along with the radiation in different wavelength ranges, 
the total radiation of the stars is of interest. In analogy 
to the solar constant, we therefore define the apparent 
bolometric magnitude in the sense of (6.23): 

00 

1 f 2 mbol = - 2.5log r2 R F~.. dA. + const 

where 

0 

R2F 
= - 2.5log - 2- + const , 

r 
(6.35) 

(6.36) 

(Teff: effective temperature) again denotes the total ra
diation flux at the stellar surface. The constant is defined 
in such a manner that the bolometric correction, B.C. 

B.C. = mv - mbol (6.37) 

corresponding to the color indices, never becomes neg
ative, i.e. its minimum, at Teff ~ 7000 K, is set to 
zero. (A definition with reversed sign can also be 
found, so that B.C. = mbol- mv never becomes posi
tive.) Since the Earth's atmosphere completely absorbs 
wide spectral regions, the bolometric magnitude can
not be measured directly from the ground; its name is in 
fact misleading. It must be determined by making use of 
measurements from satellites, for example. With the aid 
of theory, mbol or B.C. can be calculated as a function of 
other, measureable parameters of stellar atmospheres. 

For the Sun, we obtain 

mbol,0 = -26.83 mag , 

B.C.0 = +0.13 mag. (6.38) 



The absolute bolometric magnitude Mbol of a star 
is a measure of its total radiation energy output per 
unit time, i.e. of its luminosity L. The latter quantity 
is generally referred to the solar luminosity L 0 as unit 
of measure. With (m - M) 0 = - 31.57 mag, we obtain 
Mbol,O = 4.74 mag and thus: 

Mbol = 4.74- 2.5log (~) [mag], 
Lo 

L 0 = 3.85 · 1026 W. (6.39) 

Since the energy radiated from the stars is generated 
in their interiors by nuclear processes, the luminosity 
belongs among the most important starting data values 
for investigations into internal stellar structure. 

6.3.5 Stellar Radii 

If a star of radius R is located at a distance r, then 
the very small angle which its radius subtends at this 
distance is a= R/r in angular units (rad) or 

a["] = 206 265 · !!_ = 4.65. 10-3 R/ Ro (6.40) 
r r [pc] 

in seconds of arc. Even for the star system which is 
nearest to us (a Cen), at a distance of r = 1.3 pc, the 
angular radii are thus only a few milliseconds of arc and 
place heavy demands on the accuracy of measurements. 

Only in the case of the Sun and a few other stars can 
a be measured directly; thus, using the Hubble Space 
Telescope, it was possible to determine the angular ra
dius in the ultraviolet of the red giant a Ori (Betelgeuse), 
and with the New Technology Telescope, a of the Mira 
variable R Dor could be measured in the near infrared. 

For several bright stars, inteiferometric methods 
allow a determination (Sect. 5.1.2). Although measure
ments with the Michelson interferometer are limited 
to a very few red giant stars, R. Hanbury Brown und 
R. Q. Twiss were able to use their correlation interfer
ometer in Narrabri (Australia) to determine the angular 
radii of about 30 stars, including dwarfs, to about 
0.001". With the Sydney University Stellar Interfer
ometer (SUSI), commissioned in 1996 and also near 
Narrabri, J. Davis and coworkers have been able to de
termine the radii of stars down to the 8th magnitude with 
a precision between 0.020" and just under 0.0001". This 
instrument has a base line between 5 and 640 m at an 
effective aperture of 14 em. 

6.3 Magnitudes, Colors and Radii of the Stars 

Speckle inteiferometers on individual telescopes 
have angular resolutions from (5.1) given only by the 
diameter of the primary mirror, but they can be used to 
observe stars of apparent magnitudes in the range of 14 
to 17 mag (with good seeing) and to make very precise 
measurements. 

Large telescopes (Sect. 5.1.3), such as the Keck 
telescopes or the VLT(I), which can be used as interfer
ometers with base lines of up to nearly 100m, likewise 
attain angular resolutions of around 0.001". 

For stars in the neighborhood of the ecliptic, lunar oc
cultations (Sect. 2.1.5) can be used to measure angular 
radii, also to about 0.001". In this case, an arrangement 
with a sufficiently short time constant (::;:: 1 ms) regis
ters the intensity fluctuations from Fresnel diffraction 
of the starlight by the sharp edge of the Moon; these 
pass by a particular observer in a few tens of ms. The 
angular radius of the stellar disk can then be derived 
from the contrast of the intensity bands compared to 
that expected from a point source. 

In the rare cases of eclipsing variable systems 
(Sect. 6.5.2), the radii can be derived very precisely from 
the observed light curves. 

For the majority of stars, the radii must be estimated 
indirectly using photometric methods from their mag
nitudes or radiation fluxes. From ( 4.40), we obtain the 
monochromatic radiation flux fA to be expected from 
a star at a distance r: 

fA= FA ( ~) 2 
= FAa2 (6.41) 

and the total radiation flux (6.36) 

(6.42) 

Thus, from the measured radiation fluxes fA or f, or 
using (6.23) with the apparent magnitude m measured 
in one of the photometric standard regions (e.g. U,B, 
or V), the angular radii can be calculated when the 
radiation flux F;, or F at the star's surface, or its effective 
temperature Teff, are known. These latter quantities can 
be derived from the color or the energy distribution by 
making use of the theory of stellar atmospheres. 

When greater precision is required in determining 
the angular radii, the center-limb variation (Sect. 6.1.1) 
must be taken into account. Especially in the case of cool 
giant stars, with their extended atmospheres, the radius 
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depends also on the wavelength or color which is used 
for the observations. 

In order to obtain the stellar radii R themselves from 
the angular radii a, we require the distance r or the par
allax p, or else the modulus of distance or the absolute 
magnitude (6.32), or, because of the relation 

4nr2 f = 4nR2 F = 4nR2aTe"ct = L (6.43) 

we can use the luminosity L (derived e.g. from the star's 
spectrum). 

The largest observed angular radii are found for the 
red giant stars and the Mira variables. Thus, for a Ori in 
the optical range a= 0.028" was measured, and in the 
ultraviolet (with the Hubble Space Telescope) 0.062", 
while for RDor, in the near infrared, a= 0.028". An
gular radii larger than 0.02" were also found for, among 
others, W Hya, R Leo, o Cet (Mira) and a Sco (Antares). 
The radii of the red giants are for the most part somewhat 
variable. 

From these angular radii, we find- using the none too 
precise distances r in (6.40)- radii R of 400 to 500 R0 , 

or around 2 AU; for a Ori (M2 lab, V = 0.5 mag, r = 
200 pc) even R :::: 1000 R0 :::: 4.6 AU. The diameters of 
these stars are thus greater than that of Mars' orbit! 

In the case of a Ori and some Mira variables such as 
o Cet, W Hya and R Cas, non-spherical brightness dis
tributions are found, which indicate flattening as a result 
of rapid rotation, or else star spots. 

6.4 Classification of the Stellar Spectra. 
The Hertzsprung-Russell Diagram 

When, as a result of the discoveries of J. Fraunhofer, 
G. Kirchhoff and R. Bunsen, the observation of stellar 
spectra was begun, it quickly became clear that they can 
for the most part be ordered according to their spectral 
type (Sect. 6.4.1) in a one-parameter sequence. As early 
as 1905, E. Hertzsprung recognized the difference be
tween giant and dwarf stars, and H. N. Russell by 1913 
had begun to investigate the dependence of the absolute 
magnitude Mv on the spectral type Sp of the star. In 
Sect. 6.4.2, we discuss the connection between Mv and 
Sp, which is represented in the Hertzsprung-Russell 
diagram, one of the most important diagrams in astron
omy, along with the luminosity classes of the stars. The 
modem classification of W. W. Morgan, P. C. Keenan 

and E. Kellman will be treated in Sect. 6.4.3. In the fol
lowing Sect. 6.4.4, we introduce the two-color diagram, 
and in Sect. 6.4.5 we give a summary of the rotation of 
stars. 

6.4.1 The Spectral Type 

Based on the work of W. Huggins, A. Secchi, 
H. C. Vogel, and others, E. C. Pickering and A. Cannon 
developed the Harvard Classification of stellar spec
tra in the 1880's; it formed the basis of the Henry 
Draper Catalogue. The series of spectral classes ("Har
vard types") which are ascribed to the colors of the 
stars: 

/s 
0-B-A-F-G-K-M 

.........__R-N 

blue yellow red 

(6.44) 

resulted from older classification schemes after numer
ous modifications and simplifications. H. N. Russell's 
students in Princeton invented the well-known 
mnemonic for this series: 0 Be A Fine Girl, Kiss 
Me Right Now (Note, for experts only): S stands for 
"Smack" (or Sweetheart!). The spectral classes Rand N 
today are usually combined into the class C (for carbon 
stars). 

We still refer to 0 and B as early, A, F, and Gas 
middle, and K and the classes beyond as late spectral 
classes; this terminology dates from earlier, incorrect 
ideas about the evolutionary stages of the stars. 

The changes in the colors of the stars, or their color 
indices, which occur parallel to the single-parameter 
sequence of the Sp (also indicated in (6.44)) showed 
that the stars had been ordered according to decreasing 
temperature. 

Between each of these letters, a finer subdivision is 
indicated by a following number, 0 to 9. For exam
ple, a B5 star is between BO and AO and has about an 
equal amount in common with each of these classes. 
The definition of the Harvard sequence is accomplished 
principally by comparison of the spectral profiles of 
certain standard stars (Fig. 6.10). 

The MK Classification (Sect. 6.4.3), which is in gen
eral use today, has adopted the nomenclature of the 
Harvard Classification to a large extent. 
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Spectml Temperature Classification criteria 
class [KJ 

0 50000 Lines from highly ionized atoms: He II. 
Si IV, Ill, ... : hydrogen H relatively 
weak: occasional emission lines. 

BO 25000 Hell mi ing: He I strong; Si Ill . 0 II; H 
stronger. 

AO 10000 Hel mi ing; H at maximum; Mg n, Si Tl 
strong; Fe II. Ti II weak; Ca II weak. 

FO 7600 H weaker: Ca II tark; the ionized metal . 
e.g. e n, Ti II had their maxima at - A 5: 
the neutral metal , e.g. Fe I. Ca I now have 
about the same strength. 

GO 6000 Ca II very strong: neutral metal Fel, ... 
very strong. 

KO 5100 H relatively weak. neutral atomic line 
rrong; molecular bands. 

MO 3600 Neutral atomic line . z. B. Ca I. very trong; 
TiO bands. 

M5 3000 Ca I very strong, TiO bands stronger. 

c 3000 Strong C -, CH-. C2-bands. TiO mi sing. 
neutral metals as with K and M. 

3000 Strong ZrO-, YO-. LaO-band: neutral 
atoms a with K and M. 

In Table 6.1, we give the spectral classes together 
with the behavior of their more important classification 
criteria. Instead of the spectral lines used for the classi
fication, we give here only their corresponding elements 
and ionization states (I = neutral atom, II = singly ion
ized atom, III= doubly ionized atom, ... ). The quoted 
temperatures correspond approximately to the colors 
of the stars and are intended only to give an initial 
orientation. 

6.4.2 The Hertzsprung-Russell Diagram. 
Luminosity Classes 

In the year 1913, H. N. Russell had the happy thought 
of investigating the relationship between the spectral 
type Sp and the absolute magnitude Mv of the stars, by 
constructing a diagram with Sp as abscissa and Mv as 
the ordinate, and plotting all stars for which the paral
laxes were known with sufficient accuracy. Figure 6.8 
shows such a diagram, which Russell drew in 1927 us
ing considerably improved observational results, for his 
textbook; it served a whole generation as "astronomical 
Bible". 

Most stars populate the narrow band of the main 
sequence, which stretches diagonally from the (abso
lutely) bright blue-white B and A stars (e.g. the belt 

. 
-5.0 

I . . . . 
-2.5 

='l: . . . . 
l 0 

. . . ~ . . . . .. . . . . . 
> 
~ 
Q) 
'0 +2.5 2 ·c: 
Ol as 
E +5.0 
~ 
:l 
0 
"' .t:J 

+7.5 as 
a; 
:l 

. .. .. , . . . I: • •• 
I r 

:~ . . . . . . ~I •: 

•• !1 •• ~. ~··:.. 
I .~:: . • t • ... ,. 

"' > +10.0 
. .r: 

I . . . 
I 

+12.5 . . .. .. 
80 AO FO GO KO MO 

Spectral type 

Fig. 6.8. Hertzsprung-Russell diagram (H. N. Russell 1927). 
The visual absolute magnitude Mv is plotted against spectral 
type. The Sun corresponds to Mv = 4.8 mag and class G2 

stars in Orion) through the yellow stars (e.g. the Sun, 
G2 and Mv = + 4.8 mag) out to the faint red M stars 
(e.g. Barnard's star, M5 and Mv = + 13.2 mag). 

On the upper right, we find the group of giant stars; 
in contrast, those stars of the same spectral class which 
have much smaller luminosities are termed dwaif stars. 
Since, at the same temperatures, the difference in ab
solute magnitude can only result from a corresponding 
difference in radii, these names seem quite appropriate. 
The distinction and classification of the giant and dwarf 
stars dates back to older work ( 1905) of E. Hertzsprung, 
so that today we refer to the (Sp, Mv) diagram as 
a Hertzsprung-Russell Diagram (HRD). 

Instead of the spectral type, a color index, e.g. B - V, 
can be plotted; in this way, one obtains a Color
Magnitude Diagram (CMD) which is equivalent to the 
HRD. Figure 6.9 shows the CMD (B- V, Mv) with its 
now very sharply defined main sequence, yellow and red 
giant stars (upper right) and white dwarfs (lower left); it 
contains individual and cluster stars from our neighbor
hood with precisely determined parallaxes. Since color 
indices can be precisely measured even for faint stars, 
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Fig. 6.9. The color-luminosity 
diagram with Mv [mag] plot
ted against B- V [mag] after 
H. Jahreiss ( 1999); it contains 
main sequence stars with trigono
metric parallaxes having relative 
uncertainties of:::: 10%. Left: 943 
stars whose parallaxes were mea
sured from the ground; Right: 
16 623 individual stars from the 
Hipparcos Catalog, for which 
the data were obtained by the 
astronometry satellite HIPPAR
COS. (With the kind permission 
of the author) 
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the CMD has become the most important tool of stellar 
astronomy. 

The extremely bright stars along the upper edge of 
the HRD or CMD are called supergiants. For example, 
a Cyg (Deneb; A2) has an absolute magnitude Mv = 
- 7.2 mag; it thus exceeds the luminosity of the Sun 
(Mv = +4.8 mag) by 12.0 magnitudes, i.e. by a factor 
of60000! 

A further clearly recognizable group are the white 
dwarfs at the lower left. Since they have only weak 
luminosities in spite of their relatively high tempera
tures, they must be very small; their radii are readily 
calculated from Lex R2Te'k (6.43) to be barely larger 
than the Earth's radius. For Sirius' companion a CMa B 
and a few other white dwarfs in binary star systems 
(Sect. 6.5.1), the masses are also known, so that mean 
densities of the order of 108 to 109 kg m-3 can be calcu
lated. The internal structure of such stars must therefore 
be quite different from that of other stars. R. H. Fowler 
showed in 1926 that in white dwarfs, the matter (more 
precisely, the electrons) is degenerate in the sense of 
Fermi statistics, in the same way as was demonstrated 
soon thereafter by W. Pauli and A. Sommerfeld for the 

1.5 2 0 0.5 1 1.5 2 

B- V 

conduction electrons in a metal. This means that nearly 
all the quantum states are completely occupied, taking 
into account the Pauli Principle, as in the inner shells of 
a heavy atom. 

We shall return to further groups of stars in the 
HRD, which for the most part are relatively small and 
specialized, in connection with other topics. 

It was noted by E. Hertzsprung in 1905 that stars 
with sharp hydrogen lines, for example the A2 star 
a Cyg, are remarkable for their high luminosities. In 
1914, W. S. Adams and A. Kohlschtitter then showed 
that the stars of a particular spectral class can be fur
ther subdivided, corresponding to their luminosities or 
absolute magnitudes Mv, on the basis of new spectro
scopic criteria. Among the absolutely bright stars, for 
example, the lines from ionized atoms are stronger rel
ative to those from neutral atoms; among the A stars, 
as mentioned, the hydrogen lines can be thus used as 
a criterion for luminosity. 

If such a luminosity criterion (which can hold only 
in a particular range of spectral classes) is calibrated 
using stars of known absolute magnitude, one can de
termine absolute magnitudes spectroscopically. If the 
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interstellar absorption (which was completely unknown 
in 1914!) can be neglected or corrected for, one can de
termine spectroscopic parallaxes by combining with the 
known apparent magnitudes of the stars ( 6.34 ). We shall 
have more to say in Chap. 11 about their importance for 
the investigation of the Milky Way galaxy. Here, we fol
low the significant insight that the majority of stars can 
be classified using two parameters, Sp and L (or Mv ). 

6.4.3 The MK Classification 

From the Harvard classification, W. W. Morgan and 
P. C. Keenan developed the two dimensional MK Clas
sification, which is today in general use, and is 
summarized in "An Atlas of Stellar Spectra. With 
an Outline of Spectral Classification." Its general 
principles hold for any classification: 

1. The classification is based only upon empirical cri
teria, i.e. directly observable absorption and emission 
phenomena. 

2. The observational data are unified. In order on the one 
hand to be able to define sufficiently fine spectral cri
teria, but on the other to penetrate far enough into the 
galaxy, a unified dispersion of about 12.5 nmjmm 
for Hy is employed, even for bright stars. 

3. The transferability of the classification system to 
other instruments is guaranteed by a list of suitable 
standard stars, i.e. by direct comparison, not by (pos
sibly semitheoretical) descriptions. 

4. The classification is carried out according to spectral 
type Sp and luminosity class LC. 

A series of standard stars for defining the spectral 
classes is shown in Fig. 6.10, together with the spectral 
lines used for their classification. 

Fig. 6.10. The MK classification of stellar spectra, from "An 
Atlas of Stellar Spectra" by W. W. Morgan, P. C. Keenan und 
E. Kellmann (1943). Along the main sequence (luminosity 
class V), above, 09-B9, then AO V and below, FO-M2. In the 
case of AO, the luminosity classes I (supergiants) and II (bright 
giants) are also shown, in order to make clear the significance 
of the absolute magnitudes (spectroscopic parallaxes!). The 
spectral lines used in the classification are indicated with their 
identification and wavelengths in [A] (1 A= 0.1 nm) 
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The luminosity criteria should depend to first order 
and as sensitively as possible only on the luminosity of 
the star, over the whole range of Sp. W. W. Morgan's 
luminosity classes LC at the same time indicate the 
position of the star in the HRD; they are (with their 
proper names): 

la-O Hypergiants 
I Supergiants 
II Bright Giants 
III Giants 
IV Subgiants 
V Main Sequence (Dwarfs) 
VI Subdwarfs 

As needed, the luminosity classes I to V can be subdi
vided using the suffixes a, ab, and b. Figure 6.10 shows 
the important spectral classes of the main sequence stars 
(LC = V) and, for the spectral type AO, the division into 
luminosity classes I to V (depending on the width of the 
hydrogen lines). 
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Fig. 6.11. Spectral class Sp and luminosity class LC of the 
MK classification as functions of the color index B - V and 
the absolute magnitude Mv [mag] 

About 90% of all stellar spectra can be accounted 
for in the MK classification; those remaining are in part 
composite spectra of unresolved binary stars, and in part 
the peculiar spectra of pathological individuals. 

The relationship between the parameters of the MK 
classification Sp and LC on the one hand, and the color 
indices B- V and absolute magnitudes Mv on the other, 
is shown in Fig. 6.11. 

Some of the peculiarities of stellar spectra which 
cannot be taken into account in a two-parameter 
classification scheme are denoted by the following 
abbreviations: e.g. the suffix n (nebulous) indicates 
a particularly diffuse appearance of the lines, e denotes 
emission lines, v means variable spectrum, and p (pe
culiar) characterizes any sort of unusual feature, e.g. an 
anomalous intensity of the lines of a certain element. 

Supplementary Information. The MK classification 
system has been added to and refined in a number 
of ways since its introduction. We mention the "Re
vised Spectral Atlas for Stars earlier than the Sun" by 
W. W. Morgan, H. A. Abt and J. W. Tapscott (1976), the 
supplement for cooler stars (G, K, M, S and C) by 
P. C. Keenan and R. C. McNeil (1976 and later supple
ments), which takes into account the most important 
frequency anomalies of the giant stars, and the new 
classification of the stars in the Henry-Draper Catalog 
by N. Houk (1976/78). 

Spectral atlases of the MK classes are "An At
las of Objective Prism Spectra" (Michigan 1974) by 
N. Houk, N. J. Irvine and D. Rosenbush, the Bonn Atlas 
for Objective Prism Spectra by W. C. Seitter (1970/75) 
and "An Atlas of Representative Stellar Spectra" by 
Y. Yamashita, K. Nariai andY. Norimoto (Tokyo 1978). 

Through observations with the IUE Satellite, it was 
possible to set up a classification system for the ear
lier spectral types in the ultraviolet region (A.= 115 to 
320 nm) as well, with a resolution of around 0.7 nm 
(A. Heck, D. Egret, M. und C. Jaschek, 1984). 

The white dwaifs are denoted by a D written be
fore the spectral class. Most of the white dwarfs are 
of type DA (with only HI in their spectra, temper
ature range 5000 to 70 000 K). For the helium-rich 
white dwarfs, which fall in the temperature range from 
5000 to 120 000 K, the types DO (He II lines present, 
T :=:50 000 K), DB (only He 1), DQ (atomic or molec
ular carbon) and DZ (only lines from metals) are used 
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-ordered here according to decreasing temperature. The -1.2 .-------=----------------., 
PG 1159 stars, with extremely high surface tempera
tures up to 180 000 K, are related to the hydrogen-poor 
white dwarfs. 

We mention also the Wolf-Rayet stars, which are no
table for clear emission lines; they are denoted by we 
or WN, depending on whether their spectra contain the 
lines of carbon or of nitrogen. We shall discuss these 
and other special groups of stars in another connection 
in Sect. 8.2.5. 

In recent times, the spectral classes L and T, which 
follow M, have been introduced to describe cooler stars. 
A lack of TiO bands is characteristic of type L stars 
(Teff ;S 2000 K); instead, one observes CrH bands and 
especially strong lines of Li I and the other neutral alkali 
atoms N a I and K I. Class T is defined by the occurrence 
(at T ;S 1400 K) of bands from methane, CH4, which are 
also to be seen in the spectra of the major planets Jupiter 
and Saturn. 

6.4.4 Two-Color Diagrams 

Along with the color-luminosity diagram, the two color 
diagram developed by W. Becker ( 1942) plays an impor
tant role. Here (Fig. 6.12), the short-wavelength color 
index U- B is plotted (downwards) against B- Vas the 
abscissa. For black body radiators one obtains in this dia
gram approximately a straight line inclined at 45°, as can 
be readily calculated using (6.29) and the correspond
ing expression for U -B. In Fig. 6.12, the relationship 
between U- B and B- V is plotted for the main se
quence stars, with their spectral classes and absolute 
magnitudes indicated. 

The great differences between the spectral energy 
distributions of the stars and of a black body radiator 
will be clarified in Sect. 7.2.3, where we make use of 
the theory of stellar spectra. The applications of the 
two-color diagram for the determination of interstellar 
reddening, as well as for identifying particular types of 
stars, will be discussed in Chaps. 9 and 10. 

6.4.5 Rotation of the Stars 

We consider a star whose rotational velocity at the equa
tor is v and whose rotational axis is inclined to the line 
of sight by an angle i. The projection of the equato-
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Fig. 6.12. A two-color diagram for main sequence stars us
ing the (interstellar-reddening-independent) indices (U- B)o 
and (B- V)o in [mag] (after H. L. Johnson, W. W. Morgan 
and others). Along the curves, the MK spectral types and the 
absolute magnitudes of the stars are indicated. Black-body ra
diators having the Teff · w-3 [K] values shown would give the 
nearly straight line above the main sequence curve. Interstellar 
reddening displaces the data points for stars parallel to the ar
row drawn at the upper right; this line refers directly to 0 stars 

rial velocity on the line of sight is then v sin i, and the 
Doppler shift at the wavelength A, according to (2.3), is 

L1A = ±A v sin i . 
c 

(6.45) 

A spectral line which would be sharp in the case of a star 
at rest now appears to be spread out into a band of width 
2L1A, whose profile reflects the brightness distribution 
of the "stellar disk". If the latter exhibits no center-limb 
darkening, then the line profile is elliptical. 

If, for example, a B star of radius 5R0 which ro
tates with a period of 5 d and has i = 90°, its projected 
equatorial velocity will be v sin i = 250 km s- 1 and the 
halfwidth of e.g. the Mg II A = 448.1 nm line - often 
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used for the determination of the rotational velocity -
will be L1A. = ± 0.37 nm. 

0. Struve and coworkers discovered that there are 
also stars in whose spectra all the lines are strongly 
broadened in this manner and which therefore must 
rotate with equatorial velocities of up to more than 
300 km s -I . The rapidly rotating single stars occur quite 
preferentially in the spectral classes 0, B, and A in the 
upper part of the main sequence. Main sequence stars 
with spectral classes following F5 V have, in contrast, 
very small rotational velocities below 10 to 20 km s-1. 

Since in (6.45) only the projected equatorial velocity 
occurs, it cannot be determined without further infor
mation in the case of an individual star e.g. with a low 
value of v sin i, whether the star in fact rotates slowly, or 
is a rapidly rotating star whose rotational axis is directed 
nearly along our line of sight (sin i ::: 0). 

6.5 Binary Star Systems 
and the Masses of Stars 

In 1803, F. W. Herschel, discovered that a Gem (Castor) 
is a visual binary star, whose components move around 
each other under the influence of their mutual gravita
tional attraction. The observation of binary stars thus 
offers the possibility of extracting the stellar masses .M. 
Since the stellar masses are accessible only through 
their gravitational interactions, the investigation of bi
nary star systems remains of fundamental importance 
for all of astrophysics today. 

We begin with an overview of the types of binary 
star systems: visual binary star systems (Sect. 6.5.1), 
the spectroscopic binary systems and the eclipsing vari
ables (Sect. 6.5.2). In Sect. 6.5.3, we consider briefly the 
rotational periods of binary star systems and the rotation 
of stars. Stellar masses, determined in various ways, are 
summarized in Sect. 6.5.4, where we also give the mass
luminosity relation, important for the theory of stellar 
structure. Particularly interesting are also the close bi
nary systems (Sect. 6.5.5), in which exchange of stellar 
matter can occur between the components, and those 
few systems which contain a radio pulsar (Sect. 6.5.6). 
Finally, we apply the methods of mass determination in 
Sect. 6.5. 7 to faint objects of low mass, in particular in 
connection with the search for planet-like companions 
of nearby stars. 

6.5.1 Visual Binary Stars 

"V!e. first s~p~ate the optical (apparent) pairs using sta
tistical cntena, possibly also taking account of their 
individual proper motions and radial velocities, from 
the physical pairs, i.e. the true binary stars. The appar
ent orbit of the fainter component (the "companion") 
aro~nd ~e brighter component is observed and its sep
aration (m seconds of arc) and position angle (N oa -
E90o- S 180°-W270°) are recorded. Along with di
rect observation, in recent times speckle interferometry 
(Sect. 5.1.2) has been applied to the determination of 
the distance(~ 0.001") of the two components. 

If the apparent orbit is plotted, the result is an ellipse. 
If we were to look down onto the orbital plane from 
a perpendicular direction, we would necessarily find the 
brighter component at one focus of the orbit. This is, in 
general, not the case, since the orbital plane subtends 
an inclination angle i with the celestial plane (perpen
dicular to the direction of observation). Conversely, the 
orbital inclination i can clearly be determined in such 
a way that the true orbit fulfills Kepler's laws. Then us
ing Kepler's 3rd law (2.57), we can determine the ;otal 
mass of the two stars: 

4:rr2 a3 
.M1+.M2=-G p2. (6.46) 

Let a" be the semimajor axis of the (relative) true orbit 
in seconds of arc, and p" be the parallax of the binary 
star system (also in seconds of arc); then a= a" 1 p" 
is the semimajor axis of the true orbit in astronomical 
units AU (radii of the Earth's orbit). If, furthermore, p 
is the orbital period in years, we can write down the 
total mass of the two stars (in units of the solar mass): 

.M1 + .M2 (a [AU])3 

.M0 (P [yr])2 • 
(6.47) 

If the motion of the two components has been measured 
absolutely (i.e. relative to the background stars, after 
subtracting the parallactic and the proper motions), then 
the semimajor axes a1 and a2 of their true orbits about 
the common center of gravity can be obtained, and from 
(2.54), we find: 

(6.48) 

so that now the individual masses .M1 and .M2 can be 
calculated. 



When the fainter component is not directly ob
servable, its presence can still be inferred from the 
(absolutely measured) motion of the brighter compo
nent about the center of gravity (astronometric binaries). 
If a 1 is its semimajor axis (again in seconds of arc), we 
obtain the following relation from aJ/a = Mzi(M 1 + 
Mz): 

(6.49) 

In this way, F. W. Bessel in 1844 using meridian cir
cle observations discovered that Sirius (a CMa, A1 V, 
M 1 = 2.2M0 ) must have a "dark" companion. In 1862, 
A. Clark indeed discovered Sirius B, 9.8 mag fainter. 
It has an absolute magnitude of only Mv = 11.2 mag, 
although its mass is M 2 = 0.94 M 0 . Since the surface 
temperature of this little star is quite "normal" at about 
23 000 K, it must be extremely small (as already noted). 
In 1923, F. Bottlinger came to the conclusion "that it is 
a question of something new here", namely a white 
dwarf star. 

A further interesting application is the precise mea
surement of the orbits of nearby stars, in order to find 
dark companions, which either represent a transitional 
stage from stars to planets, or are indeed already planets 
(Sect. 6.5.7). 

6.5.2 Spectroscopic Binary Stars 
and Eclipsing Variables 

In 1889, E. C. Pickering observed that in the spectrum of 
Mizar(~ UMa) the lines become double (twice) within 
a period of P = 20.54 d. Mizar was thus shown to be 
a spectroscopic binary star. In this particular system, 
two similar A2 stars move around each other; their angu
lar separation is too small to be resolved telescopically. 
In other systems, only one component can be recognized 
in the spectrum; the other is evidently too faint. 

If the radial velocity of one or both components, 
obtained from the Doppler effect, is plotted against time, 
a velocity curve ( cf. also Fig. 6.17) is obtained. After 
subtracting the mean or center-of-gravity motion, one 
can read off the component(s) of the orbital velocity in 
the direction of observation. From these, the semimajor 
axis of the orbit itself cannot be determined; however, 
using methods which we shall not treat in detail here, 

6.5 Binary Star Systems and the Masses of Stars 

the quantity a 1 sin i can be calculated (i is the unknown 
orbital inclination angle) for component 1 if only it can 
be observed, and a2 sin i as well, if component 2 is also 
observable. 

If only one spectrum is visible, Kepler's 3rd Law and 
the Center of Gravity theorem immediately yield from 
(6.49) the mass function: 

(MJ+Mz)·( Mz )
3 

sin3 i 
M1+Mz 

4n2 (a 1 sin i) 3 

G pz 
(6.50) 

For statistical purposes, one can make use of the fact that 
the mean value of sin3 i over a sphere is equal to 0.59, 
or, taking the probability of discovery into account, 
about 2/3. 

When both spectra are visible, one obtains M 1 sin3 i 
and M 2 sin3 i and thus the mass ratio MJ/M2• 

In Sect. 6.5.7, we shall discuss the observations 
of planet-like companions of nearby stars based on 
periodic line shifts in their spectra. 

If the orbital inclination of a spectroscopic binary 
system is near to 90°, then "eclipses" occur and the 
system is called an eclipsing variable. 

The classic example is f3 Per (Algol), identified by 
J. Goodricke in 1782, with a period of P = 2.87 d. 

From the brightness of an eclipsing variable, mea
sured over a long period of time, its period P and then 
its light curve is determined. From the latter (Fig. 6.13), 
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Fig. 6.13. Apparent relative orbit and light curve of the eclips
ing binary variable IH Cas. Corresponding points on the light 
curve and the orbit are indicated by numbers. The main eclipse 
of the brighter component by the fainter and smaller one is in 
this case ring -shaped 
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the radii of the two stars can be obtained, relative to 
the radius of the relative orbit, as well as the orbital 
inclination i. If, in addition, the velocity curve can be 
determined spectroscopically for one or even both com
ponents, then the absolute dimensions of the system 
and its masses, and thus the mean densities of both 
stars can be calculated. In favorable cases, even the el
lipticity (flattening) and the center-limb darkening of 
the two stars can be extracted. Thanks to the methods 
for determination of the elements of eclipsing variables 
developed by H. N. Russell and H. Shapley, they are to
day among the most precisely described stars. In close 
pairs (Sect. 6.5.5), the two components also interact 
physically, as first shown by 0. Struve from a thorough 
analysis of their spectra. 

6.5.3 Periods and Rotation in Binary Systems 

Let us now attempt to gain an overview of the general 
features of binary star systems. 

The visual binaries, spectroscopic binaries, and 
eclipsing variables, which differ only in the manner of 
their observation, form a continuum, with some over
lap. Their periods range from a few hours up to many 
millenia. Binary stars with short periods mostly have cir
cular orbits; systems of long period prefer large orbital 
eccentricities. In addition to binary systems, multiple 
systems also occur frequently; they usually contain one 
or more close pairs. The "binary star" a Gem (Cas
tor) discovered by F. W. Herschel consists of three pairs 
A, B, and C, each spectroscopic binaries with periods 
of 9.21, 2.93, and 0.814 d, respectively. A and B or
bit around each other in 420 yr, and Castor C revolves 
around A+ B in several thousand years. In our imme
diate vicinity, within 20 pc, at least half of the stars are 
members of binary or multiple systems. 

In the spectra of binary stars and eclipsing variables 
of short period, whose components circle about each 
other at a close distance, the Fraunhofer lines are usually 
noticeably broad and washed out. This is related to the 
fact that the two components rotate about each other like 
a rigid body due to tidal friction, in a manner similar 
to the Earth-Moon system. Their periods of rotation are 
equal to the orbital (revolution) periods. The distribution 
of their spectral lines due to the rotation is given by 
(6.45). 

We shall return later to the significance of the rota
tion of single and binary stars and the role of angular 
momentum in the problems of stellar evolution. 

6.5.4 The Stellar Masses 

We will now try to gain an overview of the masses .M of 
the stars, obtained from all types of binary star systems. 
Their numerical values range from about 0.07 .M0 , the 
smallest mass found for a "visible" star, to 100 .M0 , 

with the majority of stellar masses falling in the re
gion from 0.3 to 3 .M0 . The connection to the other 
quantities of state of the stars remained unclear until 
A. S. Eddington in 1924 discovered the mass-luminosity 
relation in connection with his theory of the inner stellar 
structure. From a modem standpoint, we can understand 
the essential features as follows: the stars on the main 
sequence are evidently in analogous stages of devel
opment (their energy requirements are supplied by the 
fusion of hydrogen to helium) and therefore, as a rule, 
they have structures formed "according to the same 
recipe". A particular mass .M will correspond to internal 
energy sources of a particular magnitude, which in tum 
determine the luminosity L of the star. We should thus 
expect a relationship between the mass .M and the lu
minosity L, or the absolute bolometric magnitude Mboh 

of these stars. In fact, as an analysis of all the obser
vational data (Fig. 6.14) shows, such a relation holds 
for the main sequence stars; in the upper mass range 
(.M;::: 0.2 .M0 ), it can be approximated by the empirical 
formula 

L .M 
log-= 3.8log- +0.08 (6.51) 

L0 .M0 

The stars which have evolved away from the main 
sequence (Sects. 8.2.3, 4) do not obey this relation, as 
is to be expected; for example, the white dwarfs with an 
average mass of about 0.58 .M0 , and especially the neu
tron stars with masses of the orderofl.M0 , (Sect. 6.5.6) 
show deviations. In the case of the red giants, for which 
there are hardly any reliable empirical mass determina
tions, the mass-luminosity relation is also inapplicable, 
since they form a heterogeneous group in terms of their 
evolution. As a statistical average, the masses of the red 
giants are about 1.1 .M0 . 

Considering the radii R of the stars (Sect. 6.3.5) as 
given we can calculate an important quantity for the 
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theory of stellar spectra, the gravitational acceleration 
on the stellar surface: 

G.M. 
g= Ji2. (6.52) 

We find that it has a numerical value which is 
constant within a factor of 2, g :::::: 2 · 102 m s-2 to 
:::::: 4 · 102 em s- 2 , for the stars of the main sequence out 
to the spectral class M2 V. For giants and supergiants, 
it is considerably smaller (ca. 10- 2 ms-2), for white 
dwarfs much larger (about 106 ms- 2). 

Finally, we summarize the important results for the 
relations between the lurrtinosity L, the absolute bolo
metric magnitude Mbol• the effective temperature Teff, 

the stellar radius R and the gravitational acceleration 
on the surface of the star, g; here, we have made use of 
(6.43) and (6.52) and have related all the quantities to 
their corresponding solar values: 

L ( R ) 2 
( Tetr ) 4 

L0 = R0 . Teff,0 ' 

Mbol- Mbol,0 = - 2.5log Lj L0 , 

g .M. ( R )-2 ----· -
g0 .M.0 R0 

(6.53) 
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I Fig. 6.14. The empirical mass-

Mbol luminosity relation for main ... sequence stars. The luminosity L !mag) 
~· or the absolute bolometric mag-

-5 nitude Mbol of the stars is plotted . 
0 as a function of their masses .M 

(D. M. Popper, 1980). • visual bi-
nary stars; o spectroscopic binary 

- 0 
stars: optically resolved systems 
and eclipsing variables (de-
tached systems); l' OB eclipsing 
variables (presumably contact 
systems) 

.s 

... ·10 

1.0 
log .:!!!... 1.5 

.M.o 

with L0 = 3.85 ·1026 W, Mbol,0 = 4.74 mag, Teff,0 = 
5780 K, R0 = 6.96·108 m and g0 = 274ms-2 . 

As we shall see in Sect. 7.2, the analysis of stellar 
spectra permits the extraction of the effective temper
ature Teff and the acceleration of gravity g. It is then 
possible using (6.53) to calculate the ratio of mass to 
luminosity: 

.M. 1 g 
(6.54) 

L 

Should one wish to determine .M. and L separately, it is 
necessary either to refer to the theory of internal stellar 
structures (Chap. 8) or to use corresponding empirical 
data. 

6.5.5 Close Binary Star Systems 

In the case of close pairs of stars, there are for one 
thing very strong tidal forces acting between the two 
components, which tend to synchronize their rotational 
periods with the orbital periods. Furthermore, there is 
often a direct physical interaction between them; as was 
first shown by 0. Struve in the 1940's and 50's using 
spectroscopic analyses, there are common gas shells and 
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gas flows from one component to the other. In recent 
times, it has become clear from, for example, investi
gations of novas and nova-like variable stars, and of 
galactic X-ray sources (Sects. 7.4.5, 6), that a gas flow 
often does not enter the companion star directly, but 
rather, owing to conservation of angular momentum, 
forms a rotating disk (accretion disk) around it. 

The cause of matter exchange in close binary systems 
is to be found in the changes in stellar radii during the 
course of the stars' evolution, in particular the enormous 
increase in radius upon approaching the red giant stage 
(Sect. 8.2.3). 

In a binary star system, we denote the originally 
more massive star consistently as the primary compo
nent, independently of whether the mass ratio may have 
reversed in the course of the system's evolution. 

We first consider the equipotential suiface of a binary 
star system, whose components are initially still sepa
rated. We take a point at distance r 1 from the mass .M 1 

and distance r2 from the mass .M2; according to (2.44), 
at that point there acts a gravitational potential given by: 

cPG = -G (.MI + .M2) . 
rl r2 

(6.55) 

If the system rotates with the angular velocity w, we 
can represent the centrifugal acceleration (z is the dis
tance from the axis of rotation) by an additional potential 
cPz = -z2w2 /2. On a surface given by: 

cP = cPG+cPz 

= -G (.M1 + .M2) _ !z2w2 
r, r2 2 

(6.56) 

a test mass can be moved freely without performing 
work; therefore, the surface of e.g. an ocean, or of 
a celestial body, corresponds to an equipotential surface 
cP = const. 

In our binary star system, each component is at first 
surrounded by "its own" closed equipotential surfaces, 
out to the point where the first common equipotential 
surface begins; it surrounds both objects in the shape of 
an hourglass, and is termed the Roche suiface. Further 
out, all the equipotential surfaces surround both objects 
(Fig. 6.15). 

If now the object of larger mass, let us say .M 1, 

evolves into a giant star, it can grow out beyond the 
innermost common equipotential surface. We then have 
a semidetached system; gas flows from component 1 to 
component 2, so that the mass ratio can even be reversed. 

b 

():() 
Contact systems Semidetached system 

00 CVG 
Detached system 

Fig. 6.15. (a) Geometry of the equipotential surfaces in a close 
binary star system. The curves for <P = const according 
to (6.56) in the orbital plane are drawn for a mass ratio 
.M2f.M 1 = 0.17. The Roche limit curve meets itself at the 
Lagrange point L I· S is the center of gravity of the sys
tem, through which the axis of rotation passes. (b) Types 
of spectroscopic binary systems 

What can happen in detail will be described in 
Sect. 8.2.6, after we have treated the various phases of 
stellar evolution. 

If the two components completely fill a common 
equipotential surface, we speak of a contact system or 
W Ursae Maioris system (Fig. 6.15). 

6.5.6 Pulsars in Binary Star Systems 

A further possibility for determining stellar masses, be
sides the spectroscopic measurements of the changing 



radial velocities in binary star systems discussed above 
(Sect. 6.5.2), is offered by the regular signals sent out at 
short time intervals by the pulsars (Sect. 7 .4.7). 

We have already met up with the frequency shift 
.1 v from a moving radiation source due to the Doppler 
effect (2.3). The Doppler formula 

.1vlvo =vic (v «c), (6.57) 

is applicable not only to electromagnetic waves (or 
acoustic waves; c is then the velocity of sound), but 
also to every regular sequence of signals such as, for 
example, the "ticking" of a pulsar with a pulse fre
quency v0 or a period 1 I vo. If a pulsar is approaching us 
with a relative velocity vowing to its motion in a binary 
star system, the time interval between arriving signals 
is shortened, or the pulse frequency vo is lengthened, 
according to (6.57). 

The exceptionally high precision with which the 
arrival of radio pulses can be measured (ca. 1 J.LS) 
permits a very precise determination of the orbital 
elements and, above all, of the masses of the pul
sars (neutron stars), whereby we can simply apply 
the formulas from Sect. 6.5.2. To be sure, the socalled 
radio pulsars (Sect. 7.4.7) are for the most part sin
gle stars, but in 1974, R. A. Hulse and J. H. Taylor, in 
the course of a sky survey with the 300m radio tele
scope at Arecibo in Puerto Rico, discovered fluctuations 
in the pulse frequency of the pulsar PSR 1913 + 16 
(= PSRJ1915 + 1606). This pulsar, which has a pe
riod of 0.059 s or a frequency of vo = 17Hz, exhibits 
changes in its period of up to 80 J.LS with a modulation 
period of 0.323 d; the modulation was interpreted by 
its discoverers as due to orbital motion in a binary sys
tem, with radial velocities of the pulsar between 60 and 
330kms- 1 (Fig. 6.16). 

Longer series of observations have yielded unusual 
orbital elements for this "binary pulsar": the semimajor 
axis of the orbital ellipse of the pulsar, projected onto 
the sphere, is is found to be a sin i = 702 000 km; with 
an inclination of i ::::: 50°, this corresponds to a semima
jor axis of only 1.3 R0 ! The orbital period is P = 0.32 d, 
and the eccentricity of the orbit is e = 0.62. The mass 
of the pulsar or neutron star is 1.39 M 0 , and that of its 
companion, also a neutron star, is 1.44 M0 . These or
bital elements are so extreme that Newton's theory of 
gravitation is not sufficient to describe them; instead, 
due to the strong gravitational fields which occur, Ein-
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Fig. 6.16. The observed radial velocity curve of the binary 
pulsar PSR 1913 + 16 (PSRJ1915 + 1606) over one orbital 
period. The large orbital eccentricity e = 0.62 expresses itself 
as a noticeable deviation from a sine curve. From R. A. Hulse 
and J. H. Taylor: Astrophys. J. 195, LSI (1975). (Reproduced 
with the kind permission of The University of Chicago Press, 
The American Astronomcal Society, and the authors) 

stein's General Relativity Theory (Sect. 8.4) must be 
employed. Particularly notable is the large precession 
of the periastron of the orbit, 4.23° yc1, corresponding 
to a complete rotation in 85 yr. The effect of General 
Relativity is much stronger in this binary-pulsar system 
than in the analogous precession of the perihelion of 
Mercury around the Sun, which is 43" per 100 yr (see 
(8.85)). 

Einstein's gravitational theory predicts that the mo
tions of the masses in a binary system such as 
PSRJ1915 + 1606 will give rise to the emission of grav
itational waves and therefore lead to an energy loss by 
the system. Indeed, a small systematic decrease P in 
the orbital period, P 1 P = - 2.4 . w- 12 , has been ob
served; it agrees well with the theoretically predicted 
value and can thus be considered to represent an indirect 
observation of gravitational radiation. 

At present, we know of more than 50 binary star 
systems with radio pulsars; most of these are "mil
lisecond pulsars" with periods of less than 25 ms 
(Sect. 7.4.7). On the average over all radio pulsars, only 
about 10% are in a binary star system. The systems 
within the galactic disk appear to fall into two classes: 
one of these, including PSRJ1915 + 1606, contains 
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somewhat more massive stars (~ 0.7 M 0 ) on orbits 
with short periods and strong eccentricities; the other 
includes systems having lower masses. Furthermore, 
a surprising result is that more than 50% of the binary
star pulsars are to be found in globular star clusters 
(Sect. 9.2.1). 

The X-ray pulsars (Sect. 7.4.6), such as HerX-1, dif
fer from the radio pulsars in that they are, as a rule, 
members of a close binary system. Frequently, in addi
tion to the modulation of the X -ray pulses, the variations 
in radial velocity can also be observed in the spectrum 
of the other component. 

Analysis of the orbits of the known X-ray pulsars 
yields masses for the neutron stars in the range 1.2 to 
1.6M0 . 

6.5. 7 Companions of Substellar Mass: 
Brown Dwarfs and Exoplanets 

An interesting application of the techniques for mass 
determination is offered by the faint "substellar" ob
jects with masses of::::; 0.08M0 or ::::; 80 Jupiter masses, 
which represent a transitional stage from stars to plan
ets (brown dwarfs, Sect. 8.3.1) or are in fact planets. 
These objects in the course of their evolution never pass 
through the phase of central hydrogen burning charac
teristic of a star (Sect. 8.2.3). Of particular interest to 
us is naturally the search for planet-like companions 
and planetary systems around nearby stars. This search 
demands an extremely high precision from the measure
ments, which tests the limits of performance of current 
observational methods. 

Until the 1980's, indirect astrometric observa
tion according to (6.49) was predominant. Numerous 
measurements taken over a period of years by 
P. van de Kamp and others of the motions of our next
nearest neighbor, Barnard's star (BD+4°3561), which 
is at a distance of 1.8 pc, in the spectral class M5 V 
and has a mass of 0.15M0 , indicated two companions 
with about 0.7 and 0.5 Jupiter masses and periods of 12 
and 20 yr. Later independent analyses, however, did not 
confirm the existence of this "planetary system". Other 
candidates for substellar objects, which were found by 
applying speckle interferometry or from an excess of 
infrared radiation of the main component, also failed to 
stand up to more exact examination. 

Only after the development of spectroscopic obser
vation methods of very high precision, with which today 
radial velocities can be determined with errors of a few 
m s-1, did a breakthrough occur. The modem methods 
are based on the one hand on recording of the stellar 
spectral lines together with very sharp comparison lines, 
e.g. from an iodine vapor source in the optical path us
ing a high-resolution CCD detector; and on the other,on 
the application of computers, allowing the correlation 
of numerous lines and a comparison with synthetic 
spectra. 

The Jupiter-Sun System. Before we discuss individual 
observations of objects with substellar masses, we will 
first try to estimate the order of magnitude of the effects 
which are to be expected by considering our own So
lar System (Table 2.2, 3.1); we examine the motions of 
the Sun (of mass M0 ) andofJupiter (MJ = Mo/1047) 
around their common center of gravity with the ,period 
P = PI = 11.9 yr. According to (2.54), the distance of 
the Sun from the center of gravity is a0 = aJ · (MJ/ M 0 ) 

with aJ = 5.2 AU, and thus, due to v = 2rraj P, the or
bital velocity of the Sun around the center of gravity is 
vo = VJ· (MJ/M0 ) with VJ = 13.1 kms-1. The"refiex" 
of the Sun on Jupiter's motion is thus a0 = 0.005 AU 
or v0 = 12.5 ms-1. 

If we were to observe the Jupiter-Sun system 
e.g. from a distance of 5 pc at an angle of inclination i, 
then the Sun would be "shifted" by only a tiny angle 
of at most around 0.001" ·sin i; the largest amplitude 
of its radial velocity would be only (12.5 ms-1) ·sin i, 
which, from the Doppler formula (2.3), corresponds 
to an extremely small shift of the wavelength of 
LD .. /A.:::: 3 ·10-8• 

The radiation from Jupiter in the visible range is 
only about 10-9 as intense as that from the Sun; in 
the infrared, where its own radiation is more intense 
than the reflected sunlight, this fraction is higher, about 
10-6 to 10-4. The direct observation of a planet-like 
companion to a star at a large distance from us is thus 
rendered enormously difficult by the great difference in 
luminosities together with the small apparent angular 
distance between the two components. 

Spectroscopic Observation. The maximum amplitude 
of the radial velocity Vr,max = (2rra/ P) sin i from (6.50) 
for a star of mass M with a planet of mass Mp1 « M 



(not visible in the spectrum) is given by 

Vr,max[ms- 1] (6.58) 

.M ( .M )-2/3 ( p )-1/3 
= 12.5 · ____!:!. - - ·sin i 

.MJ .M0 PJ 
where we express Mp1 in Jupiter masses, P in units 
of P1 = 11.9 yr and M in solar masses. According to 
Kepler's 3rd law, the factor (P/ P1)- 113 in (6.58) can be 
replaced by (aja1)-112 . 

Since - owing to the projection factor sin i - the true 
radial velocity is larger than the observed velocity (or at 
most equal to it), we obtain only a lower limit for Mp1 
from (6.58). 

D. W. Latham, B. Campbell and others found in 
1988 for HD 114762 variations of the radial velocity 
.:::; 700 m s - 1 with a period of 84 d, which suggested 
a companion with the order of :::: 9 Jupiter masses at 
a distance of ap1 ~ 0.3 AU from the star. The eccen
tric orbit of HD 114762B, to be sure, indicates a brown 
dwarf with greater likelihood than a planet. 

The first convincing discovery of an exoplanet on 
the basis of its radial velocity curve (Fig. 6.17) was 
made in 1995 by M. Mayor and D. A. Queloz, observing 
theG3IV star 51 Peg (=HD217014, mv = 5.5 mag) at 
a distance of 14.7 pc from the Earth. From the nearly si
nusoidal curve with a maximum amplitude of 59 m s-1 

and the surprisingly short period of P = 4.23 d, one 
calculates a nearly circular orbit for the companion 
with ap1 = 0.05 AU. The distance from 51 PegB to 
the main component is thus considerably less than 
that from Mercury to the Sun (0.39 AU). Its mass 
is Mp1 ~ 0.47 .M1 /sin i. We can also set an upper 
limit for the mass by assuming that the rotational 
axis of the star is nearly (i.e. within about 10°) per
pendicular to the orbital plane of the companion. 
From the measured rotational velocity at the equator, 
v sin i = (2n R/ P) sin i ~ 2.2 km s- 1, we then find us
ing the known stellar radius R and the period obtained 
from the chromospheric activity, Pror ~ 37 d, a mass 
limit of Mp1 .:::; (1.2 ... 2)MJ. The small mass and the 
circular orbit are strong arguments for the assumption 
that 51 Peg B is a planet. 

In the following years, G. Marcy, R. P. Butler and 
others have found numerous further planets and candi
dates for planets with masses usually similar to that of 
Jupiter, around sunlike stars. The discovery of a planet 
of the size of our Earth, even around a very near star, 
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stretches current observational techniques beyond their 
limits; it could however succeed in the near future. 

Planet-like companions have, by the way, also been 
detected around pulsars (Sect. 7.4.7). 

We shall return to the detailed consideration of plan
ets around other stars in Sect. 14.1.5, where we also 
discuss the problem of distinguishing between planets 
and brown dwarfs. 

Direct Observation. The first clearcut direct detection 
of the substellar component of a binary star system was 
accomplished only in 1995 by T. Nakajima and cowork
ers in the course of their search for faint companions 
of nearby (r.:::; 15 pc) stars with the 1.5 m telescope 
on Mt. Palomar. They covered the bright component 
with a stellar coronagraph (cf. Fig. 7.15) and employed 
adaptive optics to supress motion in the image due to 
atmospheric turbulence (Sect. 5.1.3): 

0 0.5 
<l> 

Fig. 6.17. The radial velocity curve of the sunlike star 51 Peg. 
Observations and orbital calculations (jull curve) by M. Mayor 
and D. Queloz. The amplitude of 59 m s-1 and the period of 
4.23 d indicate a planet-like companion of with an orbital 
eccentricity of e = 0 and;::: 0.5 Jupiter masses. (With the kind 
permission of Nature 345, 779, ©Macmillan Magazines Ltd., 
and the authors) 
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The Ml V star Gliese229 (=HD42581, mv = 
8.1 mag) in our near neighborhood (distance r = 5. 7 pc) 
has a faint companion at a distance of 7.8" or 44 AU, 
whose effective temperature - as can be seen by 
the occurrence of methane bands in its spectrum -
is about 950 K. The luminosity of Gliese 229 B is 

L ::::::: 6 · w-6 L 0 , and its mass is found from model cal
culations to be 40 to 50 .M1. We are thus dealing here 
with an old brown dwarf. 

Using direct observational methods, several other 
substellar companions around nearby stars have also 
been detected. 



I ~.5 
7. The Spectra and Atmospheres of Stars 

A stellar atmosphere is defined as that layer of a star 
from which electromagnetic radiation can escape; it 

is thus the "visible" outer part of the star. Its structure is 
closely connected with the spectra it emits. 

Now that we have dealt with some general theoretical 
fundamentals in Chap. 4, in the following Sect. 7.1 we will 
consider further basic concepts of atomic physics and its 
application to stellar spectra. In Sect. 7.2, we then treat 
the theory of stellar atmospheres (photospheres), which 

7.1 Spectra and Atoms 

The interpretation of stellar spectra and their classifica
tion led to M. N. Saba's theory of thermal excitation 
and ionization in the year 1920, following impor
tant preliminary work by N. Lockyer. This theory is 
based essentially on the quantum theory of atoms and 
atomic spectra developed by N. Bohr, A. Sommerfeld 
and others after 1913. We shall permit ourselves 
here to recall some fundamentals without giving 
a complete justification: the basic concepts of atomic 
spectroscopy (Sect. 7 .1.1 ), the excitation and ionization 
of atoms (Sect. 7 .1.2), the absorption coefficients for 
spectral lines (Sect. 7.1.3), and spectral line broaden
ing (Sect. 7 .1.4 ). We close this subchapter in Sect. 7 .1.5 
with some remarks on molecular spectra. 

7.1.1 Basic Concepts of Atomic Spectroscopy 

We recall Sect. 4.5.4 and remind ourselves that in 
a transition between the energy levels of an atom, char
acterized by their quantum numbers i and j and having 
the energies E; and E j, a photon can be emitted or ab
sorbed, whose frequency v or angular frequency w is 
given by 

hv = 1Uv =IE;- Ejl. (7.1) 

Instead of v or w, we can also use the wavenum
ber i!, with the dimensions of a reciprocal length [m-1, 

or cm- 1 =Kayser], or the wavelength A.= 1/i! = cjv, 
quoted in convenient fractions of a meter (cf. also 
Sect. 4.1). 

forms the basis for the quantitative analysis of stellar 
spectra. Sect. 7.3 is devoted to the outermost layers of 
the atmosphere of our Sun, the chromosphere and the 
corona, and to the solar wind; in this section, we also 
treat the role of magnetic fie lds and matter currents and 
the phenomena of so lar activity and solar oscillations. In 
Sect. 7.4, we turn to the corresponding phenomena on 
other stars, and try to get an overview ofthe great variety 
of variable stars. 

The energy values of an atom are calculated with 
reference to its ground state. The energy unit used is 
generally not the Joule, but rather 1 cm-1 (Kayser), cor
responding to the formulaE= he· i!. We then speak of 
the energy tenns and the term scheme, represented in 
a Grotrian diagram (Fig. 7.2). The unit electron volt 
[ eV] is also often used; it corresponds to the energy 
which an electron gains on passing through a poten
tial difference of 1 Volt. 1 eV is equal to 1.602. 10-19 J 
or 8066 cm- 1. 

In thermal equilibrium, we are dealing with energies 
of the order of kT. In this sense, we can quote the 
temperature T which corresponds to a given energy £: 
1 eV equals 11 605 K. 

We shall limit ourselves here to the bound states of 
the atoms and ions, whose energy values will be denoted 
by X· 

One-electron Systems. A particular energy level of an 
atom or ion with one valence electron (i.e. the other 
electrons do not participate in transitions) is described 
by the four quantum numbers {n, l, s, j}: 

1. n is the principal quantum number. In hydrogen
like atoms (i.e. in a Coulomb field), in the language 
of Bohr's theory, an= n2ao/Z is the semimajor 
axis of the electron's orbit, where e is the elemen
tary electronic charge, me the electron's mass, and 
£o the electric field constant (permittivity of vac
uum). ao = 4n£ofi2 /(e2me) = 5.29 · 10-II m is the 
1st Bohr radius of the hydrogen atom (i.e. of the 
innermost electronic orbit) and Z is the effective nu-
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clear charge number (Z = 1 for a neutral, Z = 2 for 
a singly-ionized atom, etc. ). 
The energy of the state with principal quantum 
number n is 

Xn = Z2 · Xion(H) · ( 1- : 2 ) , (7.2) 

and -Z2 Xion(H)/n2 is its binding energy. The 
ionization energy of the hydrogen atom is 

e4me 1 e2 
Xion(H) = = ---- (7.3) 

32n2s6n2 4ns0 2a0 

and is equal to 

X ion (H) =he· R00 = 13.59 eV , (7.4) 

where Roo= 1.097 ·107 m- 1 is the Rydberg con
stant. (The small shift due to the motion of the 
nucleus will be neglected here.) 

2. 1 is the orbital angular momentum of the electron, 
quoted in the quantum unit li. It can take on the 
integral values 0, 1, ... , (n- 1). 

l = 0 1 2 3 4 5 gives an 

s p d f g h electron . (7.5) 

This notation originally referred to the upper term of 
the series (s: sharp subseries, p: principal series, d: 
diffuse subseries, f: fundamental series). 

3. s = ±1/2 is the spin of the electron, also in units of 
li. 

4. j is the total angular momentum in units of li. It is 
formed by vector coupling of l and s and can take on 
only the two values l ± 1/2. 

An electron with the quantum numbers n = 2, l = 1 
and j = 3/2 is, for example, referred to as a 2p312-

electron. 

Several-electron Systems. In atoms and ions with more 
than one electron, the angular momentum vectors are 
often coupled according to the Russell-Saunders or LS
coupling scheme: the orbital angular momentum vectors 
l add vectorially to give the total orbital angular mo
mentum L = L,l; likewise the spin angular momenta 
s add to give the total spin S = L, s. The vectors L 
and S then combine to give the total angular momen
tum J (Fig. 7.1), where for the corresponding quantum 
numbers we have: 

IL-SI::::; 1::::; L+S. (7.6) 

J 

Fig. 7.1. Vector diagram for an atom with Russell-Saunders 
coupling. The vectors of the total orbital angular momentum L 
and the spin angular momentum S add to give the total angular 
momentum 1 (all in units of n). M 1 is the component of J in 
the direction of an applied field B. Land Sprecess about 1, and 
1 precesses about B. The drawing corresponds to an energy 
level L = 3, S = 2, J = 3, i.e. 5F3 

L is always an integer; S and 1 are half-integral or in
tegral for atoms with odd or even numbers of electrons, 
respectively. 

A given pair of values of S and L yields a term. As 
in the case of a one-electron system, the orbital angular 
momentum quantum number corresponds to 

L=O 1 2 3 4 5 an 

S P D F G Hterm (7.7) 

As long as L :=: S, this term can be decomposed into r = 
2 S + 1 energy levels corresponding to different values 
of 1. The number r is referred to (even when L < S) 
as the multiplicity of the term; it is written at the upper 
left of the term symbol. 1 is written at the lower right 
as an index which characterizes the individual values of 
the term. An overview of the possible terms of different 
multiplicities, their energy levels and the usual notation 
is given in Table 7 .I. 

In an external field (e.g. a magnetic field), the vector 
of the total angular momentum 1 takes on an orientation 
such that its components M 1 parallel to the field like
wise have integral or half-integral values. M 1 can thus 
take on the values 1, 1 - 1, ... , -1; i.e. the directional 
quantization of 1 yields 21 + 1 possible orientations 
(Fig. 7.1). When the external field is vanishingly small, 
these 21 + 1 energy levels collapse into a single level; 
one then speaks of a (21 +I)-fold degenerate level 1. 
Furthermore, we divide the terms according to their par
ity into two groups, the even and odd terms, depending 
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Table 7 .1. The terms and the J values of their levels for various quantum numbers L and S in Russell-Saunders coupling 

S=O 1/2 I 3/2 
r=2 +1=1 2 3 4 

inglet Doublet Triplet Quartet 

L=O Stem! J=O J = 1/2 J = l J =3/2 
I Ptem1 1/2 3/2 0 I 2 11/2 3/2 5/21 
2 Dtenn 2 3/2 5/2 I 2 3 1/2 3/2 5/2 7/2 
3 Ftem1 3 5/2 7/2 2 3 4 3/2 5/2 7/2 9/2 

Example: c:::=::=:J quartet P tenn with the energy levels 4P112, 4P312, 4P512 . Statistical weight of the tenn g(4P) = 4 · 3 = 2 +4 +6. 

on whether the arithmetic sum of the l values of the 
electrons is even or odd, respectively. Odd terms are 
denoted by a symbol 0 • 

In a transition between two energy levels, a spectral 
line is emitted or absorbed. All of the possible transi
tions between all levels of a term generate a group of 
neighboring lines, called a multiplet. 

Selection Rules. The possible transitions (with emis
sion or absorption of electric dipole radiation, in analogy 
to the well-known Hertzian dipole radiation) are limited 
by selection rules: 

1. There are transitions only between even and odd lev
els. 

2. J changes only by £11 = 0 or ±1. The transition 
0 ~ 0 is forbidden. 

For Russell-Saunders coupling, two additional rules 
hold: 

1. L1L=0,±1. 
2. L1S = 0, i.e. no intercombinations (e.g. singlet

triplet) are allowed. 

Russell-Saunders or LS coupling can be recognized 
for example by the fact that the multiplet splittings aris
ing from the magnetic interaction between the orbital 
and spin momenta (i.e. their associated magnetic mo
ments) are small in relation to the splittings between 
neighboring terms or multiplets. 

If the selection rules (1) and (2) are not fulfilled, 
there can still be forbidden transitions involving electric 
quadrupole radiation or magnetic dipole radiation with 
much smaller transition probabilities. 

An example of a term scheme or Grotrian diagram 
is given in Fig. 7 .2, which shows the term scheme for 
neutral calcium, Ca I. 

Identification. The theory of atomic spectra outlined 
in the previous paragraphs allowed the classification 
of the wavelengths A or the wavenumbers v of most 
of the chemical elements and their ionization states. 
This means that for each spectral line, the lower and 
upper term (usually referred to the ground state) and 
the term classifications can be identified. For example, 
Fraunhofer's Kline, A= 393.37 nm, the strongest line 
in the visible solar spectrum, can be identified as Ca II 
4s 2SI /2- 4p 2p~/2" 
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Fig. 7.2. A term scheme or Grotrian diagram for the spectrum 
of neutral calcium, Ca I. The more important multiplets are de
noted by their numbers in "A Multiplet Table of Astrophysical 
Interest" or "An Ultraviolet Multiplet Table" by C. E. Moore, 
as well as by the wavelengths of their most intense lines in 
[A] . 104 cm- 1 corresponds to 1.24eV 
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The intensity of a line (where we at this point use the 
word in a qualitative sense without precise definition) 
will depend on the one hand on the Einstein coeffi
cients Aj; (4.122) or the oscillator strength f (4.124) of 
the transition as well as on the abundance of the ele
ment in question. On the other hand, it also depends on 
what fraction of the atoms of the element are in the ex
citation state (energy level) from which the line can be 
absorbed. 

7.1.2 Excitation and Ionization 

We now consider the interaction of excitation and ion
ization, in order to interpret the line intensities of the 
atoms and ions quantitatively. As long as we can assume 
that the stellar gas is in thermal equilibrium, i.e. that it 
- at least locally - to a good approximation represents 
the conditions in a closed cavity radiator at the tempera
ture T, then the Boltzmann formula ( 4.88, 89) describes 
the excitation and the Saha equation, (4.92), describes 
the ionization. While in the interiors of stars and for the 
most part also in their atmospheres (photospheres), the 
densities are sufficiently high that thermodynamic equi
librium can be established by mutual collisions of the 
gas particles, this condition is not met e.g. for the outer
most thin layers of the atmospheres and in particular for 
the gaseous nebulae and the interstellar medium. There, 
we have to return to the individual atomic processes and 
apply the kinetic equations (Sects. 4.5.3, 4). 

The statistical weights g5 which occur are obtained 
from the theory of spectra (Sect. 7.1.1 ): a level with the 
angular momentum quantum number J , e.g. in a mag
netic field, exhibits (21 + 1) values of M 1 (Fig. 7.2) and 
therefore has a statistical weight 

(7.8) 

If we combine the levels of a multiplet term with the 
quantum numbers S and L, the multiplet will have the 
weight 

8S.L = (2S + 1)(2L + 1) . (7.9) 

The addition of the corresponding g 1 values of course 
leads to the same result (Table 7 .1). 

Thermal Equilibrium. We denote the total number of 
neutral atoms per unit volume by no, the number of 

singly ionized atoms by n 1 etc. Within each ionization 
state r, we denote the excitation state by an additional 
second index s, s' etc.: 

loni7.alion s1a1e: eu1.rol ingly .. . r-fold 
ionized ionized 

Free eleclrons 
per a1om: 0 ... r 
Ionization energy: xo XI ···Xr-1 

pec~.ro. 

e.g. iron: Fe! Fell .Fe(r+ I) 
Alla1om in 
ionizalion s1a1e: "O II J . n, 
A10ms in 
level s, s' . .. . : "O.s "•.s' .. . n,,.~ 

Corresponding notations are used also for the statistical 
weights and the excitation energies. 

The ratio of the number of particles in the excitation 
level s' of the ionization state r + 1 to that in the level s 
of the ionization state r is given by a combination of the 
Saba and the Boltzmann equations: 

nr+t .s' 8r+t.s' (2nmekT)312 
-- ne = -- · 2 · __:___..:.___:__ 

nr,s 8r,s h3 

( Xr + Xr+i,s'- Xr,s ) 
x exp - kT 

(7.10) 

By summing over all the states s, s' etc., one again 
obtains (4.92). 

Sometimes it is expedient to use the measure of 
temperature suggested by H. N. Russell: 

5040 
8=--· 

T [K]' 
(7.11) 

after inserting the numerical constants we then obtain 
the Saba equation (4.92) in logarithmic form 

log (nr+t ·Pe [Pa]) = -x, [eV] · 8 +~log T [K] 
n, 2 

2 Qr+l 
+log-- - 1.48. (7.12) Q, 

In Fig. 7 .3, we have plotted the fraction of the atoms 
H, He, Mg, and Ca in several ionization and excitation 
states whose absorption lines play a role in the MK 
classification of stellar spectra. The results in the figure 
correspond to (7.10) for an electron pressure Pe = ne · 
kT = 10 Pa (which can be considered roughly as an 
average value for the atmospheres of the main-sequence 
stars) and for temperatures of 3000 to 50 000 K. 
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Fig. 7.3. Thermal ionization and excitation ( 4.1 0) as functions 
of the temperature Tore= 5040/ T for an electron pressure 
Pe = 10 Pa (:::::average value for the atmospheres of main
sequence stars). The temperature scale covers the whole region 
from the 0 stars (left) to the M stars (right). The Sun (G2) 
should be placed at about T = 5800 K 

Spectrum Ionization State Excitation 
energy Xr [eV I energy Xr [eV] 

HI 13.60 n=2 10.20 
He I 24.59 231"' 20.96 
Hell 54.42 n=3 4 .37 

Mgll 15.04 320 8.86 
Ca l 6.11 4ts 0.00 
Carr 11.87 42S 0.00 

The maxima of the curves, which correspond roughly 
to the maximum strengths of the spectral lines, occur be
cause within a given ionization state, with increasing T 
at first the excitation also increases. If T continues to in
crease, this state is "ionized away", so that the fraction of 
active atoms again decreases. For example, hydrogen is 
predominantly neutral up to around I 0 000 K; the exci
tation of the 2nd quantum state, from which the Balmer 
lines in the visible spectrum are absorbed, increases with 
increasing T. Above 10 000 K, the hydrogen quickly be
comes ionized. Thus we can understand that the Balmer 
lines have their intensity maximum in the AO stars at 
T ~ I 0 000 K. R. H. Fowler and E. A. Milne in 1923 
were first able to estimate the average electron pressure 
Pe in the stellar atmospheres by taking the temperatures 
of the maxima as known. 

The Saba theory could in addition explain the in
crease of the intensity ratios of the lines of singly ionized 
atoms to those of neutral atoms on going from main
sequence stars to giant stars as a result of increasing 
ionization, i.e. of n 1 jn0 , due to the low pressure. 

Mixtures of Elements. The ionization of a mixture 
of several elements can be most simply calculated by 
considering the temperature T and the electron pres
sure Pe = ne · kT or ne as independent parameters and 
then applying the Saba equation to each element and its 
ionization. The gas pressure 

Pg = ntotal · kT (7.13) 

is then readily obtained from the sum of all particles 
n1otal. including the electrons. 

Analogously, the average molecular weight ji can 
be calculated. For example, completely ionized hydro
gen corresponds to ji = 0.5, since upon ionization, one 
proton and one electron are produced. 

For application to the theory of stellar atmospheres 
and of the interiors of stars, we show in Table 7.2 the 
composition of "normal" stellar matter, of which - as 
we shall see - the Sun and most of the stars are com
posed. We consider here only those elements which 
make notable contributions to the electron pressure Pe. 
The relative abundances of the elements of this mixture 
are denoted by e0 . 

Table 7.3 contains the relation Pe(Pg , T) for the solar 
or normal mixture, also taking into account the forma
tion of hydrogen molecules at lower temperatures. At 
an electron pressure characteristic of the atmospheres of 
main-sequence stars, Pe ~ l 0 Pa and at T ~ I 0 000 K, 
the stellar matter is nearly completely ionized and thus 
Pg/ Pe ~ 2. At the temperature of the Sun, T ~ 6000 K, 
essentially only the metals are ionized; corresponding 
to their relative abundance of around I o-4 , we find 
Pg/ Pe ~ 104. At still lower temperatures, the electrons 
are provided only by the most readily ionizable group 
of elements, Na, K, and Ca. 

Kinetic Equations. For the general case, when local 
thermodynamic equilibrium (LTE) cannot be assumed, 
we will limit ourselves here to explaining the princi
ple of the calculation of the occupation probabilities 
from the kinetic equations, i.e. the "non-LTE prob
lem", using a greatly simplified atom. The interplay 
of the individual elementary processes will be repre
sented as in Fig. 7.4 for an atom which consists of 
only two bound states 0 and I and the continuum, K. 

The index K implies a summation over the Maxwell
Boltzmann velocity distribution, ( 4.86), for the free 
electrons. The occupation probabilities of the atomic 
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Table7.2. These elements (nuclear charge number Z, atomic 
weight J-L, solar abundance relative to hydrogen= 100) make 
important contributions to the electron pressure Pe = ne · kT in 
stellar atmospheres (Pe::::: 10 Pa). We also give the ionization 

Element Atomic weight Abundance <0 eutral atom 

fl (H= 100) 
xo (eV] 

H Hydrogen 1.008 100 13.60 

2 He Helium 4.003 8.5 24.59 

12 Mg Magnesium 24.31 2.6 w-3 7.65 
14 Si Silicon 28.09 3.3. w-3 . 15 

26 Fe Iron 55.85 4.0· w-3 7.87 

11 odium 23.00 I. · 10--1 5.14 

19 K Potas ium 39. 10 8.9· w-6 4.34 

20 Ca Calcium 40.08 2.0 · 10--1 6.11 

Table 7 .3. The relation between electron pressure Pe, gas pres-
sure Pg and temperature T for stellar matter with the normal 

~(Pal 10-2 10-1 101 

TIKI 

energy and statistical weight of the ground state of the first 
ionization states. The three groups - grouped according to the 
ionization energy xo of the neutral atom - become active in 
different temperature ranges 

Singly ionized Doubly ionized At Pe = IOPa 
imponant for 

go Xt (eV] 81 X2[eV] g~ 

2 - } T> 5700K 
54.42 2 -

l 15.04 2 80. 14 

2~ } 
9 16.35 6 33.49 6000 > T> 4500 K 

25 16.16 30 30.6 

2 47.29 7 1.64 n 2 31.63 I 45.72 T< 4700 K 
11.87 2 50.91 

chemical composition (cf. Table 7.2). Pe and Pg are given in 
[Pascal] 

Io2 Jol 10" lcP 

3000 1.01 - 10-7 4.12. 10- 6 196. lo- s 9.33· 10- 5 5.33· 10-4 3.47 . 10- 3 2.18 · 10- 2 1.02· 10- 1 

4000 2.36· 10- 6 1.26· 10-5 1.00· 10-' 8.69 · 10- 4 5.9 . 10- 3 3.09· 10- 2 1.38·10- 1 6.78- 10-1 

5000 l.o.t·I0-4 3.39·10-4 112·10- 3 3.96· w-3 168·10-2 102 · 10- 1 6.85·10- 1 3.64 

6000 1.49· w-3 5.38· Jo- 3 178 · 10- 2 5.77. 10- 2 188 · 10- 1 6.31 · w- 1 2.36 1.09· 101 

8000 4.77 ·10-3 4.58. w-2 3.54 · w-1 1.74 

10000 4.82·10-3 4.80· Jo- 2 4.77·10- 1 4.56 

15000 5.00· w-3 s.oo. w-2 4.99· 10-1 4.96 

20000 .oo. w-3 s.oo. w-2 5.oo. 10- 1 5.00 
30000 5.19·10-3 5.19·10-2 5.17. w- 1 5.0 

40000 5.19· 10- 3 5.19·10- 2 5.19·10- 1 5.19 

states are then determined by three rate equations of 
the form of ( 4.113) along with conservation of the total 
particle density, n = no+ n 1 + nK = const. For example, 
the rate equation for the excited level is given by: 

nl (Rw + Cw + RlK +elK) 
=no(Ro! +COJ)+nK(RKI +CKI). (7.14) 

Its average lifetime for transitions into both the 
ground state 0 and into the continuum K is given by 
(Rw + Cw + R,K + c,K)- 1. 

To conclude these rather formal considerations, we 
give the source function Sv, i.e. the ratio of emission 
to absorption coefficients (4.57) for the line transition 
0 # I in a simple two-level atom, whereby we leave 
off the continuum, in contrast to Fig. 7 .4. According to 

6.43 2.14 · 101 6.93· 101 2.24. 102 

3.46· 101 1.67 · 102 6.13·102 2.04· lol 
4. 5 · 101 4.74-1& 4.37. 103 2.94· 10" 
5.00 · 101 4.97 · 1& 4. 6·1ol 4.62· 10" 
5.01-101 5.00 · 1& 4.99 · 103 4.96· Jo4 
5.1 ·101 5.14 · 1& 5.04 . 103 4.99· 10" 

( 4.133, 135), we have 

Sv = Awn! (7.15) 
B01no- Bwn, 

Here, if we insert n!/no from the rate equation (7.14) 
in the correspondingly simplified form 

(7.16) 

and express Co1 using (4.128) in terms of Cw and Bo1, 
Bw from (4.122) in terms of Aw, and finally introduce 
the Kirchhoff-Planck function Bv(T) (4.61), we obtain 
the source function in the straightforward form 

where the coefficient 
Cw(l- e-hvfkT) 

£ = ------,-----;---;-;-;;;-
Aw+Cw(l-e-hvfkT) 

(7.17) 

(7.18) 
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is a measure of the ratio of the collision rate for deex- 7.1.3 Line Absorption Coefficients 
citation of level 1 to the rate of spontaneous emission. 

An important application of this two-level model, 
the explanation of the strength of "forbidden" lines in 
gaseous nebulae, will be introduced in Sect. 10.3.1. 

The system of kinetic equations that we have set 
up here naturally contains - as a limiting case - the 
well-known relations for thermodynamic equilibrium; 
e.g. for n 1 I n0 from (7 .14 ), the Boltzmann formula 
(4.88) must be obtained, and for nKI(no +n 1), the Saba 
formula (4.91) results. 

Using the expression (7 .17) for the source function, 
the conditions for validity of the limiting case of thermo
dynamic equilibrium can readily be shown: we obtain 
Kirchhoff's rule (4.69), i.e. Sv = Bv(T) , which holds 
in thermodynamic equilibrium, either when the colli
sions predominate over radiation processes ( C 10 » A 10 

or£:::::: 1) or when the radiation field is that of a black 
body Uv = Bv), or when both conditions are fulfilled. 

Ionization 

Continuum 
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Fig. 7.4. Elementary processes in an atom which is schemat
ically represented by two bound energy states 0 and l and 
the continuum K (averaged over the Maxwell-Boltzmann dis
tribution for free electrons). The dashed arrows indicate the 
radiative processes with their rates Rij, and the fully-drawn ar
rows show collision processes with rates Cij. Aw, Bw and Bo1 
are the Einstein coefficients for the line transition 0 -<-+ 1, and 
lv is the angle-averaged intensity in the corresponding line 

In the quantitative spectral analysis and determination 
of elemental abundances, the absorption coefficient of 
a spectral line plays a central role. We have already met 
up with the general expressions for the bound-bound 
radiation processes and for the line absorption coeffi
cientsKv [m-1]forthetransitioni--+ jinSects.4.5.4, 5. 
Applying (4.134), we write: 

(7.19) 

and in what follows, we leave off stimulated emission, 
i.e. we discuss only the contribution 

hv 1 ne2 
Kv = -B;j ¢(v) n; = -- -- f ¢(v) n; 

4n 4n£o mec 
(7.20) 

with 

1 ne2 
-- -- = 2.65-10-6 [m2 s- 1]. (7.21) 
4n£o mec 

In the Gaussian unit system, instead of this expression, 
we would have ne2 l(mec) = 2.65 · 10-2 cm2 s- 1. 

Within the line, the profile function describes the 
precise frequency dependence of the resonant absorp
tion coefficient (Sect. 7 .1.4) at v = I Xj - X; I I h; it is 
normalized to 

J ¢(v)dv = 1 . (7.22) 

Line 

As an atomic constant to determine the strength of the 
spectral line, we choose here the f value, which, accord
ing to (4.125), could also be replaced by the Einstein 
coefficient A ji. Numerically, relation ( 4.125) yields 

6.670. 1013 
A f [s- 1] . (7 23) 

gj ji = (A. [nm])2 g; . 

Since the occupation probability n; of the lower (ab
sorbing) level in (7 .20) is proportional to its statistical 
weight g; according to the Boltzmann formula, (4.88), 
one often quotes the gfvalue directly, instead of f . 

Oscillator Strengths. A first overview of the absolute 
values of the oscillator strengths can be gained from the 
f sum rule of W. Kuhn and W. Thomas: from a given 
level i of an atom or ions with z electrons (as an ap
proximation, one considers only the "valence electrons" 
which take part in the transition considered), the absorp
tion transitions i --+ j with oscillator strengths fij are 
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possible, while from lower-lying levels, the transitions 
j'--+ i with fj'i lead to i. Then we have 

g·t I: hi-I: ~ tj'i = z . 
. ., g, 

1 1 

(7.24) 

If essentially a single strong transition leads from the 
ground-state term to the next highest term, then as 
a good approximation we can set f ::::::: 1 for the whole 
resonance multiplet. Thus, for example, for the two 
Nal D lines es- 2po), we estimate for both lines 
together f::::::: 1. The exact value is f = 0.98; from 
(7.23), it corresponds to an Einstein coefficient of 
A = 0.64 · 108 s-1. 

The relative f values within a multiplet are 
found from quantum-mechanical formulas derived by 
A. Sommerfeld and H. Honl, H. N. Russell, and oth
ers. For example, the ratios of the gf values for 
a doublet, like the Na D lines ZS 112 - 2p]'12,312, are 
given by 1:2; for a triplet, like Cal 4p3P2 1 0 - 5s3S1 

(A.= 616,612, 610nm; Fig. 7.2), they are 5j:1. 
Exact f or g f values can either be calculated from 

quantum mechanics or experimentally determined. We 
cannot take up the various methods in detail here. The 
voluminous data on the transition probabilities and the 
energy levels of atoms - ordered by element - is col
lected in compilations and bibliographies, which are 
issued for the most part by the National Institute of 
Standards and Technology in Washington, D.C. Term 
schemes are given in several volumes of the "Atomic 
Energy-Level and Grotrian Diagrams" by S. Bashkin 
and J. 0. Stoner (1975 and later). We can find f values 
in the "Tables on Atomic Transition Probabilities" by 
W. L. Wiese, J. R. Fuhr and others (1966 and later), and 
in additional works. 

7.1.4 Broadening of Spectral Lines 

We now tum to the calculation of the profile function 
¢(v) of the line absorption coefficients as a function 
of the temperature T, electron pressure Pe or the gas 
pressure Pg, and of the distance from the center of the 
line, L1 v in frequency units (or L1A. in wavelength units). 
Here, we first consider the broadening of the lines of 
a single atom or ion by radiation and collision damp
ing. This then has to be superimposed onto the thermal 
motion of the atoms. 

Lorentz Line Profiles. In classical optics, a spectral 
line corresponds to a wave train with a characteristic 
length (on the time axis) of r (according to a well-known 
theorem of Fourier analysis); its absorption coefficient 
exhibits a typical Lorentz or damping profile 

(7.25) 

with the damping constant y [s-1] = 1/r, which is at 
the same time the full width at half maximum of the 
absorption coefficient in units of the circular frequency, 
w = 2nv. The integral J L(Llv)d(Llv) over the entire 
line is normalized to one. 

Depending on whether the temporal length of the ra
diation process is limited by the emission of the atom 
itself or by collisions with other particles, we speak of 
radiation or collision damping. From quantum mechan
ics, we also obtain a line profile of the form of (7 .25), 
with 

Y = Yrad + Ycoll · (7.26) 

The radiation damping constant Yrad is equal to the sum 
of the reciprocal lifetimes (decay constants) of the two 
energy levels i und j between which the transition takes 
place. In many cases, we can neglect the stimulated 
emission process; then we find 

Yrad = LAik+ LAjk · (7.27) 
k<i k<j 

Since, for allowed transitions, Yrad is of the order of 107 

to 109 s-1, we expect from this mechanism (full) widths 
at half maximum for the absorption coefficients, e.g. for 
A. = 400 nm, of about w-6 to 10-4 nm. 

The collision damping constant is Yean = 2 · (the 
number of effective collisions per unit time). Accord
ing to W. Lenz, V. Weisskopf and others, these are close 
passages of a perturbing particle near the radiating par
ticle, in which the phase of the light wave is shifted by 
more than one-tenth of an oscillation period. 

In cooler stars, such as the Sun, where the hydro
gen is for the most part neutral, collision damping by 
neutral hydrogen atoms predominates; these influence 
the emitting atom through van der Waals forces, whose 
interaction energy is ex r-6 (r is the distance of the col
lision partners). In addition to the van der Waals forces, 
at smaller r values, shorter-ranged repulsive forces can 
also become important. The damping constant Ycolt. as 



long as it is due to the interaction of the emitting atom 
with only one H atom at a time, is proportional to the 
gas pressure Pg. 

In the case of spectral lines which exhibit a large 
quadratic Stark effect, and in predominantly ionized 
atmospheres, collision damping by free electrons is 
sometimes the most important effect. The interaction 
energy is then proportional to the square of the field 
strength produced by the electron at the site of the emit
ting atom, i.e. oc r-4 . The damping constant is then 
proportional to the electron pressure Pe. 

At about 109 effective collisions per s, we can expect 
halfwidths of the line absorption coefficients of a few 
1 o-4 nm. Here, it is unimportant whether the collisions
as in the atmosphere of the Sun- are predominantly with 
hydrogen atoms, or - as in hot stars - predominantly 
with free electrons. 

The Linear Stark Effect. The lines of hydrogen and 
of singly ionized helium require special considera
tion. Since they show particularly large linear Stark 
splittings in an electric field, their line broadening in 
partially ionized gases is due for the most part to the 
quasi-static Stark effect from the statistically distributed 
electric fields which are produced by the (slow-moving) 
ions. Beginning with the consideration that in the dis
tance range r ... r + dr from an H atom, a perturbing 
ion can be found with a probability proportional to 
4nr2dr and then produces a field oc ljr2 (to which 
the line splitting is in tum proportional), one can show 
that in the wings of the absorption line, the absorp
tion coefficient becomes approximately proportional to 
(L\v)-512 or (L\A.)-512 . This theory, originally developed 
by J. Holtsmark, requires refinement by including non
adiabatic effects, collision damping by electrons, and an 
improved calculation of the microfield in the plasma. 

The Doppler Profile. In addition to broadening by ra
diation and collision damping, there is a contribution 
to broadening due to the Doppler effect as a result of 
the thermal velocities and possibly of turbulent flows. 
Corresponding to the Maxwell-Boltzmann velocity dis
tribution for the atoms ( 4.86), the Doppler profile, again 
normalized to one, is given by 

(7.28) 
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with a full width at half maximum of 2L\vo.Jlli2 
(in frequency units). The Doppler width L\v0 or 
L\A.0 is defined by the most probable velocity (4.87), 
v0 = (2kTjm) 112 , m =mass of the absorbing atom: 

L\vo L\A.o vo 

vo A.o 
(7.29) 

c 

(v0 or A.0 refer to the center of the line). The ther
mal velocity, e.g. of the Fe atoms in the atmosphere 
of the Sun at T ~ 5700 K, is 1.3 km s-1, which leads 
e.g. for the Fei-Linie A.= 386nm to a Doppler width 
of L\A. = 1.7 · 10-3 nm. Turbulent flows in the stellar at
mospheres ("microturbulence") often produce similar 
velocities and a corresponding contribution to L\A.0 . 

The Voigt Profile. Finally, we consider the interaction 
of the Doppler effect and damping, which will lead us 
to the profile function via the convolution integral 

+oo 

cp(L\v) = J L(L\v-L\v')D(L\v')d(L\v'). (7.30) 

-oo 

It is termed a Voigt profile when the normalization to 
one refers not to the line area, but rather to the maximum 
value at the center of the line. Since the ratio of half the 
damping constant, yj2, to the Doppler width Llevo = 
2n L\ vo (likewise in circular frequency units) 

a= yj2L\evo (7.31) 

in stellar atmospheres is almost without exception 
< 0.1, one might at first assume that the broadening 
through damping could be neglected in comparison to 
the Doppler broadening. This is, however, not correct, 
because the Doppler distribution, (7.28), decreases ex
ponentially outwards from the line center, while the 
damping distribution, (7 .25), decreases only proportion
ally to (L\v)-2• Each moving atom produces a damping 
distribution with a sharp center and broad wings, which 
as a whole is Doppler shifted, depending on its velocity. 
Thus, one obtains a profile function with a rather sharply 
limited Doppler core which is connected almost directly 
to the damping wings (Fig. 7.5). 

To conclude this section, we give the two limiting 
cases of the Voigt profile for the absorption coefficient 
Kv = KJ.. in [m-1] (7.20) at a distance L\A. from the center 
of a line at wavelength A.0 . We convert the frequency 
scale into a wavelength scale using ILl vi= (cjA.~)L\A., 
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Fig. 7.5. Line absorption coefficient Kv (referred to the line 
center). Doppler core and damping wings of the Na D lines 
calculated according to (7.25) and (7.28) forT= 5700 K and 
purely radiative damping. Their superposition (--) gives 
the Voigt profile 

and obtain the Doppler core: 

1 e2 
K;.=----fn; 

4rr.so mec2 

x ,Jli~ exp [- (~)2] 
..1A.o ..1A.o 

and for the damping wings: 

- 1 e2 A.6 y 
K;. = -- -- fn; ·--- . 

4rr.so mec2 4rrc (..1A.)2 

(7.32) 

(7.33) 

The quantity e2 /(4rr.somec2) = 2.82 · 10- 15 m is the 
classical electron radius, and n; [m-3] is the occupation 
density of the lower level. As we have already men
tioned, (7.32, 33) are not valid for the lines of HI and 
He II, which are broadened by the linear Stark effect. 

7.1.5 Remarks on Molecular Spectroscopy 

Molecules become important for the cooler (T :::=: 

4000 K) stellar atmospheres and play a central role in 
particular in the coolest and densest components of in
terstellar matter, the molecular clouds (Sect. 10.2.3). We 
cannot give a complete treatment of the fundamentals 

of molecular spectroscopy here, but will make some 
remarks on the subject. 

As in the case of atoms and ions (Sect. 7 .1.1 ), the 
energy states of molecules are essentially determined by 
their electrons, depending on their quantum numbers; 
here however, the electric fields of the nuclei are not 
Coulomb fields, but rather - in the simplest case of 
a diatomic molecule AB - a dipole field. The transitions 
between the different electronic states occur as a rule in 
the optical or ultraviolet spectral ranges. 

Every electronic state is split as a result of the vibra
tions of the nuclei into a number of vibrational levels 
(quantum number v ), which are in tum split into a series 
of rotational levels due to the rotation of the molecule 
(quantum number J) . The transitions between (pure) vi
brational or rotational states are generally in the infrared 
and radiofrequency ranges. For the coolest molecular 
clouds, mainly the transitions from the lowest rotational 
states are important. 

In the simplified case of the rigid rotor ("dumbbell"), 
in which the two nuclei with masses mA and m8 ro
tate about their common center of gravity (Fig. 2.21) at 
a fixed distance a from a rotation axis which is perpen
dicular to the line connecting them, we find the moment 
of inertia (2.65), using (2.54), to be: 

1 = mAms a2 

mA+ms 
and therefore the rotational energy is 

h2 
Erot = Srr2 I J(J + 1) = hcB J(J + 1) , 

(7.34) 

(7.35) 

where J = 0, 1, 2, ... is the rotation quantum num
ber and B is the rotational constant, usually given in 
units of [em -I]. In classical mechanics, we would have 
Erot = /u} /2 (w: angular velocity) or, if we introduce 
the angular momentum S = Iw (2.64), Erot = S2 /(2/) 
(2.68). In the quantum-mechanical expression, Senters 
in units of n, more precisely s = nJ J(J + 1). 

The selection rule for electric dipole radiation is 
!J.J = 0, ±1 (except for 0 ++ 0). 

The occurrence of mAms/(mA +ms), the reduced 
mass, in I and Erot shows that molecular spectra are well 
suited for observing different isotopes of an element. 
For example, between the lines of 12C 160 and 13C 160 , 
corresponding to the reduced masses of 6.86 or 7.17, 
according to (7 .35) there will be an energy or frequency 
difference giving a factor of 1.046 (cf. Sect. 10.2.3). In 



contrast, isotope effects in atomic lines are consider
ably smaller, since here the reduced mass is determined 
mainly by the electron mass me, which is much smaller 
than that of the nucleus; thus the isotope lines can be 
resolved only for the lightest atoms, e.g. for 1Hj2D or 
6Lij1Li. 

Expression (7.20) for the line absorption coefficients 
of atoms can be applied also to molecules. 

The fraction of the elements which is bound in molec
ular form can - in thermodynamic equilibrium - be 
calculated from the law of mass action (Sect. 4.4.5). 

7.2 The Physics of Stellar Atmospheres 

With an eye to the quantitative explanation and eval
uation of spectra from the Sun and the stars, we tum 
now to the physics of stellar atmospheres. The atmo
sphere by definition includes those layers of a star which 
send us radiation directly. In Sect. 7.2.1, we discuss the 
characteristic parameters of a stellar atmosphere (pho
tosphere) and the basic equations for its structure. In 
Sect. 7.2.2, we consider the absorption coefficients in 
stellar atmospheres in more detail. Then in Sect. 7.2.3, 
we treat the construction of a model atmosphere and 
show calculated spectral energy distributions for some 
stars. In Sect. 7.2.4 we treat the theory of Fraunhofer 
lines, and in Sect. 7.2.5 the growth curve of a spectral 
line. Finally, in Sect. 7.2.6, we tum to our main task, the 
quantitative analysis of stellar spectra, and introduce in 
Sect. 7.2.7 the element abundances derived for the Sun 
and selected stars. 

1 .2.1 The Structure of Stellar Atmospheres 

We limit ourselves here to compact atmospheres, whose 
thickness is small compared to the radius of the star, so 
that we can approximate the layer structure as a series 
of p~allel planes and can assume the acceleration of 
gravity (cf. (3.4), (6.52)) to be constant. 

A compact stellar atmosphere is characterized by the 
following parameters: 

1. The effective temperature Teff· According to the 
Stefan-Boltzmann radiation law (4.66), the radiation 
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energy flux at the star's surface is given by 
00 00 

F =I FJ.dA. =I Fvdv = aTe'ri-. (7.36) 
0 0 

For the Sun, we obtained in (6.8) and (6.11) di
rectly from the solar constant Teff, 0 = 5780 K or 
F0 = 6.33 · 107 Wm-2. 

2. The acceleration of gravity g at the surface of the 
star. For the Sun, we found in (6.5) g0 = 274m s-2; 
the acceleration of gravity of the main sequence stars 
is, according to (6.53), not very different from this 
value. 

3. The chemical composition of the atmosphere, i.e. the 
abundance distribution of the elements. In Table 7.2, 
we have given some values in advance. 

Possible additional parameters, such as rotation or 
oscillation of the star, stellar magnetic fields, etc., will 
not be considered here. 

One can readily reach the conclusion that with a given 
Teff, g, and chemical composition, the structure, i.e. the 
temperature and pressure distribution in a static stel
lar atmosphere, can be completely calculated. For this 
purpose, we need two equations (in the case of local 
~ermodynarnic equilibrium, see below): (a) an equa
tiOn for energy transport, by radiation, convection, heat 
conduction, mechanical or magnetic energy, which de
termines the temperature distribution in the atmosphere; 
and (b) the hydrostatic equation, or, generally speaking, 
the basic equations of hydrodynamics or magnetohy
drodynamics which determine the pressure distribution. 
The degree of ionization, the equation of state, and all 
~e material constants of stellar atmospheres can in prin
ctple be calculated from the results of atomic physics, so 
long as we know the chemical composition. The theory 
of stellar atmospheres thus makes it possible, begin
ning with parameters 1, 2, and 3, to calculate a model 
atmosphere, and furthermore to find out how certain 
measurable quantities, e.g. the intensity distribution in 
the continuum (the color indices), or the intensities 
of the Fraunhofer lines of certain elements in partic
ular ionization and excitation states, depend on these 
parameters. 

Once we have solved this problem, we can (and this is 
the decisive point!) reverse the process and, in a series of 
successive approximations, find the answer to the ques
tion, "Which Teff, g, and abundance distribution of the 

III 
205 



I 
206 

7. The Spectra and Atmospheres of Stars 

chemical elements does the atmosphere of a particular 
star have, when its color indices (energy distribution in 
the continuum), intensities of various Fraunhofer lines, 
etc. have given measured values?" In this way, we ar
rive at a procedure for the quantitative analysis of the 
spectra of the Sun and stars. 

The Temperature Distribution. The temperature dis
tribution in a stellar atmosphere is determined, as 
mentioned above, by the type of energy transport. As 
was recognized in 1905 by K. Schwarzschild, the energy 
transport in most stellar atmospheres - more precisely 
photospheres, cf. Sect. 6.1 - takes place predomi
nantly through radiation; we thus speak of radiation 
equilibrium. 

In order to describe the radiation field (Fig. 7.6), we 
imagine an element of unit surface area at a depth t (mea
sured from an arbitrarily chosen zero level); its surface 
normal makes an angle () with that of the stellar surface 
(0 _:::: () _:::: rr ). Then, within a solid angle element d.Q, the 
radiation energy lv(t, ())dv d.Q in the frequency inter
val v to v + dv passes through this surface element in 
the direction of its normal per unit time (cf. Sect. 4.3.1). 
Along a path element ds = -dt/ cos 8, the radiation 
intensity I v suffers an overall change, according to 
the radiation transport equation (4.52) and assuming 
local thermodynamic equilibrium (LTE), i.e. applying 
Kirchhoff's law (4.69) to each volume element in the 
atmosphere, of 

dlv(t, 8) = lv(t, 8)Kvdt/ COS() 

- Bv(T(t))Kvdt/ cos() , (7.37) 

where Bv(T) is the Kirchhoff-Planck function (4.61) 
for the local temperature T at the depth t and the 
frequency v. 

1(8)d!l 

Fig. 7.6. Radiation 
equilibrium 

In order to describe the different layers of the at
mosphere, it is preferable to use the optical depth for 
radiation of frequency v instead of the geometric depth t: 

t 

Tv = I Kvdt , dTv = Kvdt . (7.38) 

- 00 

It is calculated from the viewpoint of the observer (t = 
-oo). We thus obtain for a compact atmosphere, which 
can be approximated by planar, parallel layers, 

dlv(Tv, 8) 
cos() d =lv(Tv,8)-Bv(T(Tv)). (7.39) 

Tv 
If radiation equilibrium holds, i.e. if the overall energy 
transport takes place via radiation, we can apply energy 
conservation, which tells us that the total radiation flux 
must be independent of the depth t, i.e 

" 00 

F = I I lv(t, 8) cos() 2:rr sin() d() dv = aTe'k. 

0=0 v=O (7 .40) 

The boundary conditions of the system of equations 
(7.39) and (7.40) are: (a) the incident radiation vanishes 
at the stellar surface, i.e. l v(O , 8) for 0 < () < rr/ 2, and 
(b) at great depths, the "enclosed" radiation field, which 
approximates that of a cavity radiator, cannot increase 
more rapidly than exponentially with increasing depth 
(we cannot treat this point in detail here). 

The solution of the system of equations now becomes 
relatively simple, if we first assume that the absorption 
coefficient is independent of the frequency v; that is, 
we insert in (7.39) in place of Kv its harmonic mean 
value (with suitable weighting factors) averaged over all 
frequencies v, i.e. the Rosseland opacity coefficient "K 
(8.1 , 2) and the corresponding optical depth: 

t 

r = I "Kdt. (7.41) 

- oo 

For such a "grey atmosphere", according to E. A. Milne 
and others, the solution gives to a good approximation 
the temperature distribution: 

3 
T4 (r) = 4 TeirCr+2/ 3). (7.42) 

The effective temperature Teff is thus obtained 
at an optical depth r = 2/ 3. At the stellar surface 
r = 0, T approaches a finite limiting temperature 



To = Terri -Y2" = 0.84 Teff· It is frequently expedient to 
use an optical depth r0 instead of r; it refers to the 
absorption coefficient Ko at a suitably chosen wave
length A.o (e.g. A.o = 500 nm). The relation between r 
and r0 (and correspondingly also between the optical 
depths for two different wavelengths) is readily found 
from dr = Kdt and dr0 = Kodt to be 

dr K 
= (7.43) 

dr0 KQ 

for a given depth. 

The Pressure Distribution. If the temperature distri
bution T(r) or T( ro) in a stellar atmosphere is known, 
the calculation of the pressure distribution offers no dif
ficulties. The increase of gas pressure Pg with depth t 
in a static atmosphere is determined by the hydrostatic 
equation (3.6): 

dPg/dt = gQ, (7.44) 

where the density Q is related to Pg and T by the equa
tion of state for an ideal gas; g once again denotes the 
acceleration of gravity. Dividing both sides by Ko and 
using Kodt = dro, we obtain the relation 

dPg gQ 

dro Ko 
(7.45) 

Since the right-hand side of this equation is known 
as a function of Pg and T, and since T is known as 
a function of r0 from the theory of radiation equilib
rium, (7.45) can be (numerically) integrated without 
difficulty. 

In hot stars, the radiation pressure must be taken into 
account in addition to the gas pressure. If currents are 
present in the stellar atmosphere, and their velocity v 
is no longer small compared to the local velocity of 
sound (in atomic hydrogen at 10 000 K, for example, 
12 km s-1 ), then the dynamic pressure ev2 /2 also plays 
a role. In sunspots and in the Ap stars with their strong 
magnetic fields, the magnetic forces must also be taken 
into consideration. 

Non-grey Atmospheres. For a real analysis of stellar 
spectra, the "grey approximation" (7.42) is too im
precise; we need to take into account the frequency 
dependence of the absorption coefficient Kv, which is 
composed of the continuous absorption coefficient and 
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of the very strongly frequency-dependent line absorp
tion (Sect. 7.2.2). In the radiation equilibrium, the total 
radiation flux F must then be equal at all depths t. 
The calculation of such "non-grey" atmospheres can be 
carried out only by applying successive approximation 
methods. 

For the calculation of stellar atmospheric models, be
sides the absorption coefficient Kv or K as a function of 
temperature and pressure (Sect. 7 .2.2), we still need the 
relation between gas and electron pressure for various 
mixtures of elements, Pe(Pg. T) (Table 7.3), and, in the 
equation of state, the mean molecular mass Ji. For neu
tral (atomic) or fully ionized stellar matter having the so
lar elemental composition (Table 7 .2), Ji = 1.26 or 0.60. 

In the deep layers of the atmospheres of later spectral 
classes, energy transport by convection is predominant 
over radiative transport (Sect. 7.3.1). In this case, the 
condition of radiation equilibrium (7.40) must be ex
tended to include the total energy flux from radiation 
plus convection, which must be independent of depth. 

The assumptions of radiation equilibrium (possibly 
including convective transport) and of local thermody
namic equilibrium are relatively well fulfilled in the 
photospheres of the Sun and of most stars, i.e. in those 
layers from which the absorption line spectrum arises. 
The thinner layers above the photosphere, where the 
LTE is no longer a reasonable approximation and where 
(in addition to the radiation field) matter flows and mag
netic fields play an important role, will be treated in 
Sect. 7.3. Here, we first consider the fundamentals of 
the quantitative analysis of photospheric spectra. 

7 .2.2 Absorption Coefficients 
in Stellar Atmospheres 

In calculating the temperature distribution, besides the 
continuous absorption, the line absorption must be taken 
into account. Initially, the optical spectra (Fig. 6.1 0) give 
the impression that line absorption plays a role only for 
cooler stars, such as the Sun, with their numerous Fraun
hofer lines, but not for the hotter stars. However, satellite 
observations have shown that even in the 0 and B stars 
in the range of their maximum energy flux, in the ultravi
olet near A. ~ 200 nm, the absorption lines are similarly 
dense as in the case of the Sun in the blue region. 
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We first discuss the continuous absorption coef
ficients, which are due to bound-free and free-free 
transitions (Sect. 4.5.4) of various atoms and ions, and 
then line absorption or bound-bound transitions. 

Continuous Absorption. In the case of neutral 
hydrogen, a series-limit continuum occurs on the short
wavelength side adjacent to the limits of the Lyman se
ries at A= 91.2 nm, the Balmer series at A= 364.7 nm, 
and the Paschen series at A = 820.6 nm, etc. Their ab
sorption decreases as oc 1/v3 (see (4.130)). At long 
wavelengths, the series-limit continua overlap and pass 
over smoothly into the free-free continuum of HI. 

As was noticed in 1938 by R. Wildt, in cooler stellar 
atmospheres, the bound-free and free-free transitions 
in the negative hydrogen ion H-, which can be formed 
from a neutral H atom by electron attachment, play an 
important role. The H- ion, with only one bound state 
(the ground state 1 S) has a binding energy or ionization 
energy of 0.75 eV. Corresponding to this small energy, 
the long-wavelength limit of the bound-free contin
uum lies in the infrared at 1.655 J.Lm. The free-free 
absorption also increases (as in the H atom) at longer 
wavelengths. 

The atomic coefficients for absorption from a par
ticular energy level have been calculated quantum
mechanically for the H atom and the H- ion with great 
precision. In order to obtain from them the absorption 
coefficient Kv of stellar matter of a given composition 
(in local thermodynamic equilibrium) as a function of 
the frequency v, the temperature T, and the electron 
pressure Pe (or the gas pressure Pg). the ionization of 
the various elements and the excitation of their energy 
levels must first be calculated using the formulas of 
Boltzmann and Saha. 

For the "normal" elemental mixture (Table 7.2), one 
first finds that in hot stars (T ;:: 7000 K), the continuous 
absorption of H atoms, in cooler stars that of the H
ions, is predominant. Although for example in the Sun's 
atmosphere (at roughly To= 0.1, Fig. 7.7) the particle 
density of the H- ion is only about 1 o-s of that of HI, it 
nevertheless dominates the continuous absorption in the 
visible region, because the relative occupation density 
of the second excited HI level (12.1 eV), from which 
the "competing" absorption in the Paschen continuum 
originates, is much lower (about 1 o-Il), and the atomic 
cross sections are of comparable magnitude. 
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Fig. 7.7. The continuous absorption coefficient K'-,at in the 
solar atmosphere (G2 V, [m2] per nucleus) at ro = 0.1 (ro cor
responds to A. = 500 nm), i.e. T = 5400 K, Pe ::::: 0.32 Pa, 
Pg ::::: 5.8 · 103 Pa 

In addition to the absorption of HI and H-, the fol
lowing must be considered, in particular: free-bound 
and free-free absorption of He I and He II (in hot stars) 
and of the heavier elements C I, Mg I, Si I (in cooler 
stars); also, in the coolest stars, the continuum of H2. 
Along with these absorption processes, the scattering of 
light is important: in hot stars, Thomson scattering ar 
by free electrons, ( 4.132); and in cooler stars, Rayleigh 
scattering by neutral hydrogen atoms. 

In Figs. 7.7 and 7.8, we give as examples the 
continuous absorption coefficients as functions of the 
wavelength for mean values of the state variables 
(Sect. 7.2.3) in the atmosphere of a cooler star: the Sun; 
and of a hotter star: T Sco (BO V). 

Line Absorption. We have already treated the theory 
of line absorption coefficients in Sects. 7.1.3, 4. For the 
calculation of a model atmosphere, in general a very 
large number(~ 106) of lines have to be taken into con-
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Fig. 7.8. The continuous absorption coefficient K>. ,a t in the 
atmosphere of r Scorpii (BO V) at r ~ 0.1, i.e. T = 28 300 K, 
Pe = 320 Pa, Pg ~ 640 Pa 

sideration. In this process, only a few strong lines can be 
treated individually and thus sufficiently precisely; the 
majority of the medium-strong and weak lines is taken 
into account by means of statistical methods, e.g. sam
pling techniques or distribution functions. Here, a high 
precision for the individual lines is not important. 

Since the lines reduce the outflow of radiation from 
the depths, but increase its intensity in the higher layers, 
they tend to cause a steeper temperature decrease in the 
outer layers as compared with the temperature distri
bution calculated on the basis of continuous absorption 
only ("blanketing effect"). 

7.2.3 Model Atmospheres. 
The Spectral Energy Distribution 

Having described the equations which govern the struc
ture of a stellar atmosphere, the absorption coefficients, 
and other material functions, we present in Table 7.4 
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the models for atmospheres at various effective temper
atures calculated according to the current state ofthe art 
(and with the assumption of local thermodynamic equi
librium). The details of the stellar atmosphere model 
calculations go beyond the scope of this book. Table 7.4 
contains the model of a cool star (the Sun, G2 V), a star 
of medium temperature (a Lyr, AO V), and a hot main
sequence star (BO V), represented by r Sea, which has 
been intensively investigated following the pioneering 
work by A. Unsold (1941144). 

The radiation which is emitted at the surface of a star 
originates from various layers within its atmosphere; 
that from the deeper layers naturally undergoes more 
attenuation by absorption before emerging at the stellar 
surface than does radiation from further up. Radiation 
of frequency v , emitted from a depth r v at an angle 8 
relative to the surface normal of the atmosphere, is atten
uated by the factor exp( - r v/ cos 8) before leaving the 
atmosphere. We thus obtain from (7.39) the radiation 
intensity at the surface, rv = 0: 

00 

f v(0,8)= J Sv(rv)e- rvf cosedrvf cos8, (7.46) 

0 

where the source function Sv, defined as the emission 
coefficient i v divided by the absorption coefficient Kv 

(4.57) in local thermodynamic equilibrium, is equal to 
the Kirchhoff- Planck function at the local temperature, 
Bv(T(rv) ). 

Since we can, on the one hand, calculate the temper
ature T as a function of the optical depth (e.g. r v) using 
the theory of radiation equilibrium, and since on the 
other, the relation between the differently-defined opti
cal depths "f, r v, ro, . .. can be established with (7.43) 
using the absorption coefficients Kv, the entire theory of 
stellar spectra is contained in (7 .46), including (for the 
Sun) the center-limb variation (8 = 0° corresponds to 
the center of the solar disk, 8 = 90° to its limb). 

Indeed, calculations (which we shall not describe in 
detail here), carried out on the basis of the model of the 
solar atmosphere in Table 7.4, yield the solar spectrum 
l v(O, 0) (e.g. for the center of the solar disk (Fig. 6.3)), 
and the center- limb variation in the continuum (Fig. 
6.2) with good accuracy. 

The Eddington-Barbier Approximation. In order 
to determine which layers of the atmosphere make 
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Table 7.4. Models of stellar atmospheres after R. L. Kurucz 
( 1979) for the solar element mixture and different effective 
temperatures Teff and gravitational accelerations g. Line ab-

Sun G2V "Lyr AOV 

sorption is taken into account by using distribution functions; 
the optical depth r0 refers to KJ.. at J... = 500 nm, r to the 
Rosseland average 7< 

BOV 

r.rr = 5770 K. g =274m s-1 Terr = 9400K, g = 89 ms-2 T0n=30000K.g=l00ms-2 • 

r '0 T P, Pe ro T Pg Pe ro T Pa Pe 
(K] (Pa] (Pal (K] [Pa( [Pal (K) (Pal [Pal 

10-J 1.1 . 10-3 4485 3.46. 102 2.84·10- 2 0.6·10- 3 7140 6.52 4.31 ·10- 1 0.8 ·10- 3 19 680 2.13 1.07 
0.01 0.01 4710 1.29. 103 1.03 . w- 1 0.5· 10-2 7510 2.70 · 101 1.61 0.9-10-2 21 450 1.60· 101 7.98 

0.10 0.09 5070 4.36 · 103 3.78. J0-1 0.05 8150 9.13·101 7.33 0.14 248 0 1.01-lal 5.03·101 

0.22 0.19 5300 6.51 · lfrl 6.43 10-1 0.11 8590 1.22. to2 1.40 10' 0.37 27030 1.86·tal 9.3t·t01 

0.47 0.40 5675 9.55· lfrl 1.34 0.24 9240 1.53 · 1o2 2.94·101 0.92 29840 3.33. 102 1.66 ·t02 

1.0 0. 4 6300 1.29·10" 4.77 0.53 10190 1.79. tal 5.8t· to1 2.2 33490 5.87 . tal 2.95· tal 
2.2 1.8 7085 1.52- ltr 2.13· 101 1.3 I I 560 2.12·lal 9.21· 101 5.5 38310 1.04 · l<P 5.29· 102 

4.7 3.5 7675 1.7 1·10" 5.86· 101 3.6 13480 2.99. tal 1.40 · toZ 13.3 43940 1.8l · lfrl 9.43. 102 

10 7.1 8180 1.89 - ltr 1.27 · Jal 11.5 16000 5.8l·t02 2.77· 102 37 51310 3.60 · lfrl 1.88·lfrl 

• Corresponds roughly to the parameters of r Sco (BO V) Teff = 31 500 K and g = 140m s-2 . 

the principal contribution to the emitted intensity at 
a frequency v, we can carry out a greatly simplified cal
culation of lv(O, B) by expressing the source function 
Sv( Tv) or Bv( rv) at a particular optical depth T*, which 
we shall initially leave undetermined, in the form of 
a series expansion: 

* * (dSv) Sv(Tv) = Sv(T ) +(Tv- T ) - + .... (7.47) 
dTv r * 

If we carry out the integration (7 .46) using this 
approach, we readily obtain the result: 

lv(O,B)=Sv(T )+(cosB-T) - + ... * * (dSv) 
dTv r * 

(7.48) 

Now, setting T* = cos B, the second term on the 
right vanishes, and we obtain the Eddington-Barbier 
approximation: 

(7.49) 

This means that on the surface of e.g. the Sun, the emit
ted intensity corresponds to the source function or, in 
the sense of Planck's radiation law, to the temperature 
at the optical depth Tv =cos B, measured perpendicular 
to the Sun's surface; or Tv/ cos B = 1, measured along 
the line of sight from the observer. This can be under
stood intuitively: we can say (with a grain of salt) that 
the radiation emerges at unit optical depth, as measured 
along the line of sight. 

For the stars we can now find the mean intensity of 
the stellar disk, that is (up to a factor n) the radiation 
flux at the surface. According to (4.35), we have: 

rr/ 2 

Fv(O) = 2n J lv(O, B) cos B sin B dB. 

0 

(7.50) 

With the approach of (7.48), we obtain from (7.50) the 
approximation: 

(7.51) 

With local thermodynamic equilibrium, the stellar 
radiation at a frequency v thus corresponds to the local 
temperature at an optical depth Tv= 2/3. 

The Energy Distribution of the Stars. To illustrate 
the energy distribution of stellar radiation, we show 
in Figs. 6.7 and 7.9 the radiation fluxes calculated 
for main-sequence stars with Teff = 9400 K (AO V) and 
30 000 K (BO V), using the models in Table 7 .4. All 
similarity to the spectrum of a black-body radiator 
has now vanished. Instead, the FJ.. curve represents 
more or less a mirror image of the wavelength depen
dence of the absorption coefficients KJ.. or Kv (compare 
the wavelength dependence of the continuous absorp
tion coefficient in Fig. 7.8). Since dTJ../dr = KJ../i<, for 
large KJ.. , the radiation comes from layers near the sur
face with small r; these layers are relatively cool, and 
the radiation curve F J.. is decreased. 
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Fig. 7.9. The calculated spectral energy distribution FA. (0) of 
a main sequence star with an effective temperature of Teff = 
30 000 K (after R. L. Kurucz, 1979). (--) Radiation flux 
including the Fraunhofer lines, which were calculated using 
a distribution function with a spectral resolution of 2.5 nm. 
(-- -) Radiation flux in the continuum, maximum at ). = 
92 nm: 10.1-108 wm- 2nm- 1 

We can therefore understand that at each absorp
tion edge of hydrogen (A.= 91.2 nm, Lyman edge; 
A.= 364.7 nm, Balmer edge, ... ), FA. shows a sudden 
decrease towards shorter wavelengths. (We shall dis
cuss the energy flux in the Fraunhofer lines later, in 
Sect. 7.2.4). The hotter of the two stars emits its radi
ation flux mainly between the Balmer and the Lyman 
edges; in the case of the cooler star, the region between 
the Paschen and the Balmer edges contributes about 
the same order of magnitude to the emitted radiation 
as does the ultraviolet. It is clear that for hot stars, ob
servations in the far ultraviolet from satellites are of 
decisive importance; measurements in the optical re
gion, which for a long time formed the exclusive basis of 
our knowledge of these stars, must be extremely precise 
in order to make a reasonable contribution to the ad
justment of theoretical calculations to the observations. 
This is particularly true of the bolometric correction, 
B.C. (6.37), which is obtained by integration of FA. over 
the whole spectrum and comparison with the radiation 
flux in the visual region; for example, for a BO V star, 
B.C. :::::::: 3.2 mag. 

Finally, Fig. 7.9 clarifies the role of spectral line ab
sorption in the far ultraviolet for hot stars: the energy 
distribution taking into account the Fraunhofer lines 
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(they are "smeared out" over 2.5 nm wide wavelength 
regions) lies well below the "true" continuum. For the 
A stars (Fig. 6. 7), the ultraviolet region is dominated 
by numerous lines from metallic elements, while in the 
optical region, the broad Balmer lines from hydrogen 
must be taken into account. In cooler stars, roughly 
below F5, the metal lines block out a major portion 
of the spectrum, especially in the blue and near ul
traviolet regions (Fig. 6.3); in the K and M stars, the 
absorption from molecular bands also comes into play 
(Table 6.1). 

Departures from LTE. When greater preclSlon is 
required, departures from local thermodynamic equi
librium must be considered within the framework of the 
kinetic equations described in Sect. 4.5.3 for calculating 
the model atmospheres. These "non LTE" calculations 
are much more tedious than those which assume local 
thermodynamic equilibrium. 

Departures from LTE become ever more important 
the hotter and more luminous the star is, since then ra
diation processes become more important relative to 
collisional processes. For example, on the main se
quence, the 0 and B stars show notable departures from 
LTE, in particular for the occupation numbers of the 
lower energy states of hydrogen and helium. 

7.2.4 Radiation Transport in the Fraunhofer Lines 

The spectral distribution from the Sun, where one can 
observe the center-limb variation, is described in terms 
of the intensity lv(O, 8) or h (0, 8) which emerges at 
the surface ( r = 0) in the direction 8; in the case of 
the stars, whose disks as a rule cannot be resolved, 
we use the radiation flux Fv(O) or FA. (O). With modern 
spectrographs, in the optical region one can obtain res
olutions in the solar spectrum up to A./ LlA.:::::::: 106; for 
brighter stars, up to A. / LlA. ::: 104 ... 105 . For example, 
the intensity distribution recorded with a CCD detector 
is available in "bite-sized" digital form to be analyzed 
with a computer. Photographically recorded spectra are 
analyzed with a microphotometer, which automatically 
corrects for the darkening curve (Sect. 5 .1.4 ), calibrated 
by intensity marks ( cf. Fig. 7 .10). 

In spectral regions with relatively few Fraunhofer 
lines, it is not difficult to determine a "true" continuum 
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Fig. 7.10. The intensity distribution of the NaD lines in the 
solar spectrum 

which is normalized to 1 or to 100% and from which 
the intensity reduction in a line 

I -Ie 
re=--

1 

F-Fe 
or Re = --

F 
(7.52) 

i.e. the line profile, can be measured as a function of 
the distance to the center of the line, .1 v or .1A.. We 
denote here all quantities in the range of a spectral line 
by the index£. Quantities which refer to the neighboring 
continuum, which can be taken to be constant over the 
line profile, will be written without an index. 

In spectral regions with a high density of lines, the 
determination of a continuum level and thus the cal
culation of an isolated spectral line is in general not 
possible. Here, a longer section of the spectrum must be 
calculated "in one piece", and then compared with the 
observed intensity distribution. This technique of spec
trum synthesis however requires precise knowledge of 
atomic data for a large number of spectral line transi
tions. In the following, we shall limit ourselves to the 
discussion of individual lines, for which the neighboring 
continuum (background) can be determined. 

Since the spectrograph itself reproduces even an in
finitely sharp line with a finite width which is called 
the instrumental profile, it must be kept in mind that 
the width and structure of weak Fraunhofer lines al
ways contains an instrumental contribution. This can 
be determined, for example, by measuring the profiles 
of sharp lines from a laboratory source. The wings of 
strong lines are only slightly influenced by the instru
mental profile; the center portions, as well as weak lines, 
are, however, strongly affected. The absorbed energy is 
clearly independent of the instrumental distortion of the 
line profile. It is therefore frequently advantageous, as 
pointed out by M. Minnaert, to measure the equivalent 

width 

00 

WA = J re dA. = J re(L1A.) d(.1A.) ; (7.53) 

Line -oo 

this quantity is the width on the wavelength scale (in 
suitable units of length such as pm, rnA, ... ) of a rect
angular absorption line in the spectrum having the same 
area as that of the line profile (Fig. 7.11 ). 

For the interpretation of the re or WA values, we 
require the following absorption coefficients, which -
each in a different way- depend on the state variables T 
and Pe, and on the corresponding optical depths: 

Line: Ke 
t 

Te(t) = J Ke(t')dt' 

-oo 

Continuum: K 

t 

T(t) = f K(t1)dt' 

-00 

Total: K +Ke 
t 

xe(t) = J (K(t')+Ke(t'))dt'. (7.54) 

-oo 

We can now apply the methods and calculations from 
Sect. 7.2.3 to compute line profiles, if we replace Kv 

there by K + Ke. 

central 
intensity 

O.OL------'1----'----~ 

waveleng1h A 

equivalent 
wid1h 

Fig. 7.11. Profile and equivalent width of a Fraunhofer line 



The intensity of the radiation emitted at the angle () 
for the line is then given by: 

00 

le(()) =I Se(xe)e-xefcosedxdcos() 

0 

and for the neighboring continuum by: 

00 

/(())=I S(r)e-rfcosedrjcose. 

0 

(7.55) 

(7.56) 

Here, in contrast to (7.46), we have abbreviated /(0, ()) 
as/(()), etc. Se or Sis again the source function (4.57), 
the ratio of emission to absorption coefficients. The 
relation between the two optical depths is given by 

I 
K+Ke 

xe= -K-dr. (7.57) 

The intensity reduction in the spectral line is then, 
corresponding to (7.52), 

r (()) = /(())- Ie(()) 
e /(()) . (7.58) 

If we again make the assumption of local thermo
dynamic equilibrium (LTE) with regard to radiation 
transport, which is a realistic approximation in partic
ular for atoms or ions with more or less complex term 
schemes in atmospheres which are not too hot, then the 
source function becomes identical to the Kirchhoff
Planck function Bv(T). The small frequency range 
within a spectral line is naturally unimportant in this 
function. 

To get a rough feeling for these quantities, we can 
again employ the Eddington-Barbier approximation 
(7 .49) and obtain: 

Bv(T =cos())- Bv(Xe =cos()) 
re(()) = . 

Bv(T =cos()) 
(7.59) 

The important point here is that the radiation in the line 
comes from a higher layer, xe =cos(), with correspond
ingly lower temperature, than the adjacent continuum, 
which originates from r = cos(). If the absorption coef
ficient at the center of the line is very much stronger than 
in the continuum (Ke » K), then the central intensity of 
the line simply corresponds to the Kirchhoff-Planck 
function at the surface temperature To of the atmo-

sphere. All of the sufficiently strong lines in a particular 
region of the spectrum then have the same, i.e. the largest 
possible, intensity reduction, rc(()). 

For applications to stars we require the correspond
ing expressions for the radiation flux Fe in the line and 
F in the adjacent continuum. The intensity reduction 
in the line (7.52) then becomes (again assuming local 
thermodynamic equilibrium): 

Bv(T = ~)- Bv(Xe = ~) Rc = __ ____:::...___---,-----=:.__ 

Bv(T = ~) 
(7.60) 

For weak lines and in the wings of the stronger lines, 
where Ke « K holds, it follows from (7 .57) in the spirit 
of the Eddington-Barbier approximation that: 

2 ( Ke) xe = '3 1 +--; ; (7.61) 

then by series expansion of Bv(xv = 2/3) in (7.60) we 
obtain for the intensity reduction 

Re=~Ke (dlnBv) , 
3 K dr r=l/3 

Ke « K . (7.62) 

We see for one thing that in a stellar spectrum, the 
continuum as well as the wings of the Fraunhofer 
lines originates mainly in those layers of the atmo
sphere whose optical depth is given by r::::::: 2/3 for 
the neighboring continuum. Secondly, the line inten
sities depend strongly on the temperature gradient in 
the atmosphere. We obtain absorption lines when the 
temperature increases towards the stellar interior. 

The central portions of the stronger lines, where 
Ke » K, originate in correspondingly higher layers, 
T::::::: (2j3)K/Ke. 

Employing the Eddington-Barbier approximation, 
we were able to get an overall picture of the origin 
of Fraunhofer lines; however, the correct calculation of 
the lines must proceed by direct integration of (7.52) 
with (7.46, 50). 

7.2.5 The Curve of Growth 

We shall now investigate how the profile and the equiv
alent width W" of an absorption line increase as we 
increase the concentration of the absorbing atom, n, or 
its product with the oscillator strength f. The line ab
sorption coefficient Ke is dominated in the central part of 
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the line by the Doppler effect, and in the wings by damp
ing (Fig. 7.5), the damping constant being determined 
by radiative and collision processes. 

The relationship between the intensity reduction in 
the line, Re, and the line absorption coefficient Ke, using 
an absorption tube (without reemission) of length H 
and optical thickness re = Ke H in the laboratory, would 
be (from (4.50)): 

(7.63) 

For a stellar atmosphere, it is given by (7.46, 50, 52) 
and can, in general, be calculated only by direct inte
gration. When the requirements for accuracy are not 
too demanding, these tedious calculations can often be 
avoided by using the approximate interpolation formula 

( 
1 1 )-] 

Re = -+- . 
KeH Rc 

(7.64) 

Here, His an effective height, or N = nH an effective 
number of absorbing atoms over a unit area on the star's 
surface (column density). For (KeH « 1) (absorption 
in an optically thin layer), Re = KeH ; for (KeH » 1) 
(optically thick layer), Re tends towards the limiting 
value for very strong lines, Rc. 

HorN can be calculated by comparing (7.64) with 
the formulas (7 .46, 50, 52); within a limited wavelength 
region, the effective layer thickness of an atmosphere 
may be treated as constant. We shall immediately give 
the result of this calculation: in the lower part of 
Fig. 7.12, we have drawn the line profiles for various 
values of the quantity N f. The reductions for the weak 
lines, Re = KeH, simply reflect the Doppler broaden
ing of the absorption coefficient in the core of the 
line. With increasing N f, the value at the line cen
ter approaches the maximum depth Rc, since here only 
radiation from the uppermost layers with the limiting 
temperature To contributes. On the other hand, the line 
is initially not strongly broadened, since the absorption 
coefficient drops off sharply with increasing LlA. . This 
changes only with further increasing N f, when the ef
fective optical depth becomes important in the damping 
wings also. Since now KeH ex Nfyf(iH) 2, the line ac
quires broad "damping wings" and its width for a given 
reduction Re becomes ex PJY. 

By integrating over the line profile, we readily obtain 
the equivalent widths W-. of the lines. We have plotted 

+1 
0 
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~ 
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Continuum 
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Fig. 7.12. Curve of growth (above). The equivalent width w._ , 
referred to a rectangular profile of width equal to twice the 
Doppler broadening L\A.o and height given by the limiting 
depth Rc. is plotted as a function of the effective concentration 
of absorbing atoms. The line profiles (below) show how the 
growth curve is generated 

them in units of 2RcL1A.0 , i.e. relative to a rectangular 
absorption line whose depth corresponds to the maxi
mum intensity reduction and whose width corresponds 
to twice the Doppler width. We thus obtain univer
sal curves of growth (Fig. 7.12, upper part), which are 
important for the evaluation of stellar spectra, giving 
log(WA((2RcL1A.o)) as a function of log N f + const. 

As can be easily understood in the light of our discus
sion ofline profiles, for weak lines (at left in the figure), 
W-. increases proportionally to N f; we are in the lin
ear part of the growth curve. This is followed by the 
flat or Doppler region, in which the equivalent width is 
equal to 2-4 times the Doppler width L1A.0 . For strong 
lines (right), corresponding to the increase in width of 
the profile, W-. ex PJY; we have come to the damping 
or square-root region of the growth curve. Here, in gen
eral, the damping constant y is also of importance. In 
Fig. 7.12, we have used 0.03 for the ratio of damping to 
Doppler width, corresponding to an average value for 
the metal lines in the solar spectrum. For example, the 
strong D lines from Na I and the H and K lines from 
Ca II in the solar spectrum lie in the damping region of 
the growth curve. 



7 .2.6 Quantitative Analysis of Stellar Spectra 

From the measurements of the lines and the continuum, 
we now have to determine the fundamental parameters 
which characterize the stellar atmosphere, i.e. the effec
tive temperature Teff, the acceleration of gravity g, and 
the chemical composition { 8}. 

The complexity of this task suggests a method based 
on stepwise or successive approximations. We first ask: 
which equivalent widths or line profiles for various lines 
would result from a model atmosphere with predeter
mined Teff, g and {8}? We then discuss the question of 
how the observed quantities, especially the w). of par
ticular elements and ionization or excitation states, are 
related to the chosen parameters. Finally, we refine the 
values of these parameters until the best possible agree
ment has been obtained between the calculated and the 
measured spectrum of the star being investigated. 

Coarse Analysis. In the quantitative analysis of stel
lar spectra, one often begins with an initial orientation 
based on a simple approximation method, called the 
coarse analysis, in which calculations are carried out 
for a whole atmosphere using constant average values 
of the temperature T, the electron pressure Pe, the effec
tive layer thickness H (over a large spectral range), etc. 
The universal growth curve calculated with the interpo
lation formula (7.64) can then be immediately applied, 
in order to determine the column density N = nH of ab
sorbing particles in the lower energy level of any given 
atom or ion, by comparison to the measured equivalent 
width W). of the corresponding Fraunhofer line. For this 
purpose, the f value and often the damping constant y 
for the line must be known. 

The Doppler width L1A.0 or L1 vo also enters the 
growth curve (Fig. 7.12); it depends via the thermal 
motion v0 on the temperature. Furthermore, turbulent 
flow fields often contribute the same order of magni
tude as v0 to the Doppler width. The corresponding 
micro turbulent velocity ~ adds quadratically in (7 .29) to 
the thermal velocity, so that 

L1A.o = ~Jv5+~2 
A.o c 

(7.65) 

holds. Since it is currently not possible to derive this 
"microturbulence" from the stellar parameters from first 
principles using a hydrodynamic theory, ~ must be de-

7.2 The Physics of Stellar Atmospheres 

termined in the analysis as an additional parameter along 
with T, Pe, N, . . . This is done using lines from the flat 
portion of the growth curve, which, as we saw, depend 
sensitively on L1A.o. 

By comparison of N for energy levels with vari
ous excitation energies and for various ionization states 
of the same element (e.g. Cal and Call), it is finally 
possible using the formulas of Boltzmann and Saba 
(Sect. 7 .1.2) to calculate the temperature T and the elec
tron pressure Pe. Knowing them, however, we are led 
immediately from the numbers of atoms in particular 
energy levels to the total number of all 8 particles of 
the element considered (independently of the ionization 
and excitation state) and thus to the abundance distri
bution of the elements. When the latter, as well as the 
degree of ionization of the different elements, is known 
with reasonable completeness, the step from the elec
tron pressure Pe to the gas pressure Pg can be taken 
and the acceleration of gravity g can be calculated from 
the hydrostatic equation: the gas pressure Pg is just the 
weight, i.e. the mass times the gravitational accelera
tion g, of all particles above a unit area on the stellar 
surface. 

Fine Analysis. Based on the coarse analysis, one can 
carry out the more precise but much more tedious fine 
analysis of the stellar spectrum: a model of the stellar at
mosphere under investigation as described in Sect. 7 .2.3 
is constructed using the most plausible values of Teff, 
g and the chemical composition { 8}. In this model, using 
the theory of radiation transport and of the continuous 
and line absorption coefficients (including their depth 
dependence), the profiles or equivalent widths w). of ~e 
lines are calculated, taking the microturbulence velocity 
initially as an undetermined parameter (7 .65). The re
sults of the model calculations are then compared with 
spectral measurements for those elements which are 
represented in the spectrum in various states of ioniza
tion and excitation. The hydrogen lines also play an 
important role, since hydrogen is the most abundant 
element in nearly all stars; thus the elemental abun
dance is not relevant for this element. Furthermore, the 
energy distribution or color indices can be taken into 
account. It can be seen from our previous consider
ations which criteria are more strongly dependent on 
Teff, g, ~, or the abundance 8 of a certain element, so the 
initial values of these quantities can now be improved 
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systematically in a series of approximation steps. The 
beginner is usually shocked by the enormous number of 
lines in a spectrum. However, in carrying out an anal
ysis, it is often found that the available observations 
are hardly sufficient to determine all the parameters 
of interest! 

7.2.7 Element Abundances in the Sun 
and in Other Stars 

Having illustrated briefly the methods of a quantitative 
analysis of stellar spectra, we now tum to the results of 
such an analysis: 

The Sun. For the Sun (spectral class G2 V), we have 
incomparably better observational data than for any 
other star; furthermore, Teff and g are known in
dependently. Since the first quantitative analyses by 
C. H. Payne (1925), A. UnsOld (1928) und H. N. Russell 
(1929), the solar elemental abundance distribution has 

Table 7.5. Element abundances log n in the Solar System: the 
Sun (0) after H. Holweger (1985) and carbonaceous chon-
drites of Type C 1 after E. Anders and M. Ebihara (1982). Nor-
malized to hydrogen log n(H) = 12.0, adjustment of the solar 
and meteoritic abundance distributions for log n(Si) = 7.6. 
Determination of the solar abundances from the photosphere 
with the exceptions of He, Ne, and Ar (from the corona 

0 Cl 0 Cl 

I H 12.0 22 Ti 5.1 5.0 
2 He 1/.0 23 v 4. 1 4.1 
3 Li 1.1 3.4 24 Cr 5.8 5.7 
4 Be 1.2 1.5 25 Mn 5.4 5.6 
5 B 2.5 3.0 26 Fe 7.5 7.5 
6 c .6 27 Co 4.9 5.0 
7 8.0 28 ; 6.2 6.3 
8 0 .9 29 Cu 4.2 4.3 

9 F 4.6 4.5 30 Zn 4.6 4.7 
10 e 7.6 31 Ga 2.9 3.2 
II 6.3 6.4 32 Ge 3.5 3.7 
12 Mg 7.5 7.6 33 As 2.4 

13 AI 6.4 6.5 34 Se 3.4 
14 Si 7.6 7.6 35 Br 2.7 
IS p 5.4 5.6 36 Kr (3.3) 
16 s 7.2 7.3 37 Rb 2.6 2.5 
17 Cl 5.3 38 Sr 3.0 3.0 
18 Ar 6.7 39 y 2.2 2.3 
19 K 5. 1 5.2 40 Zr 2.6 2.6 
20 Ca 6.4 6.4 41 b 1.4 1.5 
21 Sc 3. 1 3.1 42 Mo 1.9 2.0 

been derived repeatedly using more precise observa
tions and improved theoretical models. In the case 
of the Sun, we can determine the abundances even 
of rare elements, whose weak lines can be seen only 
in low-noise spectra having high dispersion. In addi
tion to the Fraunhofer spectrum of the photosphere, 
the emission spectra of the solar chromosphere and 
the corona (and of the prominences) from the opti
cal out to the X-ray region (Sect. 7.3.4) permit the 
determination of abundances of many elements, es
pecially of the noble gases He, Ne and Ar. They 
are not seen in the Fraunhofer absorption spectrum 
of the photosphere, due to its relatively low tem
peratures (T :'S 8000 K) and to their term structures 
(states of high excitation energy). To determine abun
dances of the more common elements, measurements 
of the solar wind (Sect. 7.3.7) and of solar cosmic rays 
(Sect. 1 0.4.2) have also been evaluated. The abundances 
obtained by different methods agree with each other 
well (for the elements where several methods can be 
applied). 

or prominences) and Tl (from sunspots). Meteorites: C 1-
chondrites except for Be, B, Br, Rh, I, for which other 
chondrites were used. For Kr, Xe, and Hg, the values were es-
timated from interpolations. Radioactive elements: forTh and 
U, the current abundances are quoted; at the time of the forma-
tion of the Solar System4.5 · 109 yr ago (3.26), the abundances 
were 8log n = 0.2 (Th) or 0.3 (U) higher, respectively 

0 Cl 0 Cl 

44 Ru 1.8 1.9 66 Dy 1.1 1.2 
45 Rh 1.1 1.1 67 Ho 0.3 0.6 
46 Pd 1.7 1.7 68 Er 0.9 1.0 
47 Ag 0.9 1.3 69 Tm 0.3 0. 1 
48 Cd 1.9 1.8 70 Yb 1.1 1.0 
49 In 1.7 0.9 71 Lu 0.8 0.2 
50 Sn 1.9 2.2 72 Hf 0.9 0.8 
51 Sb 1.0 1.1 73 Ta 0.0 
52 Te 2.3 74 w 1.1 0.7 
53 I 1.6 75 Re 0.3 
54 Xe (2.2) 76 Os 1.4 1.5 
55 Cs 1.2 77 lr 1.4 1.4 
56 Ba 2.1 2.2 78 Pt 1.8 1.7 
57 La 1.1 1.3 79 Au 1.1 0.9 
58 Ce 1.6 1.7 80 Hg (1.3) 
59 Pr 0.7 0.8 81 Tl 0.9 0.9 
60 d 1.4 1.5 82 Pb 1.9 2.1 
62 m 0.8 1.0 83 Bi 0.8 
63 Eu 0.5 0.6 90 Th 0.2 0.1 
64 Gd 1.1 1.1 92 u 0.4 
65 Tb 0.2 0.4 



In Table 7.5, the relative abundances n (ordered ac
cording to atomic number) in the Sun are set out; they 
are taken mainly from the analysis of the Fraunhofer 
spectrum. As usual, all abundances are given relative to 
that of hydrogen, H, and are normalized to 

n(H) = 1012 or log n(H) = 12.0 . (7.66) 

For example, from this relation, a ratio n(C)jn(H) = 
4.2 · 10- 4 corresponds to log n(C) = 8.6. The impre
cision of the solar abundance determination is about 
I Lllog n I ~ ± 0.1 for most elements. 

For comparison, in Table 7.5 we also give the abun
dances for the carbonaceous chondrites of type C 1 
(Sect. 3. 7), whose precision is Lllog n :::::: ± 0.05 with 
a few exceptions. The agreement with the values for the 
Sun is quite good. These meteorites thus represent (ex
cept for the very volatile elements) nearly unchanged 
solar matter. The deviations for Li and in part for Be 
and B can be explained by the fact that these light ele
ments are destroyed in the lower hydrogen convection 
zone (Sect. 7 .3.1) by nuclear reactions with protons, and 
their abundances at the solar surface have decreased 
over long periods of time due to the convective mixing 
of the outer layers of the Sun. 

In Table 7.6, we list some selected isotope ratios for 
the material in the Solar System; in most cases, they 
are again obtained with the greatest precision from the 
analysis of meteorite data. 

Stars. Since the pioneering analysis of the BO V star 
r Scoby A. Unsold in 1941/44, precise elemental abun
dance analyses were initially carried out for a number of 
selected bright stars, representing the different spectral 
classes in the Hertzsprung-Russell diagram, on the basis 
of high-resolution spectra with the help of model atmo
spheres. We mention as examples the main-sequence 
stars 10 Lac (09 V), 1 Her (B3 V), ct Lyr (AO V), f3 Vir 

Table7.6. Some isotope ratios in the Solar System 

2oJIH 
3Hef1He 
6LiJ1Li 
IOBJIIB 
1Jc112c 

2.0· 10- 5 

1.4 . 10-4 

8.1. 10- 2 

0.25 
1.1 . 10- 2 

15 JI4N 

170/160 

1s01160 
25MgJ24Mg 
26MgJ24Mg 

3.7. 10- 3 

3.8. 10-4 

2.0·10- 3 

0.13 
0.14 
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(F8 V), the giants and supergiants ~Per (B 1 lb ), a Cyg 
(A2 Ia), c Vir (G8 III), {3 Gem (KO III), ct Boo (K2 III), 
the white dwarf van Maanen 2 (DZ) and the "metal de
ficient" stars HD 140283 (GO V), HD 122563 (KO III) 
and HD 161817 (::::::A2). 

The precision with which the abundance of an 
element in stars of different temperatures can be de
termined is naturally variable. For one thing, it depends 
on the quality of the spectrum (signal-noise ratio); for 
another, on the number of lines from the element seen 
in the spectrum and in which region of the growth curve 
they lie. Furthermore, it must be remembered that the 
abundances can only be determined together with Teff 

and g; for medium spectral classes, for example, a value 
for Teff chosen too low would lead to abundances of 
metallic elements which are too small! In general it 
can be said that, relative to hydrogen, helium and the 
lighter elements are more precisely determined in the 
hot stars, owing to their high ionization energies, while 
the more readily ionized metallic elements can be more 
precisely determined in cooler stars. The uncertainty 
of a careful abundance determination is at present of 
the order of Lllog n = ± 0.2. In recent times, a num
ber of metal abundances have been obtained even in hot 
stars by using lines in the far ultraviolet observed from 
satellites. 

The quantitative analysis of stars is expediently per
formed relative to comparison stars whose temperature 
and gravitational acceleration are not too different, thus 
avoiding many difficulties; for example the uncertainty 
in the f values and damping constants is avoided. Rel
ative accuracies of Lllog n :::::: ± 0.1 for the element 
abundances can be obtained in this way. 

For stars ( * ), the abundances are often referred to 
the solar or normal (8) abundances. We denote the 
abundance of an element E 1 by 

(n(El)/n(H)) 
c(El) = * 

(n(El)/n(H)) 0 
(7.67) 

or in logarithmic form by 

[El/H] = log c(El) . (7.68) 

In stellar spectroscopy, it is usual to denote all el
ements heavier than carbon, i.e. with atomic numbers 
Z 2: 6, without reference to their chemical properties, 

I 
217 



III 
218 

7. The Spectra and Atmospheres of Stars 

as "metals". The mean abundance of the metals M is 
given as [MIH] =log t:(M). 

Abundance Distributions. The abundance distribution 
{ t:} of the elements is clearly related to the history of 
their formation and to their transmutation by nuclear 
processes in the course of stellar evolution. Without 
anticipating later discussions (Chap. 8, Chap. 12), we 
summarize the most important results of the quantitative 
analysis of the spectra of the Sun and stars, limiting 
ourselves to the Milky Way galaxy: 

The chemical composition of the normal stars of 
the spiral arm Population I and the disk population 
of the Milky Way; (Sect. 11.2.6) is nearly constant; in 
particular, it agrees with that of solar matter. For his
torical reasons, this mixture of elements is also termed 
"cosmic" matter. We denote those stars by definition 
as "normal" which can be uniquely positioned in the 
MK classification. The feasibility of a two-dimensional 
classification in fact presumes that no further parame
ters besides Teff and g are necessary, i.e. that these stars 
all have the same chemical compositions. 

The interstellar matter in which young, hot stars such 
as r Sco (BO V) are continually being formed has nearly 
the same composition as these stars (Sects. 10.2.1, 3.1). 
Many (but, as we shall see, by no means all) stars which 
are in advanced stages of development, such as the 
red giant t: Vir (G8lll), have atmospheres or shells of 
unmodified normal matter. 

The oldest stars, such as the high-velocity stars 
(e.g. the horizontal-branch-A star HD 161817 or the 
G-subdwarfHD 140283) and members of globular clus
ters, which belong to the socalled stellar Population II 
of the galactic halo (Sect. 11.2.6), are characterized by 
an underabundance of all heavier elements ("metals") 
relative to hydrogen. We find reduction factors for the 
metals in the whole range just under 1 to 1/200 000, 
or mean metal abundances [M/H] = log t:(M) of ~0 to 
- 5.3; however, stars with extreme metal deficiencies 
are very rare. Conversely, there are also "metal-rich" 
stars, e.g. {3 Vir, to be sure with only moderate metal 
enrichment, [M/H] :S + 0.4. 

The relative abundance distribution of the metals 
among themselves in the metal-deficient stars (except 
for some of the most extreme cases) is very similar to 
that in the Sun and in the Population I stars. Signif
icant departures from this rule, which clearly exceed 

a factor of 2 or 3, are found for only a few elements, 
e.g. for C, N, 0, and Al, as well as for the elements be
yond the iron group which are most difficult to assess 
spectroscopically, such as Ba und Y. 

The abundance distribution in a stellar atmosphere 
is determined in part by the composition of the inter
stellar matter at the time when the star was formed 
in it. Not yet mature (main-sequence) stars, both from 
the young and from the old stellar populations, still 
exhibit these original chemical compositions in their 
spectra, except for a few special cases. From the ob
served deficiency of the metals in the oldest stars, we 
can conclude that an enrichment in the heavy elements 
( > He) has occurred in the interstellar medium in the 
Milky Way since its formation (Sects. 8.2.4 and 12.5.4). 
Furthermore, the chemical composition of a stellar at
mosphere can also change in the course of the star's 
evolution, e.g. when products of the nuclear processes 
which take place in its interior (Sect. 8.1.3) reach the 
surface through convection or flow processes, possi
bly aided by mass loss (stellar winds). The first clear 
evidence for nuclear processes was obtained with the 
discovery in 1952 of technetium lines in the spectra of 
some cool giant stars by P. W. Merrill. The most long
lived isotope of this element e8Tc) has a half-life of 
only 4 · 106 yr, which is much shorter than the time re
quired for evolution of these stars. As we shall see in 
Sect. 8.2.5, abundance anomalies of He, C, N, 0 and 
heavy elements such as Y, Ba, and La are also indi
cators for nuclear processes during stellar evolution, 
accompanied by transport processes to the surface. 

Not all abundance anomalies in stellar atmo
spheres originate, however, with nuclear processes. 
In particularly stable, fixed or unmixed stellar layers, 
a sedimentation of the elements can occur, the heav
ier elements diffusing out of the observable atmosphere 
into the layers below. Here, radiation pressure can op
pose the sinking of certain atoms or ions as a sort of 
selective buoyancy when they have "favorable" absorp
tion properties. Thus, the anomalies in the spectra of the 
Ap or Bp stars and of the metallic-line stars (Sect. 7.4.2) 
can be explained by this kind of diffusion processes. 
The extreme metal deficiencies in the atmospheres of 
the white dwaif stars, which nearly all show either only 
hydrogen lines or only helium lines, have also been ex
plained by diffusion of the heavier elements into the 
layers lying below the atmosphere. 
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7.3 The Sun: Its Chromosphere 
and Corona. Flow Fields, 
Magnetic Fields and Activity 

We begin in Sect. 7 .3.1 with the flow fields in the 
photosphere, the granulation, which we treat together 
with its "driving force", the hydrogen convection zone 
lying beneath the photosphere. The existence of the ex
tremely hot outer layers of the solar atmosphere, the 
chromosphere and the corona, as well as solar activity 
phenomena, also have their origins in the convection 
zone and are furthermore strongly influenced by mag
netic fields. Therefore, in Sect. 7.3.2 we first collect 
the most important relations of magneto hydrodynamics 
and cosmic magnetic fields, before turning to sunspots 
and the activity cycle together with photospheric mag
netic fields in Sect. 7.3.3. Section 7.3.4 is devoted to 
the chromosphere and the corona. Further phenomena 
of solar activity are the prominences (Sect. 7.3.5) and 
powerful eruptions, the flares (Sect. 7.3.6). In Sect. 7.3.7 
we describe the plasma which streams out from the 
Sun into interplanetary space: the solar wind. Finally, 
in Sect. 7.3.8, we introduce the oscillations of the 
Sun. Their effects, which can be observed on the so
lar surface, are the basis of the young discipline of 
"helioseismology". 

7.3.1 Granulation and Convection 

If one studies the solar surface carefully, it appears (in 
white light) to have a grainy structure. This granulation 
consists of brighter "granula", whose temperature is 100 
to 200 K higher than that of the darker areas in between 
(Fig. 7.13). The granulation pattern changes constantly; 
photographs taken in series show that the cells have 
a mean lifetime of about 8 min before they divide or 
dissolve. The diameters of the granulation cells range 
from the largest of about 3500 km down to the tele
scopic resolution limit of about 100 km. In photospheric 
spectra with good spatial and time resolution, one can 
distinguish vertical motions of the individual cells with 
velocities of about 0.5 km s- 1 from the Doppler shift 
(2.3) of the Fraunhofer lines. Since the entrance slit 
of the spectrograph admits light from many granula
tion elements, the absorption lines have a sawtooth-like 
structure (Fig. 6.1). 

In addition to the granulation, there is a second net
work of cells on a larger scale, whose meshes have 
diameters from 15 000 to 40 000 km. The flow in this 
supergranulation rises in the center of the cells, with 
radial velocities of about 0.4 km s-1, and sinks at the 
edges, with velocties of ;S 0.2 km s-1. The mean life
time of the cells (roughly equal to their turnover times) 
is about 36 h. The supergranulation also reaches into the 
chromosphere, the layer of the solar atmosphere which 
lies above the photosphere, and is particularly visible in 
Call spectroheliograms (Sect. 7.3.4). 

The flow fields of the granulation and supergranula
tion are closely related to the magnetic fields on the Sun. 
We shall come back to this point in connection with the 
phenomenon of solar activity in Sect. 7.3.3. 

First, however, we ask the question: What "ther
modynamic machine" produces the mechanical energy 
which is necessary to maintain these flows, accompa
nied (as required by the 2nd Law of thermodynamics) 

Fig. 7.13. Granulation and a sunspot. In the neighborhood of 
the spot, there are several dark "pores" with diameters of 
a few seconds of arc. The photograph was made with the 
30 em. stratosphere telescope of M. Schwarzschild ( 1959) at 
an altitude of 24 km. The exposure time was 0.0015 s, the 
spectral range of sensitivity (547 ± 37) nm 
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by a flow of heat energy from a higher to a lower 
temperature region? This task is performed by the hy
drogen convection zone (A. UnsOld, 1931): from the 
deeper layers of the photosphere, i.e. from an optical 
depth ro c:: 2 (referred to ). = 500 nm) at a gas pressure 
of Pg c:: 1.5 ·104 Pa and a temperature ofT c:: 7000 K 
downwards to about Pg c:: 1013 Pa and T c:: 2 · 106 K, the 
Sun's atmosphere is convectively unstable. The thick
ness of this layer of about 200 000 km corresponds to 
0.29 solar radii. Above the layer, hydrogen (the most 
abundant element) is practically neutral, while within 
the layer, it is partially ionized, and below the layer, 
its ionization is complete. Now the following happens: 
when a volume element containing partially ionized gas 
rises, the hydrogen ions begin to recombine. In each re
combination process, 13.6 eV (this corresponds to 16 kT 
at a temperature of 10 000 K) is added to the thermal 
energy (3kT/2 per particle). In this way, the adiabatic 
cooling of the gas is reduced to such an extent that the 
effective ratio of the specific heats, cp/cv, approaches 
one and the rising gas volume becomes warmer than its 
new surroundings, which are in radiation equilibrium. 
The volume element thus continues to rise. A sinking 
volume element experiences precisely the reverse pro
cess. This effect is amplified still further by the opposite 
influence of ionization on the radiation temperature gra
dient, and we obtain a zone with convective flow. In this 
zone, convection is responsible for practically the whole 
energy transport; radiation energy transport becomes 
unimportant in the deeper layers of the convection zone. 

While the thermodynamics of the hydrogen convec
tion zone are relatively simple and straightforward, its 
hydrodynamics are among the most difficult problems 
in the theory of flow phenomena. Usually, models can 
be calculated only with the rather rough mixing-length 
approach following W. Schmidt and L. Prandtl: a gas 
volume of dimension l moves along a sort of mean 
free path of the same order of magnitude, l, and then 
its excess temperature, its momentum etc. are suddenly 
given up to its surroundings by mixing. This is clearly 
a very rough schematic description of the complicated 
convective flow process. Detailed calculations for the 
convection zone are still in the early stages. 

The granulation can now be attributed to the particu
larly strong instability of a surface layer of the hydrogen 
convection zone which is only a few hundred km thick. 
The granula are of the order of the thickness of this zone, 

but also not much larger than the equivalent height of 
the atmosphere at that point. The coarser network of su
pergranulation consists of cells whose diameters are up 
to about 40 000 km. It thus appears tempting to asso
ciate it with a flow which includes a considerable part 
of the depth of the whole convection zone. 

In the solar spectrum, the flows which we have 
discussed so far, with velocities of 0.2 to 3 kms-1, 

contribute to the fact that the Fraunhofer lines take on 
a sawtooth shape due to the Doppler effect and are on 
the average broadened. As long as the flowing volume 
elements are optically thin, their Doppler effects sim
ply superpose on those due to the thermal motion: one 
thus obtains the socalled microturbulence, which in
creases the purely thermal L1Ao by factors of the order 
of magnitude of 1.2 to 2 (7.65). 

7 .3.2 Magnetic Fields 
and Magnetohydrodynamics 

Since the structure of the outer layers and the activity 
phenomena of the Sun, as well as many other astro
physical phenomena, are affected in an essential way 
by magnetic fields, it seems useful at this point to sum
marize some quantities related to magnetic fields and 
some important results of magnetohydrodynamics. 

Magnetic Fields. We describe a magnetic field by the 
paths of the field lines of the magnetic flux density ("field 
strength") B, whose magnitude B is quoted in [Tesla] 
( 1 T = 104 Gauss). The magnetic flux through an area A 
is given by 

4> = f Bn dA, (7.69) 

A 

where Bn is the field component parallel to the sur
face normal. The unit of magnetic flux is 1 T m2 

(= 108 Gcm2). 

The energy density ofthe magnetic field, (4.4), is 

B2 
WB =- (7.70) 

2t-to 
with the magnetic field constant t-to = 4:rr · 
10-7v sA - 1m-1; in the Gaussian system, it is B2 /(8:rr). 
The magnetic pressure depends upon the details of the 
field configuration; it is of the same order of magnitude 
as the energy density, i.e. P8 c:: B2 /(2t-t0). 
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The Zeeman Effect. By observing the splitting or 
broadening and the polarization of spectral lines by 
magnetic fields, one can determine the field strength 
spectroscopically. In a homogeneous magnetic field 
which is not too strong, with a flux density of 
B::::; 10 Tesla, each energy level, described by the quan
tum numbers L, Sand J (Russell-Saunders coupling, 
Sect. 7.1.1), splits proportionally to B into (21 + 1) 
equidistant energy substates, which are character
ized by their magnetic quantum numbers M 1 with 
-J::::; M1 ::::; +1 (Fig. 7.1). The energy shifts are given 
by 

(7.71) 

where gLSJ is the Lande factor or g factor, which de
pends on L, S and J, and WL = 27r 1JL = eBj(2me) 
is the Larmor frequency. With the selection rules 
L1M1 = 0, ±1, we find from the splitting of the lower 
and upper level of a line transition a set of frequency 
components which are shifted from their "zero-field" 
position vo or A.o by 

(7.72) 

The factor g is composed of the Lande factors of the 
lower and upper levels. While the frequeny shift is 
independent of A.o, L1A.s increases oc A.~. 

In the simplest case that both the upper and the lower 
term are singlet states (S = 0), we find g = 1 and obtain 
the classical Lorentz triplet with three components at 
wavelengths A.o and A.o ± L1A.s. Here, the shifted compo
nents are circularly polarized in opposite senses, while 
the unshifted component is linearly polarized. 

Numerically, we find for the frequency or wavelength 
shifts 

L1va [Hz]= 1.40 ·1010 g · B [T]; (7.73) 

L1A.s [nm] = 4.67 · 10-8 g(A.o [nm])2 · B [T] . 

For a magnetic field of 0.1 T (1 kGauss), which is typi
cal of a larger sunspot (Sect. 7.3.3), at a wavelength of 
A.o = 500 nm the shift of a line component with g = I 
is around 1 pm ( = w-3 nm). It is thus only of the same 
order of magnitude as the linewidth e.g. of an Fe line in 

the solar spectrum, whose Doppler width L1A.0 at a tem
perature of 5700 K is around 2 pm, according to (7 .29). 
If the magnetic field is weaker than 0.1 T, a line broad
ening can still be observed. Furthermore, much smaller 
shifts can be detected if one makes use of the different 
polarization of the components, e.g. with polarization 
optics which measures alternately the right-hand and the 
left-hand circularly polarized outer line components. 

Magnetohydrodynamics. We now tum to the theory 
of the flow of conducting matter together with mag
netic fields, i.e. to magnetohydrodynamics (MHD); it 
will provide us with the basic physics needed to un
derstand the phenomena of solar activity and many 
other astrophysical processes. We must of course leave 
the complex mathematical apparatus by the wayside. 
Initially, however, an intuitive understanding of the 
physical fundamentals should be more important, in 
any case. 

From the basic work of H. Alfven, T. G. Cowling, 
and others, we take the following ideas: 

Practically all cosmic plasmas have a very high elec
trical conductivity a (the reciprocal of the electrical 
resistivity). For fully ionized hydrogen gas, we find: 

(7.74) 

(T =temperature inK); e.g. at corona temperatures of 
106 K, a is about 106 n-1m-1 = 106 y-l Am-1, thus 
only an order of magnitude less than for pure metallic 
copper (6 · 107 n-1 m-1 ). For a conductor at rest, the 
current density j (current per cross-sectional area) de
pends on the electric field strength E through Ohm's 
Law: 

j = aE. (7.75) 

If in addition a magnetic field of flux density B is present 
in the conducting medium, a change in its strength will 
induce currents (according to the law of induction); on 
the other hand, the induced current density j again pro
duces a magnetic field (Ampere's law). The relations 
between the electric and magnetic vortex fields and B 
or j are contained in Maxwell's equations. Here, we 
shall content ourselves with an estimate of the order 
of magnitude, by replacing the curl operator simply by 
the change over the characteristic dimension x of the 
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volume of conducting plasma considered: 

aB 
curiE=-- , at 

E B 
- "'-
x r 

B . 
curl B = /Loj , - ~ /Lol ~ fLoaE. (7.76) 

X 

Here, r refers to a characteristic time scale and fLo is 
the magnetic field constant (permeability of vacuum). 
In the equation for curl B, we have neglected the dis
placement current, an approximation which is justified 
for the relatively slow flow processes in the Sun. 

According to (7.76), on the one hand the time
dependent change of the field, a B I at ~ B I r ' produces 
an electric field and a current density, E ~ j I a ~ x B I r . 
(The induced voltage U = Ex is equal to the change 
of the magnetic flux C/J ~ Bx2 /r). On the other hand, 
the magnetic field produced by j has a field strength 
H = B/ fLo~ jx (Ampere-turns perm!). If we eliminate 
B 1 j from both equations, we obtain the characteristic 
decay time 

r ~ fLoax2 • (7. 77) 

The dependence r ex x 2 demonstrates that the propaga
tion and decay of a magnetic field in a conductor at rest 
has the character of a diffusion process. 

If we now permit motions of the conducting medium 
with velocity v, there will bean additional term in Ohm's 
law (7.75) due to the Lorentz force, so that in the moving 
system we have 

j = a(E + v x B) , (7.78) 

and the equations of hydrodynamics have to be solved 
together with the Maxwell equations. The result will 
depend upon whether the magnetic field B can move 
more quickly by diffusion, independently of the motions 
of the matter, or is "frozen into the matter". 

Magnetohydrodynamic waves or disturbances in 
a medium of density Q propagate with the Alfven 
velocity: 

B 
VA=--· 

~ 
(7.79) 

When the associated propagation time x/vA is shorter 
than the diffusion time (7. 77), i.e. when Alfven 's 
condition: 

§_ V Q aBx > 1 (7.80) 

is fulfilled (and this is frequently the case in cosmic plas
mas) the magnetic field remains frozen into the plasma 
matter. The matter can then move essentially only par
allel to the magnetic lines of force, like glass beads on 
a string. Since the magnetic pressure is of the order of 
B2 /(2/Lo), the dynamic pressure QV2 /2 will frequently 
be of the same order (in magnetohydrodynamic flows 
which are not too peculiar). 

7.3.3 Sunspots and the Activity Cycle. 
Magnetic Flux Tubes 

The sunspots, discovered already by Galileo and his 
contemporaries, appear for the most part in two zones 
having the same heliographic north and south latitudes. 
A typical sunspot has roughly the following structure 
and dimensions: 

Diameter Area in millionths 
of the 0 hemi,phere 

Umbra (dark center) I 8 000 km 80 

Penumbra ( omewhat brighter rim) 37 000 km 350 

The reduced brightness in the spots is due to a reduced 
temperature. In the largest spots, the effective tempera
ture decreases from 5780 K for the normal solar surface 
to 3700 K. As a result, the spectrum of a large sunspot is 
on the whole similar to that of a K star; we have already 
anticipated the explanation based on Saba's theory of 
ionization in Sect. 7 .1.2. 

The outer regions of a sunspot, the penumbra, show 
bright and dark, radially directed filaments (Fig. 7.13 ), 
which at a very high spatial resolution appear as a series 
of bright elements (granules) strung together on a darker 
background. Observations of the Doppler effect in the 
spectral lines near the edge of the solar disk show that 
the matter in the dark zones is moving radially outwards 
at about 6 km s -l, i.e. parallel to the solar surface, while 
the brighter granules are moving more slowly inwards. 

Sunspots usually occur on the solar surface in groups. 
A sunspot group (Fig. 7.13) is surrounded by brighter 
faculae ("torches"). Furthermore, there are socalled po
lar faculae, independent of sunspots. The brightness of 
the faculae is a few percent above that of the normal sur
face only at the perimeter of the Sun. Applying (7.49), 
we conclude that in the faculae, only the layers near
est the surface (about r s 0.2) are overheated by a few 
hundred degrees. 
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Using the sunspots and, at higher heliographic lat
itudes, the faculae, the rotation of the Sun can be 
observed. Heliographic latitude is measured from the 
equator. It is found that the Sun does not rotate as a rigid 
body, but rather that higher latitudes rotate more slowly 
than the equator: 

Heliographic latitude: oo 20° 40° 10• 
Mean sidereal rotation: 14.5° 14.2° 13.5° :;,: l2°d-l 
Sidereal period: 24.8 25.4 26.7 ~ 31 d 

Spectroscopic measurements of the Doppler effect at 
the Sun's perimeter (equatorial velocity about 2 km s-1) 

confirm this picture. The synodic period (as seen from 
the Earth) is correspondingly longer; for the sunspot 
zones, a (rounded) value of 27 d is obtained; it deter
mines the quasiperiodic behavior of many geophysical 
phenomena. Another method of determining the rota
tion of the Sun, in particular in the invisible deeper 
layers down into the hydrogen convection zone, is 
provided by "helioseismology" (Sect. 7.3.8), through 
observation of the solar oscillations. 

Activity Cycle. As was first shown by the pharma
cist H. Schwabe about 1834, the abundance of sunspots 
varies with an average period of 11 years. All other phe
nomena of solar activity, to which we shall return later, 
follow this sunspot cycle; one therefore refers to the 11-
year solar activity cycle. As a measure for the activity 
cycle, we use the 

Relative number (of sunspots) R 

= k · (10 x Number of visible sunspot groups 

+Total number of spots) (7.81) 

which was introduced by R. Wolf in Zurich. Here, k is 
a constant which depends on the size of the telescope 
used. Another measure, in use at the Greenwich Ob
servatory after R. Carrington, is the photographically 
determined area of the umbrae, the overall spots, and the 
faculae, either directly in projection (in units of 1 mil
lionth of a solar disk) or corrected for foreshortening (in 
units of I millionth of a solar hemisphere). 

The cycles of activity are numbered consecutively: 
The arbitrary fixed 1. cycle lasted from 1755 until1766; 
the 23. cycle began in 1996 (with maximum 2000). 
There are occasionally longer "inactive" periods, most 

recently between 1645 and 1715, when only a few 
sunspots occurred (Maunder minimum). 

Evolution of Sunspots. In each cycle, the area where 
new sunspots appear moves from high latitudes (±30 
to 40°) at the maximum to low latitudes (±5°) at the 
minimum (Fig. 7.14). New spots or sunspot groups ap
pear preferentially again and again in the same regions, 
called the activity centers. 

The evolution in time of a (larger) sunspot group ex
hibits the following characteristic pattern: at first, two 
main sunspots form, each surrounded by several smaller 
spots. Their axis lies practically parallel to the equator. 
Gradually, the smaller spots disappear, and a "double 
spot" (bipolar group, see below) remains. The spot 
which trails behind with respect to the Sun's rotation 
becomes smaller and finally vanishes, while the leading 
sunspot remains visible for a long time. 

Magnetic Fields. Structures like the radial filaments 
of the penumbra, and also the vortex-shaped flow 
fields which are observed on Hex spectroheliograms 
(Sect. 7.3.4) in the neighborhood of sunspots, the fil
amentary composition of the prominences (Fig. 7.20), 
and the polar bundles and rays of the corona at minimum 
(Fig. 7 .18), all suggested some time ago that in solar 
physics, hydrodynamics alone is insufficient; rather, in 
addition, magnetic fields must play an important role. 
Thus G. E. Hale in 1908 searched for the Zeeman ef
fect (7.73) and discovered magnetic fields which attain 
roughly 0.4 T in the largest sunspots. It could also be 
shown that the two spots (or halves) of a bipolar sunspot 
group always represent a north and a south pole, like 
the poles of a horseshoe magnet. Long series of ob
servations have since revealed that the leading sunspot 
(relative to the Sun's rotation) in such a group always 
has the opposite sign in the northern or in the south
ern hemisphere, and that this sign alternates from cycle 
to cycle, so that the true period of a sunspot cycle is 
2 · 11 years (Hale cycle). 

The magnetic fields are a more sensitive indica
tor of disturbances in the activity centers than are the 
visible sunspots themselves, since they are frequently 
observable before the appearance of a spot or after its 
disappearance. Within the umbra of a sunspot, the mag
netic field lines are perpendicular to the Sun's surface, 
i.e. they form a flux tube. The magnetic flux (7.69), 
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Fig. 7.14. A butterfly dia
gram (Sporer's law) showing 
the movement of sunspot 
zones in an activity cycle, 
from observations made 
at the Mt. Wilson Obser
vatory. Each vertical dash 
represents a sunspot group, 
which is observed at the 
corresponding heliographic 
latitude within a synodic 
rotational period of about 
27 d. R. Howard (1977) . 
(Reproduced with the kind 
permission of D. Reidel Pub
lishing Company, Dordrecht, 
Holland) 
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the integral of the magnetic flux density over the area 
through which field lines pass, lies in a range between 
about 5 · 1012 to 3 · 1014 T m2 . The energy density of 
the magnetic field, which gives also the lateral mag
netic pressure of the flux tubes, is B2 /2J.to (7.70). For 
B = 0.1 T (1 kG) as a typical value for a larger spot, 
we obtain a pressure of about 104 Pa, which is compa
rable with the pressure of the surrounding photosphere 
(cf. Table 7.4). In order to maintain pressure equilib
rium between the sunspot and the photosphere, the gas 
pressure within the spot must be lower than in the gas 
surrounding the spot. In the upper regions of the solar 
atmosphere, the magnetic field lines fan out as a result 
of the rapidly decreasing gas pressure. 

An explanation of the lower temperature in the spots 
using purely thermodynamic approaches has remained 
unsuccessful; we must assume that in the deeper regions 
of the sunspots, the convective energy flow (Sect. 7 .3.1) 
is strongly impeded. Clearly, this energy flow is not 
simply deflected to reach the surface at another point 
as an area of higher temperature. Instead, it is stored 
for long periods of time (ca. 105 yr) below the pho
tosphere in the convection zone. This idea has been 

suggested by recent precise measurements of the so
lar luminosity (Sect. 6.1.3 ), which is found to vary by 
0.1 to 0.3%. The variation corresponds precisely to the 
dark areas of the sunspots present at the time of the 
measurement. 

In 1952, H. W. and H. D. Babcock, using a consider
ably more sensitive apparatus, succeeded in recording 
Zeeman effects on the Sun corresponding to 1 to 
2 · 10- 4 T (with a moderate spatial resolution of sev
eral seconds of arc); the spectral line splitting is only 
a small fraction of the linewidth. Among other things, it 
was found that a weak, spatially extended magnetic field 
of the order of a few 10-4 T exists at high heliographic 
latitudes (above 55°), having a total flux of3 · 1014 T m2, 

and its polarity reverses with the 11-year period. In this 
polarity-reversal process, both hemispheres may exhibit 
the same polarity for up to several months. The field is 
composed of a number of magnetic regions, which are 
the remains of the fields in the activity centers and which 
drift towards the poles. 

Within the experimental precision of about 10-4 T, 
the Sun has no general magnetic field. Instead, it has 
become clear since the 1970's as a result of spatially 
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highly-resolved observations that the magnetic fields 
are concentrated in thin flux tubes at the limit of resolu
tion (diameter :S 300 km), each having a magnetic flux 
of about 3 · 109 T m2 and a flux density of 0.1 to 0.2 T. 
They thus attain nearly the field strength found in large 
sunspots. These flux tubes, which are embedded in the 
photosphere and are directed perpendicular to the solar 
surface, are spread over the entire Sun, but are more nu
merous at the rims of flow cells of the supergranulation 
(Sect. 7.3.1), and naturally also in the activity centers. 
All together, they take up about 1% of the Sun's surface 
area. The regions between the flux tubes are probably 
free of magnetic fields. Above the photosphere, the flux 
tubes broaden out and merge to some extent. 

Magnetohydrodynamics gives us the physical fun
damentals for understanding the sunspots and the solar 
activity cycle: 

As early as 1946, T. G. Cowling pointed out that the 
magnetic field of a sunspot would decay in a solar atmo
sphere at rest only over a time of the order of 1000 years 
by "diffusion", owing to the very high electrical con
ductivity a of the plasma (7.77). In fact, however, 
sunspots have lifetimes of only several days up to a few 
months. Only in 1969 was it noted by M. Steenbeck and 
F. Krause that the turbulence in the hydrogen convec
tion zone contributes strongly to vortex formation in the 
magnetic fields and in the electrical current and matter 
velocity fields which are associated with them; in the 
solar atmosphere, this produces a reduction of the ef
fective electrical conductivity by a factor of 104, so that 
now (7.77) yields the right order of magnitude for the 
lifetimes of the sunspots. 

The formation of a bipolar sunspot group (others can 
be traced back to this case) was proposed by V. Bjerknes 
(1926) to proceed as follows: in the Sun, there are always 
toroidal "tubes" of magnetic field lines (i.e. parallel 
to the lines of latitude). Since in these tubes the pres
sure is partly of magnetic origin, the gas pressure and 
the density are lower than in the surrounding medium. 
The tubes are therefore pushed up towards the surface 
("magnetic buoyancy") and are "cut open" there. The 
two open ends of such a field tube form a bipolar sunspot 
group. 

The Solar Dynamo. As is shown by Sporer's law of 
sunspot zone motion (Fig. 7.14), and Hale's law for the 
magnetic polarity of the sunspot groups, the entire ac-

tivity cycle is based upon a reversal of the overall flow 
and magnetic fields in the interior of the Sun (mainly 
in the lower portion of the hydrogen convection zone) 
with a period of 2 · 11 years, and their stability (on 
the average) in the intervening time. The theory of 
this solar dynamo, whose driving force is the hydro
gen convection zone together with the Sun's rotation, 
has become clearer piece by piece, beginning with the 
work of H. W. Babcock, R. B. Leighton, M. Steenbeck 
and F. Krause in the 1960's. The toroidal magnetic field 
must, in the appropriate phase of the cycle, give rise 
to a meridional magnetic field, and vice versa. This is 
made possible by the turbulence; it generates a current 
parallel to the field lines (in a manner which we can
not explain in detail here), giving rise to a meridional 
field component, i.e. perpendicular to the original field 
lines. For our dynamo, not only is induction due to the 
differential rotation of the Sun essential, but also that 
due to the statistically distributed turbulent flow. The 
dynamo theory must finally take into account the ob
servation that the magnetic flux of the photosphere is 
almost completely concentrated into thin flux tubes at 
the rims of the supergranulation convection cells. The 
extremely complex calculation resulting from these as
sumptions appears to be able, in principle, to reproduce 
the phenomena of solar activity in terms of their order 
of magnitude. 

7.3.4 The Chromosphere and the Corona 

During total solar eclipses, the radiation from the Sun's 
disk (the photosphere) is blocked by the Moon, so that 
the outer layers of the solar atmosphere, which emit 
much less light in the optical region of the spectrum, 
become visible. They are called the chromosphere and, 
further out and extending far out into space, the corona. 

A view of the higher layers of the solar atmosphere is 
also permitted by observations of the light of its spectral 
lines. As we saw in (7.49), this light arises at the optical 
depth for continuous plus line absorption: 

t 

xe = J (K + Ke)dt' ::::::: cos() (7.82) 

-00 

(7.54). Thus, layers whose optical depth in the contin
uum is only r ::::::: w-3 and less, and which therefore 
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do not appear at all in ordinary photographs, can be 
observed separately. 

Instruments. We first introduce some types of instru
ments which are used in particular for the observation 
of the outer layers of the Sun: 

The spectroheliograph (G. E. Hale and H. Desland
res, 1891), a large grating monochromator with which 
the image of the Sun in a precisely defined wave
length range of ::; 0.01 nm within a Fraunhofer line 
can be photographed bit by bit. The most interest
ing images are obtained using the intense K line 
of Call (A.= 393.3 nm) or the hydrogen line Ha 
(A.= 656.3 nm). These calcium or hydrogen spectro
heliograms, which originate in rather high layers of the 
solar atmosphere (chromosphere), are one of the most 
important tools for the investigation of solar activity. 

TheLyotpolarizationfilter(B. Lyot, 1933/38), which 
permits photography of the entire solar image in one 
short exposure, e.g. using the red Ha line of hy
drogen, with a wavelength bandwidth (which is to 
some extent adjustable) of only about 0.05 to 0.2 nm. 
The "Ha filtergrams" thus attain a somewhat better 
image definition than the corresponding spectroheli
ograms. Lyot also constructed similar filters for the lines 
of the corona. 

The observation of the highest atmospheric layers 
at the rim of the Sun is made difficult by scattered 
light which comes to some extent from impurities in the 
Earth's atmosphere and in the optics, but in large part is 
due to diffraction of the light at the entrance slit of the 
instrument. Instrumental light scattering is avoided for 

Fig. 7.15. A coronagraph as designed by B. Lyot (about 1930). 
The objective A, a simple plane-convex lens made of partic
ularly homogeneous glass, projects an image of the Sun onto 
a circular plate at B; the plate extends 10" to 20" beyond the 
rim of the Sun's image and blocks the light corning from the 

the most part by the Lyot coronagraph, whose principle 
is illustrated in Fig. 7.15. 

Furthermore, total solar eclipses still provide an in
dispensable tool for research related to the outermost 
layers of the Sun. 

In recent years, observations made from satellites and 
from space vehicles have become increasingly impor
tant for the investigation of the outer solar atmosphere. 
Here, scattered light from the Earth's atmosphere is 
avoided, and also the ultraviolet and X-ray spectral 
regions are accessible, which would otherwise be ab
sorbed by the air. In these wavelength regions, and in 
the radiofrequency region, the radiation from the chro
mosphere and the corona predominates completely over 
that from the photosphere. 

We mention the manned Skylab mission (1973174), 
the satellite observations by OS0-8 (launched in 1975) 
and the Solar Maximum mission (1980). Since 1996, 
SOHO (Solar and Heliospheric Observatory) has ob
served the Sun and the solar wind over several years 
with a variety of instruments from the inner Lagrange 
point L 1 (Fig. 6.15) at a distance of about 1.5 · 106 km 
from the Earth, where the gravitational attraction and 
centrifugal force in the Earth-Sun system compensate 
each other. SOHO was "lost" for several months in 1998 
as a result of control errors at the ground station, but was 
later found and put back into operation. The 30 em tele
scope of the TRACE satellite (Transition Region And 
Coronal Explorer), launched in 1998, yields images of 
the transition region and the corona which are highly 
resolved in space and time, and is particularly dedi
cated to the exploration of the fine structure of the solar 

solar disk. The field lens C forms an image of the objective 
aperture at D; here, a ring-shaped collimator removes the light 
diffracted from the edge of A. The objective E finally forms 
an image of the corona, prominences, etc. on the detector or 
the entrance slit of a spectrograph 
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magnetic fields. The observations are carried out in part 
simultaneously with those of SOHO. 

The Chromosphere. If we observe the perimeter of 
the Sun, at first in the optical continuum, its bright
ness decreases rapidly on going outwards, as soon as 
the optical thickness along the direction of observation 
becomes < 1. The corresponding optical thickness for 
a strong Fraunhofer line however remains 2: 1 for hun
dreds or thousands of kilometers further outwards. This 
means that the Fraunhofer spectrum with its absorp
tion lines becomes an emission spectrum in the highest 
layers of the solar atmosphere, the chromosphere. This 
was first noticed by J. Janssen and N. Lockyer during 
the total solar eclipse of 1868: when the Moon covers 
the Sun out to its outer edge, the emission spectrum 
of the chromosphere "flashes" for a few seconds, pro
ducing the flash spectrum (Fig. 7.16). Spectrographic 
observations with moving-picture cameras (time reso
lution about 1/20 s) yield excellent information about 
the structure of the solar chromosphere, when combined 
with the relative motion of the Moon with respect to the 
Sun, calculated from the ephemerides. The scale height 
is larger than expected for an isothermal atmosphere at 
the limiting surface temperature of To ~ 4000 K, and it 
even increases on going outwards. 

The lower chromosphere up to about 2000 km above 
the rim of the Sun was for a long time considered 
to be nearly homogeneously layered, like the photo
sphere, while the upper chromosphere shows strong 
spatial and temporal density fluctuations. Only with the 
high-resolution UV images taken by the TRACE satel
lite has it become clear that the lower chromosphere 
is also characterized by a variable and extremely inho
mogeneous temperature and pressure layering. In Ca II 
spectroheliograms and in the light of other chromo
spheric spectral lines, bright and dark graininess can be 
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Fig. 7.16. A flash spectrum= emission spectrum from the so
lar chromosphere. Taken by J. Houtgast during the total solar 
eclipse in Khartoum in 1952 with an objective-prism camera 

Fig. 7.17. Spicules at the rim of the Sun's disk (which itself is 
blocked out) photographed in Ha light. The altitude of these 
structures, which were first described by A. Secchi, attains 
up to I 0 000 km above the rim of the Sun. Their thickness is 
about 900 km; they move with velocities of around 25 km s- 1 

up- (and more rarely down-)wards; their lifetimes are about 
5 min. The direction of the spicules follows local magnetic 
fields 

seen. The bright grains are arranged into the chromo
spheric network and are contiguous with the rims of 
the supergranulation cells (Sect. 7 .3.1 ). Observed from 
the perimeter of the Sun, that is seen from the side, 
the higher layers of the chromosphere, e.g. in Ha light, 
look like a "burning prairie" with small "flarnelets", 
the socalled spicules, (from Latin spiculum, "spike" or 
"point") which move with velocities of about 25 km s-1 

upwards or downwards (Fig. 7 .17). The spicules are not 
distributed uniformly, but rather are also concentrated 
at the rims of the flow cells of the supergranulation. 

In the active regions near sunspots, we find in spec
troheliograrns extended bright emission regions called 
the chromospheric plages, which lie above the pho
tospheric faculae (Figs. 7.22, 23). Here we can also 
observe an intensification of the magnetic fields, which 
are in the range of w-2 T averaged over large areas. 

In the chromosphere, the temperature increases up to 
about 20 000 K; in the corona, which lies further up, the 
temperatures are considerably higher, about 106 K, as 
we shall see in the next section. Since the temperature 
must somehow increase within a thin transition layer 
(:S 15 000 km) up to the higher value in the corona, it 
does not seem surprising that lines of greater ionization 
and excitation energies are already observed with strong 
intensities in the upper chromosphere: among others the 
Balmer lines of hydrogen (excitation energy 10.2 eV) 
and the lines of neutral and ionized helium such as the 
HeiD3 A.= 587.6 nm(20.9 eV)and Hell A.= 468.6 nm 
(48.2 eV) lines. Incidentally, the D3 line of the "Sun 
element" helium was first observed in the solar spectrum 
by J. Janssen in 1868; only in 1895 was W. Ramsay able 
to isolate helium from terrestrial minerals. 
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In the ultraviolet, the solar spectrum below 
A ~ 160 nm is dominated by the numerous emission 
lines from the chromosphere. The strongest line by far 
is the HI Lcr line at A= 121.6 nm. Additional strong 
chromospheric lines are the resonance lines of He I at 
A= 58.4 nm and of He II at A= 30.4 nm, as well as that 
of Mg II at A= 279.5/280.2 nm. 

The Corona. During the totality of a solar eclipse or 
using the Lyot coronagraph on a high mountain with the 
clearest air possible, the solar corona can be observed 
out to several solar radii (Fig. 7.18).1ts form (flattening, 
radial structure, etc.) and brightness are functions ofthe 
11 year cycle. Spectroscopic analysis distinguishes the 
following phenomena, which we shall in part attempt to 
explain immediately: 

The inner corona (r ~ 1 to 3 solar radii) exhibits 
a completely continuous spectrum in the visible region; 

Fig. 7.18. The solar corona, near the sunspot minimum. 
Taken during the solar eclipse in Khartoum in 1952 by 
G. van Biesbroeck. The corona at minimum exhibits extended 
"rays" in the region of the sunspot zones; above the polar re
gions, there are finer "polar brushes". The corona at maximum 
has a more rounded shape 

its energy distribution corresponds to that of normal sun
light (K corona). The light is partially linearly polarized. 
We attribute this to Thompson scattering of photo
spheric light by the free electrons of the completely 
ionized gas (plasma) in the corona. The Fraunhofer lines 
are therefore completely smeared out by the Doppler 
effect, corresponding to the high electron velocities. 

From the brightness distribution of the K corona 
in white light, the average (i.e. neglecting inhomo
geneities) electron density ne as a function of the 
distance r from the Sun's center can be calculated, 
since the distribution of the luminosity and the Thomp
son scattering coefficient per free electron are known 
(4.132). For e.g. the (round) corona at maximum, we 
find: 

r = 1.03 1.5 

"• ~3·1014 2·1013 

2.0 
3· 1012 

3.0 
3·10 11 

Solar radii 
Electrons [m- 3] 

These values should, however, be taken only as a rough 
indication of the radial density distribution, due to the 
extremely inhomogeneous structure of the corona. 

In the outer corona, which builds up rapidly on go
ing outwards from the K corona, scattered photospheric 
light with unmodified Fraunhofer lines can be observed. 
Following W. Grotrian, who termed this component the 
F corona (Fraunhofer corona), it was pointed out in 
1946/47 by C. W. Allen and H. C. van de Hulst that the 
light was due to Tyndall scattering, i.e. mainly forward 
scattering by small particles (somewhat larger than the 
wavelength of the light); they are so far from the Sun 
that they are not heated sufficiently to be vaporized. 
Measurements of the distributions of brightness and 
polarization in the outer corona have shown that the 
F corona is simply the innermost portion of the zodiacal 
light (Sect. 3.8). The F or dust corona or the zodia
cal light, thus do not belong to the Sun at all and are 
influenced by it only to a relatively small degree. 

In the inner corona, observations of the emission of 
the socalled corona lines were continued in the opti
cal region; their identification however remained one of 
the great riddles of astrophysics, until in 1941, B. Edlen 
succeeded in explaining them as arising from forbid
den transitions (Sect. 7 .1.1) of metastable levels of the 
ground states of highly ionized atoms. The strongest and 
most important are (X =ionization energy): 
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J..[nm] Identification x[eVJ 

Red corona line 637.4 [Fe X] 3s2 3~2pJ/2 _2pl/2 235 
Green corona line 530.2 [Fe XIV] 3s23p2pl/2- 2p3/2 355 
Yellow corona line 569.4 [O!XV] 2s22p23po- 3p I 820 

Additional, similar lines of the elements Ar, K, Ca, V, 
Cr, Mn, Fe, and Co have been identified with certainty. 
The ionization energies of several hundred eV indicate 
clearly that the electron temperature is of the order of 
a million degrees. 

The following facts also support corona temperatures 
of several 106 K: 

1. the density distribution ne(r), together with the hy
drostatic equation (3.16) or the scale height (3.17); 

2. the linewidths of the corona lines, which are due to 
the thermal Doppler effect (7.29); 

3. the spectra in the far ultraviolet and X-ray regions, 
which in the main reflect the emission spectrum of 
the inner corona, with numerous allowed and forbid
den lines from higher ionization states of the more 
abundant elements; and 

4. the continua of the coronal plasma in the X-ray 
region. 

June 1,1973 June 8 

The ionization and excitation in the corona cannot 
be calculated under the assumption of local thermo
dynamic equilibrium (Saha and Boltzmann formulas), 
since in the extremely tenuous plasma, there is no 
radiation field corresponding to 106 K. Instead, the ion
ization, recombination, and excitation processes must 
be considered individually (Sects. 4.5.3, 4). From de
tailed calculations, temperatures of (1 to 5) · 106 K 
are found; within about this range, the temperature 
in the corona varies with time and place. The abun
dances of the elements relative to hydrogen, determined 
from the line intensities compared with the electron
scattering continuum of the K corona, agree well with 
the values determined using the absorption lines of the 
photosphere (Table 7 .5). 

Images of the Sun in the soft X-ray region using 
a Wolter telescope (Fig. 7 .19) clearly show the struc
ture of the corona and its changes with time: relative to 
the thermal emission of the corona at several 106 K, 
the continuum of the photosphere at about 6000 K, 
which is predominant in the optical region, is not at 
all visible in the X-ray region. The X-ray emission of 
the corona is extremely variable and is non-uniformly 
distributed. While spatially extended structures can 

June 14 June 21 
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Fig. 7.19. Images of the solar corona in the soft X-ray 
region (using filters to limit the spectral range) taken at 
intervals of 7 days over nearly two rotational periods. Pho-

July 11 July 19 

tographs made with the X-ray telescope of American Science 
and Engineering, Inc. on Sky lab, 1973 (From J. A. Eddy, 
1979) 
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be followed through several rotational periods, other 
smaller emission regions change form in days or even 
hours. 

Images taken at higher resolution show that nearly all 
the X -ray emissions consist of a number ofloop- or arch
shaped structures, which occur both in quiet regions 
and in active regions. These coronal loops represent 
closed magnetic flux tubes. Outside the active regions, 
we find long, extended arches, which reach up to several 
tenths of a solar radius above the perimeter of the Sun, 
with plasma densities of about 2 · 1014 to 1015 m-3 and 
temperatures of 1.5 to 2 · 106 K. Active regions are often 
connected together by long arches (:S 700 000 km), in 
which somewhat higher temperatures (2 to 6 · 106 K) 
are found. 

Above sunspot groups or activity centers, both in the 
optical and in the ultraviolet, as well as with the light 
from the corona lines and in the X-ray region, we can 
observe the hot and more dense coronal condensations, 
whose area is for the most part the same as that of the 
chromospheric faculae regions or the plages. In a dense 
(:S 1016 m-3 ) core region with a lifetime of several days, 
temperatures of ;:; 3 · 106 K are attained. At a high spa
tial resolution it becomes clear that the corona above 
the active regions consists of bundles of small coronal 
arches (of 104 to 105 km length), tightly crowded to
gether and having temperatures of :S 2.5 · 106 K. Above 
them, we find roughly radially-directed coronal rays in 
a brush or fan-shaped arrangement, whose densities are 
about 3 to 10 times higher than those of the surround
ing medium and which reach out as far as 10 solar radii 
into space. 

The coronal rays above the active regions, as well as 
the polar brushes of the corona at minimum, represent 
long, for the most part open magnetic field lines. The 
extended coronal holes, which appear dark in X-ray 
pictures and occur preferentially at higher heliographic 
latitudes, also exhibit open magnetic field structures. 
From them, relatively cool matter (T ~ 106 K) - the 
solar wind - streams outwards with velocities up to 
800 km s-1 (cf. Sect. 7.3.7). 

Finally, the X-ray images also show small bright 
spots (diameter :S 20 000 km), which are distributed 
over the whole Sun and have lifetimes of only several 
hours up to a few days. They are formed (at a rate of 
about 1500 per day) by small flux tube loops rising up 
to the surface of the Sun from the depths, and become 

recognizable on photospheric magnetograms as a small 
bipolar region. The magnetic flux in all the bright spots 
is greater than that in the active centers at sunspot min
imum; at maximum, it is still almost 50% of the total 
flux which emerges from the solar surface. 

Because the magnetic energy density in the corona 
is greater than the thermal energy density, magnetic 
field structures dominate its density distribution and 
flow properties (Sect. 7.3.2). In X-ray photographs, we 
can see the magnetic field lines more or less directly, so 
to speak. Not only material flows, but also energy trans
port by thermal conduction and magnetohydrodynamic 
waves follow the field lines or flux tubes and are strongly 
inhibited in their motion perpendicular to them. A coro
nal arch is thus well "filled up", so that its density is 
higher than that of its surroundings. Heating by waves 
can take place along the curved flux tubes. Within an 
"undisturbed" arch, there is on the one hand hydrostatic 
equilibrium, on the other thermal equilibrium between 
heating, radiation and thermal conduction. The mag
netic field ensures that the "overly dense" matter cannot 
escape to the sides. The precise physics of the vari
ous density concentrations in the solar atmosphere, its 
heating mechanisms, dynamics and stability certainly 
requires further investigations. 

Radiofrequency Radiation. The thermal radiofre
quency radiation of the Sun can be explained in terms of 
free-free radiation from the chromosphere (millimeter 
and centimeter waves) and the corona (meter waves). 
In the radiofrequency range, the free-free absorption 
coefficient of the plasma at frequency v is propor
tional to n~T-312 v-2 . With increasing frequency, one 
can thus "look" deeper and deeper into the solar at
mosphere. Thus, the radio spectrum of the quiet Sun 
in the decimeter-wave range gives practically an exact 
image of the temperature and pressure distribution in 
the transition layer between the chromosphere and the 
corona. 

The fluctuations in the intensity of the thermal ra
diation in the course of days and months allow us to 
decompose them into the ever-present radiation from 
the quiet Sun and the slowly varying radiation which 
comes from the active regions (S component in the range 
1.5 em :S )... :S 70 em). At the rim of the Sun and in the 
denser parts of the corona, an optical thickness of > 1 
for radiofrequency radiation is even reached in some 
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places, so that we can measure the black-body radia
tion directly. Its temperature, which corresponds to the 
electron temperature, is several 106 K. 

Heating. Finally, we turn to a more exciting question: 
Why does the temperature increase from ca. 4000 K at 
the upper edge of the photosphere to around 20 000 K 
in the chromosphere directly above it and then from the 
chromosphere to the corona, i.e. within the region of the 
transition layer which is only ~ 15 000 km thick, does 
it rise even to values ::: 106 K? From the Second Law of 
thermodynamics, this heating of the highest layers of the 
solar atmosphere, opposing the "natural" (i.e. entropy
increasing) temperature gradient from within the Sun to 
the outside, can arise only through mechanical energy 
or other "ordered" energy forms which have a large 
negative entropy. 

Indeed, following M. Schwarzschild and L. Bier
mann, we can show that in the upper layers of a partially 
convective atmosphere, mechanical energy transport 
becomes increasingly important relative to radiative 
energy transport. In the turbulent flow fields of the 
uppermost layer of the hydrogen convection zone 
(Sect. 7.3.1), only a few 100km thick and directly be
low the photosphere, acoustic waves (with periods in 
the range from 20 to 100 s) are produced; this was first 
investigated in detail by I. Proudman and M. J. Lighthill. 
Furthermore, due to interactions with the magnetic 
fields present in the plasma of the solar atmosphere, 
magnetohydrodynamic waves are also generated; they 
couple the oscillations of the plasma to correspondingly 
oscillating magnetic fields. 

All of these waves penetrate into the higher and 
thinner layers of the solar atmosphere. As long as the 
velocity amplitude ..1 v e.g. of an acoustic wave remains 
small compared to the velocity of sound c8 , the wave is 
practically not damped. However, since the energy flux 
of an acoustic wave in a plasma of undisturbed density Q 

is given by 

Fs =! {! (..1v)2 · Cs (l..1vl « Cs), (7.83) 

we see that (..1v)2 increases oc 1/Q when the wave 
moves outwards into a less dense medium. When ..1 v ap
proaches the velocity of sound, shock waves are formed. 
Their energy is relatively rapidly dissipated, i.e. it is 
converted back to heat. The temperature then increases 
until an equilibrium between energy input and energy 

loss through radiation has been established. While in the 
chromosphere, energy losses via radiation dominate, in 
the corona several processes contribute to losses, and 
their relative importance depends strongly on the mag
netic fields and densities. Thus, in the coronal arches, 
thermal conductivity by free electrons in the plasma and 
radiation in the X-ray region are significant; in the coro
nal holes, in contrast, losses through convective energy 
to the solar wind are predominant. 

While the physical processes which lead to the 
steep temperature increase in going outwards to the 
chromosphere and the corona are by no means under
stood in detail, we can estimate the required (minimal) 
mechanical energy current from observations of the 
total radiation flux from the chromosphere and the 
corona in connection with model calculations. If we 
neglect the energy losses of the acoustic and mag
netohydrodynamic waves in the convection zone and 
the photosphere, we find that for heating of the chro
mosphere, about 5 kW m-2, and for the corona, about 
0.4 kW m-2 are required; i.e. it is only 10-4 or 10-5 of 
the overall energy flux of the Sun (6.8) which in the end 
need be tapped from the convection zone. 

7.3.5 Prominences 

At the rim of the Sun during eclipses or using the coro
nagraph, the prominences can be seen as bright "long, 
extended clouds" in the corona. In front of the Sun's 
disk, e.g. in Halight, they appear as thin, dark filaments 
(Figs. 7.20, 23). 

The spectra of the prominences are for the most part 
similar to those of the upper chromosphere (spicules). 
They exhibit strong Ca II H and K lines along with 
the He I D3 line at ).. = 587.6 nm. The ultraviolet re
gion is dominated by numerous emission lines. We see 
here a dense, cool plasma with about 1017 particles m-3 

and excitation temperatures in the range from 5000 to 
12 000 K, which is embedded in the less dense, hotter 
corona. 

The quiescent prominences (filaments) retain their 
form with minor changes (flow fields of the order of 
10 km s -I) often for weeks at a time. They are charac
terized by a peculiar threadlike structure (Fig. 7 .20). The 
transition from the cool threads to the surrounding hot 
corona at about ::: 106 K takes place in an extremely thin 
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"skin" only 10 to 100 km thick, as can be seen in images 
made with the ultraviolet light from highly excited or 
highly ionized states. Magnetic fields of :S 10-3 T have 
been measured in the filaments. 

By applying magnetohydrodynamics, we can under
stand how the quiescent prominences can "float" in the 
much hotter corona that surrounds them. Only the cool 
matter can effectively radiate away energy, i.e. cool mat
ter remains cool and hot matter remains hot, even when 
a certain energy transport occurs. Pressure equaliza
tion between the prominences and the corona requires 
that P ex gT be about the same in both. The density 
of the prominences must therefore be about 300 times 
greater than that of the corona. The fact that the quies
cent prominences do not fall down is a result, according 
to R. Kippenhahn and A. Schliiter (1957), of their be
ing supported on a cushion of magnetic force lines (the 
matter cannot penetrate the lines of force), similar to 
rain water in the depressions of the protective cover 
over a haystack. However, we must still explain that 
fact that individual prominences do not fall along the 
force lines of their magnetic guide fields according to 
Galilei's laws, but instead float slowly downwards with 
velocities which are constant over long times. This be
havior, which is reminiscent of that of clouds in the 
Earth's atmosphere, apparently results from the high 
viscosity of the corona, which is in tum due to the 
high velocities and long mean free paths of its elec
trons . That the prominences do not ever fall suddenly 
down into the photosphere, but instead float like real 

Fig. 7.20. The quiescent prominences (fil
aments) have, on the whole, the form of 
a thin sheet standing upright on the Sun's 
surface on several "feet": their thickness 
is about 7000 km (4000 to 15 000 km), 
height around 45 000 km (15 000 to 
120 000 km), length about 200 000 km (up 
to 106 km). This detail photograph from 
the Sacramento Peak Observatory (in Ha 
light) shows threadlike structures in which 
matter flows upwards or downwards with 
velocities on the order of 10 to 20 km s- 1. 

The shape of the prominences is clearly 
determined in part by solar magnetic fields 

clouds is (in both cases) due to the predominance of 
viscous forces over pressure and inertial forces; we 
have here an example of "creeping flow" with small 
Reynolds numbers. 

Sometimes, the prominences or parts of them are 
accelerated more or less suddenly to velocities of 
100 km s-1 or occasionally up to 600 km s- 1, without 
any previous external indications. These eruptive or as
cending prominences (Figs. 7.21, 22) can then escape 
into interplanetary space. In other cases, a disturbed 
prominence "rains" back onto the solar surface, its mate
rial streaming down along arch-shaped paths (following 
the magnetic lines of force). 

Above sunspot groups or activity centers, we observe 
manifold forms of active prominences as jets, sprays, 
or arches with lifetimes of only a few minutes to hours; 
some of them are accelerated to above the escape veloc
ity from the Sun. The temperatures and magnetic fields 
in the active prominences are considerably higher than 
in the static prominences. 

The activation of quiescent prominences and the oc
currence of active prominences are often connected with 
solar eruptions or flares (Sect. 7.3.6). Along with erup
tive prominences, expanding clouds of matter or arches 
with radially-directed velocities up to 1200kms-1 can 
be observed in the outer corona (coronal transients). 
The corona above an active region can thus be "blown 
away" within about an hour. 

We cannot give a more detailed treatment of the 
dynamics of prominences here. 
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Fig. 7.21. An eruptive or ascending prominence. The time in
terval between the two photographs was 71 min. Maximum 
altitude: 900 000 km above the rim of the Sun; maximum ve
locity: 230kms- 1 

7.3.6 Solar Eruptions or Flares 

The impressive phenomenon of eruptions (not to be con
fused with the eruptive prominences!) or flares can be 
most readily observed as a "brightening" in the Ha line; 
they are, however, accompanied by an intensification of 
the radiation in the whole electromagnetic spectrum as 
well as by the production of energetic particles. 

When an active region is observed with the Ha or the 
Caii-K line (Fig. 7.23), the chromospheric torch areas 
or plages between the sunspots and in their neighbor
hood show structures of the order of several 1000 km 
across with smaller irregular motions and variations in 
brightness. Suddenly, many of the brighter structures 
merge together; then, in a major eruption, a region of 
2 to 3 · w-3 of the solar hemisphere, corresponding to 
a whole sunspot group, flares up in the Ha and Ca II K 
lines. The Ha emission in the middle attains an inten
sity up to about 3 times that of the normal continuum 
and a width of several tenths of a nanometer. The life-

Fig. 7 .22. An enormous eruptive prominence photographed 
on December 19th, 1973 with the light of the He II resonance 
line at A. = 30.4 nm, using the extreme-ultraviolet spectro
graph of the U.S. Naval Research Laboratory on Sky lab (from 
J. A. Eddy, 1979) 

time of the flares varies from the order of one second in 
the case of the tiny "microflares" of about 1" diameter, 
up to several hours in the case of major flares. The "im
portance" of the eruptions is classified according to the 
area of the Ha emission at the maximum as S (sub flare, 
< w-4 hemisphere), 1, 2, 3 and4 (> w-3 hemisphere). 

The increase of intensity in Ha is accompanied by 
increased emission in the whole spectrum, which, ex
cept for the hard X-ray and the radiofrequency regions, 
is of thermal origin. The flaring up of the upper chro
mosphere in Ha and other lines is however clearly only 
a secondary phenomenon. In the far ultraviolet and es
pecially in the soft X-ray regions(~ 10 eV), an increase 
in the radiation intensity can be observed about 10 min 
before the beginning of the Ha flare; it indicates heat
ing of the lower corona. In the case of large flares, at the 
beginning of the intensity rise in Ha a burst occurs in 
the microwave and hard X-ray regions, lasting :55 min. 
This non-thermal radiation is produced by the interac
tion of electrons (which are accelerated to high energies 
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during the flare) with the solar plasma. In this phase, in 
the soft X-ray region a bright, dense, and hot core (di
ameter :S 4000 km) with temperatures up to 3 · 107 K can 
be observed; it is often at the highest point of a corona 
arch (Fig. 7.24). 

Corpuscular Radiation. The emission of corpuscular 
radiation over a large energy range accompanies major 
flares. Plasma clouds or magnetohydrodynamic shock 
waves, which reach the Earth about one day later and 
thus have a velocity of about 2000 km s-1, cause mag
netic storms and auroras. Major flares also make a solar 
contribution to cosmic rays, as found by S. E. Forbush 
and A. Ehmert, with particle energies of 108 to 1010 eV. 

Gamma Rays. The interaction of the energetic particles 
with atomic nuclei in the solar matter also causes the 
emission of low-energy gamma radiation. Aside from 
a continuum, several strong emission lines are observed: 
nuclear transitions in the abundant nuclei 12C and 160 
at 4.43 and 6.14 MeV, and, with a time delay, lines at 
0.511 and 2.23 MeV. The 0.511 MeV line is produced 
through annihilation of positrons, which are generated 
by the flare, and electrons; the 2.23 MeV line comes 
from the formation of deuterium, 2D, through reaction 
of neutrons which are also produced in the flare with 
protons (hydrogen nuclei) in the solar atmosphere. 

Gamma radiation from flares has been observed with 
the Compton Gamma Ray Observatory (199112000) 

Fig. 7.23. A large solar eruption (type 4 flare), 
taken on July 18th, 1961 (right); it was 
accompanied by strong cosmic-ray particle 
emissions. This is an Ha solar observation 
photo taken at the Cape Observatory. Some
what above the midpoint of the solar disk, an 
extended filament can be seen, i.e. a promi
nence in absorption (compare Fig. 7.20). Left: 
Photometric intensity calibrations and a time 
marker 

over a wide range of energies both in the continuum and 
in the low energy lines. From the strongest outbursts, 
gamma radiation up to the GeV range is emitted. The 
time correlation between the decay of the 2.23 MeV line 
and the high-energy radiation leaves no doubt concern
ing the common origin of the neutrons and the gamma 
quanta. 

Radiofrequency Emissions. Accompanying the flares 
and also the less spectacular phenomena of solar activ
ity is a non-thermal contribution to the radiofrequency 
radiation of the Sun. Its analysis with the aid of a ra
diofrequency spectrometer, registering the intensity in 
a large frequency range as a function of time, has been 
carried out by J. P. Wild and coworkers in order to dis
tinguish between several different types of "bursts" or 
intense radiofrequency emissions, initially in the range 
below 400 MHz (Fig. 7.25). 

In order to understand this analysis, we must first 
remark that electromagnetic waves of frequencies below 
the critical or plasma frequency cannot be emitted from 
a plasma of electron density ne : 

Vp= 
1 e2 

-- --ne, 
4neo nme 

Vp [MHz] = 9.0. 10-6 Jne [m-3], (7.84) 
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Fig. 7.24. A high-resolution X-ray image of the solar corona, 
showing a flare (indicated by the arrow) and active re
gions. The angular resolution is 0.75", and the temperature 
of the hottest regions shown is about 3 · l 06 K. The image 
was made by L. Golub et a!. (1989) using a rocket carry
ing the 0.25 m X-ray telescope NIXT (Normal Incidence 
X-ray Telescope) in a limited wavelength region around 
A = 6.35 nm which includes the emission lines of Fe XVI at 
A= 6.37/6.29 nm and MgX at A= 6.33/6.32 nm. In con
trast to an image-forming X-ray telescope of the Wolter 

type, with grazing incidence (Fig. 5.27), here the image is 
produced at normal incidence as with an ordinary optical 
mirror. Reflection of the X-rays is made possible by vapor
deposition of alternating thin layers of cobalt and carbon, 
so that constructive interference results for the wavelength 
6.35 nm. NIXT was developed by L. Golub and coworkers 
at the Smithsonian Astrophysical Observatory, Cambridge, 
together with the IBM Thomas J. Watson Research Center, 
Yorktown Heights, New York. (With the kind permission of 
the SAO and IBM) 
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since then the index of refraction is < 0. Thus, radiofre
quency radiation of a particular frequency in the corona 
can have had its origin only from above a certain layer. 

The type II and type III bursts (Fig. 7.25) exhibit 
a slow or a rapid shift of their frequency bands to 
lower frequencies, respectively. From this it can be 
concluded that the phenomenon which produces them 
sweeps through the corona with velocities of the or
der of 1000 km s- 1 for type II and up to 0.4 of the 
velocity of light for type III. Simultaneously with 
the type III bursts, in the microwave region above 
v ;:: 1.5 GHz (t.. _::: 20 em), pulses of 1 to 5 min length 
(with a smoother time envelope) are detected. The 
type IV events emit a continuum over a long period 
of time, covering a broad frequency band; this is due to 
synchrotron radiation from the fast electrons. 

In 1967, J. P. Wild and coworkers at the Culgoora 
Observatory in Australia succeeded in observing the 
motion of various types of burst sources at 80 MHz 
(t.. = 3.75 m) on and outside the solar disk, directly 
on the display monitor of the radioheliograph. Using 
96 parabolic antennas each having a diameter of 13 m 
and mounted in a circle of 3 km diameter, the Sun and 
the solar corona could be probed over a field of view of 
2° diameter with 2 to 3' resolution. The observations ver
ify the results from the radio spectra. We unfortunately 
cannot discuss here the complicated plasma-physics 
treatment of the different types of bursts. 

The total energy released in a flare ranges from 1 022 J 
in the case of a subflare up to 3 · 1025 J in a type 4 
flare; it is divided about equally among electromag
netic radiation, kinetic energy of the ejected plasma, 
and high-energy particles. Although the complex pro-

lyPe IV 

20 25 

Fig. 7.25. The dynamic 
(i.e. time-dependent) radio 
spectrum in the meter wave 
region (schematic), after 
J.P. Wild: the time evolu
tion of "bursts" of different 
types following a major so
lar eruption. Lower/higher 
frequencies are emitted in 
general by higher/lower lay
ers of the corona. Type II 
and type III bursts are of
ten accompanied by 2 : 1 
harmonics 

cesses which are responsible for solar flares are not 
understood in detail, we can assume that in the end, 
they involve magnetic energy (energy density B2 j2p,0 ), 

which is transformed into thermal energy which is then 
radiated, and which also causes the acceleration of par
ticles. In order to produce the energy of 3 . 1025 J in 
a major flare, for example in a volume with a diameter 
of about 30 000 km, a magnetic field of 5. 10-2 T would 
have to be "annihilated", perhaps by an instability which 
leads to a regrouping of field lines (magnetic reconnec
tion). Measurements of the solar magnetic fields support 
this idea: flares occur preferentially in activity regions 
with complex field configurations and steep field gradi
ents, and there mostly in regions where the polarity of 
the magnetic field changes its sign. 

7.3.7 The Solar Wind 

As we already mentioned in Sect. 3.6.1, it was sug
gested by L. Biermann in 1951 that the plasma tails of 
comets are blown away from the Sun not by radiation 
pressure, but rather by an everpresent corpuscular solar 
radiation. Measurements from satellites and space ve
hicles later showed that this plasma, which has roughly 
the composition of solar matter, streams away from 
the Sun with velocities - in the neighborhood of the 
Earth's orbit - of about 500 km s-1 (with variations 
between about 300 and 750kms-1). Its density cor
responds to about 5 · 106 protons and electrons per 
m3 or Q = 8 ° 10-21 kg m-3, also with large variations. 
The (more or less) statistical part of the particle ve
locities corresponds to a temperature of about 105 K. 
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Associated with the plasma are magnetic fields of the 
order of 6 · 10-9 Tesla. In 1959, E. N. Parker named 
this phenomenon the solar wind and suggested that 
it could be explained on the basis of hydrodynam
ics or of magnetohydrodynarnics. If we calculate the 
pressure distribution P(r) of the corona (schematically 
assumed to be isothermal as a first approximation) at 
a large distance r from the Sun, we find that the finite 
limiting value of the pressure there, for corona tem
peratures T < 5 · 105 K, lies below that of interstellar 
matter (Chap. 10). In this case, the interstellar matter 
would stream into the Sun. However, for T > 5 · 105 K, 
as holds for the real corona, matter streams continually 
outwards: this is just the solar wind. 

To calculate the properties of the solar wind, we need 
the basic equations of hydrodynamics (here, we will 
neglect the effect of the magnetic fields), together with 
the equation of state of the matter. We limit ourselves to 
spherically symmetrical flows of matter outwards from 
a central mass .M. 

Equation of State. For the matter in the solar wind, 
we assume the ideal gas equation (3.15), which, for this 
application, we write in the form 

kT y-1 
P=-=---Q=--C T·Q 

JLmu Y P 
(7.85) 

by introducing the specific heat at constant pressure, cp, 
via the relations 

Cp 
y=-, 

Cv 

y-1 k 
Cp -Cv = -- Cp =-=---

y JLmu 
(7.86) 

(Sect. 3.1.4). Here, k again refers to Boltzmann's con
stant, ji to the mean molecular weight, mu to the atomic 
mass unit, and Cv to the specific heat at constant volume. 
For a completely ionized plasma consisting of 90% H 
and 10% He, we have ji = 0.65. 

Hydrodynamics. The motion of a volume element in 
a gas is described by the Euler equation, analogously to 
the equation of motion "mass x acceleration = force" 
from mechanics: 

dv av av aP G.M 
Q dt =Qat + QV ar = -a; - Q7 . (7.87) 

Here, we take into account only the force caused by the 
pressure gradient and the gravitational force QG.Mir2 

of the central mass (2.38). The total acceleration dv I dt 

at the position rand timet includes both the local accel
eration av 1 at and the rate of change of v as a result of the 
motion of the volume element ("advection of the accel
eration"). In the following, we assume stationary flow, 
i.e. we require that a1at = 0, but not that the overall ac
celeration vanishes. For example, v increases in a tube 
even for stationary flow, if the diameter of the tube be
comes smaller (7.88). In the case that the overall accel
eration is also 0, we again obtain from (7 .87) as a special 
case the equation for hydrostatic equilibrium (3.6). 

The equation of continuity- in the stationary case- is 
given by the condition that the same amount of matter 
flows out through each spherical shell 4nr2 in a unit 
time, i.e. 

4nr2e(r)v(r) = M = const. (7.88) 

The constant is thus equal to the rate of mass loss M by 
the solar wind. 

These statements must be drastically modified if the 
matter is guided by a magnetic field. Then, a particular 
matter current must move along a particular magnetic 
force tube, as long as the pressure of the matter on 
its "walls" does not exceed the magnetic pressure. We 
cannot pursue the solution of this extremely difficult 
problem in magnetohydrodynamics (Sect. 7.3.2) any 
further here. 

Rather, we first ask what conclusions we can draw 
from Bernoulli's equation, i.e. the conservation of 
energy. 

Energy Balance. By integration of the stationary Eu
ler equation (7.87), divided by Q, we find that along 
a streamline, i.e. a line in the velocity field v, the sum of 
the kinetic energy v2 12, pressure energy J dP 1 Q, and the 
potential energy or potential cP (all energies calculated 
per unit mass) is constant. The gravitational potential 
of the mass .M (2.43) can be expressed using (2.62) in 
terms of the escape velocity ve(r) at the position r in the 
region of attraction of the mass .M: 

cP(r) =- G.M = -~ v2(r). (7.89) 
r 2 e 

We thus obtain the Bernoulli equation 

(7.90) 

where the pressure integral extends up to the value of r 
being considered. 
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We now apply (7 .90) to the solar wind. In order to cal
culate its velocity v(TE) in the neighborhood of Earth's 
orbit r = 7E, we assume that the solar wind begins at the 
base of the corona, i.e. at r ~ R0 , with v(R0 ) ~ 0, and 
consider the acceleration out to 'E· We then obtain 

(7.91) 

where we can neglect Ve(TE) in comparison to Ve(R0 ) = 
620kms-1• 

The pressure integral depends decisively on the tem
perature distribution T(r) between the Sun and the Earth. 
If we rely on the observation that T decreases relatively 
little from T 0 ~ 106 K in the corona to TE ~ 105 K near 
the Earth's orbit, we can as an approximation use the 
constant mean temperature T ~ T 0 and then readily 
carry out the integration, using dP = const · dQ (7 .85): 

(7.92) 

Here, Q0 is the density at the base of the corona and 
QE is the density at the position of the Earth. From 

(2.23), J2kT/(Jimu) = 165kms-1 corresponds to the 
thermal velocity of the particles in the corona, or - with 
an accuracy of about 10% - the velocity of sound 

Cs =Jy ~T , 
J-Lmu 

(7.93) 

so that we obtain as a good approximation 

2 "' 2 1 ("'0) 2(R ) v (TE) - C8 n QE - ve 0 . (7.94) 

Taking the observed value of Q0 j QE, we can readily con
vince ourselves that the right order of magnitude results 
for the velocity, v(TE) ~ 500 km s-1• As can be seen by 
comparing with (7.93), the solar wind is a supersonic 
flow. 

It is important to realize that the fact that our calcu
lation leads to a value which is in agreement with the 
observations is a result of our implicit assumption, in 
the numerical value chosen forT, that the outer corona 
or the solar wind is heated by some process or other 

(dissipation of wave energy?) and has only very small 
radiation losses. 

If we had for example calculated the case of an adia
batic outflow from the corona, we would have obtained 
from the adiabatic equation for an ideal gas, (3.20), 

~ = (;r . ~ = (~y-~ = (;y-y . 
(7.95) 

with To = T 0 and Qo = Q0 for the pressure integral 

!R0
dPI [ ("'E)Y-1] - = CpT0 1- - ~ CpT0; 

I"E Q ad C?0 (7 .96) 

i.e. instead of(7.92), for the maximum value only cpT0 , 

the enthalpy per unit mass of the coronal matter. The 
matter streaming out adiabatically would cool rapidly 
and remain "stuck" near the Sun. 

Our hydrodynamic theory of the solar wind indeed 
gives the correct order of magnitude of the observed 
result, but it is to some extent not satisfying since, as one 
can easily show, the mean free path is of the same order 
as the characteristic lengths in the model. Therefore, 
a calculation based on the kinetic theory of gases, in 
which the magnetic field would necessarily be taken into 
account ("collision-free plasma"), is actually required. 

Structure. When the solar wind streams out into in
terplanetary space, it takes magnetic field lines along 
with it. We first consider the motion of particles in the 
neighborhood of the Sun's equatorial plane, where we 
introduce polar coordinates r and q;. A particle with 
velocity v arrives in the time t at a distance r = vt 
from the Sun. The Sun has, in the meantime, rotated 
through an angle q; = wt, where the angular velocity 
w = 2rr /(sidereal rotational period). The particles which 
are emitted from a particular point on the Sun thus lie 
along an Archimedian spiral at a particular time: 

wr 
q; =-' (7.97) 

v 
which traverses a radius vector everywhere at the same 
angle, determined by 

rdq; wr 
tan a=-= - (7.98) dr v 

With v=500kms-1, one obtains a~45° at the po
sition of the Earth, in good agreement with obser
vations. 
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The magnetic field lines follow these spirals. Since 
they must always be closed curves, they form loops 
whose beginnings or ends lie in regions of opposite 
magnetic polarity on the Sun. Such regions fill up 
a considerable fraction of the solar surface area, so that 
enormous field loops are continually pulled out into in
terplanetary space by the solar wind. Using observations 
from the satellite IMP-I (Interplanetary Monitoring 
Platform), J. M. Wilcox and N. F. Ness in 1965 first de
tected in the neighborhood of the Earth's orbit the sector 
structure of the interplanetary magnetic field (Fig. 7 .26), 
which corresponds to the field distribution on the Sun. 
The number (usually two or four) and the distribu
tion of the sectors is variable and corresponds to the 
arrangement of the field configuration on the Sun. 

It is essential for an understanding of the variations 
in the sector structure to have a knowledge of the three 
dimensional distribution of the solar or interplanetary 
magnetic field in the heliosphere, the region in space 
filled by the solar wind. The first direct measurements 
outside the plane of the ecliptic, beginning in the mid-
1970's with the space probes Pioneer 11 and Voyager 1 
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Fig. 7.26. The sector structure of the interplanetary mag
netic field. Observations with IMP-I , from J. M. Wilcox and 
N. F. Ness (1965). The+ and- signs indicate magnetic fields 
which are directed outwards or inwards, respectively. The 
portion of the field near the Sun is extrapolated schematically 

on their way to the outer Solar System, showed no signs 
of a sector structure at around 16° above the ecliptic, 
but rather magnetic field lines directed away from the 
Sun. With Ulysses, it then became possible in 1994/95 
for the first time to observe the structure of the solar 
wind above the poles of the Sun and at other locations 
well outside the ecliptic. 

Near the Sun's equator, there are many active regions 
with closed field lines; however, at higher heliographic 
latitudes, we find mainly open field lines, along which 
the solar wind streams outwards (Sect. 7.3.4). These 
field lines, which emerge from or enter the Sun's sur
face roughly perpendicular to it, are deflected towards 
the equatorial plane at a few solar radii away from the 
surface and thereafter run essentially parallel to it. Since 
the magnetic field (except for localized regions) exhibits 
opposite magnetic polarity in the northern and southern 
solar hemispheres, field lines of opposite direction run 
close to each other in the equatorial plane. They are sep
arated by a thin neutral layer (in which, according to the 
law of induction, (7. 76), electric currents flow) . This he
liospheric current layer has, particularly at maximum 
activity, an extremely complex folded and twisted struc
ture, comparable to the "whirling skirt of a ballerina" 
(Fig. 7 .27). Its shape is determined on the one hand by 
the inclination of the solar magnetic equator relative to 
the rotational equator, by asymmetries in the field distri
bution, and by field reversals in the course of the activity 
cycles; on the other hand, the layer is twisted by the ro
tation of the Sun and is transported outwards by the 
solar wind. 

The boundaries of the sectors, as for example ob
served in the neighborhood of the Earth (Fig. 7 .26), 
result finally from the intersection of the plane of the 
ecliptic, which is inclined by 7.25° relative to the equa
torial plane of the Sun, with this rotating, deformed 
neutral current layer. 

The Heliopause. The heliosphere reaches out to 
roughly the point where the dynamic pressure of the 
wind becomes equal to the pressure of the interstellar 
medium. It is approximately spherical in shape, with 
a gentle "wasp waist" in the equatorial plane. The tran
sition zone, the heliopause, lies at a distance of about 
100 AU from the Sun and is reached by the solar wind, 
with its velocity of around 500 km s -I, in around a year. 
Since the solar wind strikes the interstellar medium at 
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Fig. 7.27. The heliospheric current layer and the solar wind. 
The diameter of the region shown is approximately 25 AU and 
the distance between the turns is about 5 AU. The extended 
magnetic field of the Sun is directed e.g. outwards above the 
layer, inwards below it. These are calculations of the current 
layer for a constant solar wind, flowing outwards with a ve
locity of 400 km s- 1, according to the formula of J. R. Jokipii 
and B. Thomas (1981) 

supersonic velocities, a shock wave forms: in a relatively 
thin, turbulent transition zone the density, temperature, 
and magnetic field change abruptly. 

7.3.8 Oscillations: Helioseismology 

Along with the irregular flow patterns of the granula
tion (Sect. 7.3.1), we can see in the Doppler shifts of 
the Fraunhofer lines nearly periodic, large-area wave 
motions in the photosphere (and the chromosphere). 
In 1960, R. B. Leighton discovered oscillations in the 
radial velocities with periods of 5 min or frequencies 
of 3.3 · w-3 Hz= 3.3 mHz (millihertz) and amplitudes 
from 0.1 to 500 m s-1, where frequently regions of the 
surface of sizes _:s 0.04 R0 oscillate in phase. These 
Doppler motions are associated with small intensity 
variations. 

The oscillations can be interpreted as acoustic waves, 
which are treated as standing waves in a limited layer 
of the Sun below the photosphere, like waves in a reso
nator. In 1975, F. L. Deubner succeeded in observing 

Fig. 7.28. Oscillations on the Sun: the power spectrum 
of the p-modes (acoustic waves) from observations by 
K. G. Libbrecht and M.F. Woodard. The frequency v in 
[mHz = 10- 3 Hz] is plotted as a function of the rank l of the 
spherical harmonic functions (number of node lines) or the 
horizontal wavenumber kh = JZ(l + 1)/ R0 :::::: If R0 (7.101). 
The discrete ridge lines each correspond to a particular num
ber n of radial nodes with n = 1 for the lowest frequencies; the 
vertical marks represent 1000-fold enlarged error bars (1 a). 
(With the kind permission of Nature 378, 355, © Macmillan 
Magazines Ltd., and of the authors) 

the characteristic patterns of oscillation as predicted by 
R. Ulrich in 1970, resolved with respect to their frequen
cies v and (horizontal) wavelengths A.h or wavenumbers 
kh = 2n/ A.h (Fig. 7.28). Since then, using more re
fined methods of observation, many further modes of 
oscillation have been found. 

Methods of Observation. The most important method 
of observing solar oscillations is still based on the 
Doppler effect in the spectral lines; in addition, the 
corresponding intensity variations are also used. In 
order to measure frequencies and amplitudes very pre
cisely, averaging over large parts of the solar surface 
is required, and also very long observation times, 
up to several months, are important. The first long 
observational series made use of the long antarctic 
summer. By combining the observations made at sev
eral stations distributed over the Earth (GONG: Global 
Oscillation Network Group), the precision could also 
be increased. Finally, since 1996, the solar observatory 
SOHO (Sect. 7.3.4) has permitted observations over 
long periods of time from space. 



7.3 The Sun: Its Chromosphere and Corona. Flow Fields, Magnetic Fields and Activity 

Acoustic Waves. As we saw in Sect. 7.3.1, in the upper 
layers of the turbulent convection zone, acoustic waves 
are produced. These cannot propagate in the interior of 
the Sun, since they are on the one side reflected by the 
steep density gradient on going outwards towards the 
photosphere; and on the other, in the lower convection 
zone, where the sound velocity Cs increases strongly on 
going inwards, they are again directed outwards due to 
refraction. This leads to the result that the layer between 
these two boundaries acts as a resonant cavity, in which 
for particular frequencies - below about 5.5 mHz -
standing waves can be formed. For waves of longer 
wavelength, the "bottom" of the resonator lies deeper in 
the solar interior than for those of shorter wavelengths. 

The power spectrum in Fig. 7.28 shows that the en
ergy in the oscillations is not evenly distributed over v 
and kh, but instead is concentrated into discrete "ridge 
lines" which are determined by the standing wave 
condition. 

Since in the case of acoustic waves, the compression 
of the gaseous medium is opposed by the pressure P, 
they are also termed p-modes. The velocity amplitude 
of the individual p-modes is extremely small, typically 
0.01 ms- 1; the corresponding relative intensity vari
ation is just w-7 . Only by superposition of a large 
number (around 10 7) of modes can stronger amplitudes 
of up to 500 m s-1 occur. 

Gravity Waves. In addition to acoustic waves, gravity 
waves or g-modes can be excited in the Sun, whereby 
buoyancy or gravitational force provides the return 
force. The waves from the solar interior below the con
vection zone are, however, strongly damped by the time 
they reach the surface. Their amplitudes are only about 
1 1 10 of those of the acoustic waves and they have not 
yet been detected with certainty. 

Normal Modes. The analysis of the oscillations as 
standing and also the propagating waves is carried out 
in the form of a superposition of the normal oscillation 
modes or proper oscillations of a sphere of gas. 

We first determine the period Ilo of the fundamen
tal oscillation or radial pulsation of a sphere of gas, 
e.g. of the Sun or a star, having the radius R, a mean 
density ii and a mass .M. Here, we cannot give the 
derivation from the basic equations of hydrodynam
ics, but will limit ourselves to an estimate of the order 

of magnitude. We interpret the pulsation as a standing 
acoustic wave. Its velocity is given according to (7.93) 
by Cs = ,JyPfe, where y is the specific heat ratio, P the 
pressure, and Q the density. The mean pressure P in 
the gaseous sphere can be estimated by the central pres
sure Pc (3.7) from the hydrostatic equation (3.6), so that 
we obtain the order of magnitude P-::::. 71 G.M/ R. The 
period of oscillation is, again to an order of magnitude, 
given by 

R ( G.M)-1/2 Iloc:::.-c:::.R y--
cs R 

(7.99) 

With .M=(4JT/3)71R3 , we find from this the im
portant relation between the period and the mean 
density: 

1 
Ilo-::::. ,JG'Q. (7.100) 

For the Sun, 710 = 1410 kg m-3 (2.58), and thus 
Ilo, 0 -::::. 1 h. In contrast to the pulsating variable stars 
(Sect. 7.4.1), in the Sun the excitation of numerous 
high harmonics clearly predominates, with wavelengths 
« R0 and with very small amplitudes. 

Radial harmonics are also treated as standing acous
tic waves and are characterized by the number n of 
oscillation nodes between the surface and the center of 
the Sun. Furthermore, non-radial oscillations are also 
possible. These are described in spherical polar coor
dinates (} and f{J - corresponding to an expansion in 
spherical harmonic functions Y1,m((}, f{J) = P1,m(cos(}) · 

cos(mf{J) -by the overall number l of node circles on the 
spherical surface and by the number m of node circles 
which pass through the poles (Fig. 7 .29). Independently 
of this, the number n of radial nodes enters the descrip
tion. There are correspondingly l = 0 radial pulsations 
(n = 0: fundamental oscillation), l = 1 dipole and l = 2 
quadrupole oscillations. 

For values of l which are not too small, we obtain for 
the horizontal wavenumber or the wavelength 

kh = .Jl(l+T) -::::. - 1 , 
R0 R0 

(7.101) 

The energy in an oscillation {n, l, m} in the spherically 
symmetric case does not depend on the azimuthal num
ber of nodes m; there is thus an energy degeneracy 
analogous to that in the energy states of an atom with 
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m = 2 

l = 2 3 

respect to the magnetic quantum number for the angu
lar momentum (Sect. 7.1.1). This degeneracy is lifted 
by the rotation of the Sun (see below). 

The Seismology of the Sun. In contrast to electro
magnetic waves, the interior of the Sun is largely 
transparent to the mechanical waves produced in the 
convection zone. The propagation conditions for acous
tic waves (velocity c5 , reflection, refraction) and thus 
also the "walls" of the resonant cavity are determined 
by the temperature and density layering within the Sun 
(Sect. 8.2.2). 

Therefore, by conversely applying helioseismology 
(so termed by D. Gough in 1983), in analogy to 
earthquake waves, one can obtain information about 
the interior of the Sun below the photosphere, from 
which no electromagnetic radiation can reach us, by 
an analysis of the complicated temporally and spatially 
variable pattern of oscillation nodes and maxima on the 
Sun's surface, produced by the superposition of around 
107 individual modes of differing wavelengths and fre
quencies. Thus, solar seismology led to the correction 
of our ideas about the lower limit of the hydrogen con
vection zone, which lies considerably deeper than was 
previously assumed. Furthermore, the analysis of the 
solar oscillations allows the determination of the rota
tional velocities in the interior of the Sun and of the 
extended, slow matter flows (of several 10 m s _,) down 
to 40 000 krn below the solar surface. 

The observation of oscillations with periods of about 
5 min reveals p-modes with l in the range of around 10 
to 2000 and n up to about 40, i.e. according to (7.101), 
of waves with horizontal wavelengths of about 0.003 to 
0. 6 R 0 . A particular I y deep view into the solar interior is 
offered by radial oscillations with small!, and thus with 

3 

5 

Fig. 7.29. Nonradial oscillations, 
represented by the spherical har
monic functions Y1 ,m for some 
selected I (number of node lines) 
and m (number of node lines 
through the poles) values. When 
e.g. the grey zones are oscillat
ing outwards, the white regions 
are moving inwards and vice 
versa. (With the kind permission 
of R. Kippenhahn) 

long wavelengths or periods. These can be observed by 
integrating over large areas of the solar surface, so that 
oscillations with shorter wavelengths are for the most 
part averaged out. 

Rotation. At the Sun's surface, we can determine 
its rotation from the motion of sunspots (Sect. 7.3.3). 
The period I1ro1 increases from 24.8 d at the equator 
to about 31 d at higher latitides; this corresponds to 
a decrease of the angular velocity Q or the frequency 
Vrot = Qj(2rc) = 1/ IIrot from about 460 to 370 nHz 
(nanohertz). The rotational frequency is thus consid
erably lower than the frequencies of the oscillations. 
A wave propagating in the direction of the rotation has 
a higher frequency relative to the non-rotating case by 
m · Vro1; a wave propagating in the opposite direction has 
a correspondingly lower frequency (m is the number of 
azimuthal nodes). Since these very small splittings in 
the modes can still be measured, it is possible by means 
of seismology to derive the variation of the rotation even 
in the interior of the Sun. However, measurements at 
small m, which would correspond to deep layers and 
high latitudes cp, are extremely difficult. 

The rotation of the Sun in the whole hydrogen con
vection zone (Sect. 7.3 .1) is very similar to that on 
the surface and shows a similar variation with latitude 
(Fig. 7.30). Just below the convection zone, the Sun ro
tates with an approximately constant angular velocity 
of 440 nHz, corresponding to an average of the values 
in the outer layers. 

Asteroseismology. In principle, the methods of solar 
seismology can also be applied to the stars. The first 
of the extremely difficult observations of the GO IV star 
TJ Boo and some few other objects indicate that we are 
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standing at the treshold of a promising new era of as
trophysics with asteroseismology, and in particular with 
the observation of the p-modes of low rank. 

7.4 Variable Stars. 
Flow Fields, Magnetic Fields 
and Activity of the Stars 

The first observations of variable stars at the tum of 
the 16th to the 17th centuries represented at the time 
a weighty argument against the Aristotelian dogma of 
the immutability of the heavens. Tycho Brahe's and Ke
pler's discoveries of the supernovae of 1572 and 1604 
have continued to contribute to knowledge of these 
mysterious objects even in our day and have permitted 
the radioastronomical identification of their remnants. 
Fabricius' discovery of the Mira Ceti should also be 
mentioned in this connection. 

Variable stars are denoted by capital letters, R, S, T, 
... Z, and the genitive case of the name of the constel
lation; these are followed by RR, RS, ... ZZ, AA ... 
AZ, BB ... QZ, without using J. After these 334 pos-

0.8 1.0 

Fig. 7.30. Solar rotation: the 
dependence ofthe rotational 
frequency Vrot = f2/(2rr) on 
the radius r / R0 and on the 
heliographic latitude, after 
J. Schou and the SOl Inter
nal Rotation Team ( 1998). 
Vrot is in [nHz = w-9 Hz]; 
curves are shown (jrom 
above to below) for the lati
tudes oo, !5°, 30°, 45°, 60° 
and 75°. The dashed lines 
give the l a error limits. 
(With the kind permission 
of the authors and of the 
International Astronomical 
Union) 

sible combinations have been used, one employs V335 
etc. (V =variable star), together with the genitive of the 
constellation. 

It should be clear from the outset that the investiga
tion of variable stars promises us much deeper insights 
into stellar structure and evolution than that of the static 
stars, which are "eternally the same". On the other hand, 
the observation and theory of variable stars presents 
much greater difficulties. A warning against easy, ad 
hoc hypotheses is not inappropriate here. 

It is impossible within the scope of this book for 
us to describe the numerous classes of variable stars 
(usually named for a prototype) with any degree of 
completeness. We shall leave aside the eclipsing vari
ables, which have already been discussed, and consider 
a few interesting and important types of physically 
variable stars which we group according to common 
physical aspects of their descriptions. To gain a bet
ter overview, we summarize the most important groups 
in Fig. 7.31 schematically with their positions in the 
Hertzsprung-Russell diagram. 

We first treat the pulsating variables (Sect. 7.4.1) 
and the magnetic variables with their variable spectra 
(Sect. 7.4.2). After having introduced the outer layers 
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Fig. 7.31. Schematic positions of some types of variable 
stars in the Hertzsprung-Russell diagram (Mboi. Teff), after 
H. W. Duerbeck and W. C. Seitter 
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of the solar atmosphere and solar activity in Sect. 7.3, 
we now discuss in Sects. 7.4.3, 4 the indications for 
activity, chromospheres, coronas, etc. in stars of dif
ferent classes. The cataclysmic variables, to which the 
novae belong (Sect. 7.4.5) and the very diverse stel
lar X-ray sources (Sect. 7.4.6) represent quite different 
groups of variable stars. The phenomena observed in 
these two groups are due to matter flows within close 
binary systems, which are "pulled in" by a compact star 
component (a white dwarf or neutron star). Then, in 
Sect. 7.4.7, we tum to the spectacular phenomenon of 
the burst of brightness observed in a supernova, which 

is accompanied by the casting off of a shell of stellar 
matter (supernova remnants). These powerful stellar ex
plosions often leave a neutron star behind, which can 
be observed as a pulsar. Finally, we consider the objects 
which radiate particularly strongly in the gamma-ray 
region, dealing in Sect. 7.4.8 with the stellar gamma 
sources in our Milky Way galaxy and in Sect. 7.4.9 
with the extremely bright gamma bursters, whose nature 
could be explained only very recently. 

In discussing all types of variable stars, it will become 
clear that we must consider them as particular stages in 
stellar evolution. However, we shall not develop this 
important idea further until Chap. 8. 

7.4.1 Pulsating Stars. R Coronae Borealis Stars 

The pulsating variables are, for the most part, giant 
stars, but there are also pulsating stars among the main 
sequence stars and among the white dwarfs. The fol
lowing groups, among others, belong to the class of 
pulsating variables; we also note here the star popula
tions in the Milky Way Galaxy to which they belong 
(Sect. 11.2.6): 

RR Lyrae stars or cluster variables. These are stars 
with regular changes in brightness having periods of 
about 0.2 to 1.2 d, brightness amplitudes of the order 
of 1 mag (ranging from about 0.4 to 2 mag), spectral 
types A and F, and masses from 0.5 to 0.6 M 0 . They 
are found in the halo and core of the Milky Way galaxy 
and are important in the globular clusters. 

8 Cephei Stars (classical Cepheids). Stars of high 
luminosities (class Ia to II) which also exhibit very reg
ular brightness changes having periods from 1 to 50 d 
and about the same brightness amplitudes as the cluster 
variables (0.1 to 2 mag), but belonging to later spectral 
types (F5-K5) and having masses between about 5 to 
15 M 0 . They occur in the spiral arms of the galaxy. 

W Virginis stars with very similar properties to the 
8 Cep stars, but weaker in absolute magnitude (by 1 to 
2 mag) and with low masses (0.4 to 0.6 M 0 ). They are 
found in the halo and core regions of the Milky Way. 

DwaifCepheids and 8 Scuti stars. Short-period vari
ables near the main sequence, of spectral types A and F 
(masses 1 to 2 M 0 ), having periods between 0.03 and 
0.2 d, and brightness amplitudes of0.3 to 0.8 mag in the 
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case of the dwarf Cepheids and, as a rule, ~ 0.1 mag in 
the 8 Set variables. 

ZZ Ceti stars. White dwarfs of spectral type DA with 
very short periods in the range from 3 to 20 min and 
small amplitudes between 0.01 and 0.3 mag. 

Mira variables or long-period variables are all giant 
stars of the later spectral types (M, C, and S), usu
ally with emission lines; Mira Ceti = o Cet (M711Ie) is 
a member of this group. The light curves are not as sta
ble as in the case of the Cepheids; they have periods of 
from 80 d up to more than 500 d, and large brightness 
amplitudes of more than 2.5 to about 88 mag in the vis
ible region. Their masses are of the order of 1 M 0 , and 
their radii range from 100 to 1000 R0 . Mira variables 
occur both in the young and in the old stellar populations 
of the Milky Way. 

RV Tauri stars. Bright giants and supergiants with 
spectral types F to K having alternately deep and shallow 
minima in their light curves, periods between about 30 
and 150 d, and amplitudes up to 3 mag. 

Semiregular variables. Giants to supergiants of 
medium or late spectral types(~ F) with quasi-periods 
in the range of 30 to over 1000 d. 

Radial Velocity Curves. The first indication of the 
physical nature of the groups of variable stars described 
here was given by their radial velocity curves. These 
are closely connected to their light curves. Initially, 
it was attempted to attribute the very regular velocity 
fluctuations of e.g. the classical Cepheids to a binary 
star motion. Integration over the radial velocity yields 
(without further hypotheses) the dimensions of the "or
bit", since (x =coordinate in the direction of the line of 
sight): 

(7.102) 

It soon became apparent, however, that the star would 
have no room in this orbit alongside the postulated com
panion star. Thus, in 1914, H. Shapley returned to the 
possibility of a radial pulsation of stars, which had been 
discussed in the 1880's by A. Ritter as a purely theoret
ical problem. The pulsation theory of the Cepheids (and 
related variables) was then developed further in 1917 
by A. S. Eddington. This, in tum, gave the impulse for 

his pioneering work on the internal structure of stars 
(Chap. 8). 

The period flo of the pulsation of a sphere of gas 
was already estimated in Sect. 7.3.8 and the important 
relation llo = 1/-JGQ (7.100) with the mean density {j 
was obtained there. This relation has been well verified 
by comparison with extensive observational results. 

Light Curves. A second test of the pulsation theory 
was suggested by W. Baade: the brightness of a star is 
proportional to the area of its "disk", n R2 , times the 
radiation flux FA at its surface. The temporal variation 
of the stellar radius R can be obtained directly by inte
grating the radial velocity curve as in (7.102). On the 
other hand, FA can be determined independently from 
the theory of stellar atmospheres using the color in
dices or other spectroscopic criteria. (We shall apply 
this method later in Sect. 12.1.1 to the determination of 
the distances of galaxies). 

Figure 7.32 summarizes some of the fundamental 
properties of 8 Cep stars, with their time variations. The 
expected proportionality of the observed magnitudes to 
R2 FA is indeed well fulfilled. 

Henrietta S. Leavitt at the Harvard Observatory in 
1912 discovered a relation between the periods and, 
initially, the apparent magnitudes mv of the many 
hundred cepheid variables in the Magellanic Clouds. 
Since all these stars have the same distance modu
lus, she had actually discovered a period-luminosity 
relation. H. Shapley determined the zero point of the 
scale of absolute magnitudes using the modest amount 
of observational data of proper motions then available 
(Sect. 6.2.2). It thus became possible to determine the 
distance to every cosmic object in which Cepheids could 
be found (the problem of interstellar absorption was as 
yet unknown). For example, H. Shapley in 1918 was 
able to determine the distances to many RR Lyr stars 
in the globular clusters for the first time and thus to 
fix the boundaries of our galaxy in the modem sense. 
Then in 1924, E. Hubble, using the same methods, but 
employing classical Cepheids (with longer periods), de
termined the distances to some of the neighboring spiral 
nebulae and showed definitively that they are galaxies 
of a similar scale to our Milky Way. We shall dis
cuss this "penetration of deep space" in Sects. 12.1.1 
and 13.1.1. Here, however, we should consider an im
portant correction to the fundamentals of the cepheid 
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method, discovered about 1952 by W. Baade. He was 
able to show that the zero point of the period-magnitude 
relation is different for different types of Cepheids. 
In particular, the classical Cepheids of Population I 
( cf. Sect. 11.2.6) are 1 to 2 magnitudes brighter than the 
W Virginis stars of Population II with the same period. 

The amplitude of the light variation, measured e.g. in 
visual magnitudes mv, increases systematically on go
ing to cooler stars. This is essentially based on Planck's 

Fig. 7 .32a-f. Periodic variations of 8 Cephei. From above to 
below, the curves represent (a) the brightness (light curve in 
[mag]), (b) the color temperature, (c) the spectral type, (d) the 
radial velocity, (e) the changes in radius iJ.R = R- Rmin, and 
(f) the stellar disk 

radiation law. If we write mv in Wien's approximation, 
analogously to (6.28), we find: 

1.56. 107 

mv = + constv . 
A.v [nm] T [K] 

(7.103) 

A given temperature variation L\ T thus corresponds to 
a brightness amplitude of 

1.56 ·107 
L\mv =- 2 L\T, (7.104) 

A.vT 

which for cooler stars increases ex 1 j T2 . 

Pulsation Theory. An interesting theoretical problem is 
the conservation of pulsation: what "valve" guarantees 
that the stellar oscillations, like the pistons of a thermal 
engine, are always pushed with the right phase? The pro
duction of thermal energy by nuclear processes near the 
center of the star is practically not influenced by the pul
sation. Rather, the critical factor is the temperature and 
pressure dependence of the opacity (7.41), which reg
ulates the flow of radiation energy and thus determines 
the temperature of a particular layer. This "K mech
anism" is found to be particularly effective, together 
with the change in the adiabatic temperature gradient, 
in the region of the second ionization of helium. Similar 
(very difficult) calculations can make it clear theoret
ically which combination of fundamental properties, 
i.e. which regions of the Hertzsprung-Russell diagram, 
permit the existence of pulsation. Thus, one can under
stand that the 8 Set stars and the dwarf Cepheids as well 
as the R R Lyr, W Vir- and 8 Cep stars are all found close 
to an instability band which stretches from an effective 
temperature of about 8000 K near the main sequence 
"upwards and to the right" to 5000 K at the Cepheids 
(Fig. 7.31). 

Long-Period Variables. The cooler pulsation variable 
stars with longer periods of light variation, such as 
the R V Tauri variables and long-period variables, have 
an increasingly irregular light variation. The theory of 
inner stellar structure (Chap. 8) shows that in cooler 
stars, the hydrogen convection zone becomes more and 
more extended. It is therefore tempting to attribute 
the observed semi-regular light variation to a coupling 
of the pulsation with the turbulent flow processes of 
convection. 
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The shells of the Mira variables expand with veloci
ties of the order of 10 km s-1 as can be determined from 
measurements of the radial velocities of absorption and 
emission lines. The stars lose a corresponding amount 
of mass at a rate of about 1 o-8 to 1 o-6 M0 yr- 1. From 
some Mira variables, lines in the radiofrequency region 
can also be observed, in particular the maser emission 
of the OH radical at A = 18 em (Sect. 1 0.2.3), where the 
1612 MHz component is strongest (type II maser). The 
characteristic double structure of this component also 
indicates an expanding motion of the gas shell. 

Radio surveys at A= 18 em, searching for OH 
sources, together with infrared observations, have led to 
the discovery of optically invisible OH!IR stars. These 
cool stars, which are hidden behind a thick shell of 
dust, exhibit brightness variations in the infrared corre
sponding to the type of the Mira variables; the periods 
extend up to 2000 d. The period-luminosity relation of 
the OHIIR stars indicates that we can take them to rep
resent a continuation of the Mira variables. Their mass 
loss rates of about 10-5 to 10-4 M 0 yc 1 are greater 
than those of the Mira stars. 

R Coronae Borealis Stars. Within the group of the 
red giant stars, there is quite a different kind of slow 
variables, the RCrB stars. Their brightness decreases 
suddenly by several magnitudes from a constant nor
mal value, and then slowly returns to the normal value. 
Spectral analysis of these relatively cool stars shows that 
their atmospheres have low hydrogen contents, but high 
contents of carbon (and probably helium). One might 
suspect that the R CrB stars at times emit clouds of col
loidal carbon, i.e. a sort of soot cloud, which darken the 
star for a while. 

7.4.2 Magnetic or Spectrum Variables. 
Ap Stars and Metallic-Line Stars 

In the region of the main sequence, various types of stars 
are found which do not fit into the two-dimensional MK 
classification. They are all characterized by peculiarities 
in their spectra. The hotter Ap(Bp) stars are for the most 
part variable, while the cooler metallic-line stars are not. 
Whether these two groups have anything in common 
remains an open question. 

Ap Stars. The (cooler) Ap stars (peculiar A stars) or 
spectrum variables exhibit anomalous intensities and 
a periodic variation in the intensities of certain spec
tral lines, with different spectral lines showing different 
behaviors. The prototype is a 2 Canum Venaticorum 
with a period of 5.5 d, in which the lines of Euii and 
Cr II change with reversed phase, while e.g. the Si II 
and Mg II lines remain nearly constant. Along with 
the spectral changes, there are usually brightness vari
ations of around 0.1 mag. H. W. Babcock was able to 
show by Zeeman effect measurements (Sect. 7.3.2) that 
these stars have magnetic fields of 0.1 to 1 T (1 03 to 
104 G), which exhibit periodic changes in intensity and 
often even in sign. According to A. Deutsch, at least 
the major part of the observations can be explained 
by the hypothesis that these stars possess enormous 
magnetic spots, in which, depending on their polarity, 
one or another group of spectral lines is intensified. 
The variations observed are attributed to the rotation 
of the stars. 

In the color-magnitude diagram, the Ap stars lie 
on or near the main sequence roughly in the region 
-0.20 ;S (B- V) ;S + 0.20 mag corresponding to effec
tive temperatures between about 18 000 to 8000 K. 
A large number of the Ap stars are thus in fact Bp stars, 
which were originally classified as A stars due to their 
characteristic weak He I lines. In general, however, the 
classification as Ap stars has been retained for all the 
members of this group. 

Among the late B and A stars, there are at least 10 to 
15% Ap(Bp) stars. These are subdivided into the follow
ing groups, according to their most noticeable spectral 
anomalies: (a) at the cooler end of the region are the Eu
Cr-Sr stars, which extend towards the higher effective 
temperatures (Teff ~ 12 000 K) of the Si stars; among 
the latter are e.g. a 2 CVn. (b) At temperatures similar to 
those of the Si stars are the Hg-Mn stars, which how
ever, in contrast to the magnetic Eu-Cr-Sr- and Si stars, 
show no observable magnetic fields and are not spectral 
variables. (c) The weak-helium-line stars, with less no
ticeable anomalies, represent the continuation of both 
groups towards the highest effective temperatures up to 
about ;S 20 000 K. 

In some Ap stars, unusual anomalies are observed: 
for example, a subgroup of the weak-helium-line stars 
exhibits the lines of 3He with comparable intensities 
to those of 4He, but somewhat shifted in wavelength. 
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In some of the Eu-Cr-Sr stars, lines of otherwise rare 
elements such as Os I and II and Pt IT and perhaps 
also U IT occur with unexpectedly strong intensities. 
In the spectrum of HR 465, the radioactive promethium 
isotope 145Pm, with a half-life of 17.7 yr, has been iden
tified. This can be regarded as an indication that the 
anomalous element abundances could in part be a re
sult of neutron irradiation. On the other hand, most of 
the abundance anomalies of the Ap stars, and of the 
metallic-line stars (see below), can hardly be under
stood as resulting from nuclear processes. F. Praderie, 
E. Schatzman and G. Michaud (1967170) have there
fore suggested an explanation on the basis of diffuson 
processes, by which the elements can be separated 
by the interplay of selectively-acting radiation pres
sure as a "buoyancy force", and sedimentation resulting 
from the gravitational acceleration, in layers of these 
stars near to their surfaces. The details, which are by 
no means understood, probably depend sensitively on 
the strength of turbulence or convective mixing and 
of magnetic fields. 

Metallic-Line Stars. Along the main sequence going to 
cooler temperatures, the non-variable metallic-line stars 
(Am stars) border on the Ap stars, with a considerable 
region of overlap. They are mostly members of binary 
star systems, and their rotational velocities are lower 
(:S lOOkms-1) than those of the normal A stars. Strong 
magnetic fields are not observed. About 10% of the 
(brighter) A stars are metallic-line stars. They are classi
fied according to their hydrogen lines, for example as AO 
and Fl. On the basis of their hydrogen types, these stars 
lie on the main sequence. However, the lines of calcium 
(especially H and K) and/or scandium are too weak, 
while the metal lines of the iron group and the heavier 
elements are too strong. Precise analysis yields effec
tive temperatures between about 7000 and 10 000 K and 
show, by comparison of lines from various ionization 
and excitation stages, that the abundances of the ele
ments are indeed anomalous, rather than the observed 
line intensities being due to some sort of anomalous 
excitation processes (deviations from LTE). 

Both the Ap and the Am stars occur on the main se
quence of relatively young (only 106 to 107 yr old) star 
clusters and groups. This also indicates that the anoma
lies in these stars must have been produced quickly and 
in the immediate neighborhood of the main sequence. 

7.4.3 Activity, Chromospheres, and Coronas 
of Cool Stars 

In Sect. 7.3, we found that the Sun can be considered to 
be a variable star, with its 2 · 11 year magnetic activity 
cycle. The manifold phenomena of solar activity are, in 
the final analysis, based on the interaction of the rotation 
of the Sun with the velocity and magnetic fields of the 
hydrogen convection zone; this interaction gives rise to 
a dynamo process which maintains the activity cycle. 
The temperature increase towards the outer layers of the 
solar atmosphere, the chromosphere and the corona, is 
also due to the convection zone, in which acoustic and 
magnetohydrodynamic waves are generated which then 
give rise to heating of the upper layers. On the other 
hand, the theory of the inner structure of stars shows 
that all cooler stars, later than about FO (Terr :S 6500 K), 
must have more or less extensive hydrogen convection 
zones near their surfaces. It is thus tempting to search 
for indications of chromospheres and coronas and for 
solar-like activity phenomena in other stars from this 
region of the Hertzsprung-Russell diagram. 

Since about 1970, it has been possible through ob
servations in the ultraviolet and X-ray regions from 
satellites to investigate the chromospheres, coronas and 
stellar winds of various types of stars on a large scale. 

Chromospheric Activity. On the Sun, the active re
gions or their torch spots are characterized by Ca II H 
and K emission lines, sometimes superposed on a finer 
absorption structure. Exactly the same spectral features 
are observed in many main sequence and giant stars 
of types G through M. This chromospheric emission 
or stellar activity, discovered by K. Schwarzschild and 
G. Eberhard in 1913 and later thoroughly investigated 
by 0. C. Wilson, often exhibits variations with time, 
which are an indication for the rotation or an activity 
cycle in the star. 

Then in 1957, a completely unexpected phenonenon 
was observed by 0. C. Wilson and M. K. V. Bappu: the 
width of the Ca II emission lines was found (indepen
dently of their intensity) to be a function of the absolute 
magnitude of the stars. This provides an excellent 
method for the determination of the spectroscopic par
allax of cooler stars, which is valid over 15 magnitudes 
or 6 powers of ten in the luminosity. Just why the veloc
ity of the turbulence in the chromospheres of the cooler 



7.4 Variable Stars. Flow Fields, Magnetic Fields and Activity of the Stars 

main sequence and giant stars is related to their other at
mospheric parameters in the observed manner remains 
for the most part an unanswered question. 

From the work of 0. C. Wilson, R. P. Kraft, 
A. Skumanich and others it has become clear since the 
1960's that there is a connection between the chromo
spheric activity or Ca II emission with the rotation of 
the stars, and, through comparisons of the stars in stel
lar clusters of differing ages, with their ages also. With 
increasing stellar ages (on the average), both the rota
tional velocities and the activities of stars decrease. This 
is true not only of chromospheric emission, but also of 
all the other indicators of stellar activity, such as flares 
and X-ray emission (see below). Young, rapidly rotating 
stars show a very irregular activity; in contrast, older, 
slowly rotating stars exhibit activity in cycles similar 
to those observed on the Sun. In the course of the evo
lution of a cool star, angular momentum is transferred 
to the interstellar medium by the outward streaming 
of plasma with its magnetic fields, similar to the solar 
wind, so that the star's rotation is slowed down. This 
in tum causes the dynamo process which maintains the 
stellar activity cycle and produces the star's magnetic 
field to become less effective, and the activity phenom
ena, which depend essentially on the magnetic field, 
thus decrease. 

Starspots. In several cool dwarf stars, G. E. Kron (1952) 
observed small periodic brightness variations, which he 
attributed to starspots, analogous to sunspots. Follow
ing B. V. Kukarkin and others, we refer to this type of 
rotating stars as BY Draconis variables. They include 
main sequence stars of the later spectral types (with 
emission lines) and quasiperiodic brightness variations 
(:S 0.6 mag). Their periods lie in the range from several 
tenths of a day up to a few days; the amplitudes may 
change in the course of some years. 

Flare Stars. Many cool dwarf stars, usually of type M 
with hydrogen emisson lines, also show flares at ir
regular intervals; these differ from those observed on 
the Sun only in their sometimes greater brightness. 
The optical brightness of the star increases within 3 to 
100 s by amounts of 6 to 7 mag; the decrease back 
to normal magnitude is considerably slower. Smaller 
fluctuations in brightness merge into nearly contin
uous variations. The spectra of these flare stars, or, 

as they are named for their prototype, the UV Ceti 
stars, show a superposed continuum in the ultravio
let during a flare outburst, so that the brightness in this 
region may increase up to 10 mag. They also exhibit 
strong emission lines from Ca II, H I, He I, and even 
He II as in solar eruptions. However, while on the Sun 
the continuous spectrum of the flare reaches at most 
a few percent relative to the brightness of the pho
tosphere, this ratio reverses in cool stars (:S 4000 K), 
since the radiation flux from their photospheres is 
weaker by several magnitudes. Accompanying an op
tical flare, B. Lovell et al. discovered in 1963 the 
corresponding radio flares in the meter wavelength 
range. Likewise, in the X-ray region, outbursts of flare 
stars amounting to 1023 to 1024 W were observed from 
the Einstein satellite; they showed a great similarity 
to solar flares. 

Ultraviolet Spectra. In many stars of the later spec
tral types, we find, as in the Sun, ultraviolet emission 
lines such as HI La at A= 121.6, 0 I at A= 130.4, C I 
atA = 165.7/156.1, Si II atA = 180.8/181.7 and Mg II 
(hand k) at A= 279.6/280.3 nm, which are of chromo
spheric origin. These occur together with lines of higher 
ionization states such as SiiV at A= 139.4/140.3, C III 
at A= 97.7/117.5, CIV at A= 154.8/155.1 or NV 
at A= 123.9/124.3 nm, which indicate temperatures 
above 3 · 104 K and are formed in the transition layer 
to a corona or in a cool corona (Fig. 7.33). In contrast, 
in the cooler, more luminous stars such as a Ori (M2 I 
ab ), the lines from highly excited states are lacking, 
so that their chromospheres at temperatures :S 2 . 104 K 
probably merge directly, with no hot transition zone, 
into cool, massive stellar winds having relatively low 
velocities (see below). 

Mass Losses. Based on the blue shifted circumstel
lar absorption components of strong lines such as the 
Call H- and K lines in the spectra of cool, luminous 
giants, A. J. Deutsch recognized in 1956 that the expan
sion velocities of the extended shells are greater than 
the escape velocities; thus, these stars give off matter 
into the interstellar medium. The rate of mass loss M 
can now be derived not only from the optical circum
stellar lines, but also among other possibilities from the 
infrared radiation of the dust in the shell as well as from 
lines of OH, H20 or CO in the radiofrequency region. 
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Fig. 7.33. Ultraviolet spectra of some cooler stars (ob
servations with the International Ultraviolet Explorer by 
J. L. Linsky and B. M. Haisch, 1979): .B Dra (G2 II), .B Cet 
(Kl III), a UMa (KO II-III), a Ori (M2 lab) and, for compari-

According to D. Reimers (1975), the order of mag
nitude of the mass loss from cool giants and supergiants 
is given by: 

M [M0 yr-1] =4·10-13 L/L0 
(g/g0 )(R/R0 ) 

(7.105) 

which relates it to the fundamental stellar param
eters luminosity L, radius R, and surface gravity, 
g = G M 1 R 2. The rates of mass loss for the coolest su
pergiants attain 10-7 to 10-5 M0 yr-1; for the OHIIR 
stars, they go as high as 1 o-4 M0 yr-1. On the other 
hand, a weak stellar wind comparable to the solar 
wind (M::::: 2 · w- 14 M0 yc1 ), as expected for cool 
main sequence stars, lies at the current detection 
limit. 

The (generally variable) stellar winds are expected 
to be due, as in the Sun, to the transport of energy by 
acoustic and magnetohydrodynamic waves from the hy
drogen convection zone. In the case of the highest mass 
loss rates, acceleration by radiation pressure from the 
star probably also plays a role; it acts on the circum
stellar dust particles with their large absorption cross 
sections. 
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son, the quiet Sun. The positions of solar spectral lines which 
are not present in the stellar spectra are indicated by dashed 
vertical lines 

Coronas and Stellar Winds. In the X-ray region, cor
responding to its corona temperature of several 106 K, 
the Sun emits at a rate of 1020 W (quiet corona) up 
to 2 · 1022 W (many active regions). Only with the sen
sitivity of the Einstein satellite and following X-ray 
satellites did it become possible to detect stellar coro
nas of a similar kind by means of their X -ray emissions. 
The sky survey carried out by ROSAT indicated coronas 
for several 10 000 stars. 

The X -ray luminosity L x of the cool main sequence 
stars of spectral types G to M is in the range 1019 to 
1021 W, and is thus quite comparable to that of the Sun 
at an "average" activity level. While the X-ray emis
sion of a G dwarf makes up only about 10-7 of the 
overall radiation L, the relative amount in the case of 
M dwarfs is noticeably higher, 10- 3 to 10-2, due to their 
much smaller total luminosities. The strong scatter of 
the observed values for a given spectral type indicates 
that L x depends not only on the effective temperature, 
i.e. on the existence of a hydrogen convection zone. In
deed, we find, as for the chromospheric activity, that the 
X-ray luminosity depends strongly on the rotation of 
the star, as well as on its age. Independently of L, the 
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following approximate relation holds: 

Lx [W]::::: 1021 • (vsini [kms-1])2 (7.106) 

up to a "saturation value" Lx/L::::: 10-3 (vsini is the 
projected rotational velocity, cf. (6.45)). 

The stars in the group of the cooler giants and su
pergiants can be divided into two classes depending on 
their X-ray emissions; these are separated by a relatively 
sharp dividing line in the Hertzsprung-Russell diagram 
at early K stars or Teff::::: 4600 K. To the left of this di
viding line, we find stars with ultraviolet emission lines 
corresponding to a temperature around 105 K (Fig. 7.33) 
and with very high luminosities Lx in the soft X-ray re
gion, of up to 3 · 1023 W. In contrast, stars to the right 
of the line show no corresponding emission lines in the 
ultraviolet and no X-ray emission (Lx < 3 · 1018 W). 
The limit of detection corresponds to a value of L xI L 
which is well below that of the quiet Sun ("coronal 
holes"). On the other hand, these stars have massive, 
cool (T ~ 2 · 104 K) stellar winds with high rates of 
mass loss M. in the range of 10-10 to 10-7 .M0 yc 1 

and velocities of only 20 to 100 km s-1. The structure 
of these stellar winds is thus clearly different from that 
of the solar wind. 

Many variables of the type RS Canum Venatico
rum are detached, close binary systems, mainly having 
periods of less than 30 d and with late supergiants 
and dwarfs as components. Although from their age, 
only a weak coronal emission would be expected, the 
RS CVn stars exhibit variable, strong emissions in the 
soft X-ray region of Lx::::: 1022 up to 3 -1024 Was well 
as indications of chromospheric activity and starspots. 
Their activity is apparently also based on their rapid ro
tation, which is syncronized with their orbital motions 
by tidal interactions. 

Pre-Main-Sequence Stars. Strong actiVIty or vari
ablilty, which shows similarities with those of the Sun 
and other cooler dwarf stars, are also found in very 
young stars of spectral types F to M, which have not 
yet evolved onto the main sequence and lie above it 
in the Hertzsprung-Russell diagram (Sect.10.5.1). The 
T Tauri or RW Aurigae stars, named for their prototypes, 
are characterized spectroscopically by strong emission 
lines, especially from Ca II H and K, Ha and other 
Balmer lines of hydrogen. Their luminosities "flicker" 
in an irregular manner, of the order of 1 mag within a few 

days; many are strong X-ray sources (~ 5. 1024 W), 
whereby the somewhat older, "classical" T Tau stars, 
which are still surrounded by an accretion disk dating 
from their formation, have roughly a factor of 3 weaker 
X-ray luminosities than the younger, "weak-line" T Tau 
stars. W. A. Ambarzumian, G. Haro, and others have 
shown that these variables are to be found in the sky 
particularly in the neighborhood of the dark clouds and 
young star clusters. These are stars which were formed 
from interstellar matter relatively recently (~ 4 · 108 yr). 
Along with them, a large number of flare or UV Cet stars 
are found. 

In rare cases, strong luminosity outbursts can occur in 
T Tau stars, which are accompanied by ejection of mat
ter (FU Orionis phonomenon). For example, in 1969, the 
luminosity of V1057 Cyg increased by 6 mag in about 
300 d, and then dropped back very slowly. Shortly after 
the outburst, the spectrum ofV1057 Cyg was similar to 
that of an A supergiant. 

7.4.4 Coronas, Stellar Winds and Variability 
of Hot Stars 

Many, probably in fact all supergiants show irregular 
brightness variations of the order of 0.1 to 0.2 mag 
as well as variations in the radial velocities of their 
Fraunhofer lines up to several km s - 1 with typical time 
scales of days to months; for example, a Cyg (A2 Ia) has 
been known since 1896 to be a spectral variable. In the 
brighter supergiants, emission lines are also observed 
and are also variable, such as Ha and other Balmer 
lines, Hell at A= 468.6 nm, or (in the Of stars) NIII 
lines around A = 463 nm. 

The rare supergiants of highest absolute magni
tudes, with Mv in the range from -7.5 to -9.5 mag 
and spectral types between B and F (hypergiants), the 
Luminous Blue Variables (LBV), which include the 
Hubble-Sandage variables as well as variables of the 
S Dor type (in the Large Magellanic Cloud), TJ Car 
(Fig. 10.8) and P Cyg, exhibit a wide range of bright
ness variations, ranging from rapid, small variations (of 
a few 0.01 mag) on a time scale of hours, up to slow 
changes of the order of I mag in years to decades and oc
casional stronger bursts of brightness. Their spectra are 
rich in emission lines, which frequently show a P Cygni 
profile: a broad emission with an absorption component 
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shifted to the short-wavelength side (Fig. 7.34), which 
can be attributed to ejected matter. The velocities reach 
several 100 krn s-1, and the mass loss caused by this 
stellar wind is considerable (~ 1 o-5 M 0 yc 1 ) . 

Stellar Winds. Although in the optical region, only 
the particularly dense, massive stellar winds from the 
most luminous stars can be recognized on the basis of 
their emission lines or P Cygni profiles, the far ultravi
olet offers the advantage that here the resonance lines 
of many ions of abundant elements are to be found; 
therefore, relatively low densities of matter can be de
tected. The first ultraviolet observations with rockets by 
D. C. Morton and coworkers (1967) already indicated 
strong P Cygni profiles from some brighter stars. Using 
more sensitive spectrographs, in particular those of the 
Copernicus and the IUE satellites, it became clear that 

124 125 
Fig. 7.34. Stellar winds and mass 
losses in OB stars: as an example, 
the P Cyg profile of the resonance 
doublet of NV at A.= 123.88/ 
124.28 nm is shown (the wave
lengths at rest are indicated by 
dashed lines). Observations made 
with the Copernicus Satellite by 
T. P. Snow and D. C. Morton (1976). 
(With the kind permission of the 
International Astronomical Union) 

stellar winds or mass losses occur in all OB stars with 
luminosities L ~ 104 L 0 . 

The mass-loss rate .M due to a stationary wind is 
given by the equation of continuity, (7.88): 

.M = 4rrr2e(r)v(r) = const, (7 .107) 

where Q(r) is the density and v(r) the wind velocity at 
a distance r from the center of the star. The Doppler 
shift of the observed absorption components of a P Cyg 
profile gives us information about the maximum veloc
ity Vex, while the equivalent width W1., which in the 
optically thin case is proportional to the column density f': Q(r)dr (R =star's radius), essentially determines 
the density. The rate of mass loss is thus proportional to 
the product Rv00 w~. . 

In the region of the OB stars, .M increases for the most 
part with increasing luminosity; empirically, the relation 
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M ex L 1.7 is found. On the one hand, the supergiants 
with their well-developed P Cyg profiles show mass 
losses up to several 10-5 M 0 yc 1 at wind velocities 
up to 3500 km s-1. The mass losses of the Wolf-Rayet 
stars, (Sects. 6.4.3 and 8.2.5), 4 · 10-5 M 0 yr-1, surpass 
even those of the OB stars of comparable luminosity 
by about a factor of 10. Mass losses of this magnitude 
during the "dwell time" in the supergiant phase make 
up a considerable portion of the original mass of a star 
and must be taken into account in considering stellar 
evolution (Sects. 8.2.3, 4). On the other hand, in the 
early B main sequence stars, such as r Sco (BO V), M 
is a few 1 o-8 M 0 yc 1 or less and can be recognized 
only through the asymmetric absorption lines with an 
extended wing on the short wavelength side (Fig. 7.34). 

The extended, expanding shells of the supergiants 
can also be detected by their free-free radiation in the 
radiofrequency and infrared regions. The first of these 
stars to be observed in the radio range was P Cyg, by 
H. J. Wendker et al. (1973) at 5 and 11 GHz. 

Coronas. The occurrence of higher ionized states such 
as C IV, NV and 0 VI in the ultraviolet spectra of the 
stellar winds indicates temperatures from 105 to 106 K. 
The discovery by the Einstein satellite in 1979 that 
OB stars belong among the strongest X-ray sources, 
excepting close binary systems (Sect. 7.4.6), likewise 
indicates temperatures of 106 K. The X-ray emission of 
the coronas of the 0 and B stars is to a large extent inde
pendent of the spectral type and luminosity and is in the 
range Lx::::::: 1023 up to several 1027 W. In the A stars, 
we observe no or only very weak X-ray emission. 

The existence of coronas in hot stars is surprising, 
since here, in contrast to the cooler stars, no extended hy
drogen convection zones which could serve as a source 
of heating for a corona by mechanical transport are 
present. The characteristics of X-ray emission of the 
hotter stars differ clearly from those of the cooler ones: 
nearly independently of the spectral type, there is a close 
correlation between L x and the total luminosity L: 

Lx [W]::::::: 1.5-10-9 (L [W])1.os, (7.108) 

as well as with the rate of momentum M V00 and ki
netic energy M v2:xj2 transport by the stellar wind; on 
the other hand, L x is correlated neither with the wind 
velocity v00 itself nor with the rotation v sin i. The ac
celeration of the stellar wind is probably due to the 

high radiation pressure of the hot stars. The physical 
processes which lead to the coronal temperatures, high 
degrees of ionization, and X-ray emission are still for 
the most part unexplained; the X-rays may originate in 
compressed areas of the stellar wind, which are heated 
by shock waves. At any rate, the "mechanical power" 
which must be generated by the star to drive the stellar 
wind is considerable; e.g. in the case of an 0 super
giant such as { Pup, with M = 6 · 1 o-6 M 0 yc 1 and 
v00 = 2700 km s-1, it is nearly 104 L 0 , i.e. about 1% of 
its total luminous power. 

7.4.5 Cataclysmic Variables: 
Novae and Dwarf Novae 

The group of the eruptive variables offers quite dif
ferent perspectives; they are characterized by single or 
multiple, sudden increases in brightness. This group in
cludes the novae, with an increase in brightness of about 
7 to 20 mag within a few days; the dwarf novae, with 
weaker outbursts (2 to 6 mag) and a more or less reg
ular rhythm; and some nova-like variables. These all 
belong to close, semidetached binary star systems, in 
which matter from a cool main sequence star (secondary 
component) that fills up its Roche surface (Sect. 6.5.5) 
continually overflows onto a somewhat more massive 
white dwarf (primary component, with about 1 M 0 ). 

They are therefore called cataclysmic variables or bina
ries (from the Greek KarctKAVO"JJ.-O<;, flood). The X-ray 
binary stars, which we shall discuss in the next section, 
are related to them. In contrast, the supernovae, consid
ering the strength of their outbursts (~ 20 mag) and their 
causes, represent a completely different phenomenon. 

Novae. A nova outburst occurs roughly as follows: the 
initial state, the prenova, is a hot object with an abso
lute magnitude of Mv ::::::: +4 mag, consisting of a white 
dwarf surrounded by an accretion disk (see below). 
Within a very short time, its brightness increases to 
amaximumataboutMv::::::: -8 mag (L::::::: 105 L0 )i.e. by 
about 5 powers of ten. The luminosities of individual 
novae vary considerably; the least and most bright range 
from 9 to 19 mag, corresponding to around 3 up to more 
than 7 powers of 10. 

Since novae are usually discovered only when- or af
ter - they have reached their intensity maximum, there 
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are just a few observations of the initial phase of in
creasing brightness. At its maximum, the spectrum of 
a nova is similar to that of an A or F supergiant such 
as a Cyg (A2 Ia), while the radial velocities of around 
1000 km s-1 indicate an enormous expansion ofthe star. 

Depending on whether the decrease of the visual 
brightness by 3 magnitudes occurs in less or more than 
100 d, one terms the nova fast or slow. The former also 
reach their maxima faster, within a few days, and show 
larger amplitudes. 

The novae with the greatest apparent magnitudes 
in recent times were V l500Cyg (Nova Cyg 1975), 
with an apparent magnitude at its maximum of 
mv,max = 1.6 mag and a decay time (by 3 mag) of 6 d; 
and V l974Cyg (Nova Cyg 1992) with 4.4 mag and 
42d. 

During the continuing decrease in brightness, some
times fluctuations similar to those of the Cepheids occur. 
In some (slow) novae, around 40 to 150 dafter the max
imum, a strong decrease in the optical light curve is 
observed, which is correlated with an increase in the 
infrared brightness: in the expanding shell, small dust 
particles condense out and absorb the radiation from 
the nova, re-emitting it in the infrared. 

After its passage through the brightness maximum, 
broad emission lines are observed, which often exhibit 
a P Cyg profile (Fig. 7.34). As the brightness decrease 
continues, the emission line spectrum becomes similar 
to the socalled Orion spectrum, like that of the luminous 
gaseous nebula (Sect. 10.3.1). The nova is now ejecting 
a shell of gas with velocities of the order of 2000 km s- 1 

and masses in the range of 10- 5 to 10-3 M.0 . In several 
cases, these shells, consisting of individual condensa
tion regions, and their expansion could be observed for 
more than a decade in direct images. 

In the course of many years up to decades (in the 
case of the slow novae), the nova returns to its initial 
brightness and finally to its original state. 

The recurrent novae exhibit several nova-like out
bursts with amplitudes of 7 to 9 mag at intervals of 
about 10 to 100 yr; in between, their luminosities are 
nearly constant. In the case of the novae U Sco and 
T Pyx, the outbursts occur at particularly short intervals 
of9 or 12 yr, respectively. Based on theoretical models, 
it is presumed that the outbursts of "common" novae 
also repeat themselves, to be sure at longer intervals of 
perhaps 103 to 106 yr, so that in historical time periods 

Cool star 

White dwarf with 

Fig. 7.35. A model of a cataclysmic binary star system. The 
geometric relationships correspond to those of the dwarf nova 
Z Cam. E. L. Robinson, Ann. Rev. Astron. Astrophys. 14, 119 
(1976). (Reproduced with the kind permission of Annual 
Reviews Inc., Palo Alto) 

only one outburst can be observed. All together, it is 
estimated that in our galaxy there are about 100 nova 
outbursts per year, taking the interstellar extinction into 
account. 

The energy which is released by a nova is of the order 
of 1038 J; an overall energy release of this magnitude 
is observed as the kinetic energy of the ejected shell. 
This corresponds to the thermal energy content of a thin 
layer of matter, at for example several I 06 K and having 
only 1 I 1000 to 1 I 100 the mass of the Sun. All indica
tions are that novae represent a sort of "skin disease" of 
stars. More precise observations, especially of several 
favorable cases of eclipsing binaries (Sect. 6.5.2), yield 
the following picture (Fig. 7.35): in the cataclysmic bi
nary star systems whose periods lie in the range of 
about 1. 3 to 15 h, the matter ejected from the secondary 
component, due to its angular momentum, does not fall 
directly into the white dwarf, but instead forms a rapidly 
rotating accretion disk around the dwarf. In this disk, 
the matter loses angular momentum through friction 
and thus gradually moves inwards to the surface of the 
white dwarf. At the point where the gas flow meets 
the disk, a "hot spot" is formed. The main contribu
tion to the luminosity comes not from the white dwarf, 
but, depending on the particular case, from the disk or 
the hot spot. 

The hydrogen-rich material collects until nuclear 
hydrogen burning (Sect. 8.1.3) is initiated explosively, 
leading to a burst of radiation intensity and to the ejec-
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tion of a shell of matter. This process will be discussed 
in more detail in Sect. 8.2.6, after we have studied the 
evolution and nuclear energy production of the stars. 

In the accretion disk and especially in the explo
sion on the white dwarf, high temperatures (of more 
than several 105 K) occur, so that a major part of the 
radiation is emitted in the ultraviolet and soft X-ray 
regions. Especially through observations with the IUE 
satellite, important knowledge about the physics of nova 
outbursts has been obtained. 

Referring to the ultraviolet emission lines, one can 
distinguish two classes of novae: the carbon-oxygen no
vae, with overabundances of the elements C, N and 0; 
and the neon-novae, in which 0, Ne and Mg are 
overabundant. These classes represent white dwarfs of 
differing chemical compositions. 

The bright nova Cyg 1992 was observed in a very 
early phase of its outburst by the IUE satellite. Its lu
minosity in the ultraviolet decreased at first within 2 d, 
due to rapid cooling of the expanding ejected matter, and 
then increased during several weeks. This increase can 
be explained by the fact that as a result of the changing 
temperatures and densities during the expansion, radia
tion from deeper and deeper layers is able to reach the 
surface and be detected. Indeed, the total luminosity, 
i.e. in the ultraviolet plus the optical region during the 
first 50 d following the outburst is practically constant 
and only after this time begins to decrease. 

Dwarf Novae. The U Geminorum and Z Camelopardalis 
variables, again named for their prototypes, are like the 
"classical" novae, hot, blue stars below the main se
quence. These dwarf novae exhibit less violent outbursts 
(up to 6 mag) at irregular intervals from about 10 d up 
to several months. In the Z Cam stars, the sequence of 
the outbursts is occasionally interrupted by a period of 
relative stability at an intermediate level of brightness. 

In the outbursts of the dwarf novae, the luminosity 
of the accretion disk increases strongly, but no matter 
is ejected. In contrast to the novae proper, the outbursts 
are caused here by instabilities of the disk. The energy 
source in the final analysis is the release of gravita
tional energy corresponding to an average rate of around 
10-10 .M0 yc 1 of accreted material. 

Magnetic Binary Star Systems. An interesting group 
of cataclysmic variables are the AM Herculis stars, 

which are notable on the one hand for the high (and 
variable) degree of circular and linear polarization of 
their radiation in the optical and ultraviolet regions, and 
on the other for their strong emissions in the soft X-ray 
region. The cause is a strong magnetic field of the white 
dwarf amounting to several 103 Tesla, which prevents 
the formation of an accretion disk and, instead, concen
trates the gas flow onto a spot around one (or sometimes 
both) of the magnetic poles. There, in a stationary shock
wave front, its kinetic energy is converted to thermal 
energy and emitted as radiation. The temperature in the 
accretion column above the poles is 107 to 108 K, so 
that the emission is primarily in the X-ray and ultravi
olet regions. In the magnetic field of several thousand 
Tesla, the plasma also emits polarized cyclotron radi
ation of higher harmonics in the infrared and optical 
regions, corresponding to the cyclotron frequency we 
(10.31). 

Due to the strong magnetic field, the rotational pe
riod of the white dwarf is synchronized with the orbital 
period of the binary system. The orbital periods of the 
AM Her stars are in the range of 1.3 to 9 h; the distance 
between the two stars is of the order of 1 R0 . 

In the DQ Herculis systems, whose prototype is 
DQ Her=Nova Her 1934, the primary component is 
a magnetic, rapidly rotating white dwarf with a ro
tational period in the range of 0.5 min up to 2 h. Its 
magnetic field is somewhat weaker than in the case of 
the AM Her systems, so that the rotation is not synchro
nized with the orbital motion and the formation of the 
accretion disk is prevented by the magnetic field only 
in the neighborhood of the white dwarf. 

7.4.6 X-ray Binary Systems: 
Accretion onto Neutron Stars 

As a result of the progress in X-ray astronomy, a large 
number of "point sources" in our Milky Way galaxy 
have been discovered by satellite observations in recent 
years; they radiate mainly in the X-ray region and are 
characterized by a strong variability. Intensity fluctua
tions and bursts of radiation are observed, in which the 
X-ray emission increases by factors of 10 to 100; they 
show an impressive variety of behaviors, including ir
regular flickering on a time scale of a few milliseconds, 
series of short bursts lasting several seconds, nova-like 
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outbursts followed by a slow decrease of the intensity 
back to the original value, X-ray flares which occur at 
irregular intervals and last for several days, and regu
lar or irregular pulses on a time scale of seconds. Some 
sources exhibit more or less constant emission, in which 
often several different periods can be discerned, with ac
tive and quiet phases succeeding each other on a time 
scale of weeks or months. 

In spite of this mutiplicity of phenomena, it is possi
ble to describe practically all of these variable galactic 
X-ray sources within the framework of a single the
ory, that of accretion of matter in close binary star 
systems. They thus differ from the cataclysmic vari
ables (Sect. 7.4.5), where X-rays can, to be sure, also 
be observed, but the main contributions to the luminos
ity are in the visible and ultraviolet spectral regions; 
by contrast, in the X-ray binary systems, the luminos
ity Lx in the X-ray region is in the range from 1027 

to 1032 W, and matter is not accreted by a white dwarf 
star, but rather by a magnetic neutron star (Sect. 8.3.4) 
or possibly by a black hole (Sect. 8.4.4). This theoretical 
model is in many cases supported by optical identifica
tion of one of the binary system components and by 
the occurrence of X-ray pulses of short periods, which 
can be explained only by the rotation of a neutron star 
("searchlight effect", Sect. 7.4.7). 

Pulsed X-ray emission from single (non-binary) stars 
will be treated in connection with the rotating radio 
pulsars in Sect. 7.4.7. 

Energy Source. The energy source for the X-ray emis
sions is the gravitational potential energy released by 
the accreting gas. If matter of mass m falls from a large 
distance to a distance R from the center of a (spheri
cal) mass .M, according to (2.44), an energy equal to 
m G .M 1 R is released. If m is the rate at which the mat
ter falls, then acceleration by the strong gravitational 
field of a compact object, e.g. a white dwarf, neutron 
star, or black hole, and then braking and heating near 
its surface, generates X-rays very effectively, producing 
a luminosity of the order of: 

. G.M 
Lx:::::=:mR. (7.109) 

For example, in order to obtain 1031 W, a relatively mod
est gas flow of m:::::::: 10-8 .M0 yc1 in the gravitational 
field of a neutron star with .M :::::::: 1 .M0 and R:::::::: 10 km 

is sufficient. This rate can readily be produced either 
by mass flow through the Roche surface or by stellar 
winds. 

Hercules X-1. The well-studied pulsating X-ray source 
Her X -1 has been identified with the eclipsing binary 
system HZ Her discovered by C. Hoffmeister in 1936. 
Its X-radiation first of all exhibits pulses with a period of 
1.24 s, which are attributed to the rotation of a neutron 
star. This period is then modulated by the Doppler effect 
due to orbital motion (Sect. 6.5.6), with a period of 1. 7 d. 
The latter period is seen both as an eclipsing of the 
X-ray source and as an intensification of the visible 
light, which occurs whenever the side of the optical 
component facing us is irradiated by the X-ray source. 
An additional period of 35 d is related to the precession 
of the axis of the neutron star. Her X-1 can also "switch 
off' its X -ray emissions over periods of several months, 
as a result of occlusion by the accretion disk surrounding 
the neutron star. The mass of the latter is estimated to 
be about 1.3 .M0, while that of the other component is 
about 2.2 .M0 . 

The line at 58 keV which was discovered in 1976 by 
J. Triimper and coworkers in the spectrum of Her X-1 
(Fig. 7.36) and represents an emitted power of around 
2 · 1028 W, allows a direct estimate of the magnetic flux 
density B in the neighborhood of the surface of the neu
tron star. This line is too strong to be explained as an 
atomic or nuclear transition of a heavy element. Instead, 
it must be regarded as cyclotron emission, which is pro
duced by the spiral motion of nonrelativistic electrons in 
magnetic fields at multiples of the cyclotron frequency 
vc = (l/2n) eBfme (10.31). For relativistic electrons, 
by the way, the cyclotron emissions become continuous 
synchrotron radiation (Sect. 12.3.1), which is important 
for the explanation of nonthermal radio emissions. In 
the extremely strong magnetic fields of pulsars or neu
tron stars, the quantization of the gyrating motion into 
discrete energy states (Landau levels), which are sepa
rated by the energy h vc, must be taken into account. For 
Her X -1, the observed energy of 58 keV corresponds to 
an estimated magnetic field of about 5 · 108 Tesla . 

The details of the dynamics of the inflowing gases 
in a close binary system with a neutron star which has 
a strong magnetic field are very complex. The dipole
like magnetic field hinders the formation of an accretion 
disk and influences its structure. It directs and concen-
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Fig. 7.36. The cyclotron emission line at 58 keY in the pulsed 
X-ray spectrum of Her X-1; from observations by J. Trtimper 
eta!. using balloons (as well as observations of Her X-1 from 
the OS0-8 satellite) 

trates the flowing material towards the poles and has 
important effects on the shape of the X-ray pulses. 

The mass determinations of the components of the 
X-ray binary systems (Sect. 6.5.6) yield a relatively 
limited range of 1.2 to 1.6 M8 for the neutron stars. 

The X-ray binary systems can be classified according 
to the mass of their secondary component essentially 
into two groups: 

High-Mass X-ray Binary Systems. In these systems, 
the secondary component is usually a young OB star 
which is bright in the optical region and has a mass 
of M :::': 10 M8 ; it dominates the overall luminosity of 
the system. The ratio of X-ray emission to emissions in 
the optical region is in the range LX I Lopt :::::::: 1 o-3 ... 10. 

The neutron star has a strong magnetic field of 108 to 
109 T, which guides the matter flow to the magnetic 
poles of the star. The temperature of the hot spot at 
the pole attains values ofT:::::::: 108 K, so that the "X-ray 
pulsar" emits radiation in the hard X-ray range. 

The pulse periods which reflect the rotation of the 
neutron star range from 0.7 s up to several 100 s. 
In some cases, a secular decrease in the period, 
(interrupted by brief fluctuations), at a rate of 
fi In:::::::: -oo-2 .•• 10-6) yc 1 is observed. This is 
apparently due to an acceleration of the rotation ("spin
up") owing to transfer of angular momentum from the 
matter flowing onto the star. 

The orbital periods can be derived both from the mod
ulation of the X-ray emission and from the optical spec
trum of the OB star; they are in the range of a few days. 

Members of this group are e.g. Her X-1, whose 
secondary component has, to be sure, a mass of only 
2.2 M8 , and Cen X-3 (06.5 III). In these systems, 
the accretion takes place via an overflow through the 
Roche surface, while in the case of e.g. Vel X-1 = 

HD 77 581 (B0.5 Ib ), the neutron star accretes matter 
from the strong stellar wind of the supergiant. 

Low-Mass X-ray Binary Systems. This group includes 
sources which radiate intensely (Lx > 1027 W), mainly 
in the soft X-ray range, and whose emission is as a rule 
not pulsed. One subgroup, the X-ray bursters (see be
low), exhibits irregular outbursts. The companion of the 
neutron star is a dwarf star of spectral type G to M and 
mass M:::;: I M8 , so that the radiation in the X-ray re
gion is much stronger than that in the optical region 
(LxiLopt:::::::: 102 ... 104 ). These systems are related to 
the cataclysmic variables (Sect. 7.4.5), with the differ
ence that here a neutron star replaces the white dwarf. 

The low-mass X-ray binaries are concentrated to
wards the center of our galaxy, and therefore represent 
old objects (:::": 109 yr). The magnetic field of the neu
tron star will for the most part have decayed away, and 
at values around 104 to 106 T, it is considerably weaker 
than that in the younger, more massive systems. The gas 
stream from the cool companion star can distribute it
self into an accretion disk or over the whole surface of 
the neutron star and is not concentrated onto the polar 
regions as in the X-ray pulsars. A strong continuum in 
the blue as well as optical emission lines indicate the 
presence of an accretion disk. 
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Some of the transient X-ray sources, in which the 
intensity rises above the detection limit for only short 
periods of time, can be classified as X-ray novae on the 
basis of their light curves: a rapid increase in brightness 
(to Lx s 105 L0 ) is followed by an essentially expo
nential decay which can be observed for several months 
and is interrupted by irregular flares (lasting a few days 
and sometimes observable in the optical region as well). 

In certain cases it has been possible to observe 
also gamma radiation from X-ray binary systems: 
Her X-1 emits pulsed gamma radiation at energies 
above 1012 eV, which occurs with the same period 
of 1.24 s known from the optical and X-ray regions. 
Cyg X-3 = V1521 Cyg is a strongly variable pulsed 
gamma source, for which a modulation with the orbital 
period of 4.8 h can be distinguished. By means of air
shower observations, extremely energetic gamma rays 
from Cyg X-3 with energies from 1015 to 1016 eV have 
been detected, with a luminosity in this region alone of 
at least 103 L0 . Presumably, in this system the neutron 
star is a rapidly rotating, active pulsar, which accel
erates protons to extreme relativistic energies of 1017 

to 1018 eV; these then produce gamma quanta through 
interactions with the matter in the system. The sys
tem Cyg X-3 is thus probably also a strong source of 
energetic cosmic radiation (Sect. 10.4.2). 

Some binary systems are particularly notable through 
their intense radiation in the gamma-ray region 
(Sect. 7.4.8), but otherwise are not essentially different 
from the X-ray binaries, so that the transition between 
the X-ray and the gamma-ray sources is continuous. 

Black Holes? On the basis of the properties of the 
X-ray emission alone, one can practically not distin
guish between accretion of matter by a neutron star or 
by a black hole; it is possible that an irregular variation in 
the millisecond range could be an indication of a mat
ter flow into a black hole. Since a stable neutron star 
however has an upper limiting mass (which is not very 
precisely known) of around 2 .M0 (Sect. 8.3.4), we can 
in principle consider all objects with greater masses to 
be candidates for black holes. Among others, these are 
Cyg X -1 = HDE 226 868 with a mass of (3 . .. 1 0) .M0 , 

LMC X-1 , LMC X-3, and the X-ray novaMuscae 1991. 
Additional candidates for black holes can be found 

by observing strong galactic sources in the gamma-ray 
range (Sect. 7.4.8). 

X-ray Bursters. This subgroup of the low-mass X-ray 
binaries is characterized by series of very short, intense, 
and non-periodic bursts of radiation. The X-ray emis
sion in one burst rises within about 1 s to roughly 1031 

to 1032 W and decays again in a few seconds or min
utes, whereby the spectrum becomes "softer", i.e. it is 
shifted to lower energies (Fig. 7.37). During the active 
phases, the bursts occur in long series, often follow
ing each other at nearly regular intervals of hours to 
days; many bursters show inactive phases which last for 
weeks or months. In a few cases, bursts in the visible 
region, delayed by several seconds, are also observed. 

The bursts result from an irregular accretion of the 
matter from the cooler companion star, leading to unsta
ble, pulsed thermonuclear helium burning (Sect. 8.2.3) 
on the surface of the neutron star as soon as sufficient 
helium-rich matter has accumulated there. 

Like the low-mass X-ray binaries, the X-ray bursters 
are relatively old objects. Many of them can be identi
fied with sources in the central regions of globular star 
clusters. The unusually large fraction of X-ray bursters 
in globular clusters, in comparison with the other stars 
in the galaxy, indicates that the conditions for forma
tion of close binary systems are particularly favorable 
in the dense centers of the clusters. In the case of the 
burster 4U 1820-30 (U = UHURU survey), which lies 
at the center of the cluster NGC 6624, a modulation 
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Fig. 7.37. The time dependence of the radiation emissions 
from three X-ray bursters in different energy ranges; observa
tions from the SAS-3 satellite. The intensity is expressed as 
the number of counts in 0.4 s (upper row) or in 0.8 s (lower 
two rows) 
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of its X-ray emissions with a period of only 11.4 min 
was discovered in 1984/85 in EXOSAT observations; 
it has been interpreted as the orbital period of a sys
tem consisting of a neutron star and a very low-mass 
(0.055 .M0 ) white dwarf. 

The remarkable "rapid burster" MXB 1730-335 in 
the globular cluster Liller 1 at a few degrees from the 
galactic center was unknown before the discovery of the 
X-ray source in 1976. During its active periods, which 
last for a few weeks and follow each other with a period 
of about 6 months, it produces several 1000 bursts per 
day (Fig. 7 .38). Only in 1996, using the Compton Ob
servatory, was another object of this type discovered: 
GRO J 1744-28, likewise roughly in the direction of the 
galactic center. Its outbursts, which last for several 10 s 
in the energy range from 25 to 60 keV, at first occurred 
at intervals of about 200 s, but these have gradually 
lengthened. 

SS 433 = V 1343 Aql (SS refers to the list of stars with 
Ha-emission by C. B. Stephenson and N. Sanduleak, 
1977). The brightness of this unusual system with 
an orbital period of 13.1 d shows irregular fluctua
tions in the optical, X-ray, and radiofrequency spectral 
regions. The components of the strong, broad emis
sion lines from HI and He I are notable: they exhibit 
Doppler shifts which are unusually large for stars, 
up to 50000kms-1 with a period of 164d. SS433 

,_____, 
100 s 

consists of an 0 star and a neutron star (or a black 
hole) with an accretion disk, which makes the main 
contribution to the emitted radiation. Roughly perpen
dicular to the orbital plane, two collimated beams of 
matter emerge in opposite directions with nearly rela
tivistic velocities of 80 000 km s-1 (i.e. about 0.26 of 
the velocity of light); they show a precessional mo
tion with a period of 164 d. SS 433, with its two highly 
energetic jets, represents a rare stellar "miniature ver
sion" of a phenomenon which we shall meet later 
in many galaxies (Sects. 12.3.3, 4), with much larger 
dimensions. 

A few additional objects related to SS 433 have been 
discovered in our galaxy on the basis of their intense 
gamma radiation (Sect. 7.4.8). 

7.4.7 Supernovae and Pulsars 

Among the eruptive variables, the supernovae represent 
cosmic explosions of a much greater magnitude than the 
novae, as was recognized by W. Baade and F. Zwicky 
in 1934. A supernova at its maximum can attain the 
luminosity of an entire galaxy (to which it belongs). 

The last supernova in our Milky Way galaxy was 
observed in 1604 by J. Kepler. Only in 1987 was a super
nova again visible to the naked eye, in our neighboring 
galaxy, the Large Magellanic Cloud. Except for a few 
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"historical" events in our galaxy, all of the supernovae 
have been discovered in other galaxies. The rate of their 
discovery increased abruptly after F. Zwicky initiated 
the systematic Mount Palomar survey in 1934, and has 
continued to rise as a result of the use of larger and 
larger telescopes; for example, alone in 2003, around 
330 new supernovae were discovered. 

Classification and Spectra. Early classification 
schemes of the supernovae based on their spectra were 
developed by R. Minkowski (in 1941) and by F. Zwicky 
(in 1965). Since about 1985, a classification system has 
been in use which is based on the optical spectra near 
the brightness maximum and distinguishes the following 
three main types of supernovae: 

We first term all supernovae in whose spectra the 
hydrogen lines are lacking or are quite weak as Type I 
supernovae. Supernovae with strong Balmer lines are 
classed as Type II. 

The SN I are then subdivided into Type Ia, in which an 
absorption structure occurs at A. :::::: 610 nm, due to blue
shifted Si II lines; and Types lb!c, where this structure is 
lacking. We will not discuss here the fine details which 
distinguish types lb und Ic. 

The spectra of the SN Ia show many lines with broad 
emission and absorption features. The brightness max
imum is dominated by lines from singly ionized Si, S, 
Mg and Ca; some weeks later, lines from singly ionized 
elements of the iron group appear. The spectra of the 
Ia supernovae exhibit individual variations at the begin
ning, but after several months they become increasingly 
similar. 

The spectrum of a Type II supernova and its time de
velopment are astonishingly similar to those of ordinary 
novae. Along with the Balmer lines, lines of He and of 
the metals such as Ca II and Fe II occur; in later phases 
there are also forbidden lines such as those of [0 I] and 
[0 III]. 

The spectra of the SN lb are initially, near the inten
sity maximum, similar to those of type SN Ia; but in 
later phases, they resemble those of the supernovae II. 

The emission lines of both types of supernovae 
are often accompanied by short-wavelength absorption 
components (P Cyg profile), whose Doppler shifts in
dicate ejection velocities of up to 2 ·104 km s-1; on the 
average, the SN I show higher velocities than those of 
type II. 

The basic difference between the various types of 
supernovae thus seems to be determined by the different 
chemical compositions of the ejected matter. 

Light Curves. The SN Ia exhibit very similar light 
curves (Fig. 7.39): at their maxima, they attain a mean 
absolute magnitude in the blue (corrected for interstellar 
absorption) of 

Ms,max = -(19.2±0.l)mag, (7.110) 

where the distance to the supernova is based on 
a Hubble constant of H0 = 65 km s-1 Mpc- 1 (13.4); for 
other values of Ho, we would have Ms,max = -19.8+ 
5log(Ho/50) mag. In the first 20 to 30 d following the 
maximum, the brightness decreases by 2 to 3 magni
tudes; from then on, it decreases roughly exponentially 
with a half-life of 40 to 70 d. If the brightness is ex
pressed in magnitudes, this corresponds to a linear 
decrease with time. Due to their uniform light curves, 
the supernovae Ia are suitable as "standard candles" for 
distance determinations in the cosmos (Sect. 13.2.5). 

Supernovae lb/c have similar (optical) light curves 
to those of the SN Ia, but at maximum they attain 
a brightness which is less by about 1.5 mag. 

The maximum brightnesses of the SN II exhibit 
strong variations; on the average, they reach "only" 
Ms,max :::::: -17 to -18 mag. This still corresponds to 
around the 104 -fold luminosity of an ordinary nova. The 
light curves show strong individual variations. We dis
tinguish two subtypes: the light curves of the SN II-Pare 
relatively flat from about 30 to 80 d following the max
imum (plateau), before the linear brightness decrease 
-in [mag] -sets in, while in type SN II-L, the mag
nitude decreases linearly with time from the beginning 
(Fig. 7.39). 

The colors and the intensity distribution in the con
tinuum, which is particularly difficult to determine for 
supernovae I owing to the large number of spectral lines, 
indicate that the temperature of the emitting layers de
creases from :::: 104 K at the maximum to about 6000 K. 
These temperatures, which are not very high, corre
spond to photospheric radii of the order of 104 Rrc; using 
the relation L = 4nR2aTe'\r (6.43), due to the extremely 
high luminosities of supernovae. 

Historical Supernovae. In our Milky Way galaxy, the 
following supernovae have been identified with cer-
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Fig. 7.39. Schematic mean light curves in the blue for super
novae of types Ia, lb (including lc), Il-L and 11-P, and the light 
curve of SN 1987A after J. C. Wheeler, 1990. (With the kind 
permission of the author) 

tainty in historic times: the very bright supernova of 
1006 A.D. in Lupus reached the brightness of the half
full Moon and is mentioned in East Asiatic, European, 
and Arabian sources. The supernova of 1054 A.D. in 
Taurus is described in Chinese and Japanese annals as 
a "guest star" but, remarkably, it is not mentioned in 
European sources, although its brightness at maximum 
was greater than that of Venus. It was the source of 
the Crab Nebula (Fig. 7.41), which was identified by 
J. G. Bolton as the radio source Tau A. Tycho Brahe 
described the supernova of 1572 in Cassiopeia, whose 
maximum brightness was comparable to that of Venus, 
and J. Kepler observed the supernova 1604 in Ophi
uchus, with a maximum brightness corresponding to 
about - 2.5 mag; these two supernovae are also men
tioned in Chinese and Korean sources. Kepler's SN 1604 
is the last supernova to be directly observed in our Milky 
Way galaxy. 

The strong radio source Cas A and the nebula at the 
same position, which is expanding with a velocity of 
7400 km s-1, have been clearly identified as the remains 
of a supernova which must have exploded around 1680, 
but was not observed then. 

On the average, therefore, one outburst is observed 
every few hundred years. Based on extensive statistics 
of supernovae in other galaxies, G. A. Tammann in 1981 
estimated that in a galaxy like ours, a supernova occurs 
on the average every 25 yr, with an uncertainty in this 

rate of a factor of 2. Due to the interstellar extinction in 
the disk of our galaxy, we can, to be sure, observe only 
a tenth of these explosions. 

Origins. A first indication of the origin of supernovae 
is provided by their occurrence in galaxies of differ
ent types (Sect. 12.1.2). Supernovae Ia are the only type 
which occur in all kinds of galaxies, in particular also 
in elliptical galaxies and in the halos of spiral galaxies. 
In contrast, the SN II and SN lb/c are observed only 
in spiral and irregular galaxies, where they are mainly 
concentrated in the spiral arms. It therefore can be pre
sumed that supernovae of types SN II and SN lb/c are to 
be attributed to young, massive Population I stars. The 
origin of the SN Ia must be from old objects. 

Causes of the Outbursts. The total energy release E 
from the explosion of a supernova can be estimated on 
the one hand by integration of the light curve with an 
approximate bolometric correction, in favorable cases 
also using observations in the ultraviolet and infrared, 
to obtain the total emitted radiation; on the other hand, 
the kinetic energy of the ejected gas shell (0.1 to 10 M.0 

at around 104 kms- 1) can be taken into account. The 
order of magnitude is E ::::: 1044 J. In comparison, one 
can readily calculate that the energy released e.g. by the 
fusion of 1 M. 0 of hydrogen to helium is around 1045 J 
(Sect. 8.1.3). Furthermore, the collapse of a star, e.g. of 
1 M.0 , to a neutron star of R = 10 km radius, with a den
sity comparable to that of nuclear matter (1017 kg m-3) 

can, as was recognized already in 1934 (!)by W. Baade 
and F. Zwicky, release about 3 · 1046 J of gravitational 
energy (Sect. 8.1.4), and thus could readily provide the 
required energy for a supernova. This estimate does not, 
to be sure, take into account the fact that, as observed 
from the nearby supernova SN 1987 A of type II, about 
1045 to 1046 J in the form of neutrinos are emitted, and 
therefore the electromagnetic radiation and the kinetic 
energy of the gas shell make up only around one per
cent of the total required energy. However, the collapse 
of a massive star of about 10 M.0 can readily release 
even this amount of energy. 

A supernova (of type II) emits light when the shock 
wave moving outwards from the central collapse reaches 
the surface of the star and heats it up. The maximum of 
the light curve depends on the size of the pre-supernova: 
red giants attain greater brightnesses when they explode 
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than do the more compact blue supergiants (SN 1987 A, 
see below). The decrease of the light curve, both for the 
SN I as well as for the SN II - in their later phases -
reflects the energy release by the radioactive isotope 
56Ni. This nuclide, which is formed during the collapse, 
decays with a half-life of 6.1 d to 56Co, which in tum 
decays with 77.3 d to 56Fe. In the cases of a few bright 
supernovae, this model is supported by the observation 
of gamma-ray lines in the MeV range from this decay 
chain, which occur several weeks after the brightness 
maximum. 

The further question of what actually causes the ex
plosion of a supernova will be treated in Sect. 8.2.4, 
together with the topic of instabilities in stellar 
evolution. 

Supernova 1987 A. This bright type II supernova has 
particular significance; it was observed on Febru
ary 23rd, 1987, in our neighboring galaxy, the Large 
Magellanic Cloud (Fig. 7 .40), which is only about 
50 kpc away, and reached its maximum (apparent) vi
sual magnitude mv = 2.9 mag after about three months. 
After 120 d, it entered the phase of exponential decrease 
in light intensity. Its absolute magnitude at maximum, 
Mv = -15.5 mag however remained well below the 
average value for supernovae of type II. This first bright 
supernova in modem times could be observed from 
early on with a high spectral resolution in a wide 
wavelength range. For SN 1987A, for the first time, 
the pre-supernova could be clearly identified; it was 
a blue B3-supergiant with an absolute magnitude of 
Mv = - 6.6 mag. 

In the case of SN 1987 A, it was possible to detect the 
neutrino emission, for the first time for any object ex
cepting the Sun (see also Sect. 8.2.2); the first neutrino 
signals were in fact detected several hours before the ini
tial optical observation of the supernova was registered. 
The observation of neutrinos with a total energy of 1 Q45 

to 1 ()46 J and an average particle energy of the order 
of 10 MeV supports our basic theoretical understand
ing of supernova explosions of type II as the collapse 
of a massive star, in which gravitational energy is re
leased almost exclusively in the form of neutrinos, with 
only about 1% as electromagnetic radiation and kinetic 
energy of the ejected gas shell (Sect. 8.2.4). 

Measurement of the time during which the neu
trinos were emitted offers the possibility in principle 

(by means of a time-of-flight analysis) of determining 
the rest mass of the neutrino, a fundamental quantity 
both for elementary particle theory and for cosmol
ogy (Sect. 13.3.2). The current models for a supernova 
explosion indicate an upper limit for the mass of the 
(electron) neutrino in the range of 10 to 30 eV c-2• 

Pulsars. In the last part of this section, we shall con
cern ourselves with the situation following a supernova 
explosion, i.e. with the observation of the remnant 
stars. The fate of the ejected shells, the supernova rem
nants, SNR, will be treated in Sect. 10.3.3 together with 
interstellar matter. 

Although the structure of neutron stars was already 
investigated theoretically in the 1930's (Sect. 8.3.4), the 
first one was discovered only in 1967 in a completely un
expected manner by A. Hewish and J. Bell. At the Cam
bridge radiotelescope, they noticed signals in the meter 
wavelength range which repeated themselves very reg
ularly with a period of 1.337 s. Observations of the ap
parent motion in the sky showed that these were not due 
to terrestrial disturbances, but rather to a cosmic object. 

These pulsars or radio pulsars are denoted by PSR 
and their (approximate) right ascension and declina
tion, whereby the coordinates in the new system for the 
epoch 2000.0 (Sect. 6.2.4) are preceded by a J, and those 
in the old system (1950.0) by a B, for clarity. For exam
ple, the first pulsar discovered at a = 19 h 19 min and 
8 = 21° 47' is calledPSR 1919+21 =PSRB1919+21 or 
PSRJ1921+2153. Their pulse periods lie roughly in the 
range from 1 ms to 8 s, mostly between 0.3 and 2 s. 

The signals, whose length is about 3% of the period, 
all arrive somewhat later at lower frequencies than at 
higher ones, because the propagation velocity of elec
tromagnetic waves in the interstellar plasma decreases at 
lower frequencies. The delay is proportional to the num-

Fig. 7.40a,b. and frontispiece, p.161: The Large Magellanic [> 
Cloud and the supernova 1987A: a color photograph made 
by C. Madsen, ESO; (a) a few hours before the outburst on 
Feburary 23rd, 1987; and (b) 2 d after the outburst. The H II 
regions in the galaxy appear reddish due to their strong Ha. 
emissions. SN 1987A can be clearly recognized to the south
west of the giant HII complex 30Doradus (at the left). The 
distance to the Large Magellanic Cloud is 50 kpc. (With the 
kind permission of the European Southern Observatory) 
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ber of electrons in a column (of unit cross-sectional area) 
reaching from the observer to the pulsar, the socalled 
dispersion measure: 

DM= J nedl. (7.111) 

If the value ne ::::: 3 · 104 m-3 is used as a rough measure 
of the electron density, one can, conversely, estimate the 
distances of the pulsars. 

It represented a great step forward when in 1968/69 
the pulsar PSRB0531+21, with the shortest known 
period at the time, P = 33.2 ms, could be identified 
optically with the central star of the Crab Nebula 
(Fig. 7.41 ). It was then soon possible to demonstrate that 
this star emits similar "pulses" in the optical and even 
in the X-ray and gamma-ray regions (Fig. 7.42), using 
observations through a chopper (rotating collimator) ad-

Fig. 7.41. The Crab Nebula, M 1 =NGCJ952: a photograph 
in red light made with the 5 m Hale telescope by W. Baade. 
In 1949, J. G. Bolton first succeeded in optically identifying 
a radio source, and showed that Tau A is identical to the 
Crab Nebula, M 1. The inner, homogeneous part emits con
tinuous synchrotron radiation, while the outer parts, the "legs 
of the crab", emit a nebula spectrum, particularly the red hy
drogen line Ha. The Crab Nebula was formed in 1054 A.D. 
in a supernova explosion. The remnant star is the pulsar 
PSR B0531 + 21, a neutron star which "ticks" with a period 
P = 33.2ms 

justed to the period. The pulse shape is about the same 
from the gamma region out to wavelengths of around 
1 m; at still longer wavelengths, the pulses are broad
ened due to rapid local fluctuations in the interstellar 
electron density ne, the "interstellar scintillation". The 
high luminosity in the gamma region is surprising; it 
is about lOS to 106 times greater than in the rediofre
quency region. We know of only a few pulsars which 
emit out to the gamma-ray region, including the Vela
Pulsar PSR B0833-45, with P = 89 ms, and Geminga, 
with P = 237 ms (see below). 

In the few cases where a pulsar could be observed 
within the remains of a supernova, a more precise dis
tance determination becomes possible; e.g. the Crab 
pulsar is at a distance of 2000 pc, and the Vela pulsar at 
450pc. 

The extraordinarily short periods and the regular
ity of the pulses limits possible explanations of pulsars 
to rotating neutron stars with the period P, emitting 
a beam with an opening angle of about 20° like a light
house, over the enormous frequency range from meter 
waves to gamma rays. The requirement that the surface 
of the star cannot exceed the velocity of light already 
implies a considerable restriction on its possible radius. 

The extraordinary precision of the observations of 
pulsars quickly made it possible to determine that the 
period P of all pulsars, neglecting occasional small 
"jumps", is increasing, i.e. the rotation is slowing down 
(P = dPidt > 0). As a readily-understandable measure 
of the slowing down of their "ticking", we define the 
time PIP, after which the period would double for 
a constant rate P. On the basis of models for the brak
ing process, we define the characteristic time r = PIP, 
which indicates a lifetime or an age of the same or
der of magnitude. The pulsars which are changing the 
most rapidly are PSR Jl846-0258, at a distance of about 
20 kpc, which was discovered only in the year 2000 
and has P = 324 ms and r = 720 yr, and the Crab pul
sar, with r = 1250 yr; for most pulsars, times r or ages 
of 106 to 107 yr are found. 

The pulsars obtain the energy for their radiation emis
sions in the end from the rotational energy of the neutron 
star. The mechanism of emission in pulsars is not yet 
clear in all its details, but it can be considered that 
a rapidly rotating neutron star with a strong magnetic 
field ejects plasma outwards in the region of the mag
netic poles. Recently, with the X-ray satellite Chandra, 
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Fig. 7.42. X-ray emissions of the Crab Pulsar and the Crab 
Nebula in the range from 0.1-4.5keV; observations from 
the Einstein Satellite with an angular resolution of about 411 • 

The pulsar period of 33.2 ms is time-resolved in 16 images, 
each comprising about 2' · 2'; 12 of these are shown here (3rd 
picture: main pulse; 1Oth picture: secondary pulse). The large-

it was possible to resolve a sharply defined, bright ring 
of about 0.2 pc (0.4') diameter around a pulsar, a broad 
"vortex", and two jets emitted by the pulsar. These struc
tures no doubt represent the transition from the pulsar 
to an extended nebula. 

The ejected plasma initially rotates with the star, 
reaching the velocity of light c on a cylindrical sur
face of radius c P j (2n) - in the case of the Crab pulsar, 
for example, at 1580 km. The conditions for emission of 
a beam of radiation are then favorable. The finer details 
of the pulse structure are not yet understood satisfacto
rily. The opening angle of the radiation cone appears to 
become larger with increasing rotation. The Crab pul
sar emits a weaker secondary pulse between every two 

area X -ray emissions of the Crab Nebula are shifted to the NW 
relative to the pulsar. From F. R. Harnden and F. D. Seward: 
Astrophys. J. 283, 279 (1984). (Reproduced by permission of 
The University of Chicago Press, The American Astronomical 
Society, and the authors) 

main pulses, while other pulsars do not. Presumably, 
two pulses occur when the radio emission within the 
cone is not uniform. 

If the pulse period increases as a result of the braking 
to more than about 5 s, the signals emitted become so 
weak that they apparently can no longer be detected. 

The radius of a neutron star is of the order of 10 km 
(Sect. 8.3.4). If a star like the Sun initially rotates with 
a period of 25 d and collapses to form a neutron star, 
then this period will become 1 millisecond(!), assum
ing that angular momentum is completely conserved. 
(The surface of the star will still be far from attaining 
the velocity of light). If the star initially has a reason
ably ordered magnetic field of about 5 · 10-4 Tesla, its 
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lines of force will be compressed corresponding approx
imately to the cross-section of the star, and the neutron 
star will obtain an enormous magnetic field of about 
106 T. Further-reaching considerations, based on mod
els for the emission of radiation, require even higher 
fields in the range of 107 to 109 Tat the surface of the 
rotating neutron stars. 

In a few cases, the proper motions of the pulsars have 
been determined, and they show high spatial velocities 
of(::=: 100 kms-1). According to A. Blaauw, these result 
when - in a rapidly rotating binary system - the main 
component is ejected out into space by a supernova 
explosion, apart from a low-mass remnant star, and the 
gravitational binding of the system is broken. 

With a very few exceptions, observations show that 
the radio pulsars, in which the rotation of the neutron 
star provides the energy for the radio emissions, are 
individual stars. Exceptions are a few systems such as 
the binary star pulsar PSRB1913+16 (Sect.6.5.6) as 
well as the class of the millisecond-pulsars (see below) .. 

In contrast to the radio pulsars, the related X-ray pul
sars (see Sect. 7 .4.6) are all neutron stars in close binary 
systems, whose coherence was evidently not destroyed 
by the supernova explosion. Their energy comes from 
the accretion of matter from the companion star. 

Millisecond Pulsars. The first member of this group, 
PSRB1937+21, with a period of P = 1.558 ms, was dis
covered by D. C. Backer et al. in 1982; it at first seemed 
to be an extremely young object because of its very rapid 
rotation. However, the extremely small rate of change 
of its period ( P j P corresponding to an age of about 
1010 yr), its magnetic field which is weaker by a fac
tor of about Hf, and the lack of a supernova remnant 
argue that it is an old pulsar, which probably obtained 
its high angular momentum during an earlier phase by 
matter accretion as a close (low-mass) X-ray binary sys
tem ("recycled pulsar"; cf. Sect. 7.4.6). Today, it is an 
individual object, presumably because its outflux of en
ergetic particles together with the strong tidal forces 
have destroyed its companion in the course of time. 

Around 10% of the radio pulsars belong in the class 
of the (old) "millisecond" pulsars with periods of 1.6 ms 
up to about 25 ms. Among them, in contrast to the 
"normal" radio pulsars, is a large number, about half, 
which are members of close binary star systems. An 
astonishingly large proportion of more than 50% of 

all millisecond pulsars furthermore occurs in globular 
clusters such as M 15 and 47 Tuc (Sect. 9.2.1). Here, the 
conditions for the formation, but also for the destruction 
of binary star systems are particularly favorable. 

Precise observations of the pulsar PSRB1257+12, 
which has a period of 6.22 ms, led A. Wolszczan and 
D. A. Frail in 1992 to the discovery of a "planetary 
system": Two bodies with a few Earth masses orbit 
with periods of 0.18 and 0.26 yr at a distance of about 
0.5 AU on nearly circular paths around the pulsar. This 
system was probably formed when the pulsar captured 
some "fragments" after the supernova explosion of the 
massive principal component of the original binary 
system. 

Geminga. This interesting object, discovered in 1972 
with the SAS-2 satellite, is, according to observations 
with COS-B. one of the strongest gamma-ray sources 
above about 50 MeV in the sky (Fig. 10.20). Geminga 
(2 CG 195+04) was identified in 1983 with an X-ray 
source, which finally in 1992 by means of observa
tions with ROSAT was found to have a pulse period of 
237 ms. With this knowledge, it was then possible to 
detect the same period in the gamma-ray spectral range 
using the Compton observatory. 

Geminga, at a distance of about 30 pc, is indeed the 
closest neutron star to the Earth. From the increase in 
its pulse period, its age can be estimated to be about 
3.7-105 yr. 

Geminga has the typical characteristics of the young 
radio pulsars in the Crab Nebula and in Vela, with one 
exception: the source is not observed in the radio region! 
The reason for this could be that the radiation cone of 
this pulsar is not pointing in our direction. 

7 .4.8 Stellar Gamma-ray Sources 

We have already met up with stellar gamma-ray sources 
in the case of the Sun with its flare outbursts, and of the 
supernovae. As we saw, the emissions of some X-ray bi
nary stars (Sect. 7.4.6) and pulsars (Sect. 7.4.7) also ex
tend beyond the X-ray range into the gamma-ray region. 

Here, we discuss a few selected gamma-ray sources, 
i.e. objects which emit strongly in the gamma-ray range; 
distinguishing from the X-ray range is often somewhat 
arbitrary, since the transition from the hard X-ray to the 
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soft gamma-ray region is not well defined. The bursters, 
which were unexplained for a long time, are character
ized by short, intense radiation flashes in the gamma-ray 
region; we treat them separately in the following section 
(7.4.9). 

In particular in the case of the transient gamma 
sources, the temporal structure of the emission is of
ten very similar to that of the X-ray binary stars, so 
that we can assume a common origin, namely the ac
cretion of matter onto a neutron star with a strong 
magnetic field, or also onto a black hole, in a close bi
nary system. For example, the brightness decrease of the 
gamma source GRO 10422+32 a few days after its out
burst showed great similarity to that of the X-ray nova 
Muscae (Sect. 7 .4.6), so that we can classify this object 
also as a candidate for a black hole. GRO 10422+ 32, by 
the way, attained three times the brightness of the Crab 
Nebula and was for a short time the brightest gamma 
source in the sky. 

The notation for gamma sources gives the right as
cension and the declination, analogously to that for the 
pulsars (Sect. 7.4.7); their rough galactic coordinates 
can then be read out (e.g. using Fig. 11.1). 

In particular from the direction of the galactic cen
ter we find a number of bright, noticeably variable 
gamma sources which, as a result of the strong in
terstellar extinction, cannot be observed in the optical 
region. When in the late 1970's, using satellites and 
balloons (with an angular resolution of only ::::: 15°), 
gamma radiation from the direction of the galactic cen
ter at 0.511 MeV with a strong time variation on a scale 
of several months was observed, the center of the Milky 
Way itself was at first assumed to be the source of this 
annihilation radiation (Sect. 4.5.6) from positrons and 
electrons, e+ +e- ~ y+y. Only with the improved 
resolution (::::: 15') of the imaging gamma telescope 
SIGMA on the GRANAT satellite did it become clear 
in the 1990's that the annihilation radiation was com
ing from a variable "point source" at about 50' (100 pc) 
distance from the center of the galaxy, which coincided 
with the X-ray source lE 1740.7-2942 observed by the 
Einstein satellite. 

Outside the region of the galactic center, two 
other strong gamma sources have been discovered: 
GRS 1915+105 by GRANAT, and GROJ1655-40 by 
the Compton observatory. Both sources are close to the 
plane of the galaxy, about 40° and 15° from the cen-

ter, respectively, so that they are likewise unobservable 
in the optical spectral region. Their outbursts can, how
ever, be seen to some extent in the X-ray, infrared, and 
radiofrequency ranges. 

High-resolution radio observations with the VLA at 
A.= 6 and 20 em wavelengths show for lE 1740.7-2942, 
along with a variable, compact central source, also two 
jets which extend in opposite directions and are about 
1 pc long (Fig. 7.43). The radio emission of these jets is 
probably synchrotron radiation from relativistic elec
trons and also from positrons. The structure of this 
stellar galactic source in the radio range is similar to that 
of many active galaxies and quasars (Sects. 12.3.3, 4), 
although their dimensions and magnitudes are different. 
Observations with the VLA showed also that the two 
strong gamma sources GRS 1915+ 105 and GRO 11655-
40 are "microquasars", an unusual structure for stellar 
sources. Another object with energetic jets, which we 
have already described, is the X-ray source SS 433 
(Sect. 7 .4.6). 

VLA observations over longer periods of time have 
shown that the radio jets from GRS 1915+105 and 
GROJ1655-40 move away from the centers of the 
sources with velocities apparently greater than the 
velocity of light, c. This phenomenon of apparent su
perluminal velocity was first found in the jets of active 
galaxies; we thus explain it in connection with these 
objects in Sect. 12.3.4. 

7.4.9 Gamma Bursters 

In the 1970's, the American Vela satellites (which 
were intended to detect explosions of nuclear weapons) 
observed short, intense bursts of radiation in the gamma
ray range. In the following years, several hundred 
gamma bursts were observed from satellites and space 
probes, until from 1991 on, after the launch of the 
Compton observatory (CGRO), with its enormous in
crease of sensitivity and resolution, the rate of discovery 
rose to about one to three burster per day. Very quickly, 
the instruments of the CGRO, especially BATSE (Burst 
and Transient Source Experiment, Sect. 5.3.3), yielded 
the main contribution to the several thousand known 
gamma bursters. 

The gamma bursters are, during the short time of 
their outbursts (of the order of 10 s ), by far the brightest 
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Fig. 7.43. Radio image of 
the X-ray and gamma-ray 
source IE 1740.7-2942 af
ter I. F. Mirabel et al.. The 
observations with the VLA 
at A = 6 and 20 em show, 
along with a compact cen
tral source, two jets in 
opposite directions. (With 
the kind permission of Na
ture 358, 215 © 1992 
Macmillan Magazines Ltd., 
and of the authors) 
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sources in the gamma-ray range. Their emission oc
curs mainly at energies above about 50 keV and exhibits 
a great variability of its intensity structure and spectrum. 
Since the position of a short burst in the gamma range 
cannot be determined with great precision and its occur
rence is not predictable, it was for nearly three decades 
not possible to observe the emissions from the gamma 
bursters in other spectral regions. Therefore, no direct 
identification with any other known objects and no dis
tance determination could be made, so that the nature of 
the gamma bursters remained unknown. (The only ex
ceptions were the SGR's (Soft Gamma-ray Repeaters), 
see below). 

Only in 1997 was it possible for E. Costa and 
coworkers, using the Italian-Dutch satellite BeppoSAX, 
launched in 1996, to detect the outbursts from sev
eral gamma bursters in the X-ray range as well. This 
then opened up the possibility of observing their "after
glow" in the optical and radiofrequency regions and 
thus finally of clarifying the origin of the gamma 
bursts. 

Properties of the Bursts. The duration of the outbursts 
lies between about 10 ms and more than 1000 s. It is 
to be sure quite difficult to determine, since it depends 

sensitively on the intensity of the burst and on the spec
tral background. Single pulses without additional time 
structure can be observed, often with a very short rise
time, followed by an exponential decay. Other bursters 
show smooth emissions with a number of peaks. There 
are also outbursts which are separated by quiet intervals 
of up to 100 s; and finally, complex, chaotic series of 
sharp intensity maxima with differing strengths can be 
observed. 

We distinguish two classes of Gamma bursters by the 
length of their outbursts. These probably have different 
sources. Roughly 2/3 of known objects have longer 
outbursts (2: 2 s), the rest short (:S 2 s) outbursts. There 
is no clear indication of repeated outbursts. 

The spectra exhibit a smooth continuum, which 
stretches over a very wide energy range from a few 
keV up to 10 GeV, whereby the main emissions occur 
between about 100 keV and 1 MeV. The occurrence of 
spectral features is very rare. It is furthermore interest
ing that the arrival times of the high-energy photons 
relative to that of the low-energy photons are delayed 
by up to about 1 h. 

Distribution. A first indication of the nature of the 
gamma bursters is given by their distribution on 
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the celestial sphere: they occur randomly, and their 
distribution is highly isotropic. 

Further information is given by the (integrated) 
number N( > S) of those bursts whose maximum flux, 
integrated over the whole energy range, exceeds the 
value S. If the sources were distributed homogeneously 
in (Euclidian) space and their luminosity functions were 
everywhere the same, then we would expect 

N( > S) ex s-312 , (7.112) 

since on the one hand, N(> S) ex r3, and on the other, 
S ex I 1 r2 where r is the distance to the source ( cf. also 
the brightness distribution of the stars in Fig. 11.2). 
However, the observations clearly show fewer weak 
gamma bursts in comparison to the prediction of (7 .112) 
(see Fig. 7.44). The deviation of the intensities from the 
s-3/ 2-function, together with the isotropic distribution 
on the celestial sphere, restricts the possible interpre
tations severely: the gamma bursters must be nearly 
homogeneously distributed within a limited, roughly 
spherical volume. 

For this distribution, there are in principle two mod
els, which could be distinguished decisively only after 
the identification of several gamma bursters on the basis 
of their optical afterglow: 

(a) a very extended (~ 100 kpc) spherical halo 
around our Milky Way Galaxy. To be sure, no suitable 
objects with such a distribution are known. For neu
tron stars, which are under discussion as sources of the 
gamma bursts owing to their properties (see below), we 
expect (for those belonging to the Milky Way) a con
centration within the plane of the galaxy and not an 
isotropic distribution. 

(b) a "cosmological" origin of the gamma bursters, 
i.e. a distribution which extends far past our nearest 
neighboring galaxies, since no concentration of the 
bursters e.g. in the direction of the Andromeda galaxy 
can be detected. In order to explain the deviations from 
the s-312-function (Fig. 7.44) through effects of the red 
shift and of the temporal development of the sources, the 
weakest sources would then have to have red shifts of at 
least z :::::: I (i.e. distances of the order of 1 Gpc = 109 pc; 
cf. Sect. 13.1.1 ). 

Identification. The precision with which their positions 
can be determined, of "only" about 2° for the stronger 
gamma bursts, did not initially allow their identification 
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Fig. 7.44. The cumulative distribution N( > S) of gamma 
bursters with a maximum flux > S in the energy range from 
50 to 300 keV, from observations using the detector sys
tem BATSE of the Compton observatory. The dashed curve 
gives the expected function for a homogeneous distribution, 
N(> S) ex s-3/ 2 (7.112). (With the kind permission of Sterne 
und Weltraum) 

with known objects. Only with the aid of the BeppoSAX 
satellite (1996-2002), which can observe the outbursts 
both in the gamma-ray and in the X-ray regions, was it 
possible to carry out an improved position determination 
on the basis ofthe X-ray source. With this information, 
an imaging X-ray telescope on BeppoSAX can- within 
a few hours -localize the afterglow in the X-ray range 
with a precision of::::: 1'. 

In this manner, in 1997 it was possible in the cases 
of two gamma bursters, GRB 970228 and 970508 (the 
numbers indicate the date of the outburst), to observe 
the afterglow not only in the X-ray, but also in the op
tical region and - for the latter object - also in the 
radiofrequency region as well, and thus to accomplish 
the identification of these two bursters. At the position 
of GRB 970228 after the decay of the outburst, a weak 
galaxy was discovered in the optical region. In the case 
of GRB 970508, the optical afterglow persisted for sev
eral days; its spectrum shows absorption lines from Fe II 
and Mg II, which are also seen in the spectra of distant 
quasars (Sect. 12.3.4), with a red shift of z = 0.84. 

In the meantime, observations of the afterglow have 
become available for many gamma bursters with long 

I 
269 



270 

7. The Spectra and Atmospheres of Stars 

burst duration; for the most part, they can be identi
fied with faint, distant mother galaxies (of brightness 
range 23-26 mag in the red). Often, these galaxies show 
indications of a high rate of star formation. 

We list here several of the particularly interesting 
gamma bursters: GRB 990123, with a red shift of 
z = 1.6, was discovered in the optical region while it was 
still emitting gamma rays. Assuming isotropic emission, 
for this burster the gamma flash was found to contain 
an unusually high energy of 4 · 1047 J (corresponding 
to 2M0 c2); probably the gamma-ray emission in this 
case is not isotropic, but instead is focused (in jets?). 
In the optical afterglow from GRB 000301C (z = 2.04), 
the brightness increased for a short time by more than 
a factor of 2. This increase can be attributed to a star 
in the foreground acting as a mivro-gravitational lens 
(Sect. 8.4.3). GRB 980425 was the first burster which 
could be connected with a supernova explosion; its po
sition agrees sufficiently well with that of SN 1998 
BW, which flared up in a relatively nearby galaxy (at 
a distance of 40 Mpc). GRB 000131, with z = 4.50, has 
a particularly high red shift. 

All these observations clearly support a cosmological 
origin for the gamma bursters. 

Energy Source. From the shortest time variations of the 
signals, amounting to a few tenths of a millisecond, we 
can estimate the spatial extent of the emission region 
to be at most 100 krn, since the signals can propagate 
with at most the velocity of light. This supports the 
idea that, as in the case of the X-ray bursters, processes 
in neutron stars or black holes are responsible for the 
radiation flashes. 

At "cosmological" distances z::::: 1, the energy in 
a gamma burst, assuming isotropic emission, would be 
about 1044 to 1046 J; at a typical duration of 10 s, this 
corresponds to a luminosity of 1019 L 0 . The required 
energy is thus not essentially greater than that which is 
released in a supernova explosion in the form of neu
trino emissions; however, the luminosity of a gamma 
burster exceeds that of a supernova by an enormous 
factor (Sect. 7.4.7). 

The physical process which leads to a radiation flash 
mainly in the gamma-ray region, followed by an after
glow in the longer wavelength spectral range, can be 
described in terms of a "fireball": when an enormous 
amount of energy is released in a short time within 

a small volume, which is initially optically dense with 
respect to gamma rays, then nearly all the energy of 
the explosion is converted into kinetic energy of highly 
relativistic particles. This leads to a rapid expansion of 
the source, whereby a considerable portion of energy is 
emitted in the form of gamma radiation. When the rel
ativistic particles collide with the surrounding matter, 
e.g. the interstellar medium of the mother galaxy, the 
afterglow results. 

As the source of the energy of around 1045 J, on the 
one hand the fusion of two neutron stars in a close binary 
system is a possibility; this is a process which in an aver
age galaxy might occur every I 06 yr. Through radiation 
of gravitational energy, the orbital angular momentum 
of the system is reduced, analogously to the model for 
supernovae of type Ia, where two white dwarf stars fuse 
(Sect. 8.2.4); as a result, the two neutron stars approach 
each other more and more closely. This model, to be 
sure, is applicable only to the short-duration gamma 
bursters (with bursts of::=: 2 s). 

The longer-lasting gamma bursts (2: 2 s) are probably 
related to the hypernovae, an unusual type of super
nova explosion in which a very massive, rapidly rotating 
individual star collapses to form a black hole. 

Soft Gamma-ray Repeater. This small group of 
"SGR" gamma bursters differs from the "normal" 
bursters by having shorter bursts with a softer gamma
ray spectrum which may be emitted repeatedly from 
the same source. There are occasional strong, flare-like 
bursts. 

The unusually intense bursts from the source 
SGR0526-66 on March 5, 1979 were registered by 
eleven space probes. The short rise time (:S 0.25 ms) in 
connection with the large distances of the probes from 
each other made it possible to carry out an exact position 
determination by "time-of-flight triangulation": the po
sition of this burster coincides with that of the supernova 
remnant N 49 in our neighboring galaxy, the Large Mag
ellanic Cloud. The gamma flashes from SGR 0526-66 
were exceeded in intensity by the outburst at 1900+ 14 
on August 27, 1998. Here too, observations from sev
eral space probes made a precise position determination 
possible and allowed the identification with an X-ray 
source. 

As of 2004, the five SGR's which have been iden
tified are stars which are very bright in the X-ray part 



7.4 Variable Stars. Flow Fields, Magnetic Fields and Activity of the Stars 

of the spectrum, and are associated with young (age 
:5104 yr) supernova remnants but do not lie in their cen
tres. This suggests that we have here single Neutron stars 
which received a high velocity of order 1000kms-1 

during their creation. The sporadic bursts in the hard 
X-ray - soft gamma-ray part of the spectrum are mod
ulated or pulsed by the rotational period of the Neutron 
stars, between 5 s and 10 s. Compared to young radio 
pulsars (Sect. 7.4.7) the SGR's rotate very slowly, but 

experience far faster breaking. In order to explain the 
violent bursts of the SGR's (and of the related group 
of "Abnormal X-ray Pulsars", AXP's), we postulate 
Magnetars, that is Neutron stars with extremely strong 
magnetic fields of 1010 to 1011 Tesla at the surface. 
These are field strengths around 1000 times that of ra
dio pulsars. Changes in the magnetic field configuration 
in the crust can provide sufficient energy for a burst but 
in a very short period of time. 
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8. The Structure and Evolution of Stars 

The significance of his diagram for investigating stellar 
evolution was clearly realized by H.N. Russell as early 

as 1913. But its deeper understanding, and thus a the
ory of stellar evolution founded on observational facts, 
became possible only in connection with the study of the 
inner structure of stars. The older works of J. H. Lane (1870), 
A. Ritter (1878- 89), R. Emden (the "Spheres of Gas" ap
peared in 1907) and others could be based on lyon classical 
thermodynamics. A. S. Eddington succeeded in combining 
these approaches with the theory of radiation equilibrium 
and with Bohr's theory of atomic structure, which had in 
the meantime been formulated; his book "The Internal 
Constitution of Stars" (1926) gave the start signal for the 
whole development of modern astrophysics. 

Starting from the knowledge that the Sun has essen
tially not changed its luminosity since the formation of 
the Earth 4.5·109 ago, J. Perrin and A. S. Eddington rec
ognized in 1919/20 that the mechanical or radioactive 
energy sources which had been considered up to that 
point could not have been sufficient to supply the Sun's 
radiative energy. They made the assumption that nuclear 
energy is released in the interior of the Sun and the stars, 
by transmutation, or, as it is also termed, "burning" of 
hydrogen into helium. The rapid developments in nu
clear physics in the 1930's then made it possible in 1938 
for H. Bethe and others to find out which nuclear reac
tions would be possible at temperatures of 106 to 108 K 
in solar matter and other element mixtures, and to cal
culate their consequences. Experimental investigations 
of the reaction cross-sections at low proton energies, 

8.1 The Fundamental Equations 
of Stellar Structure 

In Sect. 8.1.1 we treat the hydrostatic equation together 
with the equation of state of stellar matter. In Sect. 8.1.2, 
we follow this with a discussion of energy transport by 
radiation and convection, important for the determina
tion of the temperature distribution within a star. Energy 
production can take place on the one hand through ther
monuclear reactions, of which we give an overview in 
Sect. 8.1.3, and on the other through release of grav
itational binding energy; the latter will be treated in 

especially those of W. A. Fowler, made essential contri
butions to our understanding of nuclear energy release in 
stars. 

Although we can understand the basic ideas of Edding
ton's theory with a very modest mathematical effort, the 
solution of t he fu nda menta I equations, together w ith the 
complicated material equations (for energy release, etc. ) 
and the equation of state of stellar matter, requires a con
siderable numerical effort. The application of increasingly 
powerful computers has given the field of stellar structure 
and evolution a strong impulse since the mid-1950's. 

We shall first consider in Sect. 8.1 the basic equations 
for the structure of a star, along with the associated 
matter equations; we then apply these in Sect. 8.2 to u n
derstand the evolution of the Sun and the stars, i.e. the 
changes in their structures with time. The explanation of 
the color- magnitude diagrams of star clusters, which in
deed provided the initial impulse for the development of 
the basic ideas of stellar evolution, will be left for Chap. 9. 
As a further application here, we consider in Sect. 8.3 the 
final stages of stellar evolution, with their extremely high 
matter densities: the white dwarfs and neutron stars. For 
the calculation of the precise structure of a neutron sta r, 
Newton's Theory of Gravitation is no longer sufficient, 
and instead Einstein's General Theory of Relativity must 
be employed. It is thus appropriate that in Sect. 8.4, we 
give an overview of the fundament al assumptions and 
the most important results of this theory, particularly in 
view of later applications to the activity of galactic nuclei 
and especially to cosmology. 

Sect. 8.1.4, in connection with the thermal energy con
tent of a star. In Sect. 8.1.5, we tum to the most important 
question of the stability of a star. Finally, in Sect. 8.1.6, 
we summarize the system of fundamental equations and 
derive their general conclusions for stellar structure. 

8.1.1 Hydrostatic Equilibrium and the Equation 
of State of Matter 

We first consider a star as a sphere with the mass M and 
radius R in hydrostatic equilibrium: the gravitational 



force of the mass M(r) which lies within r acts on each 
volume element with density g(r) at a distance r from 
the star's center, and produces a radial variation in the 
pressure P within the volume element. The hydrostatic 
equation, which we have already derived in connection 
with planetary structures in Sect. 3.1.3, is then: 

dP GM(r) 
dr = -g(r)-r-2-, (8.1) 

where M(r) is given by 

dM(r) 
-- = 4;rr2g(r). (8.2) 

dr 
In most stars, P is practically equal to the gas 

pressure Pg; only in very hot and massive stars is 
it necessary to include the radiation pressure Pr ex
plicitly, i.e. P = Pg + Pr. Using (8.1), we can readily 
estimate the pressure, for example at the center of the 
Sun (Pc0 ), by setting Q = const (3.7) . We thus ob
tain Pc o ~ 1.3 · 1014 Pa; exact model calculations yield 
a central pressure which is about a factor of 100 larger 
(2.5 · 1016 Pa). 

The relation (at each point) between the pressure P, 
the density Q, and the temperature T as the third state 
variable is contained in the equation of state. Following 
Eddington, we begin with the equation of state of the 
ideal gas (3.15): 

kT 
Pg = Q-::::-- , (8.3) 

t-tmu 

where k = 1.38-10-23 JK- 1 is the Boltzmann con
stant, mu = 1.66. 10-27 kg the atomic mass unit c~ the 
proton's mass), and ji the average molecular weight. 
Equation (8.3) can be used so long as the interactions 
of neighboring particles are sufficiently small relative 
to their thermal (kinetic) energies. On Earth, we are ac
customed to the fact that this no longer applies, i.e. that 
condensation begins, roughly at densities of Q :::: 500 
to 1000 kg m-3 . In stars, this limit is shifted up to 
much higher values by ionization. In particular, the most 
abundant elements H and He are completely ionized at 
relatively shallow depths in all stars. 

In the range of higher densities (and lower tempera
tures), at T = 107 K and roughly above Q ~ 106 kg m-3, 

Fermi-Dirac degeneracy of the electrons arises, so that 
(8.3) is no longer applicable. The equation of state of 
these degenerate electron components, which are im
portant in the later phases of stellar evolution, will be 
discussed in Sect. 8.3.2. 

8.1 The Fundamental Equations of Stellar Structure 

The average molecular weight ji is, for complete 
ionization, equal to the atomic mass divided by the total 
number of particles, i.e. nuclei plus electrons. We thus 
obtain for 

Hydrogen Helium Heavy elements 

ji = 1/2 4/3 ::::2 

From these values, the average molecular weight can 
easily be calculated for any mixture of elements. 

The average temperature in the interior of the Sun 
can be estimated from (8.3) with Q = {!0 , ji = f.LH = 0.5 

- - 6 
and P g ~ Pco /2 (see above) to beT 0 ~ 6 · 10 K. 

8.1.2 Temperature Distribution 
and Energy Transport 

To calculate the temperature distribution T(r) in the 
interior of a star, we must first investigate the mecha
nisms of energy transport. Poor energy transport leads 
to a steep temperature gradient, good energy transport 
yields a flat temperature gradient. (Whoever doubts this 
can test it by holding first a wooden stick and then a nail 
in a flame with bare fingers!). 

Radiation Equilibrium. We first consider the en
ergy transport via radiation, i.e. radiation equilibrium 
(cf. Sect. 7.2.1, also for nomenclature); we immediately 
integrate all the radiation quantities such as lv, Fv and 
Bv over the total frequency spectrum. These integrals 
are denoted as /, F, and B. Furthermore, we again in
troduce Rosseland's opacity K (7.41) as an average over 
all frequencies, here using mass absorption coefficients 
KM [m2 kg- 1] (4.109), as is usual in the theory of stel
lar structure; for simplicity, we denote it simply by K. 

The radiation transport equation (7 .37) then takes on the 
form: 

d/ 
cose-- = -/+B. 

KQdr 
(8.4) 

From the radiation intensity I, we again calculate the 
radiation flux F (4.34) by multiplying with cose and 
integrating over all directions. For the total radiation we 
thus obtain from (8.4): 

Jf 

F = - -- cos2 e · 2;r sine de . I dl 
KQdr 

0 

(8.5) 
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(Since the Kirchhoff-Planck function B is isotropic, the 
integral of B cos() over all directions vanishes.) 

In a stellar interior, the radiation field I is nearly 
isotropic, so that we can extract it from the integral and 
carry out the integration over() on the right side of (8.5); 
this gives 

:n: J cos2 () • 2n sin() d() = 4n /3 . 

0 

(8.6) 

Furthermore, we can write down I in this case as a func
tion of temperature T using the Stefan-Boltzmann law. 
It is 

I=~T4= acT4' 
Jl' 4Jl' 

(8.7) 

and we thus obtain 

c d 4 F=---(aT), 
3K(] dr 

(8.8) 

i.e. the radiation flux is proportional to the gradient 
of the energy density u = aT4 (4.72) and to the "con
ductivity" (K(])-1 of the stellar matter with respect to 
photons. 

The total radiation energy which passes outwards per 
unit time through a spherical surface of radius r is then 
given by: 

2 l6nacr2 T3 dT 
L(r) = 4nr F = - - - . (8.9) 

3 K(] dr 

At the surface of the star, r = R, the shell lumi
nosity L(r) becomes the directly measurable stellar 
luminosity L = L (R). At temperatures near:::::: 6 · 106 K, 
the maximum in Planck's radiation function according 
to (4.65) lies at Amax = 0.5 nm, i.e. in the X-ray range. 
The absorption coefficient is determined here by bound
free and free-free transitions of the atomic states which 
are not yet completely "ionized away". In an element 
mixture such as we find in the Sun and in Population I 
stars, these are higher ionization states of the more 
abundant, heavier elements such as 0, Ne, ... In the 
"metal poor" stars of Population ll, the contributions 
of H and He must also be taken into account. 

Convective Energy Transport. Besides energy trans
port by radiation, a hydrogen and helium convection 
zone can occur in stellar interiors, as we saw in the ex
ample of the Sun; the conditions for its occurrence were 

discussed in Sect. 7 .3.1. In addition, further convection 
zones can be formed in connection with nuclear energy 
release. In all such convection zones, energy transport 
by convection (rising of hotter and sinking of cooler 
matter) is strongly predominant over transport by radia
tion, except at the the boundary regions of the zone. The 
relation between the temperature T and the pressure P 
is then given by the adiabatic equation T ex pl-lfy, 

which we have already used in treating planetary atmo
spheres (3.20) and in connection with the solar wind 
(7.95). y = cp/cv is the ratio of specific heats at con
stant pressure and at constant volume. By logarithmic 
differentiation with respect to r, we obtain (3.21) the 
temperature gradient in a convection zone: 

dT = (l _ .!.) '!:_ dP . 
dr y Pdr 

(8.10) 

The methods for calculating convective energy 
transport are still very unsatisfactory in quantitative 
terms. 

8.1.3 Energy Production 
Through Nuclear Reactions 

In hydrogen fusion, the overall reaction consists of the 
combination of four hydrogen nuclei to form one helium 
nucleus, 4 1H--+ 4He. The energy released, L:!E, can 
be readily calculated using the mass-energy relation 
discovered by A. Einstein in 1905, 

L1E = L1mc2 (8.11) 

from the mass difference Llm between the products 
and the reactants in the above nuclear reaction. The 
mass of 4 hydrogen atoms is 4 · 1.007825 atomic 
mass units mu. that of the helium atom is 4.0026 mu. 
so that the mass difference is given by 0.0287 mu 
(1 mu = 1.6605. w-27 kg= 931.49 MeV I 2). This cor
responds to an energy difference of: 

LlE(41H-+ 4He) = 4.28-10-12 J 

= 26.73 MeV. (8.12) 

In fact, we require here the masses of the atomic nuclei. 
However, since the number of electrons remains un
changed in the reaction, we can use the atomic masses, 
whose experimental values are more precisely known, 
risking only very small errors due to differences in the 
electronic binding energies. 



The "usable" energy released by a nuclear reaction, 
Q, is still smaller than calculated from the mass defect 
by the amount which escapes through neutrino emis
sion, since neutrinos, owing to their extremely small 
interaction cross-sections, escape even from the inte
rior of a star practically without energy loss (unless we 
consider the extremely dense final stages of stellar evo
lution). In the case of hydrogen fusion, we thus find 
instead of 26. 73, only at most 26.23 MeV which will be 
available within the star (cf. (8.18)). 

If we imagine that e.g. one solar mass of pure hydro
gen were to be converted into helium, then an energy 
of 1.28 · 1045 J would be released; this would supply the 
luminosity of the Sun at the current level L 0 for a period 
of 1.05 · 1011 yr. 

The continued formation of elements heavier than 
4 He from lighter elements allows further energy releases 
in accord with (8.11), up to 56Fe, at which point the 
nuclear binding energy is a maximum, equal to 8.4 MeV 
per nucleon. The main portion of this energy gain is 
already released in the fusion of hydrogen to helium, 
which yields 6.7 MeV per nucleon (8.12). 

Energy Production Rate. In order to calculate the rate 
of nuclear energy release in stars, we must consider the 
individual nuclear reactions in detail. In the following, 
we summarize the most important reactions, employing 
the usual notation: 

x(a, b)y 

Reactant nucleus x (reacts with a, ejects b) Product 
nucleus y. 

Here, we use the symbols 

p: Proton a: 4 He nucleu 
n: eutron y: Quantum of radiation 
e- : Electron v: Electron neutrino 
e+: Positron 

A nucleus (nuclide) is denoted by adding its mass 
number A to the upper left of the chemical symbol X 
and, where needed, its atomic number (number of pro
tons) Z to the lower left: AX or ~X. For example, we 
write the two stable helium isotopes as 3He and 4He or 
~He and iHe. A nucleus in an excited state is denoted 
by an asterisk(*). 

8.1 The Fundamental Equations of Stellar Structure 

A positron e+ which is released in a nuclear reaction 
immediately forms two gamma quanta by annihilating 
with a thermal electron e-. The neutrinos escape from 
the star practically without energy loss (see above). 

The number of reactions x(a, b)y in a unit volume 
per unit time (cf. (4.111)) is now: 

(8.13) 

where n x and na are the particle densities of the reaction 
partners x and a, v is their relative velocity, and a there
action cross-section for the fusion reaction considered. 
The thermal average (av) is obtained by integration over 
the Maxwell-Boltzmann distribution (4.86), which also 
holds for the relative velocities (Sect. 4.5.3). 

The energy release rate £ [W kg- 1 ] , i.e. the energy 
released per unit time and mass, is then 

p 
£=Q-. 

Q 
(8.14) 

Here, Q is the density and Q the energy released by one 
reaction. 

Due to the short range of the nuclear forces, the 
positively-charged reactant nuclei, which repel each 
other corresponding to the Coulomb potential 

1 ZxZae2 
V(r) =- (8.15) 

4nc:o r 

must approach to within a distance of the order of a nu
clear diameter, ro::::: 10- 15 A 113 [m], in order for the 
reaction to occur. They must first overcome a "Coulomb 
barrier" of height B::::: V(ro) (Fig. 8.1). While B is in the 
range of several MeV, the average mean kinetic or ther
malenergy E = mv2 /2 = (3j2)kT,e.g. at a temperature 
of 108 K , is only about 0.01 MeV. The Coulomb barrier 
can thus only be "tunneled" through, as predicted by 
quantum mechanics. The probability for this process, 
as calculated by G. Gam ow, is 

P(v) = e-2:rrry , 
1 ZxZae2 

TJ=----- . 
4n£o fiv 

(8.16) 

This leads to a very strong temperature dependence of 
the thermonuclear reactions; one can speak of an "igni
tion temperature" for the initiation of energy production, 
particularly in the case of nuclei with higher proton 
numbers Z. 

In a more precise calculation, the screening of the 
nuclear charges by the electrons in the plasma must be 
considered; it causes a lowering of the Coulomb barrier, 
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Energy 

B 

Fig. 8.1. Thermonuclear reactions: the radial potential func
tion V(r) (schematic) for the approach of two positively 
charged particles. For r 2::: ro, i.e. outside the range of the 
attractive nuclear forces, the Coulomb repulsion is predomi
nant. A particle with the (relative) kinetic energy Eat infinity, 
corresponding to a mean thermal energy of (3/2)kT, must 
tunnel through the width 8 of the Coulomb barrier of height 
B » E, before a nuclear reaction can take place 

since according to the Debye theory, the electrostatic 
potential (8.15) is modified according to 

V(r) = V(r)e- rfro. (8.17) 

Here, r0 = J s0kTj(e2n) is the Debye length for a com
pletely ionized hydrogen plasma with a particle density 
ofn. 

Hydrogen Burning. We now consider the reactions of 
hydrogen burning, i.e. the combination of four protons 
to a helium nucleus, in detail. A first possibility is the 
proton-proton reaction or pp-chain (8.18). 

The slowest reaction, which represents the rate
limiting step for the whole chain, is 1H(p, e+v)2D. The 
neutrinos which are released in this step carry away on 
the average 0.50 MeV of energy, so that 26.23 MeV of 
energy is available to the star from the main pp I chain. 
The branches pp II and pp III become more significant 
with increasing temperature. 

3HeeHe, 2p) 4He 

A second possibility for the conversion of hydrogen 
into helium is offered by a reaction cycle investigated in 
1938 by H. Bethe and C. F. von Weizsacker, in which the 
elements C, Nand 0 are involved and essentially deter
mine the reaction rate, but are quantitatively "returned" 
at the end. Energy release by the CNO triple cycle 
(Fig. 8.2) is mainly due to the principal or CN cycle 
(24.97 MeV), whose slowest reaction is 14N(p, y) 150 . 
The two subcycles take place when a y quantum instead 
of an cr particle is emitted following the proton capture 
by 15N; they occur e.g. in the Sun about 1000 times less 
frequently than the principal cycle. 

In the stationary state, the abundance ratios of the 
isotopes involved are determined by the rates of the 
individual reactions as in a "radioactive equilibrium", 
although in each single cycle, the C, N, and 0 nuclei, 
as "catalysts", are not consumed. At temperatures from 
about 107 to 108 K, most of the matter originally present 
as C, Nand 0 is converted by the CNO cycle into 14N. 

Starting from the normal element mixture (Tables 
7.5, 6), the nitrogen abundance increases by about a fac
tor of 10. The abundance ratio of the two carbon isotopes 
12C jl3C, which is about 90 in terrestrial and solar mat
ter and between 40 and 90 in interstellar matter, settles 
down to a much smaller value~ 4. This is an important 
indicator for (possibly previous) hydrogen combustion 
by the CNO cycle. 

In Fig. 8.3, the mean energy production s from hy
drogen fusion for an element mixture as found in the 
Sun and in Population I stars is plotted as a function 
of temperature over the range 5 to 50 · 106 K. Due to 
the higher electric charges of the reactant nuclei, the 
CNO cycle is initiated only at higher temperatures than 
the pp chain. Cool main sequence stars with central 
temperatures of up to 1.8 · 107 K, in particular also the 
Sun, with Tc0 ~ 1.5 · 107 K, therefore extract their en
ergy mainly from the pp chain; hotter stars in the upper 
portion of the main sequence derive theirs mainly from 
the CNO cycle. For the old stars of Population II, the 

ppl 26.23MeV 
1H(p, e+v) 2D(p, y) 3He ? 7Be(e- , v) 7Li(p, cr) 4He pp II 25.67MeV 

\.. 
3He(cr, y) 7Be ( (8.18) 

7Be(p, y) 8B(e+v) 8Be(2cr) pp III 19.28MeV 
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Fig. 8.2. Reactions of the CNO triple 
cycle 

Main cycle Subcycles 

contribution of the CNO cycle relative to the pp chain 
is proportional to their underabundances of C, N, and 0 
relative to H. 

Helium Burning. If a major portion of the hydrogen 
is used up in the interior of a star, and its temperature 
increases to above 108 K (as a result of contraction), 
then the combustion of helium is initiated, as noted by 
E. J. Opik and E. E. Sal peter in 1951152, leading initially 
to 12C by the 3a process: 3cx ---+ 12C. 

10 15 20 25 30 35 40 45 50 
T [1061<] 

Fig. 8.3. Temperature dependence of the energy release s by 
hydrogen fusion in equilibrium for the element mixture of 
the Sun and Population I stars. s in [W kg- 1], Q in [kg m-3], 

XH =relative mass abundance of hydrogen. &/QX~ depends 
only on T in the pp chain, but for the CNO cycle, it is also 
proportional to the abundance Xc,N! XH. At the center of 
the Sun, XH = 0.36 (originally 0.73), Q = 1.6 · 105 kgm-3, 

T = 1.5 ·107 K and thus s-::= 1.8 .w-3 Wkg- 1 

This process begins with the slightly endothermic 
fusion of two He nuclei: 

4He + 4He + 95 keV = 8Be + y . (8.19) 

The 8Be is present in thermal equilibrium (4He + 
4He;::::; 8Be) at a very small concentration which is then 
further decreased by the reaction 

(8.20) 

with an energy release of7 .28 MeV per 12C nucleus. The 
decay of the excited 12C*, releasing 7.65 MeV of energy, 
back to 4He and 8Be is more than 1000 times more 
rapid than the transition back to its ground state, 12C. 
Only 2.4 MeV are released per helium nucleus by its 
fusion, i.e. about 10% of the energy which was obtained 
from its formation from hydrogen. Starting with 12C, 
the following nuclei (with A a multiple of four) can be 
formed by further (ex, y) reactions: 

I2C(cx, y)I60(cx, y)20Ne(cx, y)24Mg(cx, y)28Si, 

(8.21) 

whereby the last two reactions hardly contribute to 
the energy release, due to the slow reaction rate of 
I6Q(cx, y)zoNe. 

At somewhat higher temperatures than for the the 
3cx process, 14N, the main product of the CNO cycle, is 
consumed by the reaction series 

(8.22) 
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The reaction 

(8.23) 

can continue this series; it provides free neutrons for the 
synthesis of the heavy elements of A 2:: 60 (through the 
socalled s-process in red giant stars; see Sect. 8.2.5). 
This synthesis could in no case occur by means of 
charged-particle reactions, due to the strong Coulomb 
fields of the heavy nuclei. 

Carbon Burning and Further Burning Phases. After 
the cessation of helium burning and the reactions which 
follow it, at temperatures of 6 to 7 · 108 K, in the course 
of the evolution of a star carbon burning can take place; 
its most important reactions: 

12c + 12c ..... 23Na + P , 23Na(p, a)zoNe , 

tzc + tzc ..... zoNe+ a (8.24) 

lead to 20Ne and release 2.3 MeV of energy per 12C 
nucleus. Finally, above 1.5 to 2 · 109 K, the energies of 
thermal photons are sufficiently high to destroy 20Ne by 
photodisintegration and, by further reactions with the 
helium nuclei formed in the disintegration, to convert it 
to 24Mg and 28Si: 

zoNe(y, a)t60 , 

160(a, y)20Ne(a, y)24Mg(a, y)28Si . (8.25) 

This neon burning is followed at somewhat higher 
temperatures by oxygen burning ('60 + 160) and silicon 
burning, a quasi-equilibrium between photodisintegra
tion and a capture, which leads to the formation of 
heavier elements up to the nuclei of the iron group. 

In the carbon burning and the later burning phases, 
the temperatures and densities in stellar interiors are so 
high that neutrinos are produced in large numbers at 
the expense of the thermal energy of the stellar matter, 
via the weak interaction between electrons, positrons, 
and photons; they leave the star practically without hin
drance. The energy loss from these neutrinos is of the 
same order of magnitude as the energy release from ther
monuclear processes (in contrast, the neutrinos formed 
by ~-decay of the nuclear reaction products represent 
only a moderate energy loss). Formally, the neutrinos 
can be included in the reactions as a negative energy 
release. 

Thermal Equilibrium. The application of nuclear en
ergy release in the theory of the internal structure of 
stars is (fundamentally) simple: if e(Q, T) is the en
ergy released per unit of time and mass by all the 
nuclear reactions which occur at the corresponding tem
peratures T and densities Q, then in a spherical shell 
r . .. (r + dr) in unit time, the energy QB4nr2dr is re
leased and the energy flux L(r) increases according to 
the equation: 

dL(r) 
~ = 4nr2Q(r) e(r). (8.26) 

8.1.4 Gravitational Energy and Thermal Energy 

When the internal temperature of a star (which has 
a particular chemical composition) becomes too low 
to permit thermonuclear processes to continue, the only 
energy source in the intermediate period until nuclear 
reac~ons can again be ignited is the gravitational energy 
Ea, 1.e. energy of contraction. 

It seems appropriate to mention here that as early as 
1846, soon after his discovery of the law of energy con
servation, J. R. Mayer raised the question of the origin 
of the radiation energy emitted by the Sun. He consid
ered the possibility that a mass m of meteorites which 
fall into the Sun would release their energy as heat 
according to (2.44) 

mG.M/R (8.27) 

(where G is again the gravitational constant, .M and 
R the mass and radius of the Sun). Since in fact the 
mass of meteorites falling into the Sun is rather small, 
H. von Helmholtz pointed out in 1854, and Lord Kelvin 
in 1861, that the contraction of the Sun itself would be 
a more effective source of gravitational energy. 

As one can readily see from (8.27), the energy which 
is released by the formation of a sphere of gas of radius R 
from matter which was originally far apart, or also by 
the strong contraction of a star to the radius R, is given 
by: 

G.Mz 
Ea ~ ~ . (8.28) 

For the Sun, this is ~ 3.8 · 1041 J; the Sun's thermal 
energy content is of the same order of magnitude. The 
energy Ea could supply the Sun's radiant power at the 
current level of L0 = 3.85 · 1026 W for only Ea/ L0 ~ 
3 ·107 yr. 



The Virial Theorem. The close connection between 
the gravitational energy of a star and its thermal energy 
becomes clear from the virial theorem (2.36), which 
states that in a system of massive objects with mutual 
gravitational attraction, on the average over time the 
kinetic energy Ekin and the potential energy Epot are 
related by: 

(8.29) 

This relation is presented more clearly in Fig. 8.4. Since 
the total energy is E = Ekin + Epo~> we also have Ekin = 
-E. 

We apply the virial theorem initially to a star (in hy
drostatic equilibrium) which we consider for simplicity 
to be a homogeneous sphere (of mass M., radius R, den
sity Q ). If we further assume it to consist of a monatomic 
gas of atomic mass f.L, then the only kinetic energy 
present is the thermal energy ET. It is on the average 
(3/2)kT/(f.Lmu) per unit of mass (mu = atomic mass 
unit), and for the whole star 

3 kT 
ET=---M.. 

2 f.Lmu 
(8.30) 

Fig. 8.4. The virial theorem for a system of point masses 
under the influence of mutual gravitational attraction, 
£kin = - ~ Epot · A contracting star loses potential energy; 
half of the amount lost is, however, added to its reserves of 
kinetc energy. 2Ekin < - Epot leads to gravitational instability, 
according to J. Jeans (Sect. 10.5.3) 

8.1 The Fundamental Equations of Stellar Structure 

The potential energy or the gravitational energy of 
a homogeneous sphere has already been calculated in 
Sect. 2.3.6; from (2.51): 

3 GM.2 
Ea=-- --. 

5 R 
Using the virial theorem 

2ET+Ea=0 

(8.31) 

(8.32) 

we can now derive directly the fact that the temperature 
in the stellar interior must be 106 to 107 K, using the 
known data for main sequence stars, so long as radia
tion pressure plays no essential role. (We had already 
estimated this temperature in Sect. 8.1.1 by a different 
route.) 

The Contraction of a Star. However, a star's energy 
does not remain constant, due to the energy which is 
radiated away (luminosity L); instead, it decreases in 
a time interval 8t according to 8£ = L8t. If no nu
clear energy sources are available to the star, it can 
replace this energy loss only through contraction; from 
(8.28), in a time 8t, contraction provides the quantity 
8Ea = GM.28(1/ R). If this contraction takes place suf
ficiently slowly, so that hydrostatic equilibrium can be 
maintained in the star, then from the virial theorem 
(8.32), we find 

28ET + 8Ea = 0 and 

oET + 8Ea = L8t . (8.33) 

This result shows that one-half of the gravitational 
energy 8Ea is required to increase the thermal en
ergy, and the other half to supply the radiation energy 
(Fig. 8.4). When energy is extracted (by radiation), the 
star thus reacts by increasing its temperature, i.e. it rep
resents a system with "negative specific heat". The star 
is stabilized by the initiation of nuclear energy release 
as its temperature rises, the prerequisite for this being 
that the pressure increase with increasing temperature, 
i.e. that the equation of state (8.3) be valid. The con
traction is halted and the luminosity is then maintained 
from nuclear energy sources. 

The time interval during which a star can supply 
its radiation energy at the expense of gravitational 
energy Ea, the Helmholtz-Kelvin time, is of the order of 

tHK:::: I ~G I :::: GR~2 :::: ~T . (8.34) 
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From the virial theorem, it is comparable to the ther
mal relaxation time. In general, tHK is much shorter than 
the nuclear evolution time tE (8.45). 

The Rate of Gravitational Energy Release. For those 
evolutionary stages of a star in which gravitational en
ergy plays a role due to mass configuration changes, we 
must thus extend (8.26) to include the rate of release of 
gravitational energy. There is then no longer an equilib
rium in a mass shell simply between the nuclear energy 
release rate E: and the net energy flux. Instead, the time 
rate of change of the inner structure in each mass shell 
gives an additional (positive or negative) contribution, 
which, following the 1st Law of thermodynamics, arises 
from the sum of the change in thermal energy per unit 
mass, (3 12)kT I (t-tmu), and the work performed by pres
sure forces, - Pdv ( v = 1 I Q = specific volume), since 
gravitation does not act directly on a volume element of 
the gas. We then find: 

dL(r) = 41lT2Q ( 8 _ ~ _k_ dT + ~ dQ) 
dr 2 t-tmu dt Q2 dt 

(8.35) 

8.1.5 Stability of the Stars 

Finally, we ask the question, under which circumstances 
is a star able to maintain its hydrostatic equilibrium (8.1) 
in the face of disturbances or changes in its structure? 
Here, the compressibility of its matter, i.e. the variation 
of the pressure P with density Q, plays a decisive role. 
If we take P ex Qr, then the gravitational force averaged 
over the whole star varies (due to Q ex Ml R3) with the 
star's radius R according to: 

GM 5 
(Fa} ex Q R2 ex R- , (8.36) 

while the pressure gradient varies as 

- ex-ex-exR (dP) P Qr -3r-I 

dr R R 
(8.37) 

and thus the ratio of the two terms depends on R 
according to: 

-'-(d_P..:_I_dr-'-} ex R-3(T-4/3) . 

(Fa} 
(8.38) 

If T> 413, then for a contraction, (dPidr} increases 
more rapidly than (Fa}, i.e. the star will finally be able 

to find a new configuration in hydrostatic equilibrium. 
On the other hand, for r:::; 413, the gravitational force 
increases more and more if the radius is reduced, and 
the star will not find a stable configuration. We there
fore obtain as a criterion for the stability of hydrostatic 
equilibrium that the relation: 

(8.39) 

must be fulfilled in the interior of stars over a consider
able range of masses. This condition is obeyed e.g. by 
a star consisting of a monatomic ideal gas, since then the 
adiabatic equation (7.95), (8.10) has the form P ex Qr 

with r = y = 513 (y =specific heat ratio). 
If the stability criterion is violated, for example by the 

excitation of internal degrees of freedom or by a "phase 
transition" (Sect. 8.2.4), then a stellar collapse results, 
practically in free fall, as long as r ::::: 413 is main
tained. The characteristic time for this collapse is the 
free fall time tff, which we estimate by extending (8.1) 
to include an acceleration term Q d2r ldt2 or else use the 
hydrodynamic equation of motion, (7.87): 

d2r R GM P 
Q -2 :::_ Q 2 :::_ Q -2 :::_ - . (8.40) 

dt tff R R 

With Q c:::. M I R3, we then find for the dynamic time 
scale: 

tff :::_ fJ;. (8.41) 

For the Sun, with g0 = 1400kgm-3, tff is of the or
der of magnitude of 1 h, i.e. considerably shorter than 
the Helmholtz-Kelvin time (8.34). Conversely, we can 
conclude from the stability of the Sun over thousands of 
millions of years that its hydrostatic equilibrium must 
be maintained with an extremely high precision. Large
scale pressure disturbances are balanced within tff. As 
can be seen from the virial theorem (8.32), the free fall 
time corresponds to the characteristic propagation time 
Rlcs of an acoustic wave through the star with the ve
locity of sound Cs c:::. (kTI t-tmu)-112 (7.93), or also to the 
fundamental period of oscillation of the star (7 .99). 

8.1.6 The System of Fundamental Equations 
and Their General Results 

In order to give a better overview, we summarize the four 
basic equations of the theory of stellar interiors from the 



preceding sections. Their numerical solution is carried 
out exclusively using fast electronic computers. 

The System of Fundamental Equations. The struc
ture of stars is described by the following four coupled 
differential equations, from which the r-dependence 
of M(r), the mass within r, the pressure P, the 
shell luminosity L(r), and the temperature T can be 
determined. 

Conservation of mass (8.2): 

dM(r) 2 
-- =4nr Q 

dr 
Hydrostatic equilibrium (8.1): 

dP GM(r) 
-=-Q--
dr r2 

Thermal equilibrium (8.26): 

dL(r) 2 
-- =4nr Q8 

dr 
Energy transport 
a) by radiation (8.9): 

dT 3KQ L(r) 

dr 4acT3 4nr2 

b) by convection (8.10): 

dT = (l _ _!_) !__ dP . 
dr y Pdr 

(8.42) 

In addition, we need the equation of state and the equa

tions which relate the material functions, the nuclear 
energy release rate 8, the opacity K and the specific-heat 
ratio y, to two of the state variables P, T, or Q. All of 
these relationships depend essentially on the chemical 
composition of the stellar matter - this is important in 
what follows. 

Finally, our problem is completely determined by the 
boundary conditions: 

1. At the center r = 0 of a star, we must of course have 
M(O) = 0 and L(O) = 0. 

2. At the surface, the equations for the stellar interior 

must make a smooth transition to those discussed 
previously for the stellar atmosphere. As long as we 

are interested only in the interior of the star, we shall 

frequently be able to apply the above equations (8.42) 

out to T --+ 0 or T --+ Teff for r = R. Furthermore, 
M(R) is naturally M, the total mass, and L(R) = L, 
the total luminosity of the star. 

8.1 The Fundamental Equations of Stellar Structure 

General Results. We can readly gain an intuitive un
derstanding of some general results from the theory of 
stellar structure; of course, they can also be derived by 
formal calculation. 

We imagine the total mass M of gas to be provided 
with given nuclear energy sources. This object, initially 
not at all defined in terms of its spatial structure, we 
then allow in a thought experiment to consolidate it
self into a star of mass M and luminosity L. It will 
adjust itself to a particular radius R, assuming that a sta
ble configuration is possible. Since on the other hand, 

R and L are related to the effective temperature Teff 
by L = 4JT R2uTe'k' i.e. luminosity= surface area· total 
radiation flux (6.43), the effective temperature Teff is 
determined. There must then exist for stars of simi
lar structure and composition (we must not forget that 
ingredient!), socalled homologous stars, a unique rela
tionship between the mass M, the luminosity L, and the 
radius R or the effective temperature Teff: 

cp(M, L, Teff) = 0. (8.43) 

Such a relation was indeed discovered in 1924 by 
A. S. Eddington. According to his calculations, the de
pendence of the function on Teff was so weak that he 
referred simply to a mass-luminosity relation. Its agree
ment with observations initially appeared to be rather 
good; later, several exceptions were found, which how
ever in the light of the general theory are by no means 
unexpected. 

If we also take into account the fact that theory relates 
the nuclear energy release 8 to the state variables (e.g. T 
and Q) for a given element mixture, there is an additional 
relation between the three quantities M, Land Teff· For 
stationary stars of similar structure, an equation of the 
form 

cP(L, Teff) = 0 

thus holds. 

(8.44) 

These stars must then lie on a particular line in 

the Hertzsprung-Russell diagram or in the color

magnitude diagram. This result is sometimes called the 

Russell-Vogt theorem. We shall indeed meet up with 
such a line in the Zero Age Main Sequence. On the 

other hand, the very existence of the red giants and su

pergiants tells us that at least one other parameter enters 
the picture. We shall see that it is the chemical composi
tion of the stars, which changes along with their ages as 
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a result of nuclear reactions. The interior structure of the 
stars therefore changes and our above considerations do 
not necessarily remain applicable. 

Conversely, in addition to the the mass of a star, its 
chemical composition must be known before we can 
calculate its structure from the system of fundamen
tal equations. The composition is however in general 
known only for very young stars, which have not yet un
dergone any essential changes in their element mixtures 
by nuclear reactions since their formation from the in
terstellar medium. In practice, we must therefore follow 
the evolution of a star "from the beginning", i.e. start
ing from a homogeneous composition, in order to learn 
about its structure in the later stages of evolution. 

A direct comparison of the theory of stellar structure 
and evolution with observations is, to be sure, not pos
sible, due to the extremely long times required for the 
evolution as a rule; however, investigations of star clus
ters represent an important test for model calculations. 
In a star cluster, all members were formed nearly at the 
same time and with the same chemical composition; on 
the other hand, in a "snapshot view", they exhibit a wide 
range of different stages of evolution, as a result of their 
differing masses. 

8.2 Stellar Evolution 

We begin in Sect. 8.2.1 with the structure of the main
sequence stars. In Sect. 8.2.2, we then describe our Sun 
in more detail and consider the possibility of testing the 
model for this star which is nearest to us by observing 
its neutrino emissions. The question of how the stars get 
onto the main sequence will be postponed; we take it 
up again in connection with star formation from the in
terstellar medium in Sect. 10.5. In Sect. 8.2.3, we tum 
to the evolution of stars away from the main sequence 
into the region of red giants, where helium burning oc
curs. Sect. 8.2.4 is devoted to the late phases of stellar 
evolution, and in Sect. 8.2.5, we consider the role of the 
stars, with their nuclear energy production, in the for
mation of the chemical elements. Finally, in Sect. 8.2.6 
we discuss the special aspects of stellar evolution in 
a close binary star system, and in Sect. 8.2.7 the physics 
of accretion disks, which play a major role not only in 
many binary systems, but also in the central regions of 
galaxies (Sect. 12.3.6). 

8.2.1 Main Sequence Stars: 
Central Hydrogen Burning 

For homologous stars, i.e. for stars with the same struc
ture and chemical composition, a relation of the form 
<P(L, Teff) = 0 (8.44) holds. When hydrogen burning 
is initiated in their centers, the young, still chemically 
homogeneous stars all lie along a line in the (L , Teff) 
diagram or in the color-magnitude diagram. Stars with 
a large mass have a high luminosity and those with 
a small mass have a lower luminosity. This line is termed 
(not quite correctly) the Zero Age Main Sequence 
(ZAMS), from which further nuclear evolution pro
ceeds "to the upper right" in the Hertzsprung-Russell 
diagram. 

Empirically, the ZAMS is defined for Population I 
stars, to which we shall limit ourselves in this section, 
by the envelope of all the color-magnitude diagrams of 
the open star clusters (Sect. 9.1.3). 

The stars remain in the immediate neighborhood of 
the main sequence until a considerable portion of their 
hydrogen has been consumed. In order to estimate the 
length of this stage, we first consider the energy ~al
ance of the Sun. Its central temperature Tc = 1.5 · 10 K, 
as calculated by the theory (Table 8.1), has clearly 
adjusted itself so that the pp-process takes over en
ergy production. Now, the mass M 0 = 1.98 · 1030 kg 
of the sun, if we initially consider it to be homoge
neous, consists of hydrogen to about 70%. Its complete 
conversion into He by the pp-process would provide 
an energy of 8.8. 1044 J. At its current luminosity, 
L 0 = 3.85 . 1026 W, the Sun therefore bums of the order 
of 10% of its hydrogen - this should lead to a notice-

Table8.1. The inner structure of the Sun. Age 4.5 ·109 yr. 
Original element mixture X: Y: Z = 0.73 : 0.25 : 0.015 

peclral Effeclive Mass Lununosily Evolulion 
class lempermure .1.1./.Ma lime 

r.1tLKJ L!Lo re[yr] 

05V 44500 60 7.9·10S 5.5 · 10S 
BOV 30000 18 5.2·1o4 2.4·1o6 
B5V 15400 6 8.3· 102 5.2· 107 

AOV 9500 5.4 · 101 3.9·1o8 
FOV 7200 1.5 6.5 1.8·109 

GOV 6050 1.1 1.5 5.1·109 

KOV 5250 0.8 4.3· 10- 1 1.4·1010 

MOV 3850 0.5 1.1. 10- 2 4.8 ·1010 

M5V 3250 0.2 u. 10- 2 1.4·1011 



8.2 Stellar Evolution 

Table 8.2. The main-sequence stars and their evolution times 8.2.2 The Internal Structure of the Sun. 

r!R0 .AI.(r)f.loi0 L(r)fL0 p Q T 

[Pal [kgm- 3] [K) 

0.0 0.00 0.00 2.5· 1016 1.6·10S 1.5-107 

0.1 0.08 0.45 1.4 ·1016 9.2-l<f 1.3· 107 

0.15 0.20 0.79 8.4. lOis 5.8·1<f 1.1 . 107 

0.2 0.35 0.94 4.5·1015 3.6-lcf 9.3·1o6 
0.3 0.62 1.00 1.1 . 101s 1.2· l<f 6.6 · 1o6 
0.4 0.80 1.00 2.6· 1014 3.8·1oJ 5.0·106 

0.5 0. 9 1.00 7.0-1013 1.4 · loJ 3.9 · 106 

0.8 0.99 1.00 1.9-1012 9.0·101 1.7·1o6 
1.0 1.00 1.00 (I <f)' (3. w-4>" (6. loJ)" 

a Characteristic values for the photosphere 

able change in its properties- in a time of 7.3 · 109 yr. 
Since the time when the Earth obtained its solid crust, 
the Sun has thus hardly changed. 

Now, what is the situation for the energy balance of 
the other main sequence stars? Their central tempera
tures Tc increase from low values at the cool end of the 
main sequence to around 3.5 · 107 K for the BO stars, 
etc. Somewhat above the Sun on the main sequence, 
according to Fig. 8.3, the CNO cycle takes over the 
task of energy production, without a serious change 
in overall efficiency. From the known values of the 
masses, M I M 0 , and the luminosities L I L 0 of the main 
sequence stars (of Population I), we can now read
ily calculate the time after which they will consume 
10% of their hydrogen, which for brevity we term their 
evolution time tE (Table 8.2): 

9 MIMG 
tE[yr]=7.3·10 . 

LIL0 
(8.45) 

Since their formation, which - as we assume in 
advance here - cannot have been more than about 
2 · 1010 yr ago, the main sequence stars below GO can 
thus have burned only a small portion of their original 
hydrogen. On the other hand, the hot stars of the early 
spectral classes bum their hydrogen so rapidly that they 
must have been formed relatively short times ago, of the 
order of tE. The age of the 0 and B stars is in fact con
siderably shorter than the rotational period of the Milky 
Way in our neighborhood (2.4 · 108 yr); these stars must 
thus have been formed in the same regions where they 
are found today. 

Before we consider the evolution of stars away from 
the main sequence, we first consider the structure of the 
Sun in more detail. 

Solar Neutrinos 

In order to calculate a model for our Sun in its present 
state from the system of fundamental equations (8.42), 
we begin with a star of 1 M 0 with a homogeneous el
ement mixture (H : He : heavy elements; relative mass 
abundances) of 

X: Y: Z = 0.73:0.25:0.02, (8.46) 

which corresponds to the atmosphere of the Sun and the 
Population I stars as well as to the interstellar medium. 

Solar Model. We begin the calculation of the model at 
the time of ignition of nuclear energy release through 
hydrogen burning, since the preceding, relatively brief 
evolutionary phases following the formation of the 
Sun from the interstellar medium (of the order of 
the Helmholtz-Kelvin time lHK ~ 3 · 107 yr) had only 
a minimal influence on its present structure. Beginning 
at the time of ignition of hydrogen burning, we then 
construct a series of models for the time evolution in 
such a way that after 4.5 · 109 yr, the age of the Sun and 
the Solar System (3.26), the currently observed lumi
nosity L 0 and effective temperature Teff,G are obtained 
for one solar radius R0 . We thus find the model shown 
in Table 8.1 for the internal structure of the Sun. 

Half of the solar mass is found to be within about 
0.25 R0 . In most of the interior, energy transport oc
curs via radiation; only outside =::: 0.7 R0 (out to the 
lowest layers of the photosphere), i.e. for only about 
1% of the overall mass, is convection important. From 
hydrogen burning during 4.5 · 109 yr, about half of 
the hydrogen originally present at the center (c) of 
the Sun has been converted to helium; here, we have 
Xc : Yc : Zc = 0.36 : 0.62 : 0.02. Outside about 0.2 R0 

we still find the original chemical composition (8.45). 
The energy release in the central regions is mainly due to 
the pp chain (8.18); at 0.2 R0 , L(r) has already reached 
95% of the total solar luminosity L 0 . 

Neutrino Astronomy. Several percent of the energy re
leased in the Sun's interior by nuclear reactions escapes 
as neutrino radiation directly into space. The extraordi
narily small interaction cross-sections for neutrinos with 
all types of matter allows them to pass through a star, 
indeed even through the whole universe, practically 
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without any collisions. Neutrino astronomy can thus 
give us direct information about the energy-releasing 
core of the Sun, while the flux of neutrino radiation 
from distant stars is far below the present limit of 
detection. An exception was the explosion of the su
pernova SN 1987 A in the "nearby" Large Magellanic 
Cloud (Sect. 7.4.7). 

During hydrogen combustion, (8.18) and Fig. 8.2, 
only electron neutrinos Ve (Table 13.3) are produced 
inside the Sun. Their detection is extremely difficult 
because of their weak interaction with material, but 
can be achieved with radiochemical means or through 
scattering experiments of neutrinos on electrons. 

The radiochemical detection is based on inverse ~ de
cay ( Ve + n -+ p +e-), whereby within a suitable atomic 
nucleus X a neutron is transformed into a proton: 

(8.47) 

The threshold energy for this process is given by the 
mass difference of the two nuclei. The excited product 
nucleus decays back to the original nucleus X by cap
turing an electron, mainly from the K electronic shell of 
the atom. The energy which is released in this process 
excites Auger electrons from the atomic shells, which 
can then be detected. Although the neutrino flux arriving 
at the Earth is relatively high, around 6 · 1014 neutrinos 
s-1 m-2, due to their extremely small reaction cross
sections, the measured reaction rates are very small and 
put great demands on the experimental sensitivity. Typ
ically, in current neutrino detectors some 10 particles 
must be separated from 1030 atoms(!) and counted. 

The measurements of solar neutrino radiation are 
quoted in units of 

1 SNU (Solar Neutrino Unit) (8.48) 

= 1.0 .lQ-36 neutrino events s-1 per nucleus 

where here the interaction cross-section of the tar
get material used for the neutrino reaction enters into 
the quoted value. This neutrino unit reflects the ex
tremely small reaction probability: in order to measure 
e.g. 1 SNU with a detector containing 1031 nuclei, we 
would have to be content with a counting rate of only 
one neutrino capture per day. For such a detector, con
taining e.g. a medium-heavy element with an atomic 
weight of about A = 50, we would require 830 t of the 
element! 

The first researcher to carry out such experiments, 
beginning in 1964, was R. Davis Jr., using the reaction 
of solar neutrinos with 37Cl, which makes up 23% of 
naturally-occurring chlorine: 

37Cl(ve, e-)37 Ar*, threshold: 814keV. (8.49) 

In order to avoid as much as possible disturbances due to 
cosmic radiation, the apparatus is located 1.5 km deep 
in the Homestake gold mine in South Dakota (USA). 
The "receiver" is a tank holding about 615 t of tetra
chloroethylene, CzC4, containing 2 · 1030 nuclei of the 
isotope 37 Cl. The noble gas 37 Ar which results from the 
reaction decays back to 37Cl with a half-life of 35.0 d. 
After each 2 to 3 half-lives, it is washed out with helium 
and its decay electrons are counted. 

Since about 1990 two radiochemical experiments 
which are based on the reaction 

(8.50) 

have been running. The radioactive 71 Ge decays with 
a half-life of 11.4 d back to 71 Ga, where again,- analo
gously to the chlorine experiment - the resulting Auger 
electrons are detected. 

In the case of GALLEX (measurements from 
1991/97), an essentially European cooperation, the de
tector is located in a tunnel under the Gran Sasso 
in Italy and contains 30 t of gallium in the form 
of a GaCl3 solution. In SAGE, the Soviet-American 
Gallium Experiment, in a mine near Baksan in the 
Northern Caucuses in Russia, 60 t of liquid metallic 
gallium serve as detector. 

While the radiochemical methods detect all ( elec
tron) neutrinos above a certain threshold energy, elastic 
scattering 

(8.51) 

of neutrinos (all kinds) by electrons allows the direct 
determination of energy, direction and arrival time of 
the incoming neutrino from the recoil of the electron. 
However, the scattering cross section for v11 and v, is 
an order of magnitude smaller than that of "e· There
coil electrons are detected (e.g. in water) through their 
Cherenkov radiation (Sect. 5.3.1), resulting from their 
high velocities. 

In Kamiokande, the Kamioka Neutrino Detection 
Experiment, which has been running in the Kamioka 
mine in Japan since 1987, the detector - for neutri-



nos with energies above 7 MeV - consists of a large 
tank containing over 2000 t of extremely pure water, 
surrounded by numerous large-area photomultipliers 
for the detection of the Cherenkov radiation. Super
Kamiokande, 300 km west of Tokyo, is based on the 
same detection scheme as Karniokande and since 1996 
has been detecting neutrinos from the Sun of ener
gies above 5 MeV at a rate of around 10 per day. Its 
Cherenkov detector consists of 50 000 t of highly puri
fied, normal water with around 14 000 photodetectors. 

Detectors of this kind are also used to observe 
possible proton decays and neutrino oscillations, two 
fundamental experiments for elementary particle theory 
and also for cosmology. 

Neutrino oscillations, i.e. transformations of various 
types of neutrinos into one another, are predicted by 
some elementary particle theories which extend be
yond the standard model (Sect. 13.3.2) and are based 
upon the hypothesis of a nonzero neutrino mass. Super
Karniokande is able to detect both electron and muon 
neutrinos. Thus, in 1998, a Japanese-American col
laboration, by analyzing the ratio of the two types of 
neutrinos, not for solar neutrinos but for those in the 
flux which is produced in the atmosphere by incident 
cosmic radiation, were able to detect neutrino oscilla
tions indirectly (v11 ++ v,) and therefore to obtain an 
indication of the neutrino mass. 

The Sudbury Neutrino Observatory (SNO) in 
a Nickel mine at a depth of 2.1 km in Ontario, Canada, 
which uses about 1000 t of extremely pure heavy wa
ter, D20 in a transparent acrylic tank, and about 9500 
Cherenkov detectors to observe neutrinos of energies 
above about 5 MeV, started measurements in 1998. The 
deuterium interacts not only with electron neutrinos via 
the reaction v + d -+ v + p + n, but also with the other 
types, the muon and tau neutrinos, so that the SNO 
can also be used to investigate neutrino oscillations. 
This reaction is evidenced by Cherenkov radiation of 
6.25 MeV gamma quanta, which is emitted by the tank 
when a further deuteron d absorbs the free neutron n. 

Solar Neutrinos. According to theory, i.e. from the 
standard model of the Sun (Table 8.1), we expect 
a neutrino spectrum as shown in Fig. 8.5, in which the 
neutrinos from the reaction 1H(p, e+ve) 2D of the pp 
chain (8.18) with a continuous energy distribution be
low 0.42 MeV are strongly dominant. These neutrinos 
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Fig. 8.5. The theoretical neutrino spectrum of the Sun. The 
neutrino flux at the location of the Earth from the reactions of 
the pp chain (8.18) and the "pep" reaction, p+e- +p-+ 2D + 
v + 1.44 MeV, is shown. The contributions from 13N and 150 
from the CNO cycle are not included here. The continuous 
neutrino radiation is given in [Neutrinos m - 2 s- 1 Mev- 1 ], the 
monoenergetic radiation in [Neutrinos m-2 s- 1]. The thresh
olds for detection by the 37Cl or 71 Ga reactions are indicated 
by arrows. From T. Kirsten (1983) (with the kind permission 
of the VCH Verlagsgesellschaft, Weinheim) 

can be detected only by the gallium experiments, which 
have a lower threshold energy (8.50). 

In the chlorine experiment, in contrast, owing to the 
higher threshold of 814 MeV (8.49), only the continu
ous neutrino emission due to the~+ decay of 8B from 
the pp III reaction chain can be detected. This reaction 
is strongly dependent on the temperature at the center of 
the Sun, and plays only a subordinate role in energy pro
duction through hydrogen burning. Kamiokande also 
detects only the neutrinos from the 8B decay. 

The result of the chlorine experiment, which has 
been running in the Homestake mine for many years, 
is (2.55 ± 0.25) SNU. It lies about a factor of 3 below 
the theoretical value of 6 to 10 SNU. The gallium ex
periments, Kamiokande, and Super-Kamiokande also 
observe a smaller neutrino flux than predicted, of only 
about 50 to 60% of the theoretical value. In principle, 
these neutrino experiments confirm our expectation that 
the energy production in the Sun is a result of hydro
gen burning. Kamiokande, through its determination of 
the direction of the incoming neutrinos, has also shown 
that they do, in fact, originate in the Sun. 
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The cause of the discrepancy of about a factor of 
2 or 3 remained mysterious for over 30 years. The 
"neutrino problem" was finally solved in 2001102 by 
experiments of the Sudbury Neutrino Observatory. The 
discrepancy is not due to an inaccurate solar model 
but to the existence of neutrino oscillations, whereby 
a significant proportion of the solar electron neutrinos 
are transformed on their way to Earth into muon and 
tau neutrinos which were not detected by earlier mea
surements. The detector of the SNO, which only reacts 
to neutrinos produced by 8B decay (8.18), measured 
a flow of all types of neutrino which agreed closely 
with the theoretical value, using reaction (8.52). On 
the other hand an SNO experiment using the reaction 
\Je + d ~ e + p + p, which measured only electron neu
trinos, found % of the calculated flow. This leaves little 
doubt that around ~ of the electron neutrinos created 
inside the Sun change into muon and tau neutrinos on 
their way to the detector and that neutrinos thus have 
a non-zero mass. 

Supernova Neutrinos. With Kamiokande and with 
the H20-Cherenkov detector of the Irvine-Michigan
Brookhaven experiment in a salt mine in Ohio (USA) 
the neutrino pulse from the Supernova SN 1987 A in the 
Large Magellanic Cloud were detected. This type of de
tector is thus already able to observe future supernova 
explosions in our Milky Way galaxy. 

High-Energy Neutrinos. Aside from the neutrinos 
from the Sun and the stars, with relatively low ener
gies (:S a few 10 MeV), it is expected that among other 
sources, accretion onto neutron stars (Sect. 7.4.6) and 
the active nuclei of galaxies (Sect. 12.3.6), where high
energy particles and photonen interact with one another, 
also neutrinos of high energies(:::_ 106 MeV) will be pro
duced, which then could be detected by means of the 
high-energy muons 1.1 ± which are generated in the detec
tor. Since their mean free path in water is of the order of 
1 km, an underwater observatory measuring 1 km3 for 
example represents an enormous "detector" of around 
109 t. 

After the pioneering project DUMAND (Deep 
Underwater Muon And Neutrino Detector) at a depth of 
4.5 km near Hawaii was discontinued due to technical 
problems in 1996 followoing a long construction period, 
at present several underwater or underground observa-

tories are being built. AMANDA (Antarctic Muon And 
Neutrino Detector Array), in the 3 km thick antarctic 
ice near the American Amundsen-Scott Station began 
measurements in 200 1. 

8.2.3 From Hydrogen to Helium Burning 

The course of evolution of the stars away from the 
main sequence depends essentially on whether the trans
formed matter in the stellar interior mixes with the 
remaining matter, or whether it remains where it was 
formed in the core or the particular convection zone, 
if one is present. F. Hoyle and M. Schwarzschild were 
the first to show, in 1955, that only the latter possibility 
leads to an acceptable theory of stellar evolution. 

Massive Stars. We shall first describe what hap
pens in detail, using the example of a star of 5 .M0 

(Fig. 8.6). It begins its evolution as a completely ho-
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Fig. 8.6. Variations with time in the interior of a (Population I) 
star of 5 .M.0 . The abcissa gives the age, reckoned in 107 yr, 
since the star left the main sequence. The letters A to E de
note the correspondence to the evolutionary paths shown in 
Fig. 8.7a. The ordinate is .M.(r) / .M. , the fraction of the mass 
within r. The stippled regions correspond to convection zones, 
and the barred regions are zones of nuclear energy release; the 
dotted regions are those in which the H or He content decreases 
on going inwards. (After R. Kippenhahn, H. C. Thomas and 
A. Weigert, 1965) 



mogeneous B5 V Population I star with the chemical 
composition given in (8.46), an effective temperature 
Teff = 17 500 K, a radius of2.6 R0 , and thus an absolute 
bolometric magnitude of Mboi = - 2.2 mag. In its cen
ter, the temperature is Tc = 2.6 · 107 K and the pressure 
is Pc = 5.5 · 1015 Pa. At the very center, there is a hydro
gen burning zone, the nuclear fusion reactor, so to speak, 
where hydrogen is burned to helium by the CNO cycle. 
Adjacent to this hydrogen burning zone is a convection 
zone, within which the reaction products are thoroughly 
mixed. This phase of evolution (A-+ B--+C in Fig. 8.7a) 
lasts about 6 · 107 yr, corresponding roughly to our es
timated evolution time fE (Table 8.2). When the core 
is burned out, a hydrogen burning zone in the shape 
of a shell around the core is formed for a short time 
(0.3 -107 yr, C--+D--+E). AtE, a helium burning zone 
arises, initially in the core; in it, at central temperatures 
of 1.3 to 1.8 · 108 K, the 3a-process (8 .19, 20) takes over 
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energy production. When this He core has in tum burned 
out, a shell-shaped helium burning zone then also forms 
around it; but the thin hydrogen burning zone, which is 
continually moving outwards, still makes a considerable 
contribution to energy production after E. Finally, the 
star moves quickly into the stages of red giant and super
giant, where it loses part of its mass to the stellar wind, 
which increases with increasing luminosity (7.105). 

The evolutionary paths of the more massive, lumi
nous stars in the Hertzsprung-Russell diagram depend 
sensitively on the rate of mass loss, .M, which at present 
can only be taken into account in theoretical calcula
tions as an empirical, rather uncertain parameter. Stars 
with 2: 10 M 0 on the initial main sequence lose on 
the order of magnitude of 1/4 to 1/3 of their mass 
before reaching the region of red supergiants. Their es
sentially "horizontal" evolution away from the main 
sequence at a roughly constant luminosity (Fig. 8.7a) 
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Fig. 8.7a,b. Theoretical color-magnitude diagrams for stars 
of Population I. (a) Evolutionary paths for different masses 
.M I .M0 . The letters A to E refer to the changes in the 
inner structure of a star with 5 .M0 as given in Fig. 8.6. 
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(b) Isochrones for the evolutionary paths given in (a), with 
the ages t in years, as indicated. The lower envelope is the 
initial main sequence (ZAMS =Zero Age Main Sequence) 
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takes place at smaller luminosities for increasing M. 
In the case of extreme mass losses (those which persist 
for long times, with 2: 10-5 M 0 yc1), the evolution
ary path bends downwards towards the main sequence, 
so that the red giant stage is not reached. (In the hypo
thetical limiting case of M -+ oo, the evolutionary path 
would coincide with the main sequence.) 

All stars with masses :::: 2.5 M 0 have an evolution 
during the stages of hydrogen and helium burning 
which is qualitatively similar to what we have de
scribed for 5 M 0 . In particular, helium burning takes 
place "hydrostatically", i.e. the star remains contin
uously in hydrostatic equilibrium (8.1). This follows 
essentially from the equation of state (8.3) of an ideal 
gas, according to which a change in the temperature T 
is accompanied by a change in pressure. If, for exam
ple, T increases, and with it the rate of nuclear energy 
release, then the accompanying pressure pulse causes 
an expansion and cooling, which leads to a decrease in 
the energy production, thus stabilizing the star. 

Stars of Low Mass. For stars with masses :::; 2.5 M 0 , 

the helium burning stage, in contrast to the more mas
sive stars, takes place explosively. These stars attain 
such high densities in their interiors in the course of 
their evolution "straight up" in the Hertzsprung-Russell 
diagram, on the socalled first giant branch (A-+E in 
Fig. 8.8), that a Fenni-Dirac degeneracy (Sect. 8.3.2) 
of the electron gas becomes established before helium 
burning can start at T ::::::: 8 · 107 K. The pressure of this 
Fermi gas, unlike that of an ideal gas, does not depend 
on the temperature T (8.69), so that when the energy 
release increases, no expansion and cooling can occur. 
On the contrary, a helium flash takes place (E): a strong 
temperature rise within a very short time, of the order 
of the free fall time (8.41). This temperature rise stops 
only when T becomes so high that the electron degener
acy is again lifted. The resulting explosive shock wave 
in the stellar interior is damped by the massive shell out
side the helium zone, as is shown by tedious detailed 
calculations, so that the star "survives" the central he
lium flash at the tip of the giant branch (at roughly 
2 · 103 £ 0 ). Afterwards, it finds a new equilibrium con
figuration (F) with central, hydrostatic helium burning 
and a concentric, hollow hydrogen burning zone. 

Both during its evolution on the first giant branch and 
in the helium flash, the star loses a considerable portion 

of its mass; e.g. a star of originally 1 M 0 loses in the 
range of around 0.1 to 0.5 M 0 . 

Now how does the stellar evolution continue after 
the helium core has been consumed? At first, a shell
shaped helium burning zone forms. The star moves -
as long as M 2: 0.6M0 - for the second time towards 
higher luminosities into the region of red giants and 
supergiants, along the asymptotic giant branch or AGB 
(F-+ I in Fig. 8.8). 

Before we take up the further evolution of stars, we 
tum briefly to those stars at the lower end of the mass 
distribution. If the original mass was:::; 0.4 M 0 , the star 
never reaches the ignition temperature for helium burn
ing. If the mass lies below:::; 0.1 M 0 , then not even the 
hydrogen-burning phase is reached, which we consid
ered to be characteristic of a star. These "substellar" 
masses or brown dwaifs can - depending on their struc
tures - be considered to be giant planets, similar to 
Jupiter (Sect. 8.3.1). 
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Fig. 8.8. The evolutionary paths in the Hertzsprung-Russell 
diagram of Population I stars having 1.0 M 0 and 1.1 M 0 , 

from central hydrogen burning (A) to the helium flash (E), 
without taking mass losses into account. After A. V. Sweigart 
and P. G. Gross (1978). The ejection of amass ofO.l M 0 dur
ing the helium flash was assumed. The further evolution of 
the star of 1.0 M 0 was calculated taking the mass loss ac
cording to (7.105) into account, after D. Schonbemer (1979). 
F -+ G: the asymptotic giant branch; only one of the thermal 
pulses (helium flashes) which occur after I is drawn in, at J. 
The mass loss becomes important at H and leads to a final 
mass of 0.6 M 0 , which is reached at K 



8.2.4 Late Phases of Stellar Evolution 

As we saw in the preceding section, stellar evolution of 
both massive and of less massive stars leads to a state in 
which the star has two shell-shaped regions, which are 
sources of energy production. This structure is charac
teristic of the asymptotic giant branch: an inner helium 
burning shell, which surrounds a central region contain
ing 12C and 160 as well as degenerate electron gas, and 
an outer hydrogen burning zone. 

Thermal Pulses. Energy production in the helium burn
ing shell is thermally unstable. The fusion takes place as 
a series of brief pulses (helium-shell flashes) at typical 
intervals of about 1000 yr. In connection with the pulses, 
a strong mass loss occurs. Finally, a planetary nebula 
containing several tenths of a solar mass (Fig. 8.9) is 
ejected. We will discuss its properties in Sect. 10.3.2 in 
connection with the luminous gas nebulae. The masses 
of the remnant central stars of the planetary nebulae lie 
in a relatively narrow range around 0.6 .M0 . 

Evolution Towards a White Dwarf. For the later evo
lutionary stages of stars with original masses ~ 8 .M0 , 

the mass loss in the region of red giants and supergiants 
is of decisive importance. If the loss is so great that the 
stellar remnant has a mass lower than Chandrasekhar's 
limiting mass of 1.4 .M0 (8.75), then the star finishes 
its evolution, after its nuclear energy sources (hydro
gen and helium burning layers) have been exhausted, as 
a stable final configuration in the form of a white dwarf, 
containing 12C and 160. In such stars, the pressure of the 
degenerate electron gas holds the gravitational forces in 
balance (Sect. 8.3.3). 

The existence of white dwarfs in open star clus
ters whose bend-over point from the main sequence 
in the color-magnitude diagram (Sect. 9.1.3) still cor
responds to a mass of 8 .M0 demonstrates that, indeed, 
a large fraction of stars of ~8 .M0 lose sufficient mass 
through stellar winds and the casting off of planetary 
nebulae that they become white dwarfs. On the asymp
totic giant branch, these white dwarfs are already well 
"hidden" within the innermost 10- 2 R0 of the red gi
ants, which themselves have radii of about 102 R0 ; the 
dwarf takes the form of a dense (108 to 109 kg m- 3) core 
of ;:::o.6 .M0 . 

In Fig. 8.8, the evolutionary path of a star of I .M0 

ending at the white dwarf stage is shown on the 

8.2 Stellar Evolution 

Fig. 8.9. The planetary nebula NGC 3132 in Vela; a color im
age made by S. Laustsen using the 3.6 m telescope at the ESO. 
The angular diameter of the nebula, about 5011 , corresponds 
to 0.24 pc at its distance of around 1 kpc. The inner, hotter 
portion appears bluish due to the emission lines of ionized 
oxygen, and the outer portion appears reddish from the Ha 
emission of neutral hydrogen. The nebula is excited to lu
minosity by an extremely hot central star (Teff ~ 150 000 K), 
which is very faint in the visible range and cannot be seen in 
this picture. It is only 1.65" from the bright star (of spectral 
type A) in the middle of the nebula, which itself is too cool to 
produce significant excitation. (With the kind permission of 
the European Southern Observatory) 

Hertzsprung-Russell diagram. Corresponding to a mass 
loss as given by (7.105), the final mass of 0.6 .M0 is 
reached shortly after the end of the time spent on the 
asymptotic giant branch, some 106 yr. The remaining 
evolution occurs rapidly, in 104 to 105 yr, on a line going 
horizontally to the left towards higher effective temper
atures into the region of the central stars of planetary 
nebulae. At Teff between 3 · 104 and 105 K, the plane
tary nebula previously cast off becomes ionized and is 
excited to luminosity. Finally, in the interior of the star, 
nuclear energy release ceases to be possible; its evolu-

I ~.! 
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tionary path bends down and merges into the sequence 
of the white dwarfs. In some 109 yr, the star cools gradu
ally to effective temperatures below 4000 K, the lowest 
values which have been observed in white dwarfs. 

Those stars which have originally ~ 8 .M0 and whose 
mass exceeds the limiting mass for white dwarfs near 
the end of their evolutionary phase on the asymptotic 
giant branch finally attain such high temperatures in 
their helium cores with degenerate electron gas that, in 
spite of large energy losses due to the emission of neu
trinos (Sect. 8.1.3), carbon burning 12C + 12C (8.24) is 
ignited. This process should proceed explosively, simi
larly to helium burning in degenerate matter. Complex 
hydrodynamic model calculations for the energy bal
ance and expansion of the combustion front, which are 
difficult to carry out, do not yet give a satisfactory an
swer to the question of the further evolution of stars 
in this mass range. The explosive carbon burning is 
possibly the cause of some of the observed supernova 
outbursts (Sect. 7.4.7). 

Stars with Masses ;:: 8 .M0 • In these cases, at tem
peratures of 5 to 8 · 108 K, the reaction 12C + 12C is 

l60, 20N~,2'Mg 

0 2 3 4 5 

Fig. 8.10. The "onion-layer structure" of an evolved Popula
tion I star of .M = 25 .M0 after the conclusion of silicon burn
ing. The zones of maximum energy release and the most abun
dant product nuclides within each fusion layer are indicated 
(after J. R. Wilson eta!., 1985). Outside of .M(r) = 8.43 .M0 or 
r = 0.55 R0 , the star still has its original H- und He-rich com-

initiated in nondegenerate matter, so that the stability 
of the star is maintained during the phase of hydro
static carbon burning which lasts only the order of 
100 yr. After the formation of a concentric-shell com
bustion zone, a core region consisting of 160, 20Ne 
and 24Mg is left at the center of the star. In stars with 
::=: 13 .M0 , a rapid sequence occurs, with increasing tem
peratures and densities in the core, consisting of neon 
burning (lasting on the order of 1 yr), oxygen burn
ing (several months), and silicon burning (1 d) (see 
Sect. 8.1.3). The star forms an "onion-layer structure" 
(Fig. 8.10), with an "iron" core of mass in the range 1.3 
to 2.5 .M0 . Depending on the physical conditions, dif
ferent nuclides are predominant in this core, e.g. 56Fe 
or the neutron-poorer radioactive 56Ni, which decays fi
nally to 56Fe. The synthesis of the nuclides in the iron 
group marks the maximum of the nuclear binding en
ergy and thus the end of nuclear energy release in the 
star. 

The nuclear evolution of stars in the mass range 
from about 8 to 13 .M0 , in which the densities in the 
e60 , 20Ne, 24Mg) core of ~ 1.4 .M0 can be so high 
that electron degeneracy is produced and the follow-

'H~ 
1H, 'H~ 

c 12c. 22Ne-, 160 > 

6 7 8 .M.(r)/J.4. 25 

position. The neutronized Fe-core contains .M(r) = 2.1 .M0 , 
corresponding to r = 4.2 · w-3 Ro = 2900 k:m; at its cen
ter, the temperature is Tc = 8.2 · 109 K and the density is 
Qc = 2.2 . J012 kg m-3 . In the Hertzsprung-Russell diagram, 
this star is in the region of red supergiants (effective tempera
ture 4400 K, luminosity 3 · 105 L0 , and radius around 103 R0 ) 



ing combustion processes are no longer hydrostatic, is 
exceedingly complex; we cannot treat it further here. 

Collapse of the Central Region. After the star no 
longer has any more nuclear energy sources at its 
disposal, the central region contracts further; this is ac
companied by an increase in temperature, until a "phase 
transition" takes place, whose nature depends on the 
range of (Q, T). In this transition, the compressibility of 
the stellar matter becomes so high that the stability con
dition T> 4/3 (8.39) is violated and a collapse occurs 
within the free fall time (8.41). 

For .M.:::: 100 .M0 , the instability is caused by the 
production of electron-positron pairs, 

(8.52) 

as soon as the temperature exceeds a few 109 K, 
i.e. when kT i::: mec2 (mec2 = 0.51 MeV =rest energy 
of the electron and positron). 

In the mass range of 13 to around 100 .M0 , above 
about 5 · 109 to 1010 K, the photodisintegration of 
nuclides by energetic thermal y quanta triggers the 
collapse: in particular, 

y+ 56Fe-+ 13 4He+4n, (8.53) 

followed by 

y+ 4He-+ 2p+2n. 

At the beginning of the collapse, for example in a star of 
25.M0 , the temperature in the core is roughly 8-109 K 
and the density about 4 · 1012 kg m-3 ; the corresponding 
free fall time is around 0.1 s. 

At smaller stellar masses (8 to 13 .M0 ), the collapse 
of the degenerate electron-gas core region is caused by 
"neutronization" of the stellar matter; this occurs when 
the electron density, and with it the Fermi energy of 
the electrons, has become so high that the threshold 
for electron capture by the more abundant nuclei is ex
ceeded. The maximum mass .Mch which can be held 
in equilibrium by the degeneracy pressure of the elec
trons is, from (8.75), proportional to t-t-;,2, where f-te is 
the "atomic mass" referred to an electron (8.71). There
fore, .Mch is reduced from originally 1.4 .M0 to about 
0.8 .M0 for the neutron-enriched matter. 

Independently of the cause of the instability, the 
collapse of the inner region can come to a stand
still only when about half of its mass has reached 
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a density of ;::: 2 . 107 kg m - 3 . At this density, which 
corresponds to that in the interior of normal atomic nu
clei, matter consists mainly of neutrons and becomes 
practically incompressible. In the interior of a mas
sive star (i::: 10 .M0), a neutron star (Sect. 8.3.4) is thus 
formed within a short time ( :S 1 s); its surface then brakes 
the fall of the remaining material from the rest of the 
star. 

The neutron star oscillates like an elastic sphere, and 
initially springs back somewhat; this creates a shock 
wave which passes out through the matter which is still 
falling inwards. Behind the shock wave front, the mo
tion of this matter is reversed, but at the initially high 
temperatures, the atomic nuclei dissociate into free pro
tons and neutrons and thereby strongly damp the shock 
wave. Its original kinetic energy of several 1044 J is dis
sipated after it has passed through only a few 100 km or 
about 0.5 .M0 of stellar material. The subsequent fate 
of the star depends sensitively on its density structure 
and on energy transport in the layers which are out
side the central region: if the shock wave has to pass 
through only a relatively small amount of matter, or if 
it acquires sufficient energy, e.g. by absorption of high 
energy neutrinos from the inner regions, then it can 
reach the surface of the star and lead to the casting off of 
a shell. The neutron star remains as a remnant. If, on the 
other hand, the shock wave comes to a standstill within 
the star, more and more matter will be collected within 
the standing wavefront until finally the limiting mass for 
a neutron star, about 1.8 .M0 , is exceeded. Then a stable 
configuration no longer exists; the matter will collapse 
into a black hole (Sect. 8.4.4). 

Supernova Explosion. The theoretical model of the fi
nal phase in the evolution of massive stars, in which 
a shell of matter is ejected, can be identified with the 
phenomenon of supernova explosions (of type II or 
lb/c), in which an energy of about 1044 J is released in 
the form of electromagnetic radiation (light curve) and 
kinetic energy ofthe expanding shell (Sect. 7.4.7). This 
amount of energy represents only about 1% of the total 
gravitational binding energy of roughly 1046 J which is 
released during the formation of a (proto) neutron star 
(corresponding to the compression of a mass of around 
1 .M0 to a radius of about 10 km). The major portion 
of this energy goes into the production of high-energy 
neutrinos (mainly during the formation of neutron-rich 



III 
292 

8. The Structure and Evolution of Stars 

matter) and into an increase in the internal energy, and 
thus is finally lost to the star. 

In the case of the relatively nearby, bright supernova 
SN 1987A in the Large Magellanic Cloud, supernova 
neutrinos, with a total energy of 1045 to 1046 J and an 
average particle energy of 10 MeV were detected for 
the first time; they were emitted several hours before 
the optical luminosity increase (Sect. 7.4.7). 

As we have seen, the shock wave which moves 
outwards at first has a kinetic energy of only a few 
times 1044 J, so that only very precise and difficult nu
merical calculations can show whether our theoretical 
picture of stellar evolution is, in fact, able to explain 
the observed light curves and the expansion of the gas 
shell in supernovae. These hydrodynamic calculations 
require knowledge of the equation of state of stellar 
matter at high densities, of a complex chain of nuclear 
reactions, and in particular, of the cross-sections for 
energy and momentum transfer from neutrinos to the 
stellar matter, as well as of the internal structure of the 
pre-supernova. In spite of their extremely small cross
sections, at densities of ;?; 4 · 1014 kg m - 3, the neutrinos 
are almost completely absorbed in the central region 
and are thus "stored" for a short time, before they can 
escape from the star. Even the absorption of a small 
fraction of the enormous number of neutrinos is suffi
cient to overcome the damping of the outgoing shock 
wave. 

Our concept that the evolution of a more massive 
star after the collapse of its interior can lead to a su
pernova explosion of type II is given strong support by, 
for one thing, the observation of neutrinos from the su
pernova SN 1987 A. For another, the complicated model 
calculations which have thus far been carried out fun
damentally confirm it. However, at present, a number 
of important questions remain unanswered. For exam
ple, it is not known with certainty how the evolution of 
stars with masses above 8 ... 10 .M0 proceeds, whether 
a neutron star always remains as a remnant after a su
pernova explosion, whether neutron stars can also be 
formed without a supernova explosion, how much mass 
is required for the evolution to end in a black hole, etc. 

While our theoretical picture for supernovae of 
type II seems to be well established, at least in its ba
sic features, the origin of supernova explosions of type 
I is still not certain. Their spectra indicate that the star 
has already lost its hydrogen shell before the explosion 

(Sect. 7.4.7). It is thus reasonable to attribute the super
novae of type lb/c to explosions of Wolf-Rayet stars 
with original masses of::=: 35 .M0; they no longer have 
hydrogen-rich shells and occur as individual stars or in 
binary star systems (Sects. 6.4.2, 8.2.5). 

On the other hand, the shape of the light curves of 
type Ia supernovae may best be explained by the ex
plosion of a compact star. Since the SN Ia also occur 
in all types of galaxies, they must be attributed to rel
atively old objects. Thus, one model of supernovae Ia 
starts with a white dwarf, which consists mostly of 12C 
and 160 and, as was shown above, can be formed by the 
evolution of a star of ::=:; 8 .M0 as a result of major mass 
losses. If the white dwarf is in a close binary star system, 
there are two possibilities for a SN Ia explosion. For one 
thing, it can collect matter from its companion star. If 
the accretion rate is sufficient (2: 1 o-7 .M0 yr-1 ), the in
stability which leads to a nova outburst (Sect. 8.2.6) can 
be avoided and the critical mass of its e2C,160) core 
of around 1.39 .M0 for the ignition of explosive carbon 
burning can be attained. The other possibility is that 
in a very close binary system, both components have 
developed into white dwarfs and their orbital angular 
momentum is decreased by the emission of gravita
tional radiation (Sect. 8.4.5), so that they approach each 
other and finally merge; then the critical mass can be 
exceeded. Since the time scale for this process is deter
mined by the rate of emission of gravitational radiation, 
it can, depending on the distance of the components, 
easily be of the order of magnitude of the age of the 
galaxy, so that the occurrence of SN Ia e.g in elliptical 
galaxies, as well at its rate, can be understood. 

In both cases, the star is probably tom apart by a car
bon detonation, without leaving a remnant star (neutron 
star). This model can explain in principle the similar 
shapes of the light curves from supernovae of type Ia 
and their exponential brightness decreases. In the ex
panding combustion front, about 0.6 .M0 is converted 
into nuclides of the iron group, mainly into 56Ni. The 
principal energy source for these emissions is, as also 
for supernovae of type II, the radioactive decay of 56Ni 
to 56Co with a half-life of 6.1 d; the latter nuclide further 
decays with a half-life of 77.3 d into stable 56Fe. 

To summarize, we show in Fig. 8.11 a greatly sim
plified schematic representation of the possible final 
evolutionary stages of a star, depending on its mass. 
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Fig. 8.11. Schematic of the possible evolutionary paths for a star 

8.2.5 Nucleosynthesis in Stars 

We now consider nuclear reactions in stellar evolution 
from the point ov view of nucleosynthesis, or, as it is also 
termed, the formation of the elements in stars, since each 
nuclear reaction indeed results in the transmutation of 
elements. As a rule, these nuclear processes take place in 
the interiors of the stars; their products can however be 
seen in the spectra of the stars, if they in some manner 
reach the stellar atmosphere. This can occur through 
"mixing up" through convection zones, or also through 
ejection of outer shells, so that the former reaction zones 
are exposed. 

In the 1940's, G. Lemaitre and G. Gamow first de
veloped the idea that the mixture of chemical elements, 
which at that time was regarded as universal, had been 
formed as a result of the beginning of cosmic evolution, 
the "Big Bang". In the course of time, the nuclear physi
cists however pointed out that in that case, the formation 
of the heavier elements would have had to end at the 
mass number A = 5 (Sect. 13.2.4 ). On the other hand, it 
was discovered that stars such as the high-velocity stars 
or the subdwarfs (Sect. 7.2.7) are "metal poor" in dif
fering degrees and thus that a chemical evolution must 
have taken place within our Milky Way galaxy. 

B2 FH Theory. The first attempt to combine the two 
problem areas - that of the elemental abundance dis
tributions and that of the evolution of the stars, and 
thus also of the galaxies - was made in 1957 by E. M. 
and G. R. Burbidge, W. A. Fowler, and F. Hoyle (B2FH). 
Here, for the first time, nuclear physics was applied to 
astrophysics on a broad scale. In particular, the measure
ments of nuclear reaction cross-sections at low energies 
by W. A. Fowler, with regard to energy release in the 
stars, first placed this area of research on a secure foun-

dation. The theory, from an astronomical point of view, 
starts with a Universe which as a result of the Big Bang 
(we will soon take up the newer models for the origin of 
the Universe) consisted of hydrogen and helium (10: 1) 
with only traces of heavier elements (Sect. 13.2.4). 

We shall treat aspects of galactic evolution later, 
in Sect. 12.5.4, while here, we give an outline of the 
nuclear processes envisaged in the B2FH theory, in 
particular since their terminology is still in wide use. 

In Sect. 8.1.3, we have already mentioned the pro
cesses which are important for energy release in the 
interiors of stars: at~ 107 K, nuclear fusion of hydrogen 
to helium begins, initially through the pp process, then, 
at somewhat higher temperatures, in the main through 
the CNO cycle. Above ~ 108 K, helium is then burned 
to carbon, and at still higher temperatures, the carbon 
itself bums. 

Beginning with 12C, the a-process leads to the for
mation of heavier nuclei with mass numbers which are 
multiples of four by fusing a particles, up to 4°Ca (at 
~ 109 K). 

Thee-process produces V, Cr, Mn and the elements 
of the iron group, Fe, Co, and Ni, in thermal equilibrium 
at around 4 · 109 K. 

The heavier atomic nuclei are not accessible to 
charged particles due to their strong Coulomb repul
sion. Their formation can therefore take place only by 
neutron processes. We distinguish: 

The s-process, which consists of neutron capture by 
the elements of the iron group; it takes place slowly in 
relation to the competing ~ decays. The s-process pro
duces e.g. Sr, Zr, Ba, Pb, ... and in general the stable 
nuclides beyond the iron group. If one plots the bind
ing energies (per nucleon) of the atomic nuclei above 
a plane with the coordinates N =neutron number and 
Z =atomic number or proton number (nuclear charge), 
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the resulting energy surface gives an intuitively clear 
representation of the nuclear reactions including their 
energetics. The stable nuclei are to be found in the 
neighborhood of the valley in the energy surface. The 
fact that the s-process plays a role in the formation of 
e.g. the solar elemental abundance distribution was al
ready clear to G. Gamow, who noted that the product 
of the abundance times the neutron absorption cross
section at around 25 keV for the nuclides concerned is 
a smooth function of the mass number A. 

The r-process refers to neutron captures which take 
place rapidly with respect to the competing B decays. 
This process produces the neutron-rich isotopes of the 
heavy nuclei; it is in particular responsible for the for
mation of the radioactive elements, e.g. 235 U and 238U 
(at the expense of the Fe group). 

The p-process yields the neutron-poor or proton-rich 
isotopes of the heavy elements from a hydrogen-rich 
medium (protons). 

The original theory of B2FH was modified in many 
aspects as a result of progress in nuclear physics and 
in the theory of stellar evolution. In particular, it was 
found that in the later stages of stellar evolution, e.g. in 
the rapid collapse phase and in the shock waves of 
supernovae, the hydrodynamic time scales occur in 
part at times considerably less than 1 s, and it is no 
longer true that all the nuclear reactions take place 
in thermodynamic equilibrium, e.g. according to the 
e-process. The complex calculations of "explosive nu
cleosynthesis", beginning with the work ofJ. W. Truran, 
W. D. Arnett and others (1971), have yielded nuclide 
distributions which differ clearly from those of the 
equilibrium processes. The newer results were already 
quoted in Sects. 8.1.3 and 8.2.4 in connection with stel
lar evolution. Concerning the late stages of evolution, 
owing to the complex interactions between nuclear re
actions and dynamic processes, many questions remain 
open, for example regarding the course of the r- and 
p-processes. The early evolutionary stages, whose re
actions are also responsible for energy release, are in 
contrast well understood. 

Stars with He- and CNO-Anomalies. In the first ther
monuclear fusion phase, that of hydrogen burning, H 
is initially converted into 4He, and, in the CNO cycle, 
C, N and 0 are converted mainly into 14N, while the 
isotopic ratio of 12Cj 13C ~ 4 is produced (Sect. 8.1.3). 

For a portion of this matter, 4He is later burned in the 
star, yielding mainly 12C. Mixing processes, together 
with mass losses, as well as matter exchange between 
the components in close binary systems, can move the 
products of nuclear reactions from the stellar interior to 
the surface and thus make them "visible" in the spectra. 
The fact that this really does occur in some cases, even 
in the early evolutionary phases, is shown by the anoma
lous spectra of particular groups of stars, which exhibit 
enhanced intensities for the lines of product nuclides 
from hydrogen or helium burning. 

Thus we find among the hotter stars evidence for the 
CNO cycle in the helium stars, whose spectra are dom
inated by strong helium lines, and to a lesser extent in 
many OB stars with minor anomalies of the C and N 
lines. In the Wolf-Rayet stars (Sect. 6.4.2), with effec
tive temperatures around 50 000 K and masses of about 
10 M 0 , an extremely high mass loss has apparently laid 
bare the layers of helium- and nitrogen-rich matter from 
CNO burning (type WN) or even the carbon-rich matter 
from helium burning (type WC). 

A great variety of anomalous spectra are observed 
in the cool red giants, which, depending on their evo
lutionary phase, can be either on the first giant branch 
or on the asymptotic giant branch. For example, low 
12C/13C ratios are derived from the molecular bands of 
otherwise normal G and K giants, as predicted to re
sult from CNO burning. The spectra of the carbon stars 
(spectral type C, CH stars, etc.; cf. Table 6.1), with their 
strong bands from CN, CH, and C2, indicate that in 
their atmospheres, in contrast to the normal stars (G, K, 
M), the ratio C/0 is> 1, so that here, matter which has 
been modified by helium burning is present on the star's 
surface. 

s-Process Elements. Particularly noteworthy are the 
lines of elements such as Sr, Y, Zr and Ba, which occur 
with enhanced intensities in the spectra of many types 
of red giants (C and S stars, CH stars, barium stars), 
as well as the lines of Tc, which has no stable isotope, 
in someS stars (Table 6.1). These elements must have 
been produced in the stars in a few 100 yr during the 
red giant stage. They must be due to neutron capture by 
the nuclides of the iron group, in the s-process. 

Model calculations for stellar evolution show that on 
the asymptotic giant branch, as a result of the thermally 
unstable, pulsed helium-shell burning (Sect. 8.2.4), for 



one thing, sufficient neutrons are released, and for an
other, convection zones are formed, which can mix the 
s-process elements up to the surface. The most impor
tant source of these neutrons is probably the reaction 
22Ne(a, n)25Mg (8.23), which is initiated at the base of 
the helium-rich zone at sufficiently high temperatures 
according to (8.22) by reaction of 4He with the 14N pro
duced by the CNO cycle. Another possibility for neutron 
production is the series 

(8.54) 

which can occur when fresh, hydrogen-rich matter is 
mixed downwards in the star and comes into contact 
with the 12C resulting from helium burning. 

Although the complex events in this phase of stellar 
evolution are not yet understood in detail, the asymp
totic giant branch can still be considered with some 
certainty to be the place where the s-process elements 
are produced. 

FG Sagittae. In the notable case of this variable central 
star of a planetary nebula, we can, so to speak, watch 
stellar evolution, in particular the mixing upwards to the 
surface of nuclear products: following about 1890, the 
brightness of FG Sge increased roughly monotonically 
by 4 magnitues to a maximum in 1970 at V :::::: 9 mag, 
and since then has again gradually decreased. In this 
astonishingly short time, this star has rushed through 
the Hertzsprung-Russell diagram, going from spectral 
class B to G and K, while its bolometric magnitude re
mained practically unchanged, and its radius increased 
correspondingly from around 1 R0 to nearly 200 R0 . 

After the time of the visual brightness maximum, when 
the spectrum of FG Sge was similar to that of a normal 
A supergiant such as a Cyg, over a time period of about 
10 yr( !), an increase occurred in particular of the inten
sity of the lines of the s-process elements such as Zr II, 
Ba II, and some of the rare earths, until an enrichment by 
a factor of about 25 was reached - behavior such as we 
would expect from a star at a stage of evolution follow
ing the asymptotic giant branch, as the result of a pulse 
of helium layer burning (Sect. 8.2.4 ). The visual magni
tude of this unusual star by the way decreased strongly 
within a few weeks in 1992, down to nearly its origi
nal value of 100 yr ago, and then in the following years 
again increased. This is similar to what is observed from 
an R CrB star (Sect. 7 .4.1) when it ejects a dust shell. 

8.2 stell" EvoluHoo I 

Supernovae. Stars with ::: (8 ... 10) M 0 , which pass 
through the various phases of nuclear fusion from car
bon to silicon burning on a very short time scale and 
finally explode as supernovae of type II, play a decisive 
role in the nuclear synthesis of the elements between 
oxygen and the iron group. On the one hand, the major 
portion of the Fe-Ni core of the "onion-layer structure" 
from the pre-supernova (Fig. 8.10) remains trapped in 
the newly-formed neutron star. On the other hand, at 
the high temperatures and densities behind the expand
ing shock wave front, nuclear reactions take place that 
change the nuclear composition of those layers, which 
then are cast off by the star and mix with the surrounding 
interstellar medium. For example, model calculations 
for a star of 25 M 0 show that the re-ignition of oxygen 
and silicon burning increases the abundances of, in par
ticular, the elements 0, Si, S, Ca, and Fe by an order 
of magnitude in comparison to the solar mixture, while 
retaining about the same relative abundance ratios as 
in solar matter. The products of these "explosive" nu
clear processes behind the shock wave front differ from 
those of the corresponding "hydrostatic" fusion reac
tion phases, for which sufficient time is available for 
equilibrium to be established. In a supernova explosion, 
presumably also the neutron-rich isotopes of the heavy 
elements following the iron group can be formed by 
neutron capture through the r-process. 

In contrast to the supernovae II, the supernovae of 
type Ia contribute essentially only to the elements of the 
iron group. 

The quantitative results of calculations of nuclear 
synthesis in supernova explosions naturally also reflect 
the large uncertainties which we have already met in the 
models for the supernovae themselves. 

As we have seen, the evolution of stars is inseparably 
bound up with the question of the formation of the ele
ments. In particular, supernovae release matter to their 
surroundings which contains heavy nuclides formed by 
a series of nuclear reactions. From this matter, new gen
erations of stars condense, with a chemical composition 
which is enriched in the heavy elements. Up to this 
point, we have discussed only the individual contribu
tions of stars of different masses to nuclear synthesis; 
the interactions of all the stars, through stellar genesis 
and mass loss, with the interstellar matter in our Milky 
Way system and in other galaxies will be treated in 
Sect. 12.5.4. 
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8.2.6 Close Binary Star Systems 

Nuclear evolution in close binary star systems can fol
low quite a different course than in the individual stars 
which we have considered up to now; in such sys
tems, the components can influence each other through 
their gravitational fields, through stellar winds, and es
pecially through an exchange of gas flows. Following 
the fundamental observations ofO. Struve in the 1940's 
and 50's, R. Kippenhahn and A. Weigert, B. Paczynski 
and M. Plavec and their coworkers began in the rnid-
1960' s to apply theory and to develop complex computer 
programs to describe stellar evolution in close binary 
systems. 

We have already met up with the common gravita
tional potential of a binary star system, with its Roche 
surface and the Lagrange points (Fig. 6.15); we have 
also identified important groups of stars, such as the cat
aclysmic variables (novae, ... ) and the X-ray pulsars, as 
close binary systems (Sects. 7.4.5, 6). 

Fundamentals of the Evolution. Here, we describe 
the basics of the evolution of close systems, building 
on the results for the evolution of individual stars. What 
happens in detail depends on the two original masses .M 1 

and .M2 and on the distance a between them, as well as 
on the losses of mass and angular momentum which the 
system sustains. We can give only an outline here of the 
great variety of possible binary star configurations. 

The originally more massive component (star 1) is 
the primary component. This term is retained even when 
the mass ratio is reversed in the course of the evolution 
of the system. Corresponding to the evolution times tE 

for the different stellar masses (Table 8.2), component 1 
first evolves into a giant star, increasing its radius to
wards the end of the hydrogen burning phase, during 
hydrogen-shell burning, and then during helium burn
ing (Fig. 8.7a). If it grows larger than its Roche surface 
during one of these phases, matter will flow through 
the inner Lagrange point L1 (Fig. 6.15a) onto compo
nent 2. In this way, a binary system can develop in 
which the more evolved component has the smaller 
mass and no longer fits on the mass-luminosity curve 
(Fig. 6.14). 

The change in separation a of the two components 
as a result of mass exchange can be given for the case, 
which often occurs in fact, that the whole system loses 

no mass and that the total orbital angular momentum 
(2.53) 

(8.55) 

is conserved. Here, w is the circular frequency of the 
orbital motion (w = 2rr/orbital period P) and a; is the 
distance of component i from the common center of 
gravity. Inserting the definition of the center of grav
ity (2.54) and Kepler's 3rd law, u}a3 = G(.M 1 + .M2) 

(2.57) into (8.55), we find that the separation is pro
portional to the following function of the mass ratio 
q = MI/M2: 

(1 +q)4 
a ex-----::'=-q2 (8.56) 

(Fig. 8.12). The two stars have their minimum sep
aration when q equals 1. The radius of the two 

2 
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.e 
Fig. 8.12. The schematic evolution of a close binary star sys
tem with an initial mass ratio of q = M 1! M2 = 2 (time a); 
star 1 = primary component. The axis of rotation around the 
center of gravity of the system is drawn in as a vertical line, 
and sections through the Roche surfaces are shown as dashed 
curves; the volumes of the two components are indicated by 
the filled areas. Time b: beginning of mass loss from star 1 as 
it fills its Roche surface. Time c: q = 1/ 2. Time d: the end of 
mass loss at q = 1/ 10; the last contact of star 1 with its Roche 
surface. The primary component contracts into a compact star, 
for example a white dwarf (at time e) 



Roche surfaces depends upon q, and is also directly 
proportional to the separation a. 

While a few binary star systems, the contact systems 
or W UMa stars (Fig. 6.15b ), are so close that the Roche 
surfaces of the two stars touch each other already during 
the main sequence stage, in general, a strong interac
tion of the two components begins only when the more 
massive star has evolved away from the main sequence. 
Even before it has filled its Roche surface, it can heat 
up its cooler companion by radiation, and, among other 
things, can initiate surface activity on the companion. 
The strong X-ray and radiofrequency emissions of the 
RS CVn variables (Sect. 7.4.3) are probably produced 
in this way. 

Once star 1 has reached its Roche surface, there is 
at first a phase with a strong mass flow through the in
ner Lagrange point within a relatively short time, of the 
order of the Helmholtz-Kelvin time, until the masses 
of the two components have become equal. Thereafter 
follows a phase with a slower gas flow, as a rule on 
a nuclear time scale. The observations of eclipsing bi
naries (Sect. 6.5.2) show that, for example, f3 Lyr is in 
the first phase and Algol ({J Per) in the second. The 
secondary component is often surrounded by a dense 
accretion disk during the rapid phase. Observations of 
a common gas shell around both components indicate 
that star 2 can sometimes not accomodate the gas flow, 
and the overall system then loses mass and angular 
momentum. 

During the further evolution of the primary com
ponent, its radius decreases again due to loss of the 
hydrogen-rich outer layers or to the ignition of he
lium burning (Sect. 8.2.3). The star draws back from 
its Roche surface and the mass flow comes to an end. 
We thus obtain a relatively widely-separated binary star 
system (Fig. 8.12), with a main sequence star as the 
more massive secondary component and a white dwarf 
or, in the case that the supernova explosion does not tear 
the system apart, a neutron star as primary component. 

On the way to this configuration, anomalous ele
ment abundances can appear on the surface of one or 
both components as a result of hydrogen and helium 
burning in combination with the strong mass exchange 
(Sect. 8.2.4). This phase can be attributed to e.g. the 
helium stars, the OB stars with CNO anomalies, the 
Wolf-Rayet stars (at least those which belong to binary 
star systems) and the barium stars. 

Owing to the strong dependence of the evolution 
time tE along the main sequence on the mass of the star, 
the primary star usually ends its evolution before the 
secondary star has left the main sequence and evolved 
into a giant star. Then, the mass transfer is replayed 
with reversed roles. The compact primary component 
can, as a result of its deep gravitational potential, at 
first effectively collect the stellar wind from the more 
massive star 2, and later its gas flow through the La
grange point. Accretion onto a neutron star as primary 
component yields the various forms of X-ray binary 
stars (Sect. 7.4.6); continued accretion can lead to the 
formation of a black hole. If, on the other hand, the 
matter flows over onto a white dwarf star, the result, in 
connection with nuclear fusion processes, is the great 
variety of cataclysmic variables (Sect. 7 .4.5) such as 
novae, recurrent novae, etc. 

Finally, the evolution of the secondary component 
also ends with the formation of a white dwarf plus plan
etary nebula, a neutron star, or a black hole. In the first 
case, the result is a relatively widely-spaced binary sys
tem consisting of two white dwarfs or of a white dwarf 
and a neutron star (primary component). On the other 
hand, if the more massive star 2 explodes as a super
nova, the binding of the binary system is destroyed and 
each component flies away as a "runaway star" with 
a velocity of the order of 100 km s-1. This explains the 
high spatial velocities observed for many radio pulsars 
(Sect. 7 .4. 7). If star 2 has lost a great deal of mass, how
ever, a weaker supernova explosion is possible, leaving 
a bound system consisting of two neutron stars. The 
binary pulsar PSRJ1915+1606 (Sect.6.5.6) was per
haps formed in this way. The remaining possible final 
configurations, pairs consisting of one neutron star and 
one black hole, or of two black holes, would be rather 
difficult to observe. 

Novae. After becoming acquainted with the observa
tional facts concerning novae, and the fundamentals of 
their explanation in Sect. 7.4.5, we take up here the 
nuclear processes which cause their outbursts. 

In a close binary system, hydrogen-rich matter flows 
from the secondary component via an accretion disk 
onto the white dwarf (Fig. 7.35). In a time of about 
104 to 105 yr, it collects on the surface of the latter, 
causing the temperature T and the density Q to in
crease, until a critical mass is reached and at its base, 
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at several 107 K and Q ~ 107 kg m-3 , hydrogen burn
ing via the CNO cycle (8.18) ignites. Since here the 
electrons are degenerate, following Fermi-Dirac statis
tics, the fusion reaction occurs explosively. Analogously 
to the helium flash in degenerate matter (Sect. 8.2.3), 
a "thermonuclear runaway" process occurs, in which 
the temperature increases to over 108 K within a few s, 
until the degeneracy of the gas is lifted, the accreted 
matter expands, and T and Q again decrease. 

During the explosive hydrogen burning, in contrast 
to the hydrostatic burning which occurs in the course of 
the "normal" evolution of an individual star, due to the 
high temperatures (p, y) reactions become important, so 
that the proton-rich radioactive nuclides 13N, 140, 150, 
and 17F are formed; their half-lives for~+ -decay lie be
tween 70 and 600 s. Since the explosive H burning is 
accompanied by a convective mixing of the accreted 
matter on a typical time scale of 100 s, these nuclides 
reach the surface before their decay and form an impor
tant additional energy source for ejection of the nova 
shell at a velocity :=:: 1000 km s-1• 

The explosion is all the more violent, the higher the 
concentration of C, N and 0, so that the abundances 
of these elements determine practically all the phenom
ena connected with the nova outburst, in particular the 
brightness increase and the expansion velocity. In agree
ment with theory, increased abundances of C, N and 0 
relative to the solar mixture are observed in the spectra 
of novae; these cannot result from the explosion itself, 
but rather are formed in a previous process, which is 
still not completely understood, probably in the interior 
of the white dwarf from whence they were mixed into 
the accreted hydrogen layer. 

8.2. 7 The Physics of Accretion Disks 

Using the novae as an example, we have seen in 
Sect. 7 .4.5 that the matter which flows over from the 
companion star forms an accretion disk as a result of 
angular momentum conservation. It often gives the main 
contribution to the luminosity of the system (together 
with the hot spot, Fig. 7.35). Accretion disks also play 
a decisive role in the centers of galaxies, as we shall see 
in Sect. 12.3.6. It thus seems appropriate at this point 
to discuss the physics which lies behind an accretion 
disk. 

In a disk which consists of point masses, the particles 
move around a central object of mass M on stable cir
cular orbits, according to Kepler's 3rd law (2.57); their 
angular velocity decreases on going outwards, as we 
know from e.g. our Solar System. Here, however, we 
are dealing with a diek of gas, in which the differential 
rotation leads to frictional forces, that in turn cause loss 
of kinetic energy and modify the distribution of angular 
momentum, thus giving rise to deviations from Keple
rian motion. While stellar accretion disks are often of 
low mass, the mass of the disks in the centers of galax
ies is frequently not negligible in comparison toM, so 
that (2.57) does not hold. 

If now matter is added to the outer edge of the disk 
(around the companion star) at a rate of m, it does not 
directly reach the surface of the central object (at R). The 
gas particles instead lose a portion of their kinetic energy 
through friction (viscosity) within the disk and move 
inwards on spiral orbits; at the same time, their angular 
momentum is transported outwards in the disk. The 
energy dissipation as a result of friction leads to heating 
of the disk and emission of radiant energy. Gravitational 
energy can thus be converted in an efficient manner into 
radiation by an accretion disk, especially one around 
a compact object. The parameters which control this 
process are, along with the density of matter in the disk, 
the accretion rate m and the viscosity v. 

Keplerian Disks. Here, we limit ourselves for simplic
ity to thin disks (z « r ), whose mass is small relative 
to the central mass M, so that their own gravitational 
forces play no significant role; r is the radial distance 
from M in the symmetry plane of the disk and z is the 
distance above or below the plane of the disk. In these 
Keplerian disks, the gas particles move on nearly circu
lar orbits according to (2.57) around the mass M with 
the angular velocity w(r), or the orbital velocity 

fGii 
Vcp(r) = r w(r) = V --;- (8.57) 

(cp =azimuthal angle). In a Keplerian disk, we have 
for both the radial and for the perpendicular velocity 
components lv,l, lvzl « Vcp. 

The vertical structure of the disk is found at any 
distance r from the hydrostatic equilibrium, (8.1): 



aP 
- = -Qgz(r) az 

GMz GMz 
= -Q (r2 + z2)3f2 ~ -Q~ ' (8.58) 

where Pis the pressure, Q the mass density and gz the 
vertical component of the gravitational acceleration 
from the star. If we take z ~ H for a thin disk, and de
fine the vertical scale height H using dP/ P = -dz/ H 
(3.16), it follows from (8.58) that 

Cs H Cs 
H~-, (8.59) 

w r Vcp 

where Cs ~ -JPlQ is the velocity of sound (7.93). The 
condition for a thin disk (H « r) is thus equivalent to 
Cs « Vcp, i.e. the disk rotates with a highly supersonic 
velocity. 

In the following, we neglect the vertical structure and 
use only the "matter content" of the disk described by 
its suiface density 

CXl 

lJ(r) = J Q(r, z)dz . (8.60) 

-CXJ 

Accretion Luminosity. The maximum energy which 
can be obtained at the cost of gravitational energy, when 
a mass m falls from a large distance into the disk and 
onto the surface R of the central star, is given by (2.44) 
as the binding energy of the innermost orbit of the disk: 

GMm 
Ea(R)= -R-. (8.61) 

Correspondingly, if a mass flow is directed inwards, the 
rate rh is available as accretion luminosity 

GMrh 
La(R)=-R-. (8.62) 

Since the frictional forces and thereby the energy dissi
pation are distributed over the entire disk, the emission 
of radiation takes place over the surface of the whole 
disk and does not occur only when the accreted mass 
strikes M. However, according to (2.59) and (2.60), 
the total energy of a Keplerian orbit close to the star's 
surface is given by 

1 GMm 1 
E(R) = 2 -R- = 2 Ea , (8.63) 
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so that within the disk, only half of the accretion energy 
is converted into radiation. The other half remains as 
kinetic energy of the rotational motion of the disk and 
has to be "braked" within an extremely thin boundary 
layer directly at the surface e.g. of the white dwarf. 
The structure of this boundary layer, which is hard to 
calculate in detail, thus determines a considerable part 
of the radiation emission from an accretion disk. 

Viscosity. The frictional force which acts on a surface A 
is given by F = Q v · A(dvjdx), where dv/dx is the ve
locity perpendicular to A and v the (kinematic) viscosity 
with dimensions of velocity times length, [ m2 s -I]. 

The viscosity determines in particular the radial ve
locity Vr or the mass flow rh = 2nr lJ(r)vr. As an order 
of magnitude, we have rvr ~ v and thus, in the stationary 
case, rh <X v lJ. 

In cosmic accretion disks, the friction is caused by 
the turbulence of the gas; magnetic forces can also con
tribute to it. In contrast, the molecular friction of the 
gas plays no role. In the absence of an exact theory for 
the calculation of the turbulent viscosity, usually the 
a approach of N. I. Shakura and R. A. Sunyaev (1973): 

c2 
v = ac8 H ~a 2_ (8.64) 

(1) 

is used; here, a :S 1 is a free parameter, almost always 
taken to be constant. 

Emission of Radiation. We consider a ring of radius r 
and the radial thickness dr within the accretion disk; 
then the viscosity finally leads to the emission of the 
energy 4nrL(r)dr per unit time from its (upper and 
lower) surfaces (we simply give this result here without 
proof). The resulting "ring luminosity" is given by: 

1 ( dw) 2 
L(r) = -vlJ · r-

2 dr 
(8.65) 

For Keplerian orbits, it follows from (8.57) that dwjdr = 
-(3/2)(w/r) and thus (rdwjdr) 2 = (9/4)GMjr3. 

In the limiting case of stationary disks, owing to 
rh <X v lJ (see above), the overall emission of a ring, and 
therefore of the whole disk, does not depend explicitly 
on the viscosity v. However, the spectral distribution of 
the radiation depends sensitively on v. 

From L(r), we can also estimate the order of magni
tude of the temperature T(r) at the surface of the disk 
using the Stefan-Boltzmann law, (4.66). 
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8. The Structure and Evolution of Stars 

8.3 The Final Stages 
of Stellar Evolution 

In this subchapter, we describe the structures of the sta
ble, compact final configurations of stellar evolution: 
brown and white dwarfs and the neutron stars. An ad
ditional possible end product of stellar evolution, the 
collapse of matter into a black hole, will be treated 
in a later section, 8.4.4, together with the Theory of 
General Relativity. 

We begin in Sect. 8.3.1 with the brown dwarfs, whose 
masses lie below 0.08 .M0 and are therefore too small 
for them to be "real" stars with hydrogen burning in 
their centers (Sect. 8.2.3). The structures of white (and 
also brown) dwarfs are determined in the main by the 
Fermi-Dirac degeneracy of their electrons, so that we 
first concern ourselves in Sect. 8.3.2 with the equation 
of state for electron-degenerate matter, before taking 
up the white dwarfs in Sect. 8.3.3. They are the end 
products of the evolution of stars with masses ::: 8 .M0 

(Sect. 8.2.4). Finally, in Sect. 8.3.4, we treat the neu
tron stars, with their extremely high densities; they 
are formed as remnant stars by supernova explosions 
(Sect. 8.2.4) and are usually observed as radio pulsars 
(Sect. 7.4.7) or as X-ray binary stars (Sect. 7.4.6). 

8.3.1 Brown Dwarfs 

Objects with the solar elemental mixture, whose masses 
are less than 0.08 .M0 or 80 .M1 (Jupiter masses), never 
attain the stage of hydrogen burning in equilibrium 
(S. Kumar, 1963). These brown dwarfs are transitional 
objects between the "actual" stars and Jupiter-like plan
ets. Their maximum interior temperatures of Tc ::=: 106 K 
permit, for masses of at least 13 .M1, the ignition of deu
terium burning 2D(p, y)3He, in which the deuterium 
formed in the Big Bang (Sect. 13.2.4) is consumed. 
(Some authors define a brown dwarf as an object in 
which deuterium fusion can take place.) This nuclear 
energy release is not sufficient to compensate the redia
tive energy loss of the brown dwarfs, so that they cool 
down gradually over very long periods of time. 

The interior of a brown dwarf consists, like large 
parts of that of Jupiter (Sect. 3.4.1), mainly of liquid 
metallic hydrogen and of helium. The pressure there 
is generated principally by the degenerate electrons, 

which obey Fermi-Dirac statistics (Sect. 8.3.2); it is of 
the order of 1016 Pa = 105 Mbar. The densities lie in the 
range of 104 to 107 kgm-3, and are therefore, like the 
pressures, higher than those found on Jupiter. The radii 
of the brown dwarfs, on the other hand, are not strongly 
dependent on their masses and are in the neighborhood 
of 1 R1 (Jupiter radius):::::: 0.1 R0 . 

The extremely thin atmospheres of the brown dwarfs 
contain numerous molecules and dust. An important 
spectroscopic criterion for identifying substellar masses 
is a high abundance of lithium. In cool stars with masses 
~ 70 .M1, 7Li from the atmosphere is mixed into the 
interior by powerful convection zones and destroyed 
there by reaction with thermal protons. In the brown 
dwarfs, in contrast, the temperatures are too low for this 
process to occur, so that the original Li remains for the 
most part intact. 

Owing to their weak luminosities, brown dwarfs are 
very difficult to observe. By applying the lithium cri
terion, however, a number of brown dwarfs have been 
identified since the 1990's among the field stars oflater 
spectral classes, ~ M7, L, and T (Sect. 6.4.3). Several 
of these objects have also been found since 1995 as 
companions of nearby stars (Sect. 6.5.7). The problem 
of distinguishing them from Jupiter-like planets will be 
discussed in Sect. 14.1.5, together with the question of 
the existence of planetary systems around other stars. 

8.3.2 The Equation of State of Matter 
with Degenerate Electrons 

The average densities of white dwarf stars (Sect. 6.4.2), 
whose radii are comparable to the that of the Earth, while 
their masses are of the order of the Sun's mass, are in 
the range of 108 to 109 kgm-3; they are thus about 106 

times greater than the mean density of the Sun. At such 
densities, the equation of state for an ideal gas (8.3) is no 
longer applicable. As R. H. Fowler recognized in 1926, 
the matter in these stars (more precisely, the electron 
component of the matter) is degenerate in the sense of 
Fermi-Dirac statistics, with the exception of a quite thin 
atmospheric layer. 

Fermi-Dirac Degeneracy. In classical or Maxwell
Boltzmann statistics, the velocity distribution of 
electrons or the equation of state of gases, for exam-



ple, are derived by determining the distribution of the 
particle states in phase space. A 6-dimensional volume 
element .1 Q in phase space consists of the usual volume 
element .1 V = .1x.1y.1z in position (configuration) 
space, multiplied by a volume element in momentum 

space, LlpxLlPyLlpz, following the rules of probability 
theory. The applicability of this method is however lim

ited for an electron gas by the Pauli principle, which 
requires that one quantum state or one quantum cell of 
phase-space volume .1Q = h3 (h =Planck's constant) 
can be occupied by at most one electron of each spin di
rection, i.e. all together by 2 electrons. This fact is taken 
into account in Fermi-Dirac statistics. In the interior 
of a white dwarf star, the matter is so strongly com
pressed due to the enormous pressures and relatively 
low temperatures that all phase-space cells h3 are com
pletely occupied up to a particular limiting energy Eo 
or the corresponding momentum po, i.e. each cell con
tains two electrons. This state is referred to as complete 
degeneracy of the Fermi gas. 

The equation of state of the degenerate electron gas 
is readily derived (the associated proton gas becomes 
degenerate only at much higher densities; its pressure 
can be neglected): 

In a volume V, with a particle density ne, there are 
a total of V · ne electrons. In momentum space, {Px Py Pz} 
(Fig. 8.13), these electrons fill a homogeneous sphere up 
to a maximum limiting momentum p0 , corresponding to 
the maximum energy (the Fermi energy) Eo. In phase 
space, we thus have a volume (4/3)rrp6V, and with 
2 electrons per phase-space cell of volume h3 , we obtain 

Pz=mi 

Fig. 8.13. A degenerate electron gas (Fermi-Dirac statistics). 
In momentum space, of which only one octant is shown here, 
the electrons fill uniformly the Fermi sphere, of radius Po 
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the relations: 

2 4rr 3 
ne V = h3 · 3 Po · V , 

(3h3)1/3 
P = _ nl /3 

o 8rr e . 
(8.66) 

Nonrelativistic Electron Gas. For particle veloci

ties v « c or energies E « mec2 (me: rest mass 
of the electron), the relation E = p 2 j(2me) holds 
between the kinetic energy E = me v2 /2 and the mo

mentum p = me v; thus the Fermi energy is given by 
Eo= P6/(2me). The pressure of the electron compo
nent is given by (from the well-known relation of kinetic 
gas theory, as for an ideal gas) 

2 -
Pe = 3 neE, (8.67) 

where E is the mean energy per electron. The relation
ship between E and Eo can be calculated by referring 
to Fig. 8.13; we then find: 

- Jt0 E · 4rrp2dp 3 P6 3 
E = = - - = - Eo (8.68) J6° 4rrp2dp 5 2me 5 ' 

and we thus obtain the equation of state of a completely 
degenerate electron gas: 

1 (3h3)2/3 
Pe = -- -- n5f3 . 

5me 8rr e 
(8.69) 

The temperature does not enter this equation at all; 
this is a characteristic of complete degeneracy. It can 
readily be verified that the pressure of the equally dense 
proton gas is much smaller than that of the degenerate 
electron gas, so that to a good approximation the total 
pressure is 

(8.70) 

The relation between n and the mass density Q is most 

simply expressed in terms of the molecular weight J.Le 

per free electron (in atomic mass units), i.e. the mass 

which corresponds to one electron. We then have: 

(8.71) 

Thus for completely ionized matter, in the case of hy

drogen, J.Le = 1, and for helium and heavier elements, 

J.Le ~ 2. 
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The Relativistic Electron Gas. The energy of the 
electrons increases with increasing density Q initially 
ex: g213 , until at E :::: mec2 the relativistic mass varia
tion of the electrons becomes important. In the case of 
complete relativistic degeneracy, E » mec2 , we have 
E = pc (4.26) and Pe = (1/3)neE (4.47). A recalcu
lation of the above formulas using these results of the 
Theory of Special Relativity yields the equation of state: 

c (3h3)1/3 p = - - n413 (8.72) 
e 4 8JT e , 

i.e. with P ex: g413 , the matter is less compressible. 

8.3.3 The Structure of the White Dwarfs 

We first try to clarify the relationship between Q, ne, 
and the overall pressure P in the nonrelativistic case by 
means of an estimate of the density of a white dwarf, 
Q = 109 kgm-3 (with /Le = 2). From (8.71), we then 
have ne :::::: 3 · 1035 electrons per m3 , and, from (8.69) 
and (8.70), a pressure of the degenerate gas equal to 
P :::::: 3 · 1021 Pa, i.e. about 105 times higher than e.g. in 
the center of the Sun. An ideal gas at this pressure would 
have to be at a temperature of about 109 K. 

Mass--Radius Relation. The equation of state 
P :::::: Pe ex: g513 can be used together with our earlier 
estimate of the pressure in the interior of a star with 
mass M and radius R from(8.1), i.e. P ex: Q GM/ R, and 
the trivial relation Q ex: M / R3 , to obtain an approximate 
mass-radius relation for white dwarf stars, namely: 

Rex: M-1/3. (8.73) 

That is, with increasing mass, the radius of the star 
decreases. We have here neglected the fact that the out
ermost part of the star is not degenerate and that near 
its center, it is relativistically degenerate. 

With (8.73), we can also write down the lumi
nosity L = 4n R2aTe'k· White dwarf stars of mass M 
should thus be ordered according to their mass in the 
Hertzsprung-Russell diagram on lines: 

(8.74) 

Comparison with observations yields the initially sur
prising result that nearly all white dwarfs have masses 
between 0.5 and 0.6M8 . 

The Limiting Mass. As was recognized by S. Chandra
sekhar in 1931, the radius of a white dwarf star tends 
with increasing relativistic degeneracy to the limiting 
value R ~ 0 even at a finite limiting mass: 

5.8 
Mch :::::: - 2 M 8 . (8.75) 

fLe 

Since /Le :::::: 2 as a result of the evolutionary history of 
the white dwarfs, these stars are stable or able to ex
ist only for masses M.:::; 1.44M8 . The appearance of 
Chandrasekhar's limiting mass is caused by the viola
tion of the stability condition for hydrostatic equilibrium 
(8.39) as a result of the pressure dependence P ex: g413 

of the relativistically degenerate electron gas. 
The formation and evolution of white dwarfs has al

ready been discussed in Sect. 8.2.4. Stars, or the central 
portions of stars, whose mass at the end of their nuclear 
evolution is greater than Chandrasekhar's limiting mass 
of about 1.4 M 8 , have only one way to form a stable 
structure: through a collapse to much higher densities. 
The electrons and protons will finally be pressed to
gether so strongly that, in a reversal of ~-decay, they 
fuse to form neutrons and thus give rise to a neutron 
star. 

8.3.4 Neutron Stars 

In the year of the discovery of the neutron, 1932, 
L. Landau already discussed the possibility of the exis
tence of stable neutron stars. W. Baade and F. Zwicky 
predicted in 1934 that neutron stars are formed in super
nova explosions (Sect. 7.4.7), in which the energy for 
the explosion is provided by the gravitational energy re
leased (Sect. 8.1.4) in the collapse to higher densities. 
The first models for stars consisting of degenerate neu
tron matter were calculated by J. R. Oppenheimer and 
G. M. Volkoff in 1939; neutron stars were finally dis
covered in 1967 as pulsars (Sect. 7 .4. 7) by A. Hewish 
and his coworkers. 

The Matter in Neutron Stars. Neutron matter has great 
similarities to the nuclear matter of heavy atoms, since 
the interaction forces between protons and neutrons are 
equally strong (aside from the electrostatic Coulomb 
force, which is unimportant here). On this basis, we 
first make an elementary estimate, by considering the 
neutron star as a giant atomic nucleus, so to speak: 



A nucleus of e.g. 56 Fe has a mass of mFe = 56 · 
1.67 . 1 o-27 kg = 9.4. 1 o-26 kg and a radius of about 
5.6. 10-15 m, and thus a mean density of Q :::: 1017 

kg m-3 • If a star of, for example, 1 M 8 is compressed 
to have a density equal to that of nuclear matter, it must 
shrink its radius to about 5.6 · 10-15 (M8ImFe) 113 [m] 
or about 16 km! The comparison between atomic nu
clei and neutron stars should, however, not be taken 
too literally, since the latter cannot have an electric 
charge. While roughly equal numbers of protons and 
neutrons are present in an atomic nucleus, neutrons 
are strongly predominant in the star, where each pro
ton has been "squeezed together" with an electron to 
form a neutron: p+ + e- --+ n + v. A free neutron de
cays with a half-life of 617 s (n--+ p+ + e- + v), but in 
the star, this decay is prevented by the high electron 
density. If the Fermi energy Eo of the electrons namely 
exceeds 0.78 MeV, the equivalent of the mass differ
ence between neutron and proton (1.29 MeV) minus 
that of the electron's rest mass (0.51 MeV), then the de
cay electrons would 'find no more room' in phase space. 
This value of Eo= pc is attained according to (8.72), 
and using Pe = (113)neE, at about 3 · 1036 electrons 
m-3, or a mass density of 1-1010 kgm-3, i.e. some
what above the density characteristic of white dwarfs. 
(Above 0.51 MeV, the electrons are relativistically 
degenerate.) 

Structure. The transition from the low densities at 
the surfaces of neutron stars to a neutron fluid with 
2: 1017 kg m - 3 in their interiors poses a number of very 
interesting problems for the theoretician. For a neutron 
star of 1 M 8 with a radius of R :::: 16 km, the density ini
tially increases in the outer crust from about 107 kg m-3 

to about 4 · 1014 kg m-3 at a depth of 1 km. Here, the 
matter, similar to the interiors of white dwarfs, con
sists of a degenerate electron gas and atomic nuclei, 
which form a crystal lattice. While in the outer layers 
56Fe nuclei are most abundant, further inside we find, 
with increasing density, more and more neutron-rich 
nuclei. Above 4 · 1014 kg m-3, in the inner crust, the 
nuclei begin gradually to dissociate and free neutrons 
are present. Finally, above about 2 · 1017 kg m - 3, at radii 
of R ::::: 11 km, the nearly incompressible neutron fluid 
is formed; it still contains a small percentage of pro
tons and electrons. The central density of the neutron 
star is in the range 2: 4 · 1017 kg m-3 • In this region, the 
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equation of state of matter is only imprecisely known; 
hyperons, pions, or quarks may be present. 

This neutron matter exhibits interesting physical 
properties: the neutrons can to some extent interact pair
wise with each other and form a superjluid constituent, 
while the proton constituent is superconducting. We 
cannot go here into the details of the influence of the su
perfluidity on the rotation of neutron stars in connection 
with their extremely strong magnetic fields. 

Thermal Radiation. Following its origins in a super
nova explosion (Sect. 7.4.7), the interior of a neutron 
star is initially very hot (:::: 107 K), and cools in the 
course of several thousand years to a few 106 K. Dur
ing this phase, the radiation emitted is mainly in the soft 
X-ray range (from around 0.1 to 1 keY). In a few cases, 
the X-ray satellites ROSAT and Chandra were able to 
detect directly the (not pulsed) thermal emission of cool
ing neutron stars or pulsars with X-ray luminosities of 
Lx 2: 1026 W. 

Gravitational Energy. The gravitational energy 
G M 2 I R (8.31) of a neutron star of mass 1 M 8 and 
radius R = 16 km is about 2 · 1046 J, i.e. about one
tenth of the energy equivalent of its rest mass, Mc2 • 

In such strong gravitational fields, Newton's Theory 
of Gravitation is no longer sufficient for the cal
culation of its structure; instead, Einstein's General 
Relativity theory (Sect. 8.4.1) must be applied. The 
deviations from Newton's theory are of the order of 
(GM2 I R)I(Mc2 ) = GMI(Rc2 ):::: 0.1. In particular, 
the gravitational mass M which an external observer 
would derive e.g. from the motion of a neutron star in 
a binary star system, is of the order of 10% smaller 
than the mass which is required to form the star from 
an originally extended configuration. The difference 
(mass defect) is for the most part due to the negative 
gravitational binding energy. 

Limiting Mass. As was first shown by J. R. Oppen
heimer and G. M. Volkoff in 1939, an upper limiting 
mass exists for neutron stars, just as for the white dwarfs. 
Owing to the uncertainties in the equation of state of 
material at densities above those of nuclear matter, the 
limiting mass is not very precisely known; it probably 
lies near 1.8 M 8 . If this mass is exceeded, a stable final 
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configuration is no longer possible; the matter of the 
star then collapses to form a black hole (Sect. 8.4.4). 

8.4 Strong Gravitational Fields 

If massive bodies or particles move at velocities near 
to that of light, Newtonian mechanics and gravitational 
theory (Sect. 2.3) can no longer be applied. We begin 
by making a rough estimate of the strength which the 
gravitational field or the gravitational potential G.M/ R 
of a sphere of mass .M and radius R must have, in order 
that the escape velocity v from its field region becomes 
of the order of the velocity of light, c. If we naively set 
v = c in the relation v2 = 2G.M/ R (2.61), we obtain: 

2G.M = l. 
Rc2 

(8.76) 

Thus, if the gravitational potential becomes compara
ble to c2 or the gravitational energy G.M2 / R becomes 
comparable to the relativistic rest energy .Mc2 , then 
a relativistic theory of gravitation must replace the New
tonian theory: this is the Theory of General Relativity 
formulated by A. Einstein in 1916. 

While on the surface of the Sun, 2G.M0 /(R0 c2) 

:::::: 4 · 10-6 , so that we can expect only very small de
viations from Newtonian theory in the Solar System 
and for ordinary stars, we have learned that neutron 
stars (Sect. 8.3.4) represent a mass concentration with 
G.M/(Rc2 ) of the order ofO.l. In the calculation of their 
structure, especially of their limiting mass, the effects 
of General Relativity are important. The strong grav
itational fields in the sense of (8.76), characteristic of 
relativistic astrophysics, and the highly energetic parti
cles and radiation fields which occur in connection with 
them, will be found again for one thing in galactic cen
ters (Sects. 11.3.4 and 12.3.6). For another, cosmology, 
which treats the structures and evolution of the Universe 
as a whole (Sect. 13.1.3), is based on General Relativity 
as the theory of gravitation. 

We begin in Sect. 8.4.1 with an overview of the theory 
of General Relativity. This section is intended merely to 
give an impression of the structure of General Relativity 
theory; it cannot take the place of a proper introductory 
study of the theory. In Sect. 8.4.2, we then give selected 
results of the theory of General Relativity for a spher
ically symmetrical gravitational field, in particular the 

Schwarzschild metric and the Schwarzschild radius, the 
precession of the perihelion of planetary orbits, and the 
gravitational red shift. In Sect. 8.4.3, we treat the deflec
tion oflight rays and the action of"gravitationallenses", 
and in Sect. 8.4.4 we describe black holes, which follow 
from General Relativity theory, and briefly discuss their 
properties. Finally, in Sect. 8.4.5, we introduce gravita
tional waves, their sources and the possibilities for their 
observation. 

8.4.1 The Theory of General Relativity 

The precursor of General Relativity was the Theory 
of Special Relativity, developed by A. Einstein in 1905. 
This starts with the postulate that no material motion and 
no signal propagation can exceed the velocity c of light 
in a vacuum, and further requires that all natural laws 
be invariant with respect to Lorentz transformations 
(Sect. 4.2). 

Should it not be possible to formulate the natural 
laws in such a way that they are invariant with respect 
to even arbitrary coordinate transformations? In 1916, 
Einstein had the ingenious idea of combining this ap
pealing requirement with the theory of gravitation. The 
identity of gravitational and inertial mass, independent 
of the type of matter, was so to speak a "miracle" in 
the framework of Newtonian mechanics, but what did it 
mean? Einstein raised the experimental observation that 
in a freely falling coordinate system (elevator), the grav
itational force (mg) appears to be exactly compensated 
by the inertial force (mz) to the status of a basic pos
tulate. This means that gravitational force and inertial 
force are, in the end, the same. 

Isaac Newton himself, then F. W. Bessel and later 
R. v. Eotvos had verified the equality of gravitational 
and inertial mass experimentally with increasing ac
curacy. In his classical experiment, Eotvos used the 
gravitational field of the Earth and the centrifugal 
force of the Earth's rotation, and as early as 1922 ob
tained an accuracy of 1 o-9 . Modern measurements have 
improved this value to about 5 . IQ-13 • 

Field Equations. The forces of gravity and inertia 
can be transformed away by local transformations on 
a four-dimensional Cartesian coordinate system with 
the "Euclidian" Minkowski metric (4.12). Conversely, 



as is found, the coefficients g;k of the Riemannian metric 

ds2 = L g;kdxidxk 
i,k 

(8.77) 

of an arbitrary coordinate system, and its spatial con
nectivity, determine the gravitation and inertial fields 
acting there. 

This connection is formulated in Einstein's field 
equations 

(8.78) 

in which G = 6.67-10- 11 m-3 s-2 kg- 1 is the usual 
Newtonian gravitational constant, G;k is the Ein
stein tensor, and Iik is the energy-momentum tensor 
(i = 1, 2, 3, 4). G;k contains the geometrical properties 
of the four-dimensional space and depends only on the 
metric g;k and its first and second derivatives (ag;kfaxe, 
a2g;kfaxeaxm), while Iik contains the energy and mo
mentum and thus affects the properties of matter, the 
electromagnetic field, etc. Since the tensors G;k and Iik 
are symmetric (G;k = Gk;, Iik = Tk;), (8.78) represents 
a system of 10 coupled, nonlinear differential equations. 

For applications in cosmology (Sect. 13.1.3), Ein
stein later added another term to the field equations, 
containing the cosmological constant A, which 
becomes important only at "cosmological" distances: 

8nG 
G;k+Ag;k = --4-Iik · 

c 
(8.79) 

The field equations (8.78) and (8.79) of course contain 
the Newtonian theory of gravitation as a limiting case 
for weak gravitational fields. 

Geodesics. The motion of a point mass under the influ
ence of gravitation alone follows geodesic (i.e. shortest) 
curves, in a generalization of the Galilean law of inertia. 

The propagation of light is along the socalled null 
geodesic 

(8.80) 

analogously to the expression ( 4.11) from Special 
Relativity. 

Testing the Theory. Within the Solar System, the pre
dictions of General Relativity differ only slightly from 
those of Newtonian mechanics and gravitational theory. 

The tests which can be used to distinguish between the 
two require great metrological precision. 

Following the first important successes of Einstein's 
theory, the explanation of the precession of the perihe
lion of Mercury and of the deflection of light by the 
Sun (Sect. 8.4.3), a series of complex experiments, es
pecially in the years from 1960 to 1980, have reached 
precisions of better than 1% for all of the effects pre
dicted by the General Relativity Theory, so that we 
can on the whole speak of an excellent verification of 
this theory. Considerably stronger gravitational effects 
outside our Solar System, in particular in the binary 
star pulsar PSRJ1915+1606 (Sect.6.5.6), have like
wise shown a very good agreement with the theory. The 
newer tests have essentially eliminated all competing 
theories of gravitation. 

8.4.2 Spherically Symmetric Fields in Vacuum 

The gravitational field (Iik = 0) outside a mass M, 
e.g. that of the Sun, can in the simple spherically sym
metric case, as K. Schwarzschild showed in 1916, be 
represented using the metric: 

where r, e, and cp are the spatial spherical coordinates 
and t is the time. The theory of planetary motions can 
thus be based on this metric. The constant of integration 

2GM 
Rs=-

c2 
(8.82) 

is called the Schwarzschild radius or gravitational radius 
of the mass M.lts value 

M 
Rs = 2.9- [km] 

M8 
(8.83) 

relative to the radius R of the mass M determines the 
deviations from the Euclidian metric of empty space 
(cf. (8.76)). 

R. P. Kerr in 1963 found a considerably more com
plicated metric which represents a mass with angular 
momentum (and with an electric charge). 
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Planetary Orbits. Using the Schwarzschild metric, it 
is found that General Relativity also predicts planar 
orbits for a point mass orbiting a central mass .M and 
that the law of areas remains valid. The gravitational 
potential however differs from the Newtonian case by 
an additional term ex ljr3• 

This term has on the one hand the effect that there are 
no stable closed orbits very close to .M. The innermost 
circular orbit which is still just stable has a radius of 
r = 3Rs. 

On the other hand, a bound orbit is only approxi
mately given by an ellipse, since its semimajor axis, and 
with it the perihelion, rotate during each orbit of the 
planet in the same direction by an amount 

G.M 
Llw = 6rr 2 2 , 

a(l-e)c 
(8.84) 

where w is the angular distance (in radians) of the per
ihelion from the node, and a is the semimajor axis and 
e the eccentricity of the orbit (Sect. 2.2.1). As a result 
of this precession of the perihelion, the planet follows 
a rosette orbit. 

Observations of the innermost planet of our Solar 
System, Mercury, over many years yielded a larger pre
cession of its perihelion than could be derived from 
perturbations due to the other planets. This deviation 
was first explained by Einstein with his General Rel
ativity theory. Taking the orbital elements of Mercury 
from Table 2.2, we obtain with (8.84) the precession of 
the perihelion LlwM = 0.1038" per orbit or 43.03" in 
one century. 

This result is an important verification of General 
Relativity, since the precession of the perihelion is a 2nd 
order effect, while the deflection of light, the delay of 
radar signals and the gravitational red shift (see below) 
are only 1st order effects. 

The calculated values for the precession of the peri
helia per 100 yr for the three innermost planets are, in 
very good agreement with the observed values: 

Mercury 

43.0" 

Venus 

8.6" 

Earth 

3.8". 
(8.85) 

Expression (8. 84) for the precession of the perihelion 
can also be applied to the precession of the periastron in 
a binary star system, if, corresponding to the two-body 
problem (Sect. 2.4.2), the reduced mass and the relative 
orbital dimensions are introduced. The observations of 

the binary-star pulsar PSR 11915 + 1606, which belongs 
to an unusually close binary system (Sect. 6.5.6), show 
a considerably larger effect than can be observed in our 
Solar System, since, for comparable masses, the size 
of this system, of about 1.3 R0 , is much smaller. Here, 
a precession of the periastron of 4.23° per year(!) has 
been measured. 

Gravitational Red Shift. A light quantum hv which 
passes through a gravitational potential difference in 
the field of a mass .M will experience a red shift relative 
to a light source in the laboratory frame: 

Llv 1 G.M 
-v = 1 - ---:.ji=i=l -~Rs=;/;=;;<R (8.86) 

The corresponding energy difference is given by 
Ll(hv) = -G.Mmv/ R, where mv = hvjc2 is the "mass" 
of the photon. 

If e.g. the photon passes through the potential dif
ference G.M0 / R0 from the Sun to the Earth, then 
a frequency shift occurs which is formally equivalent 
to that due to the Doppler effect, cLlvjv = 0.64 kms-1. 

Measurements verify this effect within about 1%, but the 
separation of the relativistic red shift from the Doppler 
effect due to turbulence in the solar atmosphere in
troduces uncertainties. Experiments with the extremely 
sharp y-ray lines observed using the Mossbauer effect, 
e.g. in the gravitational field of the Earth, permit a much 
higher precision and also verify the calculated frequency 
shifts. 

By means of experiments with extremely stable oscil
lators on space probes, the red shifts in the gravitational 
fields of some other planets (Voyager) and of the Sun 
(Galileo) have been determined in recent times. 

8.4.3 Light Deflection and Gravitational Lenses 

The gravitational field of a mass .M deflects the 
light from a distant point source, which passes within 
a distance a from .M, by an angle (in radians) of 

(} = 2 Rs = 4 G.M 
a ac2 

(8.87) 

(A. Einstein, 1915). If we calculate the gravitational 
deflection of a photon of "mass" h vI c2 in classical me
chanics, which does not take into account the curvature 
of space according to the theory of General Relativity, 
then we obtain just half the value predicted by (8.87). 



Deflection of Light by the Sun. In the gravitational 
field of the Sun, the light beam from a star passing at 
a distance a experiences a deflection which we can relate 
to the radius of the Sun, R0 ; from the center of the Sun, 
according to (8.87), there is a deflection (in seconds of 
arc) of 

II 1.75" e ---
0 - a! R0 ' 

(8.88) 

i.e. a maximum of 1.75" for a beam which just passes 
the edge of the solar disk. During a total eclipse of the 
Sun in 1919, the corresponding extremely difficult mea
surements were made with an accuracy of only about 
20%, and led to the first experimental verification of the 
predictions of Einstein's General Relativity Theory. 

Since 1969, there have been new possibilities for 
making such tests with long-baseline interferometers in 
the em-wavelength range, which have an angular preci
sion of less than 0.00 1", using e.g. the two bright quasars 
3C 273 and 3C 279, which each year are completely or 
partially eclipsed by the Sun. 

Together with the deflection of light, General Rel
ativity predicts a delay in signals. I. Shapiro found in 
1964 that a radar signal that passes near to the Sun is 
delayed by a time of the order of 2 · w-4 s. Radar re
flections were obtained first from Mercury and Venus, 
then later from space probes; they confirmed very well 
the predictions of the theory. 

Gravitational Lenses. Closely related to the deflection 
of a light beam by a mass M is the possibility of fo
cusing light beams and, in analogy to an optical lens, 
of generating images of a light source. After the for
mulation of the theory of General Relativity, among 
others A. S. Eddington (in 1920) and A. Einstein (in 
1936) noted that stars could act as gravitational lenses. 
F. Zwicky then pointed out in 1937 that a whole stellar 
system, such as a galaxy, would be more effective for 
this purpose. 

From (8.87), we can see that the effect of a lens 
is stronger the larger the mass M or the Schwarzschild 
radius Rs, and the more precisely the light source Q, the 
gravitational lens L, and the observer 0 are all arrayed 
along a line. If we initially consider Q and L to be point 
sources, then we find as the condition for gravitational 
image formation in the case of weak gravitational fields 

8.4 Strong Gravitational Fields 

Fig. 8.14. The deflection of the light from a source Q at a dis
tance TQ by a gravitational lens L at a distance TL from an 
observer at 0 . For small angles of deflection, 8 = 2Rs / a 
(8.87), and 8 = 4>- </>Q follows the lens formula (8.89) which 
results from the law of sines applied to the triangle OQA with 
IQAI ::::: TQ -TL and lOA I ::::: TL 

and small deflection angles the lens formula: 

O = </J _ </JQ = B . TQ - TL 

TQ 

2Rs rQ -rL 
--·---

a rQ 
(8.89) 

where rQ is the distance to the source and rL that to the 
lens from the observer. ¢Q is the true angular distance of 
the source from the lens L and ¢ is the angular distance 
(of L), at which the source, after deflection, at a dis
tance of a from L, is observed under an angle 8 (8.87) 
(cf. Fig. 8.14). 

The lens formula (8.89) sets up a relation between 
the distances of the source and of the observer from 
the gravitational lens. A suitable choice of a always 
allows us to find a deflection angle e such that the light 
beam is focused onto 0. The most favorable situation for 
a gravitational lens is found when rL :::::: rQ / 2 is nearly 
fulfilled. 

If the gravitational lens is not a point mass, but instead 
for example an extended galaxy, we can obtain its effect 
simply by summing over all the mass elements. For 
this sum, it is sufficient to consider the area density 
of the masses projected onto a plane through L and 
perpendicular to the observer. Corresponding to the lens 
formula, a minimum surface density of the gravitational 
lens is required to produce an image at the position of 
the observer. 

Due to the deflection of the light rays or to the bend
ing of the wavefronts, several images of a single source 
can be projected. The intensity or surface brightness of 
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the source is in fact conserved in an image formed by 
a gravitational lens (Sect. 4.3.1 ), but the solid angle !2; 
under which the image i appears can be changed rel
ative to the "direct" solid angle QQ subtended by the 
source. A gravitational lens can thus amplify or attenu
ate the brightness, i.e. the flux ( 4.40) of an image by the 
geometrical factor 

(8.90) 

The factor for all images together is y = L; y;. One can 
show that at least one of the images must be amplified. 
The multiplicity of the images depends on the often 
quite complex shape of the focal surface (caustic). 

The discovery in 1979 of the first gravitational lens 
by means of the "twin quasar" 0957 + 561 A and B, 
which consists of two quasars with identical spectra at 
a small angular distance from one another, opened up 
interesting possibilities for applications in the study of 
distant galaxies. We observe gravitational-lens effects 
in particular for the most distant and brightest galaxies, 
the quasars (Sect. 12.3.4), as well as also for distant 
galactic clusters (Sect. 12.4.2), since in these cases, the 
probability is greatest that a massive galaxy is to be 
found at roughly half the distance to the quasar near to 
the line of sight. 

Image formation by a lens is independent of the en
ergy or frequency of the light, so that e.g. optical images 
and radio images are similar to one another. 

In connection with the deflection of light, there are 
also differences in the propagation times of the light 
signals, which can be used for the determination of 
cosmic distances (Sects. 12.3.4 and 13.1.1). 

Einstein's Rings. If source, lens and observer are ex
actly aligned along a line (¢Q = 0), then from symmetry 
grounds, a ring-shaped image is formed. From (8.89) 
and using¢::::: a/rL (Fig. 8.14), we immediately obtain 
the angular radius of such an Einstein ring: 

rQ -rL 9 cf>E::::: 2Rs·--. (8. 1) 
rQrL 

In the case of an extended source, geometric distortions 
occur, so that only parts of the ring can be observed, 
i.e. as arcs. 

Along with multiple lens images of quasars, in recent 
times also several Einstein rings and arcs have been 
discovered (Sects. 12.3.4 and 12.4.2). 

The angular radius ¢E of the Einstein ring also gives 
the order of magnitude of the angular separations of 
the images in the general case of a gravitational lens. 
With rL = rQ/2, using (8.91) we can estimate the most 
favorable case for the extent of the lens effect on the 
celestial sphere: '¢E::::: J Rs/rL, or, expressed in seconds 
of arc for easier application, 

¢~ ::::: 6.3 . w-s . M 

M 8 rL [Mpc] 
(8.92) 

A massive galaxy of 1012 .M8 at a distance of rL = 
1000 Mpc thus produces an image pattern with a typical 
angular splitting of 2". 

Gravitational Microlenses. Within a galaxy which 
forms a gravitational image, the individual stars can 
also act as lenses, as was pointed out by K. Chang 
and R. Refsdal in 1979. The image splitting from these 
"microlenses" is, to be sure, in the range of micro- to 
milliseconds of arc (8.92) and thus much too small to be 
directly observed, but the motion of a star perpendicular 
to the line of sight can lead to an observable increase in 
brightness for a short time (Fig. 12.25). Since this effect 
is independent of frequency or wavelength, it can be dis
tinguished from the many other brightness fluctuations 
of the stars. 

The effects of micro lenses are suitable for the detec
tion of extremely faint "dark" objects such as white and 
brown dwarfs, neutron stars, planets and black holes. 
In an organized search for the corresponding bright
ness fluctations, several international cooperations have 
been continuously observing an enormous number (all 
together about 20 million) stars as background sources 
in the rich starfields of the galactic bulge (Sect. 11.1.4) 
in Sagittarius and in the Large and Small Magellanic 
Clouds (Sect. 12.1.2) since the early 1990's. The goal of 
e.g. the Macho project (Massive Compact Halo Objects) 
is to locate faint, low-mass objects in the extended halo 
of the Milky Way (Sect.l1.1.4). 

The evaluation of the enormous collection of data 
(several billion measurements!) has yielded, along with 
the discovery of several 10 000 new variable stars, a few 
100 events which are due to gravitational micro lenses. 
These were mainly observed in the dense regions of 
the Milky Way galaxy, while in the direction of the 
Magellanic Clouds, i.e. towards the galactic halo, so far 
only of the order of 10 objects could be found. The 



presently available observations are not yet sufficient to 
draw conclusions about the mass distributions of dark 
objects. 

8.4.4 Black Holes 

The Schwarzschild metric (8.81), besides the very small 
effects described above, predicts also a much more 
spectacular possibility, whose significance has already 
been mentioned in connection with stellar evolution 
(Sect. 8.2.4) and which we shall meet again when we 
consider galaxies in Sect. 12.3.6: the existence of black 
holes. 

If, namely, the radius of our mass .M becomes smaller 
than the gravitational radius Rs (8.82), the coefficients 
of the spacelike and timelike elements dr2 and -c2dt2 

in (8.81) reverse their signs within the sphere r < Rs. 
The result, which we cannot derive in detail here, is that 
neither matter nor radiation quanta, i.e. no signals at all, 
can escape from the region within r < Rs to the outside 
world (r > Rs); this region is thus termed a "black hole". 
A black hole, more precisely a Schwarzschild-type of 
black hole, is observable only through its gravitational 
field. 

Within an astronomical object, a black hole can there
fore be detected with certainty when other compact 
masses can be ruled out as sources of an observed grav
itational effect. In the case of an object with stellar 
dimensions, for example, neutron stars, whose upper 
limiting masses are not very precisely known, must be 
eliminated; in the case of galaxies, we must be sure that 
the effect is not due to a dense, massive star cluster. 

The result - that a black hole can be observed 
only through its gravitational effects - must be mod
ified when gravitational theory is combined with 
thermodynamics and quantum mechanics, as shown 
by J.D. Bekenstein, S. W. Hawking and others in 
1972175: a black hole of mass .M is associated with 
a nonvanishing entropy or temperature 

_ hc3 ~ 10_7 .M0 [K] 
T- 16rr2kG.M - .M . (8.93) 

Corresponding to this Hawking temperature, which is 
exceedingly low for stellar or larger masses, a black hole 
"evaporates" extremely slowly by emission of particles 
(with a thermal energy spectrum) owing to quantum 
effects. 
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If we write (8.82) in the form G.M2 j Rs = .M2 /2, it 
can be seen that the gravitational collapse of a mass .M 
to a black hole or a related configuration offers the only 
possibility for releasing a major portion of its relativistic 
rest energy .Mc2 • Even with the highest-yield nuclear 
process, 4 1H-+ 4He, according to (8.18) only 0.7% of 
this energy would be available. 

8.4.5 Gravity Waves 

To conclude this chapter, we discuss briefly the inter
esting phenomenon of gravity waves. Soon after his 
discovery of the gravitational equations, Einstein de
rived from them the result that a system of moving 
masses emits gravity waves: transverse waves with two 
polarization states which propagate with the velocity 
of light c. The emission of gravity waves is caused by 
time variations of the quadrupole and higher moments 
of a mass distribution; in contrast to electromagnetic 
waves, there is no dipole radiation in the case of gravity 
waves. 

If a (polarized) gravity wave interacts with matter, 
the latter will be compressed in a direction perpen
dicular to the wave propagation vector (at a particular 
time), and expanded in the direction perpendicular to 
both; after a half-oscillation, the reverse deformation 
occurs. The oscillation pattern for the "other" polariza
tion is found by performing a 45° rotation about the 
propagation vector. 

For the description of the effects of a gravity wave at 
a great distance from its source, we can limit ourselves to 
considering small deformations of the Riemann metric 

lh;kl « 1 (8.94) 

relative to the "flat" Minkowski metric with I TJik I = 1 
(4.12). In order to describe the order of magnitude of 
the effect, a suitable mean value h (which will not define 
in detail here) of the h;k will be sufficient. 

The deformation produced by a gravity wave corre
sponds to that of a tidal force, i.e. oe is proportional to 
the dimension e of the system: oe = he. The dimen
sionless relative deformation h we will denote as the 
amplitude of the gravity wave. 

Cosmic Sources. Possible sources of gravity waves 
which are sufficiently strong that the waves could be de-
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tected are (among others) close binary star systems and 
the gravitational collapse to compact configurations. 

The orbital motions in a (close) binary star sys
tem with neutron stars or black holes as components 
can cause the emission of gravity waves at twice the 
frequency of the orbital rotation. This emission leads 
in the course of time to a reduction of the orbital 
size and eccentricity. From a system at a distance of 
100 pc, we would expect an amplitude for the waves of 
h ~ 10~20 . When two components fuse together, there 
would be a short, very intense burst of gravitational ra
diation; the rate of such events is, to be sure, completely 
unknown. 

A further source of gravitational radiation would 
be the collapse of a star to give a neutron star or 
a black hole, which is accompanied by a supernova 
explosion (Sect. 7.4.7). Here, a burst of duration in the 
range of 1 ms to 1 s would be expected, whose inten
sity is however rather difficult to estimate, since only 
the time variations of the deviations from a spherical 
or dipole-shaped mass distribution give rise to grav
ity waves. A galactic supernova, which on the average 
should occur each 50 yr, would produce a typical am
plitude of h ~ 10~ 17 ; a supernova in another, not too 
distant galaxy (within the Virgo cluster, cf. Sect. 12.4.2) 
in contrast would give at most h ~ 1 0~20 , but with a rate 
of perhaps one event per month. 

In the centers of galaxies, also, the collapse of matter 
into a massive black hole would give rise to a burst of 
gravitational radiation. 

Detectors. The detection of the extremely small am
plitudes h _:::: 10~20 , together with the short duration of 
the bursts, places heavy demands on the sensitivity of 
detectors for gravity waves. 

Beginning in about 1958, J. Weber was the first 
to carry out intensive efforts to detect gravity waves 
from outer space, and he continued them for more 
than a decade. As detectors, he used massive, large 
(about 1.5 m) aluminum cylinders, which were sus-

pended horizontally and protected as much as possible 
from (terrestrial) vibrations; their sensitivity was about 
h ~ 3 ° 10~ 17 ' corresponding to detectable deformations 
of 8£ ~ 10~ 17 m. The results published by Weber in 
1968, which consisted of short pulses at a high repeti
tion rate, could however not be verified in independent 
series of observations. 

The direct detection of gravity waves from space will 
probably be attained only by future, considerably more 
sensitive detectors. At present (2001), improved low
temperature Weber detectors are under development; 
they should attain a sensitivity of h ~ 10~ 19 

0 

In addition, laser systems with suspended mirrors, 
based on a Michelson interferometer, are under con
struction. If the positions of the mirrors are varied by 
a gravity wave, e.g. from a burst of some ms duration, 
then the corresponding variations in the light paths can 
be detected through changes in the interference pattern. 
The attainable sensitivity of around h ~ 10~21 at inter
ferometer arm lengths of several 100 m up to 4 km is 
limited by background vibrations and by the stability of 
the lasers. 

In recent years more laser interferometer detectors 
have been completed, e.g. GEO 600 with an arm length 
of 600 m near Hannover, Germany in 2002, the French
Italian Virgo Experiment with a length of 3 km near Pisa 
in Italy in 2003 and the 2 LIGO detectors with 4 km 
length each in the states of Washington and Lousiana 
in the USA in 2002. At time of writing, all are still in 
a calibration period which will last several years. 

Indirect Detection. The observations of the binary star 
pulsar PSRJ1915+ 1606, which belongs to an unusual, 
very close binary star system (Sect. 6.5.6), indicate 
a small decrease in the orbital period, and thus of the 
energy of the system, over time. The rate of the ob
served decrease agrees well with the theoretical value 
for gravity-wave emission by the moving masses, and 
thus gives a further, indirect confirmation of the theory 
of General Relativity. 
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The Advance into the Universe 
Historical Introduction to the Astronomy of the 20th Century 

Around the end of the 19th and beginning of the 20th 
century, H. v. Seeliger, J. Kapteyn and others attempted 
(following the "star gauging" of W. and J. Herschel) 
to apply statistical methods to the investigation of the 
structure of the Milky Way Galaxy. Although they did 
not attain their goal, the enormous amount of work ex
pended has proved to be extremely valuable in other 
respects. 

The decisive step forward was made in 1918 with 
H. Shapley's method of photometric distance determi
nations using Cepheid variables (cluster variables). The 
period-luminosity relation, i.e. the relationship between 
the period of their brightness variations and their ab
solute magnitudes, made it possible to measure the 
distance to any cosmic object in which Cepheids could 
be found. 

More precise investigations later revealed two diffi
culties in the basic assumptions of this method: (a) the 
lack of a correction for interstellar absorption, and 
(b) the question of the applicability of a single period
luminosity relation to all types of Cepheids. These later 
made it necessary to apply significant corrections: in 
1930, R. J. Trumpler discovered the general interstellar 
absorption and reddening, and in 1952, W. Baade rec
ognized that the period-luminosity relationships of the 
classical Cepheids and of the W Virginis stars, i.e. the 
pulsation variables of stellar populations I and II (see 
below), differ by 1 to 2 magnitudes. In the following 
chapters, we shall consistently include these correc
tions where relevant in all numerical values quoted, 
and thus will not adhere strictly to the purely historical 
standpoint. 

The distances to the globular clusters determined 
by H. Shapley made it clear that they form a some
what flattened system whose center lies about 8 kpc or 
25 000 light years from the Earth, in the direction of 
Sagittarius. 

From this beginning, our present view of the Milky 
Way Galaxy rapidly developed: the main portion of its 
stars form a flat disk about 30 kpc in diameter, contain
ing the spiral arms. We can view the outer parts of its 
central regions as bright swarms of stars in the direction 

of Scorpio and Sagittarius; the galactic center itself is 
hidden from us by thick, dark interstellar clouds. Only 
after the inception of radio astronomy and then later 
with infrared astronomy did it become accessible to di
rect observation. Our own Solar System is in the outer 
portion of the disk, about 8 kpc from its center. The 
disk is surrounded by a considerably less flattened halo, 
which contains the globular clusters and certain types 
of individual stars. 

As early as 1926/27, B. Lindblad and J. Oort were 
able to elucidate the kinematics and dynamics of the 
Milky Way to a considerable extent. The stars in the 
disk circle the galactic center under the influence of the 
gravitational force of the large mass which is concen
trated there. In particular, the Sun completes its circular 
orbit with a radius of 8 kpc at a velocity of 220 km s -I 
in around 250 million years. We initially detect only the 
differential rotation, however: away from the galactic 
center, the stars move somewhat more slowly (like the 
planets around the Sun), and towards the center, they 
move somewhat more rapidly than we do. From this 
motion, an estimate of the mass can be obtained; af
ter applying various corrections, the mass of the whole 
system is found to be about 2 · 1011 solar masses. 

While the stars of the galactic disk move on circular 
orbits, the globular clusters and the stars of the halo 
describe extended elliptical orbits about the galactic 
center: their velocities relative to the Sun are therefore 
of the order of 100 to 300 km s-1. This is J. H. Oort's 
explanation of the socalled "high-velocity stars". 

In addition to the stars, the interstellar matter in the 
Milky Way system plays an important role, although it 
makes up only a small percentage of the mass. Precise 
distance measurements became possible only after the 
interstellar absorption and reddening of starlight by cos
mic dust were quantitatively described by R. J. Trumpler 
in 1930. Somewhat earlier, in 1926, A. S. Eddington had 
clarified the physics of interstellar gas and the interstel
lar absorption lines, while H. Zanstra and I. S. Bowen 
(1927/28) had dealt with the luminosity of galactic and 
planetary nebulae. The surprising discovery of the po
larization of starlight by W. A. Hiltner und J. G. Hall 



(1949) finally made it clear that there is a galactic 
magnetic field in the disk of about w-9 Tesla. 

In 1924, E. Hubble, using the 2.5 m telescope of the 
Mt. Wilson Observatory, succeeded after major refine
ments of photographic techniques in resolving the outer 
regions of the Andromeda nebula (and other spiral neb
ulas which are not too distant) to a considerable extent 
into individual stars, and in finding there (classical) 
Cepheids, novae, bright blue 0 and B stars, etc. These 
in tum made it possible to determine the distance by 
photometric methods; it was found to be about 700 kpc 
or 2 million light years. It was thus settled, after long 
and tedious controversies, that the Andromeda nebula 
(M 31) and our own Milky Way system are basically 
similar cosmic objects. Following Hubble's investiga
tions, it has become customary to call the "relatives" 
of our Milky Way galaxies, and to reserve the term 
"nebula" for gas or dust masses within the galaxies. 

In 1929, Hubble made a second discovery of great 
import: the spectra of the galaxies show a red shift pro
portional to their distances. We interpret this as due to 
a uniform expansion of the cosmos; one can readily 
imagine that dwellers in other galaxies would observe 
exactly the same effect as we have. If the spreading 
of the galaxies is extrapolated (somewhat schemati
cally) backwards, it is found that the whole cosmos 
would have been concentrated closely together at a time 
around -r0 :::: 1010 yrs. ago. We call -r0 the Hubble time; 
it gives a first indication of the age of the Universe. 
What might have occurred further back lies outside the 
grasp of our research, and in any case, the Universe at 
a time -ro ago must have been "very different" from its 
present state. The forerunners of Hubble's discovery, 
V. M. Slipher, C. Wirtz et al., as well as M. Humason's 
collaboration, can only be mentioned briefly here. These 
observations made the cosmos as a whole the object of 
exact science for the first time. Theoretical approaches 
to cosmology had been developed within the frame
work of General Relativity theory, which initially aimed 
at an explanation of gravitation and inertial forces, 
as early as 1916 by A. Einstein, then by W. de Sitter, 
A. Friedmann, G. Lemaitre and others. On the other 
hand, for the investigation of distant galaxies, it is of 
fundamental importance that their distances, and thus 
their absolute magnitudes, their true dimensions, etc. 
can be determined from the red shift of their spectral 
lines. 
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The recognition of an age of the cosmos, which is 
of the order of 13.5 · 109 yr, i.e. not very much more 
than the age of the Earth (4.5 ·109 yr), created a strong 
impulse for the study of the evolution of stars and stellar 
systems. 

Mter H. Bethe and C. F. von Weizsacker in 1938 
described the thermonuclear reactions which allow hy
drogen to undergo fusion to helium in the interiors of 
main sequence stars, Bethe and then A. UnsOld in 1944 
pointed out that the nuclear energy sources would have 
lasted for a time of the order of the age of the Universe 
only in the cooler main sequence stars. For the hotter 
stars, shorter lifetimes were obtained, going down to 
only about 106 yr in the case of the 0 and B stars, with 
their high luminosities. In such a short time, the stars 
cannot have moved far from the places where they were 
formed; they must therefore have arisen at nearly the 
same locations where we observe them today. In reply to 
numerous speculative hypotheses, W. Baade has pointed 
out that the close spatial connection of the blue OB stars 
with dark clouds, e.g. in the Andromeda galaxy, indi
cates that the stars were formed from interstellar matter. 

The investigations by A. R. Sandage, H. C. Arp, 
H. L. Johnson and others, likewise mostly based on sug
gestions by W. Baade, of the color-magnitude diagrams 
(CMD) of the star clusters, have led even further. To
gether with the theory of stellar structure, they reveal the 
following picture: a star which has been formed from in
terstellar matter at first passes through a relatively short 
contraction phase. Then, on the main sequence, the star 
remains for a long period in its hydrogen-burning phase. 
Finally, it moves to the right on the CMD (M. SchOnberg 
and S. Chandrasekhar, 1942) and becomes a red giant 
star. The place where the main sequence deviates to the 
right in the CMD of a star cluster (Fig. 9.3) indicates 
which stars have used up about 10% of their hydro
gen since the formation of the cluster. The evolutionary 
time necessary for this process likewise indicates the 
age of the cluster. Clusters with bright blue OB stars 
such as h and x Persei are thus very young, while in 
older clusters, only main-sequence stars earlier than GO 
still remain. 

The study of numerous color-magnitude diagrams 
led to the fundamental result that most globular clusters 
have the same age; recent determinations yield a value 
up to 12 ·109 yr. In the case of open star clusters, in 
contrast, there are young and old objects. While the 



youngest are hardly a million years old, the oldest open 
star clusters have ages of around 10 · 109 yr, and are thus 
still younger than the globular clusters. 

Turning from stellar evolution, we now consider the 
distribution of various types of stars in our Milky Way 
and in other galaxies. It was pointed out in 1944 by 
W. Baade that different portions of the Milky Way 
differ not only in their dynamics, but also in their 
color-magnitude diagrams. Thus, the concept of star 
populations was developed. It soon became apparent 
that these populations differ essentially in their ages 
and in their abundances of heavy elements relative 
to hydrogen (i.e. elements heavier than helium; one 
usually refers for short to metal abundances). Leav
ing aside fine distinctions and transitional groups, we 
define: 

1. Halo population II: globular clusters, the metal-poor 
subdwarfs, etc.; they follow elongated galactic orbits 
and form a structure which is slightly flattened, but 
with a higher concentration towards the center. Their 
metal abundance corresponds to about w-3 to 1/5 
of the "normal" values; their ages may be roughly 
equated with that of the Milky Way itself. 

2. The disk population: most of the stars in our neigh
borhood belong to this group; they form a strongly 
flattened structure with an increasing concentration 
towards the galactic center. These stars have "nor
mal" metal abundances, similar to those found in the 
Sun. 

3. The spiral-arm population I: it is characterized by 
young blue stars of high luminosities. Within the 
disk, the interstellar matter is concentrated in the spi
ral arms; from it, associations and clusters of young 
stars are formed. 

The galactic classification scheme developed in 1926 
by E. Hubble, based on the shapes of galaxies, later 
proved to be basically a classification according to the 
predominance of population II or population I charac
teristics: the elliptical galaxies contain in the main old 
stars, similar to the halo population or the disk popula
tion in the Milky Way. At the other end of the scale, 
the Sc and Irr I galaxies, which have quite strongly 
differentiated shapes, contain much gas and dust, well
developed spiral arms or other structures, and bright 
blue 0 and B stars. 

Observations made since the 1970's have shown that 
the rotational velocities of stars and gas in the outer por
tions of the Milky Way (and many other spiral galaxies) 
do not decrease on going outwards (as would be ex
pected for large distances from the main concentration 
of mass), but instead are nearly constant. This means 
that an important, probably even the major portion of 
the mass of the galaxy is "invisible" and forms a roughly 
spherical system of about 50 to 100 kpc diameter. The 
nature of the matter in this dark halo is still a complete 
riddle. 

From our own Milky Way galaxy, we now tum 
to the current ideas about galactic evolution, and es
pecially the formation of the chemical elements and 
their abundance distributions. A first venture into this 
area was made by G. Lemaitre and G. Gamow in 1939, 
with their proposal that the expansion of the Universe 
began with a promordial explosion ("Big Bang"), dur
ing whose initial stages the "cosmic" (i.e. roughly the 
solar) abundance distribution of the elements already 
became established. The discovery of metal-poor stars 
and especially the difficulty of explaining the continued 
formation of the elements above mass number A = 5 at 
first seemed to discredit this theory. Only after the detec
tion of the cosmic 3 K radiation in the microwave region 
by A. A. Penzias and R. W. Wilson in 1965, which has 
been explained as a remnant of the Big Bang, did the 
theory return in a more modest form: in an initial "Big 
Fireball", essentially only hydrogen and helium atoms 
are produced. 

The explanation of nucleosynthesis according to 
the theory developed by E. M. and G. R. Burbidge, 
W. Fowler and F. Hoyle in 1957 is based on the idea 
that the elements and their relative abundances are for 
the most part (except for Hand He) produced in the stars 
as a result of their nuclear evolution. It begins with a pro
to galaxy composed of hydrogen plus 10% helium and 
possibly also traces of heavier elements. Then, the first 
halo stars are formed; they produce heavy elements, 
decay (by supernova explosions), and thus enrich the 
interstellar matter in heavier elements. From this mat
ter, a new generation of metal-richer stars is formed, etc. 
Before the inventory of heavy elements has reached that 
in current "normal" stars, the galactic disk with its spi
ral arms should be formed by collapse of the remaining 
halo material, which has not yet condensed into stars. 



A completely new era in the investigation of our 
Milky Way and the more distant galaxies was ushered 
in by radio astronomy, beginning with K. G. Jansky's 
discovery of the meter-wave radiation from the Milky 
Way in 1932. 

The thermal free-free radiation from plasmas at 
104 K in the interstellar gas, in H II regions, planetary 
nebulae etc. was soon detected. In 1951, the first obser
vations were made of the 21 em line of atomic hydrogen, 
predicted in 1944 by H. C. van de Hulst; its Doppler ef
fect gave completely new insights into the structure and 
dynamics of interstellar hydrogen and thus into those of 
whole galaxies. Additional lines in the mm to dm ranges 
could be attributed to transitions between states of very 
high quantum number in hydrogen and helium atoms 
and in part to diatomic and polyatomic molecules, which 
are in some cases surprisingly complex. The 2.6 mm line 
of the abundant CO molecule, discovered in 1970, has 
particular significance: it has been used to investigate the 
distribution of cold (:::: 10 K) constituents of interstel
lar matter which are concentrated in massive molecular 
clouds in the Milky Way. These concentrations, which 
are mainly composed of hydrogen molecules, have been 
found to be the reallocations of star formation; only af
ter the formation of highly luminous 0 and B stars do 
they become visible in the optical wavelength region as 
glowing nebulae (HII regions). 

The radio continuum originally observed by Jansky is 
nonthermal synchrotron radiation. This was postulated 
in 1950 by H. Alfven and N. Herlofson; soon thereafter, 
I. S. Shklovsky, V. L. Ginzburg and others showed that 
this radiation is produced when high-energy electrons 
move on spiral orbits around the force lines of cosmic 
magnetic fields. 

Along with the elucidation of the mechanisms which 
can lead to the emission of radiofrequency radiation, the 
experimental development of better and better angular 
resolution and more precise radio position determi
nations was of equal importance. We have already 
described the construction of continually improved and 
larger radiotelescopes and of radiointerferometers up 
to the intercontinental long-baseline interferometers in 
Sect. 5 .2.1; here, we add some historic dates in radioas
tronomical research: in 1946, J. S. Hey employed the 
fluctuations of radio emissions (later recognized as scin
tillation originating in the ionosphere) to find the first 
cosmic radio source, Cygnus A. In 1949, J. G. Bolton, 
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G. J. Stanley and 0. B. Slee identified the radio source 
Taurus A with the Crab nebula, and in 1952, W. Baade 
and R. Minkowski were able to demonstrate that the ra
dio source Cassiopeia A is, like Taurus A, the remnant 
of an earlier supernova. 

Cygnus A, in contrast, could be identified with a pe
culiar galaxy having emission lines from highly excited 
states: the first radio galaxy. This opened the door to 
the rapid development of the field of extragalactic radio 
astronomy, which is unparalleled in the whole history 
of astrophysics. In 1962/63, M. Schmidt was able to 
identify the quasars, whose optical images are hardly 
distinguishable from those of stars, as very distant 
galaxies with extremely high optical and radio lumi
nosities. Their red shifts, which are much larger than 
those known previously, opened unsuspected perspec
tives for cosmology. It was further found that in the 
centers of the quasars, radio galaxies, Seyfert galaxies, 
and, to a lesser extent, even in normal galaxies like our 
own, a characteristic "activity " occurs in the form of 
non-thermal optical and radiofrequency emissions and 
emission lines with non-thermal excitation. Often, two 
narrow beams of relativistic particles or plasma Gets) 
are found to emerge from the galactic nucleus in oppo
site directions along the axis of rotation of the galaxy 
and to extend out over enormous distances of several 
100 kpc; their synchrotron radiation covers the spectral 
regions from the radio to the X-ray range. Structural 
changes in the central emission regions, which appar
ently correspond to velocities exceeding that of light, 
can be explained in terms of relativistic effects in jets 
which are moving with near-light velocity close to the 
direction towards the observer. The compact nuclei of 
galaxies thus contain energy sources of unimaginable 
strength, whose physical origin is probably the release 
of gravitational energy in the neighborhood of an ex
tremely massive black hole. The theory of the activity 
of galactic nuclei, which is still not clear in all its details, 
will depend decisively on the results from high-energy 
astronomy. 

As mentioned in the introduction to Part II, an impor
tant complement to the radio astronomy of synchrotron 
radiation, which arises from relativistic electrons, has 
been developed since the 1960's in X-ray astronomy, 
and since the 1970's in gamma-ray astronomy. Paral
lel to the rapid progress of astronomy in these "high 
energy" spectral ranges, a turbulent development in in-



frared astronomy has also taken place. In these new 
spectral regions, as well as in the far ultraviolet, obser
vations must necessarily be carried out from rockets and 
space vehicles, or at least from stratospheric balloons. 
The opening of possibilities for observations from space 
has been accompanied since about 1970 by an enormous 
extension of the range of earthbound optical astronomy, 
to fainter and fainter light sources; this has been made 
possible in particular by the development of highly sen
sitive photodetectors, the use of active and adaptive 
optics, and, since the 1990's, by the construction of very 
large telescopes with diameters up to l 0 m. Since 1990 
(or rather, since 1993, following the correction of the 
imaging error in its mirror system), optical and ultravi
olet astronomy has had the benefit of the 2.4 m Hubble 
Space Telescope. It has produced images with excellent 
angular resolution, without disturbances by the Earth's 
atmosphere, of objects ranging from within the Solar 
System out to the most distant galaxies. 

These improvements in astronomical observation 
techniques have led to a great increase in our knowledge 
and to quite new ideas in many areas of astronomy. We 
can describe here only a limited selection of the new 
observations made in recent decades. 

The observations in the ultraviolet and X-ray regions 
have demonstrated the existence within the Milky Way 
Galaxy of hot interstellar gas which extends far out into 
the halo. 

Our view in the optical region into the molecular 
clouds, with their regions of star formation, is for the 
most part blocked by the extinction due to interstellar 
dust, and the central star is often covered by a dust
filled accretion disk. Thus, the important phenomena 
here could be observed only in the infrared and radiofre
quency ranges. Along with inflowing matter, young stars 
often show surprisingly energetic outflows of material 
which is frequently strongly focused into jets. In the 
nearest large region of star formation, the Orion com
plex, the images made by the Hubble telescope show 
a fantastic variety of structures such as disks and ionized 
"tails" around the newly forming stars. 

Also in the infrared and radiofrequency ranges, the 
finer structures and movements in the region of the 
galactic center, with its rich star clusters and the strong 
nonthermal "pointlike" radio source Sagittarius A*, be
come accessible; the latter very probably indicates the 
existence of a black hole of about 106 solar masses. 

In the sky surveys carried out by the IRAS and 
ISO satellites, many infrared galaxies were discovered, 
which emit their radiation almost exclusively in the in
frared range and, since the dust they contain has been 
heated by the radiation from many hot, young stars, also 
must exhibit a particularly high rate of star formation. 
Interactions during near collisions with other galaxies 
are responsible for this phenomenon. 

The galaxies of all types have recently been observed 
with steadily improving resolution and sensitivity in all 
regions of the electromagnetic spectrum. In the ellip
tical galaxies, structures which deviate from rotational 
symmetry were thus discovered; they can be attributed 
to interactions with other systems. On the basis of ob
servations of many other objects, the realization has 
gradually taken root that the galaxies are not isolated 
systems, but rather that they interact with one another, 
and that galactic fusions are widespread occurrences 
within the cosmos. 

The active nuclei of the galaxies, with their com
plex structures and variability, have been the object of 
particular attention. The highest degree of activity has 
been found in the quasars. Based on the numerous ob
servations, there can today be no more doubt that these 
activity phenomena are due to interactions of a mas
sive black hole of 108 or more solar masses with its 
surroundings in the galactic centers, serving as energy 
source. 

Among the strongest extragalactic sources in the X
ray region are the galaxy clusters. Their radiation, dis
covered by the Einstein satellite in 1979, originates from 
extremely hot gases (up to 108 K) in the central regions 
of the dense regular clusters; they were lost by the galax
ies in the course of collisions with each other. The inter
actions between the galaxies within groups and clusters 
influence to a considerable extent their development, 
and thereby the morphological type of the galaxies. 

Optical spectroscopy of the faintest and most distant 
galaxies with sensitive solid-state detectors, beginning 
in the mid-1970's, was able to confirm the organization 
of the galaxy clusters into superclusters, which had ear
lier been postulated on the basis of their distribution on 
the celestial sphere. The unique large-scale structure of 
the cosmos, consisting of connected filaments and disks 
of the superclusters surrounding large empty regions, is 
likely to be a key to theories of the formation of the 
galaxies and galaxy clusters. 



The light of distant galaxies is sometimes deflected 
in its path over cosmological distances by the gravi
tational fields of strong mass concentrations which lie 
closer to the observer. The images from these gravita
tional lenses, e.g. of "twin quasars", give us valuable 
information about the distribution of matter in the 
cosmos. 

In the spectra of the quasars with the largest red shifts, 
one can observe numerous absorption components of 
Lyman a, the resonance line of hydrogen, which are 
shifted from the rest-frame wavelength of/..= 121.6 nm 
into the optical spectral region. These "clouds" of neu
tral hydrogen along the line of sight are in many cases 
proto galaxies. Information about the early phases of the 
galaxies is also offered to us by long exposures using 
the Hubble telescope of regions previously found to be 
completely free of galaxies. We see an impressive vari
ety of faint galaxies, some with unusual shapes which 
no longer occur in present-day systems, and we can thus 
practically "watch" the formation of these most distant 
galaxies. 

At the conclusion of our historical introduction, we 
return to the evolution of the cosmos as a whole. While 
cosmology was dominated in the first half of the 20th 
century by models of the Universe based on Einstein's 
theory of General Relativity and Hubble's discovery 
of the expanding Universe, the observation of the 3 K 
radiation in the microwave region by A. A. Penzias 
and R. W. Wilson in 1965 made it possible to estab
lish physical models of cosmic evolution. Progress in 
elementary-particle physics and the fundamental in
teractions since the 1960's has allowed a physical 
description of the earliest stages of the Universe, with 
their extremely high energies and temperatures. Finally, 

The Advance ;nto the un;ve, .. I IV 
317 

beginning about the year 2000, precise measurements 
of the fluctuations of the 3 K radiation have permitted 
far-reaching conclusions to be drawn about the param
eters and the evolution of the Universe. As a result of 
this progress, a fascinating development in modern cos
mology, which is at present by no means completed, has 
been set in motion. 

The most recent period has brought important new 
knowledge not only "at the frontiers" of the cosmos, but 
also in our immediate neighborhood within the Milky 
Way: the enormous increases in the precision of spec
troscopic methods led M. Mayor and D. Queloz in 1995 
to the discovery of a planet around another star, which 
was based on the tiny fluctuations of its radial velocity. 
In a rapid series of discoveries, there followed numer
ous other planets and candidates for planets, most of 
them with a mass near that of Jupiter. The discovery of 
earthlike planets still lies just beyond the threshold of 
today's observational capabilities. Infrared astronomy 
has also contributed in a major way to understanding 
of the formation of planetary systems through the ob
servation of numerous cold, dust-filled accretion disks 
around stars, which we can consider to be the precursors 
of possible planetary systems. 

The rapid increase in the mass of observational data 
in the past decades, which has accompanied progress in 
the development of observational techniques, appears 
to be by no means at an end. At the beginning of the 
third millenium, we may expect many new insights, both 
concerning the most distant objects in the cosmos and 
also concerning our immediate neighborhood within 
the Milky Way and other planetary systems, especially 
from the new generation of large optical telescopes and 
interferometers. 



9. Star Clusters 

In this chapter, we concern ourselves with concentra
tions of stars whose structure can be recognized in part 

with the naked eye, in part only on suitable telescopic 
images: the globular star clusters, in which the stars ap
pear to be clustered together like the bees in a swarm, 
the less "concentrated" open star clusters, and the stel
lar associations. As we have pointed out in the historical 
introduction to Part IV, investigations of the star clus
ters have contributed in important ways both to our 
knowledge of the structure of our Milky Way Galaxy as 
well as to understanding of stellar structure and evolu
tion, the latter through study of their color- magnitude 

diagrams. 
The classical position catalogues for all of the 

"nebulae", which we recognize today as galaxies on the 

9.1 Open Star Clusters 
and Stellar Associations 

We begin in Sect. 9.1.1 with a brief description of the 
properties of the open star clusters, and treat stellar as
sociations in Sect. 9.1.2. In Sect. 9.1.3, we consider in 
detail the color-magnitude diagrams of the open clus
ters, which we can understand by applying the theory 
of stellar evolution from Chap. 8, and which permit the 
determination of the ages of the star clusters. 

9.1.1 Open (Galactic) Star Clusters 

The open star clusters (Fig. 9.1), whose individual stars 
can be readily resolved, are found in the sky along the 
whole bright band of the Milky Way. Some of them 
have a particularly large number of stars, many hundreds 
(but still many fewer than the globular clusters); others 
are poor in stars and contain only a few dozen. Their 
masses are for the most part in the range of 102 to 
103 M 0 , and their diameters are of the order of 1 to 
10 pc. The concentration of the stars towards the center 
of the clusters, i.e. the compactness of the cluster, is 
quite variable. 

Among the best-known are the Pleiades and the 
Hyades in Taurus and the double cluster h and x Persei. 

one hand, and as galactic and planetary gaseous neb
ulae on the other, are those of Ch. Messier (M), dating 
from 1784, as well as the New General Catalogue (NGC) 
by J. L. E. Dreyer (1890) with its continuation in the Index 
Catalogue (IC) of 1895 and 1910. Along with the classical 
treatise by H. Shapley, "Star Clusters" (1930), we should 
also mention the "Catalogue of Clusters and Associations" 
by G. Alter, J. Ruprecht and V. Vanysek (1970). 

We begin in Sect. 9.1 with a discussion of the open 
or galactic star clusters and the stellar associations, and 
then in Sect. 9.2, we treat the globular (star) clusters. Here, 
the discussion of the clusters as stellar systems occupies 
the foreground; their spatial distribution and their signifi 
cance for the Milky Way and other galaxies will be treated 
in connection with these only in Chaps. 11 and 12. 

Fig. 9.1. The double open star cluster h and x Persei 

In our Milky Way, about 1000 open clusters are known; 
taking the more distant regions of the galaxy and those 
hidden by dark clouds into consideration, the total 
number is estimated to be around 20 000. 

The open star clusters are closely related to the 
loose moving clusters which were already mentioned in 
Sect. 6.2.3, as well as to the OB and the T associations, 
which we shall treat in the following section. 



9.1.2 Stellar Associations 

Associations are relatively loose collections of stars of 
a particular type, such as OB stars or T Tau stars, with 
a lower density than that of the surrounding star field. 
However, the concentration of the stars of the particular 
type is noticeably higher than that of the same type in the 
surroundings. We know of about 100 stellar associations 
in the Milky Way. 

OB Associations, for example Cyg OB2, are loose 
groups of roughly 50 bright 0 and B stars of early 
spectral classes (::; B2) within a region of 40 to 200 pc 
diameter. One can observe an expansional motion of the 
OB stars directed outwards from the center of the as
sociation, from which, by extrapolating their velocities 
backwards, a time of formation of the order of 106 to 
107 yr ago can be derived, comparable to the nuclear 
evolution time of these stars (Table 8.2). 

The OB associations often surround an open star 
cluster, as for example the ~ Per association around the 
double cluster h and X Per. 

T Associations, such as Tau T2, are collections of young 
pre-main-sequence stars (Sect. 10.5.1), in particular of 
the TTauri or RW Aurigae variables (Sect. 7.4.3) and 
other stars (2: G) which are near the lower part of the 
main sequence. They are often found spatially close to 
OB associations. 

The OB and T associations are clearly regions of star 
formation or stellar genesis, whose importance to cos
mogeny, as very young formations, was pointed out in 
1947 by V. A. Ambarzurnian. They occur in close con
junction with luminous nebulae (H II regions), which 
are excited by the ultraviolet radiation of the OB stars, 
and with molecular clouds (Sect. 10.2.3). Presumably, 
all OB stars were formed at some time in associations 
(or in star clusters). 

9.1.3 Color-Magnitude Diagrams and the Age 
of Open Clusters 

Our present concepts ofthe formation, evolution, and fi
nal fate of stars were derived from investigations of the 
color-magnitude diagrams of star clusters. These clus
ters represent groups of stars which are all at the same 

9.1 Open Star Clusters and Stellar Associations 

distance from us. From their magnitudes and colors, 
which can be determined with high precision, subtrac
tion of the common distance modulus and a uniform 
correction for interstellar absorption and reddening 
(Sect. 10.1.2) leads to the (generally used) values of 
the true 

Absolute magnitudes Mv,o and 

Color indices (B - V)o . 

As we have seen, the Hertzsprung-Russell diagram 
is fundamentally equivalent to the color-magnitude di
agram. However, the color indices can still be measured 
even for extremely faint stars, for which classifiable 
spectra can no longer be obtained. 

Observations. The pioneering works of R. Trumpler 
in the 1930's dealing with the Hertzsprung-Russell 
diagrams of open star clusters can be only briefly 
mentioned here. In the following, we turn directly to 
the investigations which were first carried out (us
ing photoelectric magnitude scales) by H. L. Johnson, 
W. W. Morgan, A. R. Sandage, 0. J. Eggen, M. Walker 
and others. For a definitive decision about whether this 
or that star belongs to a particular cluster, one must 
depend on proper motions and possibly radial velocity 
measurements; here, progress has naturally not been so 
rapid. 

In Fig. 9.2, we first show the raw observational data 
for Praesepe and for NGC 188. Figure 9.3 then gives 
a schematic summary of the color-magnitude diagrams, 
Mv 0 vs. (B - V)o, of the open clusters NGC 2362, hand 
x P~rsei, the Pleiades, M 11, NGC 7789, the Hyades, 
NGC 3680, M 67 and NGC 188. The lower parts of the 
main sequence (up to about the "Sun", G2) can be read
ily brought onto one curve. Further up, in contrast, 
the main sequence bends over to the right: earlier, in 
h and x Per, already at the 0 and B stars; or later, in 
Praesepe, near the A stars. Close to the absolute mag
nitude at this bend, the socalled "knee", some red giant 
stars are found to the right, at larger (positive) values of 
(B- V)0. In NGC 188, M 67 ... , the transition from the 
main sequence to the red-giant branch is continuous. 

Theoretical Elucidation. We now turn to a compari
son of the observations with the results of the theory 
of stellar evolution. In Fig. 8.7a, the initial evolution
ary paths of Population I stars of different masses are 
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Fig. 9.2. (a) The color-magnitude diagram of Praesepe (after 
H. L. Johnson, 1952). The apparent magnitudes V are plot
ted against (B-V); the module of distance is (6.2 ± 0.1) mag. 
The stars at about 1 mag above the main sequence are most 
probably binary systems. The cosmic variation of the mag
nitudes along the main sequence is ± 0.03 mag. (b) The 
color-magnitude diagram of NGC 188, one of the oldest open 
star clusters (after 0 . J. Eggen and A. R. Sandage, 1969): un-

shown in a theoretical color-magnitude diagram, with 
the luminosity L or the absolute bolometric magnitude 
Mv,o plotted against the effective temperature Teff; for 
5 .M0 , the evolutionary phases (A to E) are taken from 
Fig. 8.6. 

We first summarize here the most important features 
of nuclear evolution from Sect. 8.2: 

The still homogeneous young stars are ordered in the 
color-magnitude diagram on the initial main sequence. 
In their interiors, they form a hydrogen fusion zone, in 
which energy release takes place at higher central tem
peratures (larger masses) through the CNO cycle, and at 
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corrected observational data for the apparent magnitudes V 
and the color indices (B-V). From the two-color diagram 
(Fig. 6.12) and the position of the main sequence, the interstel
lar reddening, extinction, and the true distance modulus, (m -
M)o = 10.85 mag, can be computed. • and o represent newer 
and older data, respectively; /::;. are "blue stragglers" which 
were formed by the evolution of close binary star systems. 
®are four eclipsing binary systems (each plotted as one star) 

lower central temperatures (lower masses) through the 
pp process. These stars remain near the main sequence 
until they have consumed about 10% of their hydrogen, 
i.e. during a time period of the order of lE (8.45). Then 
their evolution leads within much shorter times first 
to the right and upwards into the region or red giants, 
where helium fusion begins. The evolutionary phases 
which follow helium burning are passed through more 
rapidly and can practically no longer be followed in the 
color-magnitude diagram. 

The zero-age main sequence for the stars of Popula
tion I (Table 9.1) is defined by the envelope of all the 
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Fig. 9.3. The color-magnitude diagrams of open star clusters 
(after A. R. Sandage and 0. J. Eggen, 1969; A. R. Sandage, 
1957). The absolute magnitudes Mv,o corrected for interstel
lar absorption and reddening are plotted against the color 
indices (B- V)o. The bending of the main sequence to the 
right ("knee") reveals the age of the star cluster. While the 
youngest clusters, NGC 2362 and h and x Persei, are only 
a few million years old, the oldest cluster, NGC 188, has an 
age of about 6 · 109 yr. The Sun itself is still on the (nearly) 
"unevolved" main sequence 

color-magnitude diagrams of the open star clusters in 
Fig. 9.3. In the upper part, it lies a bit below the main 
sequence of luminosity class V (Fig. 6.11 ), and merges 
with the main sequence for the G stars. 

The position of the zero-age main sequence in 
the theoretical color-magnitude diagram (Figs. 8.7b 
and 9.4) is determined by the chemical composition 
of the stars. The curve for Population I stars with a nor
mal (solar) element mixture is given by a mass ratio 
of hydrogen X to helium Y to heavier elements Z of 
0.73: 0.25: 0.02 (8.46). This corresponds to a helium 
abundance (relative numbers of atoms) ofHe/H = 0.09. 

9.1 Open Star Clusters and Stellar Associations 

Table 9.1. The Zero-Age Main Sequence (ZAMS) of Popula
tion I, after T. Schmidt-Kaler (1982). (B- V) and Mv are in 
[mag] 

8-V Mv B-V Mv B-V Mv 

-0.30 - 3.3 +0.30 +2.8 +1.00 +6.7 
-0.20 -1.1 +0.40 +3.4 + 1.20 +7.5 
-0.10 +0.6 +0.50 +4. 1 + 1.40 +8.8 

0.00 + 1.5 +0.60 +4.7 +1.60 + 12.0 
+0.10 +1.9 +0.70 +5.2 +1.80 +14.2 
+ 0.20 +2.4 +0.80 +5.8 +2.00 + 16.7 

Using the evolution times which correspond to the 
evolutionary paths shown in Fig. 8.7a, we can draw 
curves in the color-magnitude diagram onto which 
a group of stars which started on the initial main se
quence at time t = 0 will arrive at time t. These curves 
are termed isochrones (Fig. 8.7b) and allow us to in
terpret the color-magnitude diagrams of the open star 
clusters (Fig. 9.3) as an age sequence, thereby refining 
our previous age estimates (tE). 
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Fig. 9.4. The zero-age main sequence in the theo
retical color-magnitude diagram for various chemical 
compositions, after P.M. Hejlesen (1980). a: (X, Y, Z) = 
(0.70, 0.27, 0.03), characteristic curve for Population I; the 
adjacent dotted curves differ by LlZ = ±0.01 from the 
main curve; b: (0.70, 0.29, 0.01); c: (0.70, 0.296, 0.004); 
d : (0.70, 0.30, 0.0004), corresponding to Jog E::::::: -1.9. This 
is typical of extremely metal-poor halo stars. Curves of con
stant mass for 1.5, 1.0 and 0.7 .M.0 are also drawn. The 
helium-rich mixture (0.60, 0.38 , 0.02) yields a zero-age main 
sequence which is practically identical to the metal-poor 
sequence b 
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The star cluster h and x Persei with its extremely 
bright blue supergiants, which burn their hydrogen 
wastefully, is a very young cluster. The knee at 
Mv = -6 mag indicates an age of a few million years. 
The few red supergiants to the right of the upper end 
of the main sequence are separated from the others by 
the Hertzsprung gap which has long been known em
pirically; it continues down to about the FO III stars, 
becoming narrower. This can be explained by the fact 
that e.g. in Fig. 8.7a, for a star of mass 5 .M0 , the 
path CD takes only 3 · 106 yr, compared to 2 · 107 yr 
for the following red-giant stage or 6 · 107 yr for the 
hydrogen-burning time on the main sequence. 

The color-magnitude diagrams e.g. of the Pleiades, 
... Praesepe, ... up to NGC 188, whose main sequences 
bend further and further "down" towards the giant 
branch, indicate an increasing age. Without doubt there 
are no diagrams which bend much further down than 
thatofNGC 188, i.e. for the open clusters, there is a max
imum age, of about 6 · 109, perhaps up to 10 · 109 yr. 
(The absolute age values are unfortunately accurate only 
up to a few 109 yr.) 

Blue Stragglers. A special group is formed by those -
for the most part normal- stars in a cluster which lie on 
the main sequence in the color-magnitude diagram to 
the left and above the bend (Fig. 9.2b), and thus appear 
to be younger than the remaining members of the cluster. 
These blue stragglers can be observed not only in open 
star clusters, but also in globular clusters (Sect. 9.2.3) 
and in associations. They can probably be explained as 
members of close binary systems (Sect. 8.2.6), where 
their "clock" for hydrogen fusion has been "set back" 
due to a mass flow from the primary component of the 
system during their evolution. 

Field Stars. The well-known color-magnitude diagram 
of the field stars in our neighborhood can be interpreted 
as that of a mixture of stars from many associations and 
open clusters which have drifted apart with time. The 
calculated evolution times make it immediately clear 
why the main sequence closely parallels the initial main 
sequence. The concentration of yellow and red giant 
stars in the giant branch can be explained by the fact that 
in this region, the evolutionary curves of the more mas
sive and brighter stars run together from left to right, and 
those of the less massive and fainter stars from the lower 

part of the main sequence to the upper right, as if they 
were entering a funnel. (Fig. 8.7a). The giant stars in 
our neighborhood can thus not be treated as a homoge
neous group, especially with respect to their masses. 

9.2 Globular Clusters 

In Sect. 9.2.1, we first give an overview of the properties 
of the globular clusters within our Milky Way Galaxy. 
Before we turn in Sect. 9.2.3 to their color-magnitude 
diagrams, their theoretical explanations, and the result
ing age determinations, we give a preparatory discussion 
in Sect. 9.2.2 of the influence of metal abundances on 
the two-color diagrams of the star clusters. Finally, in 
Sect. 9.2.4, we introduce the "blue globlular clusters" 
in other galaxies; these have not been observed in our 
own Milky Way. 

9.2.1 Globular Clusters in the Milky Way 

About 150 globular star clusters are known in our Milky 
Way. The two brightest, w Centauri and 47 Tucanae, are 
visible from the southern hemisphere. In the northern 
sky, M 13 = NGC 6205 in Hercules (Fig. 9.5) can still 
be seen with the naked eye; its brightest stars are of 
about 13.5 mag. The globular clusters show a strong 
concentration in the sky in the direction of Scorpius and 
Sagittarius. Images made with large telescopes resolve 
more than 50 000 stars in the brighter globular clusters, 
whereby - from the ground - the individual stars in the 
centers of the clusters cannot be separated. The Hubble 
Space Telescope was first able to resolve the stars in the 
centers of the globular clusters (Fig. 9.6). 

A typical globular cluster contains within a region of 
40 pc diameter several hundred thousand stars, so that 
the average density of stars is around ten times greater 
than in the open star clusters. Towards the center of the 
cluster, the star density increases so strongly that the 
night sky there would be rather bright! The absolute vi
sual magnitude of an average globular cluster is around 
-7.3 mag. Their total masses can be estimated from 
the scatter in the radial velocities of the stars, using 
well-known methods from the kinetic theory of gases; 
the resulting values are several105 .M0 . 

The globular clusters exhibit clear individual differ
ences: their masses extend over a range from only 103 up 



Fig. 9.5. The globular cluster M l3 = NGC 205 in the 
constellation Hercules. Distance 6.4 kpc 

to several106 M 0 , their diameters cover the range from 
20 to 150 pc, and their absolute visual magnitudes lie 
between Mv = - 1. 7 mag and (for w Cen) - 10.1 mag. 

In about 20% of the clusters, we find in the cen
ter an enormously steep increase of the star density, 
which, as shown by N -body simulations, develops in 
the course of time through gravitational interactions of 
the stars. Globular clusters furthermore contain a high 
proportion of binary stars, which can be observed 
in part as X-ray sources, such as the X-ray burster 
MXB 17,30-335 (Sect. 7.4.6), and also as millisecond 
pulsars (Sect. 7.4.7). 

We cannot treat here the dynamic evolution of the 
globular clusters as a result of the mutual interactions 
of their stars and with the other stars in their mother 
galaxies. 

9.2.2 Metal Abundances and Two-Color Diagrams 

Spectroscopic analyses (Sect. 7.2.7) show that in the 
stars of the halo population (both field stars and those in 
globular clusters), the abundances of all the heavier el
ements (of nuclear charge Z > 6; usually referred to as 
"metals" M) relative to hydrogen are reduced in com-

9.2 Globular Clusters 

Fig. 9.6. The globular cluster M 15 = NGC 7078 at a dis
tance of 11.5 kpc: an image of the central region, 911 • 911 or 
0.5 pc · 0.5 pc, taken by P. Guhathakurta et al. in 1996 with 
the Wide Field Planetary Camera 2 of the Hubble Space Tele
scope. In this dense cluster, within a distance of 2' (6.7 pc) 
from the center, 30 000 stars can be resolved; the star den
sity increases towards the center at least to within a distance 
of 0.3". (© Association of Universities for Research in 
Astronomy AURNSpace Telescope Science Institute STSci) 

parison to the Sun by factors up to ~ 103, although the 
abundance ratios of the heavier elements among them
selves are more or less the same as in the Sun, except for 
a few elements such as 0, Mg and some others. Helium 
(Z = 2) is in general not reduced like the metals; both 
in Population I and in Population II stars, we find essen
tially the original atomic ratio of helium to hydrogen, re
sulting from the Big Bang, of about 1/10 (Sect. 13.2.4). 

For many purposes it is sufficient to employ the metal 
abundance c(M), where we relate the abundances of the 
heavier elements M according to their particle density 
n to that of hydrogen and compare the resulting val
ues with the solar ones (7.67) . We use the abbreviation 
(cf. (7.68)) 

(n(M)fn(H)) 
[M/H] = logc(M) =log * (9.1) 

(n(M)/n(H)) 0 



If the metal abundance is quoted as a mass ratio, then 
usually the notation Z/X is used, cf. (8.46). 

Since detailed spectroscopic analyses can, for prac
tical reasons, be carried out only for relatively few, 
usually brighter objects, it is important to be able 
to determine the metal abundances of the stars at 
least globally by referring to the two-color diagram. 
In the cooler metal-poor halo stars, in compar
ison to normal metal-rich stars, the metal lines, 
which are crowded increasingly closely together to
wards the short-wavelength end of the spectrum, 
are so much weaker that the color index (U- B) 
is rather strongly shifted to smaller values, while 
the index (B - V) is only slightly shifted. Because 
of the large number of iron lines in the optical 
spectra of cooler stars, the photometrically derived 
metal abundance is practically equal to that of iron, 
[M/H] ::::: [FejH]. 

In the two-color diagram (Fig. 6.12), the curve 
derived from normal stars is shifted by this ef
fect upwards in the region of (B - V) 2:: 0.35 mag by 
at most (i.e. for extremely metal-poor stars) 8(U
B) ::::: 0.25 mag; cf. the two-color diagram of the ex
tremely metal-poor globular cluster M92 in Fig. 9.7. 
This of course has to be taken into consideration in de
termining the interstellar reddening from the two-color 
diagram. 

The UV excess 8(V- B), which is more precisely 
defined as the difference in (U- B) compared to main
sequence stars of the Hyades with the same (B - V) 
values, also gives a measure of the metal abundances 
of fainter stars. Still more precise results are ob
tained from narrow-band photometry by the method of 
B. Stromgren, which is however limited to somewhat 
brighter stars. 

Applying the theory of stellar atmospheres, a cal
ibration of the dependence of 8(U- B) and other 
corresponding indices [M/H] on the metal abundance 
can be carried out for various effective temperatures and 
surface gravities of the stars. 

9.2.3 Color-Magnitude Diagrams and the Ages 
of the Globular Clusters 

The structure of the color-magnitude diagrams of the 
globular clusters remained unclear until in 1952, un-

der the leadership of W. Baade, a group of young 
astronomers at the Mt. Wilson and Mt. Palomar observa
tories, including A. R. Sandage, H. C. Arp, W. A. Baum 
and others, took up the task of determining their main 
sequence, for favorable objects in the range from 19 to 
21 mag. Only as a result of this work has it been possible 
to make comparisons with the stars in our neighborhood 
and with the open star clusters. 

Observed Diagrams. Figure 9. 7 shows, as an example, 
the color-magnitude diagram of M 92, and in Fig. 9.8 
we show a composite diagram of some globular clus
ters which were investigated with great precision by 
A. Sandage and his coworkers. Making use of a careful 
determination of the distance modulus and the interstel
lar reddening (Sect. 10.1.2), the data have been reduced 
to absolute magnitudes Mv,o and true color indices 
(B- V)o. 

The main sequence extends from the faintest (then) 
observable stars up to the "knee" and is continued 
upwards by the subgiants B and then the red giant 
branch A. From the tip of this sequence, at somewhat 
smaller values of (B - V) or effective temperatures, 
the asymptotic giant branch C leads down and to 
the left; the horizontal branch D continues up to the 
B stars of absolute magnitudes Mv ::::: +2 mag. Em
bedded in the horizontal branch is the well-defined 
"gap" of the pulsating cluster variables or RR Lyrae 
stars (Sect. 7.4.1). 

Through the development of sensitive solid-state 
detectors (CCD's) and the use of the Hubble Space 
Telescope, in recent years not only have the centers 
of the globular clusters been resolved into their in
dividual stars, but also their main sequences in the 
color-magnitude diagram have been measured down 
to considerably fainter magnitudes. 

The shape of the main-sequence curve and the se
quence of subgiants and giants is similar for all the 
globular clusters; however, they differ markedly - cor
responding to their metal abundances - in terms of their 
positions in the color-magnitude diagram. Noticeable 
differences, also caused by differing metal abundances, 
also exist in the occupation of the horizontal branch 
among different globular clusters. Thus, in M 92 and 
other metal-poor clusters, the red part of the horizon
tal branch to the right of the region of the variables is 
missing. 
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Fig. 9.7. The color-magnitude diagram of the globular cluster 
M 92, after A. R. Sandage (1970). The apparent magnitudes V 
are plotted against the color indices (B- V) without the (very 
small) corrections for interstellar absorption and reddening. 
A: giant branch; B: subgiant branch; C: asymptotic giant 
branch; D: blue horizontal branch; MS: main sequence. The 
cluster variables occur in the gap in the horizontal branch 
at V = 15 mag. The apparent visible modulus of distance is 
m- M = 14.4 mag. The two-color diagram is also shown 
below. The heavy curve indicates the two-color diagram of 
the Hyades; the curve at the right shows its increase for the 
extremely metal-poor stars 

0 +0.4 +0.8 +1.2 +1.6 
(B - VJo [mag] 

Fig. 9.8. Color-magnitude diagrams for the three globular 
clusters M 92, M 3, and 47 Tuc, and the old open cluster, 
NGC 188. The absolute magnitudes Mv,o, corrected for in
terstellar extinction, are plotted against the true color indices 
(B- V)o; also, the metal abundance [Fe/H] and the true dis
tance modulus, (m- M)o, are given for each object. Although 
the globular clusters are considerably older (about 12 · 109 yr) 
than NCO 188 (about 6 · 109 yr), their giant branches lie to 
the left of the giant branch of the metal-richer open star 
cluster; this results from the different metal abundances. 
From A. Sandage, Astrophys. J. 252, 574 (1982). (Reprinted 
courtesy of the University of Chicago Press; (c) 1982, The 
American Astronomical Society) 

Theoretical Elucidation. We now tum to the explana
tion of the color-magnitude diagrams of the globular 
clusters (Figs. 9.7 and 9.8), which were in fact the 
starting point for the modem theory of stellar evolution. 

The zero-age main sequence of the metal-poor halo 
stars, also denoted as subdwarfs (sd), is below that of 
Population I for the same helium abundance (Fig. 9.4). 
Since the metals make the main contribution to the 
absorption coefficient K at the cooler end of the se
quence, the luminosity L increases for a given mass 
.M when the metal abundance Z decreases (and thus K 
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also decreases), following the mass-luminosity relation 
Lex .M3 jK (8.43). Since, however, from the equations 
governing stellar structure (whose details we omit here), 
the effective temperature Teff also increases with de
creasing K, the overall result is a metal-poor main 
sequence which lies below the normal main sequence, 
but approximately parallel to it. The mass scales along 
the sequences are relatively displaced, so that for ex
ample, a Population I star with a mass of 1 .M0 has the 
same effective temperature as an extremely metal-poor 
halo star of about 0. 7 .M0 . A change in the helium abun
dance would also lead to a parallel shift of the initial 
main sequence, in the opposite sense to that produced 
by a change in metal abundance. 

From the theory of stellar structure, we can thus 
understand the different main sequences in the color
magnitude diagrams of the globular clusters (and also 
the open clusters) with their different metal abun
dances. For a quantitative calibration of the sequences, 
the dependence of the color indices on metal con
tent (Sect. 9.2.2) must be taken into account in going 
from a theoretical color-magnitude diagram to an 
(Mv, B- V) diagram. 

In the region of the "knee", the color-magnitude di
agrams of the globular clusters are to a great extent 
similar to those of the older open star clusters; the dif
ference is that their giant branch is steeper. This results 
from the lower metal abundances in the globular clus
ters, as shown by calculations of stellar evolution. The 
spectra of the red giants reveal that they have for the 
most part metal abundances in the range [M/H] :::::: -1 
to - 2; some clusters have however nearly solar element 
abundances. As a result of lower metal abundances, the 
opacity and energy production are radically changed. 

As we saw in Sect. 8.2.3, the end of the evolutionary 
path at the point of the first giant branch is ascribed to 
the sudden ignition of central helium burning (helium 
flash). After the helium flash, and following a consider
able mass loss in the red-giant stage, the metal-poor 
stars of Population II occupy the horizontal branch. 
They produce their energy through central helium burn
ing and hydrogen shell burning; their masses at the 
blue end of the horizontal branch are around 0.5 .M0 , 

and at the red end, they are about 0.9 .M0 . In Popu
lation I with normal metal abundance, the horizontal 
branch corresponds to a not very noticeable clump of 
stars in the color-magnitude diagram close to the gi-

ant branch near 102 L0 (Fig. 8.8). From the horizontal 
branch, the stars finally move up along the asymptotic 
giant branch, where their energy is produced by he
lium and hydrogen burning in separate shell-shaped 
combustion zones. 

Ages. From the bend in the color-magnitude diagrams, 
which like that of NGC 188 occur at Mv :::::: +4 mag, we 
can (using model calculations) determine the ages of the 
globular clusters with an uncertainty of several 109 yr. 
The relative ages, however, should be accurate to within 
1 to 2 ·109 yr. It is found that the majority of globular 
clusters have an age of about (10-12) x 109 yr and thus 
are among the oldest objects in our galaxy. There are 
several globular clusters which are noticeably younger 
than the majority (around 3 to 4 ·109 yr). 

The previously often quoted age of sometimes over 
15 · 109 a, which would contradict the age of the Uni
verse, is explained by the fact that the distance of the 
globular clusters was underestimated. 

Blue Stragglers. As in the open star clusters (Sect. 
9.1.3), we find also in the globular clusters, especially 
in their centers where the star densities are relatively 
high, blue stars on the main sequence above the bend 
which are "too young". Such "stragglers", of which 
e.g. in 47 Tuc around 20 were discovered using the high 
angular resolution of the Hubble Space Telescope, could 
have been formed in binary star systems or also by the 
fusion of two stars following a collision. 

9.2.4 Globular Clusters in other Galaxies 

Aside from the clusters which we know within our 
Milky Way galaxy, we also find globular star clusters in 
other galaxies which do not correspond to any observed 
in the Milky Way. 

It has long been known that in our neighboring irreg
ular galaxies, the Large and Small Magellanic Clouds 
(Sect. 12.1.2), there are star clusters whose masses and 
compact structures are to be sure quite similar to those 
of globular clusters in our own galaxy, but whose light 
is dominated by young, blue (metal-poor) stars and not, 
as in the Milky Way, by red giant stars. The brightest 
cluster in the Large Magellanic Cloud is the Blue Glob
ular Cluster NGC 1866 with a mass of about lOS .M0 



and an age of only around 108 yr. In addition, in these 
galaxies there are also old globular clusters similar to 
those in our Milky Way, to be sure only a very few. 

Numerous blue globular clusters have also been 
discovered in recent years with the Hubble Space Tele
scope in elliptical galaxies and in interacting galaxies 
(Sects. 12.1.2 and 12.5.3). For example, the giant ellip
tical galaxy M 87 is surrounded by a system of roughly 

100 000 bright blue globular clusters, which, due to 
their great distance, cannot be resolved into individual 
stars. 

We thus should not generalize the observations made 
within our Milky Way galaxy that the globular clus
ters are among the oldest objects; instead, we must ask 
which conditions in our galaxy led to the result that it 
contains no younger globular clusters. 
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The matter which is finely distributed between the stars 

of the Milky Way at first came to the attention of 

astronomers in the form of dark clouds, which weaken 

and redden the light of those stars which are behind 

them, due to absorption and scattering. But it was only 

in 1930 that R.J. Trumpler was able to show that even 

outside the recognizable dark clouds, interstellar extinc

tion and reddening are by no means negligible in the 

photometric determination of distances of a few hun

dred parsec throughout the Milky Way Galaxy. Already 

in 1922, E. Hubble had recognized that the galactic (dif

fuse) reflection nebulae (like the one which surrounds the 

Pleiades, for example) are due to scattering of the light 

from relatively cool stars in cosmic dust clouds, while in 

the galactic (diffuse) emission nebulae, interstellar gas is 

excited by the radiation from hot stars and therefore emits 

line spectra. Following his observations, the investigation 

of the interstellar gas quickly gained momentum in the 

years 1926/27. The "stationary" Ca II lines had already 

been discovered in 1904 by J. Hartmann; they occur in the 

spectra of binary stars but do not show Doppler shifts cor

responding to the orbital motion. Only in 1926 was an 

explanation developed, theoretically by A. S. Eddington, 

and based on observations by 0 . Struve, J. S. Plaskett, and 

others: the interstellar Ca II, Na 1, ... lines are produced in 

a gas layer which is partially ionized by the stellar radia

tion. This gas layer fills the entire disk of the Milky Way 

and participates in its rotation. About the same time, in 

1927, I. S. Bowen succeeded in making the long-sought 

identification of the "nebulium lines" in the spectra of 

gaseous nebulae, finding that they are due to forbid

den transitions in the spectra of [0 II], [0 Ill], [N II], ... ; 

and H. Zanstra developed the theory of nebular lumines

cence. Only about ten years later was it recognized that 

in the interstellar gas, as in stellar atmospheres, hydro

gen is the strongly predominant constituent. 0. Struve 

and his coworkers discovered with the aid of their neb

ula spectrograph, which had great light-gathering power, 

that many 0 and B stars are surrounded by well-defined 

regions which fluoresce in the red hydrogen recombina

tion line, Ha. Here, the interstellar hydrogen must thus be 

ionized. The theory of these H II regions was formulated 

in 1938 by B. Stromgren. 

Neutral hydrogen (one speaks of HI regions) at first 

seemed not to be directly observable, until in 1944, 
H. C. van de Hulst calculated that the transition between 

the two hyperfine levels of its ground state must lead 

to a radiofrequency emission of measurable intensity at 

A= 21 em. This line was first observed in 1951, almost 

simultaneously at the Harvard Institute, in Leiden, and 

in Sydney, and led to completely new insights into the 

structure and dynamics of interstellar hydrogen and thus 

of the galaxies. Thanks to progress in amplifier technol

ogy in the mm to dm range, numerous other lines in the 

radiofrequency region have been detected, for example 

transitions between energy states with very large quan

tum numbers in hydrogen and helium atoms, lines of the 

OH radical at A= 18 em with unusual intensities produced 

by the maser amplification principle, and the rotational 

transition of the abundant CO molecule at A= 2.6 mm. 

The surprising discovery of the first polyatomic 
molecule, NH3, in interstellar space by C. H. Townes and 

coworkers in 1968 has been followed by the detection of 

over a hundred species of di- and polyatomic molecules 

up to the present. 

Progress in radio and infrared astronomy has allowed 

the recognition that large, dense molecular clouds are, in 

fact, the locations of star formation. The luminous neb

ulae, very noticeable in the optical region, appear in the 

border areas of these molecular clouds in connection with 

the formation of OB stars. 

At the other end of the spectrum, observations from 

satellites in the ultraviolet and X-ray regions show the ex

istence of very hot interstellar gases {104 to 106 K). The 

most abundant interstellar molecule, H2, could be ob

served withtheaidofitsemission bands near A~ 100 nm. 

Finally, using the tools of gamma-ray astronomy, the in

teraction of cosmic radiation with the interstellar gas in 

the Milky Way has been investigated. This cosmic radia
tion itself consists for the most part of highly energetic 

protons (and some heavier atomic nuclei); it was discov

ered in 1912 by V. Hess on the basis of its ionizing effect 

in the Earth's upper atmosphere. 

In this chapter, we discuss the results of observations 

and the properties of the various components of the 

interstellar medium in our Milky Way galaxy in sequence, 



beginning in Sect.lO.l with the dust and continuing 
in Sect.10.2 with neutral gas, which contains hydrogen 
in atomic or molecular form and which is concentrated 
in the HI clouds and molecular clouds with a varying 
density, mixed with dust. In Sect.l0.3, we then take 
up the ionized gas component, which appears in the 
main as luminous nebulae, and in Sect.10.4 we treat 
the magnetic fields, the high-energy particles, and the 

Fig.lO.l. The southern Milky Way in the region of the con
stellations Centaurus and Crux; this picture was taken by 
C. Madsen, European Southern Observatory (ESO). At the 
far right is the Southern Cross, and to its left the "Coal Sack", 
a dark cloud which is relatively near to us, with an angular 
size of 5° · go at a distance of 170 pc. The bright star to the 

10. Interstellar Matter and Star Formation 

gamma radiation in the Milky Way. The distribution of 
all these components within the galaxy and their sig
nificance for its structure and evolution will be treated 
in the following Chap.ll. We conclude this chapter in 
Sect.lO.S with the process of star formation, which is 
closely connected with the physics of the interstellar 
medium and with the early evolutionary phases of the 
stars. 

right near the Coal Sack is a Cru; the two bright stars in the 
left half of the picture are a Cen (left) and f3 Cen. The galactic 
equator is a horizontal line near the center of the picture, pass
ing somewhat to the north of a Cen and a Cru, and through 
the center of the Coal Sack. (With the kind permission of the 
European Southern Observatory) 
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10. Interstellar Matter and Star Formation 

10.1 Interstellar Dust 

The interstellar dust makes itself known on the one hand 
through the readily-seen dark clouds (Sect. 10.1.1 ), and 
on the other through the "general" extinction and red
dening which it causes (Sect. 10.1.2), along with the 
polarization (Sect. 1 0.1.3) of starlight. In Sect. 10.1.4, 
we derive the properties of the dust particles, such as 
their sizes, compositions, and mean density within the 
Milky Way, and discuss the thermal radiation which 
they emit in the infrared. The diffuse absorption bands 
in the spectra of distant stars (Sect. 10.1.5) are in part 
also due to the interstellar dust. 

10.1.1 Dark Clouds 

Even with the unaided eye, we can see dark clouds 
against the background of the bright starfields, es
pecially in the southern Milky Way, such as the 
well-known "Coal Sack" in the Southern Cross (Crux; 
Fig. 10.1) or the dark cloud in Ophiuchus. E. E. Barnard, 
F. Ross, M. Wolf and others made early on quite beau
tiful photographs with relatively small cameras of high 
light-gathering power. 

There is a strong concentration of dark clouds to
wards the plane of the Milky Way. The well-known 
"division of the Milky Way" is clearly caused by a long, 
extended dark cloud. Pictures of distant galaxies give an 
even clearer image of the relationship between these 
dark nebulae and the spiral arms. M. Wolf was the 
first to estimate the distances to some dark nebulae 
using the diagram which bears his name: the number 
of stars A(m) in the magnitude range from m- 1/2 
to m + 1/2 per square degree is counted in the re
gion of the dark cloud and in one or more comparison 
fields. If all stars had the same absolute magnitude M, 
a dark cloud in the distance range r, to rz or with 
the reduced (i.e. "absorption-free") distance modulus 
m 1 - M to m2 - M (6.32) would produce an extinc
tion of .1m magnitudes and reduce the number of 
stars A (m) in a manner readily seen from the schematic 
drawing in Fig. 10.2. Because of the scatter in the 
absolute magnitudes which is in reality present, the 
precision of the method is not very great, but it is 
sufficient to show that many of the noticeable dark 
clouds are no more than a few hundred parsecs from 
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Fig.l0.2. A Wolf diagram for determining the distance to 
galactic dark clouds. The number A(m) of stars per square 
degree in the magnitude interval m - 1 /2 to m + 1 /2 is plotted 
as a function of m. The front and rear limits of the cloud 
correspond to the mean stellar magnitudes m, and m2; their 
extinction is equal to Llm magnitudes 

us. Probably even the large complexes in Taurus and 
Ophiuchus are connected together past the direction 
of the Sun. 

Bright, diffuse nebulae with continuous spectra, the 
reflection nebulae, such as for example the one sur
rounding the Pleiades, occur where a dust cloud is 
illuminated by bright stars having temperatures below 
30 000 K. Often, the transition from a dark to a bright 
nebula can be seen directly in photographs. 

Both in our Milky Way Galaxy and in more distant 
galaxies, the form of the dark clouds gives the impres
sion that structures of only a few parsecs in cross-section 
are stretched out to a length of a hundred and more 
parsecs. 

10.1.2 Interstellar Extinction and Reddening 

Although the extinction of starlight in the extended and 
often not sharply bounded regions of the dark nebu
lae can readily be detected, it was only in 1930 that 
the idea of a general interstellar extinction (and red
dening) became accepted; it plays a decisive role in the 
photometric determination of larger distances. 

If a star of absolute magnitude M is located at a dis
tance r [pc], without interstellar extinction its apparent 
magnitude m would be given by (6.32) in terms of the 



true distance modulus, as we now more precisely term 
it: 

(m- M>o =Slog r [pc]- S [mag], (10.1) 

which is thus simply a measure of its distance. If, 
however, the starlight is subject to an extinction of 
y [magpc- 1] on its way from the star, so that overall 
A= yr [mag], then we obtain, as the difference be
tween the actually measured apparent magnitude and 
the absolute magnitude, the apparent distance modulus 
(6.34): 

m- M =Slog r [pc]- S + yr [mag]. (10.2) 

In Fig. 10.3, we have plotted the relation between 
m- M and r, on the one hand, and between (m- M>o 
and r on the other, for y = 0 (no extinction) and for 
varying degrees of extinction y. It is evident that at ex
tinctions of l to 2 mag kpc- 1, our view out to distances 
of more than a few thousand parsecs is practically cut 
off. 

The contribution y to the mean interstellar extinction 
in the plane of the Milky Way was first estimated quan
titatively in 1930 by R. Trumpler using a comparison 
of the angular diameters and the magnitudes of open 
star clusters of similar structure as functions of their 
distances. He was able to find an elementary relation 
between geometric and photometric distance determina
tions. Trumpler's discovery that the extinction is always 
accompanied by a reddening of the starlight is equally 
important. 

On the average, one can expect a (visual) extinction 
within the plane of the Milky Way but outside the di
rectly recognizable dark clouds of y:::: 0.3 mag kpc- 1; 

if we do not exclude dark clouds, this value rises to 1 to 
2magkpc- 1. 

The interstellar reddening is described in the frame
work of spectrophotometry by the color excesses: 

Ex- Y =(X- Y)- (X- Y)o (10.3) 

which indicate the increase of a color index (X - Y) 
(6.24) relative to its extinction-free value (X andY are 
the measured magnitudes in two wavelength regions for 
some color index system). 

Spectrophotometric measurements have shown that 
in the optical region, the dependence of the interstellar 
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Fig.10.3. The relationship between the apparent distance 
modulus m- M and the distance r [pc] of stars without in
terstellar extinction (y = 0), and with interstellar extinctions, 
taken to be uniform, of y = 0.5, 1 and 2 mag kpc- 1 

extinction A(A) on the wavelength A is given to a good 
approximation by a proportionality to 1/A. From this 
relation, as well as from the photometry of objects of 
known color, we obtain as an average relation between, 
for example, the decrease of visual magnitude, A v, and 
the color excess Es-v: 

Av = (3.1 ±0.1) Es-v. (10.4) 

With knowledge of the dependence of the interstellar 
extinction, reddening independent indices can be em
pirically defined, as for example for the UBV system of 
S. van den Bergh 

Q = (U -B) -0.72 (B- V) (lO.S) 

with a corresponding index Llm 1 for narrow-band 
photometry by Stromgren's method. 

The dependence of A~.. on wavelength over a large 
range of A is shown in Fig. 10.4. While the interstellar 
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Fig.10.4. The curve of average interstellar extinctio~, ~--· 
after B. D. Savage and J. S. Mathis (1979). The normalizatiOn 
in the visible range is given by Av = 3.1 EB-v , see (10.4) 

extinction is not strong in the infrared (and in the ra
diofrequency regions), it increases through the optical 
region and on going into the far ultraviolet. We shall 
deal with the noticeable broad maximum near 220 nm 
in Sect. 10.1.5. 

Since the color excesses, e.g. for the color indices 
(U- B) and (B- V), are proportional to one another 
(ex 1/A.eff), the interstellar reddening displaces a star in 
the two-color diagram (Fig. 6.12) along a straight inter
stellar reddening line, whose direction is indicated in 
the figure. If, for example, we know of a star that it be
longs to the main sequence, we can extrapolate from 
the measured color indices (U- B) and (B- V) along 
an interstellar-reddening line of the slope indicated to
wards the "main-sequence line" and read off the two 
color excesses and the unshifted color indices. From the 
color excess E B-v, according to ( 10.4) we immediately 
obtain the magnitude of the (visual) interstellar extinc
tion. This technique, which can of course be modified 
in several ways, is one of the most important methods 
of stellar astronomy. 

10.1.3 Polarization of Starlight by Interstellar Dust 

In 1949, W. A. Hiltner and J. S. Hall made the startling 
observation that the light of distant stars is partially 
linearly polarized and that the degree of polariza-

tion increases roughly proportionally to the interstellar 
reddening EB-V or the interstellar extinction Av. 
The electric vector of the light waves (perpendicu
lar to the conventional plane of polarization) oscillates 
preferentially parallel to the galactic plane. 

If we denote the intensity of the light oscillating par
allel to the plane of polarization by In and that oscillating 
perpendicular to it by h, then the degree of polarization 
is defined as: 

In-h 
P=--

In+h 
(10.6) 

The polarization is often quoted in terms of magnitudes, 

In 
..1mp = 2.5log h oder 

..1mp::::::: 2.17P for P « 1. (10.7) 

The largest values of the degree of polarization P are of 
the order of a few percent; as a function of wavelength, 
it shows a flat maximum at around 550 nm. The inter
stellar polarization (in the visual range) is correlated 
with the interstellar reddening EB-v and the extinction 
Av . We find: 

..1mp S 0.065 Av, (10.8) 

where, on the average, ..1mp::::::: 0.03 Av. The interstellar 
polarization indicates that the particles which cause the 
extinction and reddening are anisotropic, i.e. that they 
are needle-shaped or disk -shaped and partially oriented. 
The orientation of the particles has been attributed by 
L. Davis and J. L. Greenstein to a galactic magnetic field 
of at least a few 10- 10 Tesla. In this field, the particles 
precess, so that the axes of their largest moments of 
inertia stay parallel to the magnetic lines of force, while 
the remaining components of their motion are damped. 

Figure 10.5 shows the preferred directions of oscilla
tion of the electric vector, and the degree of polarization, 
for light from about 7000 stars. The strongest polar
ization is apparently observed under otherwise similar 
conditions when the lines of force are perpendicular to 
the line of sight. 

10.1.4 Properties of the Dust Grains 

In order to obtain a picture of the composition and 
structure of the interstellar dust which will explain the 
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Fig.lO.S. Interstellar polarization, from D. S. Mathewson 
and V. L. Ford (1970), plotted in galactic coordinates 
(Sect. 11.1.1 ). The lines, each of which represents a star at 
its midpoint, denote the direction of the electric field vector 
of the optical polarization, and their length gives the degree 
of polarization P; small circles denote stars with P < 0.08%. 

observations, we apply the theory of scattering and ab
sorption of light from colloidal particles, formulated by 
G. Mie, H. C. van de Hulst, and others. 

Grain Sizes. Large particles ("sand"), with radii a » A., 
absorb and scatter independently of the wavelength A., 
in a manner corresponding approximately to their ge
ometrical cross-section na2 ; very small particles, of 
a« A., have (according to Rayleigh) cross-sections pro
portional to A. - 4 . The dust particles which give rise to 
the general interstellar extinction and reddening must 
therefore have radii of the order of the wavelength of 
visible to ultraviolet light, i.e. a :::::: 0.3 !-LID. Assuming 
a density of 3000 kg m-3, their average mass is then 
about 3 ° w- 16 kg. 

Density of the Dust. The average particle density of 
the interstellar dust in the Milky Way can now be read
ily estimated from the observed extinction, e.g. in the 
visual range. Its order of magnitude of 1 mag kpc 1 

corresponds over a distance of L:::::: 1 kpc to an opti
cal thickness of rv:::::: 1 (Sect. 6.3.3). On the other hand, 
from ( 4.55), we have: 

(10.9) 

The scales for the degree of polarization (upper left comer) 
are to be understood as follows: the left scale is for stars with 
P < 0.6% (light lines), the right scale for stars with P 2:: 0.6% 
(heavy lines). Roughly speaking, this picture can be regarded 
as the analog of the familiar experiments with iron filings 
sprinkled onto a sheet of paper above a magnet 

where n0 is the particle density of the dust particles. 
The extinction coefficient per particle ( 4.51) has been 
replaced here by the extinction factor Qext expressed in 
units of the geometric cross-section: 

(10.10) 

For particles with a= 0.3 !-LID, in the visual range, 
Qext.v:::::: 1, so that we obtain a mean dust particle 
density of no:::::: 10-7 m-3, or several 10-23 kgm-3 

in terms of mass density. The mass due to dust 
is thus only about 1% of the total mass of inter
stellar matter; only about one dust particle occurs 
in interstellar space for every 1013 hydrogen atoms 
(Sect. 10.2.2). In spite of this low particle density, in 
the optical region the extinction due to dust particles is 
predominant, owing to their enormous interaction cross
sections (na2 :::::: 3-10- 13 m2) as compared to atomic or 
molecular scattering cross-sections. 

Composition of the Dust Particles. According to the 
Mie Theory, the frequency dependence of the extinction 
factor can be calculated for various materials (different 
indices of refraction of dielectric or conducting mate
rials) and for simple geometric forms (spheres, long 
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needles, etc.). It is composed of an absorption part and 
a scattering part: 

Qext = Qabs + Qsca · (10.11) 

However, these idealized assumptions do not lead to 
a unique interpretation of the interstellar extinction 
curve, in particular since it must be taken into ac
count that the dust particles have a broad distribution 
of "radii" a. The interstellar polarization indicates that 
the dust particles are anisotropic and partially oriented; 
the absorption bands in the ultraviolet and infrared 
(Sect. 10.1.5) show that the dust consists of a mixture 
of various kinds of particles (graphite, silicates, ices). 

We can obtain indirect information about the chem
ical composition of the dust from an analysis of the 
atomic absorption lines of the interstellar gas: its devi
ations from the normal (solar) element mixture can be 
explained by the fact that some elements are missing 
in the gas phase because they are bound up in the dust 
component (Sect. 10.2.1). 

Temperature and Emitted Radiation. The interstellar 
dust is subjected to the radiation field of the stars in the 
Milky Way and is "heated" by it to a temperature To; 
this temperature corresponds to an equilibrium between 
irradiation and re-radiation. Analogously to our consid
erations of the global thermal balance of a planet (3.2), 
we obtain for a (spherical) dust particle of radius a, 
which is struck by a radiation flux fv(r) at a distance r 
from a star, 

00 00 J 1ra2 Qabs,vfv(r) dv = J 4xa2 Qabs,v1lBv(To) dv, 

0 0 
(10.12) 

where the re-radiation is assumed to follow Kirchhoff's 
law (4.69). Bv(To) is the Kirchhoff-Planck function 
for a dust temperature To. Only the absorption part 
of the extinction factor (10.11) enters here; a fraction 
Q sea/ Q ext of the incident radiation is reflected. Since the 
absorption of stellar radiation is predominantly in the 
ultraviolet, but re-radiation predominates in the infrared, 
we carry out suitable averaging over the corresponding 
spectral regions for simplicity: 

- - - 4 
Qabs,UV fuv(r) = 4Qabs,IRaTo (10.13) 

with the Stefan-Boltzmann radiation constant a ( 4.67). 

Depending on the size a and on the composition of 
the dust particles, we find from (10.13) for dust in the 
vicinity of hot stars, e.g. in HII regions (Sect.10.3.1), 
temperatures of up to several 100 K. According to 
Wien's displacement law, (4.65), these dust particles ra
diate mainly at wavelengths of A :::; 30 j..lm. This infrared 
thermal self-radiation of the "warm" dust is observed 
from the H II regions as an excess over the free-free 
emissions of the ionized gas (Fig.l0.9). 

Dust which is subjected only to the general stellar 
ultraviolet radiation field of the Milky Way attains tem
peratures between 15 and 50 K and thus emits only in 
the long-wavelength portion of the infrared spectrum at 
A 2: 100 j..lm. 

Depending on their material, dust particles evaporate 
at temperatures above about 1500 to 1800 K. Dust for
mation can take place through condensation ("smoke") 
of the gas in the cooler outer atmospheres of red giant 
stars, in the expanding shells of novae, and in connec
tion with the formation of stars and planets. The relative 
importance of the different processes for the global bal
ance of dust formation and removal in the Milky Way 
is still unclear. 

10.1.5 Diffuse Interstellar Absorption Bands 

In addition to the known interstellar lines in the spec
tra of stars, which are notable for their sharpness 
(Sect.10.2.1), P. W. Merrill discovered in 1934 several 
broad interstellar absorption bands. The strongest lies 
at A = 443 nm, with a full width at half-maximum of 
3nm. 

In the ultraviolet, we observe a strong, broad inter
stellar absorption band at A = 220 nm with a half-width 
of around 40 nm (Fig. 10.4). On the basis of model 
calculations and laboratory experiments, this band can 
probably be attributed to small graphite particles. 

In the infrared, where the interstellar extinction is in 
general weaker, a series of interstellar bands from dense 
clouds can be observed in absorption and to some extent 
also in emission. The strongest are a band at A = 9. 7 j..lm, 
which occurs together with a weaker structure at 18 j..lm, 
as well as a band at A = 3.lj.Lm, whose strength is not 
correlated with that of the 9. 7 j..lm band. The extinc
tion at 9.7 and l8j.Lm is probably due to vibrations 
of the Si04 tetrahedron, which occurs as a functional 



group in silicates such as e.g. olivine (Mg, Fe)2Si04. 
Laboratory experiments show that, due to the lack of 
structures within the bands, we are not dealing here 
with crystalline silicate particles, but rather with amor
phous silicates. Water or ammonia ice is the probable 
source of the 3.1 JJ-m band. 

All together, in the optical and infrared regions there 
are about 200 diffuse bands known today, whose identi
fication presents a tedious problem, not yet satisfactorily 
solved in most cases. Considering their broadness, they 
can be due only to solid particles or large molecules. 
A recent suggestion seems promising, according to 
which these diffuse bands can be attributed to poly
cyclic aromatic hydrocarbons (PAH) with perhaps 10 
to 100 carbon atoms, or, in the case of optical transi
tions, to their (positively charged) cations such as that 
of coronene, C24H12. 

Coronene 

The identification of the diffuse bands in terms of 
the relatively stable polycyclic aromatic hydrocarbons, 
which consist of several benzene rings in a plane, is 
supported by laboratory experiments, although it cannot 
be considered to have been conclusively proven. 

It was recently suggested that two diffuse bands 
in the infrared can be attributed to Fullerene cations, 
cto• i.e. cations of the very large, stable "soccer-ball 
molecule". 

10.2 Neutral Interstellar Gas 

Neutral atomic gas (mixed with interstellar dust) occurs 
in our Milky Way galaxy in irregular accumulations of 
widely differing concentrations (HI regions). We can 
observe it - at distances which are not too great - by 
means of many absorption lines from the more abun
dant elements, mostly in the ultraviolet (Sect. 10.2.1), 
and also, throughout the whole galaxy, by means of 
the 21 em line of neutral hydrogen (Sect. 10.2.2). The 
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cooler, still denser molecular clouds are remarkable for 
their great variety of interstellar molecular lines, mostly 
observed in the radiofrequency region (Sect. 10.2.3), of 
which the strongest is aU = 2.6 mm and is due to carbon 
monoxide. 

10.2.1 Atomic Interstellar Absorption Lines 

The discovery of the interstellar calcium lines by 
J. Hartmann in 1904 gave the first indication at all of 
the existence of interstellar atoms or ions. It was recog
nized that the Ca II H and K lines from the binary star 
8 Ori show no Doppler shifts corresponding to its orbital 
motion; they were therefore initially called "stationary 
lines". In the course of time, interstellar lines of the fol
lowing atoms, ions, molecules, and molecule-ions were 
discovered in the optical region: 

Nal, KI, Cal, Call, Till, Fe I; CH, CH+, CN. 

By far the most intense are the Hand K lines of Call 
at A= 393.3/396.8 nm and the D lines of Nal at A= 
589.0/589.6 nm. 

Using the Copernicus satellite, in 1972/3 a group 
of researchers from Princeton discovered interstellar 
lines in the ultraviolet from numerous, in part multiply
ionized atoms and molecules. In the spectral region 
from 95 to 300 nm, nearly 400 lines are known. By 
far the strongest line is the Lyman-a line from HI at 
A= 121.6 nm (Fig. 10.6). Additional strong lines are 
due to: 

HI, CI, CII, NI, Nil, 01, Mgl, Mgll, Alii, 

Al III, Si II, Si III, P II, S II, S III, Ar I, Mn II, 

Fell, Znll. 

A major portion of the ultraviolet interstellar lines be
longs to the Lyman and Werner bands of the molecules 
H2 and HD around A ::::::: 100 nm; furthermore, lines of 
CO are observed. 

Using the high-resolution spectrograph of the Hubble 
Space Telescope, (Fig. 5.19), in the 1990's weaker lines 
were also detected and thereby also some less abundant 
elements (Ga, Ge, As, Kr, Sn, Tl and Pb). 

The Degree of Ionization of the Gas. In all the in
terstellar lines, the corresponding transitions originate 
from the ground state term, i.e. they are resonance lines. 
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Fig. 10.6. Interstellar absorption lines in the ultraviolet 
spectrum ( 119.6-135.6 nm) of the 09 V star ~ Oph, from ob
servations with the Copernicus satellite. The intensities are 
not corrected for sensitivity variations of the spectrometer, 
etc. The strongest interstellar line is the broad, saturated Lot 
line at A.= 121.6 nm from HI (in the middle of which the 
weak emission of the geocorona can be seen). Some of the 

The ionization of interstellar matter so far from thermo
dynamic equilibrium takes place at the low pressures 
present only through photo processes starting from the 
ground state; thus, for example, to ionize neutral cal
cium, with an ionization potential of 6.1 eV, requires 
radiation of A. ::::: 204 nm. At a distance r from a star of 
radius R, its radiation acts with a dilution factor: 

nR2 1 (R) 2 
W---- -

- 4nr2 - 4 r (10.14) 

Recombination, on the other hand, takes place only 
by means of two-particle collisions between ions and 
electrons. The degree of ionization reaches a dynamic 

134 .l.lnm) 136 

strongest interstellar lines, which can be distinguished from 
stellar lines by the sharpness of the latter, are identified in 
the figure according to the absorbing ion. From D. C. Morton, 
Astrophys. J. 197, 85 (1975); reprinted courtesy of the au
thor and the University of Chicago Press, and The American 
Astronomical Society 

equilibrium value for which the rates of ionization and 
recombination are equal (Sect. 4.5.3). 

If we now compare the interstellar lines, for example 
from Ca II and Ca I or Na I, we find, surprisingly, that 
their intensity ratios are not too different from those 
found for an F star. How can we understand this? In 
the interstellar gas, as well as in the stellar atmosphere, 
the above-mentioned processes must be in equilibrium. 
However, in interstellar matter, the electron density is, 
on the one hand, about 1015 times smaller than in the 
stellar atmosphere (105 compared to 1020 m-3), and the 
recombination rate is correspondingly smaller. On the 
other hand, the radiation field in interstellar space is 



diluted relative to that in the stellar atmosphere by about 
the same factor, W ~ w-15 , if we assume as orders of 
magnitude R ~ 2R0 and r ~ 1 pc, so that the ionization 
rate is also reduced by this factor. Thus, in interstellar 
space, both processes occur with rates about 1015 times 
slower than in the stellar atmosphere, but the degree of 
ionization remains about the same! 

The unexpected observations of ultraviolet absorp
tion lines of more highly ionized ions such as C IV, NV 
and 0 VI, which indicate very much hotter gas in the 
interstellar medium, will be discussed in Sect. 10.3.4. 

Distance Determinations. The equivalent widths of the 
interstellar lines increase with increasing distance of the 
star in whose spectrum they are observed, in a fairly 
regular manner. Conversely, they can thus be used to 
estimate the star's distance. Observations with high 
spectral resolution (corresponding to 0.5 to 1 km s-1) 

show that, for example, interstellar calcium lines usually 
consist of several components, which can be attributed 
to several regions of concentration of interstellar mat
ter, or interstellar clouds, through which the light has 
passed. On the average, about 5 to 10 such clouds occur 
within a distance of 1 kpc. The radial velocities of the 
stronger components correspond to those of the spiral 
arms of the Milky Way. 

Chemical Composition. Taking into account the com
ponent structure as well as local differences in the 
ionization and excitation, the chemical composition of 
the interstellar gas can be derived from the measured 
equivalent widths of the absorption lines. 

It is found that along lines of observation with little 
interstellar extinction or reddening (Es-v ::=:: 0.05 mag), 
i.e. when the light has not passed through any large 
concentration of interstellar matter, the abundance dis
tribution of the chemical elements in the gas is roughly 
the same as that on the Sun. On the other hand, in 
the denser interstellar clouds, many elements show un
derabundances of varying degrees compared to the solar 
composition: for example, Ca, AI and Ti are up to sev
eral 1000 times and Fe up to 100 times less abundant 
than on the Sun, while C, N, 0, S, Ar, Sn and Tl are only 
slightly underabundant. Clearly, many elements are not 
to be found in the gas phase in the cooler, more dense 
areas; rather, they are bound up in the dust components 
(Sect. 10.1). 
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10.2.2 The 21 em Line of Neutral Hydrogen. 
HI Clouds 

The 21 em line, which is important for the investiga
tion of the large-scale structure and dynamics of the 
interstellar gas in the Milky Way, results from the tran
sition within the ground state Is 2S112 of HI between 
its two hyperfine-structure levels with total spin F = 1 
(nuclear and electronic spins parallel) and F = 0 (nu
clear and electronic spins antiparallel). The small energy 
difference of 6 · w-6 eV corresponds to a line in the 
radiofrequency range at 

A.o = 21.1 em or vo = 1420.4MHz. 

This transition is "forbidden" (magnetic dipole radia
tion) and has an extremely small transition probability 
(Einstein coefficient) of A= 2.87 ·10-15 s- 1 or, from 
(4.125), an oscillator strength off= 5.8 ·10-12 . The 
average lifetime of the upper level with respect to the 
emission of a 21 em photon is A -I = 1.1· 107 yr. 

Level Populations. Under the conditions in the inter
stellar medium, an equilibrium distribution of hydrogen 
atoms in the two hyperfine levels 0 and 1 is established 
by (electron-exchange) collisions of the atoms among 
themselves, with an average time between collisions 
of "only" 400 yr. From the Boltzmann formula, (4.88), 
the ratio of the populations n is given by the statisti
cal weights g = 2F + 1, since the exponential function 
is practically equal to one because of the small value 
of hvo. We thus have ni/no ~ 3 or, since the overall 
density ofH atoms is n(H) ~ n 1 +n2, n 1 = (3/4)n(H) 
and no= (1/4)n(H). 

Radiation Intensity. The intensity emitted from an 
optically thin layer of thickness i (optical thickness 
Tv= Kvi « 1), in which we here assume a constant 
temperature, pressure, etc. for simplicity, is given by 
(4.60): 

2v2kT 
lv = Kv--2 -i. 

c 
(10.15) 

For the Kirchhoff-Planck function, owing to 
hvf(kT) « 1 we can use the Rayleigh-Jeans approxi
mation, (4.63). Tis the temperature which corresponds 
to the thermal velocity distribution of the H atoms. The 
absorption coefficient of the 21 em line is found from 
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(4.133) using no= n(H)/4 to be: 

1 JTe2 hvo 1 
Kv = - - f- ¢(v)- n(H) , 

4m::o mec kT 4 
(10.16) 

where, in the Rayleigh-Jeans approximation, stimulated 
emission has to be taken into account by the factor 
[1- exp( -hvofkT)] ~ hvof(kT) « 1. 

The case of optically thick layers occurs in only 
a very few places in the Milky Way. These can be rec
ognized by the fact that the intensity takes on a constant 
maximum value over a wide range of frequencies: 

(10.17) 

from which the temperature of the interstellar hydrogen 
can be immediately calculated to be T ~ 125 K. The 
precise value is fortunately unimportant for the emission 
from the optically thin layers, since T then drops out of 
(10.15) due to (10.16). 

Velocity Distribution. The frequency dependence of 
the absorption coefficient or the profile function ¢(v) is 
determined entirely by the Doppler effect due to the mo
tion of the interstellar hydrogen. If there are n CVr) d Vr 
hydrogen atoms per unit volume in the radial velocity 
interval Vr to Vr + d Vr, then we find 

n(Vr) dVr Vo --- = ¢(v) dv = ¢(v)- dVr. 
n(H) c 

(10.18) 

Measurement of the line profiles thus initially yields the 
number of H atoms along the direction of observation 
in a column of cross-sectional area 1 m2, whose radial 
velocities Vr or frequencies v lie in the given interval 

(10.19) 

The velocity distribution of the interstellar hydrogen 
is composed of two parts: on the one hand, there are 
statistical velocities, a kind of turbulence, whose dis
tribution function is similar to a Maxwell-Boltzmann 
distribution. Their mean value was known from the 
interstellar Ca II lines to be about 6 km s-1. More impor
tant, however, is the contribution from the differential 
galactic rotation, which we shall discuss in Sect. 11.2.1. 

Optical Depths. We can estimate here the optical depth 
for the 21 em radiation in our galaxy. We assume a Gaus
sian distribution ( 4.28) for the statistical velocities, with 
a full width at half-maximum of .1 Vr; its value at maxi
mum is then cj(v0 .1 Vr) and the optical thickness at the 
center of the 21 em line (index 0) is found from (10.16) 
and (10.18) to be 

1 JTe2 hvo c I 
Tv0 ~ -- --f- -- -n(H)£ 

4JTEo mec kT vo.1 Vr 4 
(10.20) 

or numerically, using convenient units, 

r ~ 2. 10-3 nH [m-3]. £ [kpc] . 
vo T [K] · .1 Vr [kms- 1] 

(10.21) 

For average values in the Milky Way of n(H) = 
4 · 105 m-3 (Sect. 11.2.2), T = 100 K and .1 Vr = 
10 kms- 1, the 21 em line, in spite of its extremely small 
transition probability, would therefore become optically 
dense even for a thickness of only about 1 kpc. Only 
the "spreading out" of the velocities owing to the dif
ferential rotation, of the order of .1 Vr = 100 km s - 1, 

makes it possible to observe the whole Milky Way 
in the 21 em line. We will treat the extended, spiral
shaped distribution of neutral hydrogen in the Milky 
Way galaxy in Sect. 11.2.2; here, we describe the results 
of observations of smaller structures. 

HI Clouds. Surveys detecting the 21 em line with 
a high angular and velocity resolution (8¢ ~ 10', 
8Vr ~ 1 kms-1) have shown that the spiral arms are 
composed of numerous concentrations or diffuse HI 
clouds, which have a wide range of sizes. Typical val
ues for HI clouds are: diameter of around 5 pc, average 
density of 2 ·107 m-3, and mean temperature of about 
80 K, and thus a mass of around 30M0 . 

The concentration of hydrogen in the diffuse HI 
clouds is correlated with the concentration of interstel
lar dust clouds, as long as the extinction of the latter is 
not too strong. In the denser regions with higher extinc
tions due to dust (EB-V::: 0.3 mag), i.e. within the dark 
clouds themselves, the hydrogen is present mainly in 
molecular form and can thus not be observed by means 
of the 21 em line. 

Warm HI Gas. In the line profiles of the 21 em 
line, often a very faint, much broader component can 
be distinguished as a background to the contributions 



from individual HI clouds. This emission originates 
from "warm" gas at temperatures around 6000 K and 
low densities of a few 105 m-3, in which the hy
drogen is partially ( 10 to 20%) ionized. The diffuse 
HI clouds are presumably embedded in this socalled 
"intercloud gas". 

10.2.3 Interstellar Molecular Lines. 
Molecular Clouds 

In the diffuse HI clouds, where hydrogen occurs mainly 
in atomic form at densities of::=:: 108 m-3 , we find only 
a few simple molecules such as CH, cH+ and CN, 
which have long been known from their optical absorp
tion lines; the hydroxyl radical OH, discovered in 1963 
at A. = 18 em; and the molecules H2, HD and CO, which 
can be observed by means of their absorption lines in 
the ultraviolet (Sect. 10.2.1). Through observations of 
their radiofrequency lines in 1968/69, the first poly
atomic interstellar molecules in interstellar space were 
discovered: ammonia, NH3 , water, H20, and formalde
hyde, H2CO. Continuing up to the present (2004), about 
120 different molecules have been observed, includ
ing some surprisingly complex ones, in the more dense 
and cooler regions of the Milky Way. In these molec
ular clouds, hydrogen is present mainly in molecular 
form, H2. 

We have already summarized the fundamentals of 
molecular spectroscopy in Sect. 7 .1.5. 

The Hydrogen Molecule, H2• Hydrogen, by far the 
most abundant interstellar molecule, has no spectral 
lines in either the radiofrequency or the infrared range 
which could be used to determine e.g. the large
scale distribution of cool, molecular hydrogen gas 
in the Milky Way. The Lyman and Werner bands 
in the ultraviolet can give information only from 
our immediate galactic neighborhood, owing to the 
strong interstellar extinction at these wavelengths; the 
rotational-vibrational spectra and the quadrupolar tran
sitions in the infrared are sensitive to considerably hotter 
H2 gas, which is present only near regions where star 
formation takes place. 

Carbon Monoxide, CO, the second-most abundant 
molecule, has an abundance relative to the hydrogen 

10.2 NeuhollotmteiiO<GO< : 

molecule of CO/H2::: 10-4 (in particle numbers). The 
transition from the first excited rotational level ( 1 = 1) 
to the ground state ( 1 = 0) occurs for the most abundant 
isotopes, 12C160 ct 2Cj13C::: 40 ... 80), at 

A.o = 2.60 mm or v0 = 115.27 GHz (12CO). 

Since the emission in this line is often optically thick, the 
weaker line corresponding to a transition in the molecule 
containing the isotopes 13C 160, at 

A.0 = 2.72 mm or v0 = 110.20 GHz (13CO), 

may also be used for the observation of molecular 
clouds. 

The abundance of the stable carbon monoxide 
molecule, CO, varies only slightly from cloud to cloud, 
in contrast to those of other molecules. The galactic 
distribution of H2 can thus be determined indirectly by 
observations of CO. 

Molecular Clouds. Like the interstellar dust and atomic 
hydrogen, molecular hydrogen occurs in non-uniform 
concentrations, in the form of clouds. These molecu
lar clouds ("CO clouds") occur in a great variety of 
sizes (roughly 1 to 200pc), densities (about 109 to 
1012 m-3), and masses (from 10 to 106 M 0 ); they are 
correlated with dark clouds (Sect. 1 0.1.1). Their extinc
tion in the visible region, A v, ranges from about 1 mag 
to over 25 mag. The giant molecular clouds with masses 
:::: 105 M 0 are, along with the globular star clusters, the 
most massive objects in the galaxy; their number is 
estimated to be around 4000. Near the center of the 
galaxy, we find particularly massive giant molecular 
clouds (Sect. 11.3.2); Sgr B2 is notable among all the 
molecular clouds for the large variety of molecules that 
it has been observed to contain. 

The temperatures of the molecular clouds are in the 
range 10 to 30 K. Often, dense compact condensates 
with diameters of the order of 1 pc are observed in the 
far infrared (A.:::: 20 f-lm) in the larger molecular clouds; 
in them, and in their immediate vicinities, the temper
atures are often considerably higher (102 to 103 K). 
These condensates are protostars which are surrounded 
by a dense shell of dust and can only be recognized 
by their radiation in the infrared. We shall return in 
Sects. 10.5.2 and 10.5.3 to the subject of star forma
tion, which takes place in the most dense parts of the 
molecular clouds. 
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Interstellar Molecules. We will now have a look at 
the great variety of interstellar molecules which can be 
observed by molecular spectroscopic methods in the 
radiofrequency and infrared regions. Favorable obser
vation conditions, with a large number of molecular 
species, are offered for example by the giant molec
ular cloud Sgr B2 in the region of the galactic center, 
the nearby molecular cloud OriMCl (OMC I, Orion 
Molecular Cloud) in Orion (Fig. 10.24.), the dark cloud 
TauMC1 (TMC 1) in the Taurus complex, or the cold 
gas shell around the carbon star IRC + 10°216. 

Nearly all interstellar molecules are composed of 
the abundant elements H, C, N, 0, S and Si. Along 
with the simple molecules and radicals, such as CH and 
OH, the following polyatomic molecules are relatively 
abundant and thus observable also in other galaxies: am
monia, NH3; water, H20; hydrocyanic acid (hydrogen 
cyanide), HC=N and its isomer, hydrogen isocyanide, 
H=N=C; formaldehyde (methanal), H2C=O; as well 
as the oxomethylium ion, Hco+. 

Further inorganic molecules which are observed are 
mainly oxides and sulfides such as NO, NS, SiO, SiS, 
SO, S02 and 03, also H2S, HNO, N2H+, SiN, and Sif4. 

Because of carbon's ability to form complicated 
chain compounds, the organic molecules also exhibit 
great variety in interstellar space. We find (in addition to 
those already named) simple molecules, ions, and radi
cals such as C2, CS, HCO; C2H, C3H up to C7H, C8H; 
C3N, Hcs+; and in addition to Hco+, also Hoc+. 

We also observe among others the hydrocar
bons methane, Cf4; ethyne (acetylene), HC=CH 
and propyne, H3C-C=CH; the alcohols methanol, 
CH30H, methanethiol, CH3SH and ethanol, 
CH3CH20H; formic acid, HCOOH, acetic acid, 
CH3COOH, and ethanal (acetaldehyde), H3C-CHO. 
In addition, numerous nitrogen-containing compounds 
occur, such as methylamine, H3C-NH2, methylim
ine, H2C=NH, cyanamid, H2N-C=N, isocyanic acid, 
O=C=NH, and isothiocyanic acid, S=C=NH, as 
well as several nitriles. The series of long, chain-like 
polyenenitriles ( cyanopolyenes) which are observed is 
astounding: they range from hydrocyanic acid, HC=N, 
up to undecapentaene nitrile, 

HC=C-C=C-C=C-C=C-C=C-C=N, 

and some of them have yet to be synthesized un
der terrestrial conditions. Further "unusual" molecules 

include tri-carbon monoxide, 9:C=C-C=O:$; 
1,3-pentadiene, H3C-C=C-C=CH; and the deuter
ated ethyne radical,· C=C-D. 

In contrast to terrestrial chemistry, at first glance un
der the conditions of the interstellar medium, organic 
ring compounds and branched chains would seem to be 
less favored than the linear chain molecules. Only a few 
ring compounds have been discovered through their ra
diofrequency lines, such as silicon carbide, SiC2 and 
cyclopropenylidene, C3H2, its radical, C3H 

Si C C 
/'-.. /'-.. /'-.. 

C = C HC=CH HC=C· 

and its derivatives, H3C(C=C-C=C-H) and 
H3C(C=C-H) with a carbon chain in place of an 
H atom. Finally, - as we saw in Sect. 10.1.5 - poly
cyclic aromatic hydrocarbons have been suggested to 
explain the diffuse interstellar bands. 

Molecular Genesis. Even in the most dense molecular 
clouds, the densities (~ 1012 m-3) and the temperatures 
are so low that molecular genesis takes place far from 
thermodynamic equilibrium. Dust, which nearly always 
accompanies the gas, shields it from ultraviolet radiation 
and prevents the destruction (photodissociation) of the 
molecules once they are formed. On the other hand, the 
more energetic protons of cosmic radiation can also lead 
to partial ionization in molecular clouds. The (positive) 
ions (e.g. Hi)which are produced in this manner can 
react efficiently with H2 and other molecules and lead to 
the formation of still more complex molecular species. 
For these usually exothermic ion-molecule reactions in 
the gas phase (E. Herbst, W. Klemperer, 1973), the Hj 
ion plays a key role. This simplest, stable polyatomic 
molecule-ion is formed from Hi in the reaction 

Hi+ H2 --+ Hj +H. 

More complex molecules are then formed through reac
tion chains which begin with proton transfer reactions 
of the type 

Hj +X--+ XH+ + H2. 

We thus obtain for example (X := 0) from OH+ by 
reaction with H2 the H2o+ ion, and by a further reac
tion with H2, H3o+, from which, finally, by electron 
attachment, H20 and OHare produced. 



Hj, whose existence was at first only predicted 
theoretically, was finally also detected in 1996 by 
T. R. Geballe and T. Oka in interstellar molecular 
clouds. 

H2 and the complex chain molecules are probably 
formed through catalytic reactions on the interstel
lar dust particles (D. J. Hollenbach and E. E. Salpeter, 
1971). Gas atoms or molecules which strike a dust par
ticle can remain adsorbed there and can find reaction 
partners by diffusion on its surface. Under favorable 
conditions, the resulting molecule may then desorb from 
the surface. 

Element Abundances. In order to derive element abun
dances quantitatively from the observed intensities of 
the molecular lines, the individual processes of exci
tation, dissociation, ionization, charge exchange, etc., 
must be considered separately under the conditions in 
the interstellar gas, which deviate strongly from ther
modynamic equilibrium; this is analogous to the case 
of atoms (Sect. 4.5.3). However, the number and vari
ety of relevant processes for molecules is considerably 
greater than for atoms. 

If several isotopes may be present in a particular 
molecule, the excitations of its energy levels hardly de
pend in general on the difference in isotopic masses. We 
can thus determine relative isotopic abundances rather 
precisely by observing the corresponding transitions. 
Using the molecules Hco+, H2CO, HCN, CS and SiO, 
it is possible to gain information about the less abundant 
isotopes 

and 29,30Si . 

The isotopic ratios in interstellar space, in tum, can help 
elucidate the nuclear reactions which take place in the 
course of stellar evolution (see Sect. 8.2.3). 

OH Masers. Quite unusually high intensities are found 
for the lines of the OH radical at A= 18 em; expressed 
formally in terms of radiation temperatures (Sect. 6.1.3), 
they correspond to 1012 to 1015 K! The lines are exceed
ingly sharp and are emitted by very compact sources 
(:::: 10 AU), as was shown by angular measurements us
ing very long-baseline interferometry; in many cases, 
circular polarization is also observed. These extreme 
non-equilibrium properties can be explained only by the 

10.3 Ionized Gas: Luminous Gaseous Nebulae 

maser amplification mechanism (Maser= microwave 
amplification by stimulated emission of radiation): 
the upper levels corresponding to the transitions are 
strongly overpopulated by a "pump process" (which is 
not understood in detail), so that stimulated emission 
(Sect. 4.5.4), produced coherently by a radiation field 
of the same frequency, predominates over spontaneous 
emission. This "natural" OH maser functions in the mi
crowave range in a manner similar to a laser, which can 
produce concentrated, intense beams of radiation in the 
optical or infrared regions. 

The OH masers are classified into two types, de
pending on their relative line intensities. Type I usually 
occurs in groups in the neighborhood of strong infrared 
sources, i.e. in regions where star formation is tak
ing place (Sect. 10.5.2); the other type (II) is found, 
in contrast, to be correlated with late phases of stellar 
evolution (supergiants, Myra variables; see Sect. 7.4.1). 
Maser lines from other molecules are also observed, 
e.g. from H20 at A = 1.35 em, and, less strongly, from 
SiO, H2CO and other species. 

10.3 Ionized Gas: 
Luminous Gaseous Nebulae 

In the neighborhoods of bright 0 and B stars, the in
terstellar gas, and in particular the hydrogen, becomes 
ionized and is excited to luminosity; we then observe 
a diffuse nebula or an H II region. We begin our treat
ment in Sect. 10.3.1 with a discussion of these H II 
regions and of the physical processes which are im
portant in them. Then, in Sect. 10.3.2, we describe the 
planetary nebulae, so called because of their appear
ance, which are related to the diffuse gaseous nebulae 
in terms of the physics of their luminosity, however not 
in terms of their importance in the cosmos. Another 
group of luminous nebulae are the supernova remnants 
(Sect. 10.3.3), which in fact are not excited to luminos
ity by the radiation from a central star, but instead by 
the high temperatures in shock waves from the outgo
ing shell of the supernova. In Sect. 10.3.4, finally, we 
treat the hot gas component of the interstellar medium, 
which makes itself known through spectral lines from 
multiply ionized atoms and through emission in the soft 
X-ray range, and whose temperatures are considerably 
higher than those in the ionized H II regions. 
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10.3.1 H II Regions 

The excitation of the HII regions (Figs. 10.7, 8) occurs, 
as was recognized by H. Zanstra in 1927, in the follow
ing way: when a neutral hydrogen atom absorbs the light 
from a star in the Lyman region at ).. < 91.1 nm, it will 
be ionized (cf. Fig. 4.7). The resulting photoelectron 
will later be recaptured by a positive ion (proton). This 
recombination leads only rarely directly to the ground 
state; usually, there are cascade transitions via several 
energy levels, accompanied by the emission of lower
energy light quanta. As an estimate, we can say that for 
each Lyman quantum absorbed, with hv > 13.6 eV or 
).. < 91.1 nm, among other quanta, about one Ha quan
tum will be emitted. If it can further be assumed that the 
nebula absorbs practically all the Lyman radiation from 
the star, then following H. Zanstra we can use the Ha 
radiation of the nebula to estimate the Lyman radiation 
of the star. Comparing it with the optical radiation, we 
can arrive at an estimate of the temperature of the star 
by applying the theory of stellar atmospheres. For the 
0 and B stars, values are obtained which lie within the 
range of temperatures determined spectroscopically. 

Stromgren Spheres. The size of a H II region, which 
we for simplicity consider to be a sphere of radius RH n, 
can be estimated as follows: in equilibrium, the total 
number Nuv of UV photons of wavelength ).. ::: 91.1 nm 
emitted per unit time by the star must be equal to the 
number of recombination processes per unit time within 
the whole nebula. Since the number of recombination 
processes per unit volume is proportional to the number 
of electrons, ne, times the number of recombining ions 
nion in the unit volume, we obtain 

4rr 3 
Nuv = 3 RHn · et ne nion , (10.22) 

where a [m3 s- 1]::::::: 2 · w- 16 (Te [K])- 314 is the recom
bination coefficient (and Te is the electron temperature, 
see below). 

Since furthermore, each H atom in a completely 
ionized hydrogen plasma releases one electron on ion
ization, the ion density is equal to ne, so that we obtain 
for the Stromgren radius 

( )
1/3 

3 1/3 -2/ 3 
RHn = -- Nuv ne . 

4rra 
(10.23) 

H, H6 Hr Hp N2 N, 

Fig.10.7. The Orion Nebula (M 42 = NGC 1976), a diffuse 
or galactic nebula, and its emission spectrum in the blue. 
N2 and Nl are the "nebulium" lines of [0 III] at A. = 495.89 
and 500.68 nm 

Fig. 10.8. The central portion of the Carina nebula [> 
NGC 3372. This color picture is a composite image (made 
using blue and red filters and narrow-band filters in the region 
of the green [0 III] line) by S. Laustsen and J. Surdej with the 
3.6 m telescope of the ESO. The whole nebula has a diame-
ter of about 30 or 130 pc at a distance of 2.5 kpc; the section 
shown has angular dimensions of 10' · 13'. The bright star in 
the center of the nebula (to the left of the center of the picture) 
is 7J Car, one of the absolutely brightest stars of the "lumi-
nous blue variable" type. 7J Car, which itself is surrounded 
by a small nebula, exhibits strong brightness fluctuations and 
a substantial mass loss due to its stellar wind. Although 7J Car 
today has a magnitude of about 6, in 1843 it was the second
brightest star in the sky, with a magnitude of - 0.8 mag. (With 
the kind permission of the European Southern Observatory) 
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Rm1 can also be interpreted as the distance within which 
the ionizing photons are all "used up". 

For an 0 star emitting .Nuv:::::::: 1049 photons s-1 in 
a nebula with a density of e.g. ne :::::::: 108 m-3 (and Te :::::::: 
1if K), the Stromgren radius is found to be equal to 
RHn:::::::: 3 pc; or, with ne:::::::: 106 m-3, it would be about 
65pc. 

The Emission Measure. The brightness of a nebula 
in Hcr and all other recombination lines is propor
tional to the number of recombination events and thus 
proportional to its emission measure as introduced by 
B. Stromgren: 

EM= J n;dr. (10.24) 

The integration is to be carried out along the line of ob
servation; r is usually measured in [pc], and the electron 
density ne in [cm-3] or in [m-3]. The emission mea
sure EM ofaHIIregion is of the orderofn~Rm1 ex: n!13 

(10.23) and has a value on the average of~ 1015 m-6 pc. 
Estimating ne by assuming the longitudinal and trans
verse dimensions of the nebula (which are in the range 
of about 1 to 100 pc) to be equal, we find that the elec
tron density in the H II regions is of the same order of 
magnitude as the density of neutral atoms in the HI 
clouds, i.e. 107 to 108 m-3 . 

In the large diffuse nebulae, such as for example the 
Orion nebula (Fig. 10.7), values of ne:::::::: 5 ·109 m-3 are 
attained. Radio-astronomical surveys however indicate 
a wide range of H II regions in terms of size and elec
tron density. At one end of the scale, we find giant 
H II regions, whose radio emissions surpass those of 
the Orion nebula by a large factor. Of these, about 80 
are known within the Milky Way; the giant H II regions 
in the neighborhood of the center of the galaxy will be 
discussed in more detail in Sect. 11.3.2. At the other end 
of the scale, we see (at high angular resolution) com
pact H II regions with diameters of only 0.05 to 1 pc 
or less, considerably higher densities, of ne ~ 109 m-3, 

and emission measures of EM~ 1019 m-6 pc, which 
are embedded in more extended, less dense regions of 
ionized hydrogen and are for the most part not recog
nizable in the optical region. The most dense of these 
are often in the same location as sources of emission 
of molecular lines (Sect. 10.2.3) and are regions of star 
formation (Sect. 10.5.2). 

Recombination Lines. The optical and ultraviolet spec
tra of gaseous nebulae are produced under conditions 
which are far from thermal equilibrium, so that a treat
ment of the individual elementary processes is necessary 
to describe them (Sects. 4.5.3, 4 ). The effect of radiation 
from the star which excites them is reduced by a dilu
tion factor, w:::::::: 10-16 to 10-14 (10.14). Therefore, in 
their atoms and ions, only the ground states as well 
as long-lived metastable states are occupied to any ex
tent, the latter in lower terms with very small transition 
probabilities. 

Hydrogen and helium, the two most abundant el
ements, are, as we have seen, ionized by the diluted 
stellar radiation (A. :::; 91.1 or :::; 50.4 nm, respectively). 
Recombination of the ions and electrons takes place 
into all possible quantum states. From these initial 
recombination states, the electrons drop back to the 
ground state, for the most part via cascade transi
tions. We thus obtain the entire spectra of H, He I and 
possibly He II and some other ions as recombination 
lines. 

In the range of mm to dm waves, recombination lines 
of neutral H, He and C occur, corresponding to transi
tions between neighboring levels with high quantum 
numbers, n:::::::: 100 to 200 (Rydberg atoms). Such ex
cited atoms are "blown up" to a radius of about a0n2 

(Sect. 7.1.1), i.e. about 1~-tm! From the Doppler effect 
of these radio lines, which are not attenuated by inter
stellar extinction, the kinematics of ionized hydrogen in 
the Milky Way and the velocity fields in the H II regions 
can be determined. 

Furthermore, by comparing the intensities of corre
sponding transitions, the abundance ratio He/ H can 
be measured. Suitable lines for this purpose are pairs 
which lie around e.g. A. :::::::: 6 em 

H 109a (5.009 GHz), He 109a (5.011 GHz) and 

H 137 {3 (5.005 GHz), He 137 fJ (5.007 GHz) . 

(The transition n + 1 --+ n is denoted as na, and that 
from n + 2 --+ n as n{J, etc.) 

An order of magnitude of He/H :::::::: 0.1 is found, 
in sufficiently good agreement with the analyses of 
OB stars, which were formed from the interstellar gas 
only 106 to 108 yr ago. The He/H ratio increases from 
the outer regions of the Milky Way towards the center 
from about 0.07 to 0.11 (Sect. 12.1.6). 



Bowen Fluorescence. In a few special cases, certain 
transitions are excited by fluoresence (1. S. Bowen). In 
particular, in the recombination of He+, its resonance 
line at A = 30.38 nm is emitted; it can, by coincidence, 
be absorbed by the ground state of o++' exciting its 
3d 3P 2 term. This, in tum, emits a number of 0 III lines, 
which can be observed in the near ultraviolet. 

Forbidden Transitions. In 1927, I. S. Bowen made 
a discovery which created a certain sensation among as
tronomers: he found that the strong lines at A= 495.89 
and 500.68 nm, observed in all nebular spectra, and 
which had long been attributed to a mysterious element 
called "nebulium" (Fig. 10.7), could be interpreted as 
forbidden lines in the 0 III spectrum, originating with 
a low-lying metastable level in the ground state term 
of the ion. While the "usual" allowed lines have transi
tion probabilities of the order of A ~ 108 s-t (electric 
dipole radiation, Sect. 7.1.1), these are e.g. for the the 
[0 III] nebula lines only 0.007 or 0.021 s-t, respec
tively. (Forbidden transitions are denoted by setting the 
symbol for the spectrum in square brackets.) They rep
resent examples of magnetic dipole radiation; in other 
cases, electric quadrupole emissions from ions are ob
served. The excitation of the metastable levels takes 
place through electronic collisions with photoelectrons 
which are produced by the photoionization of H and He. 

Of significance, especially for the energy balance of 
the H II regions, are in addition forbidden transitions 
between fine-structure levels within the ground-state 
terms of the more abundant ions, which lie mostly in 
the infrared; e.g. the lines [OI], A= 63.liJ,m; [OIII], 
A= 88.3 and 51.8iJ,m; [Nell], A= 12.81-1m; [Sill], 
A= 18.7 and 33.5iJ,m; as well as [CII], A= 157~--Lm 
occur in H II regions. 

In contrast to the lines in the optical region, these 
lines, like the radiofrequency recombination lines of H 
and He, are not attenuated by the interstellar dust and 
thus can be observed from throughout the Milky Way. 

Now how does it happen that in nebulae, forbid
den and allowed transitions occur with comparable 
intensities? We consider a line at the frequency vo corre
sponding to a transition from an excited state 1 into the 
ground state 0 (Fig. 7.4). Under the conditions which 
apply in a nebula, the excitation takes place only by 
electron impact (rate Cot), while the depopulation of 
levell can also occur through collisions (rate C10), and 
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through spontaneous emission (rate Aw). From (7.14), 
the population ratio is then given by 

Cot (10.25) 
no Aw+Cw 

Since Cot and C to are both proportional to the electron 
density ne, for a given A10 and with sufficiently low 
densities, Cw « Aw and therefore ntfno =Cot! Aw 
( « 1). This occurs e.g. for the [0 III] lines, correspond
ing to their value of Aw?: 0.01 s-t, for ne « 10tt m-3. 

The line intensity, which in the optically thin case is 
given by the integral over emission coefficients (4.49), 
then becomes 

f hvo hvo 
}vdv = -Awnt = -C01no. 

4:rr 4:rr 
(10.26) 

It is therefore independent of the transition probability 
A to and is proportional to the electron density times the 
density of the atom in question, no+ n t ~ n0 • For very 
small ne, the electronic collisions are so rare that even 
with the small probability of a forbidden transition (and 
quite certainly for allowed transitions!), the excited state 
is nearly always depopulated by spontaneous emission. 

Now that we have understood how in nebulae the 
forbidden and allowed lines can have similar intensities, 
other conditions being the same, e.g. the densities n0 and 
the elemental abundances, it remains to be explained 
how the [0 III] lines can be even as strong as the al
lowed H ~ line from the much more abundant element 
hydrogen (Fig. 10.7). The difference in abundances is 
compensated here by the fact that electron impact exci
tation is much more effective for o++ than is excitation 
by recombination of H. 

Thermal Radio Emissions. In the radiofrequency 
range, we can observe the thermal radiation of the 
H II regions as a free-free continuum. This radiation 
is produced (Fig. 4.7) when an electron is not actually 
captured by a proton in a near collision, but instead is 
only deflected. Its intensity is, like that of the recombi
nation lines, proportional to the emission measure EM 
(10.24). The free-free radio emissions, like infrared 
radiation, pass through the interstellar dark clouds prac
tically without hindrance and thus allow the observation 
of the H II regions in the entire Milky Way. 

The free-free radiation can be recognized by the 
fact that its intensity I v in emission from an optically 
thin layer is practically independent of the frequency v 
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Fig. 10.9. Radio and infrared spectra of the H II region 
W3 = IC 1795 = G 133.7 + 1.2 (W denotes the number in the 
sky survey by G. Westerhout, 1958; G: galactic coordinates, 
l = 133.7°, b = + 1.2°, see Sect. 11.1.1). The observations 
( •) of the (spatially integrated) H II region show the ther
mal free-free radiation of the ionized gas (theoretical model), 
which is optically dense for A :::: 20 em, as well as the ther
mal emission from "warm" dust for A _:::: I mm (--- black 
body radiation for T = 70 K). With a higher angular resolu
tion, several compact H II regions or infrared sources can be 
seen in W3; they have qualitatively similar spectra. (Courtesy 
of the Publications of the Astronomical Society of the Pacific) 

(Fig. 10.9). According to theory, the absorption coef
ficient K v or the optical thickness Tv is approximately 
proportional to n~v-2 , so that from (4.60), the frequency 
dependence in the Rayleigh-Jeans region (4.63) cancels 
out. At lower frequencies (or higher electron densi
ties), Tv » 1 and the intensity is frequency-dependent, 
lv = Bv <X v2. In the infrared, thermal radiation from 
dust in the H II regions which is heated to about 100 K 
predominates over the free-free continuum. 

Energy Balance. The electrons of course lose energy in 
the course of the collisions which excite the metastable 
states; it is then radiated away from the nebula, mainly in 
the forbidden lines in the far infrared from [0 I], [0 III], 

[C II], [Ne II], ... as well as from the heated dust. The 
electron temperature Te of a H II region is therefore 
lower than would be expected from the temperatures of 
the stars, about 7000 to 10 000 K. 

10.3.2 Planetary Nebulae 

We know of over 1100 planetary nebulae (Fig. 8.9) in 
the Milky Way. In contrast to the H II regions, they 
are not excited to luminosity by a young, bright 0 or 
B star, but rather by a smaller, very hot star, which 
ejected the nebula in a late phase of its evolution within 
a relatively short time (Sect. 8.2.4) and is located on the 
Hertzsprung-Russell diagram on the path from the red 
giant stage (on the asymptotic giant branch) to the white 
dwarf stage (Fig. 8.8). Since the optical and ultraviolet 
spectra of the planetary nebulae (Figs. 10.10 and 5.20) 
are very similar to those of the diffuse gas nebulae, 
we can assume that in spite of the different stars which 
provide their excitations, the physics of their luminosity 
is related to that of the H II regions, and we can expect 
the same basic ionization processes to apply here as in 
Sect. 10.3.1. 

Zanstra's method, in agreement with the theory of 
stellar evolution, yields for the central stars of the plan
etary nebulae temperatures of 30 000 up to 150 000 K. 
The luminous shells of the planetary nebulae, whose ap
parent sizes are in the range of a few minutes of arc for 
the objects nearest to us, have radii of the order of 0.2 pc 
or of several104 AU, electron densities of around 109 to 
1010 m- 3, electron temperatures of 104 K, and masses 
over a wide range up to about 0.2 M 0 . 

Expansion. The observed splitting of the emission lines 
indicates an expansion of the nebula's shell at a veloc
ity of about 25 km s - I ; the front side is approaching us 
and the rear side is moving away. This expansion cor
responds to a dynamic lifetime of the nebulae of only 
about 104 yr. In order for us to see the luminous shell at 
all, the evolution time of the central star, with its ionizing 
UV photons, must also "fit" the lifetime of the shell. 

The rapid evolution of the central star not only causes 
a correspondingly rapid change in its ultraviolet radia
tion, but also has an important influence on the dynamics 
of the planetary nebula. As a red giant, the central 
star had been losing mass at a rate of from w-6 to 
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Fig.lO.lO. Optical spectra of planetary nebulae, taken by 
a spectrograph without an entrance slit. This allows the distri
bution of emission of different lines in the nebular shell to be 
seen. NGC 6543 also clearly shows the continuous spectrum 
of the central star 

1 o-4 M0 yr- 1 over a period of roughly 106 yr owing 
to its stellar wind which streamed out from the star at 
velocities around 10 km s- 1 (Sect. 7.4.3). This matter 
collected in the neighborhood of the star. The ejected 
shell collides with this slow wind, so that at its outer 
boundary, a shock wave front is formed. 

As shown by observations of the P Cyg profiles 
(Sect. 7 .4.4) of the resonance lines of C IV, NV, 0 V 
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and Si IV in the ultraviolet with the IUE satellite, the 
small central star also loses mass at a relatively low rate 
of around w-9 to w-7 M 0 yc 1 as a hot, fast wind, 
which streams out at velocities of up to 4000 krn s-1 

and produces a second shock wave front at the inner 
boundary of the ejected shell. 

Condensations. In the planetary nebula which is near
est to us, NGC 7293, the "Helix Nebula" in Aquarius 
at a distance of about 150 pc, density condensations 
have been observed near to the resolution limit of 
earthbound telescopes; these show motion relative to 
the nebula shell. Only with the Hubble Space Tele
scope did it become possible to resolve their structures. 
In the impressive images made by C. R. O'Dell and 
K. P. Handron in 1996, one can make out several hun
dred extended "cometary clumps", whose "tails" are 
pointing away from the central star and whose heads, 
pointing inwards, are ionized by the ultraviolet radia
tion of the white dwarf (Fig. I 0.11). The typical size of 
a node ranges from 100 to 300 AU, its mass is around 
w-s M 0 or a few Earth masses. These concentrations 
move outwards at about 10 krn s- 1, more slowly than 
the nebula shell, and are probably remnants of the wind 
from the red giant star which have remained due to 
instabilities. 

10.3.3 Supernova Remnants 

In Sect. 7.4.7, we have already met up with the su
pernovae, their various types and the neutron stars or 
pulsars which remain as remnant stars after the super
nova explosions. We now want to consider in more detail 
the shells ejected in the explosions, denoted as SNR 
(Supernova Remnants). They move out into the inter
stellar medium with initial velocities of the order of 
10 000 krn s-1, gradually slow down, and finally, after 
about 106 yr, they disperse. 

Excitation. The supernova remnants, in contrast to the 
H II regions, are not excited by the ionizing radiation 
from a central star. In the cases of most of the remnants, 
shock wave fronts instead form at the collision bound
ary of the expanding shell with the interstellar medium; 
here, the temperatures are so high that the thermal 
radiation is emitted mainly in the X-ray spectral region. 
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The predominant emission lines in the optical spec
tra are qualitatively similar to those of the diffuse gas 
nebulae, but can be distinguished from the latter in par
ticular by their noticeably higher ratio of the intensities 
of the forbidden sulfur lines [SII], A.= 671.6/673.1 nm 
to that of the neighboring Hcr line. 

In a few young supernova remnants, such as e.g. the 
Crab nebula, the central pulsar is in fact the main source 
of the emitted energy. The rapidly rotating neutron 
star produces high-energy particles which emit non
thermal synchrotron radiation through interaction with 
the magnetic field: 

We cannot go further here into the details of excita
tion and ionization in shock wave fronts or by means of 
energetic particles. 

Expansion. At first, the shell ejected by a supernova 
explosion moves out at about 104 km s-1 almost with
out hindrance, in a free expansion. After around 200 yr, 
when its diameter has increased to about 2 pc, it slows 
down noticeably due to the interaction with interstellar 

Fig. 10.11. The Helix Nebula NGC 7293, 
a ring-shaped planetary nebula at a distance 
of 150 pc from the Earth, with a diameter 
of about 12' (0.5 pc). The picture shows 
an area of roughly 2.5' · 2.5', taken by 
C. R. O'Dell and K. P. Handron in 1996 
with the Wide Field Planetary Camera 2 
of the Hubble Space Telescope. The color 
scale corresponds to the ionization ener
gies of the emitting atoms: [0 III] lines are 
blue, Ha green, [N II] lines red. Between 
about 115" and 180" distance from the 
central star which provides the excitation 
energy (it is above and to the right, outside 
the picture), numerous comet-like, radially 
oriented condensations can be seen; they 
move outwards at only about 10 km s - 1 , 

while the ring nebula itself expands at 
around 20 km s- 1. Insert: An image of the 
whole Helix Nebula with the enlarged area 
marked. (© Association of Universities 
for Research in Astronomy AURNSpace 
Telescope Science Institute STScl) 

matter. Most of the observed supernova remnants are 
in this latter phase, which lasts around 105 yr, with di
ameters of s 30 pc and expansion velocities of several 
100 km s- 1, before they finally "dissolve" in the inter
stellar medium after they have reached a size of roughly 
100 pc and their velocities have decreased to around 
10 km s - 1, i.e. the same order as those of the matter in 
interstellar space. 

In detail, however, a supernova remnant develops 
a very complex spatial and kinetic structure through its 
interactions with the interstellar gas. In optical images, 
e.g. ofthe Vela remnant (Fig. 10.12), one can see numer
ous arches, strings, nodes and "flakes", which can have 
a variety of different velocities and also different chem
ical compositions. As shown by high-resolution X-ray 
images, e.g. of Cas A made with the Chandra satellite 
(Fig. 10.13), or of the Vela remnant taken by ROSAT 
(Fig. 10.14), the hot plasma also exhibits a similarly 
complex structure. 

In the following paragraphs, we describe several 
supernova remnants in more detail, beginning with 



the most typical example, the Crab nebula; it has al
ready played a decisive role in the development of 
astrophysics several times in the past. 

The Crab Nebula. As early as 1942, W. Baade and 
R. Minkowski had begun detailed investigations of this 
interesting object, M1 = NGC 1952, which has a photo
graphic magnitude of9.0 mag (Fig. 7.41). It consists of 
an inner, almost amorphous region of 3.2' · 5.9', emit
ting a continuous spectrum without lines, and a shell, 
whose bizarre filaments, the "legs of the Crab", emit 
mainly the Ha line. All together, its mass is 1 to 2 M0 , 

and its gas has a higher ratio of He/H than the solar 
element mixture. 

As could be determined from East Asian records, 
the Crab nebula is the shell of a supernova from 
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Fig. 10.12. The Vela supernova remnant 
(a section of angular size zo · 2.5°). This is 
a color photograph taken by H.-E. Schuster 
with the 1m Schmidt camera at the ESO. 
(With the kind permission of the European 
Southern Observatory) 

the year 1054. A comparison of its radial expansion 
velocities of about 1000 to 1500 km s -I with the corre
sponding proper motion outwards confirms the date of 
the explosion and in particular allows an estimate of the 
distance to the Crab nebula, giving roughly 2 kpc. 

The Crab nebula is a noticeable object not only in the 
optical spectral range, but is also observed as a strong 
radio source (Tau A= 3C 144) and an intense source of 
X-rays (TauX-1). 

Following I. S. Shklovsky's suggestion of 1953, we 
can assume that the continuum radiation from the Crab 
nebula from the radiofrequency region up to the X-ray 
region is synchrotron radiation (Sect. 12.3.1) produced 
by energetic electrons in a magnetic field of the order 
of 1 o-8 Tesla. This hypothesis is supported by the fol
lowing arguments: if the radiation were thermal, the 
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electron temperature Te would have to be higher than 
the highest radio brightness temperatures, i.e. ::::: 109 K, 
while all gaseous nebulae have Te :S 104 K. Secondly, 
the amorphous core of the nebula emits only a con
tinuum in the optical region, and no spectral lines at 
all. A conclusive argument in favor of the synchrotron 
theory was however given by the detection of the polar
ization (Fig. 12.16) of the continuum, as expected for 
synchrotron radiation, initially in the optical region by 
Dombrowsky and Vashakidze (1953/54). Later, in spite 
of the difficulties presented by the Faraday effect, po
larization measurements were successfully carried out 
also in the em- and dm-wavelength ranges. A thorough 
consideration of the lifetime of the relativistic electrons 
in the Crab nebula led J. H. Oort to the conclusion that 
they are still being emitted even today, nearly a thousand 
years after the supernova explosion. 

The X-ray emissions of the Crab nebula also result 
from an extended source of around 1' in size, as shown 
from the first observations, spatially resolved with the 
aid of lunar occultations. The high angular and time res
olution of the Einstein satellite later made it possible to 
resolve the pulsar from the extended source, which is 
located northwest of it (Fig. 7.42). The average contri-

Fig.10.13. X-ray image of the supernova 
remnant Cassiopeia A. The image was made 
with the Chandra satellite at an angular 
resolution of about 0.5", corresponding to 
roughly 0.01 pc at a distance to Cas A of 
2.8 kpc. The diameter of Cas A is about 5' 
or 4 pc. (Image taken by NASA/CXC/SAO) 

bution of the pulsar to the emissions in the X-ray range 
is only about 4% of the total. 

Soon after the discovery of the Crab pulsar, it be
came clear that its rotation was, in fact, the energy 
source for the Crab nebula and that in connection 
with the rotation and its braking by the surround
ing plasma in the magnetic field, enormous numbers 
of high-energy "superthermal" particles are released. 
The production of synchrotron radiation in the ra
diofrequency range requires electrons of about 109 eV, 
and in the X-ray region, it requires about 1014 eV. In 
connection with these electrons, doubtless also a corre
sponding number of positively-charged atomic nuclei, 
i.e. cosmic-ray particles (Sect. 10.4.2) are accelerated. 
Using the high resolution of the Hubble Space Tele
scope, the time variation of the synchrotron emissions 
could be clearly detected; the emissions were found 
to emerge as a jet from one of the poles (and prob
ably from the other, also - this is not visible from 
the Earth for geometrical reasons), in the direction 
of the axis of rotation. In addition, wavelike motions 
can be seen in the equatorial plane, moving outwards 
with about half the velocity of light. These jets, which 
could also be observed with the ROSAT satellite in 



the X-ray region, certainly contribute to the transport 
of high-energy particles to the outer regions of the 
nebula. 

The Crab nebula occupies a unique position among 
the supernova remnants. On the one hand, we know the 
time of the supernova explosion in its case; on the other, 
we can observe the pulsar (neutron star) within the neb
ula and can investigate in detail the ejected gas shell and 
the interactions between the pulsar and its environment 
over the whole of the electromagnetic spectrum. 

Vela SNR. This nebula, at a distance of about 450 pc 
from the Earth, was formed by a supernova explosion 
around 14 000 yr ago. The remnant star is denoted as 
the Vela pulsar, PSR 0833-45, with a period of 89 ms, 
observed from the radiofrequency up to the gamma
ray range (cf. Sect. 7.4.7). Its image in the optical 
region (Fig. 10.12) shows clearly a filamentary struc
ture, formed by the interaction of the ejected gas shell 
with the surrounding interstellar medium. Collisional 
heating is strongest at the front edges of the filament 
arches, where the lines of ionized oxygen give rise to 
the blue luminosity. The inner, cooler parts appear red
dish due to the Ha emission of neutral hydrogen. In the 
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Fig.10.14. An X-ray image of the su
pernova remnant Vela, with a diameter 
of 8.3° or 65 pc at a distance of about 
450 pc. The image was made using the 
multiwire proportional counter on the 
X-ray satellite ROSAT in the energy 
range 0.1-2.4keV by B. Aschenbach, 
R. Egger, and J. Triimper (1995). The 
strong source (upper right) is the super
nova remnant Puppis A, which is roughly 
4 times more distant than Vela and 
emits harder X -radiation. (Image: ROSAT, 
Max-Planck-Institute for extraterrestrial 
Physics, MPE Garching and NASA) 

X-ray region, we see a similarly complex structure in 
images made with the ROSAT satellite (Fig. 10.14). 

As a young supernova remnant, the Vela nebula, like 
the Crab nebula, shows jets leading out from the pulsar; 
they can be observed in optical and in X-radiation. The 
strong thermal emission from the filaments of the Vela 
remnant, however, is not seen in the case of the Crab 
nebula. 

Optical SNR. As a result of the interstellar extinction, 
only a few supernova remnants within the Milky Way 
galaxy are observable via their optical emissions. Aside 
from the Crab nebula and the Vela remnant, we can 
see e.g. the remnants of the supernovae of 1572 (Tycho 
Brahe) and 1604 (Kepler). 

Cassiopeia A, the strongest radio source in the north
em sky, is the youngest galactic remnant of a supernova 
which exploded between 1650 and 1700. It is found at 
the same position as an optical nebula with a diameter of 
4 pc, which is expanding at a velocity of 7 400 km s -I. 
Cas A was observed by CGRO in the gamma-ray re
gion using the line of radioactive 44Ti; this isotope was 
produced in the supernova explosion and decays with 
a half-life of 60 yr via the scheme 44Ti --+ 44Sc --+ 44Ca. 
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Images made with Hcr radiation also show some 
ring-shaped or circular nebulae such as the well-known 
Cygnus arc (veil nebula) . 

Radio Emissions. In the radiofrequency region, undis
turbed by interstellar extinction, we can observe in 
the Milky Way galaxy about 200 supernova remnants. 
Their radio spectra are characterized by non-thermal 
radiation, whose intensity decreases with increasing fre
quency according to a power law (Sect. 12.3.2). They 
can thus be distinguished from the (thermal) spectra of 
other nebulae, such as e.g. the luminous gas nebulae 
(H II regions), and thereby be identified as supernova 
remnants. 

The enigmatic "radio spur", which stretches across 
the sky from the neighborhood of the galactic center 
to the galactic north pole (and likewise several other 
similar formations) seems to be part of a gigantic ring. 
All of these radio sources are no doubt related to the 
remnants of old supernovae. 

The younger remnants can be classified according to 
their radio images into two types: 

1. The "shell" or "ring-shaped" remnants like the rem
nant ofTycho Brahe's supernova (Fig. 10.15). 

63'51" 

0 

63'£8' 

2. The "filled" remnants. These synchrotron nebulae 
or plerions, whose prototype is the Crab Nebula, are 
filled with highly energetic particles as a result of 
the "activity" of a rapidly rotating pulsar, and the 
particles can emit synchrotron radiation when they 
move in magnetic fields. The supernova remnants of 
this type are associated with the type II supernovae 
(Sect. 7.4.7). 

Since the emissions of the synchrotron nebulae decay 
more rapidly than those of the shell remnants, the latter, 
usually broken up into many segments and filaments, 
represent the end phase of all SNR. 

X-ray Emission. Most supernova remnants have been 
detected as X-ray sources. With the exception of the 
Crab Nebula, and to some extent the Vela remnant, the 
X -ray spectra of the supernova remnants observed up to 
now can be explained in terms of thermal emission from 
a very hot plasma source at temperatures above 106 K. 
Theoretically, we would expect essentially a continuum 
at temperatures > 107 K, with only a few lines from 
highly ionized, abundant elements such as Fe super
posed on it; at low temperatures, numerous emission 
lines dominate the continuum. 

Fig. lO.lS. Radio contour lines at 
A. = 6 em (5 GHz) of the remnant 
3C 10 of Tycho Brahe's supernova 
from the year 1572. Observations 
made with the Westerbork Synthesis 
Telescope at an angular resolu
tion of 7" · 8" by R. M. Duin and 
R. G. Strom (1975) 
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The (spatially unresolved) X-ray spectrum of the 
strong radio and X-ray source Cas A fits well into 
this picture, if we assume the existence of two com
ponents at different temperatures, one at::::::: 4.5 · 107 K, 
which emits the continuum in the range > 5 keV and the 
Fe XXIV+XXV line at 6.7 keV; the other at::::::: 7-106 K, 
represented by many lines in the soft X-ray region, 
which are unresolved except for those of Si XIII at 
1.9 keV and S XV at 2.45 keV (Fig. 10.16). 

RX J0852.0-4622. This circular object, recently dis
covered by observing its hard X-ray emissions above 
1.3 keV (B. Aschenbach, 1996), has a diameter of 
around 2° and, at a distance of about 200 pc, must be 
the young supernova remnant nearest to the Earth, with 
an estimated age of 680 yr. In the soft X-ray region, it 
is outshined by the bright Vela remnant at a distance of 
around 450 pc (Fig. 10.14 ); it lies in front of the south
west part of Vela. The discovery of the gamma lines 
resulting from the decay of 44Ti, similarly to the case 
of Cas A (see above), confirms that RX 10852.0-4622 is 
a very young supernova remnant. 

SN 1987 A. The radiation flash in the ultraviolet which 
accompanied the explosion of this supernova in the 
Large Magellanic Cloud ionized the surrounding mat
ter, so that it could be seen for several years in the light of 
its recombination radiation. Corresponding to the bipo
lar arrangement of the mass distribution, a "dumbbell" 
shape, we observe with the Hubble Space Telescope 

b 
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Fig.10.16a,b. Spectral lines in the 
X-ray spectrum of the supernova 
remnant Cas A. (a) Observations 
with the solid-state spectrometer 
on the Einstein Satellite (HEA0-2) 
by R. H. Becker et a!. ( 1979). The 
main contribution to the soft X-ray 
emissions is from unresolved lines; 
the dashed curve gives an estimate 
of the continuum. (b) Propor
tional counter observations from 
the OS0-8 satellite by S. H. Pravdo 
eta!. (1976) 

a projection onto the celestial sphere in the form of 
three bright rings (Fig. 10.17): a smaller, inner ring and 
two larger outer ones. 

Fig.10.17. Rings around the supernova SN 1987 A in the Large 
Magellanic Cloud. An image made with the Wide Field Plan
etary Camera 2 of the Hubble Space Telescope seven years 
after the explosion by C. J. Burrows et a!. ( 1994 ). The size of 
the inner ring is 1. 7" or 0.4 pc, while that of the two outer 
rings is around 3.5" or 0.8 pc. (@Association of Universities 
for Research in Astronomy AURA/Space Telescope Science 
Institute STScl) 
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The supernova shell is expanding at present at a rate 
of about 0.01"yc1 or 2700kms-1• The first indica
tion of the supernova remnant, around 10 years after 
the explosion, was the observation of X-ray emission 
and non-thermal synchrotron radiation. It is estimated 
that in the year 2005 (with an uncertainty of ±3 yr) the 
ejected shell will collide with the neighboring interstel
lar matter and that a strong increase in brightness as 
well as emission of X-rays will result. 

From continuing observations of the supernova 
SN 1987 A, we expect important new information about 
the evolution and the chemical composition of the 
supernova remnant. 

10.3.4 Hot Interstellar Gas 

A major modification of our understanding of the inter
stellar medium was brought about by the discovery of 
a hot gas component, by means of satellite observations 
in the ultraviolet and X-ray regions. The temperatures 
in this hot gas are much higher than those of the par
tially ionized hydrogen gas which can be observed via 
its 21 em emission line, or those of the ionized gas in 
the H II regions. 

Interstellar Absorption Lines. The occurrence of in
terstellar absorption lines from multiply ionized atoms 
(Sect. 1 0.2.1) can be explained only by correspondingly 
high temperatures, due to the high ionization energies 
required. Thus, the lines of C II and S III indicate tem
peratures around 5 ·104 K, while the lines of CIV at 
A= 154.8/155.1, SiiV at A= 139.4/140.3, and NV 
at A= 123.8/124.2 nm indicate temperatures S: 105 K. 
This hot matter presumably occurs in "cloudlike" struc
tures which are moving at relatively high velocities 
of :::: 20 to 100 km s-1 relative to the colder gas. Fi
nally, observations of the 0 VI resonance doublet at 
A= 103.2/103.8 nmshow acomponentat2 to 8-105 K 
(with radial velocities S: 2000 km s-1 ). 

The Extreme Ultraviolet and X-ray Regions. The 
spectral region below the Lyman edge at 91.1 nm has 
not yet been investigated in detail, since here, the strong 
absorption in the Lyman continuum of neutral hydro
gen limits the observations to our immediate vicinity in 
the Milky Way. However, as a result of the inhomoge-

neous distribution of interstellar matter, objects out to 
a distance of about 100 pc can be observed in certain 
directions. 

In the X-ray region at below about A= 10 nm, the 
interstellar gas again becomes increasingly transparent. 
Although the view is still restricted in the soft X-ray 
region by absorption due to helium and the K and L ab
sorption edges of the more abundant elements, below 
about 1 nm wavelength the interstellar medium is al
most completely transparent. Observations of a thermal 
radiation in the soft X-ray range (about A= 2 to 12 nm), 
whose intensity is concentrated in the plane of the Milky 
Way, indicate the existence of a very hot, tenuous inter
stellar gas at :::: 106 K with electron densities S: 104 m-3, 

which fills about half of interstellar space. 

The Galactic Halo. Observations of "interstellar" lines 
in the ultraviolet spectra of bright stars in the Magel
lanic Clouds by the IUE satellites showed, surprisingly, 
several line components with radial velocities which lie 
between those of our local galactic vicinity and those of 
the two neighboring galaxies. We can conclude the ex
istence of a gaseous galactic halo, whose nonuniforrnly 
distributed matter stretches out to several kpc from the 
plane of the Milky Way. Since the corresponding ab
sorption lines from Fe II, S II and Si II are observed, as 
well as from C IV and S IV, and since later also 0 VI 
lines were discovered, the halo must contain several 
regions at different temperatures (up to a few 105 K). 

The high temperatures and velocities of the hot gas 
require a considerable energy input to the interstellar 
medium. Supernova explosions and the stellar winds 
from OB stars are probably the sources of this energy. 

10.4 High-Energy Components 

Keeping in mind our later considerations of the produc
tion, motion, and storage of cosmic-ray particles and of 
synchrotron electrons in the Milky Way and other galax
ies, we first deal briefly in Sect. 1 0.4.1 with the methods 
for measuring interstellar magnetic fields. Then we turn 
to a discussion of the high-energy components in the in
terstellar medium and the associated physical processes, 
treating cosmic radiation in Sect. 10.4.2 and gamma 
radiation from the Milky Way in Sect. 10.4.3. 



10.4.1 Interstellar Magnetic Fields 

The polarization of starlight by dust particles which are 
partially oriented through magnetic fields was already 
mentioned in Sect. 10.1.3. Another possibility for deter
mining the interstellar magnetic fields is based on the 
Zeeman effect (7.72) of the 21 em line (Sect. 10.2.2). 

Later, we shall see (in Sect. 12.3.1) that the non
thermal synchrotron radiation from many radio sources 
is also polarized. On the one hand, measurements of 
this polarization give information about the magnetic 
field at the place where the radiation originated. On the 
other hand, when the radiation traverses an interstellar 
plasma with a magnetic field, the plane of polariza~i~n 
of the radiofrequency radiation will be rotated; this IS 

none other than the well-known Faraday effect. The 
theory of this effect shows that the rotation of the plane 
of polarization through an angle 1ft is proportional to 
the square of the wavelength A times a wavelength
independent rotation measure RM: 

1/t=A2 ·RM (10.27) 

with 
L 

RM=8.1·103 ·fneBnd£ [radm-2]. (10.28) 

0 

Here, we give 1ft in units of arc [rad], A in [m], the elec
tron density ne in [m-3], the longitudinal component of 
the magnetic induction, B 11 , in [T = Tesla], and the dis
tance L to the radio source (as well as d£) in [pc]. From 
measurements at several wavelengths, (10.27) can be 
used to determine the original position of the plane of 
polarization and the rotation measure. The largest ob
served values of RM for extragalactic sources lie in the 
range of 300radm-2 . If the electron density "on the 
way" is known, then (10.28) yields a correspondingly 
averaged value of Bn. 

To summarize, the following methods are available 
for the investigation of interstellar magnetic fields: 

Method lndicaling medium lnfonnalion 
about 

a Polarization 
of starlight 

Dus1 B_t 

b Zeeman effecl eultal hydrogen 81 
of the 21 em Line 

c SyochrolfOn 
radiation 

Rclalivistic clcclfOn B_t 

d Faraday Them1al eleclrons 8. 
rolalion 
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Corresponding to the different spatial distributions 
of the contributing media, methods (a-d) yield differ
ent average values of the fields, which are not readily 
comparable. It is therefore not surprising that attempts 
to construct a model of the galactic magnetic field have 
not yet converged to a final result. From all the methods, 
the order of magnitude of the general galactic magnetic 
field is about 2. w- 10 T, with large-scale variations of 
the same order of magnitude superposed over regions 
of about 50 pc in size. In the more dense HI clouds and 
H II regions, we find fields about 10 times stronger; in 
molecular clouds, the fields are up to 100 times stronger. 
Measurements of the Zeeman splitting of the lines at 
A= 18 em of the OH maser (Sect. 10.2.3) indicate fields 
of up to w-7 T in spatially very limited regions. 

10.4.2 Cosmic Radiation 

In 1912, during a balloon flight, V. Hess discovered that 
the electrical conductivity of the atmosphere increases 
with increasing altitude, and explained this as being due 
to the ionizing effect of energetic cosmic radiation from 
outer space. The nature of these cosmic rays, as they 
are now called, i.e. the fact that they consist mainly of 
positively-charged particles, was established after about 
1930, first on the basis of their dependence on the Earth's 
magnetic field and then by direct observation. Their 
penetrating power (into deep mine shafts) shows that we 
are dealing with particle energies which by far exceed 
those encountered in everyday phenomena. 

We first consider the primary cosmic rays, which 
have not yet interacted with the matter in the Earth's 
atmosphere and can be investigated from balloons and 
rockets; or, before they are influenced even by the geo
magnetic field, from satellites and space probes. We 
have already gained an overview of the detectors and 
telescopes used for investigating cosmic radiation in 
Sect. 5.3.2. 

In the following, we first consider briefly the cosmic 
radiation generated by the Sun, and then discuss the 
galactic component of the primary cosmic rays, which 
extends to considerably higher particle energies. 

Solar Components. We have been able to observe the 
production of cosmic-ray particles in at least one case 
from "close up", so to speak, since S. E. Forbush was 



IV 
356 

10. Interstellar Matter and Star Formation 

able to demonstrate in 1946 that the Sun emits parti
cles having energies up to several GeV during major 
eruptions (flares, cf. Sect. 7.3.6). Their chemical com
position is, on the whole, that of solar matter. We cannot 
describe these and further investigations by A. Ehmert, 
J. A. Simpson, P. Meyer and others in more detail here; 
they give information in particular on the propagation of 
solar cosmic rays in the interplanetary plasma and mag
netic field. The physical mechanisms responsible for the 
acceleration of charged particles in the magnetic plasma 
of the solar atmosphere or corona up to energies of 108 to 
1010 eV are still not completely understood. Whether the 
principal mechanism is an induction effect, as in a beta
tron, or whether the particles are trapped between two 
magnetic "mirrors" (shock-wave fronts?) and thereby 
accelerated (E. Fermi) is not certain at present. Empiri
cally, however, it is clear and should be remembered that 
the acceleration of particles to high energies in the Sun 
as well as in the giant radio sources (Sect. 12.3.3) always 
occurs in a highly turbulent plasma with a magnetic 
field. 

We now tum to a discussion of the galactic 
component of the cosmic radiation. 

The Energy Spectrum. We first consider the nu
cleon components, consisting of protons, a particles 
(He2+) and heavy nuclei (i.e. completely ionized heav
ier atoms). Their energies can be determined, when 
they are not too high, by experiments involving deflec
tion in electric and magnetic fields . At higher energies 
(2: 1014 eV), one measures the ionization energy which 
is deposited in the atmosphere by the large air showers. 
The results of these measurements over the enor
mous energy range of 108 < E < 1020 eV are shown 
in Fig. 10.18. Above E > 1010 eV, the influence of the 
interplanetary magnetic field is unimportant. At higher 
energies, the integral energy spectrum falls off roughly 
according to a power law up to the highest measured 
energies of 2: 1020 eV: 

( 
E )-q 

1(> E)= 1o · Eo . (10.29) 

Here, 1(> E) is the particle flux at energy > E, which 
is usually quoted in units of [cm-2 s-1 sc1]. At around 
1015 eV, the energy distribution shows a change of 
slope; up to this "knee", the exponent in the power 
law is q::::::: 1.7; above it, the spectrum becomes steeper 
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Fig. 10.18. The integral energy spectrum of galactic cosmic 
radiation. The number 1(> E) of particles with kinetic ener
gies of > E which pass through an area of I cm2 per s and 
unit solid angle is plotted against the energy E in [eV] or 
[GeV = 109 eV]. In recent times, some particles of energies 
up to 3 · 1020 eV have been observed 

(q::::::: 2.1); and finally, above the "ankle" at::::::: 3. 1018 eV, 
it flattens off again. Owing to the rareness of the large 
air-shower events, the measurements are somewhat un
certain above 1019 eV. The particle flux above 1020 eV 
is thus only about one nucleon per km2 and year! The 
highest energies which have as yet been observed for 
cosmic-ray particles are 3 · 1020 eV = 48 J. 

The electron component of cosmic radiation was 
discovered only in 1961, by P. Meyer et al. Its energy dis
tribution ranges from about 2 MeV up to over 1000 GeV; 
the flux is only about 1 I 100 that of the protons. The en
ergy spectrum also obeys a power law, 1e ( > E) ex E-q, 
with q::::::: 2.0 in the range from about 1 to 25 GeV. 
At higher energies, the spectrum decreases more 
steeply. 



The integral spectrum 1(> E) <X E-q corre
sponds to a differential flux J(E), given e.g. in 
[cm-2 s-1 sr- 1 GeV- 1], or also to a particle density 
n (E) for energies in the range E to E + dE; these 
likewise obey a power law, J(E), n(E) <X E-P, with 
p=q+l. 

Here, we cannot go into the complicated processes 
which accompany the penetration of primary cosmic 
rays into the atmosphere. We shall, however, discuss 
in more detail the deflection of the charged cosmic-ray 
particles by magnetic fields, in particular the geomag
netic field, the interplanetary magnetic field from the 
Sun, and the interstellar magnetic field in the Milky 
Way galaxy. 

Motion in a Magnetic Field. In a (homogeneous) mag
netic field of flux density B, a particle of chargee, rest 
mass m, and velocity v moves, in a plane perpendicular 
to B, on a circular orbit with the cyclotron frequency 
we= 2nve and radius re = vfwe. 

Cosmic-ray particles are extremely relativistic 
(v::::::: c), since their energies are much larger than the 
rest energy m2 (0.51 MeV for electrons, 938 MeV 
for protons). As we saw in Sect. 4.2.2, the relativistic 
mass of the (moving) particle is ym, its momen
tum is p = ymv (4.20) and its energy is E = ymc2 

(4.21), where y = 1/J1- (vjc) 2 is the Lorentz 
factor (4.14). 

For the motion perpendicular to B, the centrifugal 
force ym v2 / re equals the Lorentz force ev B, so that the 
cyclotron radius is given by 

p=eBre (10.30) 

and the cyclotron frequency by 

1 eB 
we=-- (10.31) 

ym 

[Bin Tesla]. The magnetic rigidity Bre of the particle is 
thus directly related to its momentum p. The cyclotron 
frequency we is, by the way, twice as large as the Larmor 
frequency tiJL, which plays a role in the Zeeman effect 
(7.71). 

In the Gaussian system of units, the Lorentz force 
is evBjc, where B is expressed in [Gauss]; corre
spondingly, the cyclotron frequency is we= eBj(ymc) 
(10.31). (1 G corresponds to 10-4 T.) 
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Since for relativistic particles, p = Efc (4.26), it 
follows from (10.30) that 

E 
re=-. 

ceB 
(10.32) 

If we compute E in [GeV = 109 eV] andre in [pc], then 
we obtain 

_ 16 E [GeV] 
re [pc] ::::::: 1.08 · 10 B [T] . (10.33) 

The general shape of the orbits of charged particles 
in a magnetic field results from the superposition of 
this circular motion with the component of translational 
motion parallel to the magnetic force lines, which is not 
affected by the field. The particles thus move on helical 
orbits along the lines of magnetic force. 

The geomagnetic field has the effect that relatively 
low-energy charged particles can reach the Earth's sur
face only in limited zones around the geomagnetic 
poles. This latitude effect becomes negligible, as can be 
shown by setting re =Earth's radius and B = 10-4 T, 
at energies above about 100 GeV. 

When the cosmic rays enter the Solar System, they 
interact with the solar wind and with the interplanetary 
magnetic field, of order 10-8 T, which is swept out along 
with its plasma. It is therefore not surprising that the 
intensity of cosmic radiation within the Solar System 
shows a dependence on the 27-day cycle of the synodic 
solar rotation and on the 11-year cycle of solar activity. 

In the galactic magnetic field of 2 ·10-10 T, the 
cyclotron radius re for singly-charged particles is 

E = 1 103 106 

re = 5 · 10-7 5 · 10-4 0.5 

(0.1 AU) 

[GeV] 

[pc] . 

(10.34) 

Due to the deflection of the particles by the galactic 
(and for lower energies also by the interplanetary and the 
terrestrial) magnetic fields, their directional distribution 
is isotropic within the accuracy of the measurements. 
Therefore, the possibilities of learning something about 
their origins through radio astronomy and gamma-ray 
astronomy (Sect. 10.4.3) are all the more important. 
Only at the highest energies (2': 1020 eV) is it possi
ble to determine the position of the source directly from 
the air shower. 
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Element Abundances. The nuclear charges Z of the 
cosmic-ray nuclei can be determined from the tracks 
they leave in nuclear emulsion plates, by using suit
able arrangements of counters, or from their tracks in 
solid media, and thus their abundance distributions can 
be determined (Fig. 10.19). These are, on the one hand, 
relatively similar to the solar abundance distribution 
(Table 7 .5); but on the other hand, they exhibit some 
noticeable differences: the light elements Li, Be, and 
B, which are exceedingly rare in stars, have nearly the 
same abundances in cosmic radiation as the following 
heavier elements. Also, the abundance minimum from 
Sc to Mn is "filled in" in the cosmic radiation. These 
overabundances are caused by spallation, i.e. as a re
sult of the splitting of heavier nuclei, especially C and 
Fe, by collisions with protons and a-particles in the in
terstellar medium; these are highly energetic in the rest 
system of a cosmic-ray particle. The interaction cross
sections for these spallation reactions can be measured 
with large particle accelerators up to energies of about 
103 GeV; they are of the order of the geometrical nu
clear cross-sections. From the ratio of the numbers of 
the lightest and heaviest nuclei in the cosmic radiation, 
it can thus be calculated that the particles have passed 
through an amount of matter corresponding to about 
50 kg m-2 or 5 g cm-2 • This number should however be 
regarded as an upper limit, since nuclei have been de
tected up to the end of the Periodic Table. Such "large" 
nuclei, and furthermore all the less energetic nuclei, 
must have passed through only a much smaller amount 
of matter. 

On the basis of suitable assumptions about the distri
bution of the layers of interstellar matter through which 
the cosmic rays have passed, and using measured or cal
culated interaction cross-sections for the production and 
annihilation of the energetic nuclei, M. M. Shapiro and 
coworkers (1972) were the first to draw some conclu
sions about the chemical composition of cosmic rays 
at their points of origin. The abundance distribution 
of the elements in cosmic radiation at their point of 
origin is, within plausible error limits, the same as 
the abundance distribution in the Sun and other nor
mal stars (Table 7.5), perhaps with the exception of 
the neon isotopes and "ultraheavy" nuclei of Z > 26 
(overabundance in the Pt region). Before we follow up 
this important conclusion, we first consider the energy 
density of cosmic rays. 
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Fig.10.19. The abundance distribution of nuclei in the cosmic 
radiation (in the energy range from about 0.1 to 0.3 GeV per 
nucleon) from observations (•) made with the IMP-8 satellite 
by the group at the University of Chicago (P. Meyer, 1981). 
For comparison, the relative element abundances in the Solar 
System ( o) and in the stars and nebulae in our vicinity in the 
Milky Way (D) are indicated. The abundance distributions are 
set equal for C (Z = 6), and are plotted against the atomic 
number 

Energy Density and Pressure. We start by comparing 
the energy densities u in our galactic vicinity for the 
most important cosmic-ray constituents in Table 10.1: 

It would seem to be ruled out even by the 2nd Law 
of thermodynamics that in the Milky Way, roughly the 



Table 10.1. Energy densities in the interstellar medium 

Cosmic radiation 

"Them1al radiation", 
i.e. overall starlight 

Kinetic energy QU2/2 
of the interstellar maner 
(106 proton m-3 at7 km s- 1) 

Galactic magnetic field B2/(21J.o) 

(wi th B =2 · 10-tOT) 

rt[Jm- 3) 

1·10- t3 

5 · 10-t4 

4· IO- t4 

2-10- 1 ~ 

0.7 

0.3 

0.2 

0.1 

same amount of energy would be released in the form of 
extremely nonthermal cosmic radiation as in the form 
of thermal radiation. Indeed, the orbits of the charged 
cosmic-ray particles are "wound up" by the galactic 
magnetic field B; i.e. they move l_ B on cyclotron 
orbits whose midpoints carry out a translational mo
tion II B. The particles are thus stored in the Milky Way 
on these helical orbits. According to (10.34), we would 
expect that this mechanism would be effective up to en
ergies of about 108 GeV. From the amount of matter the 
cosmic rays have passed through, about 50 kg m-2, we 
can estimate their path length, using an average density 
of 2. 10- 21 kg m-3 for the interstellar matter, and find 
800 kpc or 2 · 106 light years, corresponding to a life
time of roughly 2 · I 06 yr. Compared to particles which 
are not deflected, e.g. photons, which have paths in the 
galactic disk of the order of 300 pc, this means an av
erage increase in the path length by a factor of 2 · 103. 

Recent determinations of the abundances of long-lived 
isotopes in the cosmic radiation have however indicated 
a longer storage time of about 2 · 107 yr, meaning that 
the particles could have spent most of their time outside 
the galactic disk. The end of the "history" of a cosmic
ray particle is in general not determined by nuclear colli
sions, but instead by its eventual escape from the galaxy. 

The energy densities given in Table 10.1 cor
respond in each case to about the same pressure 
([J m- 3] = [N m-2]). The order-of-magnitude equality 
of the magnetic pressure and the turbulence pressure in 
interstellar matter seems plausible in the light of mag
netohydrodynamics. The approximate equality of the 
pressure of the cosmic rays to the magnetic and turbu
lence pressures can be understood by considering that 
cosmic radiation collects, "frozen in" by the galactic 
magnetic field, until its pressure is sufficient to allow it 
to escape from the disk of the Milky Way, probably tak-
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ing with it a certain amount of interstellar matter and its 
associated magnetic field. 

Origins. From the abundances of certain isotopes, 
which are produced in meteorites by spallation pro
cesses, we know that the intensity of cosmic rays has 
remained practically constant over a period of time 
of at least 108 yr. Since on the other hand the aver
age dwell time of a cosmic-ray particle in the disk 
of the Milky Way is only 2 · 106 yr, the cosmic radi
ation must be continually "regenerated". Its sources 
are to be searched for in highly turbulent plasmas with 
magnetic fields, whose energy densities B2 /{2J-to) ad
just themselves to correspond roughly to the kinetic 
energy density gv2 j2. These locations correspond pre
cisely to the strong, nonthermal radio emission regions 
(A. UnsOld, 1949). 

This connection is emphasized by the electron com
ponent of cosmic radiation; its energy distribution obeys 
a power law, n(E) ex E - P (see above). As will be 
shown in Sect. 12.3.1, relativistic electrons produce syn
chrotron radiation as a result of their motion in magnetic 
fields: non thermal radiation with a spectrum of the form 
I v ex v-". The two exponents p and a are related by 
the equation p = 2a + 1 (12.27). The exponent p:::: 3.0 
(or q:::: 2.0) of the cosmic electron component would 
thus lead to a radio spectrum with a :::: I , in sufficiently 
good agreement with the values found for the galactic 
synchrotron radiation (a:::: 0.7 .. . 1.0). 

It was uncertain for a long time whether the elec
tron component of cosmic radiation was a secondary 
product from the interaction of protons with the in
terstellar medium, through the decay chain n meson 
--+ muon J.L (penetrating component) --+ electron; or 
whether it is produced by direct acceleration of elec
trons together with the nucleons of the plasma. In the 
former case, somewhat more positrons, e+, would be 
produced than electrons, e- ; while in the latter case, 
the electrons would strongly predominate. The mea
sured ratio e- je+:::: 10 (in the energy range::=:: 10 GeV) 
indicates that the electron component of the cosmic radi
ation in the Milky Way is produced by the same sources 
as the nucleon components. 

Which celestial objects are these sources? The abun
dance distribution of the elements in the sources of 
cosmic radiation indicates that its matter was initially 
formed in the interiors of stars by the nuclear processes 
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that take place there. We have already seen that the Sun 
produces cosmic rays and synchrotron radiation. But all 
together, the solar flares and the flare stars make only 
a tiny contribution to the galactic cosmic radiation. 

I. S. Shklovsky, V. L. Ginzburg and others have there
fore pointed out the importance of the supernovae. In 
particular, their expanding remnants (Sect. 10.3.3), as 
well as their remnant stars, the pulsars (Sect. 7 .4. 7), 
can accelerate considerable amounts of matter to high 
energies, as has been demonstrated by the observed 
synchrotron radiation. 

According to our current ideas, the cosmic radiation 
up to energies of about 1018 eV has galactic origins. Up 
to 1015 eV, i.e. up to the "knee", it is accelerated by the 
Fermi mechanism, especially in the shock-wave fronts 
of the supernova remnants of our galaxy; the pulsars 
give a contribution mainly to the lower-energy particles. 
That in fact the supernova remnants can be consid
ered as possible sources for such energetic particles 
has been supported by the observation of non-thermal 
X-radiation, requiring synchrotron electrons with ener
gies of 1014 eV, in the remnant of the supernova from 
the year 1006 by the ASCA satellite. 

Furthermore, the extremely hard gamma radiation 
from some X-ray binary star systems (Sect. 7.4.6), such 
as Cyg X-3, indicates that here, we are probably ob
serving a source of highly energetic particles. The 
contribution of all these objects to cosmic rays, about 
which only rather uncertain estimates can be made, is 
in any case of the correct order of magnitude. 

The cosmic radiation above about I 015 eV is probably 
also from the Milky Way galaxy, but here we know little 
about its source. The acceleration of these particles may 
occur in the multiple, mutually interacting shock-wave 
fronts of young supernova remnants in the neighbor
hood of the OB stellar associations, or in extended 
shock-wave fronts in the galactic halo, or, distributed 
over a large area, in the magnetic fields of the general 
interstellar medium. A contribution from the region of 
the galactic nucleus of the Milky Way, by contrast, prob
ably does not play an important role, since observations 
of other, similarly structured galaxies show no correla
tion between the activity of their nuclei and the strength 
of the non-thermal radio emissions from their disks. 

A further source of synchrotron electrons and cosmic 
rays has been found, in particular by radio-astronomical 
observations, in the activity of galactic nuclei and of 

quasars (Sect. 12.3.6). This might offer the solution to 
the riddle of the most energetic particles of the cos
mic radiation, with energies up to 1020 eV. Since the 
cyclotron radius at 1018 eV is already comparable to 
the thickness of the galactic disk, and at 1020 eV, it 
corresponds to the dimensions of the whole galactic 
system, such particles can no longer be stored. They are 
therefore reduced in number relative to the softer par
ticles by a factor of 2 · 103 in the Milky Way system. 
This suggests that in the energy spectrum of cosmic 
rays, the extragalactic contributions of distant galax
ies (galactic nuclei) become increasingly important at 
the highest energies. This idea gains support from the 
observed isotropy of even the most energetic particles, 
although they are deflected only slightly by magnetic 
fields. Above the "ankle" at around 3 · 1018 eV, not only 
does the slope of the spectrum change, but also the com
position of the cosmic radiation: we find here practically 
only protons and helium nuclei. 

The extragalactic sources have not been individually 
identified. Possibilities are the acceleration of the parti
cles in "hot spots" at the ends of the relativistic jets from 
active galaxies (Sects. 12.3.3, 4), or also acceleration in 
shock-wave fronts which occur when matter falls into 
galaxy clusters (Sect. 12.4.3). 

In the case of extragalactic particles with energies 
above 1019 to 1020 eV, we expect a noticeable reduc
tion of their flux due to interactions with the cosmic 
microwave background radiation (Sect. 13.2.2), so that 
these particles can reach us only when they originate 
from sources within a few 10 Mpc away. 

Significant contributions to the area of the origin of 
cosmic radiation are also made by the investigation of 
gamma radiation, which is closely connected with the 
observation of cosmic radiation; it has the advantage, 
compared to the latter, that it can give us information 
about the direction of the sources of even the low-energy 
cosmic radiation. 

10.4.3 Galactic Gamma Radiation 

Radiation in the gamma-ray range from the whole of the 
Milky Way can reach us without interstellar extinction 
and can be observed from satellites. The physical pro
cesses which generate gamma radiation were already 
introduced in Sect. 4.5.6. 
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Sky Surveys. In the survey charts of the gamma-ray 
region, particularly at energies 2: 100 MeV, the emis
sions of the Milky Way predominate as a narrow band, 
only a few degrees wide, around the galactic equa
tor (Fig. 10.20). This first became clear in the period 
from 1975-1982 through observations with the COS-B 
satellite. The intensity exhibits several maxima which 
seem to be correlated with spiral arm structures; within 
Ill ::5 40° from the galactic center, we find especially 
strong emissions. 

At the beginning ofthe 1990's, surveys were then car
ried out with the greatly improved sensitivity, positional 
accuracy and angular resolution of the instruments 
on board the Compton Observatory, CGRO. With the 
Compton telescope, first studies were made in the low
energy range from 1 to 30 MeV, while the high-energy 
telescope EGRET (Energetic Gamma-Ray Experiment 

Telescope) carried out observations in the energy range 
above 100 MeV (Fig. 10.21). 

Point Sources. At first view, a number of "point-like" 
galactic gamma-ray sources stand out above the back
ground. While COS-B, owing to its limited angular 
resolution, could resolve only about 30 such sources, the 
chart obtained with EGRET permits us to distinguish 
more than 130 point sources, even at higher galactic 
latitudes. However, since even the instruments of the 
Compton Observatory permit- in the best cases (very 
bright sources)- a positional accuracy of only around 
10', a definite identification with known objects is in 
general difficult and is possible for only a portion of the 
sources. 

In a first survey, over 60 of the point sources, mostly 
outside the plane of the galaxy, could be identified as 
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Fig.10.20. The first picture of the Milky Way in the 
gamma-ray spectral region (70-5000 MeV), from observa
tions with the gamma-ray telescope on the COS-B satellite by 
H. A. Mayer-HaBelwander eta!. ( 1982). The measured count
rates are shown; they are proportional to the gamma intensity. 
The error bars indicate the measured points and the smooth 
curve shows a fit to the data. Center: contour lines of con-

stant gamma-ray emission intensity in galactic coordinates 
(/, b) (cf. Sect. 11.1.1). Upper part: Dependence of the in
tensity on the galactic latitude b, averaged over the range 
of galactic longitudes indicated. Lower part: The intensity 
along the galactic equator b = 0°, averaged over lbl .::: 5°. 
The strongest gamma source at I::::: 264° is the Vela pulsar 
PSR 0833-45 (Sect. 7 .4. 7) 
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Fig.10.21. A false-color image of the Milky Way in the 
gamma-ray region for energies 2: I 00 MeV, in galactic coordi
nates (Sect.ll.l.l); observations made with the high-energy 
gamma-ray telescope EGRET on the Compton Observatory 
(1993). The brightest sources in the galactic disk are pulsars 
such as Vela, Gerninga and the Crab pulsar, while the point 

extragalactic objects (quasars). We will discuss their 
gamma emissions later in in Sect. 12.3.4, together with 
their other properties. 

On the basis of their characteristic variability, a few 
of the strongest point sources could then be positively 
attributed to pulsars, such as the Crab and Vela pulsars 
as well as Geminga (Sect. 7.4.7). Several other sources 
appear to be associated with dense molecular clouds 
(Sect. 10.2.3). For the remaining sources, about 70, up 
to now no identification has been possible. 

In Sect. 7.4.8, we have already described the gamma 
emissions of some galactic binary star systems, and in 
Sect. 7.4.9, we treated the gamma bursters. 

Diffuse Gamma Radiation. In addition to the point 
sources, a diffuse emission, concentrated towards the 
galactic disk, with a continuous intensity spectrum is 

sources at high galactic latitudes are mainly extragalactic, 
variable gamma blasars (Sect. 12.3.4). The brightest of these 
gamma sources (top, somewhat to the right of the center) is 
3C 279. (Image from: EGRET on the Compton Gamma Obser
vatory, Max-Planck-Institute for extraterrestrial Physics/MPE 
Garching and NASA) 

observed. Owing to the still modest angular resolution 
of the gamma-ray telescopes, it is as yet uncertain to 
what extent unresolved point sources of various kinds 
contribute to the observed component, in addition to the 
genuine diffuse emissions. 

This diffuse emission exhibits a (differential) inten
sity spectrum which approximately follows a power 
law, ex E- 2, over a wide energy range from about 
0.1 MeV to lOGeV. The main contribution to the dif
fuse radiation from the disk of the Milky Way in the 
energy range from 1 MeV to 100 MeV is made by 
bremsstrahlung from relativistic cosmic-ray electrons 
in the fields of interstellar atomic nuclei; in contrast, 
above 100 MeV, gamma quanta accompanying the de
cays of Jt0 mesons are predominant. The mesons are 
produced through inelastic collisions of cosmic-ray pro
tons with protons of the interstellar medium. Inverse 



Compton scattering of cosmic-ray electrons by starlight 
in the Milky Way contributes only to the order of 
l 0% within the disk, but its relative importance in
creases steadily with decreasing energy below about 
lMeV. 

At higher galactic latitudes, on the other hand, the 
gamma radiation produced by inverse Compton scat
tering dominates that from the other two mechanisms, 
since the galactic radiation field is much less strongly 
concentrated in the disk than is the interstellar gas 
component. 

Gamma-Ray Lines. Nuclear spectroscopy of gamma
ray lines which occur in connection with nucleosynthe
sis of the elements in the stars (Sect. 8.2.5) allows the 
direct detection of their production. 

The first gamma-ray line from a radioactive prod
uct of nucleosynthesis in the Milky Way was detected 
in 1982: the 1.809 MeV line of 26 Al. This isotope, with 
a half-life of7 .4 · 105 yr, decays predominantly by emis
sion of a positron to the first excited state of 26Mg* 
at an energy of 1.809 MeV above the ground state. 
Its rather short lifetime, in comparison to the age of 
the Milky Way, gives direct evidence that even "to
day", nucleosynthesis processes are occurring within 
our galaxy. 

With the imaging Compton telescope of the CGRO 
satellite it was possible for the first time in 1996 
to make a chart of the entire Milky Way in the 
radiation of the 1.809 MeV line, with an angular res
olution of around 2a. The emissions of this line occur 
mainly in the galactic disk and are strongly concen
trated around the center of the galaxy as well as in 
in Cygnus, Carina and Vela. Their intensity distribu
tion reflects in detail the projection of the distribution 
of young massive stars. With these recent observa
tions, older stars, novae or other point sources, which 
had earlier been under discussion as possible sources 
of the 1.809 MeV emissions, can be eliminated. In
stead, it is clear that the radioactive aluminum is 
produced in massive stars (::: 25 M 0 ), in the main 
as a result of proton capture reactions which occur 
during CNO burning at temperatures above 4 · 108 K: 
25Mg(p, y) 26 ALit is then finally dispersed in the inter
stellar medium by stellar winds or ejected gas shells. 
Candidates for such stars are the massive stars on the 
asymptotic giant branch, Wolf-Rayet stars, or super-
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novae; their relative contributions are not yet known 
precisely. 

In the case of supernovae (Sect. 7 .4. 7), a few gamma
ray lines have thus far been discovered using the CGRO, 
such as the 0.847 MeV line of 56Co, which is produced 
in the decay of 56Ni, from SN 1987 A in the Large 
Magellanic Cloud, as well as lines of 57 Co at 0.122 
and 0.136MeV. From the supernova remnant CasA 
(Sect. 10.3.3), the 1.156 MeV line of 44Ti was detected; 
this isotope originated directly in the supernova. 

Finally, we mention the emission of gamma-ray 
lines from the molecular clouds in Orion at 4.43 and 
6.13 MeV, which can be attributed to the nuclides 12C* 
and 160*; they can be raised to excited nuclear states by 
collisions with cosmic-ray particles. 

10.5 Early Evolution and Formation 
of the Stars 

After having considered in Sect. 8.2 the evolution of the 
stars from the main sequence through their final stages, 
and having described the properties of the interstellar 
medium in the earlier sections of the present chapter, 
we can now return to the starting point of our consid
erations of star formation or stellar genesis and ask the 
questions, "How do the stars evolve onto the standard 
main sequence?", and then: "How and from what are 
the stars formed?" 

The close spatial conjunction of the young 0 and 
B stars of high absolute magnitudes with gas and dust 
clouds in the spiral arms of our own galaxy, and of others 
such as the Andromeda galaxy, leads us to the conclu
sion that, quite generally, stars are formed from - or 
in - cosmic clouds of diffuse matter. The only energy 
source which is initially available to a protostar, i.e. be
fore the ignition of some sort of thermonuclear reaction, 
is the gravitational energy EG ::::= GM2 / R (8.28) which 
is released by the contraction of the stellar mass M from 
originally widely-distributed matter down to a radius R. 

Time Scales. The characteristic evolution time for the 
gravitational contraction phase is the Helmholtz-Kelvin 
time tHK ::::= GM2 j(RL) (8.34); hydrostatic equilibrium 
(8.1) can be established in the (whole) star, of mean 
density Q, when the dynamic time scale or free fall time 
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is much shorter than the Helmholtz-Kelvin time: 
1 

tff ~ -- « tHK 
/GQ 

(10.35) 

(8.41). Near the main sequence, this condition is very 
well fulfilled; e.g. for a mass of .M = 1 .M0, a lumi
nosity L = 1 L0 and a mean density Q= 1400kgm-3, 

we find tff ~ 3 · 103 S ~ 10-4 yr and tHK ~ 2 · 107 yr. 
However, with increasing radius, tff ex R312 increases, 
while tHK ex R-3 decreases (due to L = 4:nR2aTjy ex R2 

(6.43)), if we keep the effective temperature constant for 
simplicity. At a radius of R 2: 300 R0 , we thus see that 
tff 2: tHK. and the hydrostatic equilibrium condition is 
no longer met. 

In the evolution of protostars whose radii are still very 
large, one must therefore apply dynamic model calcu
lations, such as were first carried out by R. B. Larson 
in 1969, in which the hydrostatic equation (8.1) is 
extended by the addition of an acceleration term 
edvjdt = ed2rjdt2 to the Euler equation (7.87). Only 
when its evolution has reached the neighborhood of the 
main sequence can a global hydrostatic equilibrium be 
established in the pre-main-sequence star. 

We begin in Sect. 10.5.1 with a discussion of the evo
lution and the properties of the pre-main-sequence stars. 
Before treating their earliest evolutionary phases, i.e. the 
protostars and stellar genesis, we give in Sect. 10.5.2 
a summary of the observational data from the regions of 
star formation, and investigate in Sect. 10.5.3 the condi
tions under which a mass of interstellar gas can become 
gravitationally unstable and begin to form a star. In 
Sect. 10.5.4, we then consider the theory of evolution 
of protostars, which occurs on a short, "dynamic" time 
scale and depends sensitively on the amount of angular 
momentum originally present in the system. Sect. 10.5 .5 
deals with the various forms of matter flows, such as 
bipolar winds, jets and accretion disks, which are closely 
related to the evolution of protostars but are theoretically 
only poorly understood. Finally, in Sect. 10.5.6, we dis
cuss the statistical distribution of luminosities and of 
masses of the stars, as well as their rate of formation. 

10.5.1 Pre-Main-Sequence Stars 

Stars which are in complete hydrostatic equilibrium, and 
whose only energy source is their gravitational energy, 

are termed pre-main-sequence stars. We first want to 
consider the path in the color -magnitude diagram which 
a star must follow as it is formed from matter which was 
originally very widely distributed in space, while always 
remaining in hydrostatic equilibrium. We then com
pare these results with observations of the T Tauri stars, 
which have been identified as pre-main-sequence stars. 

Evolutionary Paths. Giant stars with effective temper
atures below 3000 to 4000 K have essentially convective 
structures (Sect. 8.1.2); their interiors are occupied 
for the most part by extended hydrogen convection 
zones. C. Hayashi showed in 1961 that no hydrostatic 
equilibrium can be established in these stars. On the 
(theoretical) color-magnitude diagram there thus ex
ists, for each mass, a line: a Hayashi line which is 
nearly vertical, i.e. it remains at constant effective tem
perature, and which separates the "forbidden zone" of 
the unstable stars (to the right) from the region of the 
stable stars (left). 

A pre-main-sequence star in hydrostatic equilibrium 
forms an extended convective shell as soon as its hy
drogen is partially ionized. It moves downwards in 
the color-magnitude diagram (Fig. 10.22) from higher 
luminosities, with a slightly increasing temperature, re
maining just to the left of the Hayashi line, until (after 
107 yr, for amass of l.M0 ) it reaches the nearly horizon
tal line representing radiation equilibrium (calculated 
earlier by L. G. Henyey and coworkers). On this line, it 
continues to fill its energy requirements through release 
of gravitational energy. Ignition of the well-known ther
monuclear reactions takes place only shortly before it 
reaches the initial main sequence. 

It is notable that stars can also not cross over the 
Hayashi line "in the opposite direction". Their evolu
tionary lines in the region of giant stars therefore lead 
steeply upwards in Figs. 8.7 and 8.8. 

Towards the upper part of the main sequence, the 
contraction time tHK becomes shorter and shorter, ac
cording to (8.34); for aBO star, it is only about 105 yr. 
At the other end of the scale, stars of smaller mass are 
formed more slowly; an M star of mass 0.5 .M0 requires 
about 1.5.108 yr. Contracting masses ofless than about 
0.1 .M0, as we saw in Sect. 8.3.1, never reach the tem
perature (in equilibrium) which would be required for 
the ignition of hydrogen burning and simply form cool, 
completely degenerate objects, the brown dwarfs. 
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Fig.l0.22. The evolution of hydrostatic pre-main-sequence 
stars of various masses (0.5 to 15 .M0 ) after I. Iben (1965). 
Stars of mass 2: 1.M0 require less than a few 107 yr to reach 
the main sequence 

Young Star Clusters. In young open star clusters, 
which can be recognized by their bright blue stars, 
M. Walker indeed found stars of middle and later 
spectral types to the right of the lower part of the 
main sequence, whose T Tauri variability, Ha emis
sion lines, and in part rapid rotation etc. identify them 
as young stars. Figure 10.23 shows, as an example, the 
color- magnitude diagram of the cluster NGC 2264. Cal
culating on the basis of its brightest star, this cluster has 
an age of only 3 · 106 yr. In agreement with theory, stars 
before spectral type AO (:S 3 .M0 ) have not yet reached 
the standard main sequence. 

T Tauri Stars. Above the main sequence, in the region 
of the F to M stars, we find the variable T Tau stars, 
which can be identified as pre-main-sequence stars with 
masses below about 3 M 0 . Their spectroscopic prop-
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Fig.10.23. The color- magnitude diagram of the very young 
open star cluster NGC2264, after M. Walker (1956). • Pho
toelectric measurements; o photographic measurements; 
I variable stars; - stars with Ha emission. The apparent mag
nitudes V are plotted against (B- V). The curves indicate 
the standard main sequence and the giant branch, corrected 
for uniform interstellar reddening of the cluster. The apparent 
distance modulus is 9.7 mag, and the distance is 800 pc 

erties and their remarkably strong emissions of Ha, 
Ca II H and K lines, their activity and their X -ray emis
sions were already described in Sect. 7.4.3. While in the 
case of the protostars the dense, "dusty" surroundings 
prevent observations in the optical region, the pre-main
sequence stars become optically visible for the first time 
in the course of their evolution as classical T Tau stars. 
For the most part, they are surrounded by a dust-filled 
accretion disk (Sect. 8.2.7), which is "left over" from 
their formation process and, depending on the direc
tion of the observer, hinders more or less strongly the 
passage of radiation in the optical range. Their thermal 
emissions can be seen in the form of an infrared excess 
relative to the stellar radiation. 

Most of the T Tau stars belong to binary star systems; 
some of them exhibit stellar winds with velocities of up 
to 100 km s- 1 and mass loss rates around IQ- 7 M 0 yr-1. 

During their continuing evolution, their activity de
creases and the accretion disk gradually disperses; this 
can possibly lead to the formation of a planetary system. 
These "bare" T Tau stars have fainter emission lines than 
the classical T Tau stars; the equivalent width, e.g. of the 
Ha line, is ::; 1 nm. Their X-ray emissions are, in con-
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trast, stronger than those of the classical objects and are 
correlated with their rotational velocities. They proba
bly originate from arches of magnetic field lines, similar 
to those we have seen on the Sun, that are formed as 
a result of "winding up" by the differential rotation. 

It is often difficult to distinguish the T Tau stars with 
faint lines from main-sequence stars. A criterion indi
cating these young stars is a strong absorption line in 
the resonance transition of Li I at A = 670.8 nm, since 
lithium is mixed into the core of older stars in the course 
of their evolution and there, already at temperatures of 
2.5 · 106 K, is destroyed by proton capture reactions. 

The Herbig Ae and Be stars (A and B stars with 
emission lines), which are related to the T Tauri stars, 
correspond to the somewhat more massive pre-main
sequence stars of 3 to 8 M 0 . Pre-main-sequence stars 
of masses above about 8M0 , in contrast, cannot be 
observed in the optical region (Sect. 10.5.4). 

10.5.2 Regions of Star Formation 

Stability considerations, as we shall see in Sect. 10.5.3, 
indicate that initially, only relatively large masses of 102 

to 105 M 0 , which are much greater than observed stellar 
masses, can condense from the interstellar medium. In
deed, on the basis of observations, V. A. Ambarzumian 
in 1947 had already arrived at the important conclusion 
that the stars (at least for the most part) are formed over 
periods of time of the order of 107 yr (Sect. 9.1.2) in 
groups, with overall masses of 103 M 0 . These are the 
OB associations, with bright blue stars, and the T asso
ciations, with cool stars, especially T Tauri variables of 
low absolute magnitudes (frequently, both kinds occur 
together). An OB association, such as those in Orion 
or Monoceros, with enormous masses of gas ionized 
by the short wavelength radiation of the 0 and B stars 
embedded in it, appears to the observer in the optical 
region at first as an H II region, dominated by emis
sion of strong Ha radiation. The stars of an association 
move away from its center with velocities of the order of 
lOkms-1; associations are thus not stable. The expan
sion age, obtained by extrapolation backwards of the 
stellar motions, agrees in general with the evolutionary 
age of the brightest stars. 

As a result of progress in radio astronomy in the 
millimeter-wave region, and in infrared astronomy, it 

has become clear since the 1960's that the gas neb
ulae which emit strongly in the optical region, with 
their OB stars, are only a part of the gigantic molecu
lar cloud complexes with masses above 105 M 0 . These 
make themselves known especially through line emis
sions from molecules such as CO, NH3 , H2CO and 
others (Sect. 10.2.3). The most dense and coolest parts 
of these molecular clouds can be regarded as the actual 
locations of stellar genesis. 

The Orion Complex. The major area of stellar gen
esis which is closest to us, in Orion at a distance 
of about 500 pc, is particularly well suited for de
tailed investigations. Figure 10.24 clearly shows the 
large-scale correlation of the density distribution of 
CO molecules with both the dark cloud complexes 
around Lynds 1640/41 and 1603, and also with the 
association Ori OB 1, which includes the stars in Ori
on's belt and sword, as well as with the H II regions 
which are excited by their OB stars. The center of 
the CO distribution, the molecular cloud Ori MC 1 
(MC =Molecular Cloud), coincides with the Orion 
Nebula, M42 = NGC 1976 (Fig. 10.7), which is excited 
in particular by two (8 1 Ori C and A) of the four trapeze 
stars. More precise observations show that the molecular 
cloud as seen from our position lies directly behind the 
Orion Nebula. In it, several "point-like" infrared sources 
can be seen, among them the Becklin-Neugebauer ob
ject and the Kleinmann-Low object, named for their 
discoverers; the luminosities ofthese objects are several 
103 L 0 and their surface temperatures are a few100 K. 
These infrared sources form a cluster of very young pro
tostars (see Sect. 10.5.4), with altogether about 105 L 0 , 

which is however not observable in the optical region 
due to dense dust clouds. 

Closely related to the formation of young stars in 
the Orion complex are a variety of interesting phenom
ena: we thus find emission lines of H2 from excited 
vibrational states, which originate in layers at about 
2000 K and are probably excited in shock wave fronts. 
We also observe point sources of intense microwave ra
diation with extreme excitation conditions, i.e. masers 
based on transitions in OH as well as in HzO and 
SiO (Sect. 10.2.3). Furthermore, the line profiles in the 
optical as well as the infrared and radiofrequency re
gions indicate surprisingly high velocities up to several 
100 km s - 1 for the gas in the Ori MC 1 region. All 
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Fig.10.24a,b. A region of star formation in Orion. (a) A sketch 
of the most noticeable structures in the visible region. Dashed 
line: The boundaries of the emission and reflection neb
ulae (NGC I 976 = M 42 = Orion Nebula); Full curves: 
Boundaries of the dark dust clouds with the notation of 
B. T. Lynds (L); HH denotes Harbig- Haro objects; 8, E and 
1; Ori are stars in Orion's belt. The position of the protostar 
cluster around the Becklin-Neugebauer and Kleinmann- Low 
objects is indicated as "K-L Nebula". (From M. L. Kutner 

these observations together can be explained in terms of 
a massive "protostellar wind", which originates in the 
infrared sources around the Becklin-Neugebauer ob
ject and streams away in two oppositely-directed cones. 
The collimation of this gas flow is probably effected 
by a thick, dust-filled gaseous disk in the vicinity of 
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a(1950) 

et a!., Astrophys. J. 215, 521 (1977); reprinted courtesy 
of the University of Chicago Press, the American Astro
nomical Society and the authors). (b) Intensity contours of 
the integrated line emissions from the rotational transition 
J = 1 ~ 0 at ).. = 2.6 mm in the CO molecule. From the 
Goddard-Columbia Sky Survey with a 1.2 m telescope of 
antenna acceptance angle 8' . P. Thaddeus, Ann. New York 
Academy of Sciences 395,9 (1982). (With the kind permission 
of the publisher) 

the protostars, which also prevents observations in the 
optical region (Fig. 10.25). 

Such bipolar gas flows, with differing degrees of col
limation, as well as gas/dust disks, are observed not only 
in Orion, but also near to almost all young stars; they oc
cur as a characteristic accompanying phenomenon, be-
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Fig.10.25. A schematic drawing of the bipolar protostellar 
wind in the Orion Nebula, which originates in the star clus
ter around the Becldin-Neugebauer object and is collimated 
by a thick, dust-filled disk of gas. The axis of the disk is in
clined in such a way that the flow in the upper cone (NW 
part) has a component directed towards the observer, giving 
a blue shift of the spectral lines. From B. Zuckerman, Nature 
309,403 (1984). (Reprinted by kind permission of Macmillan 
Magazines Ltd., London, and of the author) 

ginning in the earliest evolutionary stages, together with 
the collapse of matter onto the star from the surround
ing molecular cloud. In Sect. 10.5.5, we will discuss 
further details of these flow processes in the surround
ings of young stars in connection with their evolution. 
First, however, we describe the theoretical approaches 
to stellar genesis and to the evolution of protostars. 

10.5.3 Gravitational Instability and Fragmentation 

We now investigate the far-reaching question, not lim
ited to star formation, of the conditions under which 
a mass of gas distributed over a region of space can 
become unstable, so that it is compressed under the in
fluence of its own gravitational field. This process is 
followed, as we shall see, by a further splitting up of 
the matter, resulting in the formation of individual stars. 
Our question can be answered by the criterion of gravi
tational instability discovered by J. Jeans (1902, 1928). 

The Jeans Criterion. We shall restrict ourselves to an 
estimate, which will allow us to recognize the important 
points; we first consider a roughly homogeneous sphere 
of radius R, density Q and mass M. If this sphere is in 
equilibrium, then according to the virial theorem ((2.36) 
and (8.29)), the ratio of twice the kinetic energy, 2Ekin• 
to the negative potential energy, - Epot. is equal to one. 
If, in contrast, Ekin (i.e. the pressure in the interior of the 
sphere) is too small, or - Epot is too large, a gravitational 
instability is present and the mass collapses. 

As we have already seen in Sect. 8.1.4, Ekin is equal 
to the thermal energy of the atoms or molecules (8.30), 
and Epo1 could be obtained by a simple integration, 
(8.31 ). We thus find for the stability limit: 

2Ekin = 3kT Mj~ GM2 = 1 . 
-Epot f:.Lmu 5 R 

(10.36) 

As usual, G is the gravitational constant, k the Boltz
mann constant, mu is the atomic mass constant, T the 
absolute temperature, and f:.L is the molecular weight of 
the gas. A mass of gas can thus collapse only when its 
radius is smaller than the Jeans radius: 

1 f:.Lmu 
R1 = S GM kT . (10.37) 

With M = (4rr/3)eR3 we find immediately that its mass 
must be greater than the Jeans mass 

(10.38) 

or, if we insert the numerical values of the physical 
constants, 

(10.39) 

If the gas is also subject to turbulent flow, we could 
insert simply the mean squared velocity (v2}, obtained, 
for example, from the Doppler effect of a spectral line, 
in place of 3kT/(f:.Lmu). 

Our approach is still not very satisfying, because 
in reality we cannot assume an initially spherical dis
tribution, but instead must consider a more or less 
inhomogeneous large mass of gas. This can be taken 
into account by exerting an (imaginary) pressure on the 
surface of the sphere. That will favor its collapse and in 
many cases cause it to begin sooner. Equations (10.38) 



and (10.39) then are slightly modified, the values of the 
constants being somewhat changed. 

As an important application, we investigate instabili
ties of the interstellar gas. We choose its density Q to be 
in the range 10-21 to 10-18 kg m-3 and its temperature 
in the range 100 to 20 K (Sect. 10.2), and obtain from 
(10.39) a Jeans mass between about 105 and 102 .M0 . 
This means that the gas in the disk of a galaxy can ini
tially form an object only of the order of the mass of 
a star cluster. Only when the matter is further com
pressed can the formation of individual stars begin. The 
collapse of a mass of gas is favored by an external pres
sure, as is produced for example by the shock wave 
projected out from a supernova, or by a density wave in 
a spiral arm (Sect. 11.2.5). 

Regarding many other problems, such as the forma
tion of galaxies, of planetary systems, etc., we mention 
the following point: the higher the density Q of the 
original matter, the smaller will be the objects formed 
from it. 

Fragmentation. We know only very little about the 
process of fragmentation, i.e. how within a few 105 yr, 
the observed stellar masses of 0.1 to 102 .M0 are sepa
rated out of the molecular clouds which condense from 
the interstellar medium with large masses of 102 to 
104 .M0 . Observations of the protostars show that as 
end products of fragmentation, mainly (around 60%) 
binary or multiple systems are formed. Along with the 
direct fragmentation of a diffuse molecular cloud into 
stellar masses, this process also probably- in the case of 
rapidly rotating clouds - proceeds via the formation of 
an accretion disk, which later breaks up into individual 
masses. 

Fragmentation also involves the conversion of 
a considerable part of the angular momentum of the col
lapsing molecular cloud into orbital angular momentum 
of the fragments, and thus favors star formation. 

10.5.4 The Evolution of Protostars 

We now ask the question of how a star, following its 
formation from compressed regions of the interstellar 
medium, can evolve into the (hydrostatic) pre-main
sequence stage. We have already estimated that for these 
earliest evolutionary phases, dynamic time scales (the 
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free fall time) are important. We first consider the simple 
spherically symmetrical case, which already exhibits 
essential features of protostar evolution. For example, 
the evolution of low-mass stars is clearly different from 
that of the more massive stars. We then discuss the 
role of angular momentum, which cannot be neglected 
in a realistic discussion of the early phases of stellar 
evolution. 

Spherical Collapse. Since we cannot calculate the 
fragmentation process of larger masses into stellar 
masses, we follow R. B. Larson and begin the evo
lutionary calculations by assuming a homogeneous 
sphere of molecular hydrogen and dust to have 
a stellar mass, and choose its density and tempera
ture to keep it just gravitationally unstable according 
to the Jeans criterion (10.39). In this process, we 
orient our considerations to the physical proper
ties of the denser parts of cool molecular clouds 
(Sect.10.2.3). ForT~ 10 K and Q = 10-16 kgm-3 or 
n = 1011 m-3, masses of ::=: l.M0 are unstable. The 
radius of a sphere of l.M0 with Q = 10-16 kgm-3 

is R = 1.7. 1015 m ~ 104 AU~ 0.05 pc, and the corre
sponding free fall time (10.35) is tff = 4. 105 yr. 

Already within a time of the order of tff after the 
beginning of the collapse, within the originally homo
geneous protostellar cloud of mass .M, a core region 
of mass :::; O.Ol.M has formed which is many orders 
of magnitude denser. The collapse of the core is halted 
when it becomes optically dense as a result of the effi
cient absorption by dust particles of the radiation which 
it emits, mainly in the infrared. The impact of matter 
which continues to fall from the outer regions of the 
cloud onto the surface of the core produces a shock 
wave front, which, together with the slow gravitational 
contraction of the core, causes a continual rise in its 
temperature. When T ::=: 2000 K, the H2 dissociates and 
the effective adiabatic exponent r drops below 4/3. 
According to (8.39), in the innermost part a (second) 
collapse then takes place, lasting only a few months or 
years, owing to the high densities; it stops when the 
density has reached 1 to 10 kg m-3 and the temperature 
is about 104 K. This leads to the formation of a small 
core of mass :::; 10-3 .M. After some time, when there
maining material from the first core has fallen onto the 
second, we have a protostar with the following charac
teristic structure: onto a dense core region of mass .Me 
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and radius Re in hydrostatic equilibrium, the matter of 
the extended, much less dense gas shell drops practi
cally in free fall; it is braked at the surface of the core 
by a shock wave front. The kinetic energy released in 
this process, MGMe/ Re (M =rate of mass fall onto 
the core) supplies nearly the total luminosity of the pro
tostar. In the course of time, Me increases continually, 
while M decreases; for example, for 1 M 8 , after about 
105 yr, the mass of the core is Me ~ 0.6 M 8 and M has 
dropped from an initial value of some 10-3 to a few 
10-6M8 yci. 

Low-Mass Stars. In the less massive stars (M :S M8 ), 

the entire shell falls within a relatively short time onto 
the core; e.g. for 1 M 8 , after 106 yr practically the whole 
mass of the protostar is contained in the core. With de
creasing M, the contribution of the kinetic energy to 
the luminosity also decreases. When it becomes negligi
ble compared to the contraction energy GM;; Re of the 
core, the protostar has become a pre-main-sequence star, 
and its evolutionary path on the Hertzsprung-Russell 
diagram merges into a "hydrostatic curve" (Fig. 10.26). 

Fig.10.26. The evolution of a protostar of 1 M8 on the 
Hertzsprung-Russell diagram, with times given in years since 
the formation of the hydrostatic core. Shortly before the zero
age main sequence (ZAMS), the evolutionary path merges 
into a Hayashi line (dashed curve) for fully convective stars in 
hydrostatic equilibrium. The position of the T Tauri starS CrA 
is indicated by a cross 

In their early evolutionary stages, the protostars are 
unobservable in the optical region due to their dust
filled shells; however, they can be detected as infrared 
sources or in the adjacent submillimeter and millimeter 
wavelength ranges. Only in the transition stage between 
the dynamic and the hydrostatic phases can we see 
the young stars in the optical region as T Tauri stars 
(Sect. 10.5.1). Some of them, the YY Ori stars, evidence 
the falling matter directly in their spectra as absorp
tion components shifted towards longer wavelengths 
(inverse P Cygni profiles). 

Massive Stars. The Helmholtz-Kelvin time for the 
contraction of the hydrostatic core of the more mas
sive stars of M 2:: 3 M 8 is shorter than the free-fall 
time of the shell, in contrast to the less massive stars. 
Therefore, in these protostars, hydrogen burning begins 
already while a considerable portion of the protostar 
mass is still falling onto the core; they thus never pass 
through the hydrostatic phase of a pre-main-sequence 
star (Fig. 10.22). Hydrogen burning causes a strong 
increase in the luminosity of the core; the resulting ra
diation pressure, which acts in particular on the dust 
particles in the shell, slows the falling matter until fi
nally its motion is reversed. The star casts off its shell, 
and with it, a major portion of its original mass; for ex
ample, a protostar of originally 60 M 8 becomes a main 
sequence star of only 17 M 8 . 

Young massive stars are thus observable before they 
enter the main sequence as relatively cool infrared 
sources of very high luminosities, whose spectra are 
typified by their dense dust shells (cocoons). Character
istic temperatures (of the dust) are in the range 100 to 
600 K, and the luminosities are 103 to 106 L 8 . An exam
ple of a massive protostar is the Becklin-Neugebauer 
object in Orion, which radiates mainly in the region 
from 3 to 10 !LID and shows strong absorption structures 
at 3.11-Lm (ice) and at 9.71-Lm (silicates). 

Angular Momentum. Along with the mass, the initial 
angular momentum lo of a collapsing cloud is deci
sive for its evolution. In fact, we almost never observe 
a spherically symmetric distribution of the matter in the 
near vicinity of young stars. 

The net angular momentum, which is more or less 
randomly determined for a particular molecular cloud 
during its formation, is typically about two orders of 



magnitude larger than the value which a compact stel
lar mass can have without flying apart from too-rapid 
rotation. Conversely, a star can form from an extended 
cloud only if it succeeds in getting rid of 99% of the 
original angular momentum during the collapse, ei
ther by transport to the outer regions of an accretion 
disk, or by conversion into orbital angular momentum 
of a companion. 

For small values of 10 , the spherically symmetrical 
models described above represent good approximations, 
but numerical calculations for large lo show that instead 
of a dense core, a rotating ring-shaped density distribu
tion is at at first formed, with the angular momentum 
retained in that part of the cloud. Presumably, the ring 
later breaks up into several fragments, so that in this 
way, binary stars and multiple systems can be formed. 
However, if the angular momentum is transferred from 
the inner part of the protostellar cloud to the outer 
parts, e.g. by viscosity in turbulent flow patterns, then 
a starlike core is formed, surrounded by a rotating disk. 

This kind of model can also describe the fundamental 
aspects of the formation of our Solar System. In the 
Solar System, over 99% of the total angular momentum 
is stored in the orbital motions of Saturn and Jupiter, 

• 
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while the mass is nearly completely concentrated in the 
Sun (Sect. 14.1). 

The theory of the evolution of protostars, taking 
their angular momentum into account, is still in its 
early stages and cannot yet quantitatively describe the 
great variety of matter flows (Sect. 10.5.2) observed in 
star-formation regions. 

10.5.5 Matter Flows in the Vicinity of Protostars 

An indirect indication of disks in the immediate neigh
borhood of protostars or young stars is given by 
the outward flows of gas with bipolar characteristics 
observed in many cases (Figs. 10.25 and 10.27). Obser
vations with improved sensitivity and angular resolution 
since the 1980's have shown ever more clearly that star 
formation and the early evolutionary stages are closely 
connected not only with inflows of matter, but at the 
same time with marked outflows. 

Before we describe the circumstellar accretion disks, 
from which matter can fall into the star, we tum first to 
some of the more remarkable phenomena connected to 
the outflow of matter from the protostars . 

• • 
• 

Fig.10.27. The bipolar mass outflow 
from an infrared object of 12 L 0 : 

Herbig-Haro objects HH46/47 and 
jets in the globule ESO 210-6A, of 
diameter 0.4 pc and mass 25 M 0 . 

This image was made using the 
light of the forbidden [S II] transi
tions at A.= 671.6 and 673.1 nm by 
J. A. Graham und J. R. Elias in 1983. 
The distance to the object is 400 pc, 
and 1' corresponds to 0.12 pc. The cen
tral infrared source ( +) is obscured in 
the optical region by dust absorption 
of A v ::::: 20 mag. Measurements of the 
proper motions of the HH objects were 
made by R. D. Schwartz eta!. (1984) . 
The arrows show the distance covered 
in 500yr 
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Bipolar Molecular Outflows. Observations of CO and 
other molecules in the millimeter wavelength range 
show - not only for massive, luminous objects, but also 
for less massive stars with luminosities only a few times 
that of the Sun - energetic protostellar or stellar winds, 
which flow out into the gas surrounding the star and 
"collect" it. The matter flows in two opposite directions 
away from the central object, which itself is rendered 
invisible in the optical region by a dust-filled accretion 
disk, but can be observed in the infrared; the axis of the 
double cone is perpendicular to this disk. The mass loss 
typically lies between 10-8 and 10-5 M.0 yc1• 

Often, weakly focused flows with velocities up to 
20 km s-1 occur together with strongly collimated, 
faster flows with velocities of the order of 100 km s-1• 

The faster component, in particular, often shows an 
irregular, lumped density distribution. These flows in
volve a variety of masses in the range of less than 1 I 100 
up to about 100 M.0 ; their range is up to several pc. 

Jets and Herbig-Haro Objects. Frequently, a portion 
of the bipolar outflow is very strongly collimated to 
yield jets, which stream out from the protostar in op
posite directions into the surrounding denser medium 
at several 100kms-1, i.e. with velocities well above 
that of sound, and "bore into" it. In this process, shock 
waves are formed, which ionize the gas in certain re
gions and excite it to luminosity. In 1951/52, G. Herbig 
and G. Haro discovered luminous, small nebula patches 
that accumulate in the near neighborhood of the young 
stars. The emission line spectra of these Herbig-Haro 
objects (HH), of which currently several hundred are 
known, show (especially through the high intensities 
oftheir [SII] lines at 'A= 671.6/673.1 nm) excitations 
corresponding to around 104 K from shock wave fronts. 
These remarkable objects are thus "nodes" of par
ticularly high energy dissipation in the gas which is 
flowing out at supersonic speeds. Frequently, an es
pecially bright Herbig-Haro object, such as HH47A 
(Fig. 10.27) is found at the end of a jet; it probably 
indicates the "bow shockwave" resulting from the col
lision of the supersonic jet flow with the matter of the 
surrounding molecular cloud. 

In comparison with the Herbig-Haro objects, the 
long (several 0.1 pc up to 1 pc), thin jets are themselves 
not very noticeable. They can be observed in the optical 
and to some extent also in the radiofrequency regions 

and exhibit lumpy structures along their flow directions, 
which indicate hydrodynamic instabilities and irregular 
matter ejection from the star. Often, jets are connected 
with broadly fanned-out, bipolar CO outflows, which 
have the same orientation of the axis of their flow fields 
as the jets. 

The central protostar which emits the jets is invisible 
in the optical region; sometimes the absorption by dust is 
so strong that it cannot be observed even in the infrared, 
but only in the millimeter wave range. 

In favorable cases, such as the spherical dust cloud 
ESO 210-6A (Fig. 10.27), the proper motions of the 
Herbig-Haro objects can also be determined; they are 
of the order of 100 km s - 1 and are directed away from 
the central star. 

A precise explanation of how protostars with lumi
nosities of only 1 to 100 L 0 can produce these energetic, 
more or less strongly collimated gas flows has yet to be 
offered. The only possible energy source is gravitational 
energy which is released during the accretion of matter 
when it flows inwards on spiral orbits in the disk. This 
model is supported by the observation that the mass loss 
from outflows is closely connected with the accretion 
rate, and that it stops in the course of the star's evo
lution, when the disk has dispersed. The jets and the 
bipolar winds probably also carry off angular momen
tum (and also magnetic fields) from the protostar and 
the accretion disk and transport them outwards to the 
surrounding material, and thus modify the rotation of 
the star. 

Circumstellar Disks. The accretion disks around pro
tostars can be observed directly, with the Hubble Space 
Telescope, but only in the nearest regions of star forma
tion such as the Orion complex (see below). However, 
due to their large diameters of 100 to 1000 AU, they 
can be indirectly detected with certainty in the infrared 
through the thermal emissions of their dust, along with 
the radiation of the much smaller star, even when they 
cannot be spatially resolved. To some extent, the outer 
regions of protostellar disks can also be recognized on 
the basis of their molecular lines using interferometers 
in the millimeter spectral range. 

Accretion disks occur in a high proportion of the 
protostars, perhaps even in all of them. Many disks 
also have properties which should be favorable for the 
formation of planetary systems. 



The observations of protostars clearly show that the 
occurrence of disks is closely connected with the bipo
lar outflows and jets, whose direction is determined by 
the axis of rotation of the disk. The matter inflow from 
the molecular cloud to the star takes place essentially via 
the accretion disk, and the gravitational energy released 
in the process delivers the energy for the outwardly di
rected gas motions. The disk also plays an important role 
in the redistribution of the angular momentum, which is 
a "hindrance" to the contraction of the star; it is trans
ported from within the disk outwards and finally given 
up to the surrounding molecular cloud. In the accretion 
disk, there are also probably magnetic fields which were 
"frozen in" from the original cloud and which become 
twisted by the differential rotation, so that magnetic en
ergy can be stored for a time and then again released 
due to instabilities. Presumably, magnetic fields which 
are anchored in the disk also contribute to the collima
tion of the jets. Through interactions of the magnetic 
fields in the boundary layer at the inner edge of the disk 
with those of the protostar, the rotation of the latter is 
probably influenced. 

Although we still do not understand many details of 
the formation and early evolution of the stars, it seems to 
be certain that the close interaction of accretion disks, 
jets and the protostar itself with their magnetic fields 
and angular momenta are of decisive importance in the 
process. Finally, the outflow of matter also influences 
stellar genesis in the surrounding molecular cloud, since 
a sufficiently large mass loss can prevent any further star 
formation in it for a while. 

Protostars in Orion. The nearest large region of star 
formation lies in Orion at a distance to the Earth of 
around 500 pc (Sect. 10.5.2). At the nearest edge of the 
molecular cloud, the Orion Nebula was formed by the 
ionization of several solar masses of gas by the 0 stars 
of the Trapezium, a branch of the molecular cloud with 
weak extinction lies in front of it. The Trapezium stars 
are part of a massive star cluster with nearly 1000 stars, 
the Trapezium cluster. The nebula and the stars all have 
comparable ages of somewhat less than 106 yr. 

Since the angular resolution of the Hubble Space 
Telescope of about 0.1" corresponds to dimensions of 
50 AU (:::::: 2.4 · 1 o-4 pc) at a distance of 500 pc, this 
instrument can be used to observe a large number of 
details which give direct information about processes 
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related to the formation and evolution of the protostars. 
The images from the Hubble Space Telescope (Fig. 
10.28) show, for one thing, near roughly half the stars, 
several flattened, long formations, which appear dark in 
front of the luminous background of the Orion Nebula. 
Their sizes are several 100 AU and they are thus not 
much larger than the Solar System, where the orbit of 
Pluto has a diameter of about 80 AU (Table 2.2). We 
have here direct pictures of protostellar accretion disks 
which we can view from a range of different angles. 

The Orion complex furthermore offers the unique 
possibility of investigating the influence of the surround
ings on the evolution of protostars: on the one hand, 
the density of the stars in the Trapezium cluster is rela
tively high, so that tidal forces occur due to stars passing 
nearby; on the other hand, the ultraviolet radiation and 
the stellar wind of in particular the hot, bright (105 L0 ) 

star e1 Ori C in the Trapezium have a strong effect on 
the outer portions of the protostars. The images made 
with the Hubble Space Telescope show a variety of 
types of interactions, especially ionization and partial 
vaporization of the gas shells and accretion disks on the 
side turned towards e1 Ori C, and "tails" on the opposite 
side, consisting of ionized matter which was blown off 
by the stellar wind. On the other hand, the disks must 
have considerable resistance to effects of this kind, since 
they persist for several 106 yr. 

10.5.6 Stellar Statistics 
and the Star Formation Rate 

In the 1920's, J. Kapteyn, P. J. van Rhijn and others car
ried out a statistical analysis of stars of known parallax 
and obtained the luminosity function for stars in our 
vicinity; it provides the empirical basis for the mass 
function and for the rate of star formation. 

The Luminosity Function. We shall limit ourselves 
here to the stars on the main sequence in early stages 
of their evolution, and define the luminosity function 
cJ>(Mv) as the number of main sequence stars with ab
solute magnitudes Mv per pc3 and in the magnitude 
interval .IJ.Mv = 1 mag (sometimes = 0.5 mag is used 
instead). In the vicinity of the Sun, cJ>(Mv) decreases 
rapidly from Mv:::::: 3.5 mag towards brighter magni
tudes (Fig.l0.29). This was explained by E. E. Salpeter 
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in 1955 with the hypothesis that stars fainter than 
3.5 mag have collected since the formation of the galaxy 
roughly To :::::: 1010 yr ago, without essential changes, 
while the brighter stars depart from the main sequence 
after about one evolution time tE (Table 8.2), reckoned 
from the time of their formation, and finally, after a time 
which is in any case « T0 , become white dwarfs, neu
tron stars, etc. Thus, we can readily calculate the initial 
luminosity function 1/J(Mv ), which tells us how many 
stars of magnitude Mv in the interval .1Mv have been 
formed in the Milky Way per pc3 during the time of its 
existence (the external conditions are assumed to have 
remained constant). For the brighter stars, we find: 

To 
1/J(Mv) = <!J(Mv)--. 

lE(Mv) 
(10.40) 

For the fainter stars, 1/J(Mv) merges continuously into 
<!J(Mv). In Fig.10.29, we have included the initial lu
minosity function 1/J(Mv) as calculated by A. Sandage, 
who continued the computations of E. E. Sal peter. 

Fig.10.28. The Orion Nebula (M 42), at 
a distance of about 500 pc. This high
resolution image taken by C. R. O'Dell et al. 
in 1993 with the Wide Field Planetary Cam
era 2 of the Hubble Space Telescope shows 
numerous circumstellar disks around young 
(:::; 106 yr) stars. The brightest star on the 
right edge of the picture is the luminous, 
hot Trapezium star () 1 Ori C. Inset: An en
larged section from the center of the image, 
showing several circumstellar disks whose 
outer portions on the side facing() 1 Ori Care 
ionized by its ultraviolet radiation. The ex
tent of the largest disk is roughly 1100 AU, 
corresponding to 13 times the diameter of 
Pluto's orbit.(@ Association of Universities 
for Research in Astronomy AURA/Space 
Telescope Science Institute STScl) 

If our ideas are correct, then the luminosity function 
of young open star clusters should correspond to the 
initial luminosity function 1/1 and not to the luminosity 
function <P of our vicinity. Indeed, the investigation of 
various clusters confirms the concept that the division 
of an originally-present mass of gas into stars proceeds 
everywhere according to the same initial luminosity 
function 1/J(Mv ). 

The difference 1/J(Mv)- <!J(Mv ), summed over all 
Mv, corresponds to those stars which have evolved 
away from the main sequence since the formation of 
the galaxy. By far the major portion of these stars must 
at present be white dwarfs. In fact, the spatial density 
of white dwarfs calculated from Fig. 10.29 agrees with 
the observed density as well as can be expected within 
the uncertainties in the data. 

For the faint stars at the lower end of the main 
sequence, a relatively complete stellar census can be 
obtained only if we limit ourselves to the immediate 
vicinity of the Sun in the Milky Way. In Fig. 10.30, the 
luminosity function of the stars at a distance of .::: 20 pc 
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Fig.10.29. The luminosity function <P(Mv) and the initial 
luminosity function 1/f(Mv) of the main sequence stars in the 
vicinity of the Sun. <P and If/ give the number of stars per pc3 

in the magnitude range Mv - ! to Mv + ! which are present 
or have been formed during the existence of the Milky Way 

from the Sun according to R. Wielen et al. (1983) is 
drawn on the basis of the catalog of W. Gliese (1969), 
with the inclusion of some more recently discovered 
faint stars. The brighter stars up to about Mv :::: 8 mag 
and out to that distance are all included; for the fainter 
stars, to about 13.5 mag, the number can be extrapolated 
from a smaller volume around the Sun. For still fainter 
stars, C/J represents only a lower limit for the number 
of stars. The maximum of the luminosity function at 
Mv:::: 13 mag is, however, probably genuine. 

The Mass Function. Equivalent to the luminosity func
tion is the mass function rp(M) , which gives the number 
of main sequence stars of mass M per pc3 and per 
unit mass. It is obtained from the luminosity func
tion C/J(Mv) by using the mass-luminosity relation 
(Fig. 6.14), whereby rp(M) dM = C/J(Mv) dMv. Partic
ularly important for the theory of stellar genesis is the 
initial mass function (or IMF) 1/t(M), which is derived 
from the results of stellar evolution theory analogously 
to IJf(Mv) (cf. (10.40)). 

The initial mass function is also usually expressed in 
terms of ;(M) = M 1/t(M), the total mass of all stars 
with individual masses M per pc3 and per unit mass, 

10.5 Early Evolution and Formation of the Stars 

100 

10 

0 5 10 15 20 
Mv (mag) 

Fig.10.30. The luminosity function <P(Mv) ofthe stars within 
20 pc distance from the Sun, after R. Wielen, H. Jahreiss and 
R. Kriiger (1983). <P is the number of stars in a sphere of 
radius 20 pc with absolute magnitudes Mv per L1Mv = 1 mag 

where 

;dM = Ml/t(M)dM = M~dlnM. (10.41) 

~ can therefore also be regarded as the number of stars 
with M per pc3 and per logarithmic mass interval, 
Llln M = 2.303 Lllog M = 1. 

According to E. E. Salpeter (1955), the initial mass 
function for the more massive stars (2: 1M0 ) can be 
approximated by a power law: 

or HM) ex M-P (10.42) 

with f3 = 1.35. More recent investigations have indi
cated a steeper decrease at the more massive end, 
although the results of different determinations show 
considerable scatter (1.4 S fJ S 2). Towards smaller 
masses (S 1M0 ) , the mass function flattens out sharply 
({J:::: 0.3). 

IV 
375 



IV 
376 

10. Interstellar Matter and Star Formation 

Star Formation Rate. Finally, we obtain the star for
mation rates or stellar genesis rates, by dividing the 
initial mass function ~(.M), which gives the mass of all 
the stars of mass .M which have been formed during 
the existence of the Milky Way Galaxy, by the age of 
the galaxy, To. This assumes that the conditions for the 
formation of stars have remained unchanged. 

The total rate of stellar formation 
00 

r = _!_ J ~(.M) d.M (10.43) 
To 

0 

is then found to be some 10-12.M0 pc-3yc1• This cor
responds to several .M0 per year being formed into stars 
from the interstellar gas in the entire Milky Way system. 

Population IT. The preceding data and considerations 
are in fact based on the stars in the vicinity of the Sun in 
the Milky Way, i.e. the disk and spiral arm Population I 
stars (for the star populations, see Table 11.1 ). What is 
the situation for the metal-poor halo or Population IT 
stars? Of principal interest is the luminosity function of 
those stars which are still left over from the early period 
of the galaxy. 

The luminosity function of a globular cluster as 
a typical representative of Population II was first in
vestigated, for the case of M3, by A. Sandage in 1957. 
As expected, stars (Mv ~ +4 mag) are lacking in the 
main sequence. Apart from a maximum at Mv ~ 0 mag, 
which is produced by the cluster variables, the observed 
luminosity function of the globular cluster differs lit
tle, according to Sandage, from that of the stars of our 
neighborhood. 

The extension of the observations to the fainter stars 
of Population IT which have not yet evolved away from 
the main sequence is difficult due to their low apparent 
magnitudes. Only recently, with the use of CCD pho
tometry, has it become possible to measure the main 
sequence of the globular clusters with sufficient accu
racy down to considerably fainter magnitudes; for the 
later spectral classes, the infrared brightnesses M1 are 
preferred over the visual magnitudes. With the Hub
ble Space Telescope, it is planned in the near future to 
carry out extensive observations of Population II stars 

down to (apparent) magnitudes of about mv ~ 28 or 
m1 ~21 mag. 

The measurements performed up to now indicate that 
the luminosity function, and thus also the mass function, 
of the halo population exhibits a maximum in the range 
of Mv ~ 11 to 13 mag (M1 ~ 9 to 10 mag) and then 
decreases towards fainter stars. Furthermore, the lumi
nosity function seems to become steeper, the lower the 
metal abundance of the stars. 

Population III. The current chemical composition of 
cosmic material was built up by nucleosynthesis inside 
stars (see Sect. 8.2.5). It follows that a first generation 
of stars must have existed which was initially composed 
only of material that was created in the Big Bang, that 
is almost exclusively Hydrogen and Helium with a lit
tle Deuterium and Lithium. All heavier elements such 
as Carbon or Oxygen were only present in insignificant 
amounts. This first generation of stars, often called Pop
ulation III, is currently attracting increasing attention, 
under the aspect of the chemical change in the Universe 
which it started as well as its influence on the devel
opment of the Universe as a whole. However, no true 
Pop-III stars have yet been found. One possibility is 
that star formation may have progressed differently to 
today due to the missing molecules, so that only rela
tively massive stars were formed which soon expired as 
supernovae, and no long-lived less massive stars were 
created. 

Thus far, we have considered only the "local" aspects 
of star formation. Concerning the question of whether 
the rate of star formation was the same everywhere 
within the Milky Way and at all times, and concerning 
"global" points of view, e.g. why the stars are preferably 
formed in the spiral arms of the galaxy, we shall con
tinue the discussion in Sect. 11.2.5, together with the 
problems of the formation and evolution of the Milky 
Way galaxy, its star populations and the distribution of 
the chemical elements. Before we can take up these top
ics, we need to become more familiar with the Milky 
Way and the other galaxies. 
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11. The Structure and Dynamics of the Milky Way Galaxy 

Now that we have become familiar with the stars, 
their properties and their motions, and also with the 

various components of the interstellar medium, we have 
collected all the "parts" we need in order to consider our 

Milky Way galaxy. We begin in Sect.ll.l with the infor
mation about the structure of the Milky Way which can be 
gained from observations of the distribution and motions 

11.1 Stars and the Structure 
of the Milky Way 

First of all, in Sect. 11.1.1 we introduce the galactic co
ordinate system appropriate to the investigation of the 
Milky Way galaxy. We can get a first idea of the structure 
of our galaxy by means of "star gauging" (Sect. 11 .1.2). 
This method is, however, severely limited by interstel
lar absorption. We then discuss the distribution and 
motions of the stars and star clusters in the Milky 
Way galaxy. Sect. 11.1.3 deals with stellar kinemat
ics. In Sect. 11.1.4, we consider the star clusters: how 
with the aid of the open star clusters and the globular 
clusters, distances in the whole galaxy can be deter
mined, so that we can obtain an initial overview of its 
structure. 

11.1.1 Galactic Coordinates 

It is appropriate at this point to introduce a system 
of galactic coordinates which we can use to describe 
the Milky Way galaxy: these are the galactic longi
tude l in the plane of the galaxy, and the galactic 
latitude b in the perpendicular direction, which is pos
itive towards the north and negative towards the south. 
In 1958, the system of galactic coordinates (1, b) in 
use today was introduced; it has been improved by the 
addition of information from, in particular, radio astro
nomical observations. These coordinates are defined by 
the equatorial coordinates 1950-0 of the galactic north 
pole: 

a= 12h49min, 8= +27.40° . (11.1) 

of the stars within it. In Sect.11.2, we treat the rotation 
of the Milky Way, its distribution of various kinds of mat
ter, and the star populations, as well as the phenomenon 
of the spiral arms. Finally, in Sect.l1.3, we describe the 
central core region of the Milky Way, which cannot be ob
served optically and must be investigated by observations 
in the radiofrequency and infrared spectral regions. 

Galactic longitude is measured starting from what was 
then believed to be the galactic center: 

a= 17 h 42.4 min, 8 = -28.92° (11.2) 

the plane of the galaxy is inclined to the celestial equator 
by an angle of 62.6°. 

Instead of the formulae from spherical trigonometry, 
we give here in Fig. 11.1 the charts for convert
ing between the equatorial (a, 8) and galactic (l, b) 

coordinates. 

11.1.2 Star Gauging 

W. Herschel (1738-1822) was the first to attempt to 
penetrate the secrets of galactic structure with his star 
gauging, in which he counted the number of stars which 
he could see in different directions down to a particular 
limiting magnitude. 

What should we expect if space were completely 
transparent and uniformly filled with stars? For stars 
of a given absolute magnitude, the apparent brightness 
decreases as a function of the distance r proportional to 
1/r2 (6.32). The stars brighter than m thus fill a sphere 
with log r = 0.2 m +const. Their number N(m) is ex r3; 

we thus find: 

log N(m) = 0.6 m + const . (11.3) 

In Fig. 11.2, we compare the number of stars per 
square degree according to F. H. Seares (1928) for the 
direction of the galactic plane and for the direction 
towards the galactic pole (i.e. b = oo and 90°) with 
what is expected from (11.3). The much slower in
crease of N(m) observed at fainter magnitudes can 
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Fig.ll.l. Charts for converting galactic coordinates/, b (plot
ted above as abcissa and ordinate, respectively; below, around 
the circumference or as the radius ofthe circles, respectively) 
into right ascension a and declination J, and vice versa, for 

have only two causes: (i) a decrease in the density of 
stars at larger distances, or (ii) interstellar absorption; 
or both. H. v. Seeliger and J. C. Kapteyn took the scatter 
of the absolute magnitudes of the stars into account and 
showed how their numbers N(m) can be correctly rep
resented by a superposition (mathematically speaking, 
by a convolution) of (1) the density function D(r) =the 
number of stars per pc3 at the distance r and a given 
direction with (2) the luminosity function cJJ(M) =the 
number of stars per pc3 in the interval of absolute mag
nitudes between M - 1/2 and M + 1/2, possibly also 
taking into account (3) an interstellar extinction of y(r) 
magnitudes per pc. Even taking the luminosity function 
cJJ(M) to be everywhere constant and determining it by 

the Epoch 1950. Above: The galactic equatorial zone. Lower 
left: The galactic north pole. Lower right: the galactic south 
pole. After G. Westerhout 

using stars of known parallax in a region of 5 or 10 pc, 
one could not separate the functions D(r) and y(r) . We 
can therefore discard the results of older stellar statis
tics. The concepts just introduced remain important, as 
does the great sampling survey of the entire sky (mag
nitudes, color indices, spectral types) in the Kapteyn 
fields. 

11.1.3 Spatial Velocities of the Stars 

The study of the motions of stars initially proved to 
be more fruitful than did stellar statistics. We have al
ready mentioned the spatial velocity v of the stars (6.15), 
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Fig.11.2. Numbers of stars N(m), i.e. the number of stars 
brighter than m per square degree, from the stellar census by 
F. H. Seares in 1928, at the galactic equator (b = 0°) and at 
the galactic pole (b = 90°) (jull curves). Calculated curves 
(dashed): log N(m) = 0.6 m + const for constant stellar den
sity, without galactic absorption. (The constant was adjusted 
to the observational data for m = 4 mag) 

which is composed of the spectroscopically determined 
radial velocity from the Doppler"effect, Vr (6.13), and 
the proper motions f.k (PM) or the tangential component 
V1 (6.14). 

Since, for example, a star of 6th magnitude has on 
the average a parallax of0.012", but a proper motion of 
0.06" yc 1, we can delve ca. 100 times further out into 
interstellar space by studying the proper motions than 
with parallax measurements. 

The Apex. Let us first make the simplifying assumption 
that the stars are at rest and that only the Sun moves 
relative to them with a velocity v0 towards the apex; 
then we expect the distribution of radial velocities Vr 
and tangential velocities V1 or proper motions f.k shown 
in Fig. 11.3 as a function of the angular distance x of 
the star from the apex. 

If the motions of the stars are distributed randomly 
in space, we can clearly still use this model, by averag
ing over many stars. The first apex determination was 
made in 1783 by W. Herschel, using only a few proper 

11.1 Stars and the Structure of the Milky Way 

motions. Later, it was found that, at a higher precision, 
the motion of the Sun depends upon which stars are 
used to determine it; this was the first indication of the 
systematic effect of the stellar motions. 

The socalled standard solar motion which is gener
ally used to reduce stellar motions to the Local Standard 
of Rest is obtained from the proper motions and the 
radial velocities of the stars in our neighborhood as: 

Solar Motion: v0 = 20 km s- 1 

to the Apex: a= 18 h, 8 = +30°. (11.4) 

Galactic Components. The galactic components of the 
spatial velocities of stars are defined by (positive signs) 

u towards center of the galaxy (l = 0°' b = 0°), 

V in the direction of galactic rotation (l = 90°), 

W perpendicular to the galactic plane, towards 

the galactic north pole (b = 90°). 

Here, it must be noted whether or not the solar motion 
was subtracted. 

The standard solar motion relative to the average 
motions of neighboring stars (11.4) is: 

u0 = +9kms-l ' 

v0 = +12kms-l, 

W0 = +7kms- 1 (11.5) 

towards the apex l ~ 56°, b ~ +23°. 

Velocity v 
relative to the Sun 

X Apex 
-'-----~v-,.-_-<~v0 

p ·O 

Fig. 11.3. Motion of the Sun, relative to the surrounding stars, 
with velocity v0 towards the apex. The observed parallactic 
motions of the stars are the reflection of this solar velocity. 
The figure explains the dependence of the radial velocity Vr 
and the tangential velocity V1 (or the proper motions J.t) of the 
stars on their angular distance x from the apex 
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11. The Structure and Dynamics of the Milky Way Galaxy 

11.1.4 Star Clusters: Distance Determinations 
and the Structure of the Milky Way 

All of our knowledge about the structure and size of 
the Milky Way Galaxy is based essentially on the 
method of spectrophotometric distance measurement, 
since trigonometric parallaxes and stream parallaxes 
(Sect. 6.2.1) are by far too inaccurate for galactic dis
tance determinations. From the I I r2 law of photometry, 
we see a star of absolute magnitude M and parallax p 
or distance r = 1 I p with the apparent magnitude m, so 
that the distance modulus is given by: 

m - M = Slog r [pc] - 5 + A [mag] (11.6) 

(6.34). Here, A [mag] is the interstellar extinction 
(Sect. 10.1.2). In the final analysis, we must always refer 
to the absolute magnitudes of certain objects which are 
known from trigonometric parallaxes, stream parallaxes 
etc. 

In order to gain an insight into the structure of our 
Milky Way, it is reasonable to begin with groups of stars 
whose structures can be readily recognized, in part by 
the unaided eye, in part in suitable images: the globular 
star clusters and the less concentrated open (galactic) 
star clusters, and the stellar associations (Chap. 9). 

Globular Clusters. The decisive turning towards mod
em astronomy was taken by H. Shapley in 1917, when 
he measured the distances to numerous globular clus
ters by means of the cluster variables contained in them 
(RR Lyr stars); the essential difficulty lay in determin
ing the absolute magnitudes of these variables, or in 
calibrating the period-luminosity relation (Sect. 7.4.1). 

For those globular clusters which contained no vari
able stars, Shapley used the brightest stars of the cluster 
as a secondary criterion. The five brightest stars, which 
are possibly foreground stars, are discarded; the abso
lute magnitudes of the next brightest, up to perhaps the 
30th, have proven to be well defined. Furthermore, the 
overall brightness of the cluster, or its angular diameter, 
can also be used (with certain precautions) as criteria. 
From his observational data of (at that time) 69 clus
ters, Shapley was able to draw the conclusion that they 
form a system which is barely flattened in the plane of 
the Milky Way, the halo (Fig. 11.4); its center lies about 
8 kpc from us (the value quoted by Shapley was 13 kpc) 
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Fig.11.4. The Milky Way system. The spatial distribution 
(halo) of the globular clusters is projected onto a plane per
pendicular to the galactic plane and passing through the Sun 
O; the contours show surfaces of constant mass density (rel
ative to the vicinity of the Sun). In the galactic plane, the 
thin layer of interstellar matter and the extreme Population I 
are indicated by dots (after J. H. Oort, 1965). The disk of the 
galaxy, the central bulge and the halo of globular clusters are, 
as confirmed by dynamic models, embedded in a considerably 
larger system with a radius of about 60 to l 00 kpc, the invis
ible "dark" outer halo, which contains a major part of the 
mass of the Milky Way system; its composition is currently 
unknown (Sect. 11.2.4) 

in Sagittarius. This work laid the foundations for further 
investigations of the Milky Way. 

Open Star Clusters. The open clusters and associations 
belong to Population I and are concentrated towards 
the galactic plane. If we may assume that the main se
quence is the same in the color-magnitude diagrams 
for all systems, as well as for the field stars in our 
neighborhood which are not recognizably a part of any 
system, then the vertical distance of the main sequence, 
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Fig. U.S. The distribution of young open clusters (•) (which 
contain early spectral types, 0 to B3 stars) and the OB associa
tions ( o) in the plane of the Milky Way, after R. M. Humphreys 
(1979). The Sun 0 is at the origin of the coordinate system, 
and the galactic longitude l = 0° (Sect. 11 .1.1) points towards 
the center of the galaxy. The objects of extreme Population I 
are distributed along the spiral arms (from the center out
wards: Sagittarius arm, local or Orion-Cygnus arm, Perseus 
arm) 

e.g. in the (B- V, mv) diagram of a cluster and in 
the (B - V, Mv) diagram of our immediate neighbor
hood, yields directly the distance modulus mv - Mv 
and thus the distance to the cluster; the influence of the 
interstellar extinction must still be taken into account. 

In principle, the same method can also be used to de
termine the distances to the globular clusters. However, 
they are in the main further away from us than the open 
star clusters, so that it is difficult to obtain precise mag
nitudes for their main sequence stars; furthermore, the 
influence of their different metal abundances must be 
taken into account (Sect. 9.2.3). 

In Fig. 11.5 we show the results for the distribution 
of the young open star clusters and the OB associations. 
Their arrangement into long, stretched-out regions is 
obvious at first glance; these are the neighboring por
tions of the galactic spiral arms. Like the OB stars, the 
H II regions and the absolutely brightest Cepheids (with 
periods ::::: 11 d) are distributed along the spiral arms. 

The Structure of the Milky Way. We now summarize 
what we have already learned about the structure of our 
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Milky Way galaxy from the observations of stars and 
star clusters. We must take into account the fact that 
the observations within the galactic disk in the optical 
spectral region are limited, even for very bright objects, 
to distances of ~ 4 kpc. In contrast, in the near infrared 
(A. ::::: 2 ~tm), star clusters and individual K and M super
giants can still be seen even in the vicinity of the center 
of the galaxy. 

In Fig. 11.4, we can distinguish three components in 
the distribution of stars: 

1. The disk in the plane of the Milky Way, in which 
(among others) OB stars and open star clusters are 
arranged in spiral arm structures; the later spectral 
types, in contrast, are not noticeably concentrated in 
the arms; 

2. The bulge, the central distension or central "lens", 
which appears e.g. in surveys in the near infrared; 
and 

3. The roughly spherical halo, with the globular clusters 
and the Population II stars (high-velocity stars). 

In Sects. 11.2.2-6, we will refine and complete this 
first view of our Milky Way galaxy. 

11.2 The Dynamics and Distribution 
of Matter 

In Sect. 11.2.1, we first consider the rotation of the 
Milky Way. It was recognized as early as 1926/27 by 
B. Lindblad and J. H. Oort that the stars in the vicinity 
of the Sun are carrying out a differential rotation around 
the center of the galaxy; only later did radio astronom
ical observations of the 21 em line of neutral hydrogen 
clarify the rotational velocities in the whole Milky Way. 
After a brief discussion of the distribution of interstellar 
matter in the galaxy in Sect. 11.2.2, and of the orbits of 
stars and the density of matter in the immediate neigh
borhood of the Sun in Sect. 11.2.3, we tum to the overall 
mass distribution within the Milky Way in Sect. 11 .2.4. 
In the following Sect. 11.2.5 we discuss the explanation 
of the spiral arm structure of our Milky Way and the 
other spiral galaxies. Finally, in Sect. 11.2.6, we con
sider the star populations introduced by W. Baade in 
1944, together with the abundance distributions of the 
chemical elements in the Milky Way galaxy. 
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11. The Structure and Dynamics of the Milky Way Galaxy 

11.2.1 The Rotation of the Galactic Disk 

We now tum to the kinematics and dynamics of the 
Milky Way Galaxy, as developed by B. Lindblad und 
J. H. Oort in 1926/27 in their theory of the differential 
rotation of the galactic disk. We first assume that all 
motions (Fig. 11.6) take place on planar circular orbits 
around the galactic center (Z). 

Let the angular velocity w of a star P at the galactic 
longitude l as a function of its distance R from the center 
be w = w(R); thus V = wR is its linear orbital velocity 
on the circular galactic orbit. Conversely, for the angular 
velocity and its derivative, we have 

V(R) 
w=--R , (11.7) 

For the Sun (8), let R = Ro, w(Ro) = wo and Vo = 
woRo. Precisely stated, we always relate the motion 
here and in the following sections to an average in the 
neighborhood of the Sun, the Local Standard of Rest 
(Sect. 11.1.3), by subtracting the solar motion (11.4) 
from all observed coordinates. 

We now decompose the velocity vector V - Vo of 
the star P relative to the Sun into its components in the 
direction 8P and perpendicular to it, in order to obtain 
the radial velocity 

Vr = V sin a-Vo sin[ (11.8) 

and the proper motion JL or the tangential velocity 

Vt = V cos a - V0 cos l = JLr , (11.9) 

where r is the distance of the star from the Sun. We 
can eliminate the auxiliary angle a by using IZQI 
= Rsina and IPQI = Rcosa, which we can read off 

Galactic 
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Fig. 11.6. The rotation of the galactic disk 

Sun 

from the triangle 8ZQ: 

R sin a = R0 sin l , 

R cos a + r = Ro cos l . (11.10) 

We then obtain 

Vr= Ro(w-wo)sinl, 

V1 = Ro(w-wo) cosl-wr. (11.11) 

These equations are valid for stars or also interstellar 
gas on circular orbits at arbitrary distances r from the 
Sun. 

The Near Neighborhood of the Sun. If we now con
sider our immediate neighborhood in the Milky Way 
Galaxy, r « Ro, then we can use the series expansion: 

w-wo:::::: (dw) (R-Ro) 
dR 0 

:::::::- (dw) rcosl. 
dR 0 

(11.12) 

We next introduce Oort's constants for the differential 
galactic rotation: 

or also 

A+B =- (dV) 
dR 0 ' 

Vo 
A-B=wo= Ro, (11.14) 

where we have expressed them using (11.7) in terms of 
the orbital velocities V(R). 

With Oort's constants A and B, the approximation 
(11.12), and the identity 2 cos2 l = 1 +cos 21, the radial 
and tangential velocities for our neighborhood as func
tions of the galactic longitude l finally take on the simple 
form: 

Vr = Ar sin 21 , 

V1 = Arcos 21 + Br . (11.15) 
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Fig.11.7a,b. Differential galactic rotation. (a) Absolute veloc
ities of the stars at a distance r from the Sun. In our drawing, 
r = 3 kpc. The length of the velocity vectors corresponds to 
the distance traveled by the stars in 107 yr. (b) Velocities of 
the same stars relative to the Sun and their radial components 
(heavy arrows), illustrating the double-wave dependence of 
the radial velocities from (11.15) 

After averaging out of the peculiar motions, observa
tions verify this "double wave" (sin 2/!) of the two 
velocity components very well (Fig. 11. 7). While the 
amplitudes of Vr and V1 increase proportionally to the 
distance r, the amplitude of the proper motion f.L = Vr./r 
is independent of r. The numerical values of Oort's 
constants are found to be: 

A= +14kms- 1 kpc- 1 , 

B = -12 km s- 1 kpc- 1 . (11.16) 

If we had considered rigid rotation (w = wo), then we 
would have found A= 0 (Vr = 0), and B = -wo (V1 = 
-wor # 0). 

The Distance of the Sun from the Galactic Center. 
The distance of the . Sun from the galactic center was 
initially taken to be the same as that to the center of 
the system of globular clusters. However, the period
luminosity relation can also be applied directly to the 
RR Lyr stars in the regions of the Milky Way which 
are not too strongly covered by dark clouds of cosmic 
matter. With an uncertainty of about 15%, the result is 

Ro = 8.5kpc. (11.17) 

Thus, with ( 11.14 ), we obtain the circular velocity of 
the Sun: 

Vo = 220 kms- 1 (11.18) 

or w0 = 26 km s-1 kpc- 1, corresponding to a rotational 
period of 2.4 · 108 yr. Since the beginning of the middle 
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age of the Earth in the Triassic (Table 3.3), we have 
therefore made one trip around the center of the galaxy. 

The numerical values for Ro and Vo (and for Oort's 
constants) are based on the evaluation of a large amount 
of observational data, which we cannot discuss further 
here. They were adopted in 1985 by the International 
Astronomical Union. The actual value is likely to be 
somewhat lower, at around 8 kpc. 

In the immediate neighborhood of the Sun, according 
to (11.13) and (11.14), and using the values of Oort's 
constants, ( 11.16), both the angular velocity and the 
linear orbital velocity decrease with increasing R; for 
example, V(R) changes by -2 km s- 1 kpc- 1• 

21 em Observations. Outside the range of optical ob
servations in the plane of the Milky Way, we must rely 
on radio astronomical measurements for the derivation 
of the rotation curve, in particular those of the 21 em 
line of neutral hydrogen (Sect. 10.2.2). In contrast to 
the stars and the star clusters, however, the distance to 
the interstellar gas cannot be directly determined. 

The directional dependence of the radial velocity Vr 
of the 21 em line shows the characteristic double wave 
form (11.15), ex sin 2/. For larger distances from the 
Sun, we must use the exact relation, ( 11.11 ). It can be 
seen from Fig. 11.8 that Vr attains its maximum value 
along an observation direction in the direction of the 
galactic longitude l (Ill < 90°) 

Vm = Ro [w(Rm) -wo] sin/ (11.19) 

at that point where the line of sight touches the galactic 
circular orbit of "minimal" radius Rm = Rosin/, i.e. at 
the point D. The line profile at Vm therefore shows 
a steep decrease towards larger radial velocities. By 
combining the Vm for various galactic longitudes l, one 
can find the rotational velocity V(R) as a function of the 
distance R from the center of the galaxy (Fig. 11 .9). 

11.2.2 The Distribution of the Interstellar Matter 

In Sects. 10.1-4, we introduced the individual com
ponents of the interstellar matter in our Milky Way 
galaxy, from the dust particles through the gas at vary
ing temperatures to the high-energy cosmic radiation. 
The gas component includes on the one hand very hot 
(T ::::::: 106 K), tenuous gas, ranging at the other extreme 
out to the dense, cooler (T::::::: 10 K) molecular clouds. 
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R0 = 8.5kpc 

center 

Fig.11.8. The differential galactic rotation of interstellar hy
drogen. The radial velocity Vr of the interstellar hydrogen 
relative to the vicinity of the Sun is plotted along a line of 
sight of galactic longitude I as a function of the distance r . It 
has a maximum Vm at D, where the line of sight is tangential 
to a circular orbit. Compare this plot with the approximation 
for r « Ro in Fig. 11.7 

In this section, we wish to get an overview of the ar
rangement of this interstellar medium within the Milky 
Way, however leaving the central region of the galaxy 
( R < 3 kpc) out of the picture for the moment. 

Dust. Observations in the optical range indicated 
that the interstellar dust in our vicinity is strongly 
concentrated towards the galactic plane and is very 
nonuniformly distributed (Fig. 10.1). On the average, 
the dust extinction y in the optical region - as we saw 
in Sect. 1 0.1.2 - has values within the galactic disk of 
1 to 2 mag kpc- 1 and therefore permits observations 
only out to a distance of a few kpc. 

E. Hubble's discovery of the "zone of avoidance" 
(in 1934, while he was investigating the distribution in 
the sky of galaxies above a certain limiting magnitude) 
gave us a picture of the distribution of absorbing mat-
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Fig.11.9. Rotation curve V(R) of the Milky Way, from 
observations of the 21 em line of neutral hydrogen for 
4 kpc ~ R ~ 10 kpc, after F. J. Kerr (1964). The observations 
from the northern hemisphere (l < 90°, heavy curve), and 
from the southern hemisphere (l > 270°, light curve) deviate 
systematically from each other (large-scale asymmetry of the 
galaxy or sliyht expansion?). The irregularities in both curves 
(~ 10 km s- ) are probably related to the spiral structure of 
the Milky Way. Within R < 4 kpc, there are strong deviations 
of the motion of HI from circular orbits. (The numerical data 
in this figure are based on older values of Ro and Vo which 
are somewhat too high; compare (11.17) and (11.18)) 

ter perpendicular to the plane of the Milky Way, or, 
equivalently, of the dependence of yon the galactic lat
itude b. The number of such galaxies per square degree 
is nearly constant at the galactic poles. From 30° down 
to 40° in galactic latitude, it decreases rapidly going to
wards the galactic equator, so that in its vicinity, a nearly 
galaxy-free zone is found. Hubble concluded from this 
that the absorbing matter in the M!lky Way forms a flat 
disk, within which we are located, so that extragalac
tic objects are subject to a visual extinction of around 
0.2 esc b [mag]. Observations of stars in our galactic 
neighborhood then further showed that the (full) half
maximum width of the absorbing layer is about 200 pc, 
roughly corresponding to that of the hydrogen (as was 
later determined). 

Information concerning the large-scale distribution 
of dust in the Milky Way, and in other galaxies, can 
be obtained from observations in the far infrared at 
A. 2: 100 11m. In this spectral region, we can see the ther
mal radiation from the dust, without hindrance due to 
the interstellar extinction; the dust is heated by the gen
eral galactic radiation to temperatures in the range of 15 



to 50 K. As was first shown by investigations with in
frared satellites, the dust in the whole galaxy is clearly 
concentrated towards the galactic disk. IRAS observed 
in the far infrared in addition some filamentary emis
sion regions at higher galactic latitudes, the "galactic 
cirrus". 

Neutral Gas. From the intensity of the HI and H2 lines 
in the ultraviolet (as well as from radio astronomical ob
servations), we can derive the fact that in our vicinity in 
the Milky Way, about half of the interstellar hydrogen 
is in the atomic and half in the molecular state. The ul
traviolet and optical spectral regions can, however, give 
us no information about the global properties of the in
terstellar matter in the Milky Way owing to the strong 
extinction in those wavelength ranges. Here, observa
tions in the infrared and especially in the radiofrequency 
region must take over this task. 

From the measured intensity profiles of the 21 em 
line of neutral hydrogen, lv or I(Vr) ((10.15) and 
(10.18)), which in general show a complex structure 
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consisting of several components, we can determine 
the density distribution of neutral hydrogen, since the 
known shape of the rotation curve V(R) of the galaxy 
(Fig. 11.9) permits the calculation of the distribution of 
radial velocities Vr along any line of sight. The ambigu
ity which occurs at Ill < 90°, i.e. whether a particular Vr 
belongs to the corresponding point in front of or behind 
the tangent point to the circle of radius Rm (point D 
in Fig. 11.8), can often be resolved by applying the 
consideration that the more distant object in general 
shows a smaller extent perpendicular to the Milky Way, 
i.e. along b. Furthermore, in analyzing the 21 em obser
vations, one must always keep in mind the consistence 
of the resulting picture. 

The distribution of neutral hydrogen within the galac
tic plane, first obtained by Dutch and Australian radio 
astronomers, is shown in Fig. 11.1 0. One can clearly 
recognize its concentration in the segments of the spi
ral arms; however, the large-scale structure of the spiral 
arms, - which we can easily see as external observers 
in the case of other galaxies (Figs. 12.1, 5, 11)- is not 

Fig. 11.10. An historic chart of the dis
tribution of neutral hydrogen in the 
galactic plane (maximum densities pro
jected onto the plane). The density scale 
is in number of atoms per cm3. Outer 
scale: galactic longitude l 
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clearly visible here. Our view of the distribution of inter
stellar hydrogen rests essentially on the assumption that 
the gas is moving on circular orbits around the galactic 
center (distance determination!). If serious deviations 
from this assumption occur, then the galactic distri
bution can no longer be determined simply from the 
21 em line profiles. 

While outside of R :::: 4 kpc in the plane of the Milky 
Way no systematic differences of more than 10 km s - I 

relative to the circular-orbit velocities are seen, we find 
major deviations in the inner part of the galaxy. We thus 
see the 21 em line in absorption against the strong con
tinuous background of radio emissions from the center 
of the galaxy with a radial velocity of Vr = -53 km s-1• 

A more thorough investigation of the dependence of the 
line profiles on the galactic longitude indicates a spi
ral arm at R ::::= 3.7 kpc, which also participates in the 
galactic rotation, but at the same time is expanding away 
from the center at 50 km s-1. Behind the galactic center, 
there is a counterpart to this "3 kpc arm" with a veloc
ity of Vr = +82 km s- 1, and another part of an arm with 
Vr = + 135 km s- 1. Additional unusual gas flows in the 
central region of the Milky Way will be discussed in 
Sect. 11.3. 

The observations of the 21 em emissions perpendic
ular to the plane of the Milky Way indicate that the 
neutral hydrogen on the average forms a flat disk. The 
distance between the two surfaces at which the density 
has decreased to one-half of its average value in the 
galactic plane is- for 4 :S R :S 10 kpc- about 240 pc. 
Further out, the disk becomes increasingly broad and 
deviates systematically from the center plane (cf. also 
Fig. 12.12), possibly under the influence of tidal forces 
from the Magellanic Clouds (Sect. 12.1.2). 

The mean particle density of HI in the plane of the 
Milky Way at a distance between 4 and 14 kpc from 
the galactic center is around 4 ·105 m-3 or 0.4 cm- 3 ; it 
decreases on going further inwards or outwards (Fig. 
11.11 ). The overall mass of interstellar HI in the Milky 
Way is about 2.5 · 109 M 0 . 

The distribution of molecular hydrogen in the Milky 
Way can be found from the CO lines (Sect. 10.2.3). In 
contrast to atomic hydrogen, the H2 molecules are con
centrated on a large scale in a flat, broad ring between 
about 4 and 8 kpc from the galactic center (Fig. 11.11 ), 
which is only around 100 pc thick in the direction per
pendicular to the plane of the galaxy. The overall mass 
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Fig. 11.11. The density distribution of atomic and molecular 
hydrogen in the plane of the Milky Way as a function of the 
distance to the center of the galaxy, after M.A. Gordon and 
W. B. Burton (1976). The distribution of H2 is derived from 
observations of the A. = 2.6 mm line of the CO molecule 

of H2 in the Milky Way is about 2 · 109 M 0 and is thus 
comparable to that of neutral atomic hydrogen. 

In summary, we find for the distribution of neutral gas 
and dust the following picture: the gas (at temperatures 
below about 104 K) and the dust are concentrated in 
a flat disk, whose thickness -at a distance of 4 to 10 kpc 
from the galactic center - is around 200 pc. Within this 
disk, the gas and dust are concentrated in the spiral arms; 
along the arms, density condensates (clouds) are formed 
and are themselves divided up into finer structures. In 
the denser clouds, hydrogen is found also in molecular 
form. 

Ionized Gas. The close connection between the more 
dense molecular clouds as the locations of star forma
tion, and the H II regions, which are ionized and excited 
by the ultraviolet radiation of the young OB stars, can 
also be seen in the similarities of the large-scale density 
distributions of ionized and molecular hydrogen in the 



Milky Way (Fig. ll.ll). The ionized hydrogen also is 
found to be concentrated in a fiat ring between about 4 
and 8 kpc distance from the galactic center; on the other 
hand, it is also found in the central region of the Milky 
Way. The overall mass of H+ in the Milky Way is only 
about 2 · 108 M 0 . 

The hot (T > 104 ... 106 K) gas component of the 
interstellar medium (Sect. 10.3.4) occupies about one
half the volume of the disk and and stretches out to 
considerably greater distances (several kpc) from the 
plane of the Milky Way than do the cooler gas and 
dust. 

Dynamics. The gas pressure P = n kT, both in the cool 
diffuse HI clouds and in the partially ionized "warm" 
gas, as well as in the hot gas component, is of the same 
order of magnitude (10- 14 to 10-13 Pa = J m-3), so that 
among these components in the disk, there is an approx
imate pressure equilibrium. According to Table 10.1, 
the corresponding energy densities are also comparable 
with those of the interstellar magnetic fields and of the 
cosmic radiation. 

On the other hand, the extremely complex mutual in
teractions of the different components of the interstellar 
medium and their energy budgets are influenced in es
sential ways by dynamic processes. Among these are in 
particular the supernova outbursts with their ejected gas 
shells and emissions of X-rays, but also stellar winds 
and the ultraviolet radiation of the hot stars as well as 
the large-scale spiral density disturbances in the Milky 
Way (Sect. 11.2.5). 

According to the model of the "galactic fountain", 
exploding supernovae produce a hot gas in the disk 
(at around 106 K), which expands and spreads through 
"tubes" out through both sides of the disk and into the 
galactic halo. There, it cools off by radiation losses and 
condenses into "clouds", which again fall back onto the 
disk. Observations in the 21 em line, using UV lines, 
and in the X-ray region are compatible with these ideas. 
However, the heating and dynamics of the interstellar 
medium, which is permeated by magnetic fields and 
continuously subjected to shock waves, is only poorly 
understood in detail. 

The Local Interstellar Medium. To conclude this 
section, we ask how the interstellar medium in the 
immediate neighborhood of our Solar System is con-
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stituted. Given the average density distribution in the 
galactic disk, we would expect roughly the same 
amounts of atomic and of molecular gas with a parti
cle density of about 5 ·105 m-3, mixed with dust (mass 
fraction about l% ). In fact, the Sun is found to be 
within an irregularly-shaped "bubble" of mainly ion
ized, very tenuous (5 ·104 m-3) and hot (T::::: 106 K) 
gas. This "coronal" gas (Sect. 10.3.4), that can be de
tected directly through its X-ray emissions which reach 
us from all directions, fills a region of around 200 pc 
diameter, with the Sun at roughly 50 pc from its edge, 
and is probably left over from a supernova explosion 
which took place some 105 yr ago. Embedded in the 
hot gas are some small concentrations of "warm" gas 
at T::::: 800 K and around 105 m-3 (cf. Sect.10.2.1), of 
which one with a diameter of 5 pc lies near the Sun 
in the direction towards Sagittarius. Cooler and denser 
HI clouds and molecular clouds are to be found only 
beyond 50 to 150 pc from the Sun. 

The existence of a local hot "bubble" has by the way 
proven to be a decisive advantage for observations in the 
extreme ultraviolet, especially with the EUVE satellite 
(Sect. 5.4.3). Only owing to this coincidentally "trans
parent" environment near the Sun, with its extremely 
low density of neutral hydrogen(:::::; 5 ·103 m-3), has it 
been possible to observe the EUV radiation of several 
nearby stars, mainly hot white dwarfs. 

11.2.3 The Galactic Orbits of the Stars. 
Local Mass Density 

How well does our previous assumption of circular 
galactic orbits hold up? If we allow noticeable eccentric
ities e of the stellar orbits, we find that relative velocities 
of 100 km s-1 and more would occur in the immedi
ate neighborhood of the Sun. We can thus understand 
the phenomenon of high-velocity stars, as J. H. Oort 
remarked in 1928. 

Stellar Orbits in the Galactic Disk. We initially limit 
our considerations to stellar orbits within the galactic 
plane; these orbits are then determined by their galac
tic velocity components U and V or by the analogous 
velocity components relative to the Sun's vicinity, 

U' = U and V' = V -220kms-1 . (11.20) 
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The position coordinates of stars which are accessi
ble to precise observation can namely be set equal to 
those of the Sun with sufficient accuracy. In a diagram 
with the coordinates U' and V', and for a given galac
tic force or potential field, we can therefore draw for 
example curves of constant eccentricity e, curves of con
stant apogalactic distance R 1, etc. Calculations of this 
type were first carried out by F. Bottlinger in 1932 for 
a (1/ R2)-force field; Fig. 11.12 shows a corresponding 
Bottlinger diagram for a force field which is adjusted 
to better fit the actual Milky Way. In a field which devi
ates from the 11 R2 law, the stellar orbits are in general 
not closed curves and e is not an orbital element in the 
strict sense, as it is in the case of planetary orbits. 
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Fig. 11.12. A Bottlinger diagram for stars with spatial ve
locities > 100 km s- 1. The galactic velocity components in 
[km s-1] U' (to the anticenter) and V' (in the direction of the 
rotation) are plotted relative to the neighborhood of the Sun; 
the axes correspond to the absolute velocity components U 
and V. The eccentricity e of the orbit and its apogalactic 
distance R 1 in [kpc] can be read off from the two fami
lies of curves. (This diagram is based on older, somewhat 
higher values of Ro and V0 instead of (11.17) and (11.18).) 
• Stars with an ultraviolet excess, 8(U- B) > + 0.15 mag 
(Sect. 9.2.2), i.e. metal-poor stars of halo Population II; these 
are all high-velocity stars with large spatial velocities. o Stars 
with 8(U- B) < 0.15 mag; these stars make up the transition 
region from halo Population II to the disk population, i.e. to 
stars with more nearly circular orbits. (After 0. J. Eggen) 

The "normal" stars in our vicinity have small values 
of U' and V', i.e. they all move (like the Sun) in the nor
mal sense on nearly circular orbits. The velocity vectors 
of the high-velocity stars, in contrast, indicate that these 
stars move on orbits of large eccentricity e around the 
galactic center, in some cases in the normal sense, in 
some cases with a retrograde motion (see below). 

Motion Perpendicular to the Disk. The motions per
pendicular to the plane of the Milky Way of the stars in 
our neighborhood can be understood to a great extent, 
according to J. H. Oort (1932, 1960), by considering 
the distribution of mass density Q in our region of the 
galactic disk to be planar. We then take into account 
only the dependence on the distance z of the mass den
sity from the galactic plane; we can also consider the 
W components (Sect. 11.1.3) of the stellar velocity vec
tors independently of their motions (U and V) parallel 
to the galactic plane. These stars undergo oscillations 
through the galactic plane and perpendicular to it with 
periods of about 108 yr. 

Analysis of the W-velocity distribution again ex
hibits clearly the two types of stars mentioned above: the 
disk stars with I WI :::::::: 12 km s- 1, and the high-velocity 
stars with considerably larger values of W. While the 
disk stars indeed describe nearly circular, planar orbits, 
the high-velocity stars mostly move on strongly eccen
tric orbits which are also inclined with respect to the 
galactic plane. 

The stellar dynamics also lead us again to the funda
mental concept of star populations introduced in 1944 
by W. Baade. We prefer, however, to postpone their 
discussion until Sect. 11.2.6. 

Local Mass Density. The distribution of the stellar 
density perpendicular to the plane is connected with 
the gravitational field of the galactic disk on the one 
hand, and with the velocity distribution of the W
components on the other, in an analogous manner to the 
relation between the density distribution of molecules 
in an atmosphere and the gravitational field as well 
as the Maxwell-Boltzmann velocity distribution or the 
temperature. In the case of the galaxy, however, the 
gravitational field is itself directly related to the matter 
density Q by Newton's law of gravitation (or the Pois
son equation). Therefore, J. H. Oort in 1960 was able to 
estimate the overall matter density in the galactic plane 



near the Sun; newer determinations yield: 

Q = 0.7-10-20 kgm-3 = 0.1.M0 pc-3 (11.21) 

with an uncertainty of about 20%. We compare this mat
ter density with the overall density of the stars which 
have been observed in our immediate neighborhood 
(within 20 pc), which is about 0.04 .M0 pc-3, and the 
contribution of the interstellar matter which is around 
0.04 .M0 pc-3. Here, theM dwarfs and the white dwarfs 
make up the major portion of the stellar mass den
sity, while the contribution of the brown dwarfs, whose 
number is comparable, is estimated to be only about 
0.003 .M0 pc-3. Owing to the uncertainties both in the 
number of stellar objects and in the local density deter
mined from gravitation, we cannot at present say just 
how much dark matter contributes; its effect could be 
estimated only by Oort's method. Recent analyses of the 
observational data obtained by the astrometric satellite 
Hipparcos indicate that no noticeable missing mass is 
"left over" in the mass balance, which would have to be 
attributed to dark matter in the disk. The contribution of 
unknown dark matter in the galactic halo (Sect. 11.2.4) 
to the disk is estimated to be about 0.01 .M0 pc-3 and 
is thus unimportant for the mass balance in the vicinity 
of the Sun. 

Stellar Orbits in the Halo. The halo contains the glob
ular clusters and numerous field stars, which make 
themselves apparent initially as high-velocity stars 
through their high spatial velocities of up to 300 km s - 1 

relative to the Sun. If their velocity components U and V 
in the galactic plane are plotted in a Bottlinger diagram 
(Fig. 11.12), one can see that these stars move around the 
center of the galaxy on extended elliptical orbits, some 
of them even with a retrograde motion. Their large ve
locity components W perpendicular to the plane of the 
galaxy show that- in contrast to the nearly coplanar or
bits of the stars in the disk - the orbital inclinations of 
the high-velocity stars are nearly randomly distributed. 

The shape of the nearly spherical halo shows that its 
angular momentum per unit mass, or more precisely, 
its component h = V · R in the direction of the axis of 
rotation of the Milky Way, is small. We compare it with 
the Sun and the galactic disk: 

Halo Disk Sun 

h [kms-1 kpc] 150 1540 1870. 
(11.22) 

11.2 The Dynamics and Distribution of Matter 

The contributions of the bulge and the thick disk 
(Sect. 11.2.4) to the angular momentum are negligible. 
The halo rotates (in the same direction as the disk) with 
a typical overall velocity of about 30 km s - 1 . These 
results are clearly of importance in connection with 
the formation and evolution of the Milky Way galaxy 
(Sect. 12.5.4). 

11.2.4 The Mass Distribution 
in the Milky Way Galaxy 

If the entire mass .M which determines the circular or
bit of the Sun were concentrated in the center of the 
galaxy, then the following relation would hold, as for 
the motions of the planets, according to (2.61): 

2 G.M 
V0 =-. (11.23) 

Ro 
From this relation, as a first approximation, one ob
tains for the mass of the Milky Way .M ~ 2. 1041 kg~ 
1011 .M0 . From Kepler's 3rd law (2.57), for a "point 
mass" .M, the rotational velocity V(R) would obey 
the proportionality V( R) <X R- 1 12, or the angular veloc
ity would be w(R) ex R-312. A glance at the rotational 
curve for our galaxy (Fig. 11.9) shows that the assump
tion of a gravitational potential <X 1 j R gives rather poor 
agreement with the observed curve. 

The Mass Distribution. The mass distribution or the 
density distribution can be obtained from models which 
are constructed in such a way that their gravitational 
potentials yield the observed rotation curve. Here, 
simplifying assumptions such as rotational symme
try and neglect of the spiral structure are made. For 
a spherically-symmetric mass distribution, V(R) de
pends only on the mass .M(R) which is located 
within R, 

(11.24) 

Our estimate above would thus correspond to the mass 
within a sphere having a radius equal to that of the 
Sun's orbit, Ro = 8.5 kpc. In the case of a homogeneous 
ellipsoid, V(R) is determined only by the mass within 
its surface (which is an equipotential surface). 

The often-used mass model of the Milky Way Galaxy 
due to M. Schmidt (1965), which in spite of its simplic
ity reproduces the kinematic observations sufficiently 
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well, is based on an inhomogeneous, strongly flat
tened ellipsoid of rotation (eccentricity e = 0.999, or 
flattening ratio cja = .Jf=C2 = 0.05) having a mass 
of 1.7 · 1011 M 0 , and a small central point mass of 
7-109 M 0 . The overall mass of the Milky Way is thus 
1.8 · 1011 M 0 in this model; roughly half of this mass 
lies within the distance Ro from the Sun to the galactic 
center. 

Components. More precise models take into account 
several components in the mass distribution of the Milky 
Way, which can be distinguished from each other on the 
basis of their dynamics and star populations (see also 
Fig. 11.4): 

1. The disk with a mass density which decreases 
exponentially on going outwards radially and is 
<X exp(- R/ Rct), where Rct ::::::: (3.5 ± 0.5) kpc, on 
a scale height of about 0.3 kpc; 

2. The flattened central bulge (c/a::::::: 0.6) with a radius 
of 2.5 kpc in the galactic plane- it can hardly be ob
served in the optical region but it can readily be seen 
in the infrared (A 2: 2.2 ~-tm); 

3. The barely flattened halo of radius around 20 kpc, 
with the globular clusters and high-velocity stars; 
and 

4. The core of the Milky Way (R S 0.1 kpc). 

The bulge and the halo are often combined as the 
spheroidal component, although it is not yet clear just 
how the halo merges inwards to the bulge. 

Recently, it has been realized that besides the (young) 
thin disk, also a thick disk of similar radial extension 
but with a scale height of about 1 kpc exists. The latter 
rotates by about40 km s-1 more slowly, and contains an 
intermediate stellar population, whose density (within 
the midplane of the galaxy) is only about 1 I 10 that of 
the young disk. 

We shall return to the components of our Milky Way 
galaxy in Sects. 12.1.6 and 12.1.7, where they will be 
compared with the corresponding components of other 
normal spiral galaxies, which we can observe from out
side the galaxy. The central region of the Milky Way, 
i.e. that part within R s 3 kpc, will be described in detail 
in Sect. 11.3. 

The Dark Halo. The rotation curve in the Milky Way 
is more difficult to observe for R > Ro than within the 

Sun's orbit. Recent measurements in the optical spectral 
range of H II regions and open star clusters and in the 
radiofrequency range (using HI- and CO lines, recombi
nation lines in H II regions) show that V(R) is essentially 
flat out to R ::::::: 30 kpc, perhaps even increasing slightly 
to about 300 km s-1. The Keplerian situation has thus 
not been attained out to this distance, and therefore the 
total mass of the system does not lie within this radius. 
Based on these observations and on the analysis of the 
motion of the Sun within the local group of galaxies 
(Sect. 12.4.1), as well as on theoretical considerations 
concerning the stability of rotating flat disks, the fol
lowing picture of our galaxy has crystallized out since 
about 1975: 

The long-known "visible" subsystems, the central 
region and the (inner) halo of globular clusters, are prob
ably embedded in an enormous, spheroidal outer halo 
(or galactic corona) of 60 to 100 kpc radius, that con
sists of "dark matter" of still unknown composition, and 
which makes up the main portion of the overall mass of 
the system, about 3 to 10 times as much as the visible 
portions. 

We shall return to the question of this halo, with its 
dark populations, in connection with the discussion of 
rotation curves of other galaxies in Sect. 12.1.5. 

11.2.5 The Dynamics of the Spiral Arms 

Most galaxies which contain a rotating disk also have 
spiral arms embedded in the disk; the SO galaxies are 
an exception (Sect. 12.1.2). The spiral arms are high
lighted by short-lived, bright OB stars, while the older, 
redder stars are more uniformly distributed throughout 
the whole disk. 

The naive idea that a spiral arm always contains the 
same stars, gas clouds, etc., is refuted by considering 
that such a formation would be destroyed in the course 
of a few rotations of the disk, i.e. in several 108 yr, by 
the differential rotation. 

B. Lindblad attempted many years ago to explain the 
persistence of the spiral structure over longer periods 
of time, in terms of a sectored system of density waves. 
In his model, the spiral arms of a galaxy are assumed 
to contain different stars, gas, etc. at different times, 
in a similar manner to an ocean wave whose crest is 
formed by constantly changing water particles. In order 



to justify the model, Lindblad and his coworkers car
ried out extensive calculations of the orbits of individual 
stars in the average gravitational field (potential field) 
of a galactic disk. These investigations were not well 
received, probably in part because Lindblad maintained 
for a long time that the spiral arms curve "forward", 
i.e. with the concave edge ahead. However, in many 
spiral galaxies, the "forward" and "backward" direc
tions can be clearly distinguished, e.g. by observing the 
dark clouds, and it is found that the spiral arms in fact 
always "drag behind". 

Density-Wave Theory. In the years following 1964, the 
density wave theory of the spiral structure was revived 
by C. C. Lin et al., now however in the form of a contin
uum theory. If there is a location in the disk of a galaxy 
with, for example, a somewhat higher gas density, it 
will cause a perturbation (potential well) in the poten
tial field describing the differential rotation of the disk. 
This in tum influences the velocities of the stars and thus 
the mass density of the "stellar gas". In order that the 
potential field, the gas density, and the stellar density all 
be mutually consistent, a (rather complicated) system of 
differential equations must be obeyed; it describes the 
structure and propagation of density waves in the galac
tic disk. From the manifold of possible solutions, Lin 
and his coworkers selected one, corresponding to a qua
sistatic spiral structure. This structure moves, rigidly so 
to speak, with a constant angular velocity Q p· If this 
constant is fixed, then the shape of the potential well 
can be calculated, and it then forms the basis for the 
spiral arms. For example, in our Milky Way system, 
observations give QP:::::: 13.5 km s-1 kpc- 1; i.e. in our 
neighborhood, where the angular velocity of the stars is 
w0 = 26 km s- 1 kpc- 1 (11.18), the density wave moves 
around the galaxy with about half the velocity of the 
stars. 

The observable spiral arms (Fig. 11.13) are then pro
duced, according to W. W. Roberts ( 1969), by the fact 
that the interstellar gas flows along the density wave 
from the concave edge (in our case at 115 km s-1 ). 

A compression occurs in going towards the potential 
minimum, and it can be recognized initially by means 
of interstellar dust. The compression of the gas (and of 
the magnetic field) furthermore leads to the appearance 
of a spiral-shaped shock wave, which in tum promotes 
Jeans instabilities (Sect. 10.5.3) and thereby the forma-
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Newly formed 
stars and 
H II regions 

Observed 
H 1 spiral arm 

Fig.11.13. The spiral structure of our galaxy (0 =Sun). The 
quasistationary spiral density wave according to C. C. Lin 
et a!. (two arms) moves around at an angular velocity of 
Q P ~ 13.5 km s- 1 kpc-1. It is thus continually overtaken by 
the galactic matter, which moves about twice as fast (gas, 
stars, ... ). This matter is compressed in the region of the po
tential well of the density wave. In the gas, dark clouds are 
produced by the compression, as well as an increased inten
sity of synchrotron radiation and a shock wave (solid curve). 
In the course of 10 7 yr, young bright stars and H II regions are 
formed in this "shocked" gas. At a larger distance from the 
shock wave, older stars follow. The major portion of the poten
tial well is filled with neutral hydrogen (HI; 21 em radiation). 
From W. W. Roberts (1969) 

tion of young stars and H II regions. A narrow strip is 
indeed observed at the convex edge of the shock wave, 
containing bright blue stars and H II regions. It is fol
lowed by a broad, diffuse band with older stars and star 
clusters; finally, the old disk population is distributed 
nearly homogeneously. Quantitatively, Lin estimates the 
amplitudes of the gravitational fluctuations, and those 
of the gas and stellar densities, to be about 5% of their 
average values. 

In particular, the irregular spiral structures of the 
late Hubble type of galaxies (Sect. 12.1.2) suggests that 
in addition to a global density wave, some stochastic 
process is acting on a smaller distance scale in stellar 
genesis. 

The density wave theory of the spiral structure has 
no doubt provided many new impulses, in particular for 
the evaluation of 21 em observational data. Essential 
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discrepancies between the theory and observations have 
so far not been found. 

On the other hand, it is readily apparent that the 
theory in its present form is still very incomplete, and 
leaves open several questions: why is only one qua
sistatic density wave observed? What determines its 
rotational frequency Q P? Under what conditions does 
a galaxy not develop a spiral structure? What is the ori
gin of the initial excitation and of the damping of the 
density waves? For the excitation, tidal interactions with 
neighboring galaxies (e.g. the Magellanic Clouds in the 
case of the Milky Way) or a rotating, "bar-shaped" mass 
in the central region of the galaxy have been suggested. 

N-Body Calculations. Given this list of questions, 
a quite different mathematical method is gaining in
terest: using large computers, several research groups, 
beginning with R. H. Miller, K. H. Prendergast and 
W. J. Quirk in 1968 and F. Hohl in 1970, among others, 
have simulated the motions of several 105 stars under 
the influence of their mutual gravitation as an N -body 
problem, and have generated images of a series of the 
numerous successive states of such a system. The sig
nificance of this technique is to be found not least in 
the fact that it is now possible to experiment with vari
ous types of galaxies. In the cases thus far investigated, 
a spiral structure forms out of an initially homogeneous 
disk in the course of less than one rotation. It is not 
quasistatic, but instead changes and renews itself con
tinually. It can be assumed that while the hypothesis of 
the quasistatic spiral structure is not strictly correct, it 
is still a reasonable first approximation. 

11.2.6 Stellar Populations 
and Element Abundances 

We shall now attempt to bring some order into the con
fusing multiplicity of observations from our Milky Way 
(and from other galaxies) by making use of the concept 
of stellar populations. 

Taking advantage of the observationally favorable 
conditions of the wartime blackout, W. Baade, using the 
2.5 m telescope on Mount Wilson, succeeded in 1944 in 
resolving the central region of the Andromeda galaxy, 
M 31, as well as those of its elliptical companions, M 32 
and NGC205 (Fig.12.1) into stars from the edge in-

wards. The brightest stars in this region were found not 
to be the blue OB stars, as in the spiral arms, but instead 
red giants, similar to those in the globular clusters of 
the Milky Way. Baade recognized that various galaxies 
or parts of galaxies are occupied by different star popu
lations with quite different color-magnitude diagrams. 
He initially distinguished: 

1. Stellar Population I, with a color -magnitude diagram 
similar to that of stars in our vicinity (Fig. 6.9). The 
brightest stars are blue OB stars with Mv ~ -7 mag. 

2. Stellar Population II, with a color-magnitude dia
gram similar to that of the globular clusters (Figs. 
9.7, 8). The brightest stars here are the red giants. 

It furthermore became clear that the stellar popula
tions - or parts of them - differ also in terms of stellar 
dynamics and statistics, that Population I consists of 
young stars, while Population II consists of old stars, 
and that a portion of the latter, the halo population, 
contains metal-poor stars. 

Classification. In the course of time, a clarification and 
refinement of the classification scheme of the stellar 
populations became necessary. This was worked out 
by J. H. Oort and others in 1957 at a conference on 
stellar populations in Rome. Table 11.1 gives a sum
mary of the classification of stellar populations, with 
some more recent additions; they are characterized pri
marily by the distribution of the orbits of their stars 
within the galaxy. The age and metal abundance are, 
to be sure, additional parameters which are correlated 
with this one-dimensional sequence, but the correla
tion is not uniquely determined. On the contrary, in 
detailed investigations, they must be obtained sepa
rately. Following some methodological remarks about 
the empirical determination of these parameters, we will 
study the three main populations in more detail in the 
following paragraphs. 

Age. The age of a star cluster or any sort of gener
ically unified group of stars can be found (as we have 
already seen in Sects. 9.1.3 and 2.3) from its color
magnitude diagram by comparison with theoretically 
computed isochrones. However, such calculations de
pend on knowledge of the chemical compositions of 
the stars. Furthermore, the treatment of mass loss, the 
mixing of original matter with the products of nuclear 



11.2 The Dynamics and Distribution of Matter 

Table 11.1. Stellar Populations in the Milky Way galaxy 

(Old) Halo Population II Disk Population Extreme Population I 

Middle Population U Older Population I 

Typical representatives 

Mean distance from 
the galactic plane 
Z[pc] 

Average velocity 
perpendicular 
to the plane 
Wtkms- 1) 

Concentration towards 
the Galactic Center 

Metal abundance e 
relative to the Sun 

Age of the tars [Jo9 yr] 

Spheroidal Component 

Subdwarf:. 
globular clusters, 
RR Lyr variables 
with P > 0.4 d. 
bright red giants 

2000 

75 

strong 

~ 10- 3 to I 

~ 12to 15 

700 

25 

fusion reactions, and also convection during stellar evo
lution, particularly in the region of the giant branches, 
are still fairly uncertain and limit the accuracy of age 
determinations. 

Metal Abundance. The quantitative analysis of spectra 
with a high dispersion gives us knowledge of the chemi
cal composition of the stars. This method is tedious and 
mainly limited to brighter stars; however, it gives the 
most detailed information. The results of such spectral 
analyses were already described in Sect. 7.2.7: since the 
relative abundance ratios of the heavy elements (nuclear 
charge Z > 6) for stars of the spiral arm, disk, and halo 
populations of our galaxy is in the main everywhere the 
same as in the Sun (Table 7.5), except for some indi
vidual elements, it seems justified for most purposes to 
refer to the abundance of the heavier elements or simply 
to the metal abundance E: (9.1). 

The metal abundance of fainter stars can be obtained 
from broadband UBV photometry, to be sure without 
the possibility of taking the anomalies of individual ele
ments into account. As we saw from the example of the 
globular clusters (Sect. 9.2.2), the UV excess 8(U- B) 
in the two-color diagram is closely related to the metal 
abundance E:. Before using the two-color diagram, we 
must correct the color indices for interstellar reddening. 

•· ormal" tars 
in the central region 
and the disk, 
Planetary Nebulae. 

ovae. 
RR Lyr variables 
with P< 0.4d 

400 

18 

considerable 

mainly~ I (f to 3) 

~ 5to 10 

Di k Component 

160 

10 

Bright blue 08 stan., 
open star clusters 
and associations, 
interstellar matter 

120 

8 

weak 

~ I 

Metal indices which are nearly independent of inter
stellar reddening are often used, such as the Q index 
for UBV photometry (10.5). The primary significance 
of the metal indices, aside from their use for faint stars, 
lies in the fact that they make it possible to extract at 
least a rough measure of the metal abundance from the 
superposed spectra of distant globular clusters, galaxies, 
and portions of them. 

After these preparatory remarks, let us return to 
the stellar populations of our Milky Way galaxy (Ta
ble 11.1). It is convenient to begin with the two extreme 
main populations, halo Population II and the spiral arm 
Population I, and then to discuss the disk population. 
The transition populations will then need no further 
special treatment. 

Halo Population II. The halo is, as we have seen, 
a nearly spherical subsystem of the spheriodal com
ponent of our Milky Way, with a radius of about 20 kpc. 
(We consider here only the inner, stellar halo; the hy
pothetical dark population of the outer halo will not be 
discussed.) 

The halo population, globular clusters and field stars, 
is characterized by color-magnitude diagrams corre
sponding to those of the globular clusters (Fig. 9.8). 
Here, there are no bright OB stars; instead, the brightest 
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stars are red giants of Mv ~ -3 mag. Furthermore, the 
cluster variables or RR Lyrae with periods of > 0.4 d. 
are also typical. The classical Cepheids (such as 8 Cep) 
of Population I correspond here to the rarer W Virginis 
stars, with periods of 14 to 20 d. 

All the stars and star clusters of the halo popu
lation are more or less metal-poor. Among the most 
metal-poor stars (of less than 1/100 of the solar 
metal abundance) and the highest spatial velocities are 
the relatively rare giants HD 122563, with B ~ 1/500, 
and H£0107-5420 (HE=Hamburg/ESO survey) with 
s ~ 5 . 1 o-6, as well as the stars in the neighborhod of 
the main sequence, HD 140283 with B ~ 1/200, and 
G64-12 (=Wolf 1492) with s ~ 1/3000 (Sect. 7.2.7). 
Metal abundances of about 1/10 (relative to the Sun) 
are found rather frequently. 

It would now seem obvious to ask if there is a corre
lation between these metal abundances and the galactic 
orbital elements or equivalent quantities. It is found that 
there is in fact a strong correlation between very small 
metal abundances and a large eccentricity e, as well as 
a large inclination i of the galactic orbit, or a high veloc
ity component W perpendicular to the galactic plane. 
At larger metal abundances, above about 1/10 of the 
solar value, or for orbital eccentricities e < 0.5 or ve
locity components IWI < 50kms-1, the correlation is 
much weaker, or perhaps disappears entirely. There is 
thus, both in terms of metal abundance and in terms 
of galactic orbits, a rather large intermediate popula
tion, which forms the transition between the extreme 
halo population and the disk population (see below). 
Whether it is reasonable to define a special classification 
"intermediate Population II" remains an open question. 

In the region of the globular clusters, the two-color 
diagrams and likewise the metal indices show that M 92 
(Fig. 9.7) is just as metal-poor as the extreme subdwarfs 
(metal abundance s::::; 1/100), while other globular 
clusters make a continuous transition to lower "metal 
defects". The color-magnitude diagrams (Fig. 9.8) be
come more similar on going from M 92, with increasing 
metal abundance, to that of the old open star cluster 
NGC 188, which has normal metal abundance. In this 
process, the giant branch moves downwards and ends 
earlier, and the horizontal branch gradually disappears. 

Regarding the positions of the globular clusters in 
the sky, it can be recognized that in general, their metal 
abundances increase with decreasing distance from the 

center of the galaxy. Some globular clusters near the 
galactic center appear to have only small metal defi
ciencies, even on the basis of their color indices, or 
even a small overabundance; presumably they belong 
more properly to the rapidly rotating bulge rather than 
to the barely rotating halo system. 

The age of the halo population can be determined 
from the color-magnitude diagrams of the globular 
clusters (Figs. 9.7, 8). From them (see Sect. 9.2.3), by 
comparison with theoretical evolution diagrams, it is 
found that that the main part of the globular clusters 
have an age up to about 12 · 109 yr with an uncertainty 
of several109 yr. Some few clusters are younger, by 3 to 
4 ·109 yr. 

Spiral Arm Population I. The extreme or spi
ral arm Population I is characterized by its bright 
(Mv ~ -6 mag) blue 0 and B stars in young open 
clusters and associations, whose chemical compositions 
are very similar to that of the Sun (Fig. 9.3). All these 
structures were formed rather recently from dense re
gions of interstellar matter. Our earliest ancestors could 
have observed the formation of the bright blue stars 
in Orion from their treetop-observatories! The galactic 
orbits of the young stars of Population I and of the in
terstellar matter are, as we have seen, nearly circular 
(Sect. 11.2.3). 

In the extreme Population I, radial abundance gra
dients are observed. Thus e.g. in the H II regions, the 
abundances of N /H and 0 /H decrease from within to
wards the outside of the galaxy at a rate of the order of 
Lllog s/ LlR ~ -0.1 kpc- 1• 

The Disk Population. The disk population of the Milky 
Way galaxy consists (on superficial examination) of 
stars having roughly normal metal abundances with the 
well-known color-magnitude diagrams of our vicinity 
(Fig. 6.9) and roughly circular galactic orbits. Only on 
more detailed investigation do the relationships to the 
Halo Population II and the spiral arm Population I be
come apparent, along with other important indications 
of the evolution of the galaxy. 

An initial estimate of the age of the disk population 
can be obtained from the color-magnitude diagrams 
of the open star clusters (Figs. 9.2, 3). For one of the 
oldest, NGC 188, an age of 6 to at most 10. 109 yr is 
found; M 67 is only slightly younger. There are also 



many field stars of the disk population which fit into the 
color-magnitude diagrams of the oldest open clusters. 
Even though the maximum age of the disk popula
tion is not very precisely known, it must in any case 
be ::S 10 · 109 yr; it is thus clearly younger than most 
of the globular clusters. There are numerous younger 
star clusters (Fig. 9.3); therefore, the history of the disk 
population includes the whole time period up to the for
mation of spiral arm Population I. In the spiral arms, 
associations and clusters of younger stars are contin
ually being formed from interstellar matter; a portion 
of these groups "flows apart" and thus continuously 
replaces the evolutionary losses of the disk population. 

A more exact investigation of the metal abun
dances £ of the disk stars shows that they differ only 
slightly among themselves, but that they do scatter 
within a factor of 3 to (at most) 5. In particular, the 
narrow-band photometric observations of B. Stromgren, 
B. Gustafsson, P. E. Nissen and others, along with 
spectroscopic analyses, have shown that the metal abun
dance of the Hyades is about 1.5 times larger than that 
of the Sun, while the Pleiades have practically the solar 
mixture, with only a factor 1.1 overabundance. 

The scatter of the metal abundances £ of the disk 
stars is on the one hand due to their dependence on the 
age of the stars, and on the other to radial abundance 
gradients within the disk. The age effect is difficult to 
see; it is in the range of L1log £ ~ 0.5 in 1010 yr. Since 
the formation of the disk, s has increased by only about 
a factor of 3. Numerous investigations from about 1970 
of our Milky Way and of other galaxies have shown that 
the metal abundance of the disk components - like that 
of the spiral arm population, see above- decreases con
tinuously from the center outwards; in the Milky Way, 
by about L1log s I L1R ~ - 0.05 kpc- 1, i.e. by a factor 
of 3 from the galactic center to the vicinity of the Sun. 
In the galactic central region, the metal abundance is 
about 2 to 3 times higher than the solar value, and we 
find "super metal-rich" stars there. 

11.3 The Central Region 
of the Milky Way 

The central regions of our Milky Way galaxy are not 
accessible to optical observations due to the dense dark 
clouds in the Scorpio-Sagittarius area. Only with radio 

11.3 The Central Region of the Milky Way 

telescopes of high resolution in the centimeter wave
length range, and with the development of infrared 
astronomy, has it been possible to investigate this region 
since the late 1960's. 

In the infrared, at shorter wavelengths (A. ::S 7 ~-tm), 
emissions from the stars dominate the overall radiation, 
while in the far infrared, we measure mainly the radi
ation from warm dust. The radiofrequency range and 
the infrared spectral lines give us information about the 
gaseous components. 

The visual extinction in the direction of the galac
tic center (b = 0°) is Av ~ 31 mag, corresponding to 
an attenuation factor of 2.5 · 1012 (!); on the average, 
it decreases to about 10 mag if we move away from 
the galactic center by 1 o of galactic latitude. In the 
infrared at a wavelength of A. = 2.2~-tm, we find an ex
tinction of A2.21Llll ~ 3 mag, which however still allows 
observations of the central region. 

As an aid to orientation, we first show the relation 
between some angles on the sphere and the correspond
ing length scales at a distance from the galactic center 
of Ro = 8.5 kpc (11.17). The correspondence is: 

150pc 

1' 

2.5pc 

I" 10-311 

0.04pc 

8500 AU 8.5 AU . 

We will start with a discussion of the region more distant 
from the galactic center and then approach the center 
itself; it coincides with the "point-like", unique radio 
source Sgr A*. 

11.3.1 The Galactic Bulge (R ::s 3 kpc) 

Within a distance of about 3 kpc from the galactic center, 
the structure and kinematics of the Milky Way change 
noticeably compared to the outer parts: we can no longer 
observe a spiral structure, and the density of stars in
creases sharply on going inwards, while the density of 
atomic and molecular gas decreases rapidly. A first in
dication of "unusual" processes in the central region 
of the Milky Way was provided by the 21 em obser
vations of neutral hydrogen in the galactic disk, which 
showed strong deviations from the circular orbits typi
cal of the outer disk, with the expanding 3 kpc arm and 
its counterpart behind the galactic center (Sect. 11.2.2). 
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We begin with a description of the stellar component 
in the galactic bulge, and then discuss the interstellar 
components. 

Stars. Following the pioneering investigations of 
E. E. Becklin, G. Neugebauer, F. J. Low, D. E. Klein
mann and others in 1968/69, broadband infrared 
observations at 2.2 and 2.4 ~-tm have been carried out 
with steadily improving sensitivity and angular resolu
tion. The galactic bulge has also been observed in the 
infrared with the COBE satellite (Sect. 5.2.1). From the 
surface luminosity, we can recognize a strong increase 
in the stellar density in the central region of the galaxy 
(within R:::; 1.5 kpc or within a galactic longitude of 
Ill :::: 10° from the center). The distribution of stars in 
the bulge can be approximated as a flattened ellipsoid of 
rotation with a radius of about 2.5 kpc and an axial ratio 
of 0.6, or a semiaxis perpendicular to the plane of the 
galaxy of 1.5 kpc. According to the model of S. Kent 
(1992), the density of matter within R:::; 0.9 kpc de
creases as Q(R) ex R-J.s. This corresponds to a radial 
mass increase of .M(R) ex R1.2 . Further out, the density 
decreases more steeply (ex R-3·7). 

Characteristic, easily recognizable objects in the 
bulge are the bright K and M giants, the OH/lR stars, 
and the planetary nebulae. The stars in the bulge ro
tate in the same direction as the galactic disk, but more 
slowly than the matter which lies further out. They have 
metal abundances in the range of 1/10 < c < (3 ... 10), 
and thus contain more heavy elements than the region 
near the Sun. With ages between about 1 and 15 · 109 yr, 
the stars in the bulge are on the average younger than 
the halo population. Their total mass is about 1010 .M0 . 

Interstellar Matter. Between roughly 1.5 and 3 kpc, 
there is no measurable concentration of either atomic or 
of molecular hydrogen; as we go further in, at first the 
density of HI increases sharply, then somewhat closer 
to the center (R:::; 0.6 kpc) also that of Hz. 

The 21 em em observations show complicated mo
tions of the interstellar atomic gas for which we still 
have no unique model; the explanation of the observed 
radial velocities is rendered difficult by the fact that 
there is no way to determine the distance to the HI re
gions. G. W. Rougoor and J. H. Oort originally (1960) 
interpreted the observations in terms of a thin nuclear 
disk (or a ring), rotating at 250 km s -I , with a radius 

of :::; 0. 7 kpc. Newer observations of the HI radiation 
have been interpreted by W. B. Burton and H. S. Liszt 
(1978/80) in terms of either (a) a gaseous disk which 
is rotating and expanding at the same time, inclined by 
about 20° to the galactic plane, and having a radius of 
1.5 kpc, or else (b) by a (likewise inclined) rotating bar 
having a length of around 2 kpc, in which the gas moves 
on strongly elliptical orbits. 

Independently of the precise model used, about 
3 · 107 .M0 of HI with a density of the order of 
:::; 1 ·106 m-3 must be present within a distance of 2 
kpc from the galactic center. 

11.3.2 The Nuclear Region of the Galactic Bulge 
(R:::: 300 pc) 

Even the first isophotic map of the central region, made 
at A= 3.75 em (8.0 GHz), by D. Downes et al. in 1966 
using a 36 m paraboloid antenna with an angular res
olution of 4.2', shows near the center the radio source 
Sagittarius A, whose position relative to many other 
sources leaves no doubt that it represents the nucleus of 
our galaxy and includes the galactic "center point". 

Radiofrequency Emissions. In Fig. 11.14, we show 
observations with the 100 m telescope in Effelsberg 
made by W. J. Altenhoff et al. in 1978 at a wavelength 
of A= 6 em and a resolution of 2.6'. At this wave
length, non thermal and thermal sources, i.e. synchrotron 
and free-free radiation, contribute with comparable 
intensities to the radio emissions, although the ther
mal radiation is more sharply concentrated towards the 
galactic equator. The emissions in the radio continuum 
are not symmetric with respect to the galactic plane; the 
extended structure of about 200 pc dimensions above 
Sgr A is quite noticeable. 

The 45 pc long "arc" perpendicular to the equator 
consists of many finer filaments and emits synchrotron 
radiation; it is connected with Sgr A by a "bridge". At 
higher resolution, e.g. with the Very Large Array, one 
can distinguish three components within the extended 
Sgr A complex (R:::; 25 pc) (Fig. 11.15): (a) the non
thermal, dish-shaped source Sgr A East, and (b) the H II 
region Sgr A West, as well as, within it (c) the ultracom
pact source Sgr A*, a strong nonthermal, "point-like" 
source. 
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Fig. 11.14. The central region of the 
Milky Way at A = 6 em (5.0 GHz) (up
per map) and an overview (lower map). 
Observations by W. J. Altenhoff et al. 
(1978) with the 100m radio telescope 
in Effelsberg at an angular resolution of 
2.6' . Sagittarius A contains the non
thermal central source of our galaxy; 
the thermal source (giant H II region) 
Sagittarius B2 is associated with a large 
molecular cloud complex. (P. G. Mezger, 
W.J. Dusch!, R. Zylka, 1996) 
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Fig.ll.l5a,b. Sagittarius A: isophotes of the continuum ra
diation (a) of the whole source at A = 6 em (5 GHz) with 
a resolution of 5" · 8"; and (b) of the central region of the 
component Sgr A West at A = 2 em (15 GHz), with a reso
lution of 2" · 3". The images are based on observations with 
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the Very Large Array by R. D. Ekers et al. (1983). The cir
cles and crosses in (b) mark the "[Ne II] clouds" observed by 
J. H. Lacy et al. in 1980, with their radial velocities indicated 
in [kms- 1] 
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Sgr A East is probably the remains of a (supernova
like?) explosion which occurred some 50 000 yr ago 
within a dense molecular cloud; this hypothesis is sup
ported by the X-radiation from this region. The source 
Sgr A West, with Sgr A*, will be discussed in detail in 
the next section. 

The giant H II regions Sgr B, C and Din the central 
area, which are noticeable as strong thermal sources 
in the em range, are large molecular clouds and are 
associated with regions of star formation. These sources 
are embedded in a thinner ionized medium (with an 
electron density around 107 m-3). 

Gas and Dust. The mass of atomic hydrogen in the 
nuclear region is only about 107 M 0 . In contrast, obser
vations of the spectral lines from various molecules, in 
particular from CO, which occurs together with H2 and 
indicates the distribution of the latter, and of OH, CS, 
H2CO, as well as HCN, which are emitted by the most 
dense regions, show that molecular gas predominates 
in these areas. It forms a thin (:S 50 pc) layer having 
a mass of ::::: 108 M 0 , of which about half is concen
trated in giant molecular clouds with masses of 104 to 
106 M0 and average densities 2: 106 m - 3. In the molec
ular cloud complex at a distance of around 200 pc from 
the center, which coincides with the H II region Sgr B2, 
one can observe a particularly wide variety of different 
molecules (Sect. 10.2.3). 

As was already seen from observations with the 
infrared satellite IRAS, the emissions of heated dust 
between "A= 12 and 100 [LID show- along with a con
centration in the plane of the Milky Way - an increased 
density in the central region, R :=:: 400 pc. The average 
temperature of the dust lies near 28 K, and its total 
infrared luminosity corresponds to 1.3 · 109 L 0 . 

Stars. The star population of the outer bulge, already 
described in Sect. 11.3.1, continues on going inwards. 
In the nuclear region, we observe in addition a frac
tion of relatively young (l 07 to 108 yr) stars of medium 
to high mass; this fraction increases towards the cen
ter. The average metal abundance of the stars and 
of the interstellar gas in the nucleus of the bulge 
is about twice as high as that in the neighborhood 
of the Sun. 

All together in the central region of the bulge, we 
find a mass of about 4 · 109 M 0 . 

Magnetic Fields. In the nuclear region of the bulge, 
using the polarization of the emitted radiation and the 
Zeeman splitting of the molecular lines, we can detect 
magnetic fields of the order of 2. 1 o-7 T (2 mG), which 
are considerably stronger than those in the galactic disk 
(Sect.10.4.1). Within the large molecular clouds, they 
are oriented for the most part parallel to the plane of 
the galaxy, but in the intermediate medium, they are 
perpendicular to it. 

The Bar Structure of the Milky Way. As can be seen 
both from the 21 em observations of HI in the outer 
bulge and also from the molecular lines, there is an 
asymmetry in the radial velocities which can be inter
preted as a bar structure. Furthermore, newer analyses 
of the surface luminosity at 2.2 [LID give indications for 
a bar structure in the distribution of stars, as well. 

According to dynamics calculations, a rotating bar 
could on the one hand maintain the region outside 
1.5 kpc (out to 3 kpc) free of interstellar matter, and 
on the other it could be responsible for the observed 
matter inflow, of the order of 1 I 100 M 0 yc 1 within 
150pc. 

While our Milky Way shows indications of only 
a weak bar structure consisting of stars and gas between 
a few 0.1 kpc and 2 kpc, we find this phenomenon rela
tively frequently in other galaxies, and it is particularly 
apparent in the systems which are classified as "barred 
spirals" (Sect. 12.1.2). 

11.3.3 The Circumnuclear Disk and the Minispiral 
(R:::: 10 pc) 

Let us now look somewhat more carefully at the 
innermost few pc around the center of the Milky Way! 

Observations of far infrared radiation from the heated 
dust and the molecular lines in the radiofrequency range 
show that the galactic center is surrounded by a ring
shaped, somewhat warped disk of molecular gas and 
dust between about 1. 7 and 7 pc; it is inclined to the 
galactic plane by around 25°. The matter within this cir
cumnuclear disk is noticeably clumped; the concentra
tions have masses of typically 30 M 0 and are extremely 
opaque to optical radiation (Av::::: 30 mag). This disk 
rotates at 100 km s -I in the same sense as the Milky 
Way and contains roughly 104 M 0 of H2 and dust. Its 



gas temperature lies at :S 400 K, and that of the dust is 
about 60 K. Through this circumnuclear disk, and also 
through the nuclear region itself (R :S 150 pc), matter 
flows inwards with a radial velocity of about 20 km s-1 

and a mass transport rate ofthe order of 10-2 M 0 yc1. 

The luminosity in the infrared is roughly 107 L 0 . 

From considerations of the dynamics, one can con
clude that within a radius of 1. 7 pc from the center there 
is a mass of 4 · 106 M 0 . 

At the inner edge of the disk, at a radius of R :::::: 1. 7 pc, 
the density drops off rapidly towards the H II region 
Sgr A West. In high-resolution images made with the 
VLA- e.g. at A= 2cm (Fig.11.15b)- one can see 
that about 40% of the thermal emissions of ionized 
hydrogen originate from a small, spiral structure, the 
"minispiral ".Its outer arcs coincide with the inner edge 
of the circumnuclear disk; the sourceS gr A* lies approx
imately in (seen from the Earth, somewhat in front of) 
the center of symmetry of this structure. 

The total mass of ionized hydrogen is about 260 M 0 , 

of which roughly 10 M 0 is in the mini spiral. The aver
age electron density in the H II region is 109 m-3 , while 
in the minispiral, it is 1010 m-3 . In order to ionize this 
gas (and to heat the dust), a total luminosity of about 
8 · 108 L 0 is required, an amount which is consistent 
with the luminosity of the bright stars in the central star 
cluster of the Milky Way (Sect. 11.3.4). 

Dynamics. The radial velocities of the HI recombina
tion lines such as H 1 09a and especially the forbidden 
infrared fine structure transitions, such as that of 
[Ne II] at A = 12.8 ~tm, [Ar III] at A = 9.0 ~tm, [S III] 
atA = 18.7 ~tm, or [0 III] atA = 51.8 ~tm, give us a first 
insight into the dynamics of the near neighborhood of 
the galactic center. For example, in the [Ne II] line, we 
can observe cloudlike structures in the emission regions 
which are located along the radio spirals (Fig.l1.15b). 
The surprisingly high radial velocities of these "[Ne II] 
clouds", up to 250 km s-1, indicate a central mass of 106 

to 107 M 0 (assuming circular orbits around the center). 
As the existence of the spiral structure shows, the dy
namics near the central region are however probably 
more complex; furthermore, the motion of the gas can 
be influenced not only by gravitational forces, but also 
by magnetic fields, stellar winds, or frictional forces, so 
that this mass determination cannot be considered to be 
very conclusive. 

11.3 The Cenh' I Region of the Milky w,y I 

In contrast to the gas, the stars are affected only by 
gravitational forces. The observation of their motions, 
as close as possible to the galactic center, is thus of 
decisive importance for the clarification of the nature of 
the central source. 

11.3.4 The Innermost Region (R :s 1 pc) and Sgr A* 

In the innermost 1 pc, the radiation of the stars in the 
medium and near infrared (A < 30 ~tm) exceeds that of 
the heated dust. By means of high-resolution observa
tions, E. E. Becklin and G. Neugebauer showed in 1975 
that at a wavelength of 2.2 ~tm, a considerable fraction 
of the observed radiation is due to only a few individual 
bright supergiants oflate spectral types (Teff:::::: 4000 K), 
each having a luminosity of about 104 L 0 ; their con
tribution to the overall stellar luminosity of around 
8 · 107 L 0 however is only about 1% of the total, as was 
later recognized. The stars are concentrated in a dense, 
richly populated cluster (Fig. 11.16) at the galactic cen
ter, in which the ultracompact source Sgr A* dominates 
the radiofrequency emissions. 

The Central Star Cluster. Among the brightest stars 
in 2.2~tm radiation in the nuclear region (R :S 1 pc), we 
find at least 20 hot, massive supergiants with effective 
temperatures of 25 000 K and luminosities :::: 106 L 0 . 

These stars produce almost the whole overall luminosity 
of 108 L 0 ; they form a subgroup with a strong con
centration towards the galactic center, whose density 
distribution falls by one-half at 0.2 pc ("core radius"). 
The remaining :::: 200 stars which are bright in the 
2.2 ~tm range are K and M supergiants. The main con
tribution to the mass is made by some 106 cool giant 
and dwarf stars. The core radius of the whole central 
star cluster lies around 0.38 pc; the mass density at its 
center is Qc = 4 · 106 M 0 pc3, and is thus compara
ble with that of the most dense globular clusters in the 
Milky Way. 

Stellar Motions and the Central Mass. Since the 
1990's, it has become possible (especially thanks to 
R. Genzel, A. Eckart and coworkers) to measure both 
the radial velocities as well as the proper motions of 
numerous stars near the galactic center. The radial ve
locity can be determined from spectra in the 2.2 ~tm 
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11. The Structure and Dynamics of the Milky Way Galaxy 

Fig.11.16. An infrared image in the K band (A. :::::: 2.2 j.lm) 
of the central 10" or 0.4 pc of the dense star cluster at the 
center of our Milky Way galaxy. Left: a "conventional" im
age, with an angular resolution limited by air turbulence to 
about 1". Right: An image obtained with the speckle cam
era "Sharp" of the Max Planck Institute for Extraterrestrial 
Physics, Garching, at the 3.5 m New Technology Telescope 

range using the emission lines of He I and HI for the 
hot supergiants and the absorption bands of CO for 
the cool stars, in to a distance of about 1" from the 
center. Using a speckle camera for the near infrared, 
the positions of stars can be determined with a pre
cision of around ±0.1" or ±850AU (!) (Fig.11.16), 
and thus their proper motions very close to the cen
tral object in the Milky Way can be measured. Since 
the observed velocities at a distance of about 0.15" 
from the center are higher than 1000 km s- 1, a mea
surable proper motion at a distance of 8.5 kpc can 
be registered within a few years. Recently, A. Ghez 
et al. (2000) succeeded in measuring for the first time 
the changes with time in the proper motions, i.e. or
bital accelerations, for three stars with a projected 
distance of about 0.1 to 0.3" from the galactic cen
ter. The values, of a few w-31/ per year, correspond 
to some w-3 m s-2 and are, incidentally, not very dif
ferent from the acceleration of the Earth in its orbit 
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of the European Southern Observatory (ESO) by A. Eckart 
and R. Genzel in 1996. It has a diffraction-limited resolution 
of around 0.15". Some bright infrared sources (IRS= Infrared 
Source) are indicated; the position of the ultracompact radio 
source Sgr A*, at the dynamic center of the Milky Way, is 
marked by an asterisk. (With the kind permission of Sterne 
und Weltraum) 

around the Sun. This can be understood qualitatively 
if we consider the larger orbital dimensions of about 
103 AU to be compensated by the greater central mass 
Mo, which compared to the mass of the Sun is a fac
tor of (103) 2 = 106 times larger, since the centrifugal 
acceleration- with the simplifying assumption of a cir
cular orbit of radius r - is equal to the gravitational 
acceleration, GM0 jr2 (Sect. 2.3.6). 

The observed star motions can be well reproduced 
by the gravitational field of a mass distribution which 
consists of a central star cluster with a mass of about 
0.5 · 106 M0 and a core radius (see above) of 0.38 pc, 
together with a 

central point mass of Mo ::::::: 3 · 106 M0 . (11.25) 

The orbital period P of a star with an orbital semimajor 
axis of a= 0.004 pc = 850 AU around this central mass 
is found from Kepler's third law, a3 / P2 <X Mo (2.57), 



to be about 15 yr. It has now been possible to follow 
almost a complete orbit of those stars which are closest 
to the galactic center. 

Sagittarius A*. Within the positional accuracy of about 
±0.1", the ultracompact source Sgr A* at 

l = -0°3'20.7" a(2000) = 17 h 45 min 39.97 s 

b = -0°0' 2.9" 8 (2000) = -29° 0' 34.9" 

is without doubt the dynamic center of our Milky Way 
galaxy. 

The radiation flux from Sgr A* in the frequency range 
of about 1 to 3000 GHz is proportional to v113 and falls 
off rapidly above and below this range. The spectrum 
can be explained in terms of optically thin synchrotron 
radiation (Sect. 12.3.1) from relativistic electrons with 
energies of the order of 100 MeV and a density of 
1010 m-3, in a magnetic field of about 10-3 Tesla. 

The variable luminosity of Sgr A* in the radiofre
quency and infrared regions is about 300 L 0 ; for the 
optical and ultraviolet regions, one estimates :S 500 L 0 , 

and in the X-ray region, :S 200 L 0 , so that all together, 
at most a value of 103 L 0 results. 

Observations using very long-baseline interferome
try at longer radio wavelengths show that the apparent 
size of the ultracompact source is proportional to the 
square of the wavelength. It is therefore determined 
by scattering of the waves in the interstellar medium, 
i.e. the "point source" is not resolved. Only at a wave
length of A.= 3.5 mm were T. P. Krichbaum et al. as well 
as A. E. E. Rogers et al. in 1994 able to approach the res
olution limit very closely or even to reach it: Sgr A* is an 
elliptical source with an (average) apparent angular ra
dius of :s 1.2. 1 o-4" or a radius of R* :s 1 AU. If it were 
located at the Sun's position, the central galactic source 
would extend out only to the Earth's orbit! Its average 
mass density is Qo :0:: 6 · 1021 M 0 pc-3 , i.e. a factor of 
1015 higher than the density in the center of the central 
star cluster. 

If we express the measured radius of Sgr A* in 
terms of the Schwarzschild radius (8.83) of a mass 
of Mo = 3 · 106 M 0 , we find that R* :S 17 Rs, with 

11.3 The Ceobal Regloo oft he MUky Way I 

Rs = 6 · 109 m = 0.09 AU. The average mass density 
Qo of the ultracompact central source is thus only a fac
tor of 173 = 5000 smaller than the (formal) average 
density if we were to distribute the mass Mo within 
the Schwarzschild radius. Since Qo is 1015 times larger 
than the densities of the most dense known star clus
ters, there is hardly another explanation than to assume 
that a black hole of mass Mo exists at the center of our 
Milky Way galaxy. 

The size of Sgr A* of only :S 17 Rs allows no 
room for an extended(:::::= 100-1000 Rs) accretion disk, 
as is found in the nuclear regions of many active 
galaxies (Sect. 12.3.6). The matter flow into the black 
hole is correspondingly modest; it is estimated to 
be at most 10-5 M 0 yc1. On the other hand, some 
10-2 M 0 yr- 1 flow inwards through the circumnuclear 
disk (Sect. 11.3.3), and this mass can not simply "come 
to a halt". The velocity field in the central region can thus 
not be stationary, but must instead be variable. The char
acteristic (dynamic) time scale is of the order of 105 yr; 
it corresponds to about the time which the matter takes 
to reach the center from a distance of a few pc. 

The Activity of the Galactic Center. As we shall see 
in Sect. 12.3.6, many galaxies, in particular the radio 
galaxies and the quasars, exhibit in their compact central 
regions a strong "activity" in the form of high-energy 
phenomena, which lead e.g. to variable, nonthermal ra
diation emissions. The energy source for this activity is 
most probably the accretion of matter from the galaxy 
into a massive black hole of up to 1010 M 0 , which takes 
place via an accretion disk. 

The processes in the center of the Milky Way galaxy 
are qualitatively similar to those in the nuclei of active 
galaxies, but however the degree of activity is consid
erably less. The Milky Way at present contains only 
a "microquasar" in its center, whose activity is com
parable at most to the weak activity in the nuclei of the 
Seyfert galaxies (which make up about 10% of all spiral 
galaxies). The current phase of extremely weak nuclear 
activity could however come to an end, if a stronger 
mass flow into the central black hole were to develop. 
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12. Galaxies and Clusters of Galaxies 

The leap into deep space outside our Milky Way Galaxy, 

into the realm of the distant galaxies (or the extra

galactic nebulae, as they were formerly called), and the 

beginnings of a cosmology based on observations, will 

be considered throughout history to be one of the most 

important achievements of the 20th century. 

We have already mentioned (in Chap. 9) the classical 

catalogue of Ch. Messier (M) dating from 1784, as well as 

the catalogues of J. L. E. Dreyer, which grew outofthework 

of W. and J. Herschel, the New General Catalogue (NGC) 

of 1890, and the Index Catalogue (IC) of 1895 and 1910, 

whose notation is still used today. The brightest galaxy, 

apart from the Magellanic Clouds in the southern sky, is 

the Andromeda Galaxy (Fig. 12.1); it was a I ready observed 

in 1612 by S. Marius and has, for example, the catalogue 

numbers M 31 or NGC 224. 

In more recent times, we can list the Shapley- Ames 

Catalogue of 1932, which covers the entire sky and con

tains 1249 galaxies brighter than about 13.5 mag, and 

the Revised Shapley- Ames Catalogue by A. R. Sandage 

and G. A. Tammann (1981). The Revised New General 

Catalogue (RNGC) of J. W. Sulentic and W. G. Tifft (1973) 

is based on the Palomar Observatory Sky Survey. The 

Reference Catalogue of Bright Galaxies by G. and 

12.1 Normal Galaxies 

Before we consider the types of normal galaxies in de
tail, we first deal in Sect. 12.1.1 with the methods for 
determining the distances to the galaxies, and give an 
overview in Sect. 12.1.2 of the variety of forms which 
galaxies can take, along with their classification and 
absolute magnitudes. In Sect. 12.1.3, we consider the 
distribution of luminosities among the galaxies, and 
in Sect. 12.1.4, their diameters in relation to their ra
dial brightness distributions. In Sect. 12.1.5, we discuss 
the dynamic behavior of stars and gas within a galaxy, 
and the mass distribution which can be derived from 
it, including the "dark matter", whose nature remains 
unknown. The various stellar populations of the galax
ies, and their chemical compositions, are treated in 
Sect. 12.1.6; and finally, in Sect. 12.1.7, the galactic gas 
and dust components. 

A. de Vaucouleurs (1964, and 1976 with A. Corwin) con

tains data for4364galaxies brighter than 16 mag. We also 

should mention the Catalogue of Galaxies and Clusters of 

Galaxies by B.A. Vorontsov- Velyaminov et al. (1962/74). 

The Hubble Atlas of Galaxies by A. R. Sandage (1961) gives 

an excellent overview of the subject, as does the Atlas of 

Peculiar Galaxies by H. Arp (1966). 

In Sect.12.1, we begin with an overview of methods for 

distance determination and of the various types of galax

ies, and then discuss the normal galaxies, i.e. mainly 

the spiral galaxies like our Milky Way, and the elliptical 

galaxies. Then we turn to more exotic galaxies, treating 

the infrared galaxies and the starburst galaxies (where 

a phase of intensive star formation has occurred relatively 

recently) in Sect.12.2, and the radio galaxies and quasars 

in Sect.12.3, with their strong activities in the central re

gions. Often, galaxies occur in groups or clusters, which in 

turn may belong to even larger structures, the superclus

ters; we shall consider these various systems of galaxies 

in Sect.12.4. Finally, in Sect.12.S, we treat the problems 

of the formation and the evolution of the galaxies and 

clusters of galaxies or galaxy clusters, which are closely 

connected to the interactions of the galaxies with each 

other. 

12.1.1 Distance Determination 

The position in the cosmos of the "spiral nebulae" was 
the subject of heated debate among astronomers in the 
1920's. We can refer here only briefly to the major 
contributions of H. Shapley, H. Curtis, K. Lundmark, 
and many others. Then, in 1924, E. Hubble succeeded 
in resolving stars in the outer portions of the Andromeda 
Galaxy, M 31 , and in some other galaxies; and, as a basis 
for photometric distance determinations, in identifying 
various objects with known absolute magnitudes. 

In the following paragraphs, we give a selection of 
the most important objects which can be used for the 
determination of distances to the galaxies. 

The Cepheids. Their light curves (Fig. 12.2) with pe
riods of 2 to 80 d were at first naturally interpreted in 
terms of the "general" period-luminosity relation. Only 



Fig. 12.1. The Andromeda Galaxy, M 31 = NCG 224, and 
its companions, the elliptical galaxies M 32 = NGC 221, and 
NGC 205 (lower left). The inclination of the Andromeda 
Galaxy is 78° and its distance from the Sun is 690 kpc. The 
image was made with the Mt. Palomar 48" Schmidt telescope 

in 1952 did W. Baade and others recognize, in part due 
to discrepancies concerning the absolute magnitudes of 
red giant stars, that the "classical" Cepheids of Pop
ulation I (8 Cep stars), thus in particular the Cepheids 
with long periods in the Andromeda Galaxy, are about 
1.5 mag brighter than the corresponding Cepheids of 
Population II (W Vir stars). This led to an "expansion" 
of all extragalactic distances by roughly a factor of 2. 
At present, the relation between the period Il and the 
mean brightness Mv is well established, apart from 
small corrections which depend on the color (B - V) 
or on the amplitude and the metal abundance of the 
star (Sect. 7.4.1). Observing values of Mv of -2 to 
-7 mag with the Hubble Space Telescope, we can 
penetrate into deep space out to distances of around 
20 Mpc ( 65 · 106 light years), i.e. out to the Virgo cluster 
(Sect. 12.4.2); cf. Fig. 12.3. 

Novae. Along with the Cepheids, Hubble was able to 
identify novae, whose light curves are exactly similar 
to those of galactic novae, and use them for distance 
determinations. The much brighter "nova" SAnd, with 
V max :::::: 6 mag, observed in 1885 by E. Hartwig, was 
later recognized to have been a supernova (SN 1885A). 
Novae are, indeed, much brighter than the Cepheids 
at their maxima, with Mv up to -10 mag, but their 
brightness decay must be measured, so that they permit 
distance determinations out to only about 20 Mpc. 

The Brightest Stars and Globular Clusters. The abso
lutely brightest stars, such as the luminous blue variables 
with Mv:::::: -10mag (Sect. 7.4.4), can also be used for 
distance determinations; however, some of the "bright
est stars" later turned out to be groups of stars or H II 
regions. 

The brightest globular clusters have magnitudes of 
about Mv :::::: -10 mag in the Milky Way (Sect. 9.2.1), 
up to -12 mag (in other large galaxies) and thus also 
permit distance determinations out to several 10 Mpc. 

H II Regions. The angular diameters of the bright H II 
regions determined from Hex images were found after 
precise calibration to be an excellent aid to the measure
ment of great distances of up to ::=: 100 Mpc. This method 
is however hardly used now because of its uncertainty 
(dependence on the type of galaxy). 

Supernovae. Because of their bright absolute magni
tudes, these variables offer the possibility of reaching 
out to much greater distances, up to several Gpc 
(Gigaparsec). They were recognized as a separate phe
nomenon from the novae in 1934 by W. Baade and 
F. Zwicky. In particular, they allow distance deter
minations for galaxy clusters, in which the scarcity 
of supernova explosions in each individual galaxy is 
balanced by the large number of galaxies in the cluster. 

The most suitable as "standard candles" are the su
pernovae of type Ia in elliptical galaxies, since their light 
suffers only a slight extinction in the parent galaxy and 
their light curves are all very similar (Sect. 7.4.7). Their 
absolute magnitude at maximum is, to be sure, not inde
pendent of the calibration of the extragalactic distance 
scale (7.110). 

A distance determination using supernovae which 
is independent of the Hubble constant can be carried 
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Fig. 12.2. Light curves from four 
Cepheids in the Andromeda Galaxy, 
after E. Hubble (1929). The ab
scissa is in days and the ordinate 
is the apparent photographic 
magnitude mpg in units of [mag] 
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out by a method originally suggested by W. Baade 
and A. J. Wesselink for the determination of the abso
lute radii of pulsating variables (Sect. 7 .4.1 ). It requires 
a measurement of the magnitude at two times t1 and t2, 

and in addition, a determination of the radial velocity Vr 
on the basis of spectral data: the radiation F'- emitted 
from the surface of a star of radius R is, from (4.40) 
and (4.54), diluted at a distance r by the factor (R/r)2 

and attenuated along the line of sight depending on the 

0. 7 Mpc. (With the kind permis-
sion of Nature 371. 757, © 1994 

1.5 2 Macmillan Magazines Ltd., and of 
the authors) 

optical thickness r '-, so that a radiation flux 

! 'A = F'- ( ~ Y e -r, (12.1) 

is observed on the Earth. The ratio of radiation fluxes 
observed at the times t1 and t2 is then: 

AI - F A, ! (R' )2 
- - - (12.2) 
/;. ,2 - F'- ,2 R2 . 



Near the maximum of the light curve, we can estimate 
F;.. to a sufficiently good approximation from the theory 
of stellar atmospheres using the spectral energy distri
bution or the color of the supernova, and thus obtain 
the ratio Rll R2. At the same time, we can calculate 
the difference of the radii by integration over the radial 
velocity (7.102): 

tz 

R2 - R1 = I Vr(t) dt (12.3) 

t, 

:::=::: Vr,l + Vr,2 (t2 _ tl) . 
2 

We thus know both R1 and R2, and the distance r is 
then obtained from (12.1), providing that we can also 
estimate !) .. 

Galaxies. In order to probe out further, past the range 
of the distance criteria calibrated for individual objects 
in the galaxies, we can, by relaxing our accuracy re
quirements somewhat, make use of the properties of 
entire galaxies such as their surface luminosities, their 
morphological luminosity classes (Sect. 12.1.2), or the 
width of the 21 em emission line from neutral hy
drogen in a galaxy, which is determined by its mass 
and thus its absolute luminosity (Sect. 12.1.5). Further
more, the luminosity of the brightest galaxy in a cluster 
(Sect. 12.4.2) and the action of mass concentrations as 
gravitational lenses (Sects. 8.4.3 and 12.3.4) can also 
be employed for distance determinations. 

Red Shift. Finally, we are left with only the cosmo
logical red shift z (13.2) for estimating the greatest 
extragalactic distances. 

A Hubble constant of Ho = 65 km s-1 Mpc- 1 (13.4) 
yields 

r ::::::: 4600 · z Mpc (12.4) 

for small values of z. At larger red shifts, r also depends 
on the cosmological model (13.46) via the deceleration 
parameter qo. 

Andromeda Galaxy. For M 31 we obtain, after cor
rection of the (small) interstellar absorption, a true 
distance modulus (m - M)0 = 24.5 mag, or a distance 
of 690 kpc. (In his pioneering publication in 1926, 
E. Hubble had given the distance as 263 kpc.) 
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The resolution of the central portion of the An
dromeda Galaxy, and of the neighboring smaller 
galaxies M32 and NGC205 (Fig.12.1), was first 
achieved by W. Baade in 1944 using extremely refined 
photographic techniques. The brightest stars here are 
red giants of Mv::::::: -3 mag, while the brightest blue 
stars of the spiral arm Population I are lacking. 

Hubble's investigations showed definitively that 
galaxies such as M 31 are greatly similar to our Milky 
Way galaxy. 

12.1.2 Classification and Absolute Magnitudes 

Before we discuss the properties of galaxies in detail, 
let us first ask how their apparent distribution in the sky 
comes about. 

The zone around the galactic equator up to about b = 
±20°, which appears to be nearly free of galaxies and is 
called the "zone of avoidance", is, as we have seen, due 
to a thin layer of absorbing matter in the equatorial plane 
of the Milky Way. Thus, for example, the nearby large 
galaxy Maffei 1, at b = -0.6° and a distance of only 
about 2 Mpc, remained hidden behind interstellar matter 
with an extinction of A v ::::::: 5 mag and was discovered 
only in 1970. In 1994, the large barred spiral galaxy 
Dwingeloo 1 at b ::::::: - 0.1 o and a distance of 3 Mpc 
was discovered by means of 21 em observations and 
then was also found in the infrared and the red spectral 
regions. 

Relatively often, groups of two, three,. . . galaxies 
are observed, which clearly belong together physically. 
Our Milky Way forms the Local Group together with the 
Andromeda Galaxy, M 31, its companions, and several 
additional galaxies (Sect. 12.4.1). 

Then, at higher galactic latitudes, where galactic dark 
clouds are absent, the distribution of distant galaxies in 
the sky becomes quite inhomogeneous. They form in 
some cases clusters of galaxies (galaxy clusters), first 
noticed by M. Wolf, such as the Coma Cluster (in Coma 
Berenices), which contains several thousand galaxies 
(Sect. 12.4). 

Morphological Classification. First, let us take a closer 
look at the great variety of forms in which galaxies oc
cur! They were classified by E. Hubble, and his scheme, 
with some improvements, forms the basis of the Hubble 
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Table 12.1. Classification 
of galaxies 

Elliptical galaxie 

EO ... E7 

-------- SO--- Sa Sb -- c 
lrr l 

lrr n ----- SBO --- SBa -- SBb -- SBc 

Barred piral gala ies 

Atlas of Galaxies (A Sandage, 1961); it is also precisely 
defined there. It must be clear from the outset, as is also 
the case with the Harvard sequence of stellar spectral 
types, that such a purely descriptive scheme by no means 
necessarily represents an evolutionary sequence. 

In the Hubble- Sandage scheme, the galaxies are clas
sified exclusively on the basis of their shapes as seen in 
blue-sensitive photographic plates (Table 12.1): 

The elliptical galaxies, EO to E7, have rotationally 
symmetrical shapes without noticeable structure (Fig. 

Fig.12.4. The elliptical galaxy NGC4697, of type E5. Pho
tograph made with the 5 m Mt. Palomar telescope, from the 
Hubble Atlas of Galaxies 

12.4 ). The observed ellipticity is naturally in part a result 
of the projection of the true spheroid onto the celestial 
sphere, as seen by the observer. The sub-classification 
of the E galaxies depends on their apparent ellipticities, 
ranging from EO (circular) to E7 (greatest ellipticity, 
(a-b) 1 a ::::= 0. 7, where a and bare the apparent semima
jor and semiminor axes). The true ellipticity is in general 
greater than the apparent ellipticity. The statistics of ap
parent ellipticities indicate that the true ellipticities of 
the E-galaxies are fairly evenly distributed. The sur
face luminosity of these galaxies decreases uniformly 
on going outwards from the galactic center. 

From the elliptical galaxies, there is a continuous 
transition through the lenticular galaxies SO, which 
show indications of a disk and a circular absorption 
structure, to the spiral galaxies S. These are without 
exception more flattened. 

The sequence branches at the SO and S types: the nor
mal spiral galaxies S have a central region or core from 
which the spiral arms grow out more or less symmet
rically. In the barred spirals SB, first a straight "bar" 
emerges from the core, and the spiral arms are attached 
to it almost at right angles (Fig. 12.5). We also distin
guish among the lenticular galaxies type SBO, in which 
a bar is recognizable, but usually does not extend out 
past the bright core region. 

Between the spiral arms in both the normal and the 
barred galaxies, there are still large numbers of stars, 
so that the arms do not stand out strongly against this 
background on photometric recording curves. 

The sequence of types S or SBO, a, b, c is charac
terized by a relative decrease in the size of the central 
region, accompanied by more open curves of the spi
ral arms. For example, the Andromeda Galaxy, M 31 
(Fig. 12.1 ), is a typical Sb spiral; our Milky Way is on 
the border between Sb and Sc. 



Fig.12.5. The barred spiral galaxy NGC 2523, of type SBb(r), 
photographed with the 5 m Mt. Palomar telescope, from the 
Hubble Atlas of Galaxies 

The Hubble Atlas divides the S and SB spirals into 
two further subclasses, depending on whether the spiral 
arms are attached directly to the central region or the 
ends of the bar (suffix s), or are tangential to an inner 
ring (suffix r). 

At the centers of many galaxies, there is a clearly 
bounded, bright condensation region which is starlike 
in appearance, the galactic nucleus. Its angular diameter 
is e.g. for M3l only about 1", corresponding to about 
3 pc. The nuclei of galaxies and the "activity" which 
is associated with them will be discussed further in 
Sect. 12.3.6. 

The Sc galaxies (such as M 33 in the Local Group) 
merge continuously into the irregular galaxies, Irr I. 
These relatively rare systems exhibit no rotational sym
metry and no readily-visible spiral arms, etc. The 
best-known examples are our neighbors, the Large 
Magellanic Cloud (LMC; Fig. 7.40) and the Small Mag
ellanic Cloud (SMC), in the southern sky at a distance of 
about 50 kpc. Precise observations have shown that the 
irregular distribution of luminosity in the Irr I systems 

is caused only by the bright blue stars which are par
ticularly noticeable on blue-sensitive photographs, and 
the gas nebulae which surround them. The substrate of 
fainter red stars shows, in agreement with radioastro
nomical observations of the arrangement and velocity 
distribution of hydrogen based on the 21 em line, that 
the major portion of the mass of e.g. the Magellanic 
Clouds has a much more regular, flattened shape and 
undergoes considerable rotation. 

The extension of the Hubble sequence introduced by 
G. de Vaucouleurs, continuing past Sc (or SBc) to the 
types Sd, Sm, and lm (or SBd, SBm, and IBm), takes 
into account the continuous transition from Sc to Irr I. 
In this scheme, for example, the Magellanic Clouds are 
classified as SBm (LMC) and IBm or Im (SMC). 

A. Sandage and R. Brucato ( 1979) redefined the 
group of the irregular galaxies Irr II, introducing a type 
called amorphous galaxies, which is characterized (in 
blue-sensitive photographs) by a smooth, unresolved 
shape without spiral arms, sometimes interrupted by 
dust absorption structures. Occasionally, weak filaments 
can also be seen. For example, M 82 (Fig. 12.6) belongs 
to this type. In recent times, it has become clear that 
the amorphous and other particular galaxies emit most 
of their radiation in the far infrared. We shall return to 
these infrared galaxies in Sect. 12.2.1. 

• 

Fig.12.6. The amorphous galaxy M 82 (lrr II). A (negative) 
Ha photograph taken by A. R. Sandage (1964) with the 5 m 
telescope on Mount Palomar 



IV 
408 

12. Galaxies and Clusters of Galaxies 

The morphological classification of galaxies accord
ing toW. W. Morgan (1958) is based on their brightness 
concentrations. In this book, we use only the following 
types from this Yerkes System: D galaxies have a bright, 
elliptical core with an unusually extended outer shell, 
whose brightness decreases more slowly in going out
wards than for the E-galaxies. The supergiants among 
them (see below), the cD galaxies, are found as the 
brightest objects at the centers of many galaxy clus
ters (Sect. 12.4.2). TheN galaxies are notable for their 
"star-shaped", very bright cores against the much fainter 
background of the rest of the galaxy (Sect. 12.3.5). 

We discuss further possibilities for classifying 
the galaxies, in particular spectroscopic classification 
schemes, in Sects. 12.1.6 and 12.3.5. We emphasize 
again that in the Hubble sequence, the galaxies are 
classified only according to their shapes. 

Absolute Magnitudes. The study of the distances to in
dividual galaxies and their grouping into galaxy clusters 
has shown that the absolute magnitudes and diameters 
of the galaxies are spread over a wide range within 
a given Hubble type. 

In the class of the spirals, barred spirals, and irregular 
galaxies, S. van den Bergh found in 1960 that a strong 
development of the spiral arms and analogous struc
tures is correlated with increasing luminosity. He based 
a morphological luminosity classification on this obser
vation (with notation analogous to that used for stars); it 
allows a unified calibration according to absolute mag
nitudes for the given region of Hubble types (see upper 
right). 

Thus, for example, the Andromeda Galaxy, M 31, is 
classified as Sb I-11, and M 33 as Sc II-III. 

Lumino ity clas 

l upergiant 

II Bright Giants 
III ormal Giant 
IV ubgiant 
v Dwarf Galaxie 

Average ab olute magnitude 
Mpg [mag] 

-21.2 
- 20.3 
-19.2 
- 17.8 
-14.5 

While absolutely bright systems are more common 
among the spiral galaxies, in the class of irregular galax
ies, in contrast, the dwarfs predominate. For a long time, 
it appeared that there was no system among the dwarf 

galaxies (whose absolute blue magnitudes are fainter 
than -16 mag) with a significant spiral structure, i.e. of 
type Sa-c, since only Sd and Sm dwarf systems were 
known, and they are similar to the irregular galaxies. In 
the mid-1990's, however, several dwarf galaxies with 
well-developed spiral arms were finally discovered; they 
were hardly noticeable on the usual images due to their 
small disks and low surface luminosities. 

In the case of the elliptical galaxies, the surface 
brightness at the center of the image (proportional 
to the number of stars along the line of sight) is 
a measure of the luminosity. In particular, it is found 
that the brightest E-galaxy of a cluster (the socalled 
"first-ranked E-galaxy") always has the same absolute 
magnitude, Mv = -23.3 mag, within a very narrow 
range of variation. 

24 

02 0.6 

B- V [mag) 
1.0 

Fig.12.7. The color-magnitude diagram of the Draco dwarf 
galaxy. Photometry was carried out using a CCD camera with 
the Canada-France-Hawaii 3.6 m telescope. The Draco system 
(distance 60 kpc, diameter 0.3 kpc) has many similarities to 
a metal-poor globular cluster, as is shown by the comparison to 
the color-magnitude diagrams of M 92 and M 3 (solid curves; 
the blue giant branch is shown forM 92, cf. Fig. 9.8). However, 
it is about 10 times larger. From P. B. Stetson et a!. (1985); 
courtesy of the Publications of the Astronomical Society of 
the Pacific 



The overall range of absolute magnitudes is consid
erably greater for the elliptical galaxies than for the 
spiral galaxies. Starting with the giant E galaxies, there 
is a decrease of luminosities amounting to nearly six 
orders of magnitude in passing through the normal 
E galaxies and going to the faintest dwarf E galax
ies and the spheroidal dwarf galaxies, which are not 
sharply distinguished from the dwarfE galaxies. An ex
ample of a spheroidal dwarf galaxy is the Draco system, 
with Mv = - 8.6 mag, which can best be compared to 
a very large globular cluster; this also accords with its 
color-magnitude diagram (Fig. 12.7). 

In an analogous manner, we compare the Large 
Magellanic Cloud, of Mv = -18.1 mag (SBm III; 
Fig. 7.40) with the irregular dwarf galaxy IC 1613 
(lm IV), which also belongs to the Local System and 
has Mv = - 14.8 mag (Fig. 12.8). It likewise contains 
a series of bright OB stars and H II regions. 

Small dwarf galaxies often appear to be physically 
associated with neighboring giant galaxies. Recogniz
ing such mini-galaxies is very difficult even in the Local 
System (Sect. 12.4.1); outside it, they are practically 
undetectable. 

Fig. 12.8. The irregular 
dwarf galaxy IC 1613 
(Im IV). A red-sensitive 
image made by W. Baade 
(1953) with the Hale Tele
scope. At the lower right 
are several H II regions. 
In comparison to the 
Large Magellanic Cloud, 
IC 1613 has a visual lu
minosity about 30 times 
fainter 

12.1.3 The Luminosity Function 

The luminosity function C/J (Fig. 12.9) contains infor
mation about the abundances of galaxies of different 
absolute magnitudes or luminosities. The distribu
tions determined by E. Hubble (1936) and E. Holmberg 
( 1950) are today of historical interest only. The luminos
ity function derived by F. Zwicky in 1957 from galaxy 
cluster data made it clear for the first time that the dwaif 
galaxies (with magnitudes fainter than Ms :::: -17 mag) 
represent in numbers a considerable fraction of the pop
ulation of the cosmos, although they have very little 
weight on the basis of their luminosities and masses. 

The number C/J of galaxies (of all types) in a given vol
ume of space with luminosities between L and L + dL 
can be expressed empirically, following for example 
P. Schechter (1976), in the form 

C/J(L) dL = constL · (~* r e-L/L* d (~* ) . (12.5) 

Fo~ the case that L » L *, C/J decreases exponentially, 
while for faint luminosities, L « L *, it follows a power 
law with the exponent a. 
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Fig.12.9. The luminosity function of the galaxies, <P(Ms), af
ter P. Schechter (12.3, 5), normalized according to J. E. Felten 
(1978) for a Hubble constant of Ho=50kms-1 Mpc- 1. 

The upper abcissa scale gives the monochromatic luminos
ity Ls of a galaxy in the blue, at A= 440 nm, in solar units, 
L~ = 5-1023 Wnm- 1. (--)Distribution of field galaxies 
and galaxies in non-compact clusters (a = - 1.25); dashed 
curves at the low-luminosity end: a = - 1.5 and a = - 1.0. 
The upper curve, with a = - 1.5, corresponds to the luminos
ity function derived by F. Zwicky in 1957, <P(M) ex w+0-2M . 

(--)Galaxies in compact clusters, (a= 0). (---)The first, 
historical distribution function of E. Hubble (1936), corre
sponding roughly to a Gaussian distribution, with an arbitrary 
normalization, reduced approximately to the current value 
of Ho 

If we relate the distribution function not to L, but 
instead to the absolute magnitude M, we find owing 
to <P(L) dL = <P(M) dM and dM = - 2.5log(e) dL/ L 
( 6.19) the following relation for the number of galaxies 
in the interval M to M + dM: 

(12.6) 

with S = 10-0A(M-M* ). 

The brightness distribution in the blue of both the 
field galaxies and of the galaxies in most of the large 
(not compact) clusters is well reproduced by a lu
minosity function of the form of (12.5) or (12.6), 
with a:::::::: - 1.25(±0.25) and a characteristic abso
lute magnitude M8 :::::::: -20.8 mag (corresponding to 
M~ :::::::: -21.7 mag) or to a characteristic monochro
matic luminosity at A. = 440 nm of L * :::::::: 3 · 1010 L~ 
with L~ = 5 · 1023 W nm- 1. Only the number of the 
very brightest cD-galaxies in the centers of galaxy 
clusters is not very well represented by this function. 

The compact clusters (Sect. 12.4.2), appear, in con
trast to the field galaxies, to follow a Schechter 
distribution with a :::::::: - 0.8 .. . 0. The abundance dis
tribution of the various Hubble types in different galaxy 
clusters depends, as we shall see in Sect. 12.4.4, on the 
compactness of the cluster . 

The main contribution to the luminosity of all galax
ies together, in an arbitrary color system, comes from 
galaxies with L :::::::: L *, i.e. in the blue, from systems 
which roughly correspond to our own Milky Way or to 
M 31. The luminosity density £ s averaged over field 
and cluster galaxies probably lies within a factor of 3 of 

00 

£s = J Ls <P(Ls) dLs:::::::: 108 L~ Mpc- 3 . (12.7) 

0 

The uncertainty is due for the most part to the contribu
tions from those galaxies whose surface luminosities are 
lower than that of the night sky (Low Surface Brightness 
Galaxies) and which are therefore underrepresented in 
observations due to selection effects. 

12.1.4 Brightness Profiles and Diameters 

While nearby galaxies can generally be resolved into 
their components and individual objects within them 
can to some extent be distinguished, the only "internal" 
observational quantity which is accessible for the major
ity of distant galaxies is the distribution of their surface 
brightness as projected onto the celestial sphere, in var
ious color systems. As long as the mass-luminosity 
relation does not vary too strongly, the brightness func
tion also gives us some initial insight into the mass 
distribution within a galaxy. 

Diameter. Since a galaxy does not have a sharp edge, 
its diameter or radius is not well defined. In practice, 
its extent is determined in a rather arbitrary way from 
an isophote, i.e. a curve of constant surface brightness, 
which can readily be measured. As a rule, a blue lu
minosity of 25.0 mag per square arcsec is chosen; this 
corresponds to about one tenth of the brightness of the 
night sky, and is also roughly the limiting brightness of 
the blue plates used for the Palomar sky survey. In con
trast, the Holmberg radius of a galaxy is defined by an 
isophote of blue or photographic brightness of26.5 mag 
per square arcsec. 



The diameters of the galaxies cover a wide range: 
while dwarf galaxies lie in the region of 0.1 to 10 kpc, 
the large (normal) galaxies have diameters of up to 
30 kpc (spirals) or 50 kpc (E galaxies). 

Brightness Profiles. Another method to define the 
effective radius of a galaxy is based on empirically de
termined laws for the radial distribution of the surface 
brightness /(R). 

In an elliptical galaxy as well as in a spheroidal sys
tem such as the bulge in the Milky Way and other spiral 
galaxies or also in a globular star cluster, the bright
ness profile according to E. Hubble, G. de Vaucouleurs 
and I. R. King can be approximately represented by 
formulas of the type 

/(R) 1 

lo (l + R/ Rc)2 
(12.8) 

or 

(12.9) 

if R is not too near to the center or too far out. !0 is the 
central intensity; the "core radius" Rc gives the distance 
from the center at which the intensity has decreased to 
1/4 of its central value. Ie is the surface brightness at Re, 
where half of the luminosity of the system lies within 
Re; from (12.9), Io::::::: 2150 le. 

For the disks of the spiral galaxies, an exponential 
distribution of surface brightness is observed at large 
distances from the center: 

/(R) = loe-R!Rct. (12.10) 

Elliptical Galaxies. Their effective radii, defined by 
(12.9), lie in the range of 1 to 10 kpc, and the associated 
surface brightnesses correspond to around 18 to 21 mag 
per square arcsec. 

The smooth radial dependence of their brightness and 
their elliptical isophotes with the same axis ratio at first 
led to the assumption that the elliptical galaxies rep
resent relatively simple systems which are flattened by 
their rotation. Only at the end of the 1970's was it shown 
by precise brightness measurements, as well as determi
nations of their rotational velocities (Sect. 12.1.5) that 
a considerably more complex description was necessary 
for the elliptical galaxies: the isophotes within a galaxy 
can have different shapes and orientations of their semi
major axes; often, the galaxies are not even axially 

symmetric. There is in fact evidence that perhaps all 
the elliptical galaxies are genuine triaxial systems. Fur
thermore, their rotation is too slow to have been the 
cause of their flattened shapes. 

Spiral Galaxies. All the S galaxies exhibit the char
acteristic brightness profile which is known from the 
Milky Way and the well-studied Andromeda Galaxy, 
consisting of two main components, the flat disk with 
an exponential decrease in brightness on going out
wards, giving the main contribution to the luminosity, 
and a spheroidal system consisting of a bulge and a halo. 
Aside from their typical bar structure in the central re
gion, the SB galaxies also have a similar brightness 
profile to that of the normal spiral galaxies. 

The length scale Rct of ( 12.1 0) varies among the early 
types (SO to about Sbc) between 0.5 and 5 kpc; for the 
Milky Way, it is Rct::::::: 3.5 kpc. For the later types of 
galaxies, the maximum values of Rct are around 1 kpc. 

According to K. C. Freeman (1970), all spiral galax
ies have a notably small scatter of their central 
surface brightnesses in the blue, with / 0 (B) = (21.65 ± 
0.3) mag per square arc sec, after correction for the bulge 
by extrapolation inwards and subtraction. As a result, 
the exponential disk would be characterized by only 
one scale length Rct, and its luminosity ex I0r5 would 
likewise be determined uniquely by Rct. 

12.1.5 Dynamics and Masses 

In the spectra of entire galaxies, the existence of ab
sorption lines verifies that they, like the Milky Way and 
neighboring galaxies which can be resolved, consist in 
the main of stars. Emission lines from H II regions are 
observed in the arms of spiral galaxies and, still more 
noticeably, in the irregular systems. The very broad 
emission lines from the nuclei of Seyfert galaxies and 
the amorphous systems like M 82, as well as some gi
ant elliptical galaxies (Sects. 12.2.1 and 12.3.3), clearly 
have quite a different origin. 

The Doppler shifts of the absorption and emission 
lines (the latter can be more readily measured) give 
information about the radial velocity and the rotation 
of a galaxy. H. W. Babcock (1939) and N. U. Mayall 
(1950) carried out early radial velocity measurements 
on H II regions in the nearby Andromeda Galaxy. 
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Considerable progress in extragalactic radioastron
omy was made possible by the construction of the Dutch 
Synthesis-Radiotelescope in Westerbork, established on 
the initiative of J. H. Oort. Since 1971, observations 
of the 21 em line of HI (and in the continuum) have 
been carried out with it; thus, the rotational velocities of 
a large number of galaxies could be determined radioas
tronomically, and their spiral arms could be resolved in 
some cases. 

Rotation of the Spiral Galaxies. We consider first 
the rotation of the thoroughly-investigated Andromeda 
Galaxy, M 31. The uncorrected measurement of its ra
dial velocity yields -300 km s- 1 for the center of the 
galaxy, i.e. it is approaching us. Since M 31 has the 
galactic coordinates l = 121 o and b = -21 o, most of this 
measured velocity is the reflection of our own galactic 
rotational velocity. After subtracting -300 km s- 1 from 
the components of the radial velocity which are symmet-
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ric to the galactic center, taking into account the inclina
tion of the rotation axis (78° with respect to the line of 
sight), and assuming circular orbits, we arrive at the ro
tational velocities. The optical measurements from H II 
regions and the radioastronomical data using the 21 em 
line (Fig.12.10) show in the main good agreement. The 
latter are sensitive to parts of the galaxy which are far
ther out from the center than are the optical observations. 

The rotational velocity V(R) as a function of the 
distance R from the galaxy's center exhibits a steep 
increase on going outwards, with a maximum of 
225 km s- 1 at R = 0.4 kpc, then decreases to a mini
mum at R ::::::: 2 kpc, and finally increases again to a flat 
maximum of::::::: 280 km s-1 at R ::::::: 10 kpc. Further out, 
V(R) decreases only slightly, and remains essentially 
flat to the outermost point which can be measured with 
the 21 em line, at R0 ::::::: 30 kpc. 

In the neighborhood of the "starlike" nucleus of 
M 31, with a radius of around 3.5 pc (1"), A. Lallemand, 

N2841 
N456S 

Fig. 12.10. Rotational velocities V in spiral 
galaxies of different Hubble types as a function 
of the distance R from the galaxy's center, 
taken from radioastronomical observations of 
the 21 em neutral hydrogen line (N = NGC). 

40 From A. Bosma, Astron. J. 86, 1825 (1981); 
reproduced with the kind permission of the 
author and the Astronomical Journal 



M. Duchesne and M. F. Walker in 1960 were the first 
to carry out measurements using an electronic image 
converter. The maximum velocity in the nucleus is 
150 km s - 1. We will return to a discussion of the central 
region of M 31 in connection with the nuclei of "active" 
galaxies in Sect. 12.3.6. 

Sufficiently far outside all attractive masses, we ex
pect the Kepler orbit around a galaxy of total mass M 
to be given by (2.60): 

2 GM v = R, (12.11) 

i.e. the rotational velocity decreases on going outwards 
as Vex: R-112 • Observations since the 1970's, especially 
those using the 21 em line (Fig. 12.1 0), however indicate 
that for many galaxies, out to the furthest observable 
radii of 30 to 50 kpc, the rotation curves are essentially 
flat, that is, the Keplerian case is not attained. The de
viations of the rotation curves of some galaxies such 
as M 51 and M 81 at smaller radii are probably due to 
perturbations by their companions. 

The Masses of the Spiral Galaxies. Although we can
not directly determine the total masses of galaxies with 
the present state of the observational art, we can at 
least find their masses within a well-defined radial dis
tance from their centers. For this purpose, we can use 
e.g. the radius R0 out to which radial velocity measure
ments can be carried out, or a corresponding distance 
from normal photographic images in the visible region, 
e.g. the Holmberg radius. 

For a spherically symmetric mass distribution, the 
rotational velocity V(R) at a radius R depends only on 
the mass M(R) within R: 

V 2 (R) = GM(R) . (12.12) 
R 

Using this expression, a flat rotation curve, V(R) = 
const, corresponds to a linear increase of the mass distri
bution with radius, M(R) ex: R, or a decrease of the mass 
density proportional to R-2 . A rigid rotation V(R) ex: R, 
as is observed to a good approximation in the inner re
gions of spiral galaxies, corresponds to an increase of 
M(R) ex: R3• 

From (12.12), for M31 within the Holmberg radius 
of 16 kpc, with a velocity of 230 km s - 1, we obtain 
a mass of 2 · 1011 M0 ; and inside the furthest radioastro
nomical observation point (Fig. 12.10) at R0 c::: 30 kpc, 

we find a mass which is roughly twice as large, 
M(Ro) c::: 4-1011 M 0 . According to the 21 em obser
vations, only about 3% of the mass consists of neutral 
hydrogen. The "bulge" at the center of M 31, inside 
about 0.4 kpc, has a mass of about 6 · 109 M 0 . For all 
of that portion of the Andromeda Galaxy which lies in
side the Holmberg radius, the mass-luminosity ratio is 
roughly 8 solar units. 

For an arbitrary (non-spherically symmetrical) mass 
distribution, in contrast to (12.12), the mass outside R 
also influences the rotational velocity V(R). In order to 
determine the mass distribution, models are constructed 
which neglect the spiral structure, e.g. using concentric 
ellipsoids or disks. For these, the potential field and 
thus the distribution of rotational velocities, V(R), can 
be calculated. By fitting these model calculations to the 
observational data, essentially the suiface density tt(R) 
of the mass distribution can be obtained, i.e. the mass 
contained in a cylinder of cross-sectional area 1 pc2 and 
perpendicular to the central plane. 

The mass distribution of the spiral galaxies can be 
well reproduced, neglecting the nucleus itself, by super
posing a thin disk and a spheroidal component which 
is only slightly flattened (Fig. 11.4). The inner por
tions of the spheroidal component correspond to the 
bright central region which can be seen in optical im
ages (the central bulge); outside R 2: 3 ... 5 kpc, the 
disk dominates the mass distribution. The suiface den
sity decreases exponentially, like the surface brightness 
[Eq. (12.9)], ex: exp(- R/ Rd), since the mass-luminosity 
relation does not vary strongly within the disk. It 
falls from 103 to 104 M 0 pc-2 in the central region to 
:S 10 M 0 pc-2 in the outermost zones which can still be 
observed by radioastronomical methods. 

As was already indicated by the brightness function, 
this basic dynamic structure, consisting of a spheroid 
and a disk, is the same for all spiral galaxies, including 
our own Milky Way. Going along the Hubble sequence 
from Sa to Sd and Sm, the mass of the spheroidal com
ponent relative to that of the disk decreases, and the 
mass-luminosity ratio M/ LB (within the Holmberg ra
dius) also decreases from about 10 to 2 solar units. 
Within a galaxy, the mass-luminosity ratio increases 
with increasing radius. 

Dark Matter. Finally, let us tum to the parts of the spi
ral galaxies which are furthest out from their centers. 
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The flatness of their rotation curves out to the greatest 
distances which can still be observed (Ro ~ 30-50 kpc) 
forces us to the conclusion, practically independently 
of the details of the mass distributions, that a consid
erable portion if not most of the galactic masses lies 
outside Ro. An acceptable model that would explain 
the observed V(R) curves would be a roughly spherical 
mass distribution with a radius of the order of 100 kpc 
and an overall mass of 2:1012 .M0 . This dark halo, also 
known as the galactic corona, is the continuation out
wards of the spheroidal central region and of the (inner) 
halo of globular clusters. With a mass-luminosity ratio 
of 100-1000 solar units, it must have a completely dif
ferent composition from e.g. the known mixture of stars, 
gas, and dust within the Holmberg radius. What sorts 
of objects may account for the major part of the mass of 
this halo, whose existence has been inferred only from 
dynamical considerations, is at present still unknown; 
we can only speculate on their nature. Current observa
tional techniques would not detect e.g. very cool dwarf 
stars, planet-like objects, or solid particles with diam
eters of more than a few em. In addition, low-energy 
neutrinos (Sect. 13.3.2) or "exotic" particles postulated 
by modem elementary-particle theories would be pos
sible carriers of the mass of a dark halo, assuming that 
they have nonzero rest masses (~10 eV jc2). 

A massive galactic halo would also explain the rela
tively large masses of the galaxy clusters, as derived 
from the scatter in the velocities of their members 
(Sect. 12.4.2). 

The 'fully-Fisher Relation. For more distant spiral 
galaxies whose rotation curves cannot be spatially re
solved, the observed Doppler width L1 Vo of the profile 
of the 21 em line, integrated over the whole galaxy and 
corrected for its inclination, can be used to estimate 
their masses; this method was suggested by R. B. Tully 
and J. R. Fisher in 1977. L1 V0 is roughly equal to twice 
the maximum rotational velocity, and therefore from 
(12.12), 

2 .M 
(L1Vo) ex R. (12.13) 

When the distance r to the galaxy is known, its observ
able apparent angular diameter is a= Rjr, so that the 
overall mass is given by: 

(12.14) 

Conversely, the Tully-Fisher relation is used to de
termine the distances to galaxies when the mass can 
be replaced by the luminosity, e.g. from known mass
luminosity ratios. In practice, correlations between L1 V0 

and the absolute magnitudes are established and cali
brated empirically using data from nearby galaxies; for 
this purpose, infrared magnitudes are preferable to blue 
magnitudes owing to absorption by internal dust in the 
galaxies. 

Dynamics of the Elliptical Galaxies. In the case of the 
brighter, large elliptical galaxies (MB :::; - 20.5 mag), 
it is found from the widths of the spectral lines, which 
are determined by the radial velocities along the line of 
sight, that in contrast to the spiral galaxies, the large
scale rotation is eclipsed by the statistical motions of the 
stars in the common gravitational field. A measure of 
the statistical motions is the mean squared velocity (v2) 

or the velocity scatter a = .J(Ji}, where vis measured 
relative to the average velocity. a depends strongly on 
the anisotropy of the stellar velocity field. 

The velocity dispersion in the center of an ellipti
cal galaxy is strongly correlated with its luminosity L 
(S.M. Faber and R. E. Jackson, 1976): 

L ex a~ with 3 :::; n :::; 5 . (12.15) 

In the brighter E galaxies, with a velocity disper
sion of several 100 km s-1, the rotational velocities 
are noticeably smaller; on the average, one observes 
Vrotfa ~ 0.2. In order to explain the flattening of these 
galaxies by rotation, a factor of 2 to 3 higher rotational 
velocity would be required. Therefore, the shape of the 
elliptical galaxies must be determined by the anisotropy 
of the stellar velocities or by the pressure of the "stel
lar gas", which opposes the forces of gravitation. This 
leads to a "triaxial" structure of the galaxy, an ellipsoid 
with three different semimajor axes. 

Owing to the long range of the gravitational forces, 
direct "collisions" of the stars with each other are ex
tremely rare; instead, the behavior of the "stellar gas" is 
determined by the collective gravitational interactions in 
the overall system ("collision-free" gas). The relaxation 
time, i.e. the characteristic time between two stellar col
lisions, is of the order of 1015 yr and is thus considerably 
longer than the age of the Universe, around 1010 yr. 

The absolutely fainter (MB ~ - 20.5 mag), smaller 
elliptical galaxies rotate more rapidly than the larger 



systems; their maximum rotational velocities and their 
velocity dispersions are however of the same order of 
magnitude. The dynamics of these smaller E galax
ies, which are dominated by rotation, thus correspond 
more closely to those of the central regions (bulges or 
spheroidal components) of the spiral galaxies, if we 
leave out of consideration the possible barred struc
tures of the latter. The similarity of the two systems 
extends to their stellar populations (Sect. 12.1.6), so that 
to a first approximation, we can regard the bulge of 
a spiral galaxy as a small elliptical galaxy. 

In the case of the elliptical dwaif galaxies (Ms :=: 
-18 mag), we observe on the average a ratio Vrot! a 
which lies between those of the large and the smaller 
E galaxies. 

The Masses of the Elliptical Galaxies. For galaxies in 
which the stellar velocity dispersion exceeds the rota
tional velocity, the total mass ..MG can be estimated by 
applying the virial theorem, which states that on the av
erage over time, the kinetic energy of the galaxy equals 
( -1 /2) x its potential energy: 

RG 

..MG (v2) = G f ..M(R) d..M(R) =a G..M6 . (12.16) 
R RG 

0 

Here, RG is the radius of the galaxy and ..M ( R) is its 
mass within a sphere of radius R. The constant a for 
a homogeneous sphere is equal to 3/5 (2.51). The order 
of magnitude of the total mass of a galaxy is thus given 
by 

a2 = (v2):::: G..MG . 
RG 

(12.17) 

The motions in galaxy clusters can also be used to esti
mate the masses of elliptical galaxies, again by applying 
the virial theorem (Sect. 12.4.2). 

The (visible) matter in the elliptical galaxies lies in 
a broad range of masses from about 106 ..M0 in the dwarf 
systems up to around 1012 ..M0 in the giant galaxies. One 
of the most massive galaxies yet observed is the giant 
E galaxy M 87 (=Vir A= NGC 4486) at a distance of 
about 15 Mpc. Measurements of its velocity dispersion 
in the optical region have been made out to an angular 
radius of 1', corresponding to a distance of 4.4 kpc from 
the center; from them, the mass within 4.4 kpc is found 
to be roughly 2 . 1011 ..M0. 

With the Einstein satellite, the first X-ray emis
sions from M 87 were observed; they indicated hot 
gas (:S 3 · 107 K) out to a distance of 1 00' (0.44 Mpc; 
cf. Sect. 12.4.3). In order to bind this X-ray halo gravi
tationally to the galaxy, according to model calculations 
a mass of at least 3 · 1013 to 1014 ..M0 would be re
quired within a radius of 0.44 Mpc. Out to this radius, no 
flattening in the mass-radius function ..M ( R) can be ob
served. The hot gas itself, which is readily observable in 
the X -ray region, contributes only about 5% ofthis mass. 
Therefore, analogously to the spiral galaxies, M 87 
must have a massive, extended dark halo of unknown 
composition. Many other elliptical galaxies also show 
evidence for dark matter, which is however more dif
ficult to detect than in the spiral galaxies, owing to the 
more complex stellar motions in the elliptical galaxies. 

12.1.6 Stellar Populations 
and Element Abundances 

We shall now attempt to construct color-magnitude di
agrams for other galaxies, as we did for the star clusters 
in our own galaxy, and then to study their different stars 
and stellar populations, in order finally to gain an insight 
into the formation and evolution of the galaxies. 

In practice, we are faced with the problem of "light 
quantum economy". In the past two decades, the 
construction of larger telescopes and especially the de
velopment of better and better detectors (CCDs), as 
well as the extension of the accessible spectral regions, 
have all allowed considerable progress to be made in 
the study of galaxies. A further improvement in obser
vational capabilities in the 1990's resulted from of the 
availability of the 2.4 m Hubble Space Telescope. 

Apart from our nearest cosmic neighbors, we must in 
general content ourselves with integrated spectra for the 
investigation of stellar populations and element abun
dances in other galaxies, particularly in their central 
regions. Since the spectrum of a galaxy results from 
the superposition of many stellar spectra, in the shorter 
wavelength range the hot, blue stars will dominate the 
spectrum, while in the longer wavelength range, the 
cooler red stars will predominate. 

Spectral Classification. The classification of spectra 
from the galaxies is based mostly on images of their 
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central regions or of the whole galaxy, and represents an 
attempt to gain information about the stellar populations 
of the galactic system and to correlate these populations 
with the galaxy's classification in the Hubble sequence. 

The early classification system of W. W. Morgan 
and N. U. Mayall (1957) is limited for the most part 
to the range)..= 385 to 410nm and distinguishes the 
following types: 

A Systems have broad Balmer lines and spectra cor
responding to the spectral type A of the stars. A typical 
example is the galaxy NGC 4449, similar to the Magel
lanic Clouds; altogether, the Hubble types Irr I, Sc, and 
SBc occur in this group. 

F systems correspond in the violet to spectral type F. 
The Sc galaxy M 33 is a typical representative; Sb 
galaxies also occur in this group. 

K systems exhibit spectra which can be interpreted as 
a superposition of those of normal, not metal-poor G8 
to early M giant stars (CN criterion), with fainter F8 to 
G5 stars. The prototype is M 31. In addition to the large 
Sb and Sa spirals, the corresponding barred spirals and 
elliptical giant galaxies such as M 87 are in this group. 

Color Indices and Energy Distributions. Closely re
lated to the spectral type is the color index B - V of the 
galaxies. Spiral galaxies which we see from their edges 
exhibit absorption and reddening due to their own in
terstellar matter, and this must be corrected for, along 
with the absorption and reddening in our own galaxy. 
The true color index (B - V)o shows a close correla
tion with the Hubble type and likewise with the spectral 
type of the galaxies. (B - V)o is on the average 1.0 mag 
for SO and giant E galaxies, 0.8 for Sb, and 0.4 mag for 
Irr galaxies. The corresponding color index {U- B)o is 
about + 1.0, 0, and - 0.2 mag, respectively. In the ellip
tical galaxies, (B - V)o is about 0.1 mag redder for the 
absolutely bright systems than for the dwarf systems. 
Within the spiral galaxies, we observe an increasingly 
blue color index on going outwards from the center. 

Measurements of the energy distribution in an 
extended spectral range, e.g. using the extended John
son color system or narrow-band spectrophotometry 
(Sect. 6.3.2), show that an important contribution to the 
integrated light from many galaxies falls in the range 
).. 2: 800 nm. Thus, the red and infrared spectral regions 
play an important role in the investigation of stellar 
populations in galaxies. 

At the other end of the spectrum, the intensity below 
).. :S 400 nm decreases strongly due to the large number 
of absorption lines. With decreasing wavelength, stars 
of earlier types become more and more predominant 
in the integrated spectra; finally, in the far ultraviolet 
(A :S 160 nm), the integrated radiation comes almost ex
clusively from a relatively small number of OB stars. 
For nearby galaxies, the IUE satellite was able to regis
ter the energy distribution down to about 120 nm with 
a spectral resolution of 0.6 nm. 

At this point we should mention that all measure
ments of the energy distribution, colors, etc., are referred 
to the (fixed) wavelength scale in the observer's system. 
However, due to the red shift z of the galaxies, the wave
length of their light is increased by the factor ( 1 + z), so 
that their radiation is, for one thing, "diluted" by this ef
fect, and for another, a shorter-wavelength range (in the 
system of the emitting galaxy) enters the band chosen 
for the detector (Sect.13.2.1). In the case of very dis
tant galaxies, the energy distribution must be corrected 
for this effect (which was historically referred to as the 
"K term"). 

Population Analysis. A further refinement of the anal
ysis of the superposed spectra of galaxies has been 
achieved since the 1960's using the photoelectric scan 
technique. For example, H. Spinrad and B. J. Taylor 
(1969/71) have measured important lines and bands in 
selected regions of a few nm width between 330 and 
1070 nm, on the one hand for galactic spectra, and on 
the other for stars of known spectral type, luminosity 
class, metal abundance, etc. They attempted by com
puter data analysis to characterize a mixture of stars or 
of stellar populations in such a way that all the narrow
band magnitudes would be correctly reproduced. The 
obvious question of how far such a decomposition can 
be carried in detail requires further work. 

More recently, due to the development of highly 
sensitive detector systems in the optical region, stellar 
populations in galaxies can be investigated on a large 
scale by multichannel spectrophotometry, at bandwidths 
of only 0.1 to 0.5 nm, i.e. with a spectral resolu
tion corresponding to photographic spectra with about 
100 A mm -I dispersion. 

Important absorption lines or bands for the pop
ulation analysis of galaxies are e.g. those of CN at 
).. = 388 nm, Mgl at)..= 520nm, Nal at)..= 589nm, 



and the weaker groups of lines from Fe I= 527 and 
533 nm as well as in the infrared from CO at A = 2.3 1-1m 
and HzO at A = 1.9 ftm. 

Spiral Galaxies. The spiral galaxies such as M 31 are 
basically similar to the Milky Way, as we might have 
expected. Along the Hubble sequence from Sa to Sc 
and Sd, the proportion of gas, dust, and young stars 
increases, and the disk component becomes larger in 
comparison to the central region. The central regions, 
which are easier to observe in other galaxies than in 
our own, resemble small elliptical galaxies, judging by 
the stars they contain. As in the elliptical galaxies, the 
absolutely brighter (more massive) systems have, on the 
average, a redder color and a higher metal abundance; 
the similarities extend also to their dynamic behavior 
(Sect. 12.1.5). 

In M 31, as in the Milky Way system, we find 
a metal-rich population (with stronger CN absorption) 
towards the center. Concerning the globular clusters in 
M 31, S. van den Bergh was able to verify that they are 
metal-poor by using their color indices; more precise 
investigations show, however, that they are somewhat 
less metal-poor than our own globular clusters. 

Irregular (lrr I) Galaxies. Among the irregular galax
ies (of types Sm, lm), our immediate neighbors, the 
Magellanic Clouds (LMC and SMC), have been most 
thoroughly investigated. Their most prominent feature 
is an extensive Population I with gaseous nebulae, blue 
OB stars, etc. There is, however, also an old population 
with red giants, etc. Furthermore, numerous globular 
clusters have been observed, and their color-magnitude 
diagrams, at least the upper parts, are known. 

The Globular Cluster system in the Magellanic 
Clouds is quite different from that in our Milky Way 
Galaxy, in terms of the types of its members and its 
kinematics. This shows that it is by no means a good 
assumption that galaxies of different Hubble types will 
contain only those populations which we already know 
from our own galaxy. There are only a very few "gen
uine" metal-poor globular clusters with an age similar 
to those in our galaxy. On the contrary, clusters of 
a medium age of several 109 yr predominate; all the 
globular clusters are more metal-poor than s ;S 1/3. 
There are also young, massive globular clusters, only 
107 to 108 yr old, with bright blue stars, which have no 
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counterparts in our Milky Way system. In contrast to our 
system, in the Large Magellanic Cloud even the older 
globular clusters do not form a halo kinematically, but 
rather move within a disk. Remarkably, the rotational 
axis of the disk of the older clusters seems to be tilted 
by about 50° relative to that of the younger clusters and 
the interstellar gas (observations of the 21 em line); this 
is probably a result of the gravitational interaction of 
the Cloud with our galaxy. 

The chemical compositions have been determined 
for a few gaseous nebulae and for several stars in the 
Magellanic Clouds, especially supergiants and blue OB 
stars. In the LMC, the metal abundance of the stars 
is only about a factor of 3 smaller than in our galac
tic Population I, while the relative abundances of the 
heavier elements are essentially the same as in Popula
tion I. On the other hand, the stars of the SMC exhibit 
a somewhat smaller metal abundance of around 1/5 of 
the solar values. The formation of stars and their enrich
ment in heavier elements must have therefore followed 
rather different paths in the Magellanic Clouds and in 
the Milky Way. 

Elliptical Galaxies. These consist in the main of old 
stars, of which the brightest are red giants. It was al
ready noticed by W. Baade in his early observations that 
a few systems contain small filaments of dark matter, 
in which bright blue stars are also found. Newer inves
tigations show that probably all the E galaxies contain 
a faint disk of stars. Our main interest is naturally di
rected towards the metal abundances of the E galaxies, 
as functions of the luminosities or the (roughly propor
tional) masses of the galaxies. Many spectrophotometric 
investigations since about 1970 have shown that the gi
ant E galaxies have normal to somewhat elevated metal 
abundances, but that with decreasing luminosity, the 
metal abundance also decreases down to values which 
approach those of the metal-poor globular clusters. In 
the dwarf E galaxies, we see apparently (almost?) only 
metal-poor halo populations. 

Although the dwarf elliptical galaxies (dE) and the 
spheroidal dwarf galaxies ( dSph) which continue the se
ries to smaller luminosities (MB > -14 mag) represent 
"large globular clusters" on the basis of their stellar pop
ulations, there are still noticeable differences between 
them. For one thing, the dwarf galaxies have a more 
uniform distribution of stars and their central densities 



are a factor of 100 below those of the more compact 
globular clusters; for another, their color-magnitude di
agrams and the distribution of metal abundances differ 
in detail. The Fomax system (dSph) in the Local Group 
(Sect. 12.4.1) shows itself clearly to be a "true" galaxy, 
since it contains globular star clusters. 

The populations of the dE and dSph galaxies con
sist of intermediate and old stars with a mean metal 
abundance of c c::::: 1/30 of the solar value. 

Blue Compact Dwarf Galaxies. These systems are, 
judging by their sizes and spectra, giant H I I regions; 
but morphologically, they do not form a homogeneous 
group. We find irregular and elliptical galaxies, tiny 
barred spirals, and galaxies interacting with each other, 
with two or more central regions. Their absolute magni
tudes are fainter than Mv c::::: -17 mag, and their masses 
are at most several 109 M 0 . From observations of the 
21 em line of HI, a high proportion of gas (::': 20%) 
can be derived. The spectroscopic studies of L. Searle 
and W. L. W. Sargent in 1972, among others, show that 
some of these galaxies, for example II Zw 40 (notation 
from F. Zwicky's catalogue of compact galaxies), ex
hibit on the one hand underabundances of N, 0 and 
Ne in their gaseous components, but on the other hand, 
they have a large population of blue stars. These galax
ies are probably "at present" in a stage of intensive star 
formation, after having remained stable, without stellar 
genesis, for a long period of time, and can be counted 
among the starburst galaxies (Sect. 12.2.2). 

Abundance Ratio He/H. To conclude this section, we 
consider the question (which, as we shall see, is very 
important for cosmology) of the abundance ratio of the 
two lightest elements, helium and hydrogen, in the dif
ferent stellar populations. For the spiral arm population 
and the disk population, He/His known from analyses 
of the spectra of 0 and B stars. The analysis of interstel
lar gas gives results quite comparable to those for these 
young stars; here, the He/H ratio can be found from the 
recombination radiation of gaseous nebulae or H II re
gions, e.g. in the Orion Nebula, and from radiofrequency 
transitions between terms of very high principal quan
tum numbers (Sect. 10.3.1). All of these methods yield 
roughly HejH c::::: 1/10 (atom ratio). The same value is 
obtained for the Sun and for many planetary nebulas, al
though the latter represent an advanced stage of stellar 

evolution. During the formation of their gas shells, un
burned matter from the outermost layers of the central 
star is often cast off. From data for the H II regions of 
our own galaxy, a weak radial gradient can be derived: 
He /H decreases from 0.11 in the inner parts of the disk 
to about 0.07 in the outer zones. 

For the halo population, the determination of the 
HejH ratio meets with the serious difficulty that no 
helium lines can be expected at the low temperatures of 
its main sequence and giant stars. We are thus forced to 
rely on data from the planetary nebulae and some other 
late evolutionary stages, where there is always a danger 
that products of nuclear fusion reactions could have got
ten into the outer layers. Planetary nebula K 648, which 
is a member of the globular cluster M 15 and certainly 
belongs to Population II, shows that even in an object 
with a low metal abundance, the He/H ratio remains 
c::::: 0.1, like that of the stars of Population I and the disk. 
This and some other similar observations, along with the 
theory of the color-magnitude diagrams of the globu
lar clusters, indicates that the two lightest elements H 
and He were formed in quite a different manner from 
the heavier elements, of Z ::::_ 6. 

As we shall see in Sect. 13.2.4, helium was produced 
for the most part in the early phases of the cosmos, be
fore the formation of the galaxies and stars; only a small 
amount was formed, like the heavier elements, within 
the stars. From observations of H II regions which are far 
removed from the center of our galaxy, of the gaseous 
nebulae in irregular galaxies, and of the (metal-poor) 
blue compact dwarf galaxies, we conclude that the 
primordial helium had an abundance in the range 

(He/H)o = 0.07-0.08 or 

Yo= 0.22-0.25, (12.18) 

where Yo is the mass fraction of helium. Therefore, 
only a fraction Ll(HejH) ;S 0.03 or LlY ;S 0.06 of the 
current helium abundance in the extreme Population I 
is of stellar origin. 

12.1.7 The Distribution of Gas and Dust 

Now that we have come to know the interstellar medium 
in our own Milky Way Galaxy (Sects. 10.1-4), we tum 
to the properties and the distribution of gas and dust 
in other galaxies. The variety of observational methods 



which detect radiations in all parts of the electromag
netic spectrum are in principle the same as those used 
for the investigation of galactic interstellar matter. As 
a result of the greater distances to the other galaxies, 
however, the angular resolution of the instruments and 
the sensitivity of the detectors must fulfill even more 
stringent requirements. 

We have already discussed the observation of neutral 
gas using the 21 em line of HI in Sect.l2.1.5 in con
nection with the determination of the rotation curves 
and the mass determination of galaxies. The ionized 
gas of the H II regions can be observed not only through 
its emission lines in the optical and infrared regions, in 
particular the Ha emissions, but also through its thermal 
(free-free) radiation in the radiofrequency range. The 
element abundances derived from the H II regions of the 
spiral galaxies were already discussed in Sect. 12.1.6. 

The nonthermal radiofrequency radiation of the nor
mal galaxies - mainly synchrotron radiation from 
energetic electrons moving in the interstellar magnetic 

fields- will be treated later in Sect. 12.3.2, together with 
the observations of radio galaxies. 

Molecular hydrogen Hz, which is not accessible to ra
dio astronomy, can -as in the Milky Way -be observed 
indirectly via the 2.6 mm line of carbon monoxide. New 
possibilities for extragalactic astronomy were opened 
up in the 1980's by the availability of large telescopes 
in the millimeter wavelength range for the observation 
of the CO lines, as well as through the IRAS satel
lite (1983), ISO (1995/98), and since 2003 the Spitzer 
Space Telescope, which give us a view into the molec
ular clouds and the regions of star formation in the 
medium and far infrared. 

Gas in Spiral Galaxies. The gas and dust content of 
the spiral galaxies in general increases on going from 
Hubble type Sa to Smllm; the mass fraction of neutral 
hydrogen increases from about 0.02 to 0.10. 

The large-scale distribution of atomic gas and dust 
within the S galaxies is characterized by a strong con-

Fig.12.11. Neutral hydrogen in the spi
ral galaxy M81 =NGC3031 (Sb I-II). 
From observations of the 21 em line 
by A. H. Rots and W. W. Shane (1974) 
with the Westerbork Synthesis Ra
diotelescope. The isophotes for column 
densities of 3 and 10 · 1024 H atoms m - 2 

are overlaid onto the optical photograph. 
The galaxy is inclined at an angle of 35° 
to the line of sight; its distance from the 
Sun is 3.25 Mpc. The angular resolution 
of 50" corresponds to 800 pc 
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centration into a very flat disk, as in our Milky Way 
Galaxy. In the Sa and Sb galaxies, as in the Milky Way, 
we find a minimum in the hydrogen density in the in
ner part ( R .:::: 3 kpc) of the disk; for later Hubble types, 
this "gap" is filled in. The layer of HI extends out past 
one to two Holmberg radii from the center in the early 
types, and considerably further in the later types. 

In galaxies with a suitable inclination, for example 
M 51 (Sbcl-11), M 101 (Sc 1), or M 81 (Sbcl-11), we can 
investigate the large-scale spiral structures by looking 
at them "from above" (Fig. 12.11); this is of course not 
possible for our own Milky Way system (Sect. 11.2.2). 
In those galaxies which we see by chance from the edge 
on, we can frequently observe a deflection and fanning 
out of the HI layer, similar to that known in our own 
galaxy (Fig. 12.12). 

The distribution of molecular hydrogen - obtained 
indirectly from radioastronomical observations of the 
CO molecule - shows a heterogeneous picture for the 
spiral galaxies. In many galaxies, the H2 is strongly 
concentrated in the central region and decreases contin
uously within the disk on going outwards. On the other 
hand, molecular gas is found for M 31 and M 81 only 
in the disk, and the Milky Way shows a minimum in 
the H2 density at 1 to 4 kpc. However, in considering 
these results it must be remembered that with the cur
rent state of observational techniques in the millimeter 
range, the number of galaxies which can be observed 
with sufficient resolution is still relatively small and se
lection effects probably favor those systems with central 
concentrations. 

Within the spiral galaxies, there is no large-scale 
correlation between the distribution of H2 and that of 
atomic hydrogen, HI. However, molecular hydrogen is 
closely connected with the regions of nonthermal radio 
emissions and emissions in the far infrared. This can be 
explained by the fact that hot OB stars are being formed 
in the molecular clouds, and at the end of their short 
evolution, they produce high-energy particles and non
thermal radiation in their supernova remnants following 
supernova explosions (Sect. 10.3.3). The temperature of 
the interstellar dust, and thus its infrared emission, is 
determined by the radiation from the stars (see below). 

Dust in Spiral Galaxies. The dust in spiral galaxies is 
warmed to about 10 to 50 K by the background radiation 
field, as we have seen from the example of our own 

Fig. 12.12. Deflection of the layer of neutral hydrogen in 
the Sc galaxy NGC 5907, seen nearly on edge. Observa
tions by R. Sancisi (1976) with the Westerbork Systhesis 
Radiotelescope at an angular resolution of 51" · 61". The 
isophotes from the 21 em line of HI are overlaid onto the 
optical image (a IIla-J photograph by P. G. van der Kruit and 
A. Bosma). In order to emphasize the outer parts of the disk, 
with a radius of 50 kpc, only two velocity channels are shown, 
centered approximately on the maximum rotational velocity 
(± 190 km s- 1 ). The radial velocity of the galaxy's center is 
670kms- 1 

system (Sect. 10.1.4). Within and in the neighborhood 
of H II regions, higher temperatures, up to the order of 
100 K, are attained due to absorption of the ultraviolet 
radiation from young OB stars. 

Since the absorbed energy is re-emitted in the far 
infrared, we can make use of infrared astronomy to find 
regions of stellar genesis, even when thick dust layers in 
the molecular clouds allow no optical radiation to pass 
through. 

Infrared observations in nearby spiral galaxies have 
confirmed the close connection between the radiation of 
the blue OB stars, the dust zones which can be seen in 
the optical region, and the emissions of the warm dust in 
the far infrared. In the Andromeda Galaxy, the infrared 
radiation - as was first shown by the IRAS satellite in 



the 60 11-m band - comes mainly from a ring which is 
identifiable with gas/dust structures that can be seen in 
the visible, and from the central region (Fig. 12.13). 

Observations in the far infrared from satellites 
(IRAS, ISO), combined with measurements in the mil
limeter wavelength range, give us information about the 
spectral distribution of the dust emissions from 12~--tm 
to 1.3 mm and make it possible to determine the dust 
temperatures To and the relative mass fraction of the 
dust. In the normal spiral galaxies, the spectrum is dom
inated by the dust components of the disk, with To 
between about 10 and 30 K. The largest contribution to 
the mass of the dust is that of the coldest components. 

The luminosity LrR of the S galaxies in the far in
frared is correlated with the blue luminosity Ls and 
increases on going from early to later Hubble types. 
The strong variations of LrR/ Ls among galaxies of 
the same type are surprising; for example, in M 31, 
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Fig. 12.13a,b. The An
dromeda Galaxy, M 31. 
(a) Emission of the warm 
dust in the far infrared. Ob
servations by the infrared 
satellite IRAS in the 60 1--Lm 
wavelength band. (b) A blue
sensitive photograph with the 
Mt. Palomar 1.2 m Schmidt 
telescope for comparison; 
from H. J. Habing et al., As
trophys. J. 278, L59 (1984). 
(Reprinted courtesy of The 
University of Chicago Press, 
The American Astronomical 
Society, and the authors) 

LrR/ Ls is only about 0.03, while this ratio is about 0.5 
in our own galaxy. In the later Hubble types and espe
cially among the irregular galaxies, we observe values 
of LrR/ L 8 2:: 1. We will discuss the infrared galaxies, 
with their extremely high values of L1R, in Sect. 12.2. 

The infrared luminosity is however strictly corre
lated with the mass of molecular gas, so that we can 
characterize the efficiency of star formation in a galaxy 
globally by the ratio L1R/ M(H2). In the galaxies with 
"normal" star formation - such as our Milky Way and 
other spiral galaxies - this ratio lies at around 5 solar 
units. In galaxies with heightened rates of star formation 
(Sect. 12.2), or those with strong activity in their nuclear 
regions such as the quasars (Sect.12.3.4), LrR/M(H2) 
is considerably higher. 

The Magellanic Clouds. These prototypical irregular 
galaxies have been thoroughly investigated; they have 
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a high proportion of gas, around 10% of the mass in the 
LMC and possibly up to 50% in the SMC. Its distribu
tion and dynamics are complex, especially in the SMC, 
and reflect the influence of the gravitational interaction 
with our Milky Way Galaxy on these satellite galaxies. 
Our knowledge of the molecular gas in the Magellanic 
Clouds is still incomplete, in particular since the con
version factor relating the observed CO intensity to the 
Hz abundance is different from that in the Milky Way. 
In the Large Cloud, around 2% of the interstellar matter 
is present in the form of Hz; in the SMC it is::::; 10%. 

As we have seen in Sect. 12.1.6, the global chemi
cal composition of the Magellanic Clouds and thus also 
of their interstellar matter differs from that in the Milky 
Way. The Large Cloud exhibits an underabundance of 
metals compared to the solar mixture of around 1 /3; the 
Small Cloud has an underabundance of 1/10. This gives 
rise to a corresponding underabundance of dust in these 
galaxies. As shown by the differences in the ultravio
let and the infrared regions of the extinction curve At. 
compared to the Milky Way (Fig. I 0.4 ), the dust also has 
different properties; in particular, the graphite feature at 
A. = 220 ~-tm is weaker in the Magellanic Clouds. 

Fig.12.14. Dust layers in the elliptical galaxy NGC 1052 
(type E3, Ms = -21. 1 mag). The dust appears bright in this 
(B-1) image due to the image processing. The picture was 
made from CCD images taken by W. B. Sparks et al. in 1985 
with the Danish 1.5 m telescope on La Silla (Chile). NGC 1052 
contains about 108 .M0 of neutral hydrogen gas. Along with 
dust and H I, optical emission lines have also been observed 
in this "active" E-galaxy, for example from [0 II], as well as 
continuum radiation in the radiofrequency range 

Elliptical Galaxies. In the E and SO galaxies - apart 
from a few cases - we observe no noticeable dust ab
sorption in the optical region, nor in the radio emissions 
of neutral hydrogen in the 21 em line. This, along with 
the lack of young, blue OB stars, indicates that in these 
systems, star formation no longer takes place at a rate 
worthy of mention. 

To be sure, these galaxies are not completely free of 
interstellar gas, as previously assumed; this has been 
shown by more sensitive observational techniques as 
well as by observations in other spectral ranges. 

The X-ray emissions of large elliptical galaxies show 
that they contain very hot, ionized gas with tempera
tures of 107 K, representing a mass fraction which is 
comparable to that of the interstellar matter in the spi
ral galaxies. Stars, however, can hardly be formed from 
such a hot, tenuous gas. 

Layers of dust have also been detected in some 
E galaxies, using modem image processing techniques 
with CCD images in different colors; however, their 
optical thicknesses are only ::::; 0.1 in the visual range 
(Fig. 12.14). 

In the spheroidal dwarf galaxies, so far no interstellar 
matter has been found. In these systems of very low 
masses, the escape velocity is too small, so that the gas 
does not remain gravitationally bound. 

12.2 Infrared and Starburst Galaxies 

In the normal spiral galaxies, the infrared luminos
ity, due predominantly to thermal emission from dust 
heated by stellar radiation, is at most 50% of the lu
minosity in the optical spectral region (Sect.12.1.7). In 
contrast, in the irregular galaxies (lrr II systems) and 
in the amorphous galaxies (Sect. 12.1.2), among oth
ers - as for example in the case of the prototypical 
M 82 - we observe much stronger emission of infrared 
radiation. 

In the sky survey with the infrared satellite IRAS in 
1983, about 50 000 distant galaxies were discovered in 
the 60 ~-tm band whose ratios L1R/ Ls attained values up 
to the order of 100, and thus exceed that of e.g. M 82 
by a large factor. Many of these infrared galaxies could 
be found in the optical region only after their discovery 
by IRAS, on highly sensitive CCD images. The obser
vations with the ISO satellite in 1995/98, which extend 



out further into the far infrared than those of IRAS, 
showed many more infrared galaxies. In these objects 
also, as in the case ofM 82, the energy distribution in the 
infrared corresponds to the radiation from warm dust. 
This intense infrared radiation - and the higher dust 
temperatures than in the normal spiral galaxies which 
it implies - indicates a particularly high rate of star 
formation. 

12.2.1 Infrared Galaxies 

We denote a galaxy as an infrared galaxy when its radia
tion occurs mainly in the spectral region between about 
5 and 500 !LID, or when its ratio of infrared brightness 
to that in the blue, L1R/ Ls, is greater than one. 

The luminosities of the infrared galaxies span a broad 
range from about 106 up to several 1013 L 0 . Galaxies 
of more than 1011 L 0 are termed luminous, and those 
of over 1012 L 0 ultraluminous infrared galaxies (UL
RIG). Among all the galaxies having > 1011 L 0 , the 
infrared galaxies are the predominant population group. 
The ULRIGs are, along with the quasars (Sect. 12.3.4), 
the absolutely brightest stellar systems in the cosmos; 
their abundance is about twice as great as that of the 
quasars. 

For the brightest IRAS galaxy, with a red shift (13.1) 
of z = L1'A/'A = 2.3, a luminosity of 3 · 1014 L 0 was at 
first derived. Later, it became clear that in this particular 
case, a galaxy which lies closer to us and by chance on 
the same line of sight acts as a gravitational lens and 
amplifies the brightness of the distant galaxy by a factor 
of 10 or more above its "real" value (cf. Sects. 8.4.3 and 
12.3.4). 

We will now describe several relatively near infrared 
galaxies in which details can be observed: these are 
M 82, at a distance of 3.3 Mpc, NGC 6240, and Arp 220 
(this notation refers to H. Arp's Atlas of Peculiar Galax
ies, 1966), which are at distances of about 150 and 
100 Mpc, respectively, and are both among the most 
luminous of the nearby infrared galaxies. 

Messier 82 = NGC 3034 (Fig. 12.6), which together 
with the large spiral M 81 (Fig. 12.11) belongs to 
a nearby group of galaxies, shows distinct filaments 
on Hcr images out to about 4 kpc from its disk, whose 
velocities decrease on going from the center outwards. 
M 82 was originally interpreted as an exploding galaxy 

12.2 Infrared and Starburst Galaxies 

by C. R. Lynds and A. R. Sandage (1963), with large 
gas masses being flung out from its center at ve
locities of several 1000 km s - 1. Although velocities 
of only around 100 km s - 1 are observed, the higher 
values were assumed to result from the small incli
nation of the galaxy. The explosion model however 
was found not to be tenable, after N. Wickramasinghe 
and A. R. Sandage found in 1972 that not only the 
optical continuum, but also the Hcr emissions them
selves are partially polarized. Today, we interpret the 
Hcr emission as radiation from the disk which is scat
tered by dust particles that lie in part far out from the 
galaxy and move over an extended region; this gives 
rise to Doppler shifts of the order of 100 kms-1. Ob
servations from around 1980 on made it clear that 
M 82 radiates energy mainly in the far infrared, around 
'A = 100 !LID, corresponding to a dust temperature of 
about45 K. 

The luminosity of about 3 · 1010 L 0 originates in the 
main with the large number of OB stars in the star 
formation regions near the galactic nucleus, which are 
hidden by dense dust clouds from optical observations. 
The luminosity in the infrared exceeds that in the blue 
(LIR/ Ls:::: 4), sothatM 82-as already mentioned-can 
be classified as an infrared galaxy; its light is dominated 
by strong dust absorption. 

M 82 moves together with its dust halo through a still 
more extended, thinner dust cloud within the M 81 
group. This dust distribution, along with kinematic con
siderations and the bridge of neutral hydrogen between 
M 82 and M 81, discovered through observations of the 
21 em line, indicate that about 2 · 108 yr ago, there was 
a near collision between the two galaxies, and the as
sociated tidal interactions must have initiated the high 
rate of star formation in M 82. 

NGC 6240. In this ultraluminous infrared galaxy 
(Fig. 12.15), in the optical range we observe two sep
arate nuclei at a distance of 1.8" (0.9kpc) apart, 
with differing radial velocities. With the Hubble Space 
Telescope, these nuclei could be resolved into further 
condensation regions of0.1 to 0.2" (around 100pc) di
ameter, which suggest high rates of star formation. The 
principal portion of the infrared and radiofrequency ra
diations as well as the unusually strong emissions in the 
H2line at 2.1211m come from the central region around 
the two nuclei. In the case of NGC 6240, we are dealing 
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Fig.12.15. The infrared galaxy NGC 6240. A photograph by 
J. Fried (1982) using a CCD camera with the 2.2 m telescope 
at Calar Alto (red filter, 5 min exposure time). This galaxy, at 
a distance of 150 Mpc, shows two distinct nuclei with a sep
aration of 1.8", as well as noticeable "tidal tails". The radial 
velocities of the nuclei differ by 150 km s- 1 

with a collision between two galaxies whose nuclei have 
not yet coalesced. Here, again, their interactions during 
this close encounter have apparently caused a burst of 
star formation. 

Arp 220 = IC 4553. In this galaxy, the nuclear region 
is hidden from view in the optical range by strong dust 
absorption. In the near infrared, one can observe two 
nuclei at a diatance of 0.8" from one another, and with 
the Hubble Space Telescope, a very complex structure 
can be seen in the center. Arp 220 exhibits great similar
ities to NGC 6240, so that we can in this case likewise 
attribute the strong infrared luminosity of the galaxy 
and the accompanying high rate of star formation to the 
fusion of two galaxies. 

12.2.2 Starburst Activity 

A strongly elevated rate of star formation is probably 
characteristic of all infrared galaxies. In general, we de
fine a starburst galaxy as a system whose luminosity is 
dominated by a phase of intensive star formation, which 
is too high to be maintained over the whole lifetime of 
the galaxy. 

For the total luminosity of a starburst galaxy, we 
thus have L:::::: L1R:::::: L(starburst):::::: L(OB stars). Their 
global rate of star formation (10.43) is > 10 .M0 yr- 1, 

which in contrast in normal galaxies such as the Milky 
Way is in the range of a few solar masses per year 
(Sect. 10.5.6). The ultralurninous infrared galaxies at
tain rates of some 100 to 1000 .M0 yc 1. The duration 
of a starburst lies between 107 and 108 yr. 

As we saw in Sect. 10.5.2, star formation regions 
- and thus also the phase of starburst activity in galax
ies- are characterized by young, bright OB stars, which, 
along with their associated H II regions, are often not 
observable in the optical spectral range due to the dense 
dust absorption of the molecular clouds, and can be 
detected only by means of the thermal radiation of 
the surrounding dust which is heated by their stars. 
The occurrence of OB stars (blue color), of H II re
gions (recombination lines, e.g. from hydrogen), and of 
strong infrared radiation alone are naturally not suffi
cient for the identification of a starburst galaxy. Instead, 
this identification must be supported by additional con
siderations, in order to distinguish it from the weaker 
"normal" galactic star formation. 

We thus find starburst galaxies at the one end of 
the scale as blue compact dwaif galaxies, i.e. as "giant 
H II regions" (Sect. 12.1.6), and as Markarian galax
ies, which show - in spectrograms of low dispersion -
a strong ultraviolet excess with respect to normal 
galaxies. At the other end of the scale, we find the in
frared galaxies ranging out to the ultraluminous infrared 
galaxies with luminosities of up to LrR:::::: 1014 L0 . 

The infrared galaxies introduced in the previous 
section, M 82, NGC 6240, and Arp 220, are likewise 
starburst galaxies. While probably every infrared galaxy 
is also a starburst galaxy, conversely it is not true that 
every starburst galaxy is also an infrared galaxy. 

Galactic Activity. We can distinguish two kinds of 
galactic activity: on the one hand, the compact nu-
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clei of galaxies (AGN =active galactic nuclei) exhibit 
a variety of high-energy phenomena and nonthermal 
radiation processes, which we will learn about in 
Sects. 12.3.4-6. Here, the driving force is the gravi
tation in the neighborhood of a massive central black 
hole. On the other hand, there is also, - as we have just 
seen - starburst activity, with an increased rate of stel
lar genesis, which is caused by tidal interactions and is 
likewise often concentrated in the central regions of the 
galaxies. 

Especially the weaker forms of AGN, such as that 
of the Seyfert galaxies of type Sy2 (Sect. 12.3.5), have 
similar properties to the starburst regions of galaxies and 
are not always clearly distinguishable from them. To 
what extent a- possibly only small- amount of certain 
amount of starburst-like activity always accompanies 
AGN is not yet clear. 

High-resolution ISO spectra in the medium infrared 
range would seem to offer a possibility of distinguishing 
starburst galaxies from active galactic nuclei: forbid
den emission lines from highly ionized atoms such as 
[NeV], [NeVI] and [SiiX] are typical of AGN, but 
appear to be lacking in the spectra of star formation re
gions. According to this criterion, for example, Arp 220, 
with its strong [Ne II] lines, is a starburst galaxy. 

The Cause of Star burst Activity. All observations sup
port the hypothesis that starburst activity is caused by 
tidal forces between colliding galaxies. This interac
tion is, from (2.69), proportional to ljr3 (r =mutual 
distance) and is thus particularly strong in near 
"collisions". 

The large range of observed infrared luminosities is 
due to the different types of galaxies involved as well as 
to the strengths of their interactions, which range from 
small perturbations to fusion of the two systems. The 
extreme radiation of the ultraluminous infrared galaxies 
(L ::: 1012 L8 ) is probably always caused by a fusion 
process between two large galaxies. 

We will return to the interactions between galaxies in 
Sect. 12.4.4, where we treat the galaxy clusters, and in 
Sects. 12.5.3, 5 dealing with galactic evolution; here, we 
mention only that such interactions are not at all rare 
events. They play an important role in the formation 
of galaxies and in the early phases of their evolution. 
Perhaps every galaxy has experienced in the course of 
its further evolution a strong perturbation due to the tidal 

forces of another galaxy (at least) once, and has entered 
an intensive phase of star formation as a result. 

12.3 Radio Galaxies, Quasars, 
and Activity in Galactic Nuclei 

A great number of galaxies, especially large elliptical 
galaxies, are strong radio sources. In these radio galax
ies, emissions in the radiofrequency range predominate 
over those in the optical region. The nonthermal spectra 
and polarization of these emissions indicate that they 
are synchrotron radiation, produced by the motion of 
highly energetic electrons in a magnetic field. We shall 
begin in Sect. 12.3 .1 with the fundamentals of the the
ory of synchrotron radiation, and give in Sect. 12.3.2 
a brief summary of the sources of nonthermal radi
ation in the Milky Way and in other galaxies. Then, 
in Sect. 12.3.2, we treat the radio galaxies, discussing 
Cyg A and Cen A in detail. In general, an "activity" 
of varying strength can be observed in the nuclei of 
many galaxies; it expresses itself mainly through the 
production of nonthermal radiation in all wavelength 
ranges and of energetic particles. In Sect. 12.3.4, we 
begin with the quasars, the most luminous galaxies 
with the strongest activities. Then, in Sect. 12.3.5, we 
turn to the Seyfert galaxies, which have active nuclei. 
The core of our own Milky Way, where we can ob
serve many well-resolved details, although its activity 
is rather weak, was already introduced in Sect. 11.3. Fi
nally, in Sect. 12.3.6, we show how all galactic activity 
phenomena are based on common underlying physical 
processes, and discuss the origins of the enormous quan
tities of energy released from quasars and other galactic 
sources. 

12.3.1 Synchrotron Radiation 

For the description of extended radiation sources, in ad
dition to the surface brightness (radiation intensity) Iv. 
the radiation temperature or brightness temperature TB 
( cf. also Sect. 6.1.3) is also often used. This is the tem
perature which a black body would be required to have 
in order to emit precisely the observed radiation in
tensity lv in the radiofrequency range, according to 
the Rayleigh-Jeans law (4.63), (which is sufficiently 
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accurate in this spectral region): 

c2 
TB = 2kv2 lv 

or 

lv [W m-2 Hz-1 sr-1] 

= 3.08-10-28 (v [MHzl)2TB [K]. 

(12.19) 

For optically thin thermal radiation, we thus find TB ex 
v-2. 

The spectral energy distribution of radio sources, 
i.e. the frequency dependence of the intensity lv or 
of the radiation flux per unit frequency Fv, is often 
approximated by a power law: 

(12.20) 

The exponent a is then called the spectral index (some 
authors prefer the opposite choice of sign for a). For 
thermal radiation- e.g. that of H II regions- from an op
tically thin layer, one finds a :::::: 0; thermal radio continua 
(from optically thin sources) can thus be recognized by 
the fact that their spectra are nearly independent of v 
(cf. Fig. 10.9). From an optically thick layer, one would 
find a= -2. 

The thermal part of the radiofrequency radiation of 
the Milky Way was already described in earlier sec
tions. It consists ofline emissions from neutral hydrogen 
(HI regions) at A.= 21 em (Sect. 10.2.2) and from the 
CO molecule at A. = 2.6 mm, as well as from many 
other molecules (Sect. 10.2.3). The 21 em observations 
of other galaxies were discussed in Sect. 12.1. 7. We can 
observe also the continuum due to free-free radiation 
from ionized hydrogen, especially in the H II regions 
and gaseous nebulae, as well as in planetary nebulae. 

In contrast, the radio frequency radiation of the Milky 
Way, which is spread over the whole sky, and like
wise that of the strong radio sources, has a spectrum 
described approximately by: 

or TB ex v-2·8 , (12.21) 

which, even after absorption and self-absorption are 
taken into account, cannot be attributed to thermal emis
sion. The measured brightness temperatures of > 105 K 
for long wavelengths are also hardly permit an interpre
tation in terms of thermal radiation. Therefore, in 1950, 
H. Alfven and N. Herlofson proposed the mechanism 

of synchrotron radiation or magneto-bremsstrahlung 
to explain the nonthermal radio continua. This idea 
was then taken up and developed by I. S. Shklovsky, 
V. L. Ginzburg, J. H. Oort and others. It was known to 
physicists that relativistic electrons (i.e. electrons with 
velocities v:::::: c, whose energy E is considerably greater 
than their rest energy mec2 = 0.511 MeV) moving on 
circular orbits in the magnetic field of a synchrotron 
emit intense, continuous radiation in the direction of 
their motion; its spectrum extends into the far UV. This 
continuum can be distinguished from free-free radia
tion or bremsstrahlung by the fact that the acceleration 
of the electrons is due not to atomic electric fields, but 
instead to a macroscopic magnetic field B. 

Theory of Synchrotron Radiation. The theory of 
synchrotron radiation was developed in 1948/49 by 
V. V. Vladimirsky and J. Schwinger. It is based on the 
following considerations: 

An electron which is orbiting around the field lines 
at the cyclotron frequency we (10.31) emits radiation 
(according to the laws of electrodynamics) in a cone of 
opening angle 

~ mec2 _ 1 
()_----, 

E y 
(12.22) 

where y is the Lorentz factor (4.14) (cf. Fig.l2.16). 
This radiation cone passes the observer rapidly, like 
the light beam from a lighthouse, so that it produces 
a series of light flashes, each of duration Llt. The spec
tral decomposition or, mathematically speaking, the 
Fourier analysis of this spectrum, taking the relativistic 
Doppler effect into account (4.18), yields a continuous 
distribution, with its maximum at the circular frequency 

1 3 wm::::::-exywc. 
Llt 

(12.23) 

Exact calculation gives for the frequency at the 
maximum: 

3 eB1. 2 
Vm = 0.29- -- y 

4n me 

= 6.9-10-2 eBl. (~)2 , 
me mec 

(12.24) 

where B 1. is the component of the magnetic flux den
sity perpendicular to the direction of motion of the 
electron with charge-e and energy E. The total radia
tion at all frequencies is proportional to B 1. Vm ex Bi_ E2• 
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Fig. 12.16. The synchrotron radiation from a relativistic 
electron in a magnetic field B 

Calculating in units which are appropriate for applica
tion to cosmic radio sources, e.g. Vm in [GHz], Bj_ in 
[10- 10 T = w-6 G] and E in [GeV], we thus find 

Vm [GHz] = 4.7. w-3 Bj_ [10- 10 T] (E [GeV1) 2 . 

(12.25) 

Thus, a characteristic galactic magnetic field of 1 o- 10 T 
yields the following electron energies E at various 
observed characteristic frequencies Vm or wavelengths 
Am: 

(12.26) 
Even for the production of radiation in the radiofre

quency region, and quite certainly for visible light, 
electrons with energies in the range of those of cosmic 
rays (Sect. 10.4.2) are required. 

If the energy distribution of the electrons can be 
represented by a power law 

n(E) dE= const · E- P dE, (12.27) 

then for the emission coefficient of the synchrotron 
radiation, we find 

. s<P+ll /2 -(p-1)/ 2 
}v ex j_ v , (12.28) 

and also the same dependence on B j_ and v for the 
intensity lv (in the optically-thin case, which usually 
applies). 

For some some compact radio sources, we must also 
take into account the absorption of the synchrotron 
radiation (synchrotron self-absorption and free-free ab
sorption); this leads to a flattening out of the spectrum 
at its low-frequency end. 

Changes in the energy distribution n (E) of the elec
trons as a result of the energy losses on ionization (at 
low energies) or through synchrotron emission and in
verse Compton scattering (at high energies) also lead to 
deviations from the simple power law (12.28). 

The Lifetimes of Relativistic Electrons. It is impor
tant for the interpretation of radio sources to know the 
lifetimes of the relativistic electrons. The time t1; 2 in 
which an electron loses half of its energy E to syn
chrotron radiation, E ex B j_ Vm, is proportional to E /E. 
If we use ( 12.24) to eliminate the energy E ex v~-(2 B ~ 1/ 2, 

fi d B-3!2 -1; 2 Th . l . . we n t1 ; 2 ex j_ Vm . e precise va ue, agam m 
the "cosmic units" used above, is: 

t1 ; 2 [aJ = 5.7. 108 ( s [lo- 10 TJr312 

x (vm [GHzJr' 12 . (12.29) 

If, for example, we observe synchrotron radiation at 
1 GHz (A. = 30 em), then in a magnetic field of 1 o- 10 T 
on the one hand, electrons of energy 15 GeV would have 
been required (12.26); on the other hand, these electrons 
could emit synchrotron radiation of this frequency only 
during 6 · 108 yr without being "refreshed". For emis
sions in the optical range, e.g. at 106 GHz (300 nm), the 
lifetime of the 104 GeV electrons is only 6 · 105 yr. 

Magnetic Fields and Energy Density. Radio astron
omy and likewise X-ray and gamma-ray astronomy hold 
the possibility of yielding information about the pres
ence of high-energy electrons in cosmic objects. This 
is of great fundamental importance, since the original 
directional distribution of charged particles arriving at 
the Earth (cosmic-ray particles) can no longer be de
termined, due to the complex deflections caused by 
terrestrial and interplanetary magnetic fields . It is, to 
be sure, a serious drawback that we still know very 
little about the magnetic fields which also enter into 
equation (12.28). We cannot decide without further in-
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formation how to attribute the observed galactic yield 
ofradiofrequency radiation to the factor Bf+I)/Z and to 
the density of cosmic electrons n(Ej (in the appropriate 
energy range). 

However, with the plausible assumption that the 
energy densities of the synchrotron electrons plus 
the "associated" protons and of the magnetic field, 
B2 /(2~-to), are roughly equal (assumption of equipar
tition), we can obtain the total energy density, or more 
precisely, a lower limit for it. 

After these initial theoretical considerations, we turn 
to the observation of the nonthermal radiofrequency 
radiation of our Milky Way system and other normal 
galaxies, initially leaving their central regions and nuclei 
out of our discussion. 

12.3.2 The Non-thermal Radiofrequency 
Emissions of Normal Galaxies 

When in 1939 G. Reber investigated the distribution 
of radiofrequency radiation on the celestial sphere at 
167 MHz or)..= 1.8 m with his radio telescope, which 
had only a moderate angular resolution, he immediately 
noticed the concentration of the radiation intensity to
wards the galactic plane and the center of the galaxy. 
Then, in 1950, M. Ryle, F. G. Smith and B. Elsmore 
were able to show that several of the known brighter 
galaxies emit radiofrequency radiation with about the 
strength that would be expected from their similarity to 
our own galaxy. Shortly thereafter, R. Hanbury Brown 
and C. Hazard succeeded in making a rough determi
nation of the brightness distribution of the Andromeda 
Galaxy (M 31) in the radiofrequency range; it was found 
to be very similar to the Milky Way galaxy in this spec
tral range as well as in the optical region. Finally, the de
velopment of more powerful radiotelescopes with high 
angular resolution (interferometry, aperture synthesis; 
see Sect. 5.2.1) allowed rapid progress in the investiga
tion of the radio emissions from galaxies in the 1960's. 

The Milky Way. In our Milky Way system, we can 
observe a number of discrete non thermal sources, whose 
more important types we have already met in previous 
chapters: the remnants of supernovae, on the one hand 
the pulsars and their surrounding nebulae (such as the 
Crab Nebula or the Vela remnant), and on the other the 
extended ring or circular nebulae (such as the remnant of 

Tycho's supernova, Fig. 1 0.15, or the Cygnus Arc); also, 
the .flare stars, which are red dwarf stars with eruptions 
at irregular time intervals. 

After subtracting out these discrete sources, an es
sentially smooth, diffuse component remains, which in 
the range of m and dm wavelengths forms a thick disk of 
the order of several kpc in thickness. Along the galac
tic equator, several steps in the intensity distribution 
can be discerned; they are due to the spiral arms. The 
spectrum of these components, lv <X v-"', has spectral 
indices of a = 0.4 to 0.9 in the frequency range from 0.2 
to 3 GHz. We interpret this component as synchrotron 
radiation, produced by the motion of electrons in the 
large-scale galactic magnetic field. 

In addition to the disk component of nonthermal radi
ation, in the meter wavelength range we observe another 
component, which is distributed relatively uniformly 
over the whole celestial sphere; following J. E. Baldwin, 
it has been ascribed to the galactic halo. Measure
ments with increasingly better angular resolution have 
however shown that more and more of this "halo 
component" can be ascribed to discrete galactic and par
ticularly extragalactic radio sources, which are closely 
spaced in the sky, so that it is at present questionable 
whether "anything will be left over" for the galactic 
halo once the many individual discrete sources have 
been resolved. 

The determination of the spatial distribution of the 
radio sources in our Milky Way system is very difficult 
because we ourselves are within the system. 

Spiral Galaxies. We can gain more immediate infor
mation about the distribution of radio emissions from 
neighboring galaxies. In those spiral galaxies which we 
observe from edge-on, there is frequently an ellipsoidal 
disk, which in the continuum, e.g. at 21.2 em, is notice
ably thicker than the intensity distribution of the 21 em 
line from HI. Only rarely has a halo of nonthermal 
radiation been observed (Fig.l2.17). 

In some favorable cases, the spiral arms can also 
be investigated in the radio continuum: the ridge line, 
i.e. the intensity maximum of the spiral arms, does not 
coincide exactly with that seen in blue-sensitive pho
tographs, which corresponds to the maximum density 
of stars; this can be most clearly seen in the case of 
M51 (Sbc I-11). Instead, the radio arms lie along the 
trailing edges of the "optical" arms, in the area of the 
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Fig.12.17. The nonthermal radio halo of the spiral galaxy 
NGC 4631 (Sc/SBm); from observations by R. D. Ekers 
and R. Sancisi (1977) with the Westerbork Synthesis Ra
diotelescope. The isophotes at ).. = 0.49 m (0.61 GHz) are 
superimposed onto the visible image 

dust and gas concentrations which are marked by dark 
clouds and H II regions. D. D. Mathewson eta!. have in
terpreted this, followiing a suggestion ofW. W. Roberts, 
in terms of the density-wave theory of the spiral arms 
(Sect. 11.2.5), according to which a compression of the 
gas and the magnetic field lines is to be expected in these 
regions. The resulting higher density of the synchrotron 
electrons and the intensification of the magnetic field 
would cause an increase in the strength of the radio 
emissions. The intensity of the radio arms decreases on 
going outwards from the galaxy's center. 

The Origin of the Synchrotron Electrons. The dis
tribution of synchrotron radiation from the spiral arms 
gives us information about the origin of the relativis
tic electrons. The emission from a thick disk and the 
observed proportionality of the mean intensity to the 
average optical luminosity lead us to suspect that a ma
jor portion of the synchrotron radiation originates from 
the old disk population (Sect. 11.2.6). To what extent 
supernovae and their remnants can serve as sources 
and can explain the observed intensity is still not clear. 

The central regions of the galaxies are probably not 
the source of many of the synchrotron electrons, since 
no correlation between the intensities of the nonther
mal disk components and those in the central regions 
is observed. Furthermore, it seems that the amplifica
tion of synchrotron radiation in the normal spiral arms 
(e.g. M 51) is due to compression of the plasma already 
present, including its magnetic field and synchrotron 
electrons. 

12.3.3 Radio Galaxies 

In 1946, J. S. Hey and his coworkers detected the first 
radio source in the Swan, Cygnus A, initially on the 
basis of its intensity fluctuations. Later, simultaneous 
measurements made at widely separated points showed 
that these fluctuations result from scintillation in the 
ionosphere. Like optical scintillation, which is observed 
for stars but not for planets (with their larger angular 
diameters), radio scintillation is seen only in the case 
of sources with a sufficiently small angular diameter. In 
the quasistellar radio sources or quasars (Sect. 12.3.4), 
whose angular diameters are less than 1", another kind 
of scintillation has been discovered; it originates in the 
interplanetary plasma. 

By 1954, it had become possible to determine the 
positions of several of the stronger radio sources with 
sufficient precision that W. Baade and R. Minkowski 
were able to associate them with visible objects. 

In the following paragraphs, we describe the radio 
structures of the two strong sources Cyg A and Cen A in 
detail. 

Cygnus A. The second-strongest radio source in the 
northern hemisphere, Cyg A, has been attributed to 
a surprisingly faint object of photographic magnitude 
17.9 mag. Its spectrum exhibits Ha and several forbid
den emission lines with a red shift of z = i1A./ A. ~ 0.056, 
corresponding to 16 800 km s-1, along with a weak 
continuum. It is therefore an extragalactic object at 
a distance of about 350 Mpc. 

The optical image of Cyg A shows that it is a giant E
galaxy (cD galaxy) with a dark absorption band caused 
by dust. W. Baade and R. Minkowski at first interpreted 
this optical image as two colliding galaxies. The stars 
would be only slightly disturbed by the collision, but 
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interstellar gas would be swept out of both galaxies 
and excited to cause emission of radiofrequency radia
tion. Later investigations however failed to confirm this 
hypothesis. 

The radiofrequency radiation from Cyg A= 3 C 405 
(3 C refers to the Cambridge Catalogue of Discrete Ra
dio Sources) originates for the most part not within the 

Fig.12.18a,b. The radio galaxy Cyg A= 3 C 405. Radio 
observations at 5 GHz (A. = 6 em) with the VLA in a pho
tographic representation, corresponding to two different 
"exposure times". The central source coincides with a cD
galaxy observed in the optical region, with a red shift of 
z:::::: 0.06. In (a) the structures in the outer emission regions, in 
particular the "hot spots" , are easily distinguished; in (b) the 

galaxy itself, but in two extended components which are 
located in nearly symmetric positions far out from its 
center. This was shown in 1953 by R. Hanbury Brown, 
R. C. Jennison and M. K. Das Gupta using the corre
lation interferometer at the Jodrell Bank Observatory. 
A weaker radio source coincides with the position of 
the optical galaxy. In Fig. 12.18, we show a more re-

jet which reaches from the center towards the NW (right) out 
to the outer emission region can be seen. The overall extent of 
the radio double structure is about 200 kpc; the angular reso
lution of 0.4" corresponds to about 0.6 kpc. From R. A. Perley 
et al., Astrophys. J. 285, L 35 (1984). (Reprinted courtesy of 
The University of Chicago Press, The American Astronomical 
Society, and the authors) 
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cent radio image of Cyg A, taken with the Very Large 
Array. The double structure has an overall length of 
about 0.2 Mpc. In the outer radio sources, we find 
smaller regions with very strong radio emission, which 
have relatively sharply defined outer boundaries. These 
"hot spots" were discovered in 1974 by P. J. Hargrave 
and M. Ryle with the Cambridge 5 km Aperture Synthe
sis Radiotelescope (at 5 GHz). Furthermore, a beam or 
jet was found, ejected out from the center of one of the 
outer sources. The overall radio luminosity of Cyg A is 
about 1038 W, corresponding to 2 · 1011 L 0 . 

Centaurus A. The nearest radio galaxy to us, at a dis
tance of 5Mpc, is Centaurus A=NGC5128 in the 
southern hemisphere. Here, we can recognize a num
ber of interesting details. The optical image initially 
shows NGC 5128 to be a giant elliptical galaxy (type EO 
or SO), surrounded by a band of dark matter perpendic
ular to its axis (similar to that which originally made 
Cyg A appear to be two galaxies). Ha observations of 
H II regions in the band of dust show a rotation curve 
corresponding to a normal spiral galaxy with a mass of 
several1011 .M0 . NGC 5128 thus represents an unusual 
"mixture" of two types of galaxies: a nearly spherical 
E-galaxy with a diameter of about I 0 kpc, which is pen
etrated (or surrounded) by a rotating disk about 1 kpc 
thick and filled with dust. 

The first radio map of Cen A in the continuum 
at 1.4 GHz made by B. F. C. Cooper, R. M. Price and 
D. J. Cole in 1965 already permitted the identification of 
two pairs of plasma clouds, whose separations from the 
optical galaxy are about 1 Mpc and 10 kpc, respectively 
(Fig. 12.19). Observations at high resolution with the 
Very Large Array at 4.9 and 1.5 GHz made in 1983 by 
J. 0 . Burns, E. D. Feigelson and E. J. Schreier showed 
additional structures in Cen A (Fig. 12.20). The isophote 
chart of the inner pair of radio sources has an S-shaped 
structure, roughly symmetrical around a central point. 
This twisting continues in the outer pair. Near the center, 
we find a jet about 1.5 kpc long, consisting of several 
"knots", which joins the center to the northern inner 
radio source across a gap of 0.4 kpc. It points in the 
direction of the axis of the optical galaxy, perpendic
ular to the dust band. A southern counterpart to this 
jet is not present. The jet was, incidentally, first dis
covered in the X-ray spectrum by the Einstein Satellite. 
Since the knots observed in the radiofrequency range 
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Fig.12.19. The first radio map of Cen A= NGC 5128: 
isophotes of the radio continuum at 1.42 GHz (A.= 21 em), 
after B. F. Cooper eta!. (1965). The brightness temperatures 
in [K] are shown. The shaded circle of 14' diameter indicates 
the angular resolution of the antenna 

coincide with those in the X-ray image, it is tempt
ing to interpret the X-ray emission also as synchrotron 
radiation. To generate it, synchrotron electrons with 
more than 105 GeV (12.25) and certainly also heav
ier particles of comparable energies must be present. 
Some of the knots are recognizable in the optical re
gion as a nonthermal continuum with emission lines. 
Within the central radio component, observations using 
long baseline interferometry at 2.3 GHz were finally 
able to resolve an additional inner jet about 0.05" 
or 1 pc long, extending in the same direction as the 
outer jet. 
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Fig. 12.20. The inner portion of the radio source 
Cen A= NGC 5128; observations with the Very Large Array 
at 4 .9 GHz (A= 6 em) and a resolution of 15.6" · 10.1" (upper 
right), and at 1.5 GHz (A = 20 em) and 3.65" · 1.05" (lower 
right). The 4.9 GHz isophotes are superimposed at the left 
onto a blue photograph of the central giant elliptical galaxy 

Observations of the giant elliptical galaxy 
M 87 = NGC 4486, the radio source Virgo A ( cf. also 
Sect. 12.1.5) first showed that the optical continuum 
with its UV excess (compared to normal galaxies) is 
also generated by the synchrotron mechanism. A jet was 
observed to emerge from the center of this galaxy, emit
ting polarized blue light which could be synchrotron 
radiation. Later, this jet was detected also in the radio 
and X-ray ranges. 

Structure. Cyg A, with its characteristic double struc
ture of radio emission lying symmetric to the central 
cD galaxy, is the prototype of a radio galaxy. In general, 
we define radio galaxies by the fact that their luminosi-
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(EO or SO+ Spec) taken by J. Graham with the 4 m telescope 
of the Cerro Tololo Inter-American Observatory. Radio im
ages from J.O. Bums eta!., Astrophys. J. 273, 128 (1983). 
(Reprinted courtesy of The University of Chicago Press, The 
American Astronomical Society, and the authors) 

ties in the radiofrequency range are greater than those 
in the optical region. 

The double structure in the radio emissions is found 
in more than two-thirds of all strong radio galaxies. 
Its size lies mainly in the range 0.1 to 0.5 Mpc. The 
record is held by the giant radio galaxy 3 C 236, at 
a distance of 600 Mpc from the Sun, with a length 
of 5.6 Mpc. As in the case of Cyg A, we frequently 
find a central, compact ( < 1") radio component, partic
ularly in observations at high frequencies; it can usually 
be identified with the active nucleus of the galaxy 
(Sect. 12.3.6), and its radiation flux exhibits strong 
time variations, unlike that of the extended emission 
regions. 
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Often, the morphological classification of the radio 
galaxies (after B. L. Fanaroff and J. M. Riley, 1974) is 
used: in type FR I, the radio emission of em waves 
is weaker than in type II and is more strongly con
centrated towards the center of the galaxy. Type FR II 
includes the galaxies of higher radio luminosity with 
marked double structures, roughly symmetrical and 
showing "hot spots" at their edges. Frequently, col
limated jets are observed. The prototype of a radio 
galaxy of type FR II is Cyg A, while Cen A is classified 
as type I. 

Radio Spectra and Energy. The spectra of the radio 
galaxies are nonthermal, i.e. they obey a power law 
lv ex v-"' (12.20) with an average spectral index (in 
the spectral range between 6 and 11 em wavelength) of 
(a) ::::: 0.8 for the extended double sources and (a) ::::: 0 
for the compact sources. Here, again, we can identify 
the nonthermal radio emissions as synchrotron radia
tion from relativistic electrons, whereby the spectrum 
of the compact sources is flattened due to absorption. 

The energy contained in the synchrotron electrons 
and the magnetic field of a galaxy can be estimated 
using the theory of synchrotron radiation (Sect. 12.3.1 ). 
For the radio galaxies, energies in the range of 1049 to 
1054 J are typical; the magnetic fields lie between 10-10 

and 2 · 10-8 Tesla. 

The Central Galaxies. Surveys of all the optically iden
tified radio galaxies show that about half, such as Cyg A 
and Cen A, are giant E/SO galaxies; the other half are 
quasars (Sect. 12.3.4). The distinction between the two 
is however not as sharp as it appears at first glance. 
Careful investigations of the core regions of Cyg A and 
some other objects have shown that within them, behind 
a massive dust ring, a quasar is "hidden". In the case of 
Cyg A, the dust extinction in the visible is estimated to 
be 30 to 50 mag! The relations of the different kinds of 
activity in galactic nuclei to one another will be taken 
up in more detail in Sect. 12.3.6. 

Many radio galaxies emit strong optical lines 
from their galactic nuclei. We distinguish the Broad 
Line Radio Galaxies (BLRG), which show broad 
allowed emission lines around 8000 km s-1 (and nar
rower forbidden lines) from the Narrow Line Radio 
Galaxies (NLRG), whose allowed and forbidden lines 
have widths around 500 km s -I. With respect to the 

emission lines from their nuclei, the quasars and the 
Seyfert galaxies also show similarities (Sect. 12.3.6). 

Radio Jets. While jets have been found in the opti
cal and X-ray regions in only a few radio galaxies and 
quasars, radio observations, in particular with the Very 
Large Array, have shown that radio jets are a widespread 
phenomenon and that relativistic particles are probably 
transported from the centers to the outer zones of radio 
galaxies by these jets. The fact that jets are often ob
served in only one direction, as e.g. in the case of Cen A, 
can probably be understood in terms of the relativis
tic Doppler effect, which intensifies the radiation from 
particles which are moving towards us (Sect. 12.3.4). 

When the supersonic plasma rays collide with 
a denser medium (gas in galaxy clusters or intergalac
tic gas), a shockwave is formed, and it is presumably 
seen as a "hot spot" in the radiofrequency region. The 
effective collimation of the jets around their axes over 
great distances . is surprising, as is their stability over 
periods of 106 to 107 yr; this is not yet well under
stood. In some cases, e.g. in the radio galaxy NGC 6251, 
we see a linear alignment of the jets over dimensions 
of 1 pc up to 1 Mpc. Crooked or "bent" jets as in 
Cen A can be explained by perturbations from accompa
nying galaxies or by precessional motions of the central 
galactic axis. 

An important limitation of any model of a radio 
galaxy is the lifetime of the synchrotron electrons. We 
estimate for example in Cyg A a magnetic field of 
1.5 · 10-8 T (see above). Then, according to (12.29), 
the electrons whose synchrotron emissions are observed 
at 5 GHz can emit this radiation only during a period of 
about 105 yr; however, their time of flight from the cen
ter to the edge of the galaxy, a distance of 0.1 Mpc, is 
in the most favorable case (propagation along straight 
lines at the velocity oflight) equal to 3 · 105 yr. In many 
cases, the previously suggested explanation of the ra
dio galaxies in terms of a single explosion in the center 
104 to 107 yr ago, causing ejection of clouds of plasma 
along the axis, meets with difficulties. Instead, there is 
probably a continuous "energy replacement" along the 
length of the jets, and an acceleration of the electrons 
to relativistic energies in situ within the shock waves of 
the hot spots. 

In some of the jets from radio galaxies, velocities are 
observed which are apparently greater than the velocity 
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of light. We will explain this phenomenon, which also 
occurs in connection with quasars, together with the 
treatment of those objects in Sect. 12.3.4. 

We shall postpone further discussion of the question 
of the energy source, and first consider the observations 
of the nuclei of the various types of galaxies. These are 
the locations of "activity", which varies strongly from 
galaxy to galaxy and also with time; the significance of 
this activity was pointed out by V. A. Ambarzumian as 
early as 1954, in a series of articles which were hardly 
noticed then. 

12.3.4 Quasars (Quasistellar Objects) 

In the 1960's, it was discovered that a number of by 
no means faint radio sources from the 3rd Cambridge 
Catalogue of Discrete Radio Sources (3 C) could be at
tributed to optical objects that were not distinguishable 
from stars on photographs taken with the Mt. Palomar 
5 m telescope. Their diameters of < 1" as determined 
optically and radio-astronomically made it clear from 
the start that these new objects have unusually high sur
face brightnesses in both spectral regions. In 1962/63, 
M. Schmidt investigated their spectra; they show a con
tinuum and strong emission lines, similar to those of 
the radio galaxies already known. The new factor was 
the enormous red shifts, z = .1A./A., which, when inter
preted in terms of the Hubble relation (13.2), indicated 
that these objects are very distant blue galaxies. Their 
absolute visible magnitudes surpass those of the nor
mal giant galaxies by factors of up to I 00; their radio 
luminosities correspond roughly to that of Cyg A. At 
this stage of the investigations, the name quasar (for 
quasistellar radio source) was coined. 

In 1965, A. Sandage discovered that there are many 
more quasistellar galaxies, which are optically indistin
guishable from the quasistellar radio sources in terms 
of their compact structures, their high surface bright
nesses, and their blue color, but which emit no (or only 
very weak) radiofrequency radiation. A distinction was 
thus often made between QSR's = Quasistellar Radio 
Sources and QSO's = Quasistellar Objects (without ra
diofrequency emissions). Today, it is clear that both 
represent the same type of galaxy, of which a small 
fraction suffers from the "radio disease"; thus, only the 

name "quasars" or "quasistellar objects" is now used, 
and, as necessary, mention is made of whether or not 
they emit strong radiofrequency radiation ("radio-loud" 
or "radio-quiet", respectively). 

Discovery and Red Shift. The quasar which is near
est to us (not counting the BLLac objects, see below), 
discovered as the first quasar by Maarten Schmidt, 
is 3 C 273, with mv = 12.8 mag and a red shift of 
z = 0.158 or a distance of about 730 Mpc. All of the 
other quasars are fainter than 16 mag. Initially, several 
other quasars were discovered on the basis of their ra
dio emissions. As a result of their blue color, quasars 
with z values which are not too large can also be lo
cated in the optical range. In two-color diagrams (U- B, 
B - V), they can be readily distinguished from stars, 
since they fall together with the Seyfert nuclei and the 
N galaxies (Sect. 12.3.5) in a narrow band roughly along 
the black-body line (Fig. 6.12). To locate quasars with 
higher z values, optical techniques in the red spectral re
gion and furthermore observations in the infrared range 
are employed. 

400 500 600 ). lnm] 700 800 

Fig.12.21. The optical spectrum of the quasar PKS 2000--330 
(mv::::: 19 mag), with a red shift of z = 3.78: relative inten
sity vs. observed wavelength. This image was made with the 
Anglo-Australian 3.9 m telescope, at a resolution of I nm. The 
identification of the strongest lines and the Lyman edge is in
dicated. In the rest system, Luis at 121.6 and C IV at 155 nm. 
The numerous absorption lines on the short-wavelength side 
of Lu originate from individual hydrogen clouds along the 
line of sight ("Lu forest") . From B. A. Peterson et al., As
trophys. J. 260, L 27 ( 1982). (With the kind permission of 
The University of Chicago Press, The American Astronomical 
Society and of the authors) 
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For several years, the quasar with the largest known 
red shift was PKS 2000-330 (magnitude mv::::::: 19 mag), 
with z = 3.78. Then, after the mid-1980's, more and 
more quasars with larger red shifts were discovered in 
short order, including, up to the year 2000, some 200 
quasars with z > 4 and several with z > 5. 

The Sloan Digital Sky Survey (SDSS), begun in 1998 
and making use of photometric surveys in the optical re
gion and the near infrared with the 2.5 m telescope of the 
Apache Point Observatory in New Mexico, has proven 
to be particularly successful in finding quasars with the 
highest red shifts. In 2000, the quasar with the (abbre
viated) notation SDSS J 1044-0125 was discovered at 
a red shift of z = 5.8; its apparent brightness (in its rest 
system at).. = 145 nm) is - 27.2 mag. The quasar SDSS 
1114816.64 + 5251503 discoveredin2003 is the current 
record-holder with the largest red shift, at z = 6.42. 

In the spectrum of, for example, the quasar 
PKS 2000-330 (z = 3.78), the La resonance line of 
hydrogen is shifted from its rest wavelength at Ao = 
121.6 nm to)..= (1 + z)Ao = 581.2 nm (Fig. 12.21); for 
SDSS 11044-0125 (z = 5.8), it is shifted to 826.9 nm. 
We can thus readily observe the strong ultraviolet emis
sion lines from the distant quasars with z ~ 4, including 
the Lyman line and C IV at Ao = 155 nm, without 
difficulty in the in the optical and near infrared ranges. 

In optical and radio-astronomical sky surveys, sev
eral thousand quasars have now been discovered. While 
the first quasar catalogue (in 1971) included only 
about 200 objects, for example the (11th) catalogue 
of M.-P. Veron-Cetty and P. Veron (2003) lists almost 
49 000 quasars with their measured positions, red shifts, 
colors, radiation fluxes in the radiofrequency range, etc. 

The quasars are also strong X-ray sources, so that 
the sky survey with the ROSAT X-ray satellite iden
tified among the roughly 60 000 sources around half 
as candidates for quasars (and active galactic nuclei), 
whose precise nature must still be verified through 
spectroscopic observations. 

In the case of red shifts which are no longer small 
compared to one, we cannot use the simple Hubble 
relation, z proportional to distance, to determine the 
distance; instead, we need a generalized relation which 
is found from the theory of General Relativity, given 
a model for the Universe (13.46). 

From the statistics of quasars, we can conclude that 
their spatial density has a marked maximum for red 

shifts between 2 and 4, and then drops off steeply at 
larger values of z. 

Luminosities. The absolute magnitudes Mv of the 
quasars are in the range from -24 to -32 mag 
(for a Hubble constant of H0 = 65 km s-1 Mpc1, 

Sect. 13.1.1). This corresponds to visual luminosities 
of 1012 up to several10 14 L 0 ( 4 . 1038 to around 1041 W). 
Since a substantial portion of their radiation is emitted 
in other spectral regions as well, the total luminosi
ties are considerably larger. Thus, for example, for 
an "average" quasar such as 3 C 273 the total lumi
nosity is L ::::::: 1014 L 0 , while in the visual range, only 
about 5 · 1012 L 0 is emitted. The highest observed lumi
nosities range up to several 1015 L 0 . The quasars thus 
represent the absolutely brightest stellar systems in the 
Universe. We usually observe only the extremely bright 
nuclei of these distant galaxies. 

The Mother Galaxies. The associated galaxies are rec
ognizable in normal optical images only in the cases of 
the nearest quasars, such as 3 C 273, as faint, extended 
nebulous spots; in general, they are washed out by the 
much brighter nucleus. Only since the mid-1980's, us
ing extremely sensitive CCD detectors (with a large 
dynamic range!) and modem image-enhancement tech
niques, has it become possible to detect the associated 
galaxies of all the quasars with z ::::; 0.5 (Fig. 12.22). 

From the luminosity distributions, after subtracting 
out the quasar itself, absolute magnitudes of about -21 
to -23 mag and diameters of around 40 to 150 kpc are 
derived for the galaxies; these are typical of large spi
ral or elliptical galaxies. Often, deformed structures, 
double galactic nuclei and other anomalies are ob
served, indicating strong gravitational interactions. The 
observations suggest that the quasars with strong ra
diofrequency emissions possibly belong to E galaxies, 
and those with no radiofrequency emissions to S or also 
E galaxies. 

Spectral Energy Distributions. In the case of 3 C 273, 
owing to its relative nearness, almost the entire spectrum 
can be observed, in particular also the mm and infrared 
regions. On the whole, the radiation flux over 14 orders 
of magnitude from the radio up to the gamma-ray range 
can be represented by a power law, Fv ex v-a (12.20), 
with a spectral index of a ::::::: 1. It is therefore tempting to 
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Fig. 12.22. A direct photograph of the quasar QSO 0054 + 144 
(z = 0.171) taken with the CCD camera of the 2.2 m telescope 
on Calar Alto by J. Fried in 1983 (red filter, 1 h exposure). 
The size of the section is about 90' · 90'; the quasar is the 
brightest object in the lower half of the picture. The bright 
quasar is surrounded by a nebulous spot, its mother galaxy, 
whose luminosity distribution is typical of an elliptical galaxy. 
(Picture courtesy of J. Fried) 

interpret the whole electromagnetic spectrum of these 
objects as being due to nonthermal synchrotron radia
tion. However, more precise observations have shown 
that a power law with a fixed value of a is a good approx
imation only in a limited range of wavelengths, and that 
clear deviations from the power-law dependence occur. 
Furthermore, the spectral energy distribution of the ma
jority of the quasars is not well reproduced by a global 
power law. On the contrary, it is seen that the continuous 
spectrum of the quasars consists of four main compo
nents, with relative intensities which vary from object 
to object: 

1. In the radiofrequency range, the quasars exhibit 
a nonthermal spectrum, which without doubt can be 
attributed to synchrotron radiation. Its spectral index 
lies -like that of the radio galaxies (Sect. 12.3.3) -
in the range between 0 and 1, whereby the flat spec-

trum (a::::::: 0) probably results from the superposition 
of radiation from several compact components with 
different synchrotron self-absorption. 

2. The "infrared bump" between about 2 and 300 11-m 
is thermal radiation from dust, which is heated by 
the (shorter-wavelength) radiation field of the quasar 
to To 2: 50K. 

3. The broad "blue bump" between around 10 and 
300 nm is likewise due to thermal radiation. This re
gion is ascribed in the main to the hot portions ( 104 to 
105 K) of an accretion disk around the central black 
hole (Sect. 12.3.6). Many quasars also show a still 
smaller UV bump at around 300 nm. 

4. In the X-ray and the gamma-ray regions, the contin
uum emission follows essentially a power law, and is 
thus of nonthermal origin. To be sure, the energetic 
X-ray and gamma-ray photons are not generated di
rectly by the synchrotron process, but instead by 
inverse Compton scattering ( 4.143) of less energetic 
photons on relativistic electrons. 

A stellar component has so far not been observed in the 
nuclei of quasars. 

The main portion (2: 90%) of the luminosity of all 
quasars comes from the region between about 3 nm 
(0.4 keV) and 300 jl.m. In this broad range, from the soft 
X-ray region out to the far infrared, thermal radiation is 
predominant; to what extent synchrotron radiation also 
contributes to the continuum remains an open ques
tion. On the other hand, to explain the emissions in the 
radiofrequency and the hard X-ray and gamma-ray re
gions, relativistic electrons and nonthermal processes 
must be invoked. 

In detail, simultaneous observations in as wide 
a wavelength range as possible, carried out with con
siderable effort for selected, nearby quasars - among 
others, for 3 C 273 - have shown a complex time vari
ability of the intensity and the spectral index, which we 
cannot treat further here. Furthermore, owing to the dif
ferent instrumental angular resolutions in the different 
spectral ranges, the observed radiation flux is due to dif
ferent emission regions, which leads to uncertainties in 
the determination of the luminosity, especially in the 
case of very distant quasars. 

It is surprising that the spectral dependence of the 
energy distribution from the infrared to the X-ray re-
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gion is essentially the same for all quasars (except for 
the BL Lac objects, see below), whereby of course the 
observed spectrum must be corrected to the rest system 
of the quasar depending on its red shift. Only in the ra
dio and in the gamma-ray regions are there noticeable 
differences between individual quasars. 

In the radio-quiet quasars, which make up around 
90% of all the quasars, the emission decreases sharply 
for A. ~ 100 J.Lm towards the radiofrequency range. Their 
radio luminosity is on the average about a factor of 103 

weaker than that of the radio-loud quasars (such as 
e.g. 3 C 273). 

In the gamma-ray region, in particular the special 
group of the BL Lac objects are notable for their strong 
emissions. 

Absorption Lines. In the spectra of many quasars, in 
addition to the broad emission lines, numerous faint, 
sharp absorption lines are observed (Fig. 12.21), which 
for more distant quasars can often be grouped accord
ing to their relative intensities into several systems with 
different absorption red shifts Zabs ; as a rule, Zabs ~ z, 
where z is the red shift of the quasar as determined 
from its emission lines. If Zabs differs only slightly 
from z, the absorption must be due to matter in the im
mediate neighborhood of the quasar, while differences 
lz- Zabs l/z ~ 0.01 can be attributed to absorbing mat
ter along the line of sight between the observer and the 
quasar. For the more distant quasars, there are numer
ous sharp absorption lines on the short-wavelength side 
of the La emission line (Fig. 12.21). These are for the 
most part identifiable as La absorption at different red 
shifts ("Lyman a forest"), which originates in a large 
number of hydrogen concentrations in the intergalac
tic medium and in protogalaxies, and in the halos of 
galaxies along the line of sight (Sect. 12.5.2). 

Structure. Observations in the radiofrequency range at 
high angular resolution show that many quasars consist 
of two or more components, usually a compact central 
source ( « 1") and a more extended, long, thin source 
(jet), similar to the structure of the central region of 
Cyg A (Figs. 12.18 and 12.23). 

In the case of the nearest quasar, 3 C 273, optical 
and radio images both show that a thin jet ( compo
nent 3 C 273 A) stretches out to a distance of about 20" 
or 80 kpc. The Hubble Space Telescope was able to re-

1977.56 

0 

Fig. 12.23. The quasar 
3 C 273: observations 
of the compact com
ponent B by very 
long-baseline interfer
ometry at 10.65 GHz 
(A = 2.8 em) in the years 
1977 to 1980. The ex
pansion of the source 
of 0.76 .w-3" yr- 1 

corresponds to an ap
parent velocity of about 
9 times the veloc-
ity of light (for Ho = 
65 kms- 1 Mpc- 1) . The 
shaded ellipse indi
cates the resolution of 
4.2 · 1.2 milliseconds of 
arc. From T. J. Pearson 
et al., Nature 290, 365 
(1981). (Reprinted by 
permission of Macmil
lan Magazines Ltd., 
London, and of the 
authors) 

solve individual knots and a twisted spiral structure. 
Since the jet cannot have propagated outwards at more 
than the velocity of light, its age must be at least of the 
order of 106 yr. 

The actual radio quasar consists of a radio halo 
80 pc across (3 C 273 B); within it, there are several 
smaller, variable components ( :S 10 pc) and a compact, 
unresolved component of :S 0.0004" or :S 1.5 pc. In the 
frequency region around ~ 10 GHz, the compact com
ponent emits the greatest portion of the radiation flux; 
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the small size of the central component of 3 C 273 and 
other quasars, which can evidently be regarded as the 
real sources of their energy and their activity, is verified 
by the time variability of the optical and radiofrequency 
radiation (with an amplitude of around 0.2 to 1 mag); it 
has characteristic times of the order of weeks to years. 
The diameter of the radiating region can thus be at most 
a few tenths of a light year. 

Apparent Superluminal Velocities. Very long-base
line interferometric observations of the time variations 
in the structure of the radio sources, for 3 C 273 B and 
some other more distant quasars and radio galaxies (as 
well as galactic stellar gamma sources, cf. Sect. 7.4.8), 
reveal motions which apparently involve faster-than
light or superluminal velocities (Fig. 12.23). These 
apparent velocities perpendicular to the line of sight, 
V..L. >cor fh = v.1.lc > 1, can be explained as follows: 

Let a source move with the velocity v or f3 = vIc 
towards the observer (at an angle 8 to the line of sight) 
from P1 to P2 in the time ..1t (Fig. 12.24). A signal 
emitted at P2 reaches the observer at a time ..1tobs after an 
earlier signal emitted at P1; this time is shorter than ..1t 
by the propagation time v..1t cos 81c of the first signal 
over the distance P1 P{. The observer then measures the 
apparent velocity component perpendicular to the line 
of sight to be 

f3 sin 8..1t f3 sin 8 
f3..L.= =----

..1tobs 1 - f3 COS 8 
(12.30) 

Now if a beam of relativistic particles is moving with 
f3:::: 1 almost directly towards the observer (at a small 
angle 8 to the line of sight), its forward-directed syn
chrotron radiation is emitted by a source (as seen by 
the observer) moving on the sphere with the apparent 

v.11 -sino to observer 

v.11 ·COSO Pj 

Fig.12.24. Explanation of the apparent faster-than-light 
velocities 

superluminal velocity: 

2c 
V..L.::::-

8 
((1-{3)«8212) (12.31) 

(sin 8 :::: 8, cos 8 :::: 1 - 82 12). For e.g. 3 C 273 B, the in
crease of the distance between two components with 
V..L.Ic:::: 9 observed in 1977/80 corresponds to a beam 
angle of 8 :::: 219 or around 12°. 

Relativistic Intensity Enhancement. If matter is mov
ing in a jet with the relativistic velocity f3 = v 1 c :::: 1 
towards us, its radiation intensity will be enhanced rela
tive to that of a source at rest in the frame of the observer 
("boosting"). 

We can give a simple expression for the effect of 
the relativistic motion on the intensity or the surface 
brightness lv (4.27); this is not possible for the radiation 
flux (4.34). Since - as we simply state here without 
proof- it is not the intensity itself, but rather lvlv3 

which is relativistically invariant (with respect to the 
Lorentz transformation, ( 4.13 )), an observer measures 
an intensity at the frequency Vobs of 

( Vobs )3 
lobs = ---;- lv (12.32) 

when the intensity lv was emitted at the frequency v in 
the rest system of the source. If the source is moving 
at an angle 8 relative to the line of sight, the frequency 
shift is given by the relativistic Doppler effect ( 4.18): 

Vobs 
=-----

y( 1 - f3 cos 8) ' 
(12.33) 

v 

where y = 1 I J 1 - {3 2 = E I mec2 is the Lorentz factor 
(4.14) (E = energy of the relativistic electrons); 8 = 
oo denotes motion straight towards the observer. The 
observed intensity relative to that emitted in the rest 
system of the source is then 

lobs 1 

lv [y(1- f3 COS 8) f (12.34) 

"' ~8~33 for 8 = oo 
- y 90° 

kr-3 180° . 

In evaluating this expression, we have set 1 + f3 :::: 2 
and used the identity 11y2 = 1- {32 = (1- {3)(1 + {3). 
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Since the emission of synchrotron radiation is limited 
to a small solid angle of the order of 1/y (12.13), it is 
thus strongly anisotropic. 

If we now choose a Lorentz factor of e.g. y = 5 or 
f3 = 0.98, then the enhancement factor for a jet which 
is directed straight at the observer is equal to 1000, and 
for an angle of 8 = 10°, it is still 110. A jet moving per
pendicular to our line of sight appears to be attenuated 
by a factor of 125, and one which is directed away from 
us, by a factor of 1000. This relativistic effect explains 
fundamentally the frequent observation of only one jet 
from the radio sources. 

In a more precise calculation, we would have to take 
into account the finite bandwidth of the measurement 
and the spectral dependence of the intensity. For a non
thermal spectrum, lv <X v-a for example the exponent 3 
in ( 12.34) would have to be replaced by (3 +a). It is 
also often expedient to recalculate the observations in 
terms of a common frequency v in the rest system of 
the source. 

Our considerations furthermore show that for radia
tion sources moving at relativistic velocities, the "usual" 
estimate of the luminosity from the apparent magnitude 
(6.43), which is based on the assumption of isotropic 
emission, can lead to greatly exaggerated values. Also, 
because of the time dilation ( 4.17), the observed time 
scales of brightness variations are shorter by the fac
tor y than the true variations in the rest system of the 
source. 

Energy Requirements. The total energy which must be 
available to a quasar can be estimated from the thermal 
radiation of the accretion disk and the heated dust as 
well as the synchrotron radiation emitted. The energy 
of the relativistic electrons, the associated ions and the 
magnetic field can be obtained as in the case of the 
radio galaxies (Sect. 12.3.3) under the assumption of 
approximate equipartition. 

All together, we find a characteristic energy of 
:::: 1055 J, which corresponds to a relativistic rest energy 
.Mc2 of several 108 .M0 ! The total emission of a typ
ical quasar of around 1014 L0 = 4 · 1040 W could thus 
be supplied from this energy reserve for at most 107 

to 108 yr. 
The process of energy production itself will be dis

cussed in Sect. 12.3.6, together with the global topic of 
activity phenomena. 

Cosmological Nature. As a result of the enormous en
ergy requirement of the quasars, some astronomers have 
questioned the determination of their distances on the 
basis of Hubble's red shift relation. The large red shifts 
are interpreted by them in some other manner, and the 
quasars are taken to be "local" phenomena, which for 
example might have been formed by ejection of mat
ter from other galaxies. In particular, these astronomers 
point out the frequent occurrence of quasar and galaxy 
pairs and groups with very small angular spacings, 
which thus apparently belong together, but which have 
very different red shifts. A satisfactory statistical inves
tigation of such coincidences has yet to be performed. 

On the other hand, a series of other observa
tions speaks convincingly in favor of the cosmological 
interpretation of the red shifts of the quasars: 

For one thing, many quasars also belong to groups 
and clusters in which the normal galaxies have the same 
red shifts as the quasars. 

Then, especially, the direct observation of the mother 
galaxies of nearby quasars clearly supports the cosmo
logical interpretation of the red shift. Their luminosities 
agree with those of nearer large E- and S-galaxies pre
cisely when the Hubble relation is applied to the distance 
determination of the quasars from their z values. 

The "La forest" in the spectra of more distant 
quasars (Fig. 12.21), which is interpreted as due to 
concentrations of neutral hydrogen in the intergalactic 
medium along the line of sight in front of the quasars 
(Sect. 12.5.2) also supports their cosmological nature. 

Finally, in every respect (energy flux and content, 
radio structure, activity in the nucleus, belonging to 
galaxy clusters), there is a continuous transition from 
the Seyfert galaxies (Sect. 12.3.5) and the radio galaxies 
(Sect. 12.3.3) to the quasars. This is also apparent in the 
Hubble diagram (Fig. 13.3). 

Gravitational Lenses. A further indication of the 
great distances to the quasars is given by the "twin 
quasars" QSO 0957 + 561 A and B discovered in 1979 
by D. Walsh, R. F. Carswell and R. J. Weymann, as well 
as similar objects observed more recently. The two 
quasarsAandB, bothwithmagnitudesofmv ~ 17 mag, 
are only 6" apart and have identical red shifts (z = 1.41) 
and spectra. It is tempting to interpret them as images 
of a single quasar, whose light rays have passed through 
a "gravitational lens" on the way to us, i.e. they have 
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been bent in such a way by the gravitational field of 
a massive galaxy that two images resulted. We have al
ready discussed the fundamentals of gravitational lenses 
in Sect. 8.4.3. If we take the extended mass distribu
tion of the foreground galaxy into account, we find that 
a gravitational lens can produce three (or more) images, 
whose brightnesses are in general not the same. 

For 0957 + 561, the B component has in the mean
time been resolved into two images with a spacing 
of :::::: 0.1", and furthermore the galaxy responsible 
for the deflection, at ZL = 0.36 (i.e. at a distance of 
:::::: 1800 Mpc) has been identified on the line connect
ing A and B, and its mass has been determined to be 
about 1012 .M0 . 

At present, we know of around 40 clearly identified 
gravitational lenses for quasars with a wide variety of ar
rangements of the multiple images; some Einstein rings 
have also been observed, mostly in the radiofrequency 
range. We mention the "cloverleaf' H 1413 + 117, with 
four images at spacings of I" and a red shift of z = 2.55, 
as well as the unusual "Einstein cross" Q 2237 + 0305 
(Fig. 12.25), with a diameter of 1.8" and z = 1.69. In its 
case, the lens is in the center at only ZL = 0.04 and is 
surrounded by four symmetrically arranged images of 
the quasar. 

Fig.12.25. The Einstein cross, Q 2237 + 0305, with a diame
ter of 1.811 • A massive spiral galaxy at a red shift of z = 0.04 
acts as a gravitational lens for a distant quasar which lies 
behind it (at z = 1.69) and produces four images which are 
arranged roughly symmetrically around its center. These two 
pictures, made in August 1991 (left) and August 1994 (right) 
with the William Herschel 4.20 m telescope on La Palma, 
show the changes in the brightness of the quasar images 
within three years' time. These were caused by foreground 
stars acting as micro-gravitational lenses (Sect. 8.4.3). (Pic
ture: G. Lewis and M. Irwin, William Herschel Telescope, © 
Royal Astronomical Society) 

Deflection by a gravitational lens leads to time-of
flight differences in the different wavefronts which reach 
the observer from a quasar. A noticeable variation in 
the brightness of the quasar thus appears to the observer 
at different times in the different images. Now, if it 
is possible to identify the intensity variations in the 
different images as due to one and the same event in 
the source (and this is, in fact, the difficult part), then 
from the time difference and the angular spacing of the 
images, the distance to the quasar can be determined 
independently of the red shift z. This method is therefore 
independent of the Hubble relation (13.2) and can be 
used to determine Ho. 

In practice, the clear-cut identification of "associ
ated" brightness variations in the different images is 
difficult. For the first time, a time-of-flight difference 
of 1.1 yr was detected in the case of QSO 0957 + 561. 

Another determination of H0 was carried out in 
1996 using the "fourfold quasar" PG 1115 + 08, with 
a red shift of z = 1.72 (gravitational lens: ZL = 0.29). 
Here, the time-of-flight differences between the vari
ous images lie in the range of 10 to 25 d. Both quasar 
systems yield a value for the Hubble constant of 50 
to 60kms-1 Mpc1 with an uncertainty of about 25 
to 30%. 

The amplification of the intensity by gravitational 
lenses (8.90) raises the question as to what extent the 
high luminosities of the quasars may be simply "ar
tificial". Are only a few objects affected, or have the 
statistics of the quasars been markedly influenced by 
lens effects? A reliable answer to this question is at 
present not available. 

BL Lacertae Objects. Closely related to the quasars 
are the BL Lacertae objects, named for BL Lac 
= 2200 + 420 (mv = 14.4 mag, z = 0.069), an object 
which was for a long time "unrecognized" and listed 
as a variable star in the catalogues. The characteris
tic features of BL Lac objects are their extremely faint 
emission lines superimposed onto a structureless op
tical continuum in their spectra, the strong (:::=; 30%) 
time-variable linear polarization of their emissions in 
the optical range, and their striking irregular variability 
of 2: 1 mag over all wavelength ranges on a time scale of 
months down to days and hours, at the short-wavelength 
end even minutes. During strong outbursts (flares), their 
brightness increases up to 4 mag. 
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From the mm range out to the X-ray region, the con
tinuum obeys approximately a power law; the radio 
spectrum is very fiat (a=:: 0). The BLLac objects are 
similar in many of their properties to the radio-loud 
quasars with their flat radio spectra. For some objects, 
in the radiofrequency range and - with the Hubble 
Space Telescope - in the optical region, jets up to sev
eral100 pc long with knot-like concentrations have been 
observed. The BL Lac objects are found mainly at rel
atively small red shifts (z < 0.2); their mother galaxies 
are probably elliptical galaxies. 

At higher red shifts of z = 0.1 ... ::::: 2, we find the 
OW quasars (OVV =Optically Violently Variable), 
a related group of radio-loud, strongly variable quasars 
with flat radio spectra, which however in contrast to 
the "classic" BL Lac objects exhibit very broad, strong 
emission lines in the optical spectral region. 

The phenomena which occur in connection with the 
BL Lac objects and OVV quasars are often summarized 
under the term blasar (a neologism derived from BL 
Lac object and quasar). At present, we know of almost 
900 such objects. The origin of the blasar phenomena 
is a relativistic jet, which is directed almost exactly 
towards us and thus produces both the high luminosi
ties - owing to relativistic amplification of the apparent 
radiation intensity - and the short time scales of the 
variability, due to the time dilation (see above). For 
a large fraction of the BL Lac objects, apparent super
luminal velocities are also observed. The object of this 
type which is nearest to us is Mrk 421 (Mrk: Markarian 
galaxy, Sect.l2.3.5), at z = 0.031. 

With the Compton Gamma-Ray Observatory a fur
ther related group, that of the gamma-blasars, was 
discovered in 1991; in the meantime, it numbers more 
than 100 members. These objects are characterized by 
an extremely high luminosity in the gamma-ray region 
between 20 MeV and 30 GeV, which exceeds that of 
their radiation in all the other spectral regions. Further
more, one observes rapid variations, strong polarization 
in the optical region, and compact radio emissions with 
a flat spectrum. Under the assumption of isotropic emis
sion, their gamma-ray luminosities would be several 
1015 L 0 ; since, however, in the case of these objects 
the jet is pointing almost precisely towards us, the true 
luminosities are substantially lower. 

The first energetic outbursts in the TeV range 
( 1 TeV = 1012 eV) were detected from the two bright, 

relatively near blasars Mrk 421 and Mrk 501 (z = 0.034) 
in the 1990's by means of the Cherenkov radiation 
(Sect. 5.3.3) which their high-energy gamma quanta 
excite on entering the Earth's atmosphere. 

12.3.5 Seyfert Galaxies 

Nuclear activity in the optical and radio spectral regions 
can be clearly detected in the class of otherwise normal 
(mostly spiral) galaxies that were discovered in 1943 by 
C. K. Seyfert; they were first observed optically. 

Line Spectra and Classification. The "Seyfert nu
clei" exhibit a strong emission spectrum, in which the 
Balmer lines of hydrogen as well as He I and II and 
other allowed transitions are all characterized by broad 
linewidths. The forbidden lines, mostly from higher 
excitation states of N II, 0 II-III, Ne III-IV, S II and 
others, have the same widths in some Seyfert galaxies 
(type Sy 2); in others (type Sy 1), they are consider
ably narrower than the allowed lines (Fig. 12.26). The 
widths at half maximum for the Sy 1 galaxies cor
respond to a Doppler effect of about 5000 km s-1 in 
the allowed and 500kms-1 in the forbidden lines; in 
the Sy 2 galaxies, all the linewidths lie in the range 
of 300 to 1000 kms- 1• 

The classification criterion described by Seyfert in 
1943 is not the only possible one. Objects which 
have an (optically) bright, starlike nucleus surrounded 
by a fainter, nebulous shell are termed N galaxies 
(W. W. Morgan, 1958). Probably all Seyfert galaxies 
are at the same time N-galaxies, but certainly not vice 
versa. Galaxies which show a strong ultraviolet ex
cess (relative to normal objects), are termed Markarian 
galaxies (Mrk). The relation of the criterion chosen 
by B. E. Markarian in 1967 to the Seyfert criterion is 
evident. 

We will consider the interpretation of the spectra in 
Sect. 12.3.6. 

The apparently brightest Seyfert galaxies are 
NGC4151 (Sy 1), with a nucleus of mv =:: 12mag, 
and NGC 1068 = M 77 (Sy 2), with mv = 10.5 mag. 
The Sy 1 galaxies are absolutely brighter objects 
than those of type Sy 2; their nuclei attain abso
lute visual luminosities of 1035 to i::'; 1038 W or 2 · 108 

to i::'; 2·1011 L 0 . 
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Seyfert 1 Mrk 290 Z• 0.0308 IOmJS007 

Seyfert 1 Mrk 270 z. 0.009 

(011)4959 
t 

Fig.12.26. The spectra of Seyfert galaxies (type Sy 1 and 
Sy 2), after H. Netzer (1982). The radiation flux (outside the 
Earth's atmosphere) f;,., in [1 o- 17 W m-2 nm - 1], is plotted 
against the observed wavelength A.= (1 + z)A.o in [A] (z =red 
shift) 

Continuum Emissions. The optical continuum in
cludes also a nonthermal contribution, which is 
superposed onto the radiation from the stars and in
creases towards the ultraviolet. The Sy 1 galaxies are 
strong X-ray sources and also exhibit a nonthermal spec
trum in the hard X-ray region (up to :S 50 keV), with 
I v ex v-0·7, so that in their nuclei, extremely energetic 
synchrotron electrons must be present. Extrapolation 
of the power law to higher energies suggests that the 

X-ray luminosities of the Sy 1 galaxies exceed their op
tical luminosities. NGC4151 and the quasar 3C273 
are the only discrete extragalactic gamma-ray sources 
which were identified before the Compton Gamma-Ray 
Observatory was available. 

In the infrared, radiation from heated dust dominates 
the emissions of the Seyfert galaxies; their luminosities 
in the infrared are comparable to or somewhat greater 
than those in the optical region. In the radiofrequency 
range, the Seyfert galaxies represent compact sources, 
which emit nonthermal synchrotron radiation. Observa
tions with the Very Large Array and very long-baseline 
interferometry at angular resolutions of 0.001" to :S 1" 
indicate that for some galaxies, the radio emissions show 
a double or triple structure, with some sources of only 
a few 0.1 pc diameter; in other galaxies, the radio source 
which coincides with the optical nucleus is lacking in 
noticeable structure. In comparison to the radio galax
ies, the radio sources in the Seyfert galaxies are weaker 
and much less extended ( :S 0.1 to 1 kpc). 

In the Seyfert-2 galaxy NGC 1068 (= 3 C 71), we 
find a jet-like radio structure of several 10 pc length. 
In NGC 1275 = 3 C 84, which was identified with 
the strong radio source Per A in 1954 by W. Baade 
and R. Minkowski, three collinear compact components 
(and some fainter structures) are observed in the em 
wavelength region at a resolution of w-3 seconds of 
arc; the emissions in the mm wavelength range seem to 
originate from a different source. The radiofrequency 
radiation varies strongly with time. In NGC 1275, in 
addition to the activity in the nucleus, numerous long, 
extended filaments are seen in Ha images (R. Lynds, 
1970) out to about 75 kpc from the center, with ve
locities of several 1000 krn s- 1; they exhibit a certain 
superficial similarity to those of the Crab Nebula. 

Variability. A variability of the emissions in all spec
tral regions from the radio to the X-ray range on time 
scales of months to years is characteristic of the nuclei 
of all Seyfert galaxies; the amplitudes of the varia
tion are in the range from 0.2 to 1 mag. In the Sy 1 
galaxies, an increase in the (nonthermal) optical con
tinuum is correlated with an increase in the intensity of 
the allowed emission lines. Observations ofNGC4151 
also show variations in the linewidths, so that pos
sibly the type of a Seyfert galaxy can also change 
with time. 
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Liners. As a result of the development of high
sensitivity detectors with good spectral and spatial 
resolutions, beginning in the 1980's it became possi
ble to detect weak emission lines in the nuclei of most 
spiral galaxies, even in "normal" galaxies such as M 81 
or M 51, whose intensity ratios differ from those ob
served in H II regions, planetary nebulae or supernova 
remnants. A characteristic feature of these spectra is the 
occurrence of Hct lines with broad wings and strengths 
comparable to that of the neighboring [N II] line at 
A.= 658 nm. In some of these "liners" (low ionization 
nuclear emission-line regions), as the emission sources 
are called, a weak nonthermal continuum can be dis
cerned, so that here, we presumably are dealing with 
a weaker form of the activity seen in the Seyfert galaxies. 

An activity at the modest level of that in the nucleus 
of our Milky Way galaxy (Sect. 11.3.4) is not observable 
at present in other normal galaxies. 

The activity phenomena in the "normal" galaxies 
give the impression of being somewhat fragmentary 
or poorly-developed counterparts of those seen in the 
Seyfert galaxies. One can thus conclude that all or at 
least most of the galaxies are subject to the "Seyfert dis
ease" at times. Since about 1% of all galaxies exhibit 
the Seyfert phenomena, their total duration must be of 
the order of 108 yr (perhaps with interruptions). 

12.3.6 Activity in Galactic Nuclei 

The observations of the nuclear regions of "normal" 
galaxies, Seyfert galaxies, radio galaxies, quasars, 

Table 12.2. The main groups of Active Galactic Nuclei 
(AGN), arranged according to their radio emissions and the 
properties of their optical emission lines resulting from the dif-

etc. described in the preceding sections allow us to 
conclude that although their activities differ quantita
tively, they exhibit so many basic similarities that we are 
clearly dealing here with a single, unified phenomenon. 

The following are characteristics of the activity in 
galactic nuclei or in an active galactic nucleus (AGN): 
(a) the presence of a compact nucleus, which is brighter 
than in other galaxies of the same Hubble type; (b) a ra
diation continuum from the nucleus, reaching from the 
infrared to the X-ray region, which on the whole can 
be described by a power law Fv ex v-" with a of the 
order of 1; (c) emission lines from the nucleus, which 
show signs of nonstellar excitation, having for exam
ple intensity ratios different from those in H II regions; 
(d) nonthermal radio emissions; and (e) variability of 
the continuum and/or of the emission lines. 

While only some of these characteristics occur in the 
weaker forms of activity, we observe in the quasars, 
the radio galaxies, and many of the Seyfert galaxies the 
whole palette of activity phenomena. 

Unified Model. Although the understanding of the pre
cise physical nature of galactic activity and its causes 
is still fraught with unsolved problems, we can never
theless attempt to put together a picture of the essential 
processes of activity in galactic nuclei. 

The various phenomena of activity in galactic nu
clei can initially be ordered empirically according to 
two properties, namely according to the strength of 
their (nonthermal) radio emissions, and according to 
the width and intensity of the optical and ultraviolet 
emission lines from their central regions (Table 12.2). 

ferent viewing angles relative to their axes. NLRG and BLRG 
are radio galaxies with narrow or broad emission lines, resp.; 
--+: the direction of increasing luminosity 

Emission lines in the optical region and UV Mother galaxy 
narrow broad weak Type 

weak Sy 2 Sy 1 ( ) --+radio-quiet QSO S,E 

Radio emissions 
trong NLRG BLRG --+ radio-loud QSO BLLac Object E 

Viewing angle 8 to the Uet)axi 
> 20° < 20° 
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In this scheme, the normal quasars represent the con
tinuation of the Sy 1 galaxies or the galaxies with broad 
emission lines (BLRG) towards higher luminosities. In 
the last few years, "type 2 quasars" corresponding to 
Sy 2 galaxies have also been found. 

The radio luminosity is probably essentially an in
trinsic physical property. It can, however, be amplified 
to some extent through relativistic effects - as we dis
cussed in the case of the quasars (Sect. 12.3.4)- when 
we observe a jet from nearly head-on. This intensity 
enhancement is particularly strong in all wavelength 
ranges in the case of the BLLac objects (blasars). 

In contrast, the differences in the emission line spec
tra of the galactic nuclei can be almost exclusively 
attributed to different viewing angles 8 between our line 
of sight and the axis of rotation of the mother galaxy or 
the axis of a jet pair, since, depending on the viewing 
angle, parts of the central region can be hidden from our 
view by dust absorption. 

We will now introduce the most important "building 
blocks" of the unified model and then discuss some 
selected aspects in more detail. The unified model 
of an active galactic nucleus includes the following 
components: 

1. At the center of the galaxy, there is a compact mass of 
106 to 1010 .M0 , for which the most plausible assump
tion is that it consists of a black hole (Sect. 8.4.4). 

2. A relatively small (:5 1 pc), hot accretion disk around 
the black hole is the central source of the strong 
continuum radiation in the optical and ultraviolet re
gions. 

3. "Gas clouds" orbit around the black hole; they are 
ionized and excited by the central source and can 
be observed by means of their emission lines. Since 
the central regions of the galactic nucleus cannot be 
spatially resolved, the clouds which lie closer to the 
center exhibit broad lines due to their higher orbital 
velocities, while narrow lines are characteristic of 
the more distant clouds. 

4. The central region is surrounded by a dense ring of 
molecular gas and dust within the symmetry plane 
of the mother galaxy; it is extremely opaque to opti
cal radiation. This dust torus, whose axis coincides 
with the galactic axis of rotation and the direction 
of the jets, prevents direct observation of the nuclear 
region if we are observing the galaxy essentially on 

edge (8 < 20°). The dust in the torus is heated by the 
central source and supplies the principal part of the 
observed infrared luminosity of the nucleus. 

5. Two tightly focused jets are ejected from the central 
region in opposite directions along the axis. These 
jets are moving at nearly the velocity of light in the 
case of the radio-loud sources and emit nonthermal 
synchrotron radiation. 

Radio Emissions. The large-scale structure of a galaxy 
with an active nucleus is typified by its non thermal radio 
emissions; the different forms taken by their isophote 
charts can be understood within the unified model: as we 
have already discussed for the case of the radio galaxies 
in Sect. 12.3.3, the energy of the central source, which 
coincides with the compact radio nucleus, is transported 
outwards by two oppositely-directed jets of relativis
tic particles or plasma to the outermost regions. In 
some cases, interaction of the jets with the surround
ing medium produces intense radio emissions in "hot 
spots". The spectra from the radio to the X-ray regions 
are mainly ascribable to synchrotron radiation from rel
ativistic electrons. The variety of apparent forms of the 
radio emissions is essentially determined by the an
gle 8 of the jets relative to the line of sight, and by their 
intrinsic strengths. At small8 values, only one jet is ob
servable (12.34). In the case of the BL Lac objects, we 
are looking directly into the emerging jet (8 ::::::: 0°). 

Emission Lines. The gas in the neighborhood of the 
central sources is ionized by their continuum radiation 
in the optical, ultraviolet, and X-ray regions; it can then 
be observed by means of its emission lines. As in the H II 
regions or in planetary nebulae, the degree of ionization 
and excitation depends on the strength of the ionizing 
UV flux (A. :5 91.1 nm) and on the electron density ne of 
the gas; however, here the ionization is due not to stars, 
but rather to an intense, broadband radiation field of the 
form vFv::::::: const. We further assume that the "clouds" 
which orbit the central source cover only about one 
tenth of it. A photoionization model of this kind, whose 
details we cannot treat here, can explain the essential 
properties of the emission lines from the various types 
of active galactic nuclei. 

In this model, narrow lines are emitted in 
those clouds which have low electron densities 
(ne::::::: 1010 m-3) and are relatively distant from the cen-
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ter (severallOO pc to 1 kpc). In contrast, broad lines are 
emitted by clouds with electron densities of ne :::::: 1013 

to 1016 m-3 and electron temperatures of around 104 K. 
In the Sy 1 galaxies and broad-line radio galaxies, these 
clouds are about 0.1 pc from the center; in the quasars, 
they are at 2: 1 pc. 

In the Sy 2 galaxies and the radio galaxies with nar
row emission lines, our view of the clouds with high 
orbital velocities, i.e. the component with broad lines, 
is blocked by the dust-filled torus; we view these galax
ies from an angle essentially perpendicular to their axes. 
Only in those cases in which the light emitted parallel 
to the axis is scattered or reflected in our direction -
and polarized in the process - do we observe the broad 
lines. In the Sy 1 galaxies and the BLRG, we view at 
an angle to the axis which is not too large (8 < 20°), so 
that we can observe both the narrow and the broad line 
components. 

In the case of the BL Lac objects, the extremely weak 
emission lines can be explained by the fact that only very 
little gas is present near the central source. 

The question of the abundances of the chemical el
ements in the gas clouds is of considerable interest. It 
has been found that the Seyfert nuclei and the quasars 
contain fairly normal cosmic matter. The derived ele
mental abundances differ by no more than a factor of 3 
from those of the solar mixture. Stars must have there
fore formed in the relatively early phases of galactic 
evolution, and nucleosysthesis (Sect. 8.2.5) took place 
in them on a large scale. 

The Energy Sources. The primary question is of course 
that of the origin of the quantity of energy, of 2: 1055 J, 
which must be contained in active galactic nuclei, and 
of their correspondingly high luminosities. We have al
ready seen in connection with the quasars that nuclear 
energy, with a mass conversion efficiency of about 1% 
(Sect. 8.1.3), is by no means sufficient to explain it. Even 
if, as a limiting possibility, the whole rest energy .Mc2 

of a mass .M could be made "available", it would re
quire that about 108 .M0 , i.e. a considerable portion of 
the mass of the galactic nucleus, must be completely 
converted into radiation. 

The only process currently known to physics which 
can free a considerable fraction of the rest energy of 
a cosmic mass .M is the release of (potential) gravita
tional energy by contraction or collapse. For example 

(this is to be understood in the sense of only a rough 
estimate!), if the originally thinly-spread matter con
tracts to a homogeneous sphere of radius R, then the 
gravitational energy released is 

G.M2 
EG::::::--. 

R 
(12.35) 

If we now require that EG :::::: .Mc2 , then R must be of 
the order of the Schwarzschild radius Rs (8.82), i.e. the 
collapsed matter must assume an extremely compact 
structure. For 108 .M0 , the radius, from (8.83), would 
have to be Rs:::::: 10-5 pc:::::: 2 AU. In realistic estimates, 
an efficiency of less than 100% must be assumed for the 
release of the rest energy, so that the required masses 
would be more nearly in the range of 109 to 1010 .M0 . 

Possibilities under discussion for the massive central 
objects are, among others, extremely dense star clusters 
or black holes (Sect. 8.4.4). The observational evidence 
for massive black holes in the active nuclei of galaxies 
will be summarized below; arguments for the existence 
of a black hole with a mass of a few 106 .M0 at the 
center of the Milky Way galaxy were already given in 
Sect. 11.3.4. 

From observations (with very long-baseline interfer
ometry as well as of the time variability of the radiation), 
the upper limit for the size of active galactic nuclei is 
found to be :::; 10 AU, in general agreement with the 
above estimate. 

Accretion Luminosity. The radiated energy or lumi
nosity of several 1014 L 0 (4 ·1041 W) must finally be 
maintained by accretion of matter onto the compact 
central object at a sufficiently high rate m. Where this 
matter comes from is still unexplained. Near collisions 
of galaxies may play an essential role; the tidal inter
action between the galaxies (Sect. 12.5.3) could allow 
large amounts of gas (and stars) from the inner parts 
of the galaxy to flow into the central region. We can 
estimate the required accretion rate m, whereby it is 
not important for our purposes to distinguish whether 
the material is falling onto a sphere or onto an accre
tion disk. According to (8.62), the accretion luminosity 
from matter falling to within a distance of R from the 
central mass is given by: 

G.Mm . 2 
La=--= 1J·mc , 

R 
(12.36) 
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where 17 = GM/(Rc2 ) = Rs/(2R):::: 0.5 is the effi
ciency for the conversion of mass into radiation and Rs 
is once again the Schwarzschild radius. The matter 
in this process cannot, however, fall to within Rs of 
the central mass, since then it would take its energy 
"along" into the black hole and not radiate it outwards. 
More precise considerations thus give a maximum effi
ciency for a spherically symmetrical gravitational field 
(Schwarzschild metric) of 17 = 0.08, and for a rotating 
black hole (Kerr metric, Sect. 8.4.2), depending on its 
angular momentum, of 17 = 0.06 ... 0.42. If we assume 
for the purposes of this estimate - rather arbitrarily -
a value of simply 

1J = 0.1' (12.37) 

then matter must fall onto the central source at a rate of 

10 ... 500 M 0 yr- 1 

::::0.1 M 0 yr-1 

:::: 10-3 Mo yr-1 

for quasars, 

for Seyfert galaxies, 

for our Milky Way galaxy 

in order to supply the observed luminosity. In a time 
period of 108 yr, in the extreme case of the quasars, for 
example, 1010 M 0 would have to be accreted by the 
central source. 

A Central Black Hole? In concluding this section, we 
ask to what extent the observations of other galaxies (not 
limiting ourselves to the active galaxies) give evidence 
for the existence of a black hole at their centers. 

Since a black hole can be detected only by means 
of its strong gravitational effects, there are only the 
following more or less direct criteria for its existence: 

1. an extreme density concentration of stars due to the 
deep potential well of the black hole, observed as 
a sharp maximum in the brightness distribution, that 
cannot be explained by known mass concentrations 
such as massive globular star clusters; and 

2. high velocities of the stars or the gas, of the order 
of ::: 1000 km s - 1, observed along a line of sight 
which passes as close as possible, i.e. at only a few 
Schwarzschild radii, to the center. 

For the application of these two criteria, it is of 
decisive importance that the angular resolution of the 
observations be sufficiently high to identify the contri
bution to the light or to the velocities originating in the 

immediate neighborhood of the black hole. For exam
ple, with a galaxy at a distance of l 0 Mpc, an angle of 
0.1" already corresponds to 5 pc; this makes it clear that 
even very large earthbound telescopes or the Hubble 
Space Telescope can be expected to gather convincing 
evidence for a central black hole from only the very 
nearest galaxies. 

We cannot describe the many direct and indirect ob
servations of galactic nuclei in detail here; instead, we 
must content ourselves with the result that at present, 
there are strong indications - if not yet a conclusive 
"proof' - that a central massive black hole is present 
in over a dozen relatively nearby galaxies: thus, within 
the Local Group (Table 12.3), we can observe for ex
ample in the Andromeda galaxy M 31, a normal large 
spiral galaxy, and also in the smaller elliptical galaxy 
M 32 (Fig. 12.1) in both cases a compact mass concen
tration at the center, of about 3 ·107 and 3 -106M 0 , 

respectively. Candidates for massive black holes hav
ing masses of several 109 M 0 are found in the large 
elliptical galaxies NGC 4261 and M 87. 

The occurrence of double nuclei in a few galaxies, 
along with the observation of gas disks with unusual 
orientations, of regions with opposite rotation directions 
within some galaxies, etc. are indications of the fusion 
of galaxies ("cannibalism") or tidal perturbations in near 
collisions of two systems. Presumably, such interactions 
can "feed" the black hole with a sufficiently large flow 
of matter and thus produce the activity of the galactic 
nucleus, at least for a limited time. 

12.4 Clusters and Superclusters 
of Galaxies 

Galaxies frequently belong to larger systems which are 
held together by the mutual gravitational attraction of 
their members. We can identify large or rich clusters 
containing up to several thousand galaxies, and smaller 
groups of decreasing size down to the binary galax
ies. Among the galaxies brighter than 21 mag, some 
10 000 clusters and/or groups are known. A few notice
able concentrations of galaxies were studied as early 
as 1902/06 by M. Wolf, and later (around 1924) by 
C. Wirtz; systematic surveys of the distribution of galax
ies on the celestial sphere were carried out from about 



1930 on by H. Shapley, E. Hubble, and others. The cat
alogue of G. 0. Abell (1958), with 2712 rich galaxy 
clusters, and the Catalogue of Galaxies and Clusters by 
F. Zwicky et al. ( 1960/68) are both based on the Palomar 
Sky Survey. 

In addition to the galaxies, many clusters also con
tain a tenuous, very hot gas, whose thermal radiation in 
the X-ray region can be observed. The ROSAT X-ray 
satellite discovered about 5000 galaxy clusters in its sky 
survey, on the basis of their X-ray emissions. 

In Sect.12.4.1, we first deal with our immediate 
neighborhood, the Local Group. Then, in Sect. 12.4.2, 
we take up the classification of the various galaxy clus
ters, and their masses; in Sect. 12.4.3, we deal with the 
intracluster gas. Especially in the central regions of the 
denser clusters, "collisions" and near-misses of galax
ies are frequent, and the primary result of these events 
is a sweeping-out of the gas from the galaxies involved. 
Occasionally, two galaxies also merge or fuse to form 
a larger system. In Sect. 12.4.4, we give an overview of 
the interactions between galaxies and the evolution of 
the galaxy clusters to which they give rise. 

As we shall see in the concluding Sect. 12.4.5, the 
the galaxy clusters themselves are not uniformly dis
tributed in space, but instead form connected structures, 
mostly flat or long and filamentary: the superclusters 
of galaxies. These superclusters and clusters define the 
large-scale structure of the Universe, making up a net
work of connected filaments and disks which surrounds 
vast, roughly spherical, nearly empty regions. 

12.4.1 The Local Group 

The Local Group is a loose collection of about 30 galax
ies within a region of around 2 Mpc in diameter. By far 
its brightest and most massive members are our Milky 
Way galaxy and the Andromeda galaxy, M 31. Several 
"satellite galaxies" are bound to each of these large spi
ral galaxies. In Table 12.3, we give a summary of the 
members of the Local Group, without making a claim 
to completeness. In some cases, the physical member
ship of a galaxy in the group or its status as a satellite 
is uncertain. It is notable that on the one hand, the three 
brightest systems of the Local Group are spiral galax
ies, and on the other, the dwarf galaxies are the most 
numerous subgroup among its members. 

12.4 Clusters and Superclusters of Galaxies 

Table 12.3. The Local Group: the Milky Way and the An-
dromeda galaxy (M 31) with their satellite galaxies, along with 
some other "isolated" members. The type and the absolute vi-
sual magnitude of the galaxies are given (LMC, SMC: Large 
and Small Magellanic Cloud, WLM: Wolf-Lundmark-Melotte 
System) 

Type Mv [mag] 

Milky Way Sb/Sc I- II -20.9 
LMC lm ill-IV (SBm l1I) - 18.S 
SMC lmiY- Y -17.1 
Sagittariu dSph - 13.8 
Fornax dSph (dE3) - 13.1 
Leo 11 dSph (dEO) -10.1 
Sculptor dSph (dE3) - 9.8 
Carina dSph (dE4) -9.4 
Ur a Minor dSph (dES) -8.9 
Draco dSph (dE3) -8.6 

M31 = NGC224 Sbl- ll -21.2 
M32= GC221 E2 - 16.S 

GC20S=M 110 Sph (dES) - 16.4 
NGC 18S dSph (dE3) - 1S.6 
NGC 147 dSph (dES) -lS.J 
Andromeda I dSph (dE3) - 11.8 
Andromeda II dSph (dE2) - 11 .8 
Andromeda ill dSph (dES) -10.2 

Additional Members: 
M33= GCS98 Sc II- ill - 18.9 
IC 10 dim -16.3 
NGC6822 lm IV- Y -16.0 
TC 1613 ImY -1S.3 
WLM=DD0 221 lm IV- Y - 14.4 
Leo I dSph (dE3) -11.9 
Aquarius= DDO 21 0 Im V -10.9 
Pi ces=LGS3 dlrn/dSph -10.4 
Cetus dSph -10.1 
Phoenix dlrnldSph - 9.8 
Tucana dSph (dES) - 9.6 
Sextans dSph - 9.S 

Satellite galaxies of the Milky Way are, in addi
tion to the Magellanic Clouds (Fig. 7.40), among others 
the Systems in Sculptor, in Ursa Minor and in Draco, 
which are all closer than 100 kpc to us. As compan
ions to M31, the E galaxies NGC 205 and M32 have 
long been known (Fig. 12.1). In the neighborhood of 
the Andromeda galaxy, S. van den Bergh found three 
spheroidal galaxies in 1972 (Andromeda I-III). They 
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have absolute magnitudes of Mv ~ -11 mag and di
ameters of 0.5 to 0.9 kpc, and are basically similar to 
"our" Sculptor system. Even in the 1990's, four more 
members of the Local Group were discovered: Sextans, 
Tucana, Sagittarius, and Cetus. We give below some 
details about the interesting Sagittarius system. 

The discoveries of dwarf galaxies only in recent years 
raises the suspicion that even within our Local Group, 
the luminosity function (12.5) is not yet completely 
known at its fainter end. 

The Local Group belongs - together with a series of 
other such groups - to the Virgo cluster; whose center 
lies at a distance of about 20 Mpc from us. 

Sagittarius System. This system was discovered only 
in 1994 by R. lbata et al. during an investigation of the 
kinematics of the galactic bulge. It is visible against the 
foreground of the star fields of the bulge only as a faint 
concentration, but its "collective motions" are immedi
ately noticeable due to their clearly different velocity, 
as is its intermediate star population (only about 1010 yr 
old, with about 1/25 of the solar metallicity).lt contains 
several globular star clusters, and its mass is comparable 
to that of the Fomax system. 

Sagittarius is only about 25 kpc from us and lies 
(from our viewing angle) on the other side of the galac
tic center, at a distance of roughly 16 kpc from it. This 
system is thus only about half as far from us as the Mag
ellanic Clouds, and it is our nearest neighboring galaxy. 

Its elongated shape, about 3 kpc in length with irreg
ular clumps, indicates that Sagittarius is being tom apart 
by the tidal action of the Milky Way; we are therefore 
observing a satellite galaxy in a state of dissolution. Af
ter a few 108 yr, then, the stars of the Sagittarius system 
will have been "taken over" by our galaxy. The signifi
cance of such galactic fusions resulting from tidal forces 
for the evolution of the Milky Way and other galaxies 
will be treated further in Sect. 12.5.3. 

12.4.2 The Classification and the Masses 
of the Galaxy Clusters 

It is not easy to distinguish galaxy clusters, especially 
the more open ones, from chance density fluctuations 
in the general "field" of galaxies. G. 0. Abell defined 
a measure for the population of a cluster, its richness, 
by counting all the galaxies within an arbitrarily chosen 

interval of magnitudes (2 mag from the third-brightest 
galaxy) and within a fixed distance from the center of the 
cluster. For this distance, he chose 1. 7 I z minutes of arc 
(z =red shift), corresponding to 2.3 Mpc for a Hubble 
constant of Ho = 65kms-1 Mpc-1 (Sect.13.1.1). 

Classification. Following Abell, we divide the galaxy 
clusters into regular and irregular clusters. The regular 
clusters (corresponding approximately to the compact 
clusters in the scheme ofF. Zwicky), contain large num
bers of galaxies, have a roughly spherical shape, and 
exhibit a strong concentration of the galaxies towards 
the center of the cluster. They contain predominantly 
elliptical and lenticular galaxies (ca. 70%-80%), of 
which the brightest ( cD and giant E galaxies) are found 
mainly near the center. The prototype is the Coma clus
ter ( = Abell1656) at a distance of about 130 Mpc, with 
several thousand galaxies in a region of about 8 Mpc 
diameter. 

The irregular clusters show no noticeable concen
tration towards their centers and do not have symmetric 
shapes; sometimes, they exhibit several local density 
concentrations. These irregular clusters, which also in
clude the galaxy groups, contain galaxies of all the 
Hubble types; in particular, in contrast to the regu
lar clusters, they have a high percentage (ca. 50%) of 
S galaxies. In the inner region of the Virgo cluster, with 
a diameter of about 3 Mpc and whose center is at a dis
tance of around 20 Mpc from the Sun, we can find more 
than a thousand galaxies. The Local Group falls within 
the outer zone of this cluster. 

There are three other classification schemes in use 
for galaxy clusters, which on the whole are paral
lel. A. Oemler (1974) defines the cD clusters, with 
predominantly bright elliptical galaxies, corresponding 
roughly to Abell's regular clusters, and the spiral
rich clusters (corresponding to the irregular clusters); 
in addition, as an intermediate type, he introduced 
the spiral-poor clusters, dominated by SO galaxies. 
The cluster types I to lli according to L. P. Bautz and 
W. W. Morgan (1970) correspond to a series of clus
ters ranging from those dominated by a bright central 
galaxy (BM I) to the clusters without a predominant 
galaxy (BM lll). H. J. Rood und G. N. Sastry (1971) 
give a finer classification scheme, which is based on the 
type and arrangement of the ten brightest galaxies of 
the cluster. 



Masses. The diameters of the larger galaxy clusters are 
in the range of 3 to 10 Mpc and are thus comparable with 
the sizes of the largest known radio galaxies such as 
3 C 236 (Sect. 12.3.3). The mass M of a galaxy cluster 
can be estimated with the help of the virial theorem, 
in a manner analogous to the mass determination of 
elliptical galaxies (12.17): 

GM 
a 2 = (v2):::::: - • (12.38) 

R 

Here, a is now refers to the dispersion of radial veloci
ties of the galaxies within the cluster, and R is its radius. 
With typical values, a = 1500 km s -I and R :::::: 5 Mpc, 
we obtain for the total mass: 

M(galaxy cluster):::::: 1015 M 0 . (12.39) 

This corresponds to an average mass-luminosity ra
tio for a galaxy cluster of (M/ L}:::::: 200 M 0 / L 0 . On 

12.4 Clusters and Superclusters of Galaxies 

the other hand, as was noted as early as 1933 by 
F. Zwicky, the summation of the "visible" masses of 
all the individual galaxies gives a much smaller to
tal mass, only about one-tenth as large. The hot gas 
observed in galaxy clusters by means of its X-ray 
emissions (see the following section) also contributes 
only about a tenth of the virial mass (12.38). This dis
crepancy can, however, be understood if the galaxies 
are assumed to have massive, dark halos, as is sug
gested e.g. by the observed rotation curves of many 
spiral galaxies (Sect. 12.1.5). 

Gravitational Lenses. Due to their large masses, the 
galaxy clusters act as gravitational lenses (Sect. 8.4.3) 
for the background galaxies lying along the line of sight 
behind them, at around twice their distance from us. 
These background galaxies appear to be stretched out 
into luminous arcs which are grouped on a circle around 

Fig.12.27. The gravitational lens 
effect. A color image made 
with the Wide Field Planetary 
Camera 2 of the Hubble Space 
Telescope. The massive galaxy 
cluster 0024 + 1654 (yellowish 
color) in Pisces, with a red shift 
of z = 0.39, is seen at the center of 
the image (which covers an area of 
about 1.3' · 1.3'). It acts as a grav
itational lens for the light from 
a galaxy behind it, at z = 1.39. 
This extended source appears as 
a multiple image in the form of 
extended blue arcs, one near the 
center of the cluster and four others 
on a circle around the outside of the 
cluster. The image amplification of 
the lens enables us to discern indi
vidual structures within the distant 
galaxy, indicating that it is an ir
regular blue galaxy in a very early 
stage of its evolution (Sect.12.5.5). 
(Image: W. N. Colley, E. Turner, 
J. A. Tyson and NASA, 1996, © 
Association of Universities for Re
search in Astronomy AURA/Space 
Telescope Science Institute STScl) 
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the cluster and reflect its mass distribution. Since the 
mid-1980's, several galaxy clusters with this lens effect 
have been discovered; they have red shifts of z = 0.2 
to 0.4 (Fig. 12.27). The order of magnitude of the degree 
of distortion is given by (8.92). The blue light from 
the arcs and their spectra confirm the great distances 
(z 2: 0.8) of their sources and thereby the interpretation 
in terms of a lens effect. 

The masses derived from the gravitational lenses 
agree rather well with those from the galactic motions 
and from the X-ray-emitting gas, and likewise indicate 
a predominant fraction of dark matter in the mass of the 
galaxy clusters. 

12.4.3 The Gas in Galaxy Clusters 

The galaxy clusters form a class of strong extragalactic, 
extended X-ray sources, which were first observed by 
the Einstein satellite and by ROSAT, and now, with 
higher sensitivity and resolution, by XMM-Newton and 
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Chandra. Their spectra tell us that these X -ray emissions 
represent the thermal radiation of an extremely hot gas 
in the temperature range of 107 to 108 K (1 to 10 keV). 
The optical thicknesses in the X-ray region are very 
small (:S 10- 3), and the gas densities lie in the range of 
102 to 103 m-3 . 

Emission Structure. The X-ray emission exhibits com
plex behavior which varies from cluster to cluster. At 
the one extreme, we find widely scattered, irregular 
emission regions, often containing individual galaxies; 
at the other end of the scale, we observe a relatively 
smooth emission curve, frequently with a stronger con
centration around a bright galaxy near the center of 
the cluster (Fig. 12.28). The structure of the X-ray 
emission is clearly correlated to the cluster type: thus, 
Abell's regular clusters such as the Coma cluster and 
Abell85, with a low content of spiral galaxies, have 
X-ray emissions with a smooth contour and a rela
tively high X-ray luminosity, Lx <. 1037 W. In contrast, 
the emissions from the irregular clusters which are 

.... ; .... ·'· ~~~ . .... ~ . 
. . ·. 

Fig.12.28. X-ray emission from galaxy clus
ters: observations with the Einstein Satellite 
by C. Jones et al. (1979). Lines of equal X
ray intensity are superposed onto the optical 
photographs from the Palomar Sky Survey. 
The clusters Abelll367 and 2634 have irreg
ular contours which often include individual 
galaxies, while Abell85 and 478 show rel
atively smooth X-ray emissions, strongly 
concentrated around a bright galaxy in the 
center of the cluster 



rich in spiral galaxies, such as the Virgo cluster or 
Abell1367, are less regular and have lower luminosi
ties (Lx ;S 1037 W). The gas in the irregular clusters 
is somewhat cooler than the hot gas in the regular 
clusters, at 1 to 4 · 107 K as opposed to ;::: 6 ·107 K. 
Furthermore, the X-ray emissions from the clusters con
taining a bright cD galaxy (such as Abell85) are more 
strongly concentrated towards the center of the cluster 
than is the case in the clusters which lack a dominant 
galaxy. 

More precise investigations using modem X-ray 
satellites have shown some cases in which smaller 
galaxy clusters are falling into larger ones. 

Temperature. In a galaxy cluster which is in dynamic 
equilibrium, both the individual galaxies and the atoms 
of hot gas move in the same common gravitational po
tential, and the spatial extent of each of the components 
is determined by its mean kinetic energy or tempera
ture. From the observations of the velocity dispersion a 
of the galaxies and the gas temperature T in many clus
ters, it is known that the ratio f3 of the kinetic energy 
of the galaxies per unit mass, a 2 /2, to that of the gas, 
(3/2)kT/(JLmH), 

(12.40) 

is of the order of one (JL c::::: 0.6 is the average atomic 
weight of the completely ionized gas, and mH is the mass 
of a hydrogen atom). This means that the hot gas and the 
"galaxy gas", in which we can look upon the individual 
galaxies as "atoms", have about the same temperature 
and the same relative density distribution. For example, 
a= 1000kms-1 corresponds to a temperature ofT c::::: 
108K. 

To be sure, probably only the regular clusters are in 
dynamic equilibrium, but for all clusters down to the 
galaxy groups, a correlation has been observed between 
the velocity dispersion a of their galaxies and both their 
gas temperatures T and their X-ray luminosities Lx. 

Observations of continuum and line emis
sions (e.g. FeXXIV+XXV at 6.7 keV, and OVIII 
at 0.65 keV) in some nearby galaxy clusters have shown 
that each of the individual galaxies is surrounded by its 
own X-ray halo. In the Virgo cluster, particularly the gi
ant elliptical galaxies M 87 and M 86 are surrounded by 
gas at temperatures from several 106 to 3 ·107 K; it is 
thus somewhat cooler than the general cluster gas. 

12.4 Clusters and Superclusters of Galaxies 

Mass of the Gas. The mass contained in the hot gas 
makes up around 10 to 40% of the overall mass (includ
ing that of the dark matter). The fraction of mass due to 
the gas is thus in many cases larger than that from the 
galaxies. 

The Sunyaev-Zeldovich Effect. An indirect method 
of detecting hot gas in galaxy clusters was suggested 
by R. A. Sunyaev and Ya. B. Zeldovich in 1970172. 
A photon of the 3 K cosmic background radiation 
(Sect. 13.2.2) obtains a slightly increased energy, with 
a relative contribution on the order of kT/(mec2) 

(me2 = 511 keV, the rest energy of the electron; T 
is the temperature of the hot gas), through scattering 
from an electron in the cluster gas. For example, at 
T = 108 K or kT = 10 keV, this relative energy increase 
is 0.02. The scattering cross-section of this inverse 
Compton scattering is the Thomson scattering coef
ficient aT= 6.65 · 10-29 m2 (4.132), so that a photon 
moving through a distance L in a hot gas of electron 
density ne experiences an energy or frequency increase 
given by: 

L1v ( kT ) - c::::: -----:.? aTneL . 
Vo mee--

(12.41) 

This energy shift corresponds to a decrease of the ra
diation temperature of To c::::: 3 K on the low-frequency 
side of the maximum of the 3 K radiation, according to 
the Rayleigh-Jeans law (4.63), of L1To/To = -2L1vfvo. 
Therefore, the intensity of the background radiation in 
the center of a galaxy cluster (with ne = 3 ·103 m-3 and 
L = 0.5 Mpc) is decreased by an amount corresponding 
to L1To c::::: 3-10-4 K. This extremely small Sunyaev
Zeldovich effect could actually be observed for several 
clusters, among them Abell478 (Fig. 12.28). 

Head-Tail Galaxies. The existence of a hot gas in 
galaxy clusters can also be concluded from the struc
ture of a particular class of radio galaxies, the head-tail 
galaxies (Fig. 12.29), which occur in dense clusters. The 
supersonic motion of the galaxy through the cluster gas 
pushes the ejected relativistic electrons and magnetic 
fields backwards. From the observed geometry of the 
Mach cone, the velocities and pressures in the flow field 
can be estimated, and thus also the temperature and 
density of the cluster gas. The results agree with those 
obtained from X-ray emission. 
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Fig.l2.29. The head-tail galaxy NGC 1265: observations at 
A.= 6 em with the Westerbork Synthesis Telescope. This over
lay of the radio isophotes onto the optical image allows us 
to see that the radiofrequency emission regions were evi
dently ejected from the elliptical galaxy at the head. From 
K. J. Wellington et al., Nature 244, 502 (1973). (Reprinted 
by kind permission from Macmillan Magazines Limited, 
London, and of the authors) 

12.4.4 Interacting Galaxies. 
The Evolution of Galaxy Clusters 

Especially in the denser central regions of the regular 
clusters, many close interactions ("collisions") of galax
ies take place within the Hubble time H01 (13.5), and 
they must have substantially affected the structure and 
galactic content of these clusters since their formation. 
The various types of galaxy clusters probably represent 
different phases of a dynamic evolutionary process. 

In the first instance, a collision results in the loss of 
interstellar gas from the affected galaxies, and therefore 
finally also in the loss of their spiral arms. The S galaxies 
thus become lenticular galaxies, possibly via interme
diate types such as the anemic (A) galaxies, which have 
very weak spiral arms and were observed in the Virgo 
cluster by S. van den Bergh in 1976. 

The interstellar gas, heated by the collision, finally 
collects for the most part at the minimum of the grav
itational potential in the center of the cluster; only 
particularly massive galaxies can retain the gas through 
their own gravitation. If a galaxy passes through this 
cluster gas at a supersonic velocity, its interstellar gas 
is likewise swept out, so that additional spiral galax
ies in the cluster can be "annihilated" in this way. The 
denser regular clusters, with their stronger X-ray emis
sions and their small fraction of spiral galaxies, thus 
represent a dynamically later stage of development than 
the irregular galaxy clusters. 

Analysis of the 6.7 keY X-ray emission line of Fe 
supports this picture of the origin of the hot cluster gas. 
In nearly all galaxy clusters, practically independently 
of the details of the model assumptions, an iron abun
dance is found from this emission line which is about 
half the solar value. This relatively high abundance can 
be understood within the framework of our ideas about 
the formation of the chemical elements (Sect. 12.5.4) 
only if we assume that the gas carne mostly from the 
stars within the galaxies, i.e. it is not of primordial 
origin. 

Compared to the interstellar gas, the majority of the 
stars are considerably less influenced by a meeting of 
galaxies. However, in the case of an approximately cen
tral collision between two galaxies, the result can be that 
they merge into a single larger system. This "galactic 
cannibalism" was probably decisive for the formation 
of the cD galaxies at the centers of galaxy clusters; 
the occasional occurrence of two or more "nuclei" in 
these galaxies provides observational support for this 
hypothesis. 

12.4.5 Superclusters of Galaxies 

The very noticable concentration of the apparently 
bright galaxies within the northern galactic hemi
sphere, especially within the constellation Virgo, led 



early to speculations that here, the galaxy clusters 
belong to a still larger system, called the Local Su
percluster or the Virgo Supercluster; in particular, 
G. de Vaucouleurs studied this supercluster in detail in 
the 1950's. G. 0. Abell noted that many of the rich 
galaxy clusters in his catalogue seem to be members 
of superclusters. A quantitative indication of the occur
rence of superclusters was given by the investigations 
carried out by P. J. E. Peebles et al. of the two-point cor
relations of the distribution of galaxies projected onto 
the celestial sphere. A breakthrough in the observation 
of superclusters and a convincing demonstration of their 
existence was, however, made only in 1976, when the 
development of sensitive detectors made it possible to 
measure radial velocities from the spectra of many dis
tant, faint galaxies and thus to investigate'hlso the radial 
structure of the cluster distribution. 

A typical supercluster contains, along with several 
galaxy groups, also a few rich clusters (about 2 to 6), 
and forms a strongly flattened system with a diame
ter of around 100 Mpc, lacking in axial symmetry or 
a central concentration. The frequently-occurring fil
amentary or chainlike arrangement of the galaxies is 
quite noticeable. 

Thus, the Virgo Supercluster consists of the Virgo 
cluster itself, about 3 Mpc across and at a distance of 
20 Mpc, of an irregularly-shaped disk of around 50 Mpc 
diameter with an axis ratio of 6 : 3 : 1, and of a "halo" of 
several galaxy groups, including the Local Group at its 
edge. The Coma Supercluster (Fig. 12.30), at a distance 
of about 140 Mpc, containing among others the Coma 
cluster and Abell1367, forms a flattened system with 
a diameter of about 100 Mpc. 

The characteristic time which a galaxy moving at 
a velocity of 1000 km s-1 requires to cross a superclus
ter of 100 Mpc diameter is 1011 yr; it is thus longer 
than the age of the Universe. The superclusters are 
therefore not relaxed systems, and the virial theorem 
cannot be used to estimate their masses. The direct 
summation of the masses of the individual members 
yields a typical mass for a supercluster of the order 
of magnitude of 1016 .M0 ; the overall luminosity is 
around 1014 L 0 . 

A precise investigation of the structure of the super
clusters is made difficult by the fact that their radial 
extension cannot be directly read off from the red shifts 
of their member galaxies. Instead, the nonuniform dis-

12.4 Clusters and Superclusters of Galaxies 

Fig.12.30. The spatial distribution of 2500 galaxies out 
to a limiting blue magnitude of mB = 15.5 mag, from the 
CfA Sky Survey (Harvard-Smithsonian Center for Astro
physics). The data are represented in a wedge diagram: the 
radial velocity Vrad = cz, the distance r, and right ascen
sion a are plotted for a declination range between 26.5° 
and 44.5°. The distances are referred to a Hubble constant 
of Ho = 65 km s-1 Mpc-1. The group of galaxies at 13 his 
the Coma cluster. The "Great Wall" is notable: it is a con
centration of galaxies in a thin disk (:S 10 Mpc thickness) at 
a distance of 100 to 150 Mpc, stretching over the whole range 
of right ascension. (With the kind permission of M. J. Geller 
and J. P. Huchra, Center for Astrophysics, Cambridge, MA) 

tribution of the galaxy clusters causes an acceleration of 
the galaxies towards the mass concentrations and thus 
invalidates the Hubble relation. For example, the Local 
Group is apparently falling towards the Virgo cluster at 
several100kms- 1• 

Large-Scale Structures. The superclusters of galaxies 
are themselves not isolated systems in space, but instead 
touch each other at their edges and thus make up the 
large-scale structure of the Universe, in the form of a net
work of connected flat disks and filaments (Fig. 12.31). 
These enclose voids, roughly spherical regions which 
are nearly free of galaxies and have a characteristic 
diameter of about 50 Mpc. 

In the sky survey carried out in 1989 by M. J. Geller 
and J. P. Huchra of the Harvard-Smithsonian Center 
for Astrophysics, an extremely extended, contiguous 
structure was discovered, called the "Great Wall": it is 
a relatively thin (:S 10 Mpc) sheet which extends over at 
least 100 Mpc by 270 Mpc (Fig. 12.30) and contains 
a density of galaxies well above the average value, 
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Fig.12.31. The Hubble Deep Field. A section of area 1.3' · 0.9' 
from the deep-field image of an area in the sky (of roughly 
2.6' · 2.6' ) that is free of bright foreground stars and nearby 
galaxies; taken with the Wide Field Planetary Camera 2 of the 
Hubble Space Telescope. The full Hubble image is shown on 

at !J.Q/Q::::::: 5. Its mass is estimated to be 2 ·1016 .M0 . 

Since this wall stretches out past the limits of surveys 
carried out up to the present, both in right ascension and 
in declination, its true extension and mass are probably 
still larger. 

In the intervening years, other similar large struc
tures have been discovered, including a "superfilament" 
in Aquarius, which consists of more than 20 galaxy 
clusters strung together in a chain and stretching over 
nearly 400 Mpc (24 000 to 48 000 km s-1 ), in a direction 
which is essentially radially away from us. 

One of the most massive large-scale concentrations 
of galaxies is the "Great Attractor", with a mass of 

p. 311 as the frontispiece to Part IV. This compound color pic
ture was made from three images taken with B, R, and I filters. 
(Picture: R. Williams and the Hubble Deep Field Team, and 
NASA, 1996, ©Association of Universities for Research in 
Astronomy AURA/Space Telescope Science Institute STScl) 

around 5 · 1016 .M0 and a density which is twice that of 
the average density in the Universe. This mass concen
tration is responsible for a major part of the gravitational 
force acting on the Milky Way, the Local Group, and the 
Virgo cluster, among others; it produces systematic ve
locities of the order of 500 km s-1 relative to the Hubble 
expansion. The Great Attractor is located at a distance of 
around 100 Mpc behind the clusters in Hydra and Cen
taurus, with its center roughly at the galactic coordinates 
I ::::::: 320° and b::::::: oo. As a result of the strong dust ex
tinction in the plane of the Milky Way, it is not very 
noticeable in the optical spectral region. The massive 
galaxy cluster Abell3627 (with amass of::: 5 · 1015 .M0 ) 



is near to its center of gravity and could perhaps even 
form the core of the Great Attractor. 

The largest survey to date is the Sloan Digital Sky 
Survey (SDSS). A quarter of the sky will be recorderd 
in 5 colors with a 2.5 m telescope on Apache Point in 
New Mexico, USA. Around 100 million objects will be 
registered, including an estimated 1 million relatively 
close galaxies and 100 000 quasars. The current holder 
for the distance record for quasars, with a red shift of 
z = 6.42, was also discovered by the SDSS. 

12.5 The Formation and Evolution 
of the Galaxies 

The subject of the formation and evolution of galax
ies is still fraught with riddles and unsolved problems. 
Even a superficial examination of the Hubble Atlas of 
Galaxies (A. Sandage, 1961), or of the Atlas of Pecu
liar Galaxies (H. Arp, 1966), and most especially of 
the Hubble Deep Field (Fig. 12.31), the in-depth image 
of the most distant galaxies obtained with the Hubble 
Space Telescope under the leadership of R. E. Williams 
in 1995, should serve as a "modest deterrent" to 
overeager theoreticians. 

We shall therefore limit ourselves here to an ini
tial presentation of the most important observations and 
the processes which must play an important role in the 
development of the galaxies: we begin in Sect. 12.5.1 
with some remarks about the formation of the clus
ters of galaxies and the galaxies themselves, insofar as 
this problem is not treated under the topic of cosmol
ogy (Sect. 13.3.3). We then discuss in Sect. 12.5.2 the 
observational evidence for the intergalactic medium; 
here, the interpretation of the red-shifted Lyman a reso
nance line of neutral hydrogen in the absorption spectra 
of the quasars plays a key role. In Sect. 12.5.3, we 
describe the most important effects of gravitational 
interactions during near collisions of galaxies. These 
range from small perturbations up to the merging of 
two galactic systems, and can be of decisive importance 
for galactic evolution, especially in its earliest phases. 
Sect. 12.5.4 is devoted to the dynamic and chemical 
evolution of the Milky Way and other galaxies. Finally, 
in Sect. 12.5.5, we consider the young galaxies with 
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high red shifts which we can observe in the Hubble 
Deep Field. 

12.5.1 The Formation of the Galaxies 
and the Clusters of Galaxies 

Galaxies contain mass concentrations of up to 1012 .M0 ; 

the characteristic masses of galaxy clusters are of the 
order of 1015 .M0 , and of the superclusters of galaxies, 
1016 .M0 (Sects. 12.1.5 and 12.4.2, 5). As we shall see, 
the average density of the matter in the Universe is about 
9. 10-28 kg m-3 (Table 13.2); the uncertainty in this 
table is at least a factor of 3. The question of the extent 
to which intergalactic matter, i.e. matter outside the 
galaxy clusters, is distributed within the superclusters 
or in general in the Univere will be considered in the 
next section. 

The formation of galaxies and clusters of galaxies can 
be fundamentally understood in terms of a gravitational 
instability according to the Jeans criterion (Sect. 1 0.5.3), 
which we must now apply to the expanding Universe. 
Compared to the static case, the growth of density per
turbations is slower here. The heart of the problem, 
however, lies in the fact that we know neither the time 
at which the structures formed, nor the state of the cos
mic matter then - in particular its average density - with 
sufficient accuracy. 

First Structures. The question of the formation of 
the galaxies and galaxy clusters is closely connected 
with that of the origin of the large-scale structure of 
the Universe: the lattice-like arrangement of the su
perclusters and clusters of galaxies in filaments and 
flat disks, enclosing vast empty spaces (Sect. 12.4.5). 
According to current ideas about the evolution of the 
cosmos, (Sects. 13.3.3, 4), the seeds of this structure 
were planted at a very early evolutionary stage of the 
Universe, about 10-35 s after the Big Bang, when the 
strong fundamental interaction separated from the elec
troweak interactions as a result of symmetry breaking 
(Table 13.5), thus causing an extremely rapid expansion 
(inflation) of the cosmos. The origin of the structure may 
even date to quantum fluctuations at a still earlier time. 

However, galaxies and galaxy clusters could be 
formed only much later, after the beginning of the 
expansion of the Universe; at around 106 yr (cor-
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responding to a red shift of z ::: 1 000), owing to 
recombination of the free electrons with protons (at 
T ::: 3000 K), the close coupling of the radiation field 
to matter was released and density fluctuations could 
grow rapidly, partly by merging into larger units. The 
galaxies began to form at a still later time. 

Fluctuations of the 3 K Radiation. The fact that no 
sharp inhomogeneities were present in the cosmos be
fore this time is demonstrated by the observed high 
degree of isotropy of the microwave background radi
ation (Sect. 13.2.2), which shows that before z::: 1000, 
no notable inhomogeneities were present. However, the 
extremely difficult and costly measurements of this radi
ation in the 1990's with the COBE satellite (Sect. 5.2.2) 
revealed small fluctuations of the radiation temperature 
up to a few 10 1-1K with angular extensions of the order 
of 10° (Fig. 12.32). These variations of L1TjT0 ::: 10-5 

around To = 2. 73 K ( 13.48) reflect relative density fluc
tuations L1g / Q of the same order of magnitude. The fact 

Fig.12.32. A celestial map of the fluctuations in the mi
crowave background radiation (Sect. 13.3.2), smoothed on 
a scale of 7° over the celestial sphere, in galactic coordinates 
(the plane of the Milky Way is indicated by the horizontal line 
in the middle, with Sagittarius at the center). This image rep
resents the average over more than 2 years of measurements 
made with the Differential Microwave Radiometer (DMR) of 

that the temperature fluctuations of the background ra
diation were observed to be independent of frequency 
supports their interpretation as "nucleation points" for 
the formation of galaxies. 

The size of these fluctuations on the celestial sphere 
is to be sure much too large to connect them directly 
with the structures which are visible today. Later inves
tigations with various kinds of earthbound instruments 
(carried by balloons) have shown that the fluctuations 
continue down to significantly smaller angular size 
ranges with about the same amplitudes. Their mass 
spectrum and origins are still very uncertain. 

Among the Balloon experiments, the American
Italian BOOMERANG experiment (Balloon Obser
vations Of Millimetric Extragalactic Radiation ANd 
Geomagnetics) is notable both for its high angular 
resolution, of the order of 10' at a good signal/noise 
ratio, as well as for covering a significant portion of 
the celestial sphere. The measurements, with 16 low
temperature bolometers at the four frequencies 90, 150, 

the Cosmic Background Explorer (COBE) at 53 and 90 GHz 
(A.= 5.7 and 3.3 mm, resp.). The contribution from the Milky 
Way and the dipole component (13.51) resulting from the 
motion of the Earth relative to the 3 K radiation have been 
subtracted.(@ COBE Science Working Group, NASA God
dard Space Flight Center and NASA Space Science Data 
Center) 



240, and 400 GHz made it possible to eliminate fore
ground emissions and effects of the interstellar dust. 
The power spectrum obtained, i.e. the dependence of the 
temperature fluctuations .1.T on their angular size .1¢, 
is independent of the frequency band chosen and is thus 
clearly attributable to the fluctuations of the microwave 
background radiation. 

Instead of .1¢, we could also give the multipole or
der 1 of the associated spherical harmonic functions 
(compare the analogous multipole expansion of the 
sound waves in helioseismology, Sect. 7.3.8, Fig. 7.29). 
On the celestial sphere, the order 1 corresponds to 
an angle of .1¢:::::: 180° fl. The results of Boomerang 
cover the range of 1 values between about 50 and 600. 
Even the smallest fluctuations detected by Boomerang, 
with 1 :::::: 600 or .1¢ :::::: 20', correspond to only the 
largest structures which have been observed in the cos
mos to date, the "honeycomb" of the superclusters of 
galaxies (Sect. 12.4.5). The probe WMAP (Wilkinson 
Microwave Anisotropy Probe) exceeded even this qual
ity. Since 2001, it has been at the Sun-Earth libration 
point~ 1.5 ·106 km away, observing the background 
radiation between 22 and 90 GHz with 5 receivers. The 
measurements extend to 1:::::: 1500. 

The dependence of the power spectrum of the fluc
tuations of the background radiation measured by 
Boomerang and other experiments is not uniform at 
greater angular resolutions, but rather it shows no
ticeable structures, in particular a strong maximum at 
.1¢ ::::::: 1 o or l ::::::: 200, with an amplitude of about 70 ILK. 
Structures of this order of magnitude reflect the den
sity or temperature fluctuations in the early Universe 
shortly before the decoupling of radiation from mat
ter (Sect. 13.3.3). The spectrum and the propagation of 
these sound waves depends on the physical state of the 
Universe and its evolution, so that the analysis of the 
fluctuations observed today can yield important conclu
sions about the parameters of the cosmological model 
(Sect. 13.2.2). 

Growth of the Density Fluctuations. Numerical model 
calculations, whose details we cannot consider here, 
show that the density perturbations in the Universe, 
which later gave rise to the galaxies and clusters of 
galaxies, increased in strength at the time of recombi
nation. Their rate of growth would have been much too 
slow, however, if we take into consideration only "or-
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dinary" (baryonic: cf. Sect. 13.3.2) matter. In order to 
obtain agreement with observations, we have to assume 
that a considerable fraction of dark matter was present. 
This is also required by a variety of other observa
tions (rotation curves and X-ray emissions of galaxies, 
virial mass of clusters of galaxies). Furthermore, the 
model calculations show that for a rapid growth of the 
structures on the observed scale, "cold" dark matter, 
i.e. particles of a still unknown type with nonrelativistic 
velocities, was essential. In contrast, "hot" dark mat
ter such as e.g. massive neutrinos would not serve, 
since such particles would move at nearly the speed 
of light. 

The density fluctuations of the dark matter could have 
undergone a strong increase even before the recombi
nation phase, and they were considerably stronger than 
those of the ordinary-matter mixture of H and He, so 
that the latter could collect in the gravitational potential 
of the dark matter. In this picture, the existence of dark 
halos around the clusters of galaxies and the galaxies 
would be readily understandable. 

After some 107 yr (corresponding to z:::::: 100) at the 
earliest, the density fluctuations would have become so 
strong that the actual formation of the galaxies or the 
protogalaxies could begin to occur. At this time, the 
Jeans mass (10.38, 39) was about 2 · 105 .M0 , and all 
greater masses were gravitationally unstable. 

We thus must date the formation of the galaxies at an 
early stage of the expansion of the Universe, at a time 
when all the dimensions were a factor of (1 + z) :S 100 
smaller (13.42) and the mean density was therefore 
(1 + z)3 :S 106 times higher (:S 5 · 10-22 kg m-3) than 
today's values. 

A lower limit for the average matter density in the 
cosmos at the time of the formation of the galaxies can 
be obtained from the largest known red shifts of z :::::: 6 
for the quasars and the most distant galaxies. At a time 
when galaxies obviously already existed, the average 
density was a factor of ( 1 + z)3 :::::: 350 times higher than 
it is now. 

The Shape of the Condensations. Ya. B. Zeldovich 
recognized as early as 1970 that it would be improbable 
for the original density fluctuations to have had spher
ical symmetry. He showed that density fluctuations of 
a general shape will collapse first in the direction of their 
shortest diameter, and therefore form flat disks ("pan-
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Fig.12.33. The large-scale structure of the Universe: sur
faces of equal matter density in the early universe, based 
on numerical simulations of the growth of density fluctu
ations. Filaments (a) and flat disks ("pancakes", b) have 
formed and enclose large empty regions. The edge of the 
cube shown corresponds to 50 Mpc. From J. Centrella and 
A. L. Melott, Nature 305, 196 (1983). (Reprinted by permis
sion of Macmillan Magazines Limited, London, and of the 
authors) 

cakes"). Further compression can lead to cigar-shaped 
formations. Early numerical simulations made it seem 
at least plausible that the characteristic structural frame
work of the superclusters and clusters of galaxies would 
have formed (Fig. 12.33). 

The growth of density fluctuations in the expanding 
Universe depends decisively on the assumptions con
cerning the nature of the dark matter (as well as on the 
parameters of the cosmological model, cf. Sect. 13.2.5). 
While "hot" (relativistic) dark matter would lead to dif
fuse structures, contradicting the observations, models 
with a predominance of "cold" dark matter yield realis
tic density fluctuations (Fig. 12.34). However, within the 
standard model (Sect. 13.1.3), the largest structures are 
still somewhat too small; models with a cosmological 
constant of A f. 0 give better agreement. 

We must content ourselves here with these estimates 
and cannot delve deeper into the various approaches 

Fig.12.34. A numerical simulation of the large-scale hon
eycomb structure of the present-day cosmos in a volume of 
area 480 Mpc · 480 Mpc perpendicular to the line of sight and 
of 40 Mpc depth. The N -body calculations were done within 
the international Virgo project on two parallel supercomputers 
(Cray T3D) in Garching and Edinburgh, and took into account 
2563 :::::: 1.7 · 107 "particles", each with amass of4.5 ·1011 M o 
in a closed standard model, which was dominated by cold, 
i.e. nonrelativistic dark matter, with a density parameter of 
S?o = 1 (13.27), a cosmological constant of A = 0 (13.33), 
and a Hubble constant of Ho = 50 km s- 1 Mpc- 1 (13.4). (@ 
Max-Planck-Gesellschaft, Munich 1998) 

to the explanation of the formation of the galaxies, the 
galaxy clusters, and the superclusters. A comprehensive 
theory has not yet been formulated. This is perhaps not 
astonishing, since we do not even understand the struc
ture of present-day galaxies in detail, as our discussion 
of their rotation curves and dark halos has shown. 

12.5.2 The Intergalactic Medium 
and Lyman a Systems 

We first ask to what extent the observations indicate the 
existence of a general, diffuse intergalactic medium, and 
then consider the numerous Lyman a absorption lines 
in the quasar spectra and their interpretation in terms of 
"discrete" concentrations of matter. 



A Diffuse Medium? If the intergalactic matter contains 
neutral hydrogen, we can expect a strong absorption in 
its Lyman-a resonance line. Supposing the intergalac
tic gas to be located at a distance corresponding to 
a red shift of z, then we will observe the Lyman-a 
line, whose rest wavelength is Ao = 121.6 nm, at the 
red-shifted wavelength A = (1 + z)Ao. 

J. E. Gunn and B. A. Peterson noticed in 1965 that 
a diffuse distribution of intergalactic neutral hydro
gen would give rise to an extended absorption region 
stretching from Ao to A= (1 + Z)Ao. A continuous ab
sorption of this type has up to now however not been 
observed in quasars with z ::: 6, and an extremely low 
concentration as an upper limit for the density of HI 
follows from this. If there is in fact any diffuse inter
galactic matter containing hydrogen, by far the most 
abundant element, then it must be almost completely 
ionized. The observations would also be compatible 
with a very hot intergalactic gas having an average 
density of around 4. 10-27 kg m-3 . 

A short time ago (2001), indications of the "Gunn
Peterson effect" were observed in a quasar with z = 
6.28. 

On the other hand, this gas would be discernible 
through an extragalactic background radiation in the 
X-ray and perhaps the gamma-ray range. Recent obser
vations with the X-ray satellite Chandra however show 
that at least 75% of the background in the hard X-ray 
range can be resolved into a large number of discrete 
sources such as quasars, Seyfert galaxies, and galax
ies with active nuclei. The extragalactic background 
in the gamma-ray range which is observed between 
30 MeV and 100 GeV can be attributed almost entirely 
to numerous unresolved gamma blasars (Sect. 12.3.4). 

Current observations thus hardly leave room for 
a general intergalactic medium. 

Lyman a Systems. In the spectra of distant quasars, 
a number of sharp absorption lines of La are observed on 
the short-wavelength side of the red-shifted La emission 
line (Fig. 12.21); their red shifts z are smaller than those 
of the quasar itself. These lines can be explained by the 
absorption due to "cloudy structures" along the line of 
sight between the quasar and the observer. 

From the strengths of the lines which are shifted 
to A = (1 + z) Ao, we can determine the column den
sity N [H atoms m-2 = 104 H atoms cm-2] of neutral 

12.5 The Formation and Evolution of the Galaxies 

hydrogen, 

N(HI) = f n(HI) dl, (12.42) 

which is defined as the integral over the particle den
sity n along the line of sight. Our Milky Way system 
would have a column density of interstellar HI- e.g. for 
observations made in a direction perpendicular to the 
disk- of the order of 1024 m-2, as is found from the aver
age particle density of 4 · 105 m-3 and the disk thickness 
of about 200 pc (Sect. 11.2.2). 

A column density of 1016 m-2 is already sufficient to 
detect a matter concentration through its La absorption 
in the quasar spectra. Observed column densities cover 
the large range from 1016 up to about 1026 m-2. Above 
roughly 1022 m-2, the La line becomes so strong that 
it exhibits broad damping wings, i.e. the lines fall on 
the damping or square-root portion of the growth curve 
(Fig. 7.12), where the column density is proportional 
to the square of its equivalent width. These cases are 
termed "damped Lyman a systems". 

Although the La line is readily observable, the rel
ative fraction of neutral hydrogen in the "Lyman a 
clouds" is vanishingly small, only about 10-4 to 10-7. 

In fact, the clouds are highly ionized, mainly by the 
strong ultraviolet radiation of the quasars, as indicated 
by model calculations. The cosmic matter must have 
again been ionized in recent times, at red shifts of z ::: 6, 
following the recombination at z ::c: 1000 (Sect. 13.3.3). 

Concerning the physical properties of the "Lyman a 
clouds" and their sizes, we still know very little. In 
systems with high HI column densities, i.e. with La 
lines on the damping portion of the growth curve, we are 
probably observing the earliest phases of the evolution 
of a galaxy, the protogalaxy. In these, in addition to 
the strong La line, we often observe the L ~ as well 
as the red-shifted absorption lines of heavier elements 
such as Mgll at A= 279.8 nm (with relatively small z) 
and C IV at A = 155.0 nm (at higher z). The average 
metal abundance in the Lyman a forest is estimated to be 
about 1 I 500 of the solar value, so that we are not dealing 
here with primordial matter; instead, nucleosynthesis in 
stars (of a Population III?) must have already occurred. 

In the HI concentrations at low column densities, 
we are possibly no longer seeing isolated "clouds", but 
instead parts of the more or less continuous honeycomb 
structure of the Universe, which is "penetrated" by our 
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line of sight to the background quasar and thus becomes 
observable. 

The Lyman a systems contribute at most a few per
cent of the critical density Qc,o (Table 13.2) to the 
average density of the cosmos. 

12.5.3 Interacting Galaxies 

In near collisions of two galaxies at a distance r, their 
mutual tidal interactions, whose strength is proportional 
to 1jr3 (2.69) strongly influence both the stars and 
especially the interstellar gas within the galaxies. The al
manacs of peculiar or interacting galaxies by H. C. Arp 
(1966) and B. A. Vorontsov-Velyaminov (1959 and 
1977) contain numerous examples of double and multi
ple systems of interacting galaxies with common shells, 
connecting bridges, or long, drawn-out tails of stars and 
glowing gas (Fig. 12.35 and the picture opposite the ti
tle page). In radio-astronomical observations, also, we 
find indications of interactions, for example from the 
21 em line of neutral hydrogen, among other things in 
the form of connecting bridges or common gas shells. 
In recent times, in particular observations made with the 
Hubble Space Telescope, with its high angular resolu
tion, have yielded important contributions to the study 
of the phenomenon of galactic interactions. 

Surveys of the galaxies which searched for the 
various morphological indications of gravitational dis
turbances, i.e. for bridges, filaments, tails, deformations, · 
ring-shaped galaxies, shell structures and counter
rotating stars in elliptical systems, double and multiple 
cores, etc., have shown that interactions are not rare 
occurrences, but instead represent a widespread phe
nomenon. Probably, in fact, strong interactions right up 
to and including the merging of galaxies played the de
cisive role in the formation of the current shapes of the 
galaxies and in the early phases of their evolution. No 
doubt every galaxy was also - at some point in its later 
evolution - subjected to strong tidal perturbations from 
another galaxy passing nearby, so that the conventional 
idea of the evolution of galaxies as essentially isolated 
systems requires considerable revision. 

The great variety of typical indications for mutual 
gravitational interactions have been reproduced very 
well by numerical N -body simulations which were 
begun in the 1970's in work by A. and J. Toomre. 

An indication of interactions in the neighborhood of 
the Milky Way is the Magellanic stream, six HI clouds 
which follow the Large Magellanic Cloud on its orbit 
around the Milky Way. These clouds were presumably 
"drawn out" of the satellite galaxy by tidal forces from 
our galaxy and are now falling into the Milky Way on 
a spiral orbit, whose last perigalactic point occurred 
about 1.4 · 109 yr ago. 

The two Magellanic Clouds themselves, which are 
surrounded by a common shell of HI, will also plunge 
into the Milky Way on spiral orbits in some 109 yr. The 
elongated shape of the Small Cloud and its relatively 
high rate of star formation are likewise indications of 
the tidal forces from the Milky Way. 

Finally, in Sect. 12.4.1 we described the elongated, 
irregular spheroidal dwarf galaxy Sagittarius, which is 
only 16 kpc from the center of our galaxy and is in the 
process of dissolution as a result of the tidal forces from 
the Milky Way. 

Fig.12.35. The interacting galaxies NGC 4038/9 ( = Arp 244 
= Vorontsov-Velyaminov 245, the "antennae") in a photo
graph taken by 0. Pizarro and H. E. Schuster with the 
1.62 m Schmidt camera of the European Southern Observa
tory (ESO). The projected distance between the ends of the 
"antennae" is about 160 kpc, and that between the centers of 
the two galaxies is about 9 kpc. (From S. Laustsen et al., 1987) 



The tidal interactions of galaxies can apparently set 
off a very high rate of star formation over a short period 
of time, especially in the dense galactic central regions. 
As examples, we have met up with the "dusty" infrared 
or starburst galaxies (Sect. 12.2.2) as well as the blue 
compact dwarf galaxies (Sect. 12.1.6). 

The interactions between galaxies are particularly 
important, as we saw in Sect. 12.4.4, for the evolution 
of the galaxy clusters. In dense clusters, the morpho
logical type of the galaxies can be modified by these 
interactions. Spiral galaxies lose their gas and presum
ably become SO galaxies; in the centers of the clusters, 
galactic fusion of several galaxies leads to the formation 
of the giant cD galaxies. 

12.5.4 Evolution of the Galaxies 

The conventional scheme of the evolution of the galax
ies assumes that (at some time between z ~ 100 and 5) 
individual gas clouds were formed with masses in the 
range ::::; 1011 to 1012 M 0 , which then continued to 
evolve into their presently observed state as essen
tially isolated "cosmic islands". As we shall see in 
Sect. 12.5.5, observations of the earliest evolutionary 
stages of the galaxies (at red shifts of z :::: 2 ... 3) show 
however that today's normal, large S and E galax
ies probably formed by fusion of many smaller blue 
galaxies, i.e. they did not begin as gas clouds (pro
togalaxies) which contained their present large masses. 
Furthermore, the mutual gravitational interactions of the 
galaxies (Sect. 12.5.3) decisively influence their evolu
tion, in particular through near collisions by which, for 
a limited time, a very intensive phase of star formation 
is initiated. 

Here, we can treat only the most important aspects 
of a theory of galactic evolution; in fact, no complete 
theory exists at present. In this section, we leave the 
earliest evolutionary stages out of consideration and 
concentrate on those phases after the time when the 
galaxy had already attained its current mass. We leave 
open the questions of how the "proto galaxy" might have 
looked, what elemental mixture it might have contained, 
and how it was formed. 

Dynamic Evolution. The evolution of the galaxies 
is closely connected to the distribution of angular 
momentum and to the formation of stars. 

12.5 The Formation and Evolution of the Galaxies 

At a steady low rate of star formation, a gaseous 
protogalaxy with a large amount of angular momentum 
forms a disk on contracting. We then have a (spiral) 
galaxy; the collapse to form a galactic disk will be con
sidered in detail below. In the other extreme case, when 
all the gas is consumed right at the beginning by for
mation of stars, the protogalaxy changes its dimensions 
only slightly, since the stars, in contrast to gas, cannot 
radiate away their kinetic energy, and, due to energy 
conservation, the sum of the kinetic and potential en
ergies must remain constant. In this case, an elliptical 
galaxy is formed. 

The structure of the disks is, at least in their outer 
portions, surprisingly similar for all types of galaxies 
from SO to Sm. The physical distinguishing feature of 
the Hubble types SO, Sa, Sb, etc. seems to be mainly 
(or entirely?) the fraction of their overall mass which is 
still present in gaseous form. This fraction varies from 
less than 1% in the regularly-shaped SO disks to about 
10% in irregular galaxies. The formation of spiral arms 
is evidently connected directly to the gas in the disk. 

The spheroidal components of the spiral galaxies 
were clearly formed from matter with a small amount 
of angular momentum. As the dynamic calculations of 
R. B. Larson and B. M. Tinsley (1974178) demonstrate, 
the structure of our Milky Way and other spiral galaxies 
must have been produced in a two-step process: in a first 
phase with very rapid star formation, the spheroidal 
component is formed within a few free-fall times, while 
in the following phase, with considerably slower star 
formation, the remaining gas can collapse to a disk 
before any more stars are formed. 

Observations of the halo population of the Milky 
Way however show different groups of globular clus
ters with different properties (age, metal abundance) 
and suggest that at least a part of the spheroidal com
ponent must have originated through "cannibalism" by 
our galaxy, which in the course of time "consumed" 
a series of smaller satellite galaxies, such as Sagittarius, 
(Sect. 12.4.1), that then within::::; 109 yr became mixed 
into the previously existing halo population. Some of the 
brighter globular clusters observed today could thus be 
the "remains" of the nuclear regions of dwarf galaxies. 

The elliptical and SO galaxies obviously evolved 
from proto galaxies with low angular momenta. Among 
them, the elliptical and spheroidal dwarf systems 
(Sect. 12.1.6) probably developed directly from the 
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original protogalaxies of smaller mass. The beginning 
of star formation, which leads to supernova explo
sions, removes the interstellar gas from the galaxy at 
an early evolutionary stage and practically prevents fur
ther star formation. The giant E galaxies, on the other 
hand, would seemed to have formed through merging 
of several smaller protogalaxies (Sect. 12.5.5). 

Collapse to a Galactic Disk. In the disks of the S galax
ies, in which all the stars rotate in the same sense around 
the center, there is a large angular momentum, as is to be 
expected from their degree of flattening. It is thus tempt
ing to ask whether, and how, an (exponential) galactic 
disk can have formed from a more or less spherical 
cloud. 

The calculation of the dynamics of the collapse 
of a spherical protogalaxy to a galactic disk was 
first performed by 0. J. Eggen, D. Lynden-Bell and 
A. R. Sandage in 1962. As the simplest model of such 
a protogalaxy, we consider a sphere of gas which 
is rotating rigidly at the constant angular velocity w. 
Let .M(r) = (4ni3)Qr3 be the mass within a sphere 
of radius r, Q the density, R the overall radius, and 
.M = .M(R) the overall mass. Then the ratio 11 of the 
components of centrifugal force and gravitational force 
perpendicular to the axis of rotation at the point P (which 
has the coordinates rand 8; cf. Fig. 12.36) is: 

w2r sine 1 [ (wr2) 2 ] T/- -- -- (12.43) 
- G.M(r) sin81r2 - r G.M(r) ' 

where G is the gravitational constant. Furthermore, the 
specific angular momentum (per unit of mass) at the 
distance r from the axis of rotation is given by 

h(r) = wr2 . (12.44) 

Now, in a thought experiment, we allow our sphere 
to contract radially, in such a way that each mass el
ement maintains its angular momentum. In particular, 
for a spherical shell of radius r, the specific angular 
momentum wr2 and the enclosed mass .M(r) inside the 
shell remain constant and the factor in square brackets 
in (12.43) does not change. But owing to the factor 11r, 
11 increases until a new equilibrium is established be
tween the force components perpendicular to the axis of 
rotation. The component of gravitational force parallel 
to the axis, however, remains unchanged. The proto
galaxy must therefore become flattened, i.e. it must 

Fig.12.36. 
The collapse of 
a spherical pro
togalaxy to a disk 

collapse in the direction of the rotational axis. The en
ergy released in this process is mostly dissipated; in this 
way, a thin disk is finally formed. In order that a grav
itational equilibrium 11 = 1 (gravitation =centrifugal 
force) be maintained everywhere within the disk, a ra
dial redistribution of the mass must naturally take place. 
The rotation will then in general no longer be uniform . 

We cannot follow these complex processes in detail, 
but we can expect that every mass element maintains 
its angular momentum. Thus, the fraction d.M (h) I .M 
of the mass whose angular momentum per unit mass 
lies in the interval h to h + dh must be the same size 
in the finished galaxy as in the protogalaxy. Instead of 
d.M(h)I.M, we could of course just as well consider 
the fraction of the mass .M (.::: h) I .M, after integration 
over h, in which the angular momentum per unit mass 
is less than a given value h. 

In order to calculate these ratios, we take for lack 
of more precise knowledge a homogeneous spherical 
protogalaxy of radius R with the constant density Q. 

The angular velocity w can, from (12.43), be adjusted in 
such a way that in any case, within the whole equatorial 
plane, a gravitational equilibrium is established with 

(12.45) 

Then, from (2.67), the total angular momentum 
J = lw= (215) .MR2w(l =moment of inertia) and the 
specific total angular momentum is 

H = ~ wR2 = ~ (G.MR) 112 . 
5 5 

(12.46) 



In order to calculate the distribution of the angular 
momentum, we cut a cylinder out of the sphere, parallel 
to the axis of rotation, with inner and outer radii f and 
f + df and height 2../ R2 - f 2 . Its mass is then (see Fig. 
12.36) 

dM = Q ·2R)l- (fl R)2. 2n:fdf (12.47) 

and its angular momentum is 

h dM = wf2 dM (12.48) 

= WQ 0 2Rv'1- (f I R)2 0 2n:f3 df 0 

According to (12.44), we now have dh = 2wfdf. Thus, 
with M = (4n:I3)QR3 and (12.46), we obtain the frac
tion of the mass whose specific angular momentum lies 
in the range h to h +dh: 

dM(h) = ~ (1- ~~)1/2 dh. (12.49) 
M 5 5H H 

The fraction of the mass M (::::; h) for which the specific 
angular momentum is ::::; h can be obtained from this by 
integration: 

M(:::; h) = 1- (1- ~ ~)3/2 . 
M 5H 

(12.50) 

In Fig. 12.37, the two distribution functions dM (h) 1M 
and M (::::; h) I M are plotted as functions of the 
normalized specific angular momentum. 

It was shown in 1964 by D. J. Crampin and F. Hoyle, 
and then in 1970 by J. H. Oort, that some Sb and 
Sc galaxies, and also our Milky Way system, in fact 
do exhibit angular momentum distributions correspond
ing to (12.49) and (12.50); this indicates their possible 
formation from a uniformly rotating, homogeneous 
spherical protogalaxy. 

The time r required for a galactic collapse can be es
timated in an order-of-magnitude calculation by taking 
the rotational period on a circular orbit of radius R: 

r::: 2n: =a·2n: {R3 (12.51) 
(i) v G:M 

with a ::: 0.2 ... 0.5. For M = 1.5 · 1011 M 0 and 
R = 25 kpc, one thus obtains several 108 yr. This time 
is, of course, roughly equal to the free fall time (8.41) or 
the period of the fundamental oscillation of a gaseous 
sphere (7.100), i.e. r::: 11 ,.j(JQ. Arguments in connec
tion with the formation of the elements (see below), 
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Fig.12.37. The distribution of angular momentum. The fol
lowing quantities are plotted as functions of x = hl (wR2) = 
hi(5HI2) (his the specific angular momentum per unit mass, 
referred here to its maximum value wR2 = 5H12): (1) the 
fraction of the mass dM (x) I M for which x lies between x 
and x + dx (left-hand scale), and (2) the fraction of the mass 
M (S x) I M for which x is smaller than the value on the ab
scissa (right-hand scale). In the formation of a disk galaxy 
from a spherical protogalaxy with conservation of angular 
momentum, dM(x)IM and M(S x)IM are conserved for 
each element of mass as functions of x 

however, support the idea that the formation time of the 
disk was probably closer to 109 yr. 

We can make further statements for exponential disks 
according to K. C. Freeman's investigations (1970): 
their surface luminosities folllow (12.10), and thus their 
surface densities f.L obey the distribution law 

t.L(f) = /.Lo e - iFct . 

From t.L(f), one obtains the total mass: 
00 

Mct = J f.Loe-r f rct ·2n:fdf = 2n:f~ f.Lo. 

0 

(12.52) 

(12.53) 

By the way, e.g. 80% of the total mass is within f::::; 3fct. 
We are now in a position to calculate the angular 

velocity of the rotation, w(f), and then the distribution 
of angular momentum per unit mass, hct (f), as well as the 
fraction Mct (S hct) I Mct of mass for which the specific 
angular momentum is ::::; hct. By numerical integration, 
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the total specific angular momentum is 

Hct = 1.11 (G.Mctfct) 112 . (12.54) 

We can now compare the function .Mct (.::=:: hct) I .Mct 
for exponential disk galaxies with that calculated for 
our "theoretical" protogalaxy, (12.50); taking the re
sults of K. C. Freeman, the agreement is excellent. 
This is a strong indication that such galaxies could 
in fact have been formed by the collapse of spherical 
proto galaxies. 

It is also interesting to compare the length scale factor 
fct ofthe disk from (12.52) with the radius R of our hy
pothetical proto galaxy for .Mct = .M and Hct = H. From 
(12.46) and (12.54) we obtain immediately: 

(12.55) 

The radial contraction of the protogalaxy is thus con
siderable. The velocities in protogalaxies must therefore 
have been correspondingly smaller than the currently 
observed rotational velocities in the disk galaxies, owing 
to conservation of angular momentum. 

The total specific angular momentum of a galactic 
disk, from (12.53) and (12.54), is: 

H -l/4 ..,3/4 
d oc lko "l'ld · (12.56) 

It thus depends practically only on the mass .Mct for disk 
galaxies, like the total angular momentum, since f.ko 
hardly varies. 

Following this brief introduction to the dynamic as
pects of galactic evolution, we turn to the problem of 
the development of the abundance distribution of the 
elements. 

Chemical Evolution. Initially, we assume that a pro
togalaxy containing nearly pure hydrogen (plus 10% 
helium) was present in the early Universe, 15 · 109 yr 
ago, and that the first stars immediately began to form 
in it. In their interiors, according to the ideas of E. M. and 
G. R. Burbidge, W. A. Fowler and F. Hoyle (Sect. 8.2.5), 
nuclear processes took place, which produced the 
heavy elements. Some branches of stellar evolution 
lead to the continuous or explosive (supernovae) re
lease of stellar matter to the interstellar medium. Thus, 
a second generation of more metal-rich stars can 
be formed, and this cycle continues through further 
stellar generations. 

In the dwarf E galaxies, this process must have been 
arrested sooner than in the giant galaxies, and in the 
S galaxies, the formation of heavy elements must have 
been essentially concluded by the time of the collapse 
of the disk. In all the sufficiently large galaxies, we 
find that, independently of the formation of a disk and 
independently of the mass fraction of interstellar gas 
which is still present today, the order of magnitude of the 
extent to which the protomatter has been converted into 
heavy elements, and the mixing ratios of those elements, 
are much the same. Within many S galaxies, we can also 
observe an increase in the abundance of heavy elements 
in going from the edge of the disk towards the center. 

In our Milky Way system, we can obtain a more pre
cise picture of the chronology of formation of the heavy 
elements: 

At present, stars are formed from the interstellar 
medium which is concentrated in a flat disk, with a metal 
content Z = Z0 :::: 0.02 (8.46), at an overall rate of 
a few .M0 per year and with a mass spectrum 1/f(.M) 
(Sect. 10.5.6). In particular, the more massive stars en
rich the interstellar gas with heavy elements at the end 
of their evolution, e.g. through supernova explosions. In 
this process, a part of their mass which has been mod
ified by nuclear reactions remains in the remnant stars 
(neutron stars), and is thus removed from the cycle of 
interaction between the interstellar medium and many 
generations of stars. 

The observed element abundances in the spheroidal 
component (halo population) show a maximum metal 
content of about Z0 j6, so that an increase of the metal 
abundance from practically zero up to this value must 
have occurred in at most several 109 yr. This time es
timate is based on age determinations of the globular 
clusters and is longer than the collapse time (12.51) of 
the disk estimated from the dynamic considerations of 
0. J. Eggen, D. Lynden-Bell and A. R. Sandage. 

With the consolidation of the disk, of mass around 
7 ·1010 .M0 , the synthesis of elements essentially came 
to its conclusion, since the oldest open star clusters 
already have roughly the normal composition Z0 . 

According to Table 8.2, as a result of their lifetimes 
only relatively massive stars, with masses ~ 10 .M0 , 

contribute to the formation of the heavy elements. Stars 
with masses ::=:: 1.M0 , on the other hand, have not 
evolved away from the main sequence since the for
mation of the Milky Way, so that for example among 



the G dwarfs, metal abundances in the entire range 
0 s Z s Z0 should be found. If the formation of the 
Population II stars had corresponded even roughly to the 
luminosity function of open star clusters (Sect. 10.5.6), 
then there should still be a large number of long
lived metal-poor dwarf stars present today; this is in 
contradiction to the observations. In fact, extremely 
metal-poor stars are very rare. 

This "G-dwaif problem", and also the time evo
lution of the average metal abundance (with a rapid 
increase at the beginning and a flattening-out during the 
last 5 · 109 yr), as well as the radial abundance gradient 
within the disk, cannot be understood in terms of sim
ple models based on a constant rate of star formation 
over space and time within a closed system. Attempts to 
solve these problems therefore begin with hypotheses 
(in part ad hoc assumptions) such as (a) a radically dif
ferent mass function 1/f(.M) at the beginning, as a result 
of which in particular many more massive stars were 
formed; (b) a very rapid initial enrichment of the pro
to galaxy in heavy elements, through a "Population III" 
which no longer exists today, before the formation of 
the oldest halo stars; or (c) the transfer of primordial 
or nuclear-processed matter from the halo to the disk 
over a long period of time following the collapse which 
formed the disk. 

Nuclear Energy Release. In this connection, we em
phasize how small is the nuclear energy release rate 
in the Milky Way system and other galaxies in their 
present states. In (8.45), we related the hydrogen con
sumption of a star to its mass-luminosity ratio. If we 
take the latter to be about 10 solar units, we find that 
our galaxy, in its present state, would have consumed 
only a few percent of its hydrogen after 1 to 2 · 1010 yr. 
The production of a major portion of the heavy elements 
within the first 109 yr by stellar evolution therefore im
plies that the Milky Way previously had a much greater 
luminosity than it does today. 

From this estimate, we could expect to find numer
ous protogalaxies - in the infrared at large red shifts -
with about 100 times the luminosity of the present -day 
galaxies. Such systems are however not observed in the 
deep sky surveys of the youngest galaxies. This result 
is in agreement with the hypothesis (Sect. 12.5.5) that 
the larger S galaxies were formed only by the merging 
of several smaller systems with lower luminosities. 

12.5 The Formation and Evolution of the Galaxies 

Cosmochronology. These ideas about the formation of 
the heavy elements, especially in the Milky Way, make 
it possible from the nuclear physics point of view to 
determine a cosmic time scale (see also Sect. 13.2.5). 
In this cosmochronology, long-lived radioactive nu
clides of different half-lives are used as "chronometers", 
similar to the radioactive dating in the Solar System 
(Sect. 3.2.2). Examples are 187Re (half-life 5. 1010 yr), 
232Th (1.4. 1010 yr), 238U (4.5. 109 yr); in addition, also 
244Pu (8.0. 107 yr) and 129I (1.6 · 107 yr) are used. 

A first guess is obtained by assuming that most of 
the heavy elements were produced within a short time 
during the formation of the Milky Way system. We 
then take two radionuclides which are not replaced 
by the decay of any parent element and which decay 
with greatly differing half-lives, e.g. the uranium iso
topes 235U and 238U, whose present abundance ratio is 
1 : 138. In previous times, this ratio must have been 
much greater. If we extrapolate back to an initial ratio 
somewhat larger than one, we arrive at an age of forma
tion of between 7 and 8 · 108 yr ago. For a more precise 
age determination, the time dependence of the produc
tion of elements during the evolution of the galaxy is 
required, in particular a model for the production of 
isotopes by the r-process, since all the nuclides used as 
chronometers were generated by it. The uncertainties 
in the model, in some of the nuclear-physics quantities, 
and in the observation and interpretation of the iso
topic ratios of meteorites leave open a relatively wide 
range of values between about 11 and 20 · 109 yr for the 
age of the Milky Way galaxy, and therefore of all of 
the galaxies. These times are, in any case, compatible 
both with the age of the Milky Way as obtained from 
the color-luminosity diagrams of the globular clusters, 
some 12 to 14 · 109 yr (Sect. 9.2.3), and with the age 
of the Universe as estimated from the expansion of 
the galaxies (Friedmann time, Table 13.1), in the range 
of 11 to 20 · 109 yr. 

A nearly direct determination of the age of the 
Milky Way Galaxy was recently made by R. Cayrel 
and coworkers (2001) by analysis of the lines of the 
radioactive elements U and Th in the spectrum of an 
old, extremely metal-poor star. This first determina
tion of the uranium abundance for a Population II star 
(using the UII line at A.= 385.9nm) yields an age of 
(12.5 ± 3) · 109 yr and thus decreases the uncertainty in 
the determination of the age of the Milky Way. 
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To conclude this section we now summarize briefly 
the fundamental open questions concerning the evo
lution of the galaxies. Although we understand the 
essential features of the galactic cycle connecting the 
different generations of stars and interstellar matter, 
and although we can reconstruct to a considerable ex
tent their "history", in particular that of our Milky 
Way galaxy, from present-day observations, we are 
still far from having a complete quantitative picture of 
the dynamic and chemical evolution of the galaxies of 
different Hubble types. 

For one thing, we know nothing about the nature 
of the "invisible" major portion of the matter in many 
galaxies whose presence is evident from the dynamic 
calculations. The process of stellar genesis and its 
dependence on the physico-chemical state of the in
terstellar medium is also still unclear to a great extent. 
It has become apparent, especially from infrared ob
servations, that the rate of star formation is strongly 
increased by tidal interactions between the galaxies. 
Furthermore, our knowledge of the later phases of stel
lar evolution, and along with it the enrichment of the 
interstellar gas in heavy elements, still has serious gaps. 
The role played by the galactic nuclei and their activ
ity in galactic evolution is also still unclear. Finally, our 
knowledge of the early evolutionary stages of galactic 
evolution (which we shall discuss in more detail in the 
next section) remains very rudimentary. 

12.5.5 Galaxies in the Early Universe 

In contrast to the stars, the galaxies were apparently all 
formed at about the same time, around 2 · 1010 yr ago, 
although not necessarily with their present-day masses. 
Young galaxies or protogalaxies can therefore be ob
served only as very distant, faint objects (with large red 
shifts), whose light-emitted in the early stages of galac
tic evolution- is only now reaching us. The observation 
of galaxies or quasars e.g. with z c::: 5 currently allows 
us to look back into the past up to about 95% of the 
age of the Universe (Table 13.1), and there are indica
tions of evolutionary effects in the most distant systems 
(bluer color, other types and sizes, galactic merging pro
cesses, ... ). According to theoretical estimates, we are 
not too far from being able to observe the birth of the 
galaxies. A galaxy has even been discovered recently 
with a red shift of z c::: 10. 

In the 1980's it became clear that among the more 
distant galaxies, there were numerous faint blue ob
jects; in the 1990's, systematic sky surveys were begun, 
using larger telescopes and modem spectrographs and 
searching for galaxies with red shifts in the range 
of z = 0.1 ... 1.3, which exhibit irregular shapes and 
blue, compact regions. 

A milestone in the investigation of young galaxies 
was the deep-space, four-color image of the Hubble 
Deep Field (Fig. 12.31) acquired in 1995 by the Hubble 
Space Telescope: in order to avoid the strong extinction 
within the Milky Way, a region of the sky at a high galac
tic latitude was chosen, in which furthermore neither 
bright stars nor bright galaxies or strong radio sources 
are present. This field in Ursa Major, of dimensions 2. 7' · 
2.7', at the coordinates a= 12h36min49.4 s and 
8 = +62° 12' 58" (Epoch J 2000), was photographed in 
four colors with an overall exposure time of 10 days(!). 
The complete image is a composite made up of sections 
with shorter exposure times. The four broad-band fil
ters have their maxima at the wavelengths ).. of 300 (U), 
450 (B), 606 (R), and 814 nm (I). The limiting bright
nesses detected were about 29 mag in the blue and 
nearly 30 mag in the infrared. In 1998, the Space Tele
scope was used to obtain corresponding deep images 
from fields in the southern hemisphere, in the opposite 
direction on the celestial sphere. At first view, they show 
very similar distributions of galaxies and galactic types 
to those in the field in the northern hemisphere. 

Complementary observations of the objects in the 
Hubble Field were then carried out, using the Hubble 
Space Telescope itself, and also larger earthbound tele
scopes such as the 10m Keck telescope, in particular to 
determine the red shifts of as many as possible of the 
distant galaxies. 

Determination of the Red Shifts. Up to now, z has 
been measured for over 1000 galaxies in the Hubble 
Field; but only ca. 10% of the nearly 3000 galaxies 
are bright enough for a direct z determination using 
a spectrograph. 

Larger red shifts of z 2: 2.3 can be estimated from 
the colors of the galaxies in the Hubble Deep Field, 
by making use of the strong decrease of brightness 
(roughly a factor of 10) on the short-wavelength side 
of the Lyman edge; it is due to the stellar energy distri
bution and in particular to absorption from HI within 



the galaxy and in the intergalactic medium. Since the 
Lyman edge is observed at its red-shifted wavelength 
A. = 91.2 ( l + z) nm, a galaxy at e.g. z = 3 can no longer 
be seen through the U filter, one at z = 5 also no longer 
with the B filter, and finally, a galaxy at z ::=: 6, can be 
observed only with the I filter. 

Galaxies in the Hnbble Deep Field. From the first anal
ysis of the data from the Hubble Deep Field, the majority 
of the nearly 3000 galaxies is found to have red shifts 
of z s 3; based on their brightness decreases at the Ly
man edge, a few tens of objects with 3 s z s 4 and a sim
ilar number with 4 s z s 5 were found. Finally, there are 
a few candidates for extremely high red shifts of z ::=: 5. 
With the VLA radiotelescope, 6 sources have been ob
served which could all be attributed to relatively bright 
elliptical galaxies and early spirals with z ::::: 0.2 ... 1.2. 
The infrared satellite ISO found 15 infrared or starburst 
galaxies in the Hubble Deep Field. 

The morphological type of the distant galaxies can be 
determined only by the Space Telescope with its angular 
resolution of around 0.1 "; large earthbound telescopes 
can be used only down to about 24 mag owing to air 
motion. Even at z > 1 we can already observe some 
larger elliptical galaxies and spiral galaxies, whereby 
the latter are presumably somewhat rarer than today. We 
observe no S galaxies with regular, symmetrical spiral 
structures. Instead, they exhibit an irregular, "flaked" 
appearance with blue condensations which indicate in
tensive star formation. Their irregular appearance is 
intensified by the fact that we are actually observing 
these systems in the far ultraviolet due to their red shifts. 

A notable feature of the galaxies of the Hubble Deep 
Field is the strong increase in the number of irregu
lar systems (lrr I) with increasing z; of these, many 
have much more blue color than the Magellanic Clouds. 
While today (z = 0), irregular types and perturbed sys
tems make up only about 10% of all galaxies, their 
fraction for z::::: 0.5 is 30%, and for z::::: 2, itis40%. With 
this high percentage of peculiar systems, the normal 
Hubble classification (Table 12.1) becomes essentially 
meaningless for the young galaxies. 

The ultraviolet luminosities of the blue irregular 
galaxies (in their rest systems), at high red shifts of 
(z ::=: 2.5), range typically from I 09 to 1010 L0 . Their di
ameters are only of the order of a few kpc (at z ::::: 3); thus, 
even after taking the factor (1 + z) into account, they are 
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relatively small. Either they represent only the nuclear 
regions of later normal-sized galaxies, or else several 
such systems later merged to form larger galaxies. The 
latter suggestion is supported by the large fraction of 
such objects observed, much greater than today, so that 
probably not all of them "survived". In any case, we are 
dealing here with "youthful" galaxies which must still 
evolve into the present-dayS and E galaxies. 

The Rate of Star Formation. From their brightness 
in various wavelength regions, which is determined 
essentially by the contributions from the stars, the 
time development of the rate of star formation can 
be estimated (Sect. 10.5.6) - quoted for example 
as [M0 Mpc-3 yc1 ]. This rate increases from its 
present (z = 0) value with increasing z, and at z::::: 1.5 
it reaches a maximum of about 10 times the current 
rate; it then falls off strongly at still higher z values. Be
tween z = 4 and 5, it is about the same as today. This 
time dependence reflects simultaneously the production 
of heavy elements by the stars in the galaxies; we may 
therefore expect that times earlier than about z ::::: 5 make 
no contribution worthy of mention to the synthesis of 
the elements. 

The Earliest Evolutionary Stages. From the observa
tions at high red shifts, we can make out the "new" 
picture of the evolution of the galaxies, which however 
is as yet by no means certain in all its details: 

The galaxies originally formed as relatively small ir
regular proto galaxies. A portion of them merged together 
to form larger systems; some of them, however, fin
ished their evolution as metal-poor elliptical or spher
oidal dwarf galaxies, after losing their gas in early stages 
(following an intensive phase of star formation) due to 
the "galactic wind" from the supernova explosions. 

The large elliptical and spiral galaxies formed (all of 
them, or the majority?) through merging processes in 
the course of their further evolution. They are funda
mentally different systems, especially in terms of their 
interior distribution of angular momentum; the reasons 
for these differences are not yet known in detail. The 
formation of the large elliptical galaxies and perhaps 
also of the spheroidal systems of the spiral galaxies 
most likely took place at red shifts of z ::=: 3. In con
trast, the disks of the S galaxies were probably formed 
at only z ::::: 3 ... l, and they are therefore younger. 
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13. Cosmology: the Cosmos as a Whole 

Having studied our Milky Way Galaxy, various other 
galaxies of the most diverse kinds, and the arrange

ment of the galaxies into clusters and superclusters, we 
now turn to the Universe as a whole, its spatial struc
ture and its evolution in time. We begin, in Sect.l3.1, 
with E. Hubble's discovery of the expansion of the Uni
verse, and then discuss the possible cosmological models 
on the basis of the theory of General Relativity. Now, in 
order to determine the correct model of our Universe and 
its parameters, we must make use of a wide variety of 
different observations. To this end, we investigate some
what more carefully the propagation of electromagnetic 

13.1 Models of the Universe 

Five years after his determination of the distances to 
far-away galaxies, E. Hubble in 1929 made a second 
discovery of enormous importance: the proportionality 
of the red shifts of the galaxies to their distances. On the 
one hand, this opened up the possibility of determining 
distances in the cosmos; and on the other, the multiplic
ity of possible cosmological models was now limited 
to those with expansion. We begin in Sect. 13 .1.1 with 
a discussion of the expanding motion of the galaxies 
and of the fundamental Hubble constant, which deter
mines the distance scale in the cosmos. In Sect. 13 .1.2, 
we first treat cosmological models in the framework 
of Newtonian cosmology, which already yields some 
essential properties, and then in Sect. 13.1.3 we dis
cuss the various relativistic cosmological models which 
are permissible within the theory of General Relativ
ity. Since matter strongly predominates over radiation 
in our present-day Universe, we collect in Sect.13.1.4 
the equations which are especially appropriate to the 
so-called matter cosmos. 

13.1.1 The Expanding Universe 

The red shift of the lines in the spectra of distant galaxies 

z = .!J.A./A.o =(A.- A.o)/A.o (13.1) 

radiation over cosmic distances and describe the isotropic 
background radiation at 3 K, discovered by A. A. Penzias 
and R. W. Wilson, and the hot, radiation-dominated ini
tial state of the Universe where the lightest elements, in 
particular helium, were produced {Sect.13.2). Finally, in 
Sect.13.3, we give an overview ofthe most important rel
evant facts in order to arrive at a picture oft he evolution of 
the Universe from its earliest stages, which are closely con
nected with our knowledge of the fundamental physical 
interactions, through the production ofthe 3 K radiation, 
on to the formation of the galaxies and galaxy clusters, 
and finally to the present-day state oft he cosmos. 

(A.o: laboratory wavelength or wavelength in the rest 
system of the galaxy, A.: measured wavelength) increases 
proportionally to their distances r. If this red shift is 
interpreted as a Doppler effect, then for the velocity at 
which the galaxy is receding, v = dr/dt, we find the 
Hubble relation: 

v = c(.!J.A./A.o) = cz = Hor. (13.2) 

(We limit ourselves initially to the case z « 1; other
wise, we would have to make a relativistic calculation 
of the Doppler effect). 

Apparent exceptions for nearby galaxies (for ex
ample, the Andromeda Galaxy is approaching us at 
300 km s- 1) could be readily explained as the reflection 
of the rotation of our own Milky Way Galaxy. Measure
ments of the 21 em line of hydrogen have yielded an 
excellent confirmation of the wavelength dependence 
of the effect assumed in Hubble's relation. 

The Hubble Constant. The value of the Hubble con
stant Ho must be determined from observations. This 
means essentially that distance determinations must be 
carried out for suitable distant objects; the velocities or 
red shifts can readily be obtained spectroscopically with 
sufficient precision. We mention only a few methods 
of cosmic distance determination: the most important 
technique uses the period-luminosity relation of vari
ous kinds of pulsating stars (Sects. 7 .4.1 and 12.1.1 ). 
Furthermore, "standard candles" are used, i.e. objects 



of known, constant and high luminosities such as su
pernovae of types Ia or also II (Sect. 7 .4. 7) or planetary 
nebulae (Sect. 10.3.2). Another technique is based on 
the differences in the transit time of light from vari
ous images, e.g. of a quasar, which are projected by 
a gravitational lens (Sects. 8.4.3 and 12.3.4). 

For H0 , Hubble himself in 1929 obtained the value 
530kms-1 Mpc- 1. Following W. Baade's revision of 
the cosmic distance scale (distinguishing between 
the Cepheids of Populations I and II), A. R. Sandage 
in 1958 calculated the most probable value to be 
75 km s-1 Mpc-1. Extensive investigations in the fol
lowing years using a variety of methods yielded 
values on the one hand around 50kms-1 Mpc- 1 

(A. R. Sandage, G. A. Tammann et al.), and on the other 
of about lOOkms- 1 Mpc- 1 (G. de Vaucouleurs et al.), 
and finally also values around 75 km s- 1 Mpc1. The 
differences in the individual determinations of H0 lie 
outside the respective error limits (of about 10 to 
15%), which have been estimated for the different 
methods. The resolution of this uncertainty was thus 
a high-priority goal of observational cosmology for 
a long time. It was only with the Hubble Space Tele
scope and WMAP that the uncertainity in Ho could be 
satisfactorily reduced in recent years. 

According to the most recent measurements, Ho must 
lie in the range around 70(±5) km s- 1 Mpc- 1• We can 
write the Hubble constant as 

Ho = 50h kms- 1 Mpc- 1 

with 
- Ho 
h = I I ~ 1.4. 50kms- Mpc-

(13.3) 

(13.4) 

Distance Determination. Conversely, (13.2) is often 
employed - in the absence of a better method- in order 
to estimate the distance r to a galaxy which cannot be 
telescopically resolved, by using the measured red shift 
of its spectrum. At the present state of the art, the value 
used for H0 should always be indicated. 

The Hubble Time. Relation (13.2) can be interpreted 
initially in a naive way as implying that an expansion 
of the Universe from a relatively small volume began at 
some earlier time ro. 

If a particular galaxy, now at a distance r, was ejected 
with a velocity v in the course of the expansion, it would 

have required a time r0 to move through the distance r; 
this time is the same for all galaxies: 

ro = rjv = 1/ Ho. (13.5) 

The Hubble time r0 is thus equal to the reciprocal of the 
Hubble constant, 1/ H0 . If, as is usual, we quote Ho in 
units of [km s- 1 Mpc- 1] and r 0 in [yr], then we find 

978 ·109 9- I 
ro [yr] = 1 1 = 19.6·10 h-

Ho [km s- Mpc ] 
(13.6) 

While Hubble's original value of H0 led to an age of the 
Universe which was much too short in comparison to the 
age of the globular clusters, etc., the newer numerical 
value (13.3) yields: 

(13.7) 

or 

ro ~ 4.4 · 1017 s . (13.8) 

13.1.2 Newtonian Cosmology 

The kinematics of the expanding universe contained in 
(13.2) would seem at first glance to represent a throw
back to heliocentric concepts. That is however not the 
case! If, namely, (13.2) is written as a vector equation: 

v = H0r, (13.9) 

where the origin of the coordinate system is taken to lie 
in our galaxy, then an observer in another galaxy at the 
distance r1 and with a velocity VJ relative to us would 
find 

v-v1 = Ho(r-r,), (13.10) 

where v1 = H0 r 1• A universe expanding according to 
(13.9) thus offers the same aspect to all observers in 
different galaxies; i.e. our kinematic model of the uni
verse is homogeneous and isotropic. It may be shown 
that (13.9) is the only velocity flow field which ful
fills these conditions under the additional assumption 
of irrotational flow (curl v = 0). 

This initially purely kinematic model was extended 
by E. Milne and W. H. McCrea in 1934 into a Newtonian 
cosmology; they investigated the kinds of flow which 
can occur in a medium (the "galaxy gas") within the 
framework of Newtonian mechanics when homogene
ity, isotropy, and irrotational flow are assumed. (The 
requirement of isotropy throughout the medium implies 
homogeneity, but not vice versa.) 
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The Equation of Motion. If we consider a finite, ex
panding "cosmic sphere" with a radius R(t) at a time t, 
then a galaxy which is e.g. on its surface will be at
tracted by the mass M within the sphere according to 
Newton's law of gravitation. The equation of motion is 
then 

be observed from every galaxy within our sphere. Since 
the distance r between two galaxies is proportional to 
the scale factor R(t), the relative velocity is given by 

R 
v = R r = H(t)r , (13.15) 

where we call H(t) = R/ R the Hubble function. Denot
ing all quantities which refer to the present time t = to 

(13.11) by a subscript 0, we find for the Hubble constant in 
(13.2): 

with 

4n 
M = 3 R(t) 3 Q(t) = const , (13.12) 

where Q(t) is the mass density at the time considered. 
The use of Newtonian mechanics is justified as long as 
GM/ Rc2 « 1 is fulfilled (8.76). The problems which 
arise for infinitely extended systems cannot be dealt with 
here. 

Conservation of Energy. If we multiply the above 
equation (13.11) by R = dRjdt, it can be inte
grated without difficulty, leading to the equation of 
conservation of energy: 

(13.13) 

with h = const, or 

(R)2 
- c2 8n - = -k- + -GQ(t) . 

R R2 3 
(13.14) 

The pressure forces, which we have ignored here for 
simplicity, would not change the result obtained. In 
anticipation of a later comparison with relativistic cal
culations. we have written the constant as h = -kc2 /2 
(c =velocity of light). 

The Hubble Function. It is easy to convince oneself 
that at a particular time t, the same red shift law would 

Ro 
Ho=-. 

Ro 
(13.16) 

Deceleration Parameter. In order to fully characterize 
a model of the Universe, we require in addition to H(t) 
or H0 a second quantity describing the gravitational 
acceleration due to the mass M which acts inwards 
and opposes the expansion of the Universe; this is the 
so-called deceleration or delay parameter 

q(t) =-(~)I (~Y 1 R 
----

H(t)2 R 
(13.17) 

or its present-day value 

___ 1_ Ro _ 4nGQo 
qo- HJ Ro- 3HJ 

(13.18) 

from (13.11, 12). The delay parameter q0 relates the ac
celeration - Ro to a "unit acceleration", which would 
lead in the Hubble time r0 = 1 I H0 starting from zero 
velocity to the expansion velocity R0 H0 currently 
observed at a distance R0 . 

Cosmological Models. The solution of our equations 
leads to models of the Universe which, starting from 
a point (singularity) of infinitely high density, lead either 
to a monotonic expansion (total energy Mh :::= 0) or to 
a periodic oscillation between R = 0 and Rmax (for h < 
0). Static models are not possible within the framework 
of(l3.11). 

Generally speaking, Newtonian mechanics extends 
the purely kinematic cosmological model which we 
treated first, in the sense that it considers the Hubble 
constant Ho to be a function of time t. In a periodic 
universe, for example, an age of red shifts would be fol
lowed by an age with violet shifts and conversely. We 



shall not discuss further here the question of the choice 
among the numerous different models possible within 
a Newtonian cosmology, nor the fundamental difficul
ties of such a cosmology; instead, we tum immediately 
to a relativistic cosmology. 

13.1.3 Relativistic Cosmology 

After the formulation ofthe modem field theory of grav
itation by A. Einstein (1916), in the form of his theory 
of General Relativity (Sect. 8.4.1), Einstein himself and 
W. de Sitter in 1917 constructed some special models 
of the Universe, in which the curvature of space was 
assumed to be independent of time. Einstein showed 
that his field equations (extended to include the A
term, see below) have a static cosmological solution; de 
Sitter found a matter-free expanding Universe as their 
solution. 

Referring to the older radial velocity measurements 
ofV. M. Slipher(ca. 1912), C. Wirtz had already in 1924 
noticed their increase with distance and related it to 
de Sitter's relativistic cosmological model, five years 
before Hubble published his proportionality between 
the distance and the radial velocity. 

In 1922-24, A. Friedmann succeeded in formulating 
an important generalization to spaces with time
dependent curvatures. His publications went unheeded 
for a time, until about 1927-30 when G. Lemaitre, 
A. S. Eddington, and others took up the investigation 
of models of an expanding Universe on the basis of the 
theory of General Relativity. 

The Cosmological Postulate. We assume from the be
ginning that the cosmological postulate holds, i.e. that 
the Universe must be homogeneous and isotropic 
throughout. This requirement is in agreement with all 
of those portions of the Universe which are accessible 
to observation, if we consider sufficiently large regions, 
so that we can average over the largest structures such 
as the superclusters of galaxies and the "cosmic honey
comb", i.e. over dimensions of more than a few l 00 Mpc 
(Sect. 12.4.5). 

The Metric. Assuming the cosmological postulate 
to be valid, then - following H. P. Robertson and 
A. G. Walker- we can cast the four-dimensional line 
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element ds (8.77) in the form: 

ds2 =c2dt2 (13.19) 

- R(t)2 [~ +r2 (d82 +sin2 Bdql)] . 
1-kr2 

Here, r, 8, and cp are dimensionless Lagrange coor
dinates, which remain constant for a galaxy that is 
following the expansion of the Universe. The time de
pendence of the geometry thus depends exclusively on 
the scale factor R(t). R(t) determines the radius of 
curvature of the three-dimensional space, defined anal
ogously to the radius of curvature of a two-dimensional 
surface. The constant k, which can take on the values 0 
or ± 1, fixes the sign of the spatial curvature that is the 
same everywhere at a given time. 

The constant k corresponds to 

k=O 
k=+l 

k= - l 

Euclidean space, 
clo ed spherical or 
elliptical pace of finite volume, 
open hyperbolic pace 

(For the Euclidean, flat space k = 0, the radius of 
curvature becomes infinite.) 

These three kinds of spaces or geometries are best 
imagined by considering their two-dimensional analogs 
(Fig. 13.1 ); in particular, a closed, expanding universe 
can be represented by the surface of a balloon which is 
being inflated. 

Friedmann-Lemaitre Equations. In the Robertson
Walker metric (13.19), the number of Einsteinian field 
equations (8. 79) which relate the metric g;k of the Uni
verse to its material contents, extended to include the 
term Ag;k with the cosmological constant A, is reduced 
(in a way which we cannot treat in detail here) to two 
differential equations for R(t): 

(R)2 c2 8nG c2 

R. =-kR2+-3-e+3A, (13.20) 

R (R)2 c2 8nG 2 2-+ - =-k---P+c A. 
R R R2 c2 

(13.21) 

Here, we have assumed the Universe to be filled with 
a "cosmological gas" whose energy-momentum ten
sor is determined by the local mass density Q = Q(t) 
and the pressure P = P(t). In contrast to the Newto
nian case, Q now includes the equivalents of all energy 



Fig.13.1. Surfaces (i.e. two-dimensional spaces) with curva
tures of k > 0, k = 0, and k < 0 as models of curved spaces. 

Curvature k of the urface: k>O k=O k<O 
GeomeLry: Spherical Euclidean Hyperbolic 

or elliptical 
Circumference of the circle: < 2rrr =21rr > 2JTr 
Area of the circle: < Trr2 =rrr2 ' > ;rr· 

forms, corresponding to the theory of General Rel
ativity (Sect. 8.4.1); furthermore, it also contains the 
unidentified dark matter whose existence is indicated 
by the dynamics of galaxies and clusters of galax
ies (Sects. 12.1.5 and 12.4.2). An alternative form of 
equation (13.21) can be obtained by subtraction of 
(13.20): 

R 4nG ( P) c2 R = --3- Q + 3 c2 + 3 A · (13 .22) 

For a vanishing cosmological constant A = 0, Equa
tion (13.20) is seen to be identical with the differential 
equation (13.14) from Newtonian cosmology. For sys
tems with negligible pressure P, (13.22) also becomes 
identical to (13.11), so that we have exactly the same 
choice of cosmological models as in Newtonian cos
mology. However, it is now a priori forbidden for 
velocities greater than the speed of light to occur. Rel
ativistic cosmology is the first theory to make possible 
a self-consistent and noncontradictory description of the 
Universe as a whole. 

The Cosmological Constant. A comparison of (13.20) 
with the Newtonian equations (13.9) and (13.14) fur-

ther shows us that a positive constant A corresponds to 
a repulsive acceleration, which thus acts in opposition 
to gravitation. 

The A term was introduced by Einstein in 1917 
into his gravitational equations; the purpose of this 
additional term was to make it possible to construct 
a static cosmological model. We can readily see by 
referring to the Friedmann-Lemaitre equation (13.20) 
that R = 0 results from k = AR2 and A= 4nGQjc2 . 

Einstein originally held this model to be the only reason
able assumption. This point of view, however, became 
obsolete after Hubble's discovery of the red shift law. 

The cosmological constant, which has the dimen
sions [m- 2], can be expressed formally as an energy 
density Q A c2 or as its equivalent mass density Q A, where 

8nG 
A=--QA 

c2 
(13.23) 

holds. Denoting the matter density Q for clarity by 
QM, we can write the Friedmann-Lemaitre equations 
(13.20, 22) in the form 

(R) 2 c2 8nG 
- =-k-+-(QM+QA) 
R R2 3 ' 

(13.24) 

(13.25) 

FollowingW. H. McCrea(1951)and Ya. B. Zeldovich 
(1968), the cosmological constant A can be interpreted 
within the framework of quantum field theory in terms of 
the energy density of the vacuum, Qvacc2, i.e. Q A = Qvac. 

The associated (negative!) pressure of the quantum vac
uum is Pvac = -Qvacc2• The vacuum, to be sure, contains 
by definition no real particles, but according to quantum 
field theory it can be seen as an energetic ground state 
filled with fluctuating matter fields or virtual particles. 
This state can have a nonvanishing energy density and 
possibly can contribute to gravitation. It is at present 
however not possible to calculate even an approximate 
value for Qvac or A from quantum field theory. 

It is also currently very difficult to estimate the cos
mological constant or the "dark energy" QA, whose 
nature is still a complete riddle, from observations, 
since the A term is apparent only over very great 
distances. From (13.20) and using (13.16), we can 
estimate that this term becomes important when 



c,JDD ~ R/ R ~ H0 , i.e. when the distances become 
greater than about 1/ ,JDD. Cosmological observations 
over many years have yielded only upper limits of 
around IAI :s w-52 m-2 . Owing to this uncertainty, fre
quently a value of simply A = 0 was assumed (see the 
standard model, below), particularly since the other 
cosmological parameters are also not too precisely 
known. 

Beginning about 1995, observations of supernovae 
(of type Ia) gave clear indications of a (positive) cos
mological constant A f. 0 (Sect. 13.2.5). Together with 
recent observations of the fluctuations of the 3 K 
background radiation (Sect. 13.2.2), these data give 
a density parameter (13.29) of DA.o::::: 0.7 and thus of 
A:::::+ w-52 m-2; this corresponds to a considerable 
contribution of the A term over distances of more than 
1/ -JA::::: 1026 m::::: 3000 Mpc. 

A gravitationally acting, nonvanishing energy den
sity of the vacuum also contributes - independently 
of any assumptions about the nature of the cosmo
logical constant - to the energy-momentum tensor T;k 

(8.78, 79). Thus, the quantum vacuum, and formally 
the cosmological constant, might have played an im
portant role in the very early evolutionary stages of 
the Universe (inflationary expansion; see Sect. 13.3.4). 
We note finally that in Einstein's field equations (8.79), 
A was introduced as a constant. In the framework of 
newer cosmological models, it has been discussed that 
A= A(t) could instead vary with time. 

The Critical Density. In the following, we define the 
critical density 

(13.26) 

and the dimensionless density parameter 

Q(t) = QM(t) + Q A (t) (13.27) 

with the corresponding parameters for the matter 

(13.28) 

and for the cosmological constant (13.23) 

QA(t) c2 A 
QA(t) = Qc(t) = 3H(t) 2 . 

(13.29) 

If we express Rand R using (13.15, 17) in terms of 
H(t) and q(t) in the Friedmann-Lemaitre equations, 
and introduce the density parameters, we then obtain 
for the "curvature term" 

(13.30) 

and for the deceleration parameter 

(13.31) 

or with (13.30), also 

(13.32) 

where for the last expression we have assumed cos
mological models with vanishing pressure, P = 0 (see 
below). From (13.31), there is a deceleration of the ex
pansion of the Universe (i.e. a deceleration parameter 
q > 0) only if QA < QM/2. We will however retain the 
historical name "deceleration parameter" even for the 
case that QA > DM/2 (and thus q < 0). 

From the first of the Friedmann-Lemaitre equations 
(13.20), it follows for continuously expanding models 
that there is a remarkable connection, c2 A= 3H(oo)2, 

between the cosmological constant and the Hubble 
parameter H( oo) in the limit t ---+ oo. 

The great variety of cosmological models for A f. 0 
(Friedmann-Lemaitre models), which are compatible 
with the current values Ho, DM.o and Q A.O cannot 
be discussed here. Instead, we restrict ourselves in the 
following to the so-called standard models, with 

A=O. (13.33) 

Standard Models. In relativistic cosmology within 
the standard model (A = 0), as in Newtonian cos
mology, R(t) is initially determined by the Hubble 
constant H0 and the deceleration parameter q0 . The lat
ter also determines the type of spatial curvature, i.e. the 
value of k or the basic structure of the spatial universe. 
Setting A= 0, we obtain from (13.30) and (13.31) the 
relation 

(13.34) 
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From it (noting that c2 /(H2 R2) is always positive), we 
can read out the following three possibilities: 

Deceleration Curvature Den ity Time dependence 
parameter of R(r) 

O!:q:::~ k= -I QM <Qc ilM < I mono toni 

q=~ k= 0 QM =Qc ilM =I increasing 

q> i k=+l QM > Qc ilM > I finite 
(cycloidal) 

The present-day matter density QM,o thus, together 
with H0 , determines the deceleration parameter qo and 
therefore also the type of solution of the cosmological 
model. 

In the present-day state of the Universe, the mass 
density of the matter concentrated in the galaxies 
exceeds that of the radiation (3 K background radia
tion, Sect. 13.2.2) by far, so that here, the neglect of 
the pressure in the Friedmann-Lemaitre equations is 
justified. 

We speak generally of a matter cosmos when the 
density of nonrelativistic particles, i.e. practically the 
rest-mass density, predominates and its pressure is neg
ligible. On the other hand, we speak of a radiation 
cosmos, when the mass or energy density of relativistic 
particles, such as photons, predominates. 

13.1.4 The Matter Cosmos 

If we disregard the early stages of the Universe (up to 
about 2. 106 yr after the singularity, cf. (13.64)), the 
matter cosmos represents a good approximation for 
a model of the Universe. This is also true in particu
lar for those epochs in which the most distant quasars, 
with z ~ 6, emitted the radiation that we are just detect
ing today; thus we can employ models corresponding 
to (13.34) for comparison to the observations. 

For the matter cosmos, we expect conservation of 
mass, (13.12), 

QM(t)R(t)3 = QM,oR6 = const, (13.35) 

so that we can write (13.20) for A= 0 in the form: 

R_2 = -kc2+~ 
R 

(13.36) 

where A= 8rrGQM,oR6/3 is a constant. 

In the case k = 0 (q = 1/2), we obtain by integration 
with 8rrGQM,o/3 = HJ (13.26) the Einstein-de Sitter 
cosmos as solution: 

R(t) = (~Hot)2/3 
Ro 2 

(13.37) 

this is a cosmological model of a monotonically 
expanding universe. 

For sufficiently small R in (13.36), the term kc2 is 
negligible compared to A/ R, so that (13.37) represents 
a good approximation even for models with k =I 0. 

In the cosmological models with negative curvature, 
k = -1 (q < 1 /2), R(t) increases continually and mono
tonically; for large R or t, R(t) becomes proportional 
to t. However, the time dependence of the scale fac
tor in models with k = +1 (q > 1/2) is represented by 
a cycloid; in these models, the expansion is eventually 
followed by a contraction. 

In Fig. 13.2, we have plotted R(t) for several cos
mological models with A = 0 for different deceleration 
parameters q0 ; they are all characterized at the present 
time to by the same Hubble constant Ho and the same 
scale factor R0 . According to (13.16), Ho determines the 
(common) tangent to the curves at t =to. Between to and 
the intercept of this "Hubble line" with the abscissa is 
the time interval called the Hubble time, ro = 1/ Ho as 
in (13.5). The beginning of our cosmological epoch is 
determined by the intercept of the curve of R(t) with 
the abscissa. For A = 0, it precedes to by a time interval 
which is termed the Friedmann time, <F (Table 13.1). 
There can be no galaxy, star cluster, etc. whose age is 
greater than rF. For the Einstein-de Sitter cosmos, from 
(13.37) we obtain <F = (2/3)ro. 

Table 13.1. The Friedmann time TF and the "look-back time" 
t(z = 5) for various values of the Hubble constant Ho and 
the deceleration parameter qo. The Hubble time ro = 1 I Ho is 
equal to TF when qo = 0 

qo 

Ho=SO Ho=15 Ho=lOO 
[km> -I Mpc- 1] 

0 19.6 13.0 9. 0.83 

0.1 16.7 11.1 8.3 0.90 

0.5 13.1 .7 6.5 0.93 

1.0 11.2 7.5 5.6 0.94 

2.0 9.3 6.2 4.6 0.95 
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13.2 Radiation and Observations. 
Element Synthesis in the Universe 

In Sect. 13.2.1, we will first investigate the propaga
tion of radiation in the Universe and discuss its red 
shift as well as the measurement of distances based on 
the luminosities of galaxies. The isotropic 3 K radiation 
discovered by A. A. Penzias und R. W. Wilson, which 
is interpreted as the remnant of the Big Bang, points 
to an early, very hot stage of the Universe which was 
dominated by radiation. We describe the observations 
of this background radiation in Sect. 13.2.2, and then, 
in Sect. 13.2.3, we consider the models for such a radia
tion cosmos. In Sect. 13.2.4, we treat the synthesis ofthe 
elements in the Universe, a topic which is closely con
nected to the observations of the 3 K radiation. The most 
important observations which give us some information 
as to which model corresponds to the real (present-day) 
Universe will then be presented in Sect. 13.2.5. Con
cluding in Sect. 13.2.6, we discuss the significance for 
the cosmological models of the stellar radiation in the 
cosmos. 

+20 

2.5 ttHo' 3.o 

Fig.13.2. Matter-dominated 
cosmological models (qo :::0 1/2 
are open, qo > 1 /2 are closed 
universes for A = 0). The dis
tance between two galaxies 
is proportional to the scale 
factor R(t) . All models have 
the same Hubble constant 
Ho = 65 km s- 1 Mpc- 1, or the 
same tangent to the R(t) curve 
at the present time. The rela
tionship between R(t) and the 
red shift z is indicated by the ar
rows. The Hubble time ro and, 
for the Einstein-de Sitter cos
mos (qo = 1/2), the Friedmann 
time TF and the look-back time 
t(z = 5) are shown below. The 
time scale t is shifted here by 
( ro - TF) compared to the scale 
used in (13.36) and (13.37) 

13.2.1 The Propagation of Radiation 

According to the theory of General Relativity, elec
tromagnetic radiation propagates along zero geodesic 
world lines, ds2 = 0 (8.80). In the line element of the 
Robertson-Walker metric (13.19), the Lagrange coor
dinates of galaxies which are moving apart, neglecting 
proper motions and simply as a result of the expansion 
of the Universe, remain constant in time. If we con
sider a light signal which was emitted at a time te from 
a galaxy with the dimensionless radial coordinate r, 
and which reaches us (at r = 0) today (at t0 ), then its 
propagation along ds2 = 0 can be described by 

or 

dt 
c- = const (13.38) 

R(t) 

to r 

I dt I dr' 
c R(t) = Jl-kr'2 

te 0 

k 3 
::::::r+({ + ... 

(13.39) 

where we have for simplicity assumed that only the 
radial coordinates of the two galaxies are different. 
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The Red Shift. The frequency Ve of the radiation at 
the time of its emission can be defined by a particular 
number N of oscillations within a short time inter
val L1te. A present-day observer then measures the same 
number N in an interval L1to, or a frequency vo given 
according to (13.38) by 

Vo L1te R(te) 

Ve L1to Ro 
(13.40) 

The red shift z defined by (13.1) is now (using c = vA.) 
given by 

Ao Ve 
1 + Z = 1 + Ze = - = - . (13.41) 

Ae Vo 

(In contrast to (13.1), here Ao denotes the wave
length observed at the present time, and not the rest 
wavelength.) 

From (13.40) and (13.41), we obtain the important 
result that the red shift is determined uniquely by the 
ratio of the scale factor at the time of emission to the 
scale factor at the time of absorption of the light signal: 

Ro 
1 +z = R(t) . (13.42) 

We can now, for a given q0 , find the corresponding R for 
every z, and with the appropriate cosmological model, 
the "look-back time" t(z), i.e. the time that a light or 
radio signal would require to travel from the galaxy in 
question to the Earth (Fig. 13.2). In this way, we obtain 
among other things a lower limit t(z ::::::: 6) for the age of 
the most distant galaxies or quasars (Sect. 12.3.4). 

The Luminosity Distance. Now, in order to obtain 
a form of the Hubble relation (13.2) which is valid 
for large distances or red shifts, we must relate not 
only z but also the distance to the parameters of the 
cosmological model. The "proper distance" rE::::::: rR(t) 
is unsuitable for this purpose, since it is not directly 
observable. On the other hand, we can introduce for 
example a "luminosity distance" rL, which can be de
rived from observations of the apparent magnitude of 
a galaxy, by defining rL for large distances using the 
usual relation (6.43) between the observed radiation 
flux f and the absolute luminosity L of the galaxy, 
taken to be known: 

L 
j--

- 4nr2 · 
L 

(13.43) 

The luminosity emitted at a time te is equal to the radi
ation power and is therefore proportional to the energy 
hve of the photons per time interval L1te. It is thus atten
uated by a factor (1 + z)2 during its propagation up to 
the time to of its detection, owing to the cosmological 
red shift, since from (13.40), the frequency Ve decreases 
proportionally to (1 + z) and the time interval L1te in
creases proportionally to (1 + z). On the other hand, 
the radiation is diluted on a spherical surface with the 
emitting galaxy at its midpoint; the observer is located 
on this surface at the time t0 . Since this surface, from 
(13.19), is equal to 4nr2 R6, where r is again the radial 
Lagrange coordinate of the galaxy, we finally obtain the 
result for the radiation flux referred to a unit surface: 

L(te) 
f(to) = ( 1 + z)2 4nr2 R6 (13.44) 

and therefore 

rL = (1 +z)rRo. (13.4S) 

Other possibilities for measuring the distance by relat
ing it to additional observable quantities such as the 
apparent angular diameter, the parallax, or the proper 
motions can only be mentioned here. 

The Generalized Hubble Relation. The relationship 
between the red shift and the distance is now determined 
by equations (13.39), (13.42), and (13.4S), together with 
the Friedmann-Lemaitre equations. We give the result 
here for the generalized Hubble relation (in a universe 
dominated by matter, for A = 0): 

cz ·ljl(qo, z) = HorL (13.46) 

with 

ljl(q0,z)=l+ l-qo [1--1 (Jl+2qoz-1)] 
qo qoz 

=1+~(1-qo)z+ ... (qoz«l). 

Corresponding to (13.44), the luminosity distance rL is 
obtained from observations of galaxies of known abso
lute luminosities L. For z « 1, we obtain again from 
(13.46) the original Hubble relation, (13.2). 

If we express the brightness as usual in magnitudes 
(6.3S), we find the following relation between the ap
parent bolometric magnitude mba! and the red shift 

mba! = Slog cz +Slog ljl(qoz) +Mba! (13.4 7) 

-SlogHo+2S [mag], 
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where c is measured in [km s~ 1] and H0 in 
[km s~ 1 Mpc~ 1 ]. The absolute magnitude Mbol depends 
on L as given in (6.39). For small q0z, the term 
Slog 1/J(qo, z):::::: 1.086 (1-qo)z. 

In practice, instead of the bolometric magnitudes, 
the brightness integrated over a limited range of wave
lengths is measured. We cannot deal here with all the 
required corrections to (13.47), which depend on z 
and q0 . 

13.2.2 The Microwave Background Radiation 

Our interest now naturally turns to the earliest stage of 
cosmic evolution, the Big Bang. Fundamental research 
on this topic (beginning about 1939) is insepara
bly connected with the names of G. Lemaitre and 
G. Gamow. 

Here, we first skip over the very earliest phases, and 
consider the Universe from about 200 s after the sin
gularity, when it had cooled off to around 109 K. At 
this temperature, the synthesis of the chemical elements 
from protons and neutrons could begin, as we shall 
see in detail in Sect. 13.2.4, since then deuterium, once 
formed, would no longer be destroyed by reactions with 
energetic photons. Deuterium represents the starting nu
cleus for the gradual construction of all the heavier 
elements. G. Gamow in 1948 originally attempted to 
place the synthesis of all the heavier elements in this 
time period. This idea however proved to be untenable, 
since the formation of nuclides would come to a halt 
already at mass number A = 5, for which no stable nu
cleus exists. At this stage, practically only isotopes of 
H and He were formed; the synthesis of heavier nuclei 
occurred at considerably later times in the interiors of 
stars (Sect. 8.2.5). 

Predictions. Gamow already noticed that we could also 
obtain direct information, so to speak, about this phase 
of the "Primeval Fireball", in addition to the elemental 
abundances. Shortly after this stage, namely, the interac
tion between radiation and matter had become so weak 
that the radiation field of the cosmos could only ex
pand adiabatically along with the rest of the Universe. 
L. Boltzmann had shown long before that the radiation 
field of a black body radiation cavity at a temperature T 
remains black during adiabatic expansion, and that fur-

thermore, the product T 3 times the volume V of the 
cavity remains constant. However, after the completion 
of formation of the atoms of H and He, their parti
cle number n V was also conserved, i.e. T 3 ex n would 
have to decrease. From nuclear-physics considerations, 
Gamow began with T = 109 K and n:::::: 1024 m~3 at the 
time of the formation of the elements, and took an aver
age value for the present-day Universe of no:::::: 1 m~3 . 
After expansion to a 1024-fold volume, he concluded, 
the present-day Universe must be filled with black
body radiation at a temperature of the order of 10 K. 
The detection of this radiation at that time was, how
ever, out of the question, given the state of the art of 
radio-astronomical observational techniques. 

The Discovery. Making use of the enormously 
improved technology in radio astronomy in the 
meantime, R. H. Dicke, P. J. E. Peebles, P. G. Roll and 
D. K. Wilkinson, guided by newer calculations, be
gan in 1964 to search for the cosmic background 
radiation. However, before they had completed their 
measurements, this microwave radiation was discov
ered coincidentally in 1965 by A. A. Penzias and 
R. W. Wilson; it was immediately recognized as such 
by Dicke et al. 

Penzias and Wilson detected weak radiofrequency 
radiation at A= 7.35 em (4.08 GHz) using a large, low
noise hom antenna, which was originally constructed 
for purposes of communications via the Echo satellite. 
After subtraction of the contribution from the Earth's 
atmosphere and the receiver noise, an isotropic, unpo
larized component remained, which was independent of 
the time of day or the season and had an unexpectedly 
high excess-antenna temperature of (3 ± 1) K. 

It was later confirmed that this radiation was in fact 
the remnant of the Big Bang, through the observation 
that it follows Planck's law (4.61) in the entire accessi
ble wavelength region, and is isotropic and unpolarized. 
The high degree of isotropy, with only very small devi
ations (see below), confirms the cosmological postulate 
(Sect. 13.1.3) which lies at the root of the cosmological 
models. 

"Optical Observations". In fact, the background ra
diation had already been observed indirectly in 1941 
by A. McKellar: from the intensity ratios of the inter
stellar absorption lines of the CN radical at A= 387.46 
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and 387.39 nm in the spectrum of the 0 star ~ Oph, 
he derived an excitation temperature of 2.3 K for the 
first rotational level, lying 4.7 ·10-4 eV (correspond
ing to A = 2.64 mm) above the ground state; this was 
a completely incomprehensible result at the time. 

The modem value of "optical observations" of 
the 3 K radiation from lines of CN, CHand CH+ agrees 
very well with (13.48). 

Spectrum and Temperature. The intensity lv = 
Bv(2.73 K) of the background radiation has its 
maximum at v = 180 GHz or A = 1. 7 mm; on the 
short-wavelength side, it falls off rapidly. At long 
wavelengths, above A 2: 30 em, the galactic nonther
mal radio emissions predominate over the 3 K radiation 
(Sect. 12.3.2). Below A~ 3 mm, the observations must 
be conducted outside the Earth's atmosphere. After ini
tial measurements from balloons and rockets, from 1989 
on for several years, the COBE satellite (Sect. 5.2.1) 
was available to carry out extended, very precise 
observations. 

The temperature of the background radiation 
determined from all the measurements is 

To= (2.73 ±0.01) K. (13.48) 

(We again denote the present-day state of the Universe 
by an index 0.) A still higher accuracy is attained by the 
absolute measurements in the far infrared alone; they 
give To = (2. 728 ± 0.002) K. The spectrum agrees with 
a Planck distribution (for A~ 10 em) within about 10-4 

of its relative intensity; the polarization lies at a level 
below 10-5 . So far, no "dents" in the spectral shape have 
been detected; they would be an indication of deviations 
from the adiabatic expansion of the radiation field, i.e. of 
energy inputs or dissipation. 

The Energy and Photon Densities. The energy den
sity of a black-body radiation field at a temperature T 
is given by the Stefan-Boltzmann law (4.66, 71), 
u = aT4 with a= 7.56·10-16 Jm-3 K-4 . For the mi
crowave background radiation, at To = 2. 73 K, we find 
for the corresponding mass density: 

- Uy,O - 4 7. 10-31 k -3 Qyo- 2 - . gm . 
' c 

(13.49) 

This is negligible compared to the present matter density 
(Table 13.2) i.e. the assumption of a matter cosmos 

(Sect. 13.1.4) for the present-day Universe is clearly 
justified. 

We also consider the photon density ny in the 
background radiation, which is found from the energy 
density u through division by the mean energy of the 
photons, (hv) = 2.70kT (4.76), to be n = bT3 with 
b = 2.02 ·107 m-3 K-3 (4.74). At present, its value is 

ny,o = 4.1·108 photonsm-3 , (13.50) 

so that at the present particle density of 0.6 m-3 in the 
Universe (Table 13.2), there are around 109 photons of 
the 3 K radiation for every hydrogen atom. 

Deviations from Isotropy. The only anisotropy in 
the intensity or the temperature of the 3 K radiation 
observed up to now has an angular dependence propor
tional to cos e ("dipole characteristic") with a relative 
amplitude of ~ 10-3 . It is a result of the motion of the 
Earth relative to the coordinate system fixed with re
spect to the background radiation. Due to the Lorentz 
transformations, an observer moving at a velocity v 
relative to this coordinate system measures a Planck 
distribution in every direction e' but its temperature 
depends on e, as a result of the Doppler effect ( 4.18): 

T(O) J1- (vjc) 2 

To 1- (vjc) cos e 
v 

~ 1+- cosO+ .... 
c 

(13.51) 

The maximum temperature rise is seen in the direction 
of the Earth's motion, or that of the Sun (0 = 0). The 
observed value is 

LlTmax = 1.23 ·10-3 or 
To 

LlTmax = (3.37 ±0.03) ·10-3 K (13.52) 

corresponding to a velocity of v = (371 ±0.5) kms-1 

towards a point with the coordinates 

a = 11.20 h , 8 = - 7.0° or 

l = 264.1°' b = 48.3° 

(with an uncertainty of about ± 0.2°). The main effect 
comes from the rotation of the Sun around the center 
of the Milky Way galaxy. If we relate the velocities to 
the center of mass of the Local Group (Sect. 12.4.1), 
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we find that it is moving at about 630 km s -I relative 
to the cosmological coordinate system. The direction of 
the motion, which cannot be determined very precisely 
(only to about ±3°), is towards the galactic coordi
nates l = 276°, b = 30°, around 50° away from the 
center of the Virgo cluster. 

The intensity variation of the 3 K radiation due to 
Compton scattering during transmission through the hot 
gas in the galaxy clusters was already mentioned in 
Sect. 12.4.3. 

Deviations of the background radiation from the 
Planck distribution and from isotropy on much smaller 
angular scales than that of the dipole component could 
give us important information about "perturbations" 
in the density distribution during the early phases of 
the Universe, about the formation of the galaxies, and 
about the cosmological contribution from dark matter. 
Measurements with COBE over several years start
ing in 1992 showed fluctuations in the temperature of 
around .!J.TjT0 ~ w-s over areas of 2: 7° on the ce
lestial sphere. Later observations of selected regions 
of the sky using earthbound instruments showed varia
tions of the same order of magnitude over considerably 
smaller scales. 

The significance of these data was already discussed 
in Sect. 12.5.1 in connection with the formation of the 
galaxies and clusters of galaxies. In recent times, the 
precision of the measurements has been improved to 
such an extent that they permit far-reaching conclusions 
about the parameters and the evolution of the Universe 
to be drawn in the field of cosmology as well. 

The time development of the density and tempera
ture disturbances from the time of the "formation" of 
the microwave background radiation up to the present 
can be calculated on the basis of cosmological models. 
The details of the emission of the 3 K radiation thus give 
us a "snapshot" of the acoustic waves in the past. The 
model calculations, in particular those for an inflation
ary Universe (Sect. 13.3.4), show a series of maxima in 
the power spectrum .!J.T(l) of the fluctuations of the 3 K 
radiation. The measurements from the Boomerang ex
periment and other balloon observations (Sect. 12.5.1) 
indeed show the first two maxima with 

Multipole order 

Angular size 

Amplitude .!J.T [~-tK] 

~200 

~0.9° 

70 

~5oo 

~0.40 

40. 

The position and amplitude of these maxima give impor
tant information about the physical state of the cosmos 
and thereby contribute to the detemination of the funda
mental cosmological parameter (in ways that we cannot 
describe in detail here). 

The position of the marked first maximum is deter
mined essentially by the curvature or the energy density 
in the Universe. Roughly, lmax,I ~ 200/ ...(ITO, where Do 
is the total density parameter (13.27) at present. The ob
servations are thus - within a precision of about 10% -
compatible with a flat Universe, 

(13.53) 

as would be required of an inflationary cosmos (see 
(13.77)). 

The second, surprisingly weak and not so precisely 
determined maximum is mainly dependent on the frac
tion of baryonic matter in the overall matter in the 
cosmos: the greater the ratio of the two density param
eters, ils,o/ QM,o, the higher its amplitude in the power 
spectrum. Current analyses show that the baryonic den
sity ils,o derived in connection with the synthesis of 
the elements in the cosmos (Sect. 13.2.4) must be con
siderably increased in order to be in agreement with the 
observations of the 3 K fluctuations. 

The investigation of the anisotropies of the 
background radiation has already made important con
tributions to our know ledge of the Universe, and we can 
expect further decisive impulses for cosmology in the 
coming years from even more precise measurements of 
the fluctuations of the 3 K radiation. 

A systematic overview of the parameters of the 
present-day Universe will be given in Sect. 13.2.5. 

13.2.3 The Radiation Cosmos 

Although in the present -day Universe, the matter density 
predominates, the radiation field density was dominant 
during the early phases of the Universe, since on expan
sion, the density of the radiation field decreases more 
rapidly than that of (nonrelativistic) matter (see below). 

Conservation Laws. In order to obtain a model for 
this radiation cosmos, we first derive a conservation 
law by rearranging the two Friedmann-Lemaitre equa
tions (for A = 0): multiplication of (13.20) by R(t) 3 
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and differentiation with respect to time, followed 
by subtraction of (13.21) after multiplying it by 
RR2 = (l/3)d(R3)jdt yields the condition for energy 
conservation 

d d 
-(Qc2R3) + P-(R3) = 0, 
dt dt 

(13.54) 

which corresponds formally to the 1st Law of Thermo
dynamics, dU + PdV = 0. In order to evaluate it, we 
require also the equation of state, P = P(Q). 

For a matter cosmos, with a dominant baryon den
sity QB and negligible pressure, P8 = 0, we again obtain 
(13.20) for the conservation of mass, 

QB (t)R(t) 3 = const. (13.55) 

The term "baryons" includes neutrons, protons, and 
hyperons. The ("ordinary") matter in the present-day 

Universe consists predominantly of hydrogen, so that 
the baryon density is roughly equal to that of the 
H atoms. Baryonic matter however makes up only 
a small fraction of the total present-day matter den
sity Qo = QM,o, as follows from the theory of element 
synthesis in the cosmos (Sect. 13.2.4). The predomi
nant dark matter (Sects. 12.1.5 and 12.4.2), which does 
not interact with the photon gas, likewise obeys the 
law of conservation of mass (13.55); to what extent it 
contributes to the pressure is an open question. 

In a radiation cosmos (index r), Qr » Qs, the den
sity and the pressure are due not only to the photons 
(index y ), but rather to all the relativistic particles. The 
equation of state of a relativistic gas ( 4.46) applies, 
i.e. the pressure is equal to 1/3 of the energy density, 

(13.56) 

and therefore cannot be neglected. From integration of 
(13.44), we obtain 

Qr(t)R(t)4 = const. (13.57) 

The fact that Qr decreases on expansion of the Uni
verse by an additional factor of R(t) relative to QB is 
a consequence of the energy decrease ex R-1 due to the 
red shift, which must be considered in addition to the de
crease from the increasing volume, ex R3, which affects 
both densities. 

In contrast to the mass or energy density of the radia
tion, the photon density ny is, from (4.74), proportional 

to R(t)-3. The ratio 17 of photon density to baryon den
sity thus remains constant during the expansion of the 
Universe, and is of the order of magnitude of 

17 = ny :::::: ny,O :::::: 109 . (13.58) 
ns ns,o 

Here, we have assumed that ny,O = 4.1·108 m-3 

(13.50), and, corresponding to the conditions for cos
mological element synthesis, that ns,o:::::: Qs,o/mH:::::: 
0.05 Qc,o/mH (13.69 and Table 13.2). 

With the aid of (13.42), we can express (13.55) and 
(13 .57) in terms of the red shift: 

QB = QB,O · (1 +z) 3 , 

Qr = Qr,O · (1 + Z)4 · 

(13.59) 

(13.60) 

The Scale Factor R(t:::; t*). Now, starting from the 
present -day densities of matter and of the 3 K radiation, 
we can estimate the time t* at which Qr = QB, i.e. the 
time before which the condition for a radiation cosmos 
was fulfilled. From (13.59, 60), t* is given by: 

____!!!}___ = 1 + z* = QB,O = a QB,O . 
R(t*) Qr,O Qy,O 

(13.61) 

For the evaluation of this equation, we require the value 
of a = Qy,o/ Qr,O· It is is determined by the present-day 
energy density of the neutrino background radiation, 
which in tum depends on assumptions about the various 
types of neutrinos (Sect. 13.3.2). For the "standard cos
mos", with three (massless) neutrino types (the electron 
neutrino, the muon neutrino or neutretto, the tau neu
trino, and their respective antiparticles), we find a :::::: 0.6. 
With QB,o! Qy,o :::::: 103, we obtain as a first estimate of 
the associated red shift of z* :::::: 600. 

Our estimate, which is based on (13.57) and not on 
the more general ( 13.54 ), does not hold for the very early 
phases of the Universe (t :::; 1 s). Above T 2: 1010 K, 
there are numerous kinds of relativistic particles and 
the ratio a is not constant in time (13.72). 

The relationship between R and t in the radiation 
cosmos is then obtained from the Friedmann-Lemaitre 
equation (13.20) (for vanishing A), where in the radia
tion cosmos (t :::; t*) the curvature term is negligible due 
to R(t) :S 10-3 Ro: 

• 2 8nG 2 8nG K 
R = -3-QrR = -3-R2. (13.62) 
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Since, according to (13.57), K = QrR4 ::::: Qy,oR6 is 
constant, the integration yields: 

R(t) = (!_) 1/2 

Ro tr 

with 

tr = c2;G Q:o) -1/2::::: 2. 10'9 s. (13.63) 

From this result, radiation or relativistic particles 
dominated the Universe up to the time 

t* = tr ( R~o*)) 2 
::::: 2 · 106 yr (13.64) 

after the singularity. 

Temperature Dependence. Equation (13.57) also 
holds separately for each single type of relativistic 
particles, insofar as they have already "decoupled" 
from the remaining matter, i.e. so long as they expand 
adiabatically along with the latter without significant 
interactions. 

The photons interact with matter mainly through 
electrons. If the temperature in the universe sinks in the 
course of its evolution to about 3000 K, then the number 
of free electrons decreases drastically owing to recom
bination of hydrogen, and the radiation field decouples 
from the (nonrelativistic) matter. We can thus estimate 
the time ty after which the radiation field has expanded 
adiabatically, and finally cooled off to the present-day 
temperature of To= 2.7 K: 

Due to Qy ex T 4 , the time dependence of the 
temperature follows from (13.60) and (13.42): 

T(t) = Ro = 1 + z . (13.65) 
To R(t) 

This result indicates that our Universe became practi
cally transparent to radiation at a red shift of z ::::: 1000, 
or, from (13.61), at a time of about fy ::::: 8 · 105 yr. The 
observation of the microwave background radiation thus 
allows us a view into the past, back to the state of the 
Universe about 8 · 105 yr after the Big Bang. 

The temperature dependence T ex (1 + z) was re
cently confirmed by observation of an isolated gas cloud 
at z = 2.34 on the basis of its absorption lines in the 
spectrum of a quasar with an emission red shift of 2.57: 
from the fine-structure lines of C I and II and rotational 

transitions in H2, excitational temperatures between 6 
and 14 K could be derived (this can be considered to 
be a "modern version" of the first "optical" background 
observation by A. McKellar; see above). From (13.65), 
the theoretical value is (1 + 2.34) · 2. 73 K = 9.1 K. 

13.2.4 Element Synthesis in the Universe 

The model chosen for the early, radiation-dominated 
Universe, which is based essentially on the present-day 
temperature of the microwave background radiation, 
naturally also determines the course of the nuclear 
processes in the synthesis of the chemical elements; 
the background radiation was, in fact, predicted by 
G. Gamow et al. from theoretical considerations of just 
this process of element synthesis. Right after the discov
ery of the 3 K radiation, P. J. E. Peebles (1966), as well 
as R. V. Wagoner, W. A. Fowler and F. Hoyle (1967) 
carried out detailed calculations of element synthesis. 
According to these and more recent calculations, for 
a ratio ny/ns::::: 109 (13.58), the formation of the el
ements from protons and neutrons began about 220 s 
after the singularity, when the temperature had fallen to 
0.9 ·109 K or kT = 0.1 MeV, since then the deuterium 
formed, with its low binding energy of 2.2 MeV, would 
not be destroyed again by photons and energetic parti
cles. In the main, 4He nuclei and to a lesser extent 2D, 
3He and 7Li were formed. The "bottleneck" at the mass 
numbers A = 5 and 8, where no stable nuclides exist, 
could not be overcome under the conditions which dom
inated the cosmos; heavier nuclei were formed mainly 
in the course of stellar evolution (Sect. 8.2.5). 

Helium. The free neutrons were almost entirely used 
up in the synthesis of 4He. If we denote the densities of 
neutrons and protons immediately before the beginning 
of element synthesis by nn and np, then nn/2 helium 
nuclei could have been formed, since a 4He nucleus 
contains two neutrons, while (np - nn) protons were 
left over. The helium abundance in numbers of atoms 

n(4He) nn 

n(H) 2(np- nn) 
(13.66a) 

or in mass fractions 

Y 2nn 
-"' --- (13.66b) 
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with X+ Y = 1 thus depends, over a wide range of 
values of the density parameter, practically only on the 
ratio nn/np. 

Above T 2:: 1010 K (kT 2:: 1 MeV), i.e. before the de
coupling of the neutrinos (Sect. 13.3.3), the neutrons 
and protons were in thermodynamic equilibrium, and 
then according to the Boltzmann formula (4.78), 

:: = exp (- L1;;2
) (13.67) 

holds. L1mc2 = 1.293 MeV corresponds to the mass 
difference between the neutron and the proton. 

The ratio nn/ np decreased monotonically during the 
expansion of the Universe, starting from an initial value 
of 1. Below 1010 K, the reactions which convert pro
tons into neutrons and vice versa became more and 
more rare, until finally only the ~ decay of the neutrons 
n---+ p + e- + Ve, with a half-life of 617 s, remained. 
The neutron to proton ratio then decreased further un
til, at the beginning of element synthesis, it had the 
value nn/np::::: 0.14. According to (13.66), this leads to 
a helium abundance of 

n(4 He) 
--:::::0.08 or Y:::::0.25. 

n(H) 
(13.68) 

This value agrees rather well with observations (12.18). 

Deuterium. In contrast to 4He, the formation of deu
terium depends sensitively on the baryon density. All of 
the 2D is of cosmological origin, however a portion is 
converted to 3He in the stars through hydrogen fusion. 
The abundance of deuterium derived from observations 
of HI clouds at high red shifts (z ::::: 3), an atomic ratio 
ofneD)jne H)::::: 2 · 10-5 , must lie close to the primor
dial value. From this, we find a baryonic density QB,o, 

or a contribution of baryons to the density parameter 
f2o of the present-day Universe (13.27), of only 

f2B,O = QB,O C::: 0.05 , (13.69) 
Qc,O 

so that in our Universe, nonbaryonic matter should 
predominate (Sect. 13.2.5). 

3He and 7Li. From meteorites, one finds the abun
dance of 3He at the time of the formation of the Solar 
System to be neHe)jn(H)::::: 10-5 ; from the spectra 
of the old Population II stars, a lithium abundance 

of nCLi)/n(H)::::: 1.2·10-10 can be derived. Both the 
abundance determinations of these light nuclides as well 
as their interpretation are currently too uncertain to al
low us to make clear statements about the parameters 
of the Universe. 

13.2.5 Observed Parameters 
of the Present-Day Universe 

Now, which observations are available (some in prac
tice, some only in principle) for determining the 
actual parameters of our Universe? While during the 
1990's the standard model (13.33), in part with an 
initial inflationary phase, provided the framework for 
these considerations, more recently the observation of 
supernovae at high red shifts (see below) and the mea
surements of fluctuations in the microwave background 
radiation (Sect. 13.2.3) have set a new discussion in 
motion, which has by no means reached a conclusion at 
present. 

The Hubble Constant. We have already mentioned 
(in Sect. 13.1.1) the measurement of the Hubble con
stant Ho from the red shift z of the spectra of those 
galaxies whose distance r can be obtained indepen
dently (using Cepheids up to z = 0.05, supernovae 
of type Ia at z ;::; 1.0). The large-scale expansion of 
the entire observable Universe can be represented in 
a Hubble diagram (Fig. 13.3), in which, in accord with 
(13.46, 47), the red shift z or cz is plotted against the 
apparent magnitude, e.g. mv or m1• In order to de
termine from this diagram (luminosity-) distances and 
thereby Ho, as well as the deceleration parameter q0 

for objects with the highest values of z, we require 
"standard candles" such as supernovae of type Ia or 
galaxies with known, fixed, and the largest possible ab
solute magnitudes; otherwise, the scatter in the Hubble 
diagram would be too great. Every type of standard can
dle must in the end be calibrated with reference to the 
Cepheids, which can still be observed in galaxies of 
the Virgo and Fornax clusters using the Hubble Space 
Telescope (Fig. 12.3). 

The radio galaxies, whose prototype is Cyg A (Sect. 
12.3.3), extend the relation between z and the ap
parent magnitudes of the normal giant galaxies. With 
Mv ::::: -23 mag, they are well suited to serve as stan
dard candles, since on the one hand, owing to their 
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Fig.13.3. A Hubble diagram for radio galaxies and quasars, 
from H. Kiihr ( 1987). The red shift z is plotted against the 
(uncorrected) apparent visual magnitude mv. The Hubble re
lation (13.47) is adjusted to the observations for small z (line 
of slope 0.2) and is drawn for delay parameters of qo = 0, 1/2, 
1 and 2. In contrast to the radio galaxies, the quasars are not 
suitable as "standard candles" 

strong radio emissions, they can be recognized even at 
great distances (z :=:: 5), and on the other hand, they can 
be investigated spectroscopically even when they are 
faint, due to their spectral emission lines. 

For a long time, the quasars could be observed at 
larger z values than could galaxies. Currently, thanks to 
the progress in observational techniques, the galaxies 
no longer trail behind the quasars in this respect. 

The quasars - with or without radio emissions -
can be observed clearly even at great distances ow
ing to their high luminosities. The largest known red 
shift of a quasar (as of 2004) is z ~ 6.4 (Sect. 12.3.4). 
The quasars and galaxies with active nuclei however ex
hi bit considerable scatter on the Hubble diagram, owing 
to their widely differing and variable core-region activi
ties; they lie between the line representing ordinary giant 
galaxies and a region of up to 6 mag greater brightness 
(Fig. 13.3). They are therefore not suitable as standard 
candles. No quasar, however, has a smaller magnitude 
than would be indicated by the line for ordinary galaxies 
at its z value. The cosmological interpretation of the red 
shift of quasars is therefore supported by their positions 
in the Hubble diagram. 

In recent times, H0 has also been determined from the 
propagation time differences for light from the various 
images of a quasar projected by gravitational lenses 
(Sect. 12.3.4). 

The Deceleration Parameter and the Average Den
sity. In the standard model (13.33), with a vanishing 
cosmological constant, the average matter density QM 

or the density parameter Q = QM is connected with the 
spatial curvature k or the deceleration parameter q via 
(13.34), so that here, the determination of one of these 
two parameters is sufficient. On the other hand, in the 
cosmological models with A =I= 0, the deceleration pa
rameter q and the density parameter Q = QM + Q A 

(or k) must be determined independently of each 
other from the observations. According to (13.30) and 
(13.31), q and Q can also be replaced by QM and QA· 

The determination of q0 from the spread in the curves 
in the Hubble diagram (Fig. 13.3) is very difficult and 
uncertain. We must at the outset consider that for very 
distant galaxies of every type, in the long time interval 
which their light has required to reach the Earth, their 
brightnesses, colors, etc. will have changed markedly 
as a result of their evolution (Sect. 12.5.4), so that 
a straightforward comparison with objects in our neigh
borhood, which we see in their present-day states, is not 
possible. Taking the large uncertainties in the empirical 
determination of q0 into account, we can conclude only 
that - 1.3 < qo < +2. 

More promising is the Hubble diagram for super
novae Ia with large red shifts z as "standard candles"; 
they became accessible to observation in the mid-
1990's. Their light curves (brightness, color and their 
time variations) of course must be referred to the rest 
system (e) of each supernova; among other things, 
an observer (o) experiences (according to (13.40) and 
(13.41)) a time interval Llte as if it were "stretched" to 
L\t0 = (1 + z)Llte. To be sure, in this method, a possi
ble evolution of the luminosity due to differences in the 
chemical compositon of the original star is neglected. 
The observations of SN Ia with z ~ 1 can best be fitted 
with cosmological models having a negative(!) decel
eration parameter qo in the range of ca. -0.3 to - 0.8, 
which implies a nonzero cosmological constant A (see 
below). 

We now tum to the determination of the present
day average matter density QM,O or of the den-
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sity parameter .QM,O· Initially, from the observed 
mean blue (B) luminosity densities in the Uni
verse, £ 8 ::: 108 L~ Mpc-3 (12.7), together with 
the mass-luminosity ratios M/ Ls ::: 200 of galax
ies and galaxy clusters derived from their dynamics 
(Sects. 12.L5 and 12A.2), we find a mean mass 
density of QM,O ::: 2, 1010 Mo Mpc3 ::: 10-27 kg m-3 , 

With the critical density Qc,O = 7.9, 10-27 kg m-3 

(13,26), this corresponds to a density parameter of 
.QM,O ::: 0.1 ... 0.2. This value includes also the "dark 
matter", which is known only through the dynamics; it 
is at best accurate to within only a factor of 2. The un
certainty in the Hubble constant Ho does not enter into 
this estimate of the density parameter .QM,O· 

We must furthermore take into account a possi
ble contribution to QM,O from intergalactic matter (the 
hot gas within the clusters of galaxies was already in
cluded in the above value). Even a mean particle density 
of 5m-3 would give .Q0 = 1 and thus a closed uni
verse. A hot intergalactic gas (T ::: 5 · 108 K), which 
would contribute to the very diffuse extragalactic 
X-ray emission and would lead to a density parame
ter of .Q0 S 0.5,,. 0.9, cannot at present be excluded. 
In contrast, an intergalactic medium consisting of neu
tral or ionized, relatively cool hydrogen is not consistent 
with observations. 

Although the contribution of the 3 K background ra
diation to the mean baryonic density, of about 10-3 QB,O 
(Sect 13,2.2), is negligible, the background due to low
energy cosmic neutrinos (Sect 13.3.3) may well play an 
essential role, if the neutrinos turn out to have a nonzero 
rest mass. 

This possibility, which has been suggested by 
elementary-particle theories (going beyond the standard 
model; cf. Sect. 8.2.2), has strong experimental indi
cations. Since the particle density of the background 
neutrinos, 108 m-3, is similar to that of the photons of 
the 3 K radiation, even a very small neutrino mass of 
e.g. 5 evc-2 ::: 10-35 kg (cf. Table 13.3) would already 
amount to 0.2 of the critical density Qc,O· Under dis
cussion as possible candidates for dark matter are in 
addition several "exotic" particles, which are predicted 
by extended elementary-particle theories. We cannot go 
into the details here. 

Also gravitational lens effects, model calculations of 
the evolution of the clusters of galaxies and especially 
the precise determinations of the fluctuations in the 3 K 

background radiation (Sect. 13.2.2), permit estimates of 
the density parameter which lie in the range of 0.2 S 
.QM,O s L 

Finally, the observation of the abundance of some 
of the lighter elements in the Universe, in particular 
of deuterium, offers another possibility for determining 
the density parameter (or, more precisely, its baryonic 
fraction) indirectly, by making use of the theory of 
nueleosynthesis in the Universe (Sect. 13.2,4); this leads 
to S?s,o::: 0.05 . 

The "luminous" matter which is directly visible 
through its radiation makes up only about one tenth 
of the baryonic matter (with an uncertainty of a fac
tor of 2). The contribution of the baryons to the total 
matter density .QM,o, i.e. that of matter in the form of 
extremely faint stars, brown dwarfs, planets, ... , is at 
most 0.1. Thus, the contribution of more than 0.1 from 
dark matter must be of non-baryonic origin, e.g. from 
neutrinos or "exotic" elementary particles. 

From the combination of all the observations, we 
find a value range of roughly 0.2 S .QM,O S 1.0 for the 
present -day density parameter, with a large uncertainty. 

Age. The Friedmann time rp (Table 13.1), which gives 
the maximum age of cosmic objects, can be obtained 
from age determinations of the globular star clusters 
(Sect 9.2.3) and from the decay of long-lived radioac
tive nuclides (Sect. 12.5,4). These methods lead to an 
age in the range of 11 to 20 · 1 09 yr. 

Parameters. Let us now attempt, in spite of all the 
uncertainties, to specify a cosmological model. We must 
take the large error limits into account: those of the 
Hubble constant H0 , the deceleration parameter qo, the 
density parameter .Q0 with its two contributing terms 
.QM,o and .QA,o, and the Friedmann time rp. 

In Table 13.2, we have collected the most important 
parameters, derived from observations, which deter
mine the present-day state of the Universe. Forthis table, 
we have chosen a value for the Hubble constant (13.3) 
of Ho = 65 km s -l Mpc 1. With a different choice of 
Ho, but the same values of qo and S?o, the Hubble and 
Friedmann times r0 and rp would scale proportionally 
to h-1; the critical density Qc,o or nc,o would scale as 
P; and the baryonic density .Q8 ,o as h-2• The param
eters qo and .QM,O do not depend upon h, while .QA,O 
-via Qc,O- is proportional to h-2. 
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S1andard models Friedmann-Lemaltre 
model 

Table 13.2. Parameters of 
the Universe correspond
ing to different models 
with and without cosmo
logical constant A. All 
indications - especially 
the WMAP observations 
(Sect. 12.5.1) - are that 
we live in a Universe with 

Hubble constant Ho [kms- 1 Mpc- 11 65 
Hubble time ro [yr) 15.0·109 

Critical density Qc.O [kg m-31 7.9 · lo- 27 

"c.O [m- 3] 

Cosmological constant II [m-21 
Deceleration parameter qo 

A ""0 Density parameter 

0 
0.1 

5 

0 
0.5 

6 · 10-SJ 

-0.6 

Total ilo=ilM.o+ il11 .0 0.2 1.0 1.0 

0.3 
0.7 

Matter ilM .O 0.2 1.0 
Quantum vacuum !111.0 0 0 

Baryon ils.o 0.05 0.05 
Matter density QM.O [kgm-3) 1.6·10-27 7.9· 10-27 

> 0.05 (?) 
2.4. 10-27 

"M.O (m-31 0.6 5 0.9 

Photon density Qy.o [kg m-31 4.7 .IQ-31 4.7 . ,o-31 4.7 .J0-31 

4.1-IOS 

18.9-109 

"y.o [m-3) 
Friedmann time fF [yr] 
(Age of the Universe) 

Before it became possible to carry out observations of 
distant type Ia supernovae, as well as precise measure
ments of the fluctuations of the microwave background 
radiation, the Universe could be described with suffi
cient accuracy by a standard model (13.33), in which 
the density parameter Do = DM,o could be determined 
only within a relatively broad range from about 0.2 
to 1.0. 

Theoretical considerations relating to an inflationary 
Universe (Sect. 13.3.4) suggest that the limiting case 
of a fiat, Euclidean space (k = 0) is most likely, corre
sponding to Do = 1 or q0 = 1/2, in which at the present 
time dark, nonbaryonic matter predominates. The recent 
observations of the 3 K fluctuations (13.53) also indi
cate a flat Universe, independently of the assumption of 
a standard model. 

According to the standard model, we are living in 
an open hyperbolic or a Euclidean Universe which is 
continually expanding. 

At the present state of the observations, however, 
the power spectrum of the fluctations of the microwave 
background radiation (Sect. 13.2.2) is not consistent 
with the baryonic density (13.69) determined from the 
theory of cosmic element synthesis. 

The observations of type Ia supernovae at large red 
shifts have great significance for the determination of 
the parameters of the present-day Universe. These yield 
clear indications of a negative deceleration parameter of 
around qo = -0.6, as already mentioned. This value can 

4.1-IOS 4.1 - IOS 

12.8·109 10.1·109 

be explained within a Friedmann-Lemaftre model with 
a cosmological constant A =I 0 and a corresponding 
contribution D 11 ,o to the density parameter. 

If we now combine this value qo :::: -0.6 with 
the result (13.53) from the measurements of the 3 K 
fluctuations, then we find using (13.31) 

DM,O C:: 0.3, DA ,O C:: 0.7, (13.70) 

i.e. the contribution of the quantum vacuum predom
inates by far over that of (baryonic and dark) matter 
and is thus the determining factor for the dynamics of 
the Universe. The nature of dark energy of the quantum 
vacuum is still completely unknown. According to this 
model, the Universe is expanding continually, and is at 
present in a phase of accelerated expansion (q0 < 0). 

The discussions of the state of the Universe are 
at present evidently still far from conclusive, so that 
we must be content with the rather imprecisely deter
mined values of the parameters as given in the summary 
Table 13.2. 

13.2.6 Olbers' Paradox 

The simple observation that the night sky is dark al
lows far-reaching conclusions to be drawn about the 
large-scale structure of the Universe. This was already 
realized by J. Kepler (1610), E. Halley (1720), J.-P. Loy 
de Cheseaux ( 17 44 ), and H. W. M. Olbers ( 1826). The 
de Cheseaux-Olbers paradox states the following: 
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If the Universe were spatially and temporally infi
nite and (more or less) uniformly filled with stars, then, 
in the absence of absorption, the entire sky would be 
illuminated with an intensity corresponding to the av
erage surface brightness of the stars, i.e. about that of 
the Sun. The fact that this is not the case cannot be ex
plained in terms of interstellar absorption alone, since 
the absorbed energy would not be lost. 

In order to eliminate the paradox, however, it is suf
ficient to take into account the limited period of time 
(:::; 1012 yr) during which the stars can maintain their lu
minosities (E. R. Harrison, 1964). The stars would need 
about 1023 yr just to "fill up" the Universe with their 
light. The red shift of the radiation due to the expan
sion of the Universe plays, in contrast, only a secondary 
role. 

A simple energy estimate also argues against a cos
mic radiation field with a temperature of the order 
of 104 K: if all the baryonic matter in the present-day 
Universe, at a density of QB,o, were to be converted 
completely into radiation, i.e. if Qy,o (13.49) were in
creased by a factor of around 103 according to (13.69) 
with Qc,o=7.9·10-27 kgm-3 (Table 13.2), then, ow
ing to Qy ex T4 and To = 2. 7 K, a temperature of only 
about 2.7 · 10314 :::: 15 K would be reached; this temper
ature is obviously much lower than the 104 K observed 
at a star's surface. 

13.3 The Evolution of the Universe 

After having reached some conclusions about the state 
of the Universe in the distant past (excepting the very 
earliest epochs) by making use of the observations of 
galaxies and of the 3 K radiation to construct cosmo
logical models, we shall now describe the evolution 
of the cosmos as a continuous process from the ini
tial extremely hot and dense phases up to the present 
time. We do this within the framework of the standard 
model, which is based on General Relativity and the 
cosmological postulate of large-scale homogeneity and 
isotropy. We also describe briefly extensions of the stan
dard model such as the inflationary cosmos and some 
other cosmological approaches. 

Before we discuss the evolution of the standard 
model in detail in Sect. 13.3.3, we make some remarks 
in Sect. 13.3.1 about the first 10-43 s of the cosmos af-

ter the singularity (Big Bang), during which time the 
theory of General Relativity, which forms the basis of 
the cosmological models, cannot yet be applied. It is 
also appropriate to give a preliminary survey of the im
portant results from elementary-particle physics which 
determine the evolution of the model in the earliest 
phases of the cosmos, and we do this in Sect. 13.3.2. 
Finally, we consider models which go beyond the stan
dard model: in Sect. 13.3.4, we describe inflationary 
cosmology, which offers fundamental solutions to some 
problems which remain unsolved within the standard 
model. Then, in Sect. 13.3.5, we make some remarks 
about several other cosmologies. 

13.3.1 The Planck Time 

At arbitrarily short times after the singularity, we cannot 
apply the standard model, since at very high mass 
concentrations and short distances the theory of Gen
eral Relativity, which treats space-time as a continuum, 
would have to be replaced by a quantum theory of grav
ity. The latter has at present not yet been completely 
formulated. 

Following M. Planck, we can obtain the time rp or 
the associated length lp and mass Mp below which 
Einstein's theory of gravitation loses its validity by com
posing natural units out of the three constants G, c, and h 
or n which characterize the three fundamental theories 
of physics, General and Special Relativity and quantum 
mechanics: 

( Gn)l/2 
rp= ~ ::::5.4·10-44 s, 

lp = crp :::: 1.6. 10-35 m , 

Mp = ( ~) 112
:::: 2.2·10-8 kg 

:::: 1.2·1019 Gevc-2 . 

(13.71) 

The corresponding Planck density is given by QP = 
Mpjl~ = 5.2. 1096 kg m-3 . Within the relativistic cos
mological models, we can make no statements about 
times which are shorter than the Planck time Tp. 

The Planck mass and length can be estimated to 
an order of magnitude by setting the size (i.e. the 
Schwarzschild radius GMpjc2) of a black hole of 



mass Mp equal to the length which is given by the 
Heisenberg uncertainty relation Mpc lp:::::: n by fix
ing the conjugate momentum to the value Mpc (this 
corresponds to the Compton wavelength n/(Mpc)). 

13.3.2 Elementary Particles 
and Fundamental Interactions 

The great progress which has been made in the area of 
elementary particle physics since the 1960's has had an 
important influence on cosmology. In the early phases 
of the Universe, we are dealing with energies of at 
least 1019 GeV, which are far beyond our experimental 
capabilities; thus, we must depend to a large extent on 
the theory of elementary particles and their interactions. 
The currently existing and planned particle accelerators 
reach energies of only several l 04 GeV! 

According to the standard theory of particle physics, 
the particles of matter are made up ofjermions, i.e. of 
particles with a spin of ( l /2) · n, while the forces or in
teractions between them are transmitted by the exchange 
of bosons with a spin of 1 . n. 

Elementary Particles. The basic constituents of mat
ter or elementary particles, which show no indications 
of an internal structure, are considered in the standard 
theory to comprise the leptons and the quarks with their 
corresponding antiparticles. 

The relatively light leptons are known to occur in 
three families (or generations), each of which is made 
up of a pair of particles, one electrically charged and 
one neutral fermion, with their respective antiparticles 
(Table 13.3). Experiments have shown that there are 
exactly three such lepton families. The first includes the 
electron e- and its antiparticle, the positron e+, as well 
as the electron neutrino Ve with its antiparticle Ve. The 
second family contains the muons IL- , IL + with their 
associated muon neutrinos viL and viL. The third family 
consists of the tau mesons ·c, 1:+ and the tau neutrinos 
v, and v,. The neutrinos are massless or nearly massless 
particles. 

In Sect. 8.2.2, we have described experiments which 
have given clear indications of neutrino oscillations and 
thus of a nonzero neutrino mass, in connection with the 
discussion of the neutrinos emitted by the Sun. 

The quarks, whose electric charges are found to be 
multiples of one-third of the proton's charge, are dis
tinguished in part by a color quantum number (color 
charge) which has three possible values. Like the lep
tons, they form pairwise (with their antiparticles) three 
families, which are associated to those of the leptons. 
The first family includes the up and the down quark 
(u and d) and their antiquarks. The nucleons, the pro
tons and neutrons, are composed of these particles, and 
thus they are the basic constituents of "ordinary" mat
ter. The second family is comprised of the charmed 
and the strange quarks (c and s), each with its corre
sponding antiparticle. The third family contains the top 
quark t, which was discovered in 1995 as the last of the 
six quarks, and the bottom quark b. In Table 13.3, we 
have collected the masses and electric charges of the 
quarks, without distinguishing between the current and 
the constituent masses. 

The quarks do not occur as free particles, but rather 
only in pairs or triplets within the strongly-interacting 
hadrons: 

A baryon (or antibaryon) contains three quarks (or 
antiquarks). The structure of e.g. the proton is thus p = 
{uud}, that of the neutron is n = {ddu}, and that of the 
hyperon is Ao = { uds}. 

A meson is composed of a quark- antiquark pair; 
e.g. the pion corresponds to n + = {ud}, the kaon to 
K+ ={us}, and the 1/1J! = {cc}. The Bt meson= {cb} 
was discovered in 1998 as the last of the 15 mesons 
which can be constructed from the 5 quarks (The top 
quark is too short-lived to serve as a partner in pair 
formation.) 

Table 13.3. The elementary particles of matter. Masses are in 
[GeVC2] , and charges Q are in units of the proton's charge 

1st Family 2nd Family 3rd Family 

Leptons: 
v. Electron v" Muon u, Tnu 

neutrino neutrino neutrino 
<5·10-9 < 2 . Jo- 4 < 0.024 0 

e Electron ll Muon t Tau meson 
5.11 · 10-4 0. 106 1.78 -I 

Quarks: 
u up quark c channed quark ttOp quark 

0.005 1.5 175 2/3 
d down quark s 1tange quark b bouom quark 

0.01 0. 15 4.7 - 1/ 3 



Fundamental Interactions. The fundamental inter
actions or forces between the various particles are 
summarized in Table 13.4. The electromagnetic interac
tion is mediated according to quantum electrodynamics 
by the exchange of massless photons. For the weak 
interaction, which is responsible for e.g. the ~ decay 
of atomic nuclei, the exchange of the massive vector 
bosons w± and Z0 with masses of 80 and 92 GeV c 2 , 

respectively, mediates the interaction. Through the the
oretical work of S. Glashow, A. Salam, and S. Weinberg 
in the 1960's, it became clear that the electromagnetic 
and the weak interactions can be regarded as different 
aspects of a single, "unified" electroweak interaction 
whose field quanta w± and Z0 were observed from 
1983 on. Therefore, above m(W±, Z0)c2 ~ 100GeV, 
the electromagnetic and the weak interactions are of 
comparable strength; below this energy, a "symmetry 
breaking" takes place. 

The strong interaction, which according to quantum 
chromodynamics is mediated by the exchange of eight 
massless gluons, each carrying a color charge, acts on 
only the quarks, but not on the leptons. The gluons 
also couple to the W and Z bosons, so that the weak 
interaction also involves the quarks. 

The nuclear binding force is, by the way, not an 
elementary force, but rather is the indirect result of the 
interactions between the quarks. 

The standard theory of elementary particle physics 
includes the strong interaction (quantum chromody
namics) and the unified electroweak forces or their 
exchange bosons together with the elementary particles 
listed in Table 13.3. Gravitation, which acts on all of the 
elementary particles, is added on in the form of a clas-

Table 13.4. An overview of the fundamental interactions 
and their exchange quanta. The strengths of the interactions 
or their effective coupling constants are energy-dependent; 

sica! field theory (General Relativity) independently of 
the other forces. 

Although the validity of the standard theory has been 
brilliantly confirmed by experiments in high-energy 
physics, several fundamental questions remain open. In 
particular, the masses and coupling of the particles and 
their symmetries are unexplained. Within the standard 
theory, the masses are determined by the interactions 
of the particles with a Higgs field, associated with the 
Higgs bosons. The mass of the Higgs boson that medi
ates the masses of the W and Z bosons must be greater 
than 65 Mevc-2 (this follows from the experiments). 
The search for this hypothetical particle plays a key 
role in the verification of the standard theory. 

The Grand Unification. The goal of a complete el
ementary particle theory is to attribute all forces to 
a common origin, whereby the standard theory would 
be absorbed into a higher-order theory. The first step to
wards this goal is the combination of the strong and the 
electroweak forces in a Grand Unified Theory (GUT). 
This requires the introduction of additional field quanta, 
the X bosons, with masses of the order of 1014 GeV c-2 . 

Above m(X)c2 ~ 1014 GeV, the strong and the elec
troweak forces would thus also be similar. Within the 
framework of the GUT it is predicted that the proton 
should be unstable and decays (to be sure very slowly) 
according top+ -+ e+ + n°-+ e+ + 2y or related reac
tions. An experimental verification of this decay has not 
yet been forthcoming; the limiting value for the half-life 
of the proton decay lies above a few 1032 yr. 

Finally, it is speculated that above about 1019 GeV, 
complete unification of the gravitational force with 

the values quoted are for low energies, ( « 100 GeV). 
a = e2! (2sohc) :::::: 1/ 137 is the fine-structure constant 

Interaction strong electroweak gravitational 

electromagnetic weak 

Strength :::::: 1 a:::::: w- 2 :::::: w-s :::::: JQ- 39 

Act on quarks, electrically charged leptons and all particle 
indirectly on hadron particles quark (hadrons) 

Exchange quanta gluon , X-particle photon vector bo on (gravitons) 
Ma [Gevc-2] 0, 1014? 0 80 (W±), 92 (Z0) 0 



the other elementary forces could occur. We should 
also mention the theoretical approaches to the formu
lation of a quantum theory of gravity with the aid of 
"supersymmetry" ("supergravity"). 

13.3.3 Cosmic Evolution 
According to the Standard Model 

In the very early Universe, the temperatures and densi
ties were so high that the photons and the great variety 
of relativistic particles were in thermodynamic equilib
rium. As long as the mean thermal energy kT » mc2 , it 
has to be assumed from conservation of energy that ev
ery elementary particle of rest mass m can be converted 
into every other particle. Creation and annihilation 
of particle-antiparticle pairs and the interactions with 
other particles thus keep any particular type of particle 
of mass m in equilibrium with a noticeable abundance 
above the energy mc2 . 

As the average energy in the Universe decreased 
due to its expansion to a value less than the equiva
lent mass mc2, particles of mass m which had decayed 
or been annihilated could no longer be replaced. Cos
mic evolution is thus characterized by a "dying off' of 
the various types of particles, beginning with the most 
massive ones, until around 3 s after the singularity, al
most only photons and neutrinos are still present and 
the fraction of baryons is only about 10-9 (13.58). 

The temperature T as a function of time or the aver
age thermal energy kT in the radiation cosmos is, from 
(13.63) and (13.65), given approximately by 

1.5 
t [s]::::: (13.72) 

(T [1010 K]f 
1 

for t ::::; 2 · 106 yr 
- (kT [MeVJ) 2 

if we leave out of consideration details (order a) which 
are different for the various types of relativistic particles. 

The fundamental parameters of the Universe, which 
agree with all the available empirical data, are listed 
in Table 13.2 and (13.48, 58). For the cosmological 
constant, we have assumed A= 0 (13.33). 

Now in order to describe cosmic evolution, we make 
use of Table 13.5, where the masses of the most impor
tant particles are shown along with the time dependence 
of the temperature and the thermal energy, so that we 

can read off the sequence of annihilations of the various 
types of particles. The early evolution of the Universe 
is usually divided into different eras which are charac
terized by the type of particle predominant during that 
time. 

The Era of the Great Unification. Following the singu
larity, after a time equal to the Planck time (Sect. 13.3.1) 
had elapsed, we can expect that a completely sym
metrical state existed from 10-43 up to 10-35 s, as in 
the Grand Unified Theory: all the interactions except 
for gravitation had the same strength. In the extremely 
hot and dense plasma, quarks, gluons, X-particles, lep
tons, photons, and their antiparticles are all present 
with about equal abundances and are continually being 
interconverted. 

If now the average energy in the Universe (as are
sult of its expansion) decreases to below the equivalent 
mass of the hypothetical X bosons, which mediate 
the conversion of quarks into leptons and vice versa, 
i.e. 1014 GeV c-2 , then the decaying X-particles are no 
longer replaced and the strong and electromagnetic 
interactions separate; their symmetry is broken. 

The decay of the X-particles could have produced 
an extremely small relative excess of quarks over anti
quarks of the order of 10-10 to 10-9 ; in later phases of 
the cosmos, this excess then leads to a corresponding ra
tio of baryons to photons, which finally can be observed 
today by comparing the present density of matter and of 
the 3 K radiation (13.58). The formation of the galax
ies, and thus our own existence, is therefore a result 
of a small asymmetry in the decay of the X-particles 
only 10-35 s s after the singularity. In this connection, 
the experimental confirmation of the theoretically pre
dicted proton decay (Sect. 13.3.2) would be of decisive 
importance. 

The Quark Era. Within this era, which followed the 
decay of the X-particles, a further symmetry breaking 
occurs at about 10-10 s or 100 GeV (corresponding to 
the masses of the w± and Z0 bosons); at this time, 
the electromagnetic and the weak interactions separate. 
Only after this era do the elementary particles have the 
properties that we observe today. 

The Hadron Era. At energies around 1 GeV, the 
quarks, antiquarks and gluons no longer exist as free 
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Table 13.5. The series of different eras and the temperature 
as a function of time during cosmic evolution, according to 
the standard model. Particles and antiparticles of rest mass m 

Ern T kT m [Gevc-2] 

[I [K] [GeV] 

annihilate each other when the mean energy becomes kT :::; 
mc2. Temperatures below T :::; 5 · 109 K refer to the photon 
gas 

Field quama, Hadrons Leptons 
Quarks 

Baryons Me ons 

'·Grand Unification .. 10-43 lo32 1019 Planck lime 
lo-35 1&1 1014 1014? X? Symmeuy breaking: 

s1r0ng - elecLrOweak 
10-10 1015 102 175 l 

92 z Symmetry breaking: 
80 w elecrromagnelic- weak 

Quark Era 5.3 B 
4.7 b 3.1 Jlr/f 
1.5 c 1.67 n 1.78 

10-6 1013 

Hadron Era 

1.12 II 

0.940 n 

0.93 p 

Tran ilion: 
quarks -4 hadrons 

10-4 1012 10-1 0.15 
0.01 d 

Lepton Era 0.005 u 
1010 10-3 

5· 109 5' 10-4 

2· to2 9·1oS 
Photon Ern 

2' 1013 3· 103 ;:~ 1 000 

6· lOll 2·tol 600 
1 .1015 3· 1& 100 

Mauer Era 
4·1017 2.7 0 

particles. The hadron era begins with the annihilation of 
the quarks and anti quarks, at about 1 o-6 s. The excess of 
quarks from the decay of the X-particles is transformed 
into an excess of baryons relative to antibaryons. When 
the energy density in the cosmos decreases further, the 
hyperons and heavy mesons first mutualy annihilate 
with their corresponding antiparticles, followed by the 
neutrons and finally the protons and the lighter mesons. 

The Lepton Era. After the lightest hadrons, the n 
mesons, had decayed at about 10-4 s, the lepton era 
began. It was dominated by electrons, positrons, neutri
nos, and photons. The muons already annihilate at the 
beginning of this era, and the few (1 o-9) baryons play 
no role in its energy density. 

Around 1 s, the interactions of the (electron) neu
trinos with the other particles become so weak that 
they are no longer able to maintain thermal equilib-

0.50 K 

0.14 1t 0.11 

5·10_. e 
Dccoupling 

E l:~~~~~:~he i~(4He) 
Dccoupling 

of photons 
Fonnation 

of lbe galaxies 
10day 3 K 2 K 

rium. This decoupling of the neutrinos is the essential 
factor in determining the proton-neutron ratio, which 
in tum determines the abundance of the helium which 
later formed. 

The neutrino temperature Tv is proportional to the 
temperature of the radiation field, 

3(4 
Tv=vuT=0.71T, (13.73) 

and has continued to decrease up to the present time; it 
is now Tv,O = 1.9 K. At about 3 s, the lepton era ends 
with the annihilation of the electrons and positrons, ex
cept for a very small fraction of the electrons; these, 
together with the protons, guarantee charge neutrality 
of the Universe. 

The Photon Era. In the following photon or radia
tion era, after about 200 s, the synthesis of the light 



elements begins (Sect. 13.2.4); in this process, the free 
neutrons are almost completely used up by the forma
tion of 4He. Protons, helium nuclei, and electrons are 
about 10-9 times less abundant than photons (and the 
decoupled neutrinos). Near the end of the photon era, 
around 8 · 105 yr, the photons decouple from matter, af
ter the free electrons are removed by recombination with 
the protons to form neutral hydrogen atoms. In contrast 
to the neutrinos, the photons can gain energy from thee± 
annihilation process, so that their temperature remains 
higher than that of the neutrinos and reaches the current 
value of2.7 K (Sect.l3.2.2). 

The Matter Era. Although there are about 109 times 
more photons than baryons in the Universe, after 
around 2. 106 yr, the mass or energy density of the 
photons becomes smaller than that of the baryons 
(13.64), and the matter era begins. Only after the decou
pling of radiation and matter could large-scale density 
fluctuations in the cosmos occur, beginning at "nucle
ation centers" which dated from a much earlier time 
(Sect. 12.5.1). These fluctuations continued to grow, so 
thatfromabout3 -107 yr(atredshiftsofz ~ 100 ... 10), 
they had grown so strong that the formation of the galax
ies and galaxy clusters could take place, at a stage when 
the average density of the cosmos was still about 103 to 
I 06 times higher than today. 

Finally, after (10 ... 13) · 109 yr, the Friedmann time 
(for A = 0), we have reached the present state of the 
Universe. 

Future Evolution. How will cosmic evolution continue 
in the future? This depends decisively on the average 
density Qo or the density parameter S?o = QM,O + Q A,O 

which, as we have seen, can be determined observa
tionally only within a large uncertainty; we recall the 
problems of the "dark matter" in the galaxies, a possible 
intergalactic medium, the neutrino mass, and the "dark 
energy" QA,O· As the best estimate of the density pa
rameter, compatible with all the observations and within 
the standard model, we have found a value within the 
range 0.2 :S Q 0 :S 1. Accordingly, we are in an open uni
verse which is continually expanding and whose density 
is decreasing. 

The temperatures of the radiation field and the neu
trino background will continue to decrease. New stars 
will no longer be formed after the interstellar gas has 

been consumed, and the stars now present will have fin
ished their evolution within :S 1012 yr. After still much 
longer times, of the order of 2:: 1032 yr, the nucleons 
will have also mostly decayed, according to the GUT 
models; even black holes, which may have been formed 
in the early stages of the Universe, will finally radiate 
away. We end up with a cold, dark, eternally expanding 
universe, containing as "normal" matter only photons 
and neutrinos, out of which all the stars and galaxies 
have disappeared. 

Problems of the Cosmological Models. After this brief 
overview of cosmic evolution, we turn to some remain
ing questions which in particular the standard model of 
relativistic cosmology leaves open. 

Lacking a quantum theory of gravitation, we can 
only speculate about the first w-43 s after the singular
ity; and the age-old question, "What came before the 
creation of the world?" cannot be answered within the 
cosmological models that we have discussed. 

The high degree of isotropy of the 3 K radiation also 
remains unexplained within the standard model. It is, to 
be sure, taken into account in the cosmological postu
late, but we have no physical explanation for it, since, 
for example, parts of the Universe which lie on oppo
site sides of the celestial sphere as seen from the Earth 
would have had no time to interact with each other 
(with at most the velocity of light) up to the time of the 
decoupling of the radiation at around 8 · 105 yr. 

Also, the fact that our Universe does not deviate very 
much from the Euclidean case k = 0 or Q 0 = 1 is by no 
means self-evident. On the contrary, this fact requires an 
extraordinarily precise "fine tuning" of the parameter Q 

in the early stages of the cosmos, so that it could remain 
in the neighborhood of one during about 1060 Planck 
times, unless we choose to regard its value as purely 
coincidental. 

13.3.4 The Inflationary Universe 

Finally, we discuss briefly the promising ideas of 
A. Guth (1981) and A. D. Linde (1982), who solved 
or at least mitigated several open problems within the 
standard model by means of their inflationary Universe: 

Within the first 10-36 s, during the era of the grand 
unification, a "phase transition" occurred in the Uni-
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verse, accompanying the symmetry breaking of the 
fundamental interactions (Table 13.5). The vacuum, 
originally rich in energy through the Higgs field, 
takes on its present low-energy state and in princi
ple can supply the kinetic energy for an extremely 
rapid, exponential expansion of the cosmos, the in
flation. Following this process, around t ~ 10-33 s, its 
evolution then continued in a manner corresponding to 
the standard model (Sect. 13.3.3), in which the Higgs 
field transfers its energy to the elementary particles 
(X bosons, quarks, leptons, and photons) in the early 
Universe. 

More precise calculations of the fluctuations which 
appeared in the cosmos make it seem improbable, how
ever, that the Higgs field itself was sufficiently strongly 
coupled to matter to bring about the inflation. Rather, 
this is attributed to a new hypothetical scalar field, the 
inflaton field. 

We can convince ourselves that for a vacuum energy 
density Qvacc2 » ec2 which is assumed to be constant, 
and fork = 0, the Friedmann-Lemaitre equation (13.24) 
with Q A = Qvac has the form 

insured that any original curvature or deviation from 
the Euclidean case was quickly "leveled out" and thus 
according to (13.30), 

(13.77) 

was obtained. However, problems are still encoun
tered in the quantitative description of the end of the 
inflationary phase and its transition to the standard 
model. 

Since, during the initial phase transition, very small 
regions quickly attain enormous dimensions and can 
no longer interact with one another, it would be pos
sible within the framework of the inflationary model 
that the cosmological postulate no longer holds and that 
isotropy and homogeneity are fulfilled for only a por
tion of the cosmos. Our observable Universe might then 
be merely a "bubble" within a larger manifold, i.e. it 
might represent simply one universe among many. 

13.3.5 Other Cosmologies 

We cannot give here the details of other possible cos-

(R) 2 8JTG R = - 3- Qvac = const , ( 13.7 4) mologies; instead, we must content ourselves with a few 
additional remarks. 

with an exponential expansion as its solution 

R(t) = R1 eH·t , (13.75) 

where R1 = R(t = 10-33 s). For the "short-time Hubble 
constant" 

(13.76) 

we must require a value of H ~ 1035 s-1. During the 
inflationary phase, which lasts only about 10-33 s, the 
dimensions of the cosmos then enlarge by the enormous 
factor of 1 030 .. .45 • 

In (13.76), we have expressed Qvac formally using 
(13.23) in terms ofthe cosmological constant A, which 
thus is connected to the physics of the fundamental 
interactions via inflationary cosmology: for a very short 
time the Higgs or the inflaton field acts as a positive A. 

This inflationary model can in principle explain the 
isotropy of the 3 K background radiation, since the cur
rent observable Universe occupied such a small space 
before the inflation that all of its parts could interact 
with each other. In addition, the enormous expansion 

The Complete Cosmological Postulate. The cosmo
logical models which we have discussed so far start 
with the cosmological postulate of spatial homogeneity 
and isotropy. Should we not also require homogene
ity of the time scale -oo < t < +oo? Should not the 
Universe in principle be the same "from eternity to eter
nity"? This complete cosmological postulate, which has 
been suggested by numerous philosophers and theolo
gians, was the basis of the Steady State Universe theory 
developed in the years following 1948 by H. Bondi 
and T. Gold, then by F. Hoyle et al. Formally, this the
ory can also be considered to be an open relativistic 
model with k = -1 and qo = -1; in contrast to "conven
tional physics", however, it must assume the existence 
of a mechanism which allows the continual production 
of hydrogen within the Universe, since this element 
is required to replace the matter which has "expanded 
away" and to "fuel" the stars. The whole problem of the 
creation of the Universe is avoided in the steady-state 
model, but it also provides no explanation for the 3 K ra
diation. The observed indications of an evolution of the 



quasars and the galaxies are also not compatible with 
the complete cosmological postulate. 

"Cosmological Physics". A. S. Eddington, P. Jordan, 
P. A. M. Dirac and others have attempted to approach 
the problem of of the combination of physics and cos
mology from quite a different viewpoint. Taking the 
elementary constants of physics on the one hand: 

e, h, c, the electron mass me, the proton mass mp 
and the gravitational constant G, 

and those of cosmology on the other: 

the Hubble time To::::= 6 · 1017 sand the average 
matter density Qo ::::= 10-27 kg m-3, 

a number of dimensionless constants can be de
rived. A first group of numbers having values near 
one is obtained, including the fine structure constant 
a= e2 /(2sohc) ::::= 1/137 and mp/me = 1836. A second 
group of the order of 1040 is found: e.g. the ratio of 
the electrostatic to the gravitational attraction of a pro
ton for an electron, e2 /(4ns0 Gmpme) ::::= 0.2 ·1040 , or 
the ratio of the length cTo (roughly equal to the radius of 
the Universe in a closed model) to the Compton length 
of the proton, cTo/h/(mpc) ::::= 14·1040 ; and the num
ber of nucleons in a volume of (cT0) 3, of the order of 
magnitude of Qoc3T6/mp ::::= (0.1·1040 ) 2 . 

These facts can be summarized by the statement that 
the deceleration parameter q0 ::::= GQoTJ of relativistic 
cosmology (13.18) is of the order of magnitude of I. 
This means that the real world cannot be far removed 
from a Euclidean universe, which, as we have already 
remarked in Sect. 13.3.3, is by no means self-evident. 

If we consider the order-of-magnitude equality of 
the numbers around 1040 to be an essential fact, then, 
since the age of the Universe To occurs in them, we 
can speculate about a possible time dependence of 
the gravitational "constant" G and other physical con-
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stants. Recent experiments, however, leave almost no 
room for a variation in the value of G; the upper limit 
of the possible relative time variation is found to be 
I(L1G/G)/L1tl <4·10-12 yc 1. 

This "cosmological physics" appears in view of the 
progress in recent times in both particle physics and in 
cosmology to be of only historical interest today. It is 
perhaps more promising to search for an explanation of 
the relationship of the physical constants to the cosmo
logical parameters within the framework of inflationary 
cosmology (Sect. 13.3.4), or in the theories which unify 
the three fundamental interactions between the elemen
tary particles and a "super unification" theory which 
includes gravitation (Sect. 13.3.2). 

The Anthropic Principle. Relativistic cosmology of
fers us an entire catalogue of possible models of the 
cosmos. Why, then, did precisely this Universe, with its 
particular parameters, come into being? We can still not 
give an answer to this question. The anthropic principle 
(R. H. Dicke, 1961) represents an interesting attempt in 
this direction: our Universe is as it is because we live in 
it. Simply because of our existence, because there are 
astronomers who can observe the Universe, there was 
necessarily a limitation (or even determination?) of the 
imaginable parameters: it must have been possible for 
the stars and the galaxies to have formed, for elements 
such as carbon to have been synthesized, and for plan
ets to exist on which the conditions for the genesis and 
evolution of life were fulfilled for a sufficiently long pe
riod of time. Conversely, if the cosmos had been very 
different in its earlier periods, there would be no one 
today to observe it. 

With these remarks we close our discussion of the 
large-scale structure of the cosmos, its physical state 
and its evolution, which has led us out to the boundaries 
of present -day science. In the final chapter of this book, 
we tum again to our Solar System, in order to learn 
about its origins and its development. 
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14. The Cosmogony of the Solar System 

We turn back now from the depths of interstel
lar space to our own Solar System, and the old 

question of how it came into existence. The daring 
thought that this question cannot be answered by the 
handing-down of ancient myths, but only through our 
own probing, was proposed in France as early as 1644 by 
Rene Descartes in his whirlpool theory. In Germany, still by 
17SS, Immanuel Kant had to publish the first edition of his 
"Allgemeine Naturgeschichte und Theorie des Himmels" 
anonymously, for fear of the (protestant) theologians; in 
it, he treated the origin of the Solar System for the first 
time "according to Newtonian principles". Kant assumed 
a rotating, flattened primordial nebula, from which the 
planets and later their satellites we reformed. The descrip-

14.1 The Formation of the Sun 
and of the Solar System 

In the following sections, we begin first in Sect. 14.1.1 
with a summary of the most important properties of 
the Solar System which are relevant to its cosmogony; 
we have already introduced them in detail in Chap. 3. 
Then, in Sect. 14.1.2, we tum to the common origin of 
the Sun and our planetary system from a rotating disk 
of gas and dust, and deal with further details of the 
origin ofthe meteorites (Sect. 14.1.3) and of the Earth
Moon system (Sect. 14.1.4). In Sect. 14.1.5, we take up 
the particularly interesting question of the existence of 
planetary systems around other stars. 

14.1.1 A Survey of the Solar System 

We collect here briefly the most important facts which 
are to be explained by a cosmogony of the Solar System 
(cf. also Table 2.2 and Chap. 3): 

1. The orbits of the planets are nearly circular and 
coplanar. The direction of revolution is the same for 
all the planets (direct); it is also the same as the direc
tion of rotation of the Sun. The orbital radii represent 
approximately a geometric series 

(14.1) 

tion offered independently somewhat later by S. laplace 
in 1796 in his popular "Exposition du Systeme du Monde" 
was based on a similar hypothesis. 

We shall not deal with the details and differ
ences among these historical approaches, but instead 
in Sect.14.1 we turn immediately to a brief summary 
of the most important facts re levant to the modern 
ideas about the formation of the Sun and the Solar 
System. In Sect.14.2, we then consider - somewhat 
self-interestedly - the development of the Earth and in 
particular the origins and evolution of life on the Earth. 
The internal planetary structure, the sequence of geo
logical eras, and the contintental drift on the Earth were 
already treated in Sect. 3.2.1. 

withn = -2, -1,0(fortheEarth), 1 ... 6;a0 = 1 AU 
and k::::::: 1.8 (the asteroids are considered together as 
one object); see Fig. 14.1. This relation was discov
ered by J.D. Titius (1766) and J. E. Bode (1772); its 
significance for the cosmogony of the Solar System 
is a subject of controversy. 

2. The rotation of the planets is for the most part in the 
direct sense (exceptions: Venus and Uranus), with 
the axis, i.e. the rotational angular momentum, es
sentially parallel to the orbital angular momentum 
and to the axis of rotation of the Sun (exceptions: 
Uranus and Pluto). 

3. The Sun contains 99.9% of the mass, but only 0.5% of 
the angular momentum of the overall system, while, 
conversely, the planets (mainly Jupiter and Saturn) 
have only 0.1% ofthe mass, but 99.5% ofthe angular 
momentum in the form of orbital angular momentum 
I: a.M v (2.53). 
As can readily be calculated, the angular mo
mentum of the planetary orbits (Jupiter, Saturn) 
is 3.2 · 1043 kg m2 s- 1, and that ofthe Sun (with some 
uncertainty due to lack of knowledge of the angular 
velocity in the solar interior) is 1.7. 1041 kg m2 s- 1• 

4. The earthlike planets (Mercury, Venus, Earth, Mars 
and the asteroids) have relatively high densities 
(3900 to 5500 kg m-3), while the major planets have 
low densities (700 to 1600 kg m-3). The former con
sist (like the Earth) in the main of metals and stone, 
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Fig. 14.1. In the lower part, the orbital semimajor axis a and 
the mass .M of the planets (excepting Pluto) are shown relative 
to those of the Earth (values= 1). The average densities Q are 
in [g cm- 3] (left-hand scale). For the asteroids, the orbital 
semimajor axis of 1 Ceres and the estimated total mass are 
plotted. The line drawn in the upper part corresponds to the 
formula log a= 0.247 nor a= 1.77n 

while the latter contain barely modified solar matter 
(hydrogen, helium, hydrides) with a solid, earthlike 
core (like Jupiter and Saturn); or they consist of 
a stone-ice mixture (like Uranus and Neptune). 

5. Pluto, with a density similar to that of the major plan
ets, is distinguished from them by its small mass and 
its sharply inclined, eccentric orbit. We can regard it 
as the largest member of the transneptunian plane
toids in the Kuiper belt (Sect. 3.5) and shall therefore 
leave it out of consideration in the following. 

6. In the case of the satellites, we must distinguish 
between the inner satellites, which (and this must 
be explained by our cosmogony) have orbits with 
small eccentricities, slight inclinations to the equa
torial plane, and revolution in the direct sense; and 

14.1 The Formation of the Sun and of the Solar System 

the outer satellites, with their considerably larger ec
centricities and orbital inclinations. The latter were 
probably retroactively "captured" in the early period 
of the Solar System, while the former may be seen 
as the "original property" of their respective planets. 
The earthlike planets have longer rotational periods 
and few satellites, while the major planets exhibit 
relatively rapid rotation and, even neglecting the cap
tured satellites, have a large number of moons and in 
some cases striking ring systems. 
In its composition and structure, our Moon follows 
the scheme of the earthlike planets, while the large 
satellites of Jupiter and Saturn are in part like the 
Moon, but in part consist of a mixture of ice and sil
icates. 

'· The numerous impact craters which are observed on 
the surfaces of planets and satellites from Mercury 
out to the Neptune system indicate a considerably 
larger number of planetesimals in the early period of 
the Solar System than are present today (these are 
small, solid objects up to a few km in size). 

:. From precise radioactive age determinations, we 
know that the Earth, the Moon, and the meteorites, 
and thus without doubt the Sun and the whole 
Solar System, were formed 4.5 · 109 yr ago during 
a relatively brief time interval. 

The remarkable regularities in the structure of the 
Solar System support an evolution of the whole sys
tem in the sense of the theories of I. Kant, S. Laplace 
and later of C. F. von Weizsacker, D. ter Haar, G. Kuiper 
and others. In contrast, "catastrophe theories", which at
tribute the origin of the planets to the action of a star 
which passed close to the Sun (J. Jeans, R. A. Lyttleton, 
and others) appear to be excluded from the beginning. 
In addition to the improbablility of such a near collision 
of two stars, these theories do not allow us to under
stand how a filament tom from the Sun by tidal forces 
could have formed the planets. 

We shall therefore discuss the cosmogony of the So
lar System directly in connection with the formation 
of stars from the interstellar medium as the result of 
a gravitational instability (Sect. 10.5.3). Here, the un
usual distribution of angular momentum in the system 
makes it appealing to search for a common origin of the 
Sun and the planets out of a rotating disk of gas and 
dust. 
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14.1.2 The Protoplanetary Disk and the Formation 
of the Planets 

All stars are formed, as we have seen in Sect. 10.5.2, 
from an interstellar gas and dust cloud of 2:: 103 so
lar masses which contracts and then divides up into 
individual stars. Even single stars like our Sun origi
nally belonged to such multiple systems, associations, 
or clusters. 

In the following paragraphs, we first consider the 
spherical collapse of an interstellar cloud to a star and 
then take into account the angular momentum or rotation 
of the cloud. 

Spherical Collapse. The process of the formation 
of a star of LM0 was calculated by R. B. Larson in 
1969, under the assumption of spherical symmetry, 
i.e. without angular momentum. 

The initiation of the collapse of a cloud of radius R 
is determined by Jeans' criterion for gravitational 
instability (10.37): 

f.Lmu 
R S R1 = 0.4 G.M kT . (14.2) 

(Larson chose a constant which was a factor of two 
larger). 

With a mass of .M = .M0 = 2 ·1030 kg, a molecular 
weight of f.L = 2.5, and an initial temperature estimated 
to be of the order of T ::::: 10 K, one finds that a cloud 
of l.M0 becomes unstable only when its radius has 
reached a value of 

R::::: 1.6-1015 m::::: 11 OOOAU::::: 0.05 pc. 

Its average density is then 

Q::::: 1.1·10-16 kgm-3 or 

n::::: 3-1010 moleculesm-3 • 

(14.3) 

(14.4) 

This corresponds to the densities found in molecular 
clouds (Sect. 10.2.3). The collapse of such a cloud, up 
to the time of the formation of the Sun and the plane
tary system, requires several105 yr, as can be estimated 
using (12.51). 

The Angular Momentum Problem. Before we de
scribe the results of numerical collapse calculations 
including angular momentum, we first want to give 
some estimates which provide insight into the prob
lem of the angular momentum of cosmic masses and 
especially of the Solar System. 

When our mass of gas (14.3, 4) was decoupled from 
the rest of the Milky Way system as a result of the 
occurrence of the Jeans instability, it initially had a ro
tational period of the order of magnitude of the galactic 
rotational period of <gal = 2rr / Wgal ::::: 109 yr. More pre
cisely stated: with rotation of the form v <X R-n (n = -1 
for rigid rotation, n = 1/2 for Keplerian rotation), 
the local angular velocity becomes w = (l/2)1curlvl 
= (1 - n )wgal/2. 

If the mass of gas contracted to dimensions of the 
order of the radius of the Sun, R0 = 7 · 108 m, we 
would obtain from conservation of angular momen
tum (<X R2 /<gal) a rotational period of about 0.07 d 
and an equatorial velocity of about 700 km s-1• This 
approaches the order of magnitude of the rotational 
velocities which are observed for young B stars. Al
though stars oflater spectral types generally rotate much 
more slowly, such stars in young star clusters have been 
observed to rotate considerably faster than the Sun. 

If we could transfer the angular momentum of the 
planetary orbits (essentially that of Jupiter) to the Sun, 
its equatorial velocity would increase from 2 to around 
370kms-1. We thus arrive at the conclusion that the 
enormous angular momentum of the orbital motion of 
the planets is nothing other than a major fraction of the 
angular momentum which any object of around 1.M0 

would have originally acquired from the rotation of the 
galaxy. 

The Sun, however, must have either transferred its 
own angular momentum to the interstellar medium later 
through magnetic coupling via the solar wind (R. Liist 
and A. Schluter, 1955), or, as numerical calculations 
suggest, may never have acquired it; instead, it may 
have been transferred outwards within an accretion disk 
(cf. Sects. 8.2.7 and 10.5.4) by turbulent or magnetic 
friction already during the collapse. 

The Accretion Disk. The flat accretion disk which sur
rounded the proto-Sun, the "solar nebula", consisting 
of a mixture of gas and dust similar to that known from 
the interstellar medium, must clearly have had the same 
chemical composition as the Sun itself (Table 7.5). On 
the other hand, its matter can never have been contained 
within the Sun, since, for example, the Earth and the 
meteorites contain roughly a hundred times the concen
tration of lithium as does the Sun, where about 99% of 
this element has been eliminated in the course of time 



by nuclear processes. The solar nebula must thus have 
been formed about the same time as the Sun itself. 

The fact that the formation of such a system is not 
an unusual coincidence is demonstrated by the obser
vations of less massive companions and of dust rings 
or disks around some neighboring stars, which we will 
discuss in more detail in Sect. 14.1.5. The question of 
what conditions are necessary for a planetary system 
or a double or multiple star system to come into being 
cannot be uniquely answered. In any case, the forma
tion of a planetary system cannot presuppose any very 
special initial conditions for the gravitational collapse 
of an interstellar cloud. 

Complex (two-dimensional) hydrodynamic model 
calculations of the gravitational collapse of a cloud 
taking into account its angular momentum, per
formed in the 1980's by P. Bodenheimer, G. E. Morfill, 
W. Tscharnuter, H. J. Vi:ilk and others with the goal of 
explaining consistently the origin of the Sun and the 
planetary system "at one stroke", initially indicated 
that even a very small initial overall angular momen
tum (ratio of rotational to gravitational energy:::::: w-5) 

would prevent the formation of a single star. Instead, 
a rotating ring is formed, which presumably later be
comes unstable and breaks up into a double or multiple 
star system. If, however, a sufficiently strong turbulent 
friction is assumed within the collapsing cloud, then 
a single central star is formed with gradually increas
ing mass, surrounded by a flat, rotating accretion disk 
(Fig. 14.2). Within the disk, matter flows inwards, while 
angular momentum is transported outwards as a result 
of viscosity. 

The temperature of the disk is relatively low, and 
its radial dependence varies only slowly at first: from 
about 1000 K in the neighborhood of Mercury's or
bit, it decreases on going outwards to several 10 K 
at the edge of the disk (at around 40 AU). At the 
radius of the Earth's orbit, for example, the tempera
ture is about 300 K, and it is near 150 K at the orbit 
of Jupiter. These temperatures agree well with the 
values obtained from infrared observations of the cir
cumstellar (protoplanetary?) disks around young stars 
(Sect. 14.1.5). 

Formation of the Planets. A central question now re
mains: how were the earthlike and the major planets, the 
meteors, etc. formed out of the accretion disk? A first 

14.1 The Formation of the Sun and of the Solar System 

possibility is formation as a result of gravitational in
stabilities within the disk, i.e. formation of planets in 
a manner similar to that of stars. The Jeans condition 
(10.39) for the beginning of the condensation of, for 
example, one Jupiter mass at T :::::: 150 K requires a den
sity of about 106 kg m-3, which appears plausible for an 
evolutionary phase somewhat later than that depicted in 
Fig. 14.2. While the formation of the large outer plan
ets, which consist of nearly unchanged solar matter, 
could have been caused or at least favored by such an 
instability, for the inner planets it remains to be ex
plained how, following the production of a solid core 
by sedimentation of the condensed matter, the light el
ements such as hydrogen and helium, which make up 
about 99% of the overall mass, could have escaped. 
The asteroids and other small objects in the Solar Sys-
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Fig.14.2. The gravitational collapse of a rotating protostellar 
cloud (ratio of rotational to gravitational energy 1.2 . w-4) 

of mass 3 M 0 with turbulent viscosity, after G. E. Morfill 
et al. (1985). The time depicted is about 3.3 · 104 yr after the 
beginning of the collapse, when the central mass has increased 
to 0.5 M 0 . A meridional section is shown, with the axis of ro
tation in the z-direction: the contours(- - ) represent lines of 
constant density (log Q and Q are in [g cm- 3]), the dot-dashed 
lines(- · - ) are lines of constant temperature, and the arrows 
(--+ ) indicate the velocity field. (Reproduced with the kind 
permission of the University of Arizona Press, Tucson AZ) 
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tern, finally, have masses which are much too small for 
them to have been formed by a gravitational instability; 
however, they could have resulted from the breakup of 
a larger body. 

The observation of the solid cores of 10 to 20 Earth 
masses in the major planets, independently of their over
all masses, finally led to the currently accepted theory 
of the formation of the Solar System. It begins with the 
dust component in the accretion disk, which, as we ob
served in the interstellar medium, makes up about 1% 
of the overall mass. Mutual inelastic collisions cause 
the dust particles within the turbulent gaseous disk to 
accrete within 107 yr, the "lifetime" of a gas-dust disk 
(Sect. 14.1.5), into larger and larger clumps and to form 
the planetesimals, irregularly shaped solid bodies with 
dimensions of the order of 1 to 10 km, which are concen
trated in the midplane of the disk. Later, over periods of 
the order of 108 yr, solid protoplanets or planets which 
contain no gas can be formed. Depending on the rel
ative velocities of the planetesimals, we expect them 
also to have been broken up again by some of the col
lisions. All of these processes release large quantities 
of energy, so that melting of surface layers can oc
cur. The meteorites contain important documents about 
these processes; we shall discuss their origin in more 
detail in Sect. 14.1.3. 

In the outer, cooler region of the planetary system 
(~ 5 AU), the solid cores could collect and bind the 
surrounding gas, which consisted mainly of hydrogen 
and helium, through gravitational forces; this gave rise 
to the typical structure of the major planets. 

Planetesimals. The density of planetesimals in space 
was considerably higher in the first 109 yr of the 
Solar System than it is today, as we can see from 
the numerous impact craters on the Moon, Mercury, 
Mars and many satellites of the outer planets. The 
large objects in the planetary system thus moved for 
a long period of time after their formation through 
a medium with strong frictional forces caused by nu
merous clumps of stone of varying sizes. This was 
probably the source of the small eccentricities and in
clinations to the plane of the ecliptic of the planetary 
orbits, as well as the corresponding orbital inclina
tions of the (regular) satellites of the major planets. 
Older, purely celestial-mechanical calculations describ
ing the origin and evolution of the Solar System are 

not accurate, due to their neglect of this friction. With 
the end of the intense bombardment by planetesimals, 
our Solar System also reached the end of its accretion 
phase. 

We can today regard the majority of the asteroids and 
meteors as the "remains" of the planetesimals, together 
with the two moons of Mars, the many small satellites 
of Jupiter, Saturn, and Uranus, and the comets which 
come from the outermost parts of the Solar System (the 
Kuiper belt). 

14.1.3 The Origin of the Meteorites 

The point of view held previously, that the meteorites 
represent the cosmic material with the cosmic element 
abundance distribution, has, as we have already seen, 
long since been supplanted by a thorough study of their 
mineralogical, chemical, and isotopic structures. 

We gave an overview of the main types of meteorites 
and their finer classification in Fig. 3.31. The iron me
teorites are the most strongly differentiated; however, 
we can expect the most far-reaching conclusions from 
the chondrites. As we saw in Chap. 3, the chondrules, 
small spherules of around a millimeter in diameter, 
contain various silicates, including iron-containing sil
icates (in particular the enstatites) embedded in a more 
fine-grained matrix of similar composition. 

Condensation of Matter. A starting point for the in
terpretation of the extraordinary variety of meteoric 
structures can be taken to be the condensation and sepa
ration of solids from the gas phase of solar composition, 
a very effective chemical fractionation process. It was 
the great achievement of H. C. Urey (1952) to apply the 
experience and methods of physical chemistry for this 
process to the cosmogony of the Solar System. Calcu
lations were carried out by J. W. Larimer and E. Anders 
( 1967 /68), who discussed two limiting cases for the time 
dependence: (1) Thermodynamic equilibrium; the cool
ing process takes place so slowly that formation of solid 
solutions in diffusion equilibrium is possible. (2) Rapid 
cooling, so that the condensed elements and compounds 
cannot interdiffuse. 

At a pressure of about 10 Pa (10-4 bar), the con
densation of solar matter takes place (under both 
assumptions) according to the following steps: 



T < 2000 K: nonvolatile compounds of Ca. AI, Mg, Ti, . .. 

1350 to 1200 K: magnesium silicate. nickel-iron 

1100 to 1000 K: alkali silicates 

680 to 620 K: iron ulfide (FeS. troilite) and other sulfides, 

then Pb. Bi. Tl, In , . .. 

400 K: fr m iron and water vapor, Fe304 is formed 

400 to 250 K: hydrated silicates 

At T ::::: I 000 K, around 90% of the chondri tic ma
terial has condensed. The sequence of condensation as 
a function of temperature can be considered only as 
a first orientation, since the details of the mineralog
ical and chemical processes which took place in the 
meteorites must have been much more complex. 

Fractionation and Heating. Analysis of the "ordinary" 
chondrites reveals several processes involving different 
components which took place at differing temperatures 
between about 1800 and 400 K: 

Material with a high content of Ca, Al, Ti, ... 
was separated out partially at T 2: 1300 K, at least in 
the region of formation of the meteors and the earth
like planets. Its abundance is relatively enriched in 
the Earth-Moon system, and in contrast is reduced 
in ordinary and enstatitic chondrites. A metal-silicate 
fractionation influenced many types of meteorites and 
certainly also the earthlike planets at temperatures 
from about 1000 to 700 K. Remelting and degassing 
at around 600 to 450 K led to a reduced abundance 
of volatile elements in some meteorites and in the 
Earth-Moon system. 

Laboratory experiments have shown that the chon
drules were probably formed by a brief period of heating 
to 1800 K within a few minutes, followed by cooling 
to a few I 00 K. The causes of the required heating 
processes are not yet clear. 

The accretion of meteoric matter took place in the 
main within a relatively narrow range of temperatures 
around 450 K and at low pressures of about 1 Pa. 

We cannot treat here the further details of these pro
cesses, especially since it has not yet proved possible 
to fit together those processes which have been recog
nized to be important into a self-consistent astronomical 
picture. 

Carbonaceous Chondrites. The rare carbonaceous 
chondrites are of special interest with regard to the ori
gin of the Solar System and also the beginning of life on 
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the Earth. They are classified according to their content 
of volatile elements (H, C, S, 0, .. . ) into the types C 1, 
C2, and C3. These differences correspond on the one 
hand to the relative amounts of the high-temperature 
fractions of the chondrules and of similar iron parti
cles which were formed at around 1200 K, and on the 
other hand to the low-temperature fractions of the fine
grained matrix in which they are embedded, which was 
formed around only 450 to 300 K. 

The abundance distribution of the chemical elements 
in this matrix and in the Cl meteorites agrees, apart 
from the highly volatile elements, with that of the Sun 
(Table 7 .5). The cosmic abundance of extremely rare el
ements can thus be determined from them, even when 
these elements can hardly be detected spectroscopically 
in the Sun. Many of these elements are of great im
portance for the understanding of nucleosynthesis. The 
relative abundances of the isotopes are essentially the 
same in the meteorites, on the Earth, and in the Sun 
(where however only a few are precisely known). The 
C1 chondrites, consisting entirely of this dark matrix, 
contain up to 4% carbon, mainly in the form of organic 
compounds. They can be most readily compared with 
terrestrial coals or humic acids. 

Some researchers let themselves be tempted at first 
by these carbonaceous chondrites into making the as
sumption of some sort of extraterrestrial life. This 
problem, along with the related question of terres
trial contamination, was finally resolved with the aid 
of the C2 chondrite which fell to Earth near Murchi
son in Australia in 1969; it was possible to collect its 
fragments within a few months. The Murchison me
teorite contains among other compounds the amino 
acids, which play an essential role in terrestrial life 
forms. But although in terrestrial organisms practically 
only the optically active (levorotating or dextrorotating) 
L-configuration occurs, both the mirror-image isomers 
(L-and D-forms) are roughly equally represented in the 
meteorite: it contains an optically inactive racemic mix
ture. The meteorite also contains numerous additional 
amino acids which do not occur in living organisms. 
The investigation of these amino acids, as well as 
of the (mostly straight-chain) hydrocarbons from car
bonaceous chondrites, has shown that these compounds 
must have been formed in the early phases of the 
Solar System, without the intervention of mysterious 
life forms. 
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How can we understand this process? One possibil
ity is offered by the Fischer-Tropsch synthesis (1923), 
in which carbon monoxide, CO, and hydrogen, Hz, can 
be combined in the presence of suitable catalysts to 
yield hydrocarbons, mainly of the straight-chain type 
CnH2n+2 (alkanes). It can be assumed that in the solar 
nebula, not all of the CO would have been converted 
into CH4 (as would be expected in thermal equilibrium 
below 650 K), since this reaction proceeds extremely 
slowly. The remaining CO could have combined with 
Hz at 380 to 400 K, with catalysis by the Fe304 and 
hydrated silicates which were then present, in a kind 
of Fischer-Tropsch synthesis. In the presence of NH3, 
according to E. Anders and others, the biologically 
important amino acids and the many other organic com
pounds found in carbonaceous chondrites would also 
have been synthesized. 

We shall return to the exciting question of the ori
gin of life in Sect. 14.2.4. First, however, we consider 
further the formation of the meteors. 

Time Scales. A precise investigation of time de
pendences yielded the discovery that many parts of 
meteorites contain Xe isotopes, which (as was con
firmed by laboratory experiments) can have been 
formed only by decay of the "extinct" radioisotopes 
129I (with a half-life of 1.6 · 107 yr) and 244Pu (half-life 
8.3-107 yr; spontaneous fission). This supports the idea 
that the formation of all meteors, including the carbona
ceous chondrites, took place within a time of 106 to at 
most 107 yr. 

It is thus possible to determine the irradiation age 
of numerous meteorites, i.e. the time during which the 
meteorite was subjected to irradiation by cosmic rays 
(Sect. 3.7.3). In many cases, the irradiation age gives us 
the time at which the piece was broken out of a larger 
object (protometeor) and thus exposed to cosmic radi
ation. The irradiation ages of the tough iron meteorites 
lie mostly between a few 108 and 109 yr, while the much 
more brittle stone meteorites attained their present size 
in the main only 106 to 4 ·107 yr ago. According to min
eralogical indications, which permit conclusions to be 
drawn about the gravitational forces in the protomete
ors, their sizes can be estimated to have been between 
50 to 250 km, with iron cores of 10 km diameter. 

These results, along with their "formation tem
peratures" and their surface reflectivities (Sect. 3.7.3), 

indicate that the major portion of the meteors was 
formed in the asteroid belt. The asteroids, on the other 
hand, are "hindered" planets, so that the meteorites give 
us insight into the evolutionary phases of our Solar Sys
tem during which the protoplanets were being formed 
(Sect. 14.1.2). 

14.1.4 The Formation ofthe Earth-Moon System 

Following our discussion of the origin of the planets and 
the meteors, we now tum to the especially interesting 
and enlightening question of the origin and evolution of 
the Earth-Moon system. The results of older astronom
ical and geophysical research are complemented here 
by the fascinating findings from the landings of manned 
and robotic spacecraft on the Moon (1966-1973). 

Our Earth-Moon system must have been formed in 
a quite different way from the satellite systems of the 
other planets: in all the other planet/satellite systems, 
with the exception of Pluto/Charon, the ratios of mass 
and angular momentum of the satellite to those of the 
planet are namely « 1, while the mass ratio Moon: 
Earth is 1 : 81.3, and the orbital motion of the Moon 
takes up 83% of the angular momentum of the whole 
system. 

Tidal Friction. In order to learn something about the 
earlier states of the Earth-Moon system, we begin with 
terrestrial observations and, following the direction in
dicated by the classic works of G. H. Darwin (1897), 
return to the phenomenon of tidal friction which we 
have already mentioned briefly (Sect. 2.4.6). The two 
tidal maxima which the Moon continually drags around 
the Earth, both in the oceans and in the solid material 
of the planet, cause a braking action on the Earth's rota
tion. In particular, after subtracting all the other effects, 
an investigation of past eclipses leads us to an esti
mate of the resulting increase of the length of the day, 
amounting to 1.64 ms per century. The angular momen
tum released by the Earth can be taken up only by the 
orbital motion of the Moon, i.e. the period of revolution 
and the orbital radius of the Moon are increasing. 

This effect, which from an astronomical viewpoint is 
vanishingly small, however becomes considerable over 
the course of geological times. In 1963, J. W. Wells and 
C. T. Scrutton noted that the calcium carbonate shells 



of corals (and other lifeforms) living in waters with 
strong tides show fine bands, which reflect the periods 
of the year, the synodic month, and the days. While re
cent corals confirm the well-known astronomical data, 
the investigation of petrified corals has shown that for 
example in the middle Devonian, i.e. about 370 · 106 yr 
ago, 1 year had about 400 (then current) days, 1 syn
odic month was about 30.6 days, and one day was 
about 22 hours, in sufficiently good agreement with an 
extrapolation of the modem-day values. 

Recently, C. P. Sonnett et al. (1996) were able to esti
mate from the layer structure of sediments that the length 
of the day in the late Proterozoian, about 900 · 106 yr ago 
(Table 3.3), was only about 18 h, so that a year consisted 
of about 487 d. 

But evidently even the geological data offer us only 
the "recent history" of the Moon; for the distant past, 
we must rely on theoretical extrapolations. These have 
been carried out several times following G. H. Darwin's 
first efforts, with the result that the the Moon must have 
come very near to the Earth (within a few Earth radii) 
about 1.5 to 2.5 ·109 yr ago, which would have caused 
a tidal wave of genuinely apocalyptic proportions. The 
geological evidence strongly suggests that this event 
never occurred, at least not in the past 4 · 109 yr. This 
is, however, not an argument against the theory of tidal 
friction as such, but only against its extrapolation using 
the present-day value of the friction. In fact, we know 
hardly anything about the structure of the oceans and 
thus about the strength of the tidal friction over the 
course of geologic time. Along with the actual tidal 
friction, a braking action (or also an acceleration) due 
to the impacts of asteroids or meteors, which were much 
more numerous in the early period of the Solar System, 
could have been significant. 

The Lunar Surface. We now approach our problem 
of the evolution of the Earth-Moon system from the 
opposite direction and attempt to evaluate the results of 
the lunar landings in terms of this subject. 

The entire lunar surface is covered with a layer of 
fine dust and fragments of varying sizes, in part baked 
into breccia; it is called the regolith. This material was 
clearly formed by the impacts of numerous small and 
large meteorites. The most outstanding features of the 
current lunar surface (apart from a few volcanic struc
tures), the maria and the craters, were created by the 
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impacts of planetesimals or meteorites ranging up to 
the size of asteroids onto the originally solid crust. Only 
later were they covered for the most part by enormous 
basalt flows. In the Mare Imbrium, which has a diameter 
of 1150 km and originally had a depth of about 50 km, 
we can distinguish three stages of this lava flooding 
process, which occurred about 3.9 ·109 yr ago. Both the 
points of origin of the lava flows, and also the "drowned 
craters" which emerge here and there from the other
wise smooth surface of the hardened lava, indicate that 
the lava flooding generally had nothing to do with the 
meteoric impacts themselves. Radioactive age determi
nations confirm that the lava flows are several 108 yr 
younger than the meteoric impacts. Local melting on 
impact played a minor role. Instead, the mare basalt 
(with a density of ca. 3300 kg m-3) later flowed up 
through cracks in the stone crust, from which we can 
conclude that at that time, the Moon itself was still par
tially molten at a depth of200 to 400 km. In comparison 
to the rocks of the highlands and several intermediate 
levels, the mare basalt shows clear indications of an 
additional chemical differentiation; in particular, it has 
a lower content of Al203. 

If we compare the number of craters of differing 
diameters in the highlands (Fig. 3.5), the surfaces of 
maria of differing ages, and the floors of the largest 
craters themselves, we find that the intensity of the 
cosmic bombardment decreased by several orders of 
magnitude during the first 109 yr following the forma
tion of the Moon (we could just as well say following 
the origin of the Solar System), and that from then on 
(from 3.8 ·109 yr ago), the decrease continued much 
more slowly. The fact that there are so few meteoritic 
craters on the Earth is now readily understandable: the 
present crust of the Earth was formed only after the 
supply of meteors had been nearly exhausted. The ob
servations of the Moon, as well as those of Mercury, 
Mars, Venus, and many satellites of the outer plan
ets, which show craters quite comparable to those on 
the Moon, indicate that in the early period of the So
lar System, at least out to the orbit of Neptune, the 
plane of the planetary orbits was filled rather densely 
with objects of the order of ~ 100 km in size, the 
planetesimals. 

When the first pictures of the dark side of the Moon 
became available, it caused some surprise that large im
pact craters lie on the hemisphere facing the Earth. From 
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this we can conclude that the rotation and revolution of 
the Moon were already synchronous about 3.8 · 109 yr 
ago, just as they are now. 

The Formation of the Moon. We cannot take up the 
details of lunar petrology and of selenology here. In
stead, we tum to the cardinal question of the origin of 
the Moon: was the Moon formed by splitting off from 
a rapidly rotating primeval Earth, or was it captured? 

It is clear from the outset that the capture of a 
"finished" Moon is relatively unlikely on the basis of 
celestial-mechanical limitations as well as of age de
terminations of the lunar rocks. We need also not take 
seriously the popular version of the splitting-off theory, 
according to which the Pacific Ocean is the scar left by 
the departing Moon; this is contradicted by the results 
of plate tectonics. A common origin of the Earth and the 
Moon as a "double planet", whereby the Moon formed 
from a ring which circled the primeval Earth, is also not 
probable in view of the different chemical compositions 
of the two bodies. In this case, furthermore, the rapid 
rotation of the Earth would be difficult to explain. 

The splitting-off theory (G. H. Darwin) is supported 
by the agreement of the average density of the Moon 
(3340 kg m-3) with that of the upper layers ofthe Earth. 
On the other hand, the objection was raised early that the 
present value of the angular momentum of the Earth
Moon system would not have sufficed to make the 
primeval Earth rotate rapidly enough at any point to 
cause the centrifugal force to be greater than the gravi
tational force (required length of the day ~ 2. 7 h). We 
can reply that the whole process of formation of the 
Earth-Moon system took place during a period of in
tense bombardment by meteorites or asteroids, and that 
a considerable exchange of angular momentum must 
have occurred during this time. A collision with one 
or more large planetesimals could have initiated the 
separation of the Moon. 

On the other hand, the capture of the Moon is 
supported by its underabundance of volatile elements 
relative to that in the Earth's mantle, which indicates 
that the Moon was formed at a different place in the So
lar System, somewhat nearer to the Sun. Another point 
favoring this theory is the mass ratio of the satellite to 
the planet, which is unusual within the Solar System. 
However, we still have the difficulty of explaining the 
relatively low global abundance of iron on the Moon. It 

would seem very improbable that the lunar matter was 
previously fractionated in a gravitational field. A further 
problem of the capture theory, that the Moon would have 
to have been slowed down drastically in the course of 
a near collision with the Earth in order to have been 
captured at all, does not seem to be too serious: this 
braking could have occurred as the result of a collision 
with a large planetesimal while the Moon was in the 
vicinity of the Earth. 

The two theories, which were originally formulated 
only rather schematically, appear today in consideration 
of the high density of asteroids in the early period of the 
Solar System to be not so very divergent. 

The Impact Theory. Since the mid-1980's, the impact 
theory of the origin of the Moon has begun to be gen
erally accepted; it proposes that the Moon was formed 
somewhat more than 4.4 · 109 yr ago as the result of 
a collision with a single large celestial body (which had 
a mass of about 15% of that of the Earth, comparable to 
Mars). 

Towards the end of the accretion phase of many 
smaller planetesimals onto the (inner) planets, there 
must have been many more large objects than exist 
today, including a few the size of Mars; they were 
then accreted or destroyed in the course of time by 
the (present) planets. The collision theory assumes that 
both in the case of the primeval Earth as well as in the 
colliding object, the metallic core and the stony mantle 
had already formed. In a relatively slow, grazing col
lision, the material from the colliding object would be 
mixed with that of the Earth's crust and ejected. While 
the core material of the impacting object would finally 
remain on the Earth, the initially mostly molten Moon 
would have coalesced out of the mixture of silicates 
from the Earth's mantle and those from the impacting 
object, on an orbit outside the Roche limit of around 
2.9 Earth radii (3.11). In the lunar matter, the material 
from the impacting object would predominate, while the 
Earth's mantle would have been only more or less "con
taminated" by the collision; thus on the one hand the 
similarities, and on the other the clear differences in the 
chemical compositions of Moon rocks and the Earth's 
crust would have come about. Since a large body could 
have transferred sufficient angular momentum to the 
Earth, this theory also solves the problem of its rela
tively rapid rotation. In contrast to the older theories, 



the impact theory thus renders plausible the unique role 
of the Earth-Moon system within the Solar System and 
explains both the similarities and the differences in the 
minerals on the Moon from those on the Earth. 

Finally, we remark that indications of collisions with 
large celestial bodies can also be found elsewhere in 
the Solar System. For example, the large inclination of 
the rotational axis of Uranus relative to its orbital plane 
(Table 3.1) is probably due to such an event. 

14.1.5 Planetary Systems Around Other Stars 

The formation of our Solar System was very probably 
not a unique, accidental occurrence. Rather, we can ex
pect that numerous stars in the cosmos are orbited by 
planets. While we have a surfeit of detailed observations 
of our own system, the present-day observational tech
niques are hardly sufficient to observe planets directly 
even around the stars in our immediate neighborhood. 
The great strides made recently, particularly in spectro
scopic techniques, have made it possible in the past few 
years to detect exoplanets around many stars; these are 
mostly about the size of Jupiter (Sect. 6.5.7). 

Fundamentally, the observation of other star-planet 
systems of various kinds in different phases of their 
evolution would give important information regarding 
the formation and evolution of our own Solar System as 
well. 

Exoplanets. Since the discovery of 51 PegB in 1995, 
the number of planets found around nearby, normal stars 
has increased rapidly; at present (June 2004), we al
ready know of about 120 exoplanets, leaving planet-like 
companions of the quite different pulsars (Sect. 7.4.7) 
out of consideration. In view of the rapid develop
ment of this area of research, we refer the reader to 
"The Extrasolar Planets Encyclopedia" on the Inter
net at http: I /www .obspm. fr/planets, where the most 
recent information about extrasolar planets and their 
properties can be found. 

The central stars of most of the currently known 
exoplanets are not very different from our Sun; their 
spectral classes lie in the main between F6 and G8. 
Based on spectroscopic observations of several hundred 
nearby stars, it is estimated that about 5% of all stars 
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which are similar to the Sun are orbited by a Jupiter-like 
companion planet. 

The fraction of planetary systems in which a large 
planet is circling the central star at a small distance is 
noticeable; these systems have a quite different structure 
from that of our Solar System. We know of several 
exoplanets with orbital periods of ~ 3 d and orbital radii 
of~ 0.04 AU, which thus orbit their stars at only about 
a tenth of the distance of Mercury from our Sun. Such 
systems, to be sure, will be preferentially discovered, 
since their orbital periods are short and the amplitudes 
of their radial velocities are high owing to the relatively 
large masses of the planets. 

In the spectroscopic determination of the mass, as 
we showed in Sect. 6.5.7, only .M sin i, i.e. only a lower 
limit for the mass, can be derived as a result of the 
unknown orbital inclination i. 

We cannot discuss systematically the properties of 
the exoplanets here; instead, we limit ourselves to the 
description of a few particularly interesting systems: 

In the cases of some stars, e.g. HD 49674 (spectral 
class G5V) and HD 16141 (G5IV), it was possible to 
detect companions with a minimum mass of 0.2 .M1, 
and thus with masses of the same order of magnitude as 
that of Saturn (.Ms -::::::: 0.3 .MJ). 

The companion of 16 Cyg B is remarkable for its ex
treme orbital eccentricity (e = 0.67), which gives rise to 
a "sawtooth" radial velocity curve, i.e. strong deviations 
from a sine curve. 16 Cyg B itself, with its companion, 
is a member of a triplet star system; neither the principal 
component A (likewise similar to the Sun), at around 
1100 AU, nor the more distant component C have shown 
indications of having planet-like companions. 

The Sun-like star HD 209458, at a distance of 47 pc 
from the Solar System, is notable for the fact that its 
companion (with .M 2: .M1 and an orbital period of 3.5 d) 
as seen from the Earth passes in front of the disk of 
the star and decreases its brightness by 1.8% in pass
ing. This occultation by the planet makes it possible to 
determine from analysis of the light curve both the in
clination of the orbit and the radius of the planet. The 
results are i = 85.2° and a radius of 1.54 Jupiter radii. 

The first planetary system was discovered in 1999 by 
G. Marcy and R. P. Butler around the F8 V star v And 
(HR458) at a distance of 13.5 pc. After a first planet 
around this star had been discovered a few years before, 
they were able to identify two additional planets with 

IV 
S03 



IV 114. The co,mogooy of the Soi"S)"tem 

504 

orbits further out in the same orbital plane. Their radii, 
orbital periods, and eccentricities as well as their masses 
are: 

a[A 

0.06 
0. 
2.5 

P[d) 

4.6 
241 

1284 

e .M [.MJ] 

0.01 ~ 0.7 

0.2 ~ 1.2 
0.4 ~ 3.8 

All three of the companions have larger masses than 
about l M 1, and orbits which are considerably closer 
to v And than Jupiter is to our Sun. Astrometric ob
servations from the Hipparcos satellite together with 
determinations of the radial velocities give an upper 
limit for the mass of the outermost planet of M :S l OM1. 

Currently, (June 2004), we know of 13 systems with 
more than one exoplanet. 

Gliese 876, an M-dwarf with a mass of 0.3 M 0 , be
longs to the most common type of stars in the Milky 
Way. It is only 4. 7 pc from us and is the first star of a dif
ferent type from our Sun which has been discovered to 
have a planet-like companion. It was later found that 
Gliese 876 is circled by two large planets with masses 
of:::: 0.6 and:::: 2.0M1 at distances of0.13 and 0.21 AU 
with their orbital periods in nearly a (2: 1) resonance 
(30.1 and 61.0 d). 

The G5 star HD 168443, at a distance of 37.9 pc, 
is orbited by two companions with orbital periods of 
58 d and 4.77 yr, orbital radii of 0.29 and 2.9 AU, and 
eccentricities of 0.5 and 0.2, respectively. While the 
inner companion has a mass of :=::: 7.2 M 1, the outer one 
has a notably larger mass of at least 17 M1. This mass 
lies above the lower limit for deuterium burning, so that 
we are probably dealing here with a brown dwarf. 

Planet or Brown Dwarf? Distinguishing between 
a large, Jupiter-like gas planet and a brown dwarf star 
is difficult and not always conclusive, especially when 
only one companion object can be observed. 

We can expect that all planets are formed from a pro
toplanetary gas-dust disk, while brown dwarfs condense 
from a concentration of the interstellar medium, to
gether with their stellar companions, like the stars in 
binary and multiple star systems. However, the history 
of the formation of a system cannot necessarily be read 
out from its observational data. 

The most important criterion which is applied to dis
tinguish planets from brown dwarfs is the mass of the 

substellar companion. Often, only objects of less than 
about 13 M1, in which deuterium fusion can no longer 
take place (Sect. 8.3.1), are considered to be candidates 
for planets. Since the masses determined spectroscopi
cally from the fluctuations of the radial velocity of the 
star are only lower limits, it must also be attempted in 
each case- e.g. from the rotation of the star (Sect. 6.5 .7) 
or from astrometric measurements - to obtain an esti
mate for the upper limit of the mass. Distinguishing 
a planet from a brown dwarf on the basis of mass alone 
is however problematic. 

Originally, another criterion for distinguishing plan
ets and brown dwarfs was their orbital eccentricities. 
Since the planets of our Solar System follow circular 
orbits owing to the effects of viscous forces in the pro
toplanetary disk, orbits with small eccentricities were 
expected for exoplanets also. However, the discovery 
of more and more exoplanets with considerable orbital 
eccentricities led to the dropping of this criterion. 

A theoretical explanation for the origins of the ob
served great variety of extrasolar planetary systems and 
for the differences from our own Solar System has yet 
to be given. 

Protoplanetary Disks. The infrared satellite IRAS dis
covered infrared excesses at A. :=::: 25 . .. 60 f.Lm for sev
eral A stars such as u Lyr (Sect. 6.3.2), u PsA, and~ Pic; 
these result from circumstellar dust and can be regarded 
as indications of proto-planetary systems. In the case 
of .B Pic, a flat, dust-filled gas disk with a diameter of 
:=::: 400 AU was then directly observed on CCD images. 

More recently, a number of circumstellar disks with 
diameters of the order of that of our Solar System have 
been identified on the basis of their strong infrared 
emissions, around young stars such as the T Tau stars 
(Sect. 10.5.1) and around protostars in regions of star 
formation (Sect. 10.5.5). It was possible with the Hub
ble Space Telescope to directly resolve circumstellar 
disks in the Orion Nebula (Fig. 10.28). 

The radii of the circumstellar disks observed thus far 
lie between roughly 10 and 300 AU; their temperatures 
fall in the range from about 50 to 400 K, with a decrease 
in temperature on going towards the perimeter of the 
disk. Their masses range from 0.001 to :S 1 M 0 . Since 
these disks occur only around younger stars, we can 
estimate their maximum "lifetimes": a disk breaks up 
after :S 107 yr, whereby part of its matter could go into 



the formation of planets and the rest must fall into the 
central star or escape from the system. 

The central question however remains open: whether 
planets indeed form from these disks, i.e. whether we 
are in fact observing protoplanetary disks. 

14.2 The Evolution of the Earth 
and of Life -

The history of the Earth, with its atmosphere and its 
oceans, is very closely connected with the origin and 
evolution oflife. Like cosmogony, this problem was also 
the domain of mythological fantasies for a long period 
of time. After the successful synthesis of urea in 1828 
by Friedrich Wohler removed the imaginary boundary 
between inorganic and organic chemical compounds, 
contributions from the fields of astrophysics, geology, 
and biochemistry have admittedly not yet solved the 
problem of the origin of life, but have at least placed it 
firmly within the realm of scientific investigation. 

We tum first in Sect. 14.2.1 to the interesting ques
tions of the formation of the oceans and of the Earth's 
atmosphere. In Sect. 14.2.2, we then give a brief in
troduction to the molecular-biological fundamentals 
of life, followed in Sect. 14.2.3 by a discussion of 
the prebiotic molecules as its material prerequisite. In 
Sect.14.2.4, we take up the problems of the origins and 
the evolution of life on the Earth. 

14.2.1 The Development of the Atmosphere 
and of the Oceans 

Both the oceans (hydrosphere) and the Earth's atmo
sphere cannot have belonged to the original structure of 
the planet; we have seen, indeed, that in the early stages 
of the Earth-Moon system (as also in the meteorites), 
the light elements were expelled from the planets and 
other objects, at least in the inner regions of the Solar 
System. The well-known fact that the noble gases are 
very rare in the Earth's atmosphere, although helium 
and neon are among the most common elements on the 
Sun, shows that our atmosphere cannot be a direct rem
nant of the solar nebula. Instead, the atmosphere and 
the oceans were formed in a secondary process, proba
bly from volcanic exhalations, which yield in particular 
H20 and C02 as well as traces of S02, CO, H2, N2, .... 

14.2 The Evolution of the Earth and of Life 

The most abundant argon isotope, 40 Ar, was produced 
on the other hand by the decay of4°K in the Earth's crust 
(potassium feldspars), and helium was formed as a result 
of the a-decay of the known radioactive elements. 

The atmospheres of Venus and Mars, consisting 
mainly of C02, are also of secondary origin. In the 
atmospheres of the major planets, in contrast, ammonia 
(NH3) and methane (C~) were formed directly in the 
course of chemical fractionation from the original solar 
matter. 

The Hydrosphere. The Earth is the only planet whose 
surface temperature allowed the formation of a hydro
sphere, i.e. of large quantities of liquid H20. Through 
reactions with silicates in the oceans, this in tum per
mitted most of the carbon dioxide to be removed from 
the atmosphere in the course of time. Today, we find 
the major portion of the original C02 in the form of 
potassium and magnesium carbonates in sedimentary 
rocks. 

Atmospheric Oxygen. The protoatmosphere of the 
Earth contained as yet no free oxygen, since that ele
ment was completely bound up in compounds as oxides, 
silicates, etc. The formation of 02, and thereby also 
of ozone (03) in the optically thin atmosphere began 
when water vapor, H20, was decomposed by solar ul
traviolet radiation (photodissociation) into 2H + 0. But 
this process could have produced at most about w-3 

of the present oxygen concentration: a thicker layer 
of oxygen (along with the ozone which accompanies 
it) namely absorbs the short-wavelength solar radia
tion, so that the amount of gas from solar irradiation 
is self-limiting. 

The additional oxygen in our atmosphere can only 
have been produced through photosynthesis by life
forms, i.e. in connection with their development. The 
production capacity of the present-day flora can be made 
clear by considering the estimate that all the oxygen in 
the Earth's atmosphere passes through the process of 
photosynthesis or carbon dioxide assimilation in a pe
riod of only 2000 yr! In this process, with the aid of 
the energy h v from solar radiation, energy-rich glucose 
is produced and oxygen is released according to the 
overall reaction 

(14.5) 
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In the complex intermediate reactions, a decisive role 
is played by chlorophyll. A further idea of the car
bon metabolism of the Earth's plants is given by 
the enormous mass of the fossil fuel (hydrocarbon) 
deposits. 

The history of the Earth's atmosphere and of the 
Earth itself is thus closely connected with the origin 
and evolution of life. 

14.2.2 Fundamentals of Molecular Biology 

Living organisms are extremely complex physico
chemical structures. Even the simplest lifeform makes 
up a system, in which two essential functions interact: 

1. The ability to reproduce, from complex molecules 
to entire organisms, is anchored in the genetic mate
rial, which contains the information and the control 
mechanisms that allow a molecule or organism of 
a given kind to be "copied". "Errors" in this replica
tion mechanism, which occur as a result of chemical 
influences or ionizing radiation, or even through 
the thermal motions of the molecules, can produce 
mutations. The origin of a mutation is thus sim
ply a problem in probability theory. Once it has 
occurred, then the modified molecule or organism 
will continue to be exactly reproduced. The mu
tations, and furthermore the many possibilities of 
genetic recombination, form the basis for the evo
lution of lifeforms, according to the mechanism of 
natural selection discovered by Charles Darwin in 
1859. Many mutations lead, as might be expected, to 
nonfunctional structures which again quickly "dis
appear". The structures which are at least capable of 
functioning within themselves are immediately ex
posed to the effects of their environment and (later) 
of other lifeforms. In this struggle for existence, to 
use the somewhat unfortunate catchphrase coined by 
H. Spencer, that molecular complex or organism will 
win, which has the highest rate of reproduction. The 
latter thus provides a clearcut measure of the selec
tion value of a particular mutation. 

2. A mechanism for the delivery of the necessary en
ergy and of course the necessary materials must be 
associated with the control system. The construction 
of a complex form with particular structures, which 
is thus "improbable" or not likely to occur through 

coincidence alone, presupposes a certain amount of 
information or "know how". It is thus connected ac
cording to the fundamentals of thermodynamics with 
a decrease in the entropy (entropy is proportional to 
the logarithm of the probability of a state), or an in
crease in the negative entropy or negentropy of the 
system. The latter can however only occur through 
an input of energy, whereby in the environment (from 
which the energy is taken), a corresponding increase 
in entropy must occur, according to the 2nd Law of 
Thermodynamics. 

Modem biochemistry has succeeded in the past 
decades in obtaining a clear overview of the most 
important groups of substances and processes which 
make possible the wonder of life. Here, again, we 
meet up with the interaction of information and func
tion, analogous to the legislative and the executive 
branches of a government, in a heirarchy of reaction cy
cles, which altogether make possible the formation and 
reproduction of functional macromolecular or living 
systems. 

In all organisms, the nucleic acids occur as carri
ers of information or of the genetics of the molecules, 
while the structure and function of the organisms are 
determined by proteins, which, with varying degrees 
of specialization, carry out their functions according 
to the "instructions" of the nucleic acids. The funda
mental structures and functions are basically the same 
throughout the whole organism. 

We first consider the proteins in somewhat more 
detail, then we will take up the nucleic acids. 

Proteins and Amino Acids. The proteins, the most 
important carriers of function, e.g. the recognition and 
processing of particular substances, catalysis, regulation 
of reaction rates, etc., are macromolecules in which up 
to several thousand amino acids are bound together in 
a certain sequence by rather rigid peptide bonds into 
a peptide chain (Fig. 14.3). It is very remarkable that 
in the proteins of all lifeforms on Earth, only about 
20 particular amino acids occur, although chemically, 
many more are possible. 

The polypeptides can be folded in a variety of ways 
and can, in particular, be rolled up into balls (globulins). 
The shape of the ball is determined uniquely through 
the sequence of amino acids. The resulting shape of the 
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Fig.14.3a-c. Amino acids and proteins. (a) The basic struc
ture of the majority of natural amino acids, which differ only 
in the nature of the side group R. (b) Examples of the protein
component amino acids with their symbols. (c) A protein 
molecule (polypeptide) is formed by joining from around 50 
up to several 1000 amino acids in a linear chain, by rather 
rigid peptide bonds (indicated as heavy lines). R1, R2, .. . are 
the amino acid side groups, e.g. H in glycyl, CH3 in alanyl 
etc. 

molecule and its distribution of interactive forces allow 
its activity to be specialized with respect to certain sub
stances or chemical reactions. An especially important 
group of proteins in this sense are the enzymes. 

As can be readily calculated, various arrangements 
of altogether 20 amino acids in chains of about 1000 
links can theoretically yield so many different proteins 
that even one set of samples would fill the entire known 
Universe! We can thus readily understand the enormous 
variety of organic lifeforms; it must, in fact, be limited 
by some ordering principle. 

Nucleic Acids. The carriers of the information, "how 
and what is to be produced", are the nucleic acids. 

14.2 The Evolution of the Earth and of Life 

The discovery of their role in the replication of organ
isms was the beginning of modem molecular biology. 
0. T. Avery and coworkers recognized in 1944 that the 
desoxyribosenucleic acids (abbreviated DNA) are the 
material carriers of genetic information. J.D. Watson 
and F. H. Crick then succeeded in 1952 in constructing 
a spatial molecular model of DNA, the famous double 
helix, and thus attained some insight into the close rela
tionship between the information localized in the DNA 
and the mechanism of replication. 

The nucleic acids (polynucleotides) are macro
molecules formed by joining nucleotides in a particular 
sequence. These in tum consist of a sugar molecule 
(a pentose with five carbon atoms), a phosphate group, 
and a heterocyclic nitrogen base. 

In the desoxyribosenucleic acids, the sugar is 
2-desoxyribose; evidently with regard to the above
mentioned limitation of the variety in protein formation, 
only four different nucleotides occur, containing the 
purine bases adenine and guanine and the pyrimidine 
bases thymine and cytosine, which are denoted for short 
by their initials A, G, T, and C (Fig. 14.4). 

The DNA molecule consists of two strands of nu
cleotides, which together form a double helix. The bases 
are joined pairwise as in Fig. 14.5 by hydrogen bonds. 
There are thus four base pairs A-T, G-C, T-A, and 
C-G. The information about the production of a pro
tein is now coded in the sequence of the bases in a DNA 
strand, so to speak in a "genetic language", using the 
four symbols A, G, T, C. According to the principle 
of base pairing, the structure of one strand in the dou
ble helix completely determines that of the other strand 
and thus forms the basis for the replication of a DNA 
molecule, the most important "elementary process" of 
biology: the double helix is opened up like a zipper 
by breaking of the relatively weak hydrogen bonds in 
the base pairs, then the corresponding free bases attach 
themselves to each base in the strand, resulting in two 
identical double helices (Fig. 14.5). 

The genetic information is in fact not read off di
rectly from a DNA strand itself, but instead is first 
transferred to a corresponding molecule of a ribonu
cleic acid (RNA) and transported by it to the place where 
protein synthesis occurs. RNA has a similar structure to 
DNA, except that in the nucleotides, desoxyribose is re
placed by ribose and the base uracil (U) takes the place 
of thymine (T). In uracil, the CH3 group on the aromatic 
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Fig.14.4. Base pairing in desoxyribosenucleic acid. A pyrim
idine base (/eft) and a purine base (right) are joined by 
hydrogen bonding (dashed lines) and thus fit into the DNA 
helix (Fig. 14.5). (Reproduced with the kind permission ofthe 
G. Fischer Verlag, Stuttgart) 

ring of thymine (Fig. 14.4) is replaced by H. Thus, the 
"DNA symbols" AGTC are transcribed as UCAG in the 
"RNA code". Fascinating as they are, we cannot go into 
the details of the transcription process here; instead, we 
tum directly to the deciphering of the genetic code. 

The Genetic Code. In order to specify one of the 
20 amino acids uniquely using the 4-symbol code, 
at least 3 symbols must be combined into a "word" 
(triplet). In fact, each amino acid is specified by a se
quence of three nucleotides in the DNA or in the 
corresponding RNA after transcription. For example, 
the sequence G-C-U specifies alanine. The sequence 
of triplets along the DNA chain thus serves so to speak 
as a "blueprint" for the production of a corresponding 
protein with a particular series of amino acids. Since 
the genetic code could spell altogether 43 = 64 words, 
while only 20 amino acids need to be specified, nature 

I 
3.4 nm 

1 

old new new old 

Fig.14.5. The DNA molecule is a double helix, i.e. it has the 
form of a spiral staircase. The "balustrades" of the staircase 
are formed by the phosphate and desoxyribose (saccharide) 
groups (not shown). The "steps" of the staircase correspond 
to the base pairs A-T and G-C (Fig. 14.4). In the replication 
process, the two complementary strands of the double helix are 
separated like an opened zipper (upper part). Then each base 
attaches itself to a new base according to the pairing scheme 
described, and the result (below) is two identical DNA double 
helices 

"allows" some amino acids to be specified by several 
different words; furthermore, some of the words are 
used as "punctuation marks". 



A section of DNA strand consisting of about 1000 nu
cleotide pairs, containing the information required to 
produce a particular protein, is called a gene, the carrier 
of inheritance. The genetic code is universal, i.e. it is the 
same for all living organisms on Earth. Since chemical 
processes such as DNA replication and protein syn
thesis must be accomplished in the organism rapidly 
and with the least possible energy consumption, they 
are catalyzed by special proteins, the enzymes, which 
themselves are again produced using the "know how" 
of the DNA It is, to be sure, a still-unsolved problem to 
identify the beginnings of these closed cycles, but the 
mechanism of the genetic code, which we have indicated 
only schematically here, makes the replication of partic
ular systems of molecules and thus of particular species 
of organisms fundamentally understandable. It also ex
plains the origin of mutations through disturbances in 
the word sequence along the DNA chain. 

14.2.3 Prebiotic Molecules 

Having described the molecular-biological fundamen
tals of the structure, the functions, and the mechanisms 
of self-reproduction in present-day living organisms, we 
turn to the question of the origin of life on Earth and its 
evolution, first investigating the material preconditions 
for this development. 

The complex molecules which are typical of the 
structure of living matter, especially the nucleic acids 
and the proteins, are not stable in the presence of 
oxygen. Their formation from inorganic substances is 
therefore not possible on the Earth under present con
ditions without the intervention of living organisms. In 
the "beginning", they could only have been formed in 
an oxygen-free atmosphere. On the other hand, such 
molecules could not have survived for long on the sur
face of the primeval Earth without the protective oxygen 
and ozone layers in the atmosphere, owing to the very 
strong irradiation in the far ultraviolet (). < 290 nm). 
However, they could have collected for example in the 
pores of minerals or on the bottoms of shallow bodies 
of water of S 10 m depth. 

The similarity of the genetic code and its application 
in essentially the same organic molecules for the DNA 
and for the proteins in lifeforms from the most primitive 
bacteria to human beings indicate that the origin of life 
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occurred at a single time and place, where the most 
important macromolecules were already present. 

The formation of such high-molecular weight prebi
otic molecules "all by themselves" is not so extremely 
improbable as one might at first think. Beginning 
in 1953, S. L. Miller, led by the considerations of 
H. C. Urey, was able to prepare complex organic 
molecules, in particular amino acids, by subjecting 
a mixture of methane (CH4), ammonia (NH3), and wa
ter vapor (H2 0), a kind of protoatmosphere, to electrical 
discharges or irradiation with UV or gamma radia
tion. According to current ideas (Sect. 14.2.1 ), the early 
atmosphere was, to be sure, not a strongly reducing 
methane atmosphere, but rather consisted mainly of 
C02 and H20 with at most traces of CH4 and NH3 ; 

but experiments have shown that even under these con
ditions, small amounts of the relevant organic molecules 
can be formed. However, it is questionable whether con
centrations would result which were sufficiently high for 
life to have come about. 

A quite different, interesting possibility for the 
formation of complex molecules is suggested by the in
vestigation of the interstellar medium and of meteorites. 
As we have seen in Sect. 10.2.3, radio astronomers have 
observed surprisingly complex organic molecules in 
the dense interstellar clouds from which stars are later 
formed. On the other hand, a rich variety of amino acids 
and other substances which are necessary for the origin 
ofliving organisms are found in the carbonaceous chon
drites. These meteorites, with their organic matter, were 
formed about 4.5 · 109 yr ago, along with the Sun and 
all the other objects in the Solar System, from the "solar 
nebula", a rotating disk of gas and dust (Sect. 14.1.3). 
Today, we also know that the Earth, along with the 
Moon and the other planets, was subjected to an in
tense bombardment by meteorites (or planetesimals) for 
about 109 yr after its formation; among them, as among 
present-day meteorites, there must have been a consid
erable fraction of carbonaceous chondrites. Since many 
of these were slowed down by the Earth's atmosphere 
and also fell into water, sometimes after fragmentation, 
it is quite possible that the prebiotic molecules came for 
the most part from these meteorites. 

Organic molecules, however, are still far from being 
living organisms! We cannot say how the first life
forms were structured and how they came into being. 
Even the simplest living organisms or "biomolecules" 
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must, in contrast to lifeless matter, be able to maintain 
a metabolism and especially to reproduce themselves; 
in this process, occasional "errors", or mutations, occur. 
From the palette of different mutations, the best -adapted 
species were selected in the process of evolution. 

Presumably, the ribonucleic acids assumed a key role 
at the threshold of the origin of life. Recent investiga
tions make it seem likely that RNA can both reproduce 
itself without the presence of proteins, and also can act 
as a catalyst for all of the reactions which were neces
sary for early lifeforms, in particular for the synthesis 
of proteins from amino acids. If sufficient amounts of 
proteins are already present, then the alternating inter
actions of the nucleic acids and the proteins which is 
typical of present-day life can begin to take place. 

Behind the question of the origin oflife and of its evo
lution stands the fundamental problem of whether our 
current physics and natural sciences comprise a suffi
cient basis for understanding the origin of biomolecules 
capable of self organization, or whether we need to as
sume a mysterious "vis vitalis" or something similar. In 
1971, M. Eigen succeeded in explaining the Darwinian 
principle of "survival of the fittest" in terms of purely 
physico-chemical fundamentals. The actual origin of 
life, as well as all the mutations, must be regarded as 
"coincidences"; all the rest is physics. Eigen first deter
mined that no solution can be hoped for on the basis of 
classical (equilibrium or quasi-equilibrium) thermody
namics. The interactions of proteins and nucleic acids 
necessary for every life-process are so complex, even 
in the most primitive forms imaginable, that their oc
currence under such conditions must be regarded as out 
of the question. "Life" is indeed possible only with 
the aid of an energy input, metabolism, etc.; i.e. as 
a (quasi-) stationary irreversible thermodynamic pro
cess. In a series of fundamental publications during 
the 1970's, I. Prigogine, M. Eigen, H. Kuhn, H. Haken, 
and others were able to describe the essential fea
tures of the origin and evolution of self-organizing 
molecules as necessary properties of systems of nonlin
ear reaction kinetics equations, which are far from the 
state of thermodynamic equilibrium and are subjected 
to strong energy flows. The origin of biomolecules 
can be attributed to characteristic instabilities 
of these systems. 

The further development of the living organisms 
takes place necessarily in discrete steps, which each 

begin with a new "invention": the production of a mem
brane around the nucleus of a cell, the principle of 
sexuality with its greater security and variability of re
production, the combination of different types of cells 
with particular cooperative functions, etc. We can unfor
tunately not go into these very interesting considerations 
further here or justify them in more detail. 

14.2.4 The Development of Lifeforms 

Making use of the current status of research in the fields 
of palaeontology, geology, geochronology, etc., we shall 
now attempt to draw a consistent picture of the early 
history of the Earth and its atmosphere in connection 
with the development of life, based on the works of 
E. S. Barghoom, J. W. Schopf, P. E. Cloud and others. 
For most of the details, we must of course refer the 
reader to the specialized literature on this subject. We 
shall first give a rough outline of the geological sequence 
during the Precambrian era, and of the basic forms of 
living organisms. 

The Precambrium. This period includes the longest 
portion of the Earth's history, from its formation 
4.5 · 109 yr ago up to the beginning of the Cambrian 
era 0.59 ·109 yr ago (Table 3.3). The Precambrian is 
subdivided into the Archaic (the Archaizoic era, which 
ended 2.5 ·109 yr ago) and the Proterozoic era which 
followed it. 

The transition into the Cambrian marked the begin
ning of the Phanerozoic age - the time of "appearing 
life"- with the sequence of geological eras which we 
have already shown in Table 3.3. 

The Principal Groups of Lifeforms. We divide all 
lifeforms into the prokaryotic and the eukaryotic or
ganisms. The prokaryotes are single-celled organisms 
lacking a well-defined nuclear membrane and chromo
somes. They include on the one hand the eubacteria, 
to which the true bacteria as well as the cyanobacte
ria (previously incorrectly termed "blue algae") belong. 
On the other hand, they include also the archaebacte
ria, whose representatives such as the sulfur-, salt-, or 
methane-bacteria are still living today under extreme 
conditions (in hot sulfurous springs, concentrated brine 
or sewage), frequently as autotrophes. 



All the other lifeforms are eukaryotic: single- or 
many-celled organisms with nuclear membranes and 
chromosomes. This group contains all of the plants (in
cluding the single- and many-celled algae), the protozoa 
(i.e. single-celled animals), the metazoa, and the higher 
animals. 

Recent research on RNA and protein sequences has 
shown how closely related the various lines are. Thus, 
the eubacteria probably first branched off from a still 
unknown primeval form, and later the archaebacteria 
separated from the eukaryotic organisms: 

Prokaryotes Eukaryotes 

Primeval Lifeform (?) 

The absolute dating of these branching events is still 
controversial. 

The Oldest Lifeforms. We first ask the question: what 
do we know about the earliest lifeforms? In sediments as 
old as 3.5 to3.6 ·109 yrfromSouthAfricaandAustralia, 
we find definite traces of living organisms: microfossils 
such as the Ramsay spheres (yeast-like organisms) and 
stromatolites, layers built up from the calcium carbonate 
deposits of cyanobacteria (cf. Table 3.3). The currently 
oldest known, radioactively dated rock deposits are 
the Isua formations in Southwest Greenland, with an 
age of 3.8 ·109 yr. Their sediments contain carbona
ceous inclusions, which were interpreted by H. Pflug 
and M. Schidlowski as fossil structures of cyanobacte
ria and other microorganisms which have been modified 
by later metamorphosis of the rocks containing them. 
According to this interpretation, which is to be sure not 
uncontroversial, there was already a widespread, differ
entiated world of bacterial flora on the Earth as long 
as 3.8 ·109 yr ago, and certainly at least 3.5 · 109 yr ago. 

As we have seen, the Earth-Moon system originated 
about 4.5-109 yr ago. However, while the rocks of the 
lunar highlands on the Moon date back to this time, 
the oldest rocks on the Earth are considerably younger. 
The Isua sediments verify the existence of a widespread 
hydrosphere as early as 3.8 · 109 yr ago, and they them
selves are probably derived from ancient rock strata 

14.2 The Evolution of the Earth and of Life 

dating back about 4.0 to 4.1·109 yr. Since, on the one 
hand, we can hardly assume that the Earth's crust was 
solid earlier than roughly 4.2 ·109 yr ago, and on the 
other, the first traces oflife date from 3.8 to 3.5 ·109 yr 
ago, only the amazingly short period of around 400 to 
at most 800 million years remains for the decisive steps 
in the origin of the first lifeforms and their evolution 
to the stage of bacteria to have taken place! The struc
tural materials for this process, amino acids and other 
prebiotic molecules, were probably "delivered" for the 
most part by the impacts of carbonaceous chondrites 
and comets together with "cosmic" dust from space. 
It may also have been important for the origin of life 
that around 109 yr after the formation of the Solar Sys
tem, the intense bombardment by planetesimals was 
drastically reduced, and that the oceans and the pro
toatmosphere, consisting mainly of C02 and HzO, had 
already begun to develop. 

An oxygen-free atmosphere was a prerequisite for 
the origin of organic life; many substances essential for 
life are attacked by oxygen. However, there was origi
nally also no ozone layer which would have protected 
the early lifeforms from lethal solar ultraviolet radia
tion. The most primitive organisms must therefore have 
developed either under a protective layer of water, or 
else in pores in rocks which let in some light but not too 
much of the deadly UV radiation. 

These first organisms were certainly heterotrophic, 
i.e. they lived on the organic substances already present, 
as do present-day animals and those plants which have 
no chlorophyll. However, autotrophic organisms of dif
ferent kinds, which are self-sufficient and independent 
of other living forms, making use of inorganic starting 
materials, developed very early from bacteria and ex
panded rapidly owing to photosynthesis in green plants 
(14.5). As early as 3.5 · 109 yr ago, a primitive form of 
photosynthesis was "invented" by the cyanobacteria. 

Evolution and 02 Production. Parallel to the develop
ment of the plants, a general enrichment in oxygen of 
the hydrosphere and the atmosphere took place. 

In the period about 2.1·109 yr ago, there were, ac
cording to the remains that we can study today, only 
prokaryotes. The small amount of oxygen produced by 
these early prokaryotes remained in the hydrosphere and 
was mostly used up in converting ferrous to ferric ox
ides. The banded iron ore deposits, which occur together 
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with marine sediments, showed a noticeable increase 
around 2.5 · 109 yr ago, but were also laid down over 
the whole time period from 3.8 to 1.8 ·109 yr ago. Their 
origin can be interpreted (P. E. Cloud, 1973) as a result 
of the formation of Fe2+ solutions under an oxygen-free 
atmosphere; these were then transported into the seas 
and there, by the action of oxygen-producing bacteria, 
were periodically precipitated as nearly insoluble Fe3+ 
compounds. In this manner, enormous amounts of 02 
were bound up in iron oxides. 

We find the first eukaryotes (algae) about 2.1 · 109 yr 
ago; they were aerobic, i.e. they reguired 02 in or
der to live. Their origins and their connection to the 
prokaryotes are still largely unexplained. 

Only between about 2.2 and 1.9 ·109 yr ago did the 
oxygen content of the atmosphere increase from less 
than 1% to about 15% of the current value. This excess 
free oxygen made it possible for 02-processing enzymes 
to develop and quickly provided the animals with a high
yield energy source (respiration!). The first multicelled 
(if still very small) animals appeared around 1.0 · 109 yr 
ago. 

There was a fundamental change when the oxygen 
content of our atmosphere reached the threshold of a few 
percent of the present value. This oxygen sufficed to pro
mote the formation of an ozone layer, which absorbed 
the lethal UV radiation so strongly that now the surface 
of the water and later (at the beginning of the Cambrian 
era) the land became habitable. 

The last 300 million years of the Proterozoic era, 
from about 0.8 ·109 yr ago onward, were a very dis
turbed period for life on the Earth. Together with 
strong tectonic activity, substantial ice ages alternated 
with very warm periods. The last of these ice ages, 
the Varanger ice age, probably brought with it the 
most difficult conditions for life in the Earth's his
tory. It was followed by the Ediacara period (from 
ca. 630 to 590 · 106 yr ago), with an enormous blossom
ing of life, especially in the development of the animal 
world. In this period, the first larger many-celled an
imals (metazoa) with a complex internal organization 
appeared, at first only in soft-bodied forms. 

Phanerozoic. From the Cambrian era onwards, 
i.e. 590 · 106 yr ago, in the phanerozoic age, the great 
variety of metazoa with shells arose. At this point, these
ries of geological periods described in Table 3.3 began; 

their petrified lifeforms (fossils) have provided us with 
a detailed record of the further evolution of the plant and 
animal kingdoms. About 410 · 106 yr ago, from the Sil
urian to the Devonian eras, the first widespread forests 
developed, and in the Carbonaceous era, whose fos
silized plants are still serving us as fuel today, the 
current level of oxygen was no doubt reached, if not 
even surpassed for periods of time. 

Periods of Mass Extinction. There have been repeated 
critical periods of change in the evolution of the plant 
and animal kingdoms, each lasting several million years, 
in which at first the variety of different species was 
drastically reduced, and then numerous new species ap
peared; for example, the transition from the Permian 
to the Triassic eras about 250 · 106 yr ago, between the 
Tirassic and the Jurassic ca. 210-106 yr ago, or near the 
end of the Cretaceous (65 ·106 yr ago; see Table 3.3). 
The causes of such periods of massive extinction, in 
which the rate of mutations was evidently much higher 
than before and after, are not clear. Owing to their 
rarity, supernova explosions are hardly a possibility; 
other speculations include increased UV irradiation, 
a stronger intensity of cosmic rays as a result of the po
larity reversals of the Earth's magnetic field, the impacts 
of large planetesimals or other processes. 

With some certainty, we can state the cause - or at 
least one of the decisive influences - of at least one 
transition period between the Cretaceous and the Ter
tiary, 65 · 106 yr ago, during which the extinction of the 
dinosaurs, the ammonites, and of at least 50% of the 
other species occurred: the impact of a giant meteorite 
or asteroid of about 10 km diameter, and possibly the 
increased volcanic activity which it triggered, caused 
catastrophic, long-lasting changes in the conditions for 
life on the Earth. The observation of a high concentra
tion of iridium and osmium in a thin layer of clay which 
is found between the Cretaceous and the Tertiary de
posits and is spread over nearly the whole Earth first led 
L. and A. Alvarez and their coworkers in 1980 to the hy
pothesis that the enrichment in these metals, which are 
normally quite rare in the Earth's crust but are common 
in certain meteorites, could in fact be an indication of the 
impact of an enormous meteorite. The associated crater 
structure was then found in 1992, buried under thick 
sediments of limestone, near Chicxulub in Yucatan, 
Mexico (Sect. 3.7.1). Its radiologically-determined age 



of 65 · 106 yr, from the ratio of 40 Ar to 39 Ar, agrees very 
well with that of the geological period. Tektites found 
in Mexico and Haiti can also be attributed to this impact 
on the basis of radioactive dating. 

In contrast to this transition period at the end of the 
Cretaceous era, we can find no direct evidence for the 
impact of a celestial object as the cause of the greatest 
known catastrophe in the course of evolution, between 
the Permian and the Triassic. At that time, more than 
85% of all species in the oceans and about 70% of those 
on land died out over a period of 104 to 105 yr. The sur
face of the Earth at that time was essentially covered by 
the giant Panthalassa Ocean, much larger than today's 
Pacific Ocean, and a single "supercontinent", Pangaia, 
which combined all of the present-day continents in one 
(cf. Fig. 3.3). At its edge, for the most part enclosed by 
the contintent, was the warm Tethys Sea, rich in species. 
The cause of the nearly complete extinction of all the 
higher animals about 250 · 106 yr ago was probably not 
a single event; rather, the complex fossil record indi
cates the combined effects of several processes which 
are not understood in detail. For one thing, near the end 
of the Permian, a slow but substantial drop in the sea 
level gave rise to a drastic decrease in the available mar
itime habitat. Extreme fluctuations of the climate and in 
particular intense, long-lasting volcanic eruptions led 
among other things to an increase in the carbon dioxide 
content of the atmosphere and thereby to global warm
ing and oxygen deficiency in the air and in the water. 
A very rapid rise of the sea level at the beginning of the 
Triassic ended this transition period. 

The Evolution of Humans. Finally, in the most recent 
past, geologically speaking, the evolution of humans 
occurred; as with other organisms, in a series of steps 
and under the influence of natural selection. Beginning 
with common ancestors, the evolution of human beings 
(hominids) (Table 14.1) branched off from that of the 
hominoid apes (of the genus Pan: the chimpanzees), in 
the late Tertiary, 6 to 10 · 106 yr ago. 

The horninides could initially be ordered essentially 
in two genera: Australopithecus ("tree ape") and Homo 
("human"). Following the discovery of an almost com
plete skeleton of Australopithecus afarensis ("Lucy", 
about 3.6 · 106 yr old) by D. C. Johanson und T. Gray 
in 1974 in the Afar Region of Ethiopia, since the 
1990's the fossilized remains of still older species and 
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Table 14.1. The appearance of the most imfortant species of 
hominid. The times are given in units of 10 yr ago 

"Forerunner " (Sahelanthropu , Orrorin, ... ) 

Ardipithecus ramidus 
Au tralopithecu anamen is 

afaren i 

Homo habili 
erectu 

apien (modern) 

7- 5 

4.4 
4.2-3.9 
3.9-3.0 

2.4-1 .5 
1.8-0.3 
0.5- 0. l 

O. l -0 

genera have been found: the ca. 4.4 · 106 yr old Ardip
ithecus rarnidus, less than 100 km from the site where 
A. afarensis was found; and Australopithecus anamen
sis, found on Lake Turkana in Kenia, with an age of 
about 4.1 · 106 yr; and in 1997 and 2002 Sahelanthro
pus tchadensis and Orrion tugenisis ("millenium man"), 
roughly 5 to 7 · 106 yr old "forerunners" on the devel
opment path from apes to hominids. The order of ages 
of the species in Table 14.1 should not be taken as in
dicating a linear development; there were most likely 
the simultaneous appearance of some species as well as 
branching and "dead ends" in evolution. 

The Ardipithecus ("ground-ape") and the Australo
pithecines, of which in the meantime seven species are 
known, can be regarded as the oldest verified traces of 
the hominids. Ancient human of the species Australo
pithecus already had an upright gait - in addition to 
a climbing movement on all fours - but still had a brain 
volume comparable to that of the hominoid apes. With 
the genus Homo, a solely bipedal gait appeared for the 
first time, together with the ability to make and use 
tools. The evolution of the horninids was characterized 
by an enormous development of the brain, in particular 
of the forebrain, leading from early humans, Homo ha
bilis and Homo erectus, finally to the modern humans, 
Homo sapiens. 

Fossils of Ardipithecus, Australopithecus and Homo 
habilis have only been found in Africa, whereas Homo 
erectus also appears in Asia and Europe. The oldest 
hominid found outside Africa is the 1. 8 · 106 yr old early 
human from Dmanisi in Georgia. 

The Principle of Evolution. The whole evolution of 
life, if we may be allowed to reduce it to its sim
plest elements, is evidently based on the principle of 
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producing more and more complex systems by the 
storage and passing-on of more and more informa
tion. These systems are then increasingly successful 
in applying their ordering principle (production of ne
gentropy) as opposed to the "natural" tendency of 
the 2nd Law of Thermodynamics towards the estab
lishment of a statistical-thermodynamical equilibrium, 
i.e. to maximum disorder (entropy production). This 
evolution leads even in the prokaryotes away from the 
fixation of genetic information towards the develop
ment of instinctive, i.e. program-controlled behavior 
schemes, then further to memory and the beginnings 
of intelligent behavior. The development of humans, 
just a few million years ago, was driven essentially by 
their enormously improved techniques for storing and 
using information, in comparison to simpler organisms, 
at first through language, then through writing (of all 
kinds), and most recently through the invention of the 
electronic computer and information storage devices. 

This ever-increasing "battle against the law of en
tropy" is necessarily coupled to an increasing energy 
consumption. A species is, as one says, in a flow
equilibrium. That is, it continually takes in energy from 
its food supplies, in the case of plants from sunlight; this 
is in part necessary for the (re )production of the system 
and in part leads to waste heat (as in any thermal en
ergy source), which must be discarded. Humankind can 
only continue its development along the lines described 
above if we succeed in making more and more energy 
"usable" from natural sources. Along with the muscle 
power of humans and animals, the forces of wind and 
water were used. The next great step was the applica
tion of the fossil fuels, coal and petroleum, and finally 
also the application of nuclear power. 

Table 14.2. The future evolution of the Sun according to 
I.-J. Sackmann et al. (1993). (a) Today; (d) End of the Main 
Sequence stage; (e) Tip of the first giant branch; (f) the first 
helium-shell flash 

Time Lumin· Radius Mass 
from today osity 
1109 yr] L!L0 R/R0 ·'-<IN.r:; 

0.0 1.0 1.0 1.0 

b 1.1 1.1 1.0 1.0 

c 3.5 1.4 1.2 1.0 

d 6.4 2.2 1.6 1.0 

e 7.7 2350 166 0.7 

7.8 3000 ~200 0.6 

The Future of the Sun. Concerning the question of the 
future development of life, we can make no detailed 
statements. But to the question of the future of the Sun, 
and thus of life on the Earth, the theory of stellar evolu
tion (Sect. 8.2) permits us to give a quite specific answer. 
The Sun is moving (over a period of a few billion years) 
towards the upper right on the Hertzsprung-Russell di
agram; it will become a red giant star (Fig. 8.8). Its 
radius will grow enormously in this process, and its 
luminosity will correspondingly increase (Table 14.2). 
After about 1.1 · 109 yr, the greenhouse effect will be so 
strong that life in its present forms on Earth would be 
greatly disturbed. After 3.5 · 109 yr, the solar luminosity 
will have increased by about 40%, and the temperature 
on the Earth will rise to well above the boiling point 
of water, so that the oceans will evaporate. This will 
doubtless mean the end of all organic life on the Earth. 
Finally, after about 7.8 · 109 yr, the radius of the Sun will 
be about equal to that of the Earth's present-day orbit; 
by this time, however, the strong solar wind from the 
red giant will have reduced its mass and thus the Sun's 
gravitational attraction by so much that the Earth will be 
moving on a larger orbit, at a radius of around 1. 7 AU. 

Life on Other Celestial Bodies? This exciting ques
tion is at present only reasonable if we understand life 
to mean the occurrence of organisms whose structures 
have a certain similarity to those of terrestriallifeforms. 
We need not belabor the point that the environmental 
conditions permitting such life are fixed within rather 
narrow limits. 

In our Solar System, only Mars can be considered as 
a possibility for harboring life. Its thin atmosphere in 
fact contains small amounts of the gases required for the 
development of live, but it offers no protection from the 
UV radiation of the Sun; its temperature lies somewhat 
lower than that of the Earth.lt therefore appears possible 
that at most extremely primitive organisms might be 
found there, but even this is not very probable according 
to the present state of our knowledge. 

In contrast to today, in the past Mars probably had 
large bodies of liquid water for long periods of time. 
This provided an important condition for life to be pos
sible on the planet. So far however, no trace of life has 
been found. 

In our Milky Way and in other galaxies, there are 
numberless stars which are very similar to our Sun. 



There is nothing to contradict the assumption that some 
of these stars also have planetary systems, and it seems 
quite plausible that here and there in such a system, 
a planet offers similar conditions on its surface to those 
found on the Earth. Why should not life have evolved 
there also? 

In our near neighborhood within the Milky Way, 
in recent years several planets have been detected 
(Sect. 14.1.5); of these, however, so far none is similar 
to the Earth in size or physical conditions. 

A first survey of the radiofrequency emissions from 
nearby star systems to search for signals from "ex
traterrestrial civilizations" (Project SETI: Search for 
Extraterrestrial Intelligence) was begun in 1960 by 
F. D. Drake; other projects with the same goal have 
followed. 

Up to now, this bioastronomy has been equally un
successful in finding evidence for "earthlike" planets 
around other stars and in detecting "artificial" radio 
signals from outer space. 

*** 
Outlook. From the study of cosmic structures and evo
lutionary processes, we have returned to the problems 
of the Earth, of life and of our existence. The circle of 
our considerations is thus completed. Equally fascinat
ing as the insight into cosmic events is the process of the 
acquisition of human knowledge itself. The boundary 
of our knowledge is constantly moving out into regions 
which were previously unknown or at least not under
stood. This process seems to be connected with a kind 
of adjustment of the human intellect and its thought pro
cesses to the areas of existence which have only become 
accessible through just this intellect. We owe in fact to 
just a few great figures of history the finding of new 
forms of thinking and of dealing with problems which 
themselves only became clear through their genius. All 
great discoveries and deeds contain a certain illogical 
element. 

Our categories of knowledge are arranged, so to 
speak, in layers, which evidently are the result of the 
basic areas of interaction of humanity with its envi-
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ronment. Even the most primitive human uses different 
concepts and ways of thinking when he deals with non
living natural objects, with his animals and other living 
creatures (which are beneath him in the evolutionary 
chain), with his own emotional life and that of his fel
low humans, or finally with overreaching intellectual or 
especially religious subjects. These different areas of ex
perience, which at first were almost heedlessly allowed 
to have their parallel but separate existences, have come 
into closer and closer contact in the course of time, and 
mankind has long since suffered inner and outer strug
gles in an effort to unite them into a whole, out of the 
unprovable conviction that this must indeed be possible. 

No one can finally refute the view held by many 
primitive religions that on a certain level, the Universe 
is simply a result of the arbitrary decisions of some 
sort of gods and demons. In fact, however, the "other" 
hypothesis has proved repeatedly to be more fruitful. 

The problems of human life and living with each 
other are intertwined with those of the understanding of 
natural phenomena. We see them on the one hand from 
our subjective point of view, and speak of desire and 
duty, of love and hate, of justice and injustice. On the 
other hand, they are a part of the objective framework of 
the Possible, governed by the known (or still unknown) 
laws of Nature. The great conflicts of guilt and fate, of 
human goals and our ability to attain them, or however 
they may be termed, arise out of this remarkable duality 
of the subjective and the objective worlds. 

It has been the conviction of truly religious men and 
women in all periods of history that these tensions could 
gradually, bit by bit, be resolved, presuming that human
ity could lay aside its old prejudices and "renew itself', 
a process which is perhaps not so different from the 
renewal and reformation of natural science in its great 
epochs. 

Whether humankind turns its gaze outwards and 
probes ever deeper into the further reaches of Nature, or 
looks inwards and finds there new realms for humanity, 
over and over again we view with amazement and joy a 

"New Cosmos". 
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Appendix 

A.l Units: the International 
and the Gaussian Unit Systems 

We use the International System of Units (Systeme International d'Unites) 
throughout this book; at the same time, the more important quantities are 
also given in the Gaussian system. It is expedient to introduce "astronomical 
units" as well (see inside back cover) . 

51 Base Units 

Meter m (length, distance) 

Kilogram kg (mass) 

Second s (time) 

Ampere A (electric current) 

Kelvin K (thermodynamic temperature) 

Mole mol (amount of substance) 
Candela' cd (luminous intensity) 

Prefixes for Orders of Magnitude 

10' Dec a D 10_, deci d 
102 hecto h 10- 2 centi c 
103 kilo k w-3 milli m 
106 Mega M w-6 micro 1-1 
109 Gig a G w-9 nano n 
10'2 Tera T 10-12 pi co p 
10'5 Peta p 10- 15 femto f 
10'8 Ex a E 10-,8 atto a 
1021 Zetta z 10- 21 zepto z 
1024 Yotta y 10- 24 yocto y 

1 Not used in this book. 
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Some Relations Between Sl and Gaussian Electromagnetic Units 

The Gaussian system of "mixed" cgs units uses both electrostatic units ( esu) 
and electromagnetic units (emu) in their respective areas. In this system, the 
permittivity and the permeability of vacuum are dimensionless and have the 
value 1. 

X : Quantity in the international unit system (SI) 

X : Quantity in the Gaussian system. 

Here, we consider only the vacuum, so that the magnetic flux density B and 
the magnetic field strength H are related by 

B = f.J.oH or iJ = if . 

Electric charge: 

Electric field strength: 

Magnetic flux density: 

- e e=---
~ 

E=/4moE 

B= &B=~cB yliQ 

eo = electric, f.J.o = magnetic field constant (see table inside back cover), 
with Bof.J.o = 1 I 2-, c = speed of light. 

- e -
Force on a moving chargee: F = eE +ev X B = eE + -v X B 

c 

1 ( 2 B2 ) 1 -2 -2 Energy density in vacuum: w = - e0 E + - = - (E + B ) 
2 f.J.o 8n 

1 c - -
Poynting vector: S = Ex H = - E x B = -Ex B 

f.J.o 4n 

Cyclotron frequency: 
eB efi 

wc=-=-
m me 

Bohr radius: 
nz nz 

ao = 4neo -- = --
mee2 mee2 

Classical electron radius: 
1 e2 e2 

re=----=--
4neo mec2 mec2 

Various Units 

Length: 

Angstrom 1 A= 10-10 m = 10-8 em 

Mass: 

Ton 1 t = 103 kg 

Atomic mass unit mu 1 u = 1.6605. 10-27 kg 



Time: 

Minute 
Hour 
Day 
Year 

Frequency: 

Hertz 

Angle: 

Radian 

Degree 
Minute of arc 
Second of arc 

Solid angle: 

Steradian 

Force: 

Newton 

Pressure: 

Pascal 

Bar (atm.) 

Energy: 

Joule 

Electron volt 
Energy equivalents: 

kT forT= 1 K 
kilogram 
atomic mass unit 
proton mass 
electron mass 

Power: 

Watt 

I min 
Ih 
Id 
1 yr 

=60s 
= 60 min = 3600 s 
= 24 h = 86 400 s 
~ 3.I56·107 s 

A.l Units: the International and the Gaussian Unit Systems 

independently of the exact definition 

1Hz = 1 s-1 

I rad =I mm- 1 (dimensionless) 
= 57.2958° = 3437.74' = 206 264.8I" 

I o = n ji80 rad = 1.7453 · 10-2 rad 
I' = (I/60) 0 = 2.9089. 10-4 rad 
I" = (1/60)' = 4.848I· 10-6 rad 

I Sf 

IN 

= I m2 m-2 (dimensionless) 
= (180/n)2 square degrees 
= 3282.8 square degrees 

=I mkg s-2 = 105 dyn = 105 cmg s-2 

I Pa =I m- 1 kgs-2 =I Nm-2 

= 10dyncm-2 

I bar = 105 Pa 

I J = I m2 kg s-2 = IN m = I W s 
= 107 erg= 107 cm2 g s-2 

I eV = 1.6022 · 10-19 J = 1.6022 · 10-12 erg 

I K · k = 1.3807 · 10-23 J = 8.6I74 · 10-5 eV 
1 kg· c2 = 8.9876 · 1016 J 
muc2 = 1.4924 · 10-10 J = 931.49 MeV 
m c2 = 1.5033 ·10-10 J = 938.27 MeV p 

mec2 = 8.I872 ·10-14 J = 0.5110 MeV 

1 W =I m2 kg s-3 =I J s- 1 =IV A 
= 107 ergs-1 
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Temperature: 

Celsius temperature 
Temperature equivalent 

of the electron volt 

Electric charge: 

Coulomb 

Electric potential: 

Volt 

WC] =absolute temperature T[K]- 273.15 K 
1 eVk- 1= 11 605 K 

lC = 1 As = 2.9979. 109 esu 

IV = 1m2 kg s-3 A - 1 = 3.3356 · w-3 esu 

Magnetic flux density (in vacuum): 

Tesla IT =lkgs-2 A- 1 =1Vsm-2 

= 104 G (Gauss) 



A.2 Names of the Constellations 

Standard abbreviations, Latin names (with their genitive) and English names 
of the constellations 

And Andromeda Andromedae Andromeda 
Ant Antlia Antliae air pump 
Aps A pus Apodis bird of paradise 
Aql Aquila Aquilae eagle 
Aqr Aquarius Aquarii water bearer 
Ara Ara Arae altar 
Ari Aries Arietis ram 
Aur Auriga Aurigae cart driver 
Boo Bootes Boo tis Bootes 
Cae Caelum Caeli grave pick 
Cam Camelopardalis Camelopardalis giraffe 
Cap Capricorn us Capricorni mountain goat 
Car Carina Carinae keel 
Cas Cassiopeia Cassiopeiae Cassiopeia 
Cen Centaurus Centauri centaur 
Cep Cepheus Cephei Cepheus 
Cet Cetus Ceti whale 
Cha Chamaeleon Chamaeleontis chameleon 
Cir Circinus Circini drawing compass 
CMa Canis Maior Canis Maioris large dog 
CMi Canis Minor Canis Minoris small dog 
Cnc Cancer Cancri crab 
Col Columba Columbae dove 
Com Coma Berenices Comae Berenices Berenice's hair 
CrA Corona Austrina Coronae Austrinae southern crown 
CrB Corona Borealis Coronae Borealis (northern) crown 
Crt Crater Crateris beaker 
Cru Crux Crucis southern cross 
Crv Corvus Corvi crow 
CVn Canes Venatici Canum Venaticorum hunting dogs 
Cyg Cygnus Cygni swan 
Del Delphinus Delphini dolphin 
Dor Dorado Doradus swordfish 
Dr a Draco Draconis dragon 
Equ Equuleus Equulei foal 
Eri Eridanus Eridani Eridanus 
For Fornax Fornacis furnace 
Gem Gemini Geminorum twins 
Gru Grus Gruis crane 
Her Hercules Herculis Hercules 
Hor Horologium Horologii clock 
Hya Hydra Hydrae hydra 
Hyi Hydrus Hydri southern hydra 
Ind Indus Indi Indian 
Lac Lacerta Lacertae lizard 
Leo Leo Leonis lion 
Lep Lepus Leporis hare 
Lib Libra Librae scales 
LMi Leo Minor Leonis Minoris small lion 
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Lup Lupus Lupi wolf 
Lyn Lynx Lyncis lynx 
Lyr Lyra Lyrae lyre 
Men Mensa Mensae mesa (table) 

Mic Microscopium Microscopii microscope 

Mon Monoceros Monocerotis unicorn 

Mus Musca Muscae fly 
Nor Norma Normae square 
Oct Octans Octantis octant 

Oph Ophiuchus Ophiuchi snake bearer 

Ori Orion Orionis Orion 

Pav Pavo Pavonis peacock 

Peg Pegasus Pegasi Pegasus 

Per Perseus Persei Perseus 
Phe Phoenix Phoenicis phoenix 

Pic Pic tor Pictoris artist 
PsA Piscis Austrinus Piscis Austrini southern fish 

Psc Pisces Piscium fishes 
Pup Puppis Puppis poop deck 

Pyx Pyxis Pyxidis compass 
Ret Reticulum Reticuli net 
Sci Sculptor Sculptoris sculptor 
Sco Scorpius Scorpii scorpion 

Set Scutum Scuti shield 

Ser Serpens Serpe ntis serpent 

Sex Sextans Sextantis sextant 

Sge Sagitta Sagittae arrow 
Sgr Sagittarius Sagittarii archer 
Tau Taurus Tauri bull 
Tel Telescopium Telescopii telescope 

TrA Triangulum Australe Trianguli Australis southern triangle 
Tri Triangulum Trianguli triangle 
Tuc Tucana Tucanae toucan 
UMa UrsaMaior Ursae Maioris big bear (big dipper) 

UMi Ursa Minor Ursae Minoris small bear (little dipper) 

Vel Vela Velorum sails 
Vir Virgo Virginis virign 
Vol Volans Volantis flying fish 
Vul Vulpecula Vulpeculae little fox 

Notation for the use of names of the constellations: non-variable stars are denoted by Greek 

(in some cases also by Roman) letters or numbers together with the genitive of the Latin 
name of their constellation, usually in the form of the standard abbreviation using three 

letters, e.g. ~ UMa =Beta Ursae Maioris or 48 UMa = 48 Ursae Maioris, z Her= Iota Herculis, 
I Car= I Carinae, a Cen =a Centauri. 

Variable stars are denoted by capital letters R, S, ... , Z; RR, RS, ... ZZ; AA, ... , AZ; 

BB, ... , QZ and the genitive of the constellation (334 possibilities; J is not used); additional 
variables in a constellation are denoted by V 335 etc., e.g. RR Lyr, W Vir, SS Cyg, V 1057 Cyg. 

For strong radio and X-ray sources, the Latin name of the constellation is used in the 

nominative case, together with capital letters and numbers, e.g. Tau A= Taurus A, Her X-1 
=Hercules X-1, Sco X-3 = Scorpius X-3. 



Selected Exercises 

1. Coordinate Systems (Sects. 2.1 and 11.1) 

1.1 The relationship between the horizontal axis sys
tem (azimuth A and altitude h or zenith distance 
z = 90°-h)) and the equatorial system (declination 8 

and hour angle t or right ascension a = sidereal time -
t) is contained in the polar triangle (or nautical trian
gle): pole P -zenith Z- celestial object 0, with the 
sides z, 90° - cp and 90° - 8 ( cp: altitude of the pole). 

z· 

c 

8 

Give formulas for the calculation of z given cp, 8, and 
t; and of 8, given cp, z, and A. 

What are the corresponding equations for go
ing from the equatorial system (a,8) to (a) ecliptic 
coordinates and to (b) galactic coordinates? 

1.2 Where and when does the Sun rise in Heidel
berg (geographic latitude cp = 49.41 °) on the longest 
day of the year? What are the azimuth and the side
real time of rising and setting of Arcturus (a Boo, 
a= 14h15min39.6s, 8=+19°10'57") in New York 
(cp = 40.7°)? How long does the star remain above the 
horizon? 

Solve the exercise (a) without considering refraction 
in the Earth's atmosphere, and (b) with a refraction of 
34' 50" at the horizon (Sect. 2.1.1 ). We define the instant 
of sunrise by the time at which its upper rim becomes 
visible. 

Hint: from spherical trigonometry, we know that 
in a triangle ABC with sides a, b, and c (expressed 
as angles) and the opposite angles a, {3, and y, the 
following relations hold: 

sin a : sin b : sin c = sin a : sin f3 : sin y 

cos a= cos b+ cos c+ sin b sin c ·cos a 
cos a = - cos f3 cos y +sin f3 sin y · cos a . 

2. Resolving Power and Brightness 
(Sects. 3.4 and 5.1) 

The apparent visual magnitude of Jupiter's moon Jl Io 
is (at a middle opposition of the planet) V = +4.8 mag. 
With the unaided eye, under favorable conditions stars 
down to about 6 mag can still be seen. Why was Io 
discovered only after the invention of the telescope by 
G. Galilei? How much brighter than Io is Jupiter? 

Hint: Calculate the maximum angular distance of 
Io from Jupiter and the apparent radius of the planet 
(Table 3.4), and compare these values with the resolv
ing poser of the human eye (5.2). The difference in 
brightness between Jupiter and Io can be estimated to 
an order of magnitude by the ratio of the disk size of the 
planet and its moon. 

3. Radioactive Heat Production 
(Sect. 2.2, Chap. 3, and Sect. 7.2) 

The production of heat in the Earth's crust by radioac
tivity is primarily due to the decay of 238U, 232Th, 
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and 4°K. The specific energy release q for natural ura
nium (99.3% 238U) is 9.4·10-5, for thorium 232Th, it 
is 2.6 · 10-5, and for natural potassium (0.02% 4°K), 
3.6·10-9 Jkg-1 s-1. 

3.1 Calculate q from the cosmic element abundances 
(Table 7.5) for (a) cosmic matter containing all the el
ements, and (b) chondritic material, for which it can 
be assumed for simplicity that it consists of practi
cally only olivine ((Mg, FehSi04) and traces of K, 
Th, and U in the cosmic element ratios. Compare 
the result of (b) with the known value for chon
drites, q = 5.2-10-12 Jkg-1 s-1. Which radioactive 
decay chain dominates the production of heat? 

3.2 Calculate from q the heat flux Q at the surface 
of a homogeneous sphere of radius R and density Q. 

How large would Q be for the Earth if it was composed 
completely of chondritic material? How large would 
Q be for a layer of granite (q = 1.1·10-9 Jkg-1 s-1) 
10 km thick covering the entire surface of the Earth? 

3.3 The energy balance of an object in the Solar System 
at a distance r from the Sun is given by (3.2). What is 
the ratio of the radioactive heat flux Q to the radiative 
input from the Sun, S(r) for an albedo of A = 0.5 as a 
function of r and R? 

How large would the radius R have to be in order 
for Q to predominate over the radiative input S(r)? Are 
there objects in the Solar System for which Q ~ S(r) 
holds? Discuss numerical examples for objects in the 
asteroid belt, near the orbit of Saturn, and at the limit of 
the Oortian Cloud of comets (Sect. 2.2). 

3.4 Using the half-lives given in Sect. 3.2.2, calculate 
the abundances of 238U, 232Th, and 4°K at the time of 
formation of the Solar System 4.5 · 109 yr ago. What was 
the relative contribution of these radioactive nuclides at 
that time to the heat production in stone? 

4. The Atmospheres of Planets and Moons 
(Sect. 2.4 and Chap. 3) 

A celestial object can hold its own atmosphere when 
the thermal velocity v of the molecules (3.23) is very 
small compared to their escape velocity Ve = .j2G .M I R 
(2.61). Show that, assuming the acceleration of gravity 

g = G.M/ R2 to be independent of the altitude in the 
atmosphere, the following relation holds: 

(:Y = ~. 
where H is the scale height or equivalent height (3.17) 
of the atmosphere. Make up a list of the planets and 
their moons ranked according to Ve and according to 
Ve/11, using the data given in Chap. 3, and compare it 
with the observed existence of atmospheres. What is 
the resulting minimum value of the ratio Ve/11 which 
allows the object to retain its own atmosphere? 

5. "Cosmic Collisions" (Sects. 3.7 and 14.2) 

5.1 Employ the present flux of particles at 1 AU dis
tance from the Sun from Fig. 3.32 to estimate how 
large is the probability of collision of the Earth with 
a meteorite or asteroid of radius 1, 10, and 100 km. 

5.2 An asteroid with a radius of 10 km and a density 
of 3000 kg m-3 is assumed to collide with the Earth at 
a relative velocity of 50 km s-1. Assuming that its mass 
remains "together" during the collision, estimate: 

a) How large is the momentum of the asteroid in com
parison to the orbital momentum of the Earth? 

b) How large is the maximum angular momentum 
which could be transferred to the Earth in compar
ison to the its rotational angular momentum? How 
much of a change in the rotational period would be 
produced by such a collision? How long would it 
take for tidal forces (Sect. 2.4.6) to cause the same 
change? 

c) Assume that all the kinetic energy of the aster
oid could be converted into thermal energy of the 
molecules of the Earth's atmosphere. How high 
would the temperature of the atmosphere rise? Com
pare this kinetic energy with the total thermal energy 
of the atmosphere, with the total dissociation energy 
of its molecules (N2: 9.8 eV, 0 2: 5.1 eV), with the 
rotational energy of the Earth, and with the energy 
radiated to the Earth from the Sun in one year. 

5.3 Assume that the mass of the asteroid were dis
tributed evenly over the entire surface of the Earth. How 
thick would the resulting layer be? 



Assume that the mass of the asteroid were 
distributed homogeneously throughout the Earth's at
mosphere up to an altitude of 10 km in the form of dust 
particles of 1 11m radius. Estimate the resulting extinc
tion coefficient (10.10, 11) using Qext ~ Qsca ~ 1, as 
well as the change in the Earth's albedo and its atmo
spheric temperature. Compare the mass of the asteroid 
with that of the Earth's atmosphere. 

6. Asteroids (Sect. 2.4 and Chap. 3) 

6.1 A small asteroid at a distance 3 AU from the Sun is 
supposed to have a radius of 10 km and an albedo of A = 
0.03 (similar to that of the carbonaceous chondrites). 
How high is its effective temperature for very rapid 
and for very slow rotation? Where is the maximum 
in its emitted radiation, assuming it to be black body 
radiation? 

Compare this effective temperature with the values 
given in Table 3.1 for the planets. 

6.2 Is a binary system of two asteroids bound by gravi
tation possible? Assume both asteroids to have the same 
mass .M and calculate numerically using Kepler's 3rd 
law the relationship between their distance and their or
bital period (a) for .M = 1021 kg (corresponding to the 
largest asteroids); (b) for .M of an asteroid with a ra
dius of 10 km and a density of 3000 kgm-3 ; and (c) for 
.M = 1 kg(!). 

How large are the forces on such "binary asteroids" 
at 3 AU distance from the Sun due to other bodies in 
the Solar System? 

6.3 In the story "The Little Prince" by A. de Saint
Exupery (1943), the prince visits a tiny planet which 
has just enough room for a street lamp and a lamp
lighter. The planet has been rotating faster and faster 
from year to year, so that the lamp now has to be lit and 
extinguished once every minute. 

Assume the planetoid to be a sphere of radius 1.25 m 
with a density of 3000 kg m-3. How large are the gravi
tational and the centrifugal accelerations at its equator? 
How long would it take for a stone to fall from an altitude 
of 1m onto its surface? 

Is the centrifugal force sufficiently strong to over
come the frictional force between the standing lamp
lighter (mass 70 kg) and the surface of the planetoid? 
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What is the situation concerning the stability of the 
planetoid at a rotational period of 1 min, if the tensile 
strength of its material is 108 Pa? 

7. Distances and Spatial Velocities of the Stars 
(Sects. 2.2, 6.2, 6.3 and 11.1) 

7.1 How large is the angular distance on the sphere be
tween the two brightest stars in Gemini, Castor (a Gem) 
and Pollux ({3 Gem)? How large is their true spatial dis
tance in [pc]? The coordinates (a, 8) for the Epoch 2000 
and the parallaxes (p) of the two stars are 

a Gem: a= 7h34min35.9 s, 

8 = +31° 53' 18"' p = 0.067"; 

f3Gem: a=7h45min18.9s, 

8 = +28° I' 34" , p = 0.094" . 

7.2 In a star catalogue, the coordinates of Sir
ius (a CMa) for the Epoch 1900 are given as 
a=6h40min44.6s and 8=-16°34'44". Calculate 
its position in the year 2000, taking into considera
tion the precession from Table 2.1, and compare the 
result with the entry in the Bright Star Catalogue. How 
much of a contribution does the proper motion of Sir
ius make (it is - 0.545" yr-1 in right ascension and 
- 1.211" yr-1 in declination)? The radial velocity of 
Sirius is -8kms-1 and its parallax is 0.378". By how 
much does its distance from the Sun change in 100 yr 
due to its radial velocity? Calculate the galactic coordi
nates (I, b) of Sirius and verify the result using Fig. 11.1. 
How large are the components of its spatial velocity in 
the Milky Way? 

8. Sirius A and B - the Fundamental Properties 
ofthe Stars (Sects. 6.3, 6.5 and 8.3) 

The visual binary system a CMa = Sirius has a parallax 
of p = 0.378". Relative to the brighter Sirius A (mv = 
- 1.46 mag), its fainter companion, the white dwarf 
Sirius B (mv = + 8.44 mag) moves on an elliptical orbit 
with a semimajor axis of a= 7.5" and a period of P = 
50.1 yr. The ratio of the semimajor axes of the orbits 
of the two components around their common center of 
gravity is aBfaA = 2.1. 

8.1 How large are the masses .M of the two stars? What 
are the greatest and the least distances of approach of 
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the two components in [AU]? How large are the average 
orbital velocities in the center of mass system? 

8.2 Analysis of the spectra of the two stars yields 
the following effective temperatures and gravitational 
accelerations at their surfaces: 

Teff,A = 9980 K , 

gA = 204 ms-2 , 

Teff,B = 22 500 K , 

gB = 7.1·106 ms-2 

and thus, as bolometric corrections (6.37), B.C.(A) ::::: 
0.2 mag and B.C.(B) ::::: 2.4 mag. Calculate the lumi
nosities L, the radii R, and the average densities (j of the 
two components. To what extent is the mass-luminosity 
relation (6.51) fulfilled by the two components? 

8.3 Interferometry measurements yield an apparent an
gular diameter for Sirius A of 0.0059". Compare this 
value with the spectroscopically-determined diameter. 
For white dwarfs, the mass-radius relation (8.73) is 
given by Rj R0 = 0.0128(.Mj.M0 )-113 . What radius 
does this relation yield for Sirius B? 

9. Radiative Power and Maximum Luminosity 
of the Stars (Sects. 2.3 and 4.3) 

A star reaches its maximum luminosity, the Eddington 
luminosity LE, when the outwardly-directed radiation 
acceleration &ad at its surface is equal to its gravitational 
acceleration g = G.M/ R2 (6.53); for grad > g, there are 
thus no stable stars (A.S. Eddington, 1921). 

9.1 The radiation acceleration is equal to the momen
tum which is transferred to a unit mass per second 
through the absorption of radiation; cf. (2.14), where 
for radiation the momentum is equal to energy I c and c 
is the velocity of light. Show that the following relation 
holds: 

00 

grad=~ I kv,MFvdV, 
0 

where Fv denotes the monochromatic radiation flux 
(4.35, 36) and kv,M is the mass extinction coeffi
cient ( 4.1 09). In a completely ionized hydrogen plasma, 
the radiation force is transferred to the free electrons 
mainly by Thomson scattering with the frequency
independent cross section at (4.132). Show that in this 

case, the Eddington luminosity is given by 

4ncG.M 
LE=---

aT,M 

(where aT,M = aT· ne/ Q ). How large is LE in units of 
the solar luminosity for .M = 1 .M0 ? 

9.2 In the brightest supergiants, absolute bolometric 
magnitudes of Moo! ::::: -10 mag are observed. Calculate 
their maximum masses under the assumption that Mbol 

corresponds to the Eddington luminosity, and discuss 
them in connection with the empirical mass-luminosity 
relation (6.51). 

10. Excitation, Ionization 
and Continuous Absorption 
in the Sun's Atmosphere 
(Sects. 4.3, 7.1, and 7.2) 

In the photosphere of the Sun, in the layer r = 0.1 
the temperature is T = 5070 K, the electron pressure 
is Pe = 0.38 Pa, and the gas pressure is Pg = 4360 Pa 
(Table 7.4 ). What is the electron density ne and the total 
particle density n101 in this layer? 

10.1 Calculate, using the Boltzmann formula (4.88), 
the occupation numbers of the first two excited energy 
states (principal quantum numbers n = 2 and 3) of neu
tral hydrogen relative to the ground state (n = 1). The 
energies are given by 

Xn [eV] = 13.60 ( 1- : 2 ) 

(7 .2), and the associated statistical weights are gn = 2n2• 

How great is the degree of ionization n(HII)/n(HI) 
of hydrogen and how large is the relative fraction of 
negative hydrogen ions, n(H-)/n(HI)? Use the Saha 
formula (4.92, 7.12) and take only the states n = 1 to 3 
into account in the partition function Q0 ofH I. For H II, 
Q is equal to 1. The H- ion has an "ionization energy" 
(electron affinity) of 0.75 eV and only one bound state 
(ground state), Q(H-)=go(H-) = 1. 

10.2 Calculate the contributions of HI and H- to 
the continuous absorption Kt.. of the solar photosphere 
in the layer r = 0.1 at the wavelength ). = 364 nm, 
i.e. on the short wavelength side of the Balmer se
ries limit (compare Fig. 7.7). The atomic absorption 



or photoionization cross sections of HI are given 
by (4.130), where K). = anK(A.) · nn = K).,at • nn (4.109). 
Which energy states n of H I need to be taken into 
account for calculating the photoionization cross sec
tion at the wavelength 364 run? For the H- ion, 
aoK(364 nm):::::: 2.4-10-21 m2. 

How strong is Thomson scattering from free 
electrons ( 4.132) in comparison to K).? 

lL Radiation Transport: Thermal Layering 
of a Stellar Atmosphere (Sects. 4.3 and 7.2) 

The radiation transport equation for an atmosphere of 
parallel plane layers (7.39) in the "grey limit", i.e. for 
an absorption coefficient which is independent of the 
frequency or the wavelength, has the form: 

di 
coslJ-=I-B 

dr ' 
where Tis the frequency-independent optical depth, I= 
j 0

00 Iv dv and B = J0
00 Bv dv = (ajrr)T4 . 

Consider only two directions of radiation propaga
tion, one outwards, cos e = + 1' with the intensity I+' 
and one inwards, cos e = -1, with I-. In this greatly 
simplified two-ray approximation, the mean intensity 
(4.31) is given by J = ~(I++ r) and the radiation 
flux (4.34) by F =I+- I-. 

11.1 Show that on adding the two radiation-transport 
equations for the two directions, cose = ±1, one 
obtains energy conservation, i.e. that in radiation equi
librium J = B, the radiation current F is independent 
of the depth T (F = aTe'k). 

11.2 Subtracting the two equations gives a differential 
equation for J. Solve this equation with the boundary 
condition that at the surface of the star ( T = 0), no ra
diation goes inwards (i.e. I- ( T = 0) = 0), and compare 
the resulting temperature layering T( <) with the grey 
layering (7 .42). 

12. Supernovae and Pulsars 
(Sects. 2.3, 2.4, 4.3, 6.3, 7.4 and 8.2) 

12.1 The bolometric magnitude L(t) of the bright 
supernova SN 1987 A of Large Magellanic Cloud has 
decreased exponentially with time t during the period 
from about 120 d to 800 dafter the outburst. 

Soloctro '""''" I 

For this time interval, determine L(t) approximately 
from the figure. How large is the decrease in magnitudes 
per day? Find the half-life <1;2(SN) of the light curve 
and compare it with the half-life of the radioactive decay 
of 56Co into 56Fe, r1;2 CS6Co) = 77.28 d. 

32 

12.2 How many solar masses of 56Co would be re
quired to explain the observed luminosity L(t) in the 
exponential part of the curve as due to the decay of 
56Co? In the decay of a 56Co nucleus, on the average 
3.6 MeV of energy is released. 

12.3 After about 800 d, the bolometric light curve flat
tens out and, after e.g. 1030 d following the explosion, 
it has a value of 2 · 1031 W, well above the extrapolated 
exponential decrease. A possible explanation for this 
would be an additional energy input from the pulsar 
or rotating neutron star (not yet directly observable) at 
the cost of its rotational energy Erot = ~ ](J}. Calculate 
the moment of inertia J of the neutron star assuming 
that it is a homogeneous sphere (2.67) with a radius 
R = 10 km and a mass of .M = 1.4 .M0 . The pulsar in the 
Crab Nebula (Sect. 7.4.7) changes its period P = 2rrjw 
according to the relation P/ P = 2500 yr (P = dP/dt); 
about 1 I 100 of the decrease in its rotational energy 
Erot emerges as pulsar radiation. Calculate Erot! 100 
and compare the result with the observed luminosity 
of SN 1987 A, 1030 d after its explosion. 

12.4 The neutron star formed by a supernova explosion 
has a surface temperature T of over 2 · 106 K for up to 
100 yr after the outburst. 
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At what wavelength is the maximum of the radiation 
from a black body at T = 2 · 106 K? How large is the 
corresponding luminosity if the radius of the neutron 
star is R = 10 km? 

The X-ray satellite ROSAT could just detect a "point 
source" at a flux of 2 ·10-7 wm-2 (in the energy range 
from 0.1 to 0.3 keV), or 6 · 10-7 wm-2 (for 0.5-2 ke V). 
Could the thermal X-radiation from a neutron star 
formed by the explosion of SN 1987 A with R = 10 km 
and T = 2 · 106 K be observed by ROSAT (distance to 
the Large Magellanic Cloud: 50 kpc)? 

13. Thermonuclear Reactions (Sects. 7.1 and 8.1) 

13.1 Two positively-charged nuclei (with charges Z1e 

and Z2e) separated by a distance r repel each other by 
a force corresponding to the Coulomb potential: 

1 Z1Z2e2 
V(r)=---

4neo r 

(8.15). A nuclear reaction is possible only if the two 
nuclei approach each other to within r0 = w-15 m 
(Fig. 8.1 ). How high is the Coulomb barrier B = V(ro)? 
How great is its thickness ..1 = 8 - ro ::: 8 for a particle 
with the kinetic energy E = ~ m v2 = ~ kT, where 8 is 
given by V(8) = E? Express 8 in units of the de Broglie 
wavelength A= nj(mv). (For simplicity, we assume 
that the nucleus is at rest.) 

According to G. Gamow, the probability for tun
nelling through a Coulomb barrier is P( v) = exp(-2m}) 
(8.16), where 11 is given by: 

1 Z1Z2e2 

TJ= 4neo ~ · 

How does 17 depend on 8? Calculate B, 8, and P(v) for 
the reaction 12C(p, y) 13N from the CNO triple cycle 
forT= 107 and 2 ·107 K. 

13.2 For more precise calculations, the screening of 
the nuclear charges by the electrons in the plasma 
must be taken into account. In the Debye theorie, the 
electrostatic potential then becomes: 

V(r) = V(r)e-r/1'1) 

(8.17), with the Debye length r0 for a completely 
ionized hydrogen plasma of particle density n given 

by: 

ro = .jeokT. 
e2n 

How do B, 8, and P(v) change when the screened 
potential V(r) is used? Taken= 1032 and 1035 m-3. 

13.3 The rate of a thermonuclear reaction is es
sentially determined by the velocity distribution ¢(v) 
of the nuclei, as well as by P(v). We can take a 
Maxwell-Boltzmann distribution (4.86) for ¢(v). At 
what value of v are the two opposed exponential func
tions exp( -bjv) and exp[ -(vfvo)2] equal (where band 
vo are constants)? For what v does the maximum of the 
integrand a(v)v¢(v) in (4.127), the socalled "Gamow 
peak", occur? Assume the interaction cross-section to 
be given by a(v) = const. P(v)jv2• 

14. Energy Release by Accretion 
(Sects. 2.3, 7.4, 8.2, 8.4 and 12.3) 

If a mass m is brought from a great distance onto the 
surface of a sphere having a mass .M and radius R, then 
the gravitational energy 

G.Mm 
L'J.E=---

R 

will be released (8.27). The accretion of matter at a 
rate .M = dmjdt can, if LlE is completely converted to 
radiation, therefore give rise to an accretion luminosity: 

_,dE 1- G.MM La- -
dt R 

(7.109). 

14.1 Calculate La in units of the solar luminosity for 
a mass flux of .M = w-10 .M0 yr-I, typical of close 
binary systems (Sects. 7.4.5 and 7.4.6), onto (a) a white 
dwarf, and (b) a neutron star, each having .M = 1.M0 . 

14.2 In cataclysmic variables, the mass current to the 
white dwarf is not directed radially onto the dwarf, but 
instead into an accretion disk, whereby each mass par
ticle moves inwards on a spiral orbit. Assume that its 
orbit at each moment can be approximated by a circular 
orbit with a Kepler velocity according to (2.60). Show 
using (2.59) that when the "innermost" orbit, close to 



the surface of the white dwarf is reached, only the lu
minosity ~La is obtained. How can the full accretion 
luminosity La be produced? 

14.3 How large is La when a mass .M of matter is ac
creted up to its Schwarzschild radius Rs (8.82)? (Here, 
make the greatly simplified assumption that Newtonian 
gravitational theory can be applied down to Rs.) How 
does La depend on .M? In Sect. 12.3.6, the radiation 
from the nuclei of active galaxies is estimated to be 
ryMc2 where TJ is the efficiency (12.36). How does this 
expression relate to La? 

14.4 The Eddington luminosity LE (see Exercise 9) 
gives an upper limit for the rate of continuous matter 
fall, .M, since when La 2: LE, radiation pressure pre
vents further accretion. How large is the maximum rate 
for accretion onto a white dwarf of mass 1 .M0 , onto 
a neutron star of 1 .M0 , and onto a galactic nucleus 
(Schwarzschild radius Rs) of 109 .M0 ? 

15. The Microwave Background Radiation 
and Interstellar Absorption Lines 
(Sects. 7.1, 7.2, 10.2, and 13.2) 

In the spectrum of the bright 0 star ~ Oph, the follow
ing weak absorption lines of the CN radical have been 
observed, which originate from the two lowest levels of 
CN with the rotational quantum numbers J = 0 and I 
(see figure): 

CN 

B 2~ 

0 

R(O) R(l) P(1) 

2 

X 2L: J 

l 0 

Line 

R(O) 

R( l ) 

P(l) 

Wavelength 
1-[nm] 

387.46 
3 7.39 
387.57 

Equivalent Widl11 Relative /-Value., 
\Vl. [pm] 

0.73 
0.21 2/3 
0.11 1/3 

15.1 Calculate using (7.35) the energy of the level 
J = 1 and the wavelength A.o and frequency vo which 
correspond to the transition (J = 0) ++ (J = 1). The 
rotational constant is B = 1.8910 cm-1• 

15.2 Determine the excitation temperature ("rotational 
temperature") from the ratio of the occupation numbers 
n,/no = n(J = 1)/n(J = 0) according to the Boltz
mann formula (4.88). The lines can be assumed to be 
unsaturated, so that WA is proportional to the absorption 
coefficient K). and thus to the product nfl.6 (7.32). 

15.3 Is the excitation into the level J = 1 caused by the 
microwave background radiation at T = 2.7 K? Verify 
the answer by solving the kinetic equilibrium (4.113) 
for a 2-level atom with J = 0 and J = 1 (cf. Fig. 7.4), 
taking the following processes into account: 

a) Spontaneous emission with an Einstein coefficient 
of A 10 = 1.2-10-5 s- 1; 

b) Stimulated emission, Bwlv, and absorption, B01 lv 
(4.122), where lv is given by the intensity of the 
2.7 K radiation at the frequency v0 (Kirchhoff
Planck function); and 

c) Excitation and deexcitation by electron impact 
(4.128), with Co1 = cxne and a= 2.1 · 10- 12 m3 s-1. 

Assume ne = 105 m-3 for the electron density in the 
interstellar medium (HI clouds), corresponding to a de
gree of ionization of nelnH = 5 . w-4 . What would the 
equilibrium be like for an electron density I 0 times 
higher? 

15.4 Compare the radiation field of the microwave 
background with the general stellar radiation in the 
Milky Way, when the latter is assumed to be diluted 
black-body radiation at T = 104 Kanda dilution factor 
(1 0.14) of 10-15 . How large would the average distance 
between stars have to be (at a mean stellar radius of 
2 R0 ) to make the intensity of the stellar radiation equal 
to that of the 3 K radiation, (a) at A.0 and (b) at the 
maximum of the Planck distribution? 
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16. Identification of Spectral Lines 
and the Red Shift (Sects. 7.1, 12.3, and 13.1) 

The optical spectrum of a radio source exhibits six broad 
emission lines, ordered in decreasing intensity, at wave
lengths of)...= 563.2, 323.9, 579.2, 503.2, 475.3, and 
459.5 nm. Try to identify these lines as Balmer lines 
from neutral hydrogen. What red shift z or radial veloc
ity is found from the Hubble relation (13.2), and to what 
distance does this correspond? What would one predict 
for the wavelengths of Hcr and Lcr with this z? Are there 
plausible identifications for the remaining lines? Is the 
identification definite, or could the observed lines also 
be attributed to e.g. the Lyman series? 

Hint: The laboratory wavelengths of the hydrogen 
lines can be found in spectroscopic tables, or (7 .2) can 
be used. The principal quantum number of the lower 
level is n = 1 for the Lyman series and n = 2 for the 
Balmer series. For further identifications, consider the 
emission lines of other objects, e.g. the Orion Nebula, 
Fig. 10.7. (Here, we are dealing with 3C 273, the first 
quasar, discovered by Maarten Schmidt.) 

17. The Distribution of Galaxies 
(Sects. 12.4 and 13.2) 

In the galaxy survey carried out by the Center for Astro
physics in Cambridge, Mass., a large structure, spread 
out over (at least) 7.5 h in right ascension and 36° in dec
lination (the "Great Wall") was found; in it, the density 
of galaxies is about 5 times higher than their average 
density in the cosmos (Fig. 12.30). This structure has an 
average surface velocity of 8700 km s-1 with a variation 
of only about 500 km s-1 in the radial direction. 

17.1 Calculate the volume and the mass of the "Great 
Wall" as functions of the Hubble constant Ho and 
the density parameter Q = Q/Qc (13.27). How many 
galaxies like our Milky Way would correspond to this 
mass? 

17.2 Estimate the volume of the region which is free of 
galaxies in Fig. 12.30, assuming it to be spherical with 
its center at a::: 15 hand Vrad::: 7400 km s-1. 
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-rotation of 27, 37 
- surface temperature 51, 66 
Earth's atmosphere 67,505 
- exosphere 68 
- extinction of 175 
- magnetosphere 68 
- optical window 99 
- oxygen, enrichment in 511 
- ozone layer 67 
- protoatmosphere 509, 511 
- radiofrequency window 143 
-refraction 12 
- transmission 99 
Earth-Moon system 36, 500 
eclipse 
-lunar 19 
-solar 19 
eclipsing variables 187, 297 
ecliptic 13, 14 
Eddington-Barbier approximation 

209,213 
Edgeworth-Kuiper ring (or belt) 

see Kuiper ring (or belt) 
effective temperature 
- of planets 48 
- of stars 178 
- of stellar atmospheres 205 
-of the Sun 170 
Einstein coefficients 117, 118, 198, 

201 
Einstein's field equations 

see General relativity theory 
electromagnetic radiation 

101 
electron 487 
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electron degeneracy 182, 273, 288, 
291,300--302 

electron-positron pairs 
- and instability, of massive stars 291 
- annihilation radiation 122, 267 
- creation 120 
electron pressure 113, 200, 301 
electron temperature 115, 346, 350 
electron volt 102, 195 
elementary particle physics 317, 487, 

488 
elements, abundance distribution 

see chemical composition 
elements, formation of 

see nucleosynthesis 
elongation 21 
emission 107 
- spontaneous 117 
- stimulated 117, 119 
emission coefficient 107, 119 
emission measure 344 
energy 
-dark 485 
-kinetic 30 
-potential 31, 32 
energy levels, of atoms 195, 221 
- quantum numbers of 116 
energy, conservation of 

see conservation of energy 
epicycle theory 7, 38 
e-process 293 
equation of continuity 237 
equation of state 
- of degenerate electron gas 301 
- of ideal gas 50, 237, 273, 288 
- of planetary interiors 49 
- of stellar interiors 273 
equation of time 15 
equinox 14 
equivalent height 50, 51 
equivalent width 212-214 
era of the Great Unification 489 
escape velocity 35 
eukaryotes 511, 512 
Euler equation 237, 364 
Europa see Jupiter, satellites of 
evolution time, of main-sequence stars 

283,287,374 
excitation 198 
- by electron impact 118 
-thermal 112,198,199 

exoplanets 192, 193, 266, 317, 503 
expansion age, of OB associations 

319,366 
extinction 107, 333 
-Earth's atmosphere 108 
- interstellar 178, 328, 330--332, 337, 

378 

D 
falling stars see meteors 
Fermi-Dirac degeneracy see electron 

degeneracy 
Fermi mechanism 356, 360 
Fischer-Tropsch synthesis, in 

meteorites 500 
flare see solar eruption 
flare stars 249, 251 
flash spectrum see chromosphere 
fluorescence 
-Bowen 345 
flux density 
- magnetic 220 
- radiation see radiation flux 
focal ratio see aperture ratio 
formation of galaxies 455 
fragmentation, and star formation 

369 
Fraunhofer lines 

see absorption lines 
free fall time 280, 364 
free-free radiation 

see bremsstrahlung 
Friedmann-Lemaitre equations 

471-473,492 
Friedmann time 474, 475, 484, 485, 

491 
f value see oscillator strength 

galactic see also Milky Way 
galactic center see Milky Way 

(Galaxy), center of 
galactic coordinates 377, 378 
galactic disk 411, 413, 461, 464,467 
- exponential 463 
- formation by collapse 462 
galactic nucleus 360, 407, 412, 

433-435 

- active (AGN) 425, 442, 443 
- unified model for 443 
galactic star clusters see open star 

clusters 
galaxies see also Milky Way, 313, 

316,453 
- absorption lines 411 
-activity of 316, 424, 434, 443 
- amorphous 407 
-anemic 452 
- angular momentum of 461-463 
-barred spiral (SB) 406, 407 
- BLRG 433, 444 
- brightness profiles of 411 
- cD 408, 410, 452 
- central region 406 
- chemical compositions of 415 
-classification of 314,405, 406,433, 

467 
-D 408 
-diameter of 410, 467 
- disk see galactic disk 
- distribution on the celestial sphere 

405 
-dwarf 408,409,415,417,447 
-dwarf, blue compact 418, 424, 461 
-dwarf, spheroidal 417,422,447, 

461,467 
-dynamics of 411, 414 
-elliptical (E) 406,408,411,414, 

415,417,422,461,467 
-emission lines 411, 433,441,443, 

444 
- energy distribution 416 
-giant E 409, 414, 415, 433, 462 
- halo see galactic halo 
-head-tail 451,452 
- in the early Universe 466 
-infrared 407,422-424,461 
-interacting 316,327,417,452,460, 

461 
-irregular 407,409,417,467 
-jets in 315, 431-433, 439,441 
- lenticular 406 
-luminosity of 408, 410, 421, 467 
-Markarian 424,441 
-masses of 413-415 
- N 408,441 
-NLRG 433 
- nonthermal radio emissions 428, 

443,444 



- normal 402, 428 
- nuclei of see galactic nucleus 
-radio 315,429-433, 445, 482 
-rotation of 411-414 
-Seyfert 441, 442, 445, 446 
-spectra of 411,415, 416 
- spectrophotometry of 416 
-spheroidal component 413, 461 
-spiral (S) 406, 408,411-413, 417, 

419,420,428,461,462,467 
- starburst 418,422,424,425,461 
-surface density of 413 
- variability of 442 
galaxies, evolution of 455, 461, 466, 

467 
- chemical 464 
- dynamic 461 
galaxies, formation of see formation 

of galaxies 
galaxies, halo of 415 
-dark 414, 449 
- radio emissions of 428 
galaxies, individual 
-Andromeda I-III 447 
- Arp 220 (IC 4553) 423-425 
- CenA 157,431-433 
-Cetus 448 
- Cyg A 429, 430, 432, 433 
-Draco 408,409,447 
- Dwingeloo 1 405 
- Fomax 418 
- IC 1613 409 
- LMC see Magellanic Cloud 
- M31 392,402-405,407,408,412, 

413,416,420,446,447 
- M 32 392, 403, 405, 446, 447 
- M 33 407, 416 
- M51 413,420,428,443 
- M 81 413, 419, 420, 423, 443 
- M 82 407, 423, 424 
- M86 451 
- M 87 327, 415, 432, 446, 451 
-MlOO 404 
- M 101 420 
- Maffei 1 405 
- Mrk270 442 
- Mrk290 442 
- NGC 205 392, 403, 405, 447 
- NGC 1052 422 
- NGC 1068 441,442 
- NGC 1265 452 

- NGC 1275 442 
- NGC 2523 407 
- NGC4038/9 460 
- NGC4151 441,442 
- NGC4261 446 
- NGC4449 416 
- NGC 4631 429 
- NGC4697 406 
- NGC 5907 420 
- NGC 6240 423, 424 
- NGC 6251 433 
- NGC 6769/71 frontispiece 
-Sagittarius 448, 460, 461 
-Sculptor 447 
- Sextans 448 
- SMC see Magellanic Cloud 
-Tucana 448 
-Ursa Minor 447 
-IIZw40 418 
- 3C236 449 
galaxies, nuclei of see galactic 

nucleus 
galaxy clusters 316, 405, 410, 446, 

449 
- cD 448 
- classification of 448 
- Coma 448, 450, 453 
-compact 410, 448 
-evolution of 452, 461 
- formation of 455 
- gas in 450-452 
- Great Attractor 454 
-groups 405, 448 
- irregular 448 
-Local Group 405,447,448, 478 
-masses of 449, 451 
- regular 448 
-Virgo 448, 451,452 
-X-ray emissions from 450 
galaxy groups see galaxy clusters, 

groups 
gamma bursters 165, 267 
- distribution of 268, 269 
- energy source of 270 
- identification of 269 
- properties of 268 
- soft repeaters (SGR) 
gamma radiation 262, 436, 437 
- blasars 362, 441 
- diffuse 362 
- extragalactic 362, 442 

S"bject Index I 

- from galactic center 267 
- from solar eruptions 234 
-from X-ray binaries 258, 267 
- galactic 360 
-origin of 121 
- production of 362 
- spectral lines 122, 351, 363 
gamma-ray astronomy 100, 315, 328 
gamma sources, individual 
- CygX-3 360 
- Geminga 266 
- GRB 000301C 270 
- GRB 970228 269 
- GRB 970508 269 
- GRB 980425 270 
- GRB 990123 270 
- GROJ0422+32 267 
- GROJ1655-40 267 
- GRS 1915+105 267 
- SGR 0526-66 270 
- SGR 1900+14 270 
- SN 1987A 262 
- 1E 1740.7-2942 268 
Ganymede see Jupiter, satellites of 
gaseous nebulae, luminous see H II 

regions 
G-dwarf problem 465 
gegenschein (counterglow) 94 
General relativity theory 304, 310, 

313,468 
-field equations 304, 471 
- gravitational waves 191 
- A term see cosmological constant 
- precession of the periastron, of 

binary star pulsars 191, 306 
- precession of the perihelion, of 

Mercury 191, 303, 305, 306 
- tests of 305 
genetic code 508 
geomagnetic field 55 
gf value see oscillator strength 
giant (star) 181, 199, 218, 288, 364 
-red 180,287,294,324,392 
globular (star) clusters 218, 312, 322, 

380,383,394,403,411 
- age of 313, 326 
-blue 326 
-color-magnitude diagrams 

324--326 
- in other galaxies 326 
-luminosity function of 376 
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-X-ray burster 323 
globular clusters, individual 
-M15 266 
- 47Tuc 266 
gluon 488 
Grand Unified Theory see elementary 

particle physics 
granulation, Sun 219, 220 
grating spectrograph 138-141, 168 
gravitation, law of 31 
gravitational constant 32 
- time dependence of 493 
gravitational energy 279 
- in stellar interiors 363, 364 
- of galactic nuclei 445 
- of the Sun 278 
- rate of release 280 
- stellar interiors 278 
gravitational lens 307,317,423,439, 

440,449,483,484 
- micro- 270, 308, 440 
gravitational radius 

see Schwarzschild radius 
gravitational red shift 306 
gravitational waves 166, 292, 309 
greenhouse effect 51 
Grotriandiagram 116,117,195,197 
groups of galaxies see galaxy 

clusters, groups 
guanine 507 
Gunn-Peterson effect 459 

• 
hadron 487 
hadron era 489 
halo, of galaxies see galaxies, halo of 
halo, of the Milky Way see Milky 

Way, halo 
Hayashi line 364 
heliopause 239 
helioseismology 166, 240, 242 
heliosphere 45, 239, 240 
helium 344 
- in disk population 418 
-in halo population 418 
- in the Sun 227 
-primordial (Big Bang) 418,477, 

481 
helium flash 288, 289, 326 
helium fusion (burning) 277, 

286-289,297,326 
helium stars 294, 297 
Helmholtz-Kelvin time 279, 363, 

364,370 
Herbig Ae and Be stars 366 
Herbig-Haro objects 372 
- HH46/47 371, 372 
Hertzsprung gap 322 
Hertzsprung-Russell diagram (HRD) 

163,181,243,282,287-289,319, 
370 

- evolutionary paths on 287, 288 
high-energy astronomy 315 
-instruments for 152 
- physical processes in 119 
high-velocity stars 218, 381, 387, 388 
Holmberg radius 410 
horizon 11, 12 
horizontal branch 324, 326 
hour angle 11 
Hubble constant 440, 468, 470, 473, 

474,482,484,485 
Hubble Deep Field 454, 466, 467 
Hubble diagram 482, 483 
Hubble relation 468 
-generalized 476 
Hubble-Sandage scheme 

see galaxies, classification of 
Hubble Space Telescope (HST) 

see telescope, Hubble Space 
Hubble time 469, 474, 475, 485 
hydrodynamics 237 
hydrogen fusion (burning) 165, 254, 

274,276,282,298,300,326,364, 
370 

hydrogen, 21 em line 315, 328, 337, 
383,414,419,420 

hydrostatic equilibrium 288 
- in planetary atmospheres 50 
- in stellar atmospheres 207 
- in stellar interiors 272, 364 
- of planets 48 
- stability of 280 
HI clouds 328, 337-339 
H II regions 328, 334, 342, 346, 366, 

381,403,418 
- Carina nebula 342 
- compact 344 
- giant 344, 398 
- infrared lines from 345 
- metastable states in 344, 345 

- radio emissions from 345 
- recombination in 344 
- recombination lines from 344 
- Sgr A 396, 397, 399 
- SgrB 398 
- SgrB2 398 
- spectra of 344, 346 
- 30Dor 262 

• image formation, in a telescope 124 
image intensifier 136 
impact craters see planets, impact 

craters 
inflation see Universe, inflationary 
infrared astronomy 312, 316 
instability strip (pulsation) 246, 324 
instrumental profile 212 
intensity see radiation intensity 
interaction cross section 114, 115 
-for photoionization 118 
interactions, fundamental 488 
interferometer 
- correlation 130, 179 
-Michelson 129, 130, 179 
-radio 146 
- radio, very long baseline- (VLBI, 

VLBA) 146, 148 
- speckle 130, 179 
intergalactic medium 458 
interplanetary dust 94 
interplanetary magnetic field 239, 

356,357 
interstellar absorption bands 334 
interstellar dust 330, 337, 341 
- formation of 334 
-in galaxies 420-422 
-polarization by 332-334 
-properties of 332 
- radiation emitted by 334 
-temperature of 334,421 
interstellar matter 312, 328 
- chemical composition of 337 
- dust see interstellar dust 
- dynamics of 387 
- energy density of 358 
- graphite particles in 334 
-hot gas 328, 354, 387, 422 
-in galaxies 418, 419 
- ionization of 336 



- magnetic field of 332, 355 
- molecule formation in 340 
-molecules in 339, 340 
- near the Sun 387 
-neutral hydrogen in 337, 338 
- polycyclic aromatic hydrocarbons in 

335 
- silicates in 335 
interstellar medium see interstellar 

matter 
lo see Jupiter, satellites of 
ionization 198 
- by electron impact 112, 118 
- photo- see photoionization 
-thermal 112, 198, 199 
ionization energy 113, 120, 196 
ionosphere 67 
iron meteorites 90, 91 

• 
Jansky (Jy, flux unit) 144 
Jeans mass 457 
Jeans gravitational instability 368, 

455,496 
jet 
- from galaxies see galaxies, jets in 
- from protostar 372 
- gamma-ray sources 267 
Julian century 16 
Julian day 16 
Jupirer 25,48, 72, 73,75 
- atmosphere of 72 
-crash of comet onto 74 
-inner structure of 74 
-magnetic field of 74 
-rings of 75 
- satellites of 44, 75, 77 

• 
Kepler's laws 7, 14, 33, 34 
kinetic (statistical) equilibrium 116 
- occupation probabilities 199 
Kirchhoff's Law 110 
Kirchhoff-Planck function 109, 206 
Kleinmann-Low object 366, 367 
Kuiper ring (or belt) 25, 86, 87 

• Lagrange point 
70,80,190,226,296 

Larmor frequency 221, 357 
law of mass action 113 
lepton 487 
lepton era 490 
life 513, 514 
- development of 510 
-evolution of humans 513 
-mass extinction of 512 
- material preconditions for 509 
- molecular-biological fundamentals of 

506 
- oldest lifeforms 511 
- on other celestial bodies 514 
-origin of 509, 510 
light deflection, by the Sun 307 
light gathering power, of a telescope 

129 
line profile 214 
liner see galaxies, emission lines 
lithium criterion 300 
LMC see Magellanic Cloud 
Local Standard of Rest (LSR) 379, 

382 
look-back time, in cosmology 

474-476 
Lorentz factor 103, 357,426,439 
Lorentz profile see damping profile 
Lorentz transformation 103 
low-mass stars 370 
luminosity 
- of galactic nuclei 445 
- of galaxies 408 
- of stars 179 
-of the Sun 170 
luminosity class 181, 408 
luminosity criteria, for stars 182, 184 
luminosity distance, of galaxies 476 
luminosity function 373, 375 
-initial 374, 375 
-of galaxies 409, 410, 448 
- of globular clusters 376 
-of open star clusters 374 
- of stars 373, 378 
Luminous Blue Variables (LBV) 

see variables (stars) 
lunar see Moon 
Lyman-a systems 458, 459 

Subj•ct Index I 

II 
Magellanic Cloud 407, 417, 421, 460 
- chemical composition of 417 
-globular clusters in 417 
-Large (LMC) 262, 326, 407,409, 

422 
-Small (SMC) 326,407,422 
Magellanic stream 460 
magnetohydrodynamics 164 
magnitude 162, 174 
-absolute 178, 181, 182 
- apparent 17 4 
- bolometric 178 
main sequence 163, 181, 185, 188, 

324 
-zero age 281, 282, 287, 320, 321, 

325 
main-sequence star see dwarf (star) 
Mars 21,22,43,52,65,514 
- atmosphere of 69 
- interior of 53 
-life on 65 
- satellites of 65 
- surface of 63, 64 
- surface temperature 51 
maser 119, 366 
- OH- 247, 341 
mass function, initial (IMF) 375 
mass-luminosity relation 188, 189, 

281,326,375 
matter density 485 
matter era 491 
matter, dark 314, 380, 389, 390,413, 

415,449,451,457,484,485 
Maxwell-Boltzmann velocity 

distribution 112, 199 
Maxwell's equations 221 
mean free path 114, 115 
Mercury 43, 47, 52 
- exosphere 66 
- interior of 53 
- magnetic field of 55, 57 
- rotation of 60 
- surface of 60 
meridian 11, 15 
meson 487 
metal abundance 323, 324, 393-396, 

417,418,459,464,465 
metallic-line stars 218, 248 
meteorites 25, 90, 498, 509 

549 
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-abundance distribution of 91 
-Allende 93 
- classification of 91, 92 
- impact craters from 90 
- irradiation age of 92, 500 
- isotopic anomalies in 93 
- maximum age of 92 
- Murchison 93, 499 
- origin of 93, 94, 498 
meteoroid 90 
meteors 25, 91 
micrometeorites 95 
microturbulence 203, 215, 220 
microwave background radiation 

317,360,451,477,479 
-anisotropy of 478 
- discovery of 4 77 
- fluctuations of 456, 479 
-mass density of 478 
-optical observation of 477 
-photon density of 478 
-temperature of 478, 481 
Mie theory 333 
Milky Way (Galaxy) 316, 406,446, 

447,464 
- abundance gradients in 394, 395 
- age of 394, 465 
- atomic and molecular hydrogen in 

386 
- bar structure of 396, 398 
-bulge of 380, 381, 390, 395, 411 
-central region of 395, 397 
-disk of 380, 381, 387, 390 
-dust in 384 
-dynamics of 312, 381, 388 
- element synthesis in 465 
- fiat disk of 386 
-gamma radiation from 361-363 
- halo of, gaseous 354 
-halo, dark (outer) 314, 380, 390 
-halo, globular clusters 380, 381, 

389,390 
- halo, radio 428 
- interstellar matter in 383, 396, 464 
- ionized gas in 386 
- magnetic field in 355, 357 
- mass distribution in 389 
-matter density in the Sun's vicinity 

388 
- molecular hydrogen in 386 
- neutral hydrogen in 385, 396 

- nonthermal radio emissions of 428 
- nucleus of see Milky Way 

(Galaxy), center of 
- populations in 392, 393 
- radiofrequency radiation from 426 
-rotation curve of 383, 384, 390 
- rotation of, differential 338, 

382-384 
-spheroidal component of 390, 413 
-structure of 312, 377, 380, 381, 390 
-thick disk 390, 428 
- vicinity of the Sun 37 4, 388 
Milky Way (Galaxy), center of 316, 

390 
-activity 401 
- central star cluster 399, 400 
- circumnuclear disk 398 
- distance from the Sun 383, 395 
-dust in 398 
- dynamics 399 
-gas in 398 
- magnetic field 398, 401 
-mass 399 
- minispiral 399 
- radiofrequency radiation 396, 401 
- Sgr A* (ultracompact component) 

399,401 
- stars in 398, 399 
mira stars see variables (stars) 
MK classification see stellar spectra, 

classification of 
MMT (Multiple/Monolithic Mirror 

Telescope) 132 
model atmosphere 209, 215 
moldavites 92 
molecular clouds 315, 328, 339, 362, 

366,369,370,373 
-giant 339 
- IRC +10°216 340 
-Orion (OriMCl) 340,363,366 
- Sgr B2 339, 340 
-Taurus (TauMCl) 340 
molecular weight, mean 50, 301 
molecules 339 
-carbon monoxide 328, 339, 366, 

367 
- hydrogen 339 
- isotopes 204, 341 
- prebiotic 509 
- rotational energy of 204 
- spectra of 204 

moment of inertia 35 
moment, magnetic 55 
momentum (linear), conservation of 

28,29 
month 
- draconitic 18 
-sidereal 17, 18 
-synodic 17, 18 
Moon 52 
- abundance of elements on 58, 60 
- age of 55, 59 
-craters on 57, 58, 501 
-dust on 58, 59 
- exosphere 66 
- formation of 502 
- horizontal parallax 17, 19 
-ice on 59 
- librations 19 
-line of nodes 18, 20 
-maria 8, 59, 501 
- nutation 18 
-phases of 17, 18 
-radius 17 
-rills on 58 
-rotation 19 
- seismic waves on 53 
- stellar occultation by 20 
- Terra regions 58 
moving clusters 172 
multiplet 197 
- f values, relative 202 
muon 487 
Murchison see meteorites 

• 
nadir 11 
nebulium 328, 342, 345 
neon fusion (burning) 278, 290 
Neptune 9, 23, 48, 83 
- satellites and ring system of 84, 85 
Nereid see Neptune, satellites and 

ring system of 
neutrino 278,285,292,484,490 
- detection of 284 
- electron 284, 487 
-from SN 1987A 262,292 
-mass of 262, 285, 286, 484, 487 
- muon 285, 286, 487 
-oscillations 285, 286 
- supernova 286 



-tau 285,286,487 
neutrino astronomy 283 
neutron 295, 481, 487 
- Big Bang 482 
- in stellar interiors 278 
- p-process 294 
- r-process 294, 465 
- s-process 278, 293-295 
neutron star 165, 256, 291, 297, 302, 

310,348 
- gravitational energy of 303 
-limiting mass of 258, 291, 303 
- magnetic field of 256, 257, 264 
-mass of 257 
- matter in 302 
-pulsar 262 
- remnant star, from supernova 

explosion 261, 291 
- rotating 264 
-structure of 262, 265, 303 
- thermal radiation from 303 
neutronization 291, 303 
Newton's law of gravitation 

see gravitation, law of 
Newton's Laws, mechanics 28 
noise power 145, 149 
non-LTE see thermodynamic 

equilibrium, deviations from 
nova 253,292,297,403 
- accretion disk 253-255 
-dwarf 255 
- energy release 254 
-pre- 253 
- recurrent 254 
-X-ray 258 
novae, individual 
- Cyg 1992 255 
- DQ Her (Nova Her1934) 255 
- TPyx 254 
- USco 254 
nuclear emulsion 153 
nuclear reactions, in stellar interiors 

218,272 
-energy production 274-276, 290 
nuclei of galaxies see galactic 

nucleus 
nucleic acid 507, 508, 510 
nucleosynthesis 459, 464, 465, 467 
-Big Bang 293, 314,481, 491 
-explosive 294, 295, 298 
-in stars 293, 314, 363 

nucleotide 507 
null geodesic 305 
nutation 14 

OB association see stellar association 
objects 
- transneptunian 86 
OHIIR stars 247 
Ohm's law 221, 222 
Olbers' paradox 485 
onion-layer structure 290, 295 
Oort Cloud 24 
Oort cloud 87 
Oort constants 382, 383 
opacity, Rosseland 206, 273 
opposition 21 
optical thickness (depth) 108, 212, 

213,346 
-for 21 em line 338 
Orion 342, 344, 363, 366-368, 372, 

373 
Orion Nebula 366, 374 
oscillator strength 118, 201 

II 
parallax see stellar parallax 
parsec 171 
particles, energetic 121 
partition function 112 
P Cyg profile 251, 252, 347 
penumbra,ofsunspot 222 
peptide chain 506 
perihelion 13, 14, 23 
period-luminosity relation 245, 312, 

380,383 
Phanerozoic 512 
phase angle, of planets 21 
Phobos see Mars, satellites of 
photodisintegration 278, 291 
photographic plate 135 
photoionization 
-X-ray region 119, 120 
photoionization model, for galactic 

nuclei 444 
photometry 136 
photomultiplier 136 
photon 102,481,488,491 

Subjo<t l"d"' I 

- high-energy 119 
photon density 106, 485 
photon era 490 
photosphere 163, 167, 168, 207 
photosynthesis 505, 511 
pion 153,362,487 
plages, chromospheric 227 
Planck function 

see Kirchhoff-Planck function 
Planck time (mass, length) 486 
planetary atmospheres 50, 51, 66 
- chemical composition 51, 66 
- convection 50 
- escape velocity 51 
- exosphere 51 
- hydrostatic equilibrium 50 
- magnetosphere 51 
- temperature gradient 50 
planetary nebulae 142, 289, 346-348 
- central star of 289, 295, 346 
-condensations in 347 
- expansion of 346 
planetary orbits 20, 22, 34, 38, 306, 

494 
- eccentricity 23 
- motion, direct and retrograde 20, 

38 
-nodes 23 
- orbital elements 22, 23 
- period 22, 23 
planetary system see Solar System 
planetary systems, around other stars 

see exoplanets 
planetesimals 495, 498, 501, 509 
planetoids see asteroids 
planets 46, 66, 504 
-albedo of 47, 48 
- earthlike 494 
- effective temperature 48 
- energy balance of 48 
- hydrostatic equilibrium 48 
- impact craters 66, 495 
- major 72, 494 
-mass distribution, internal 47, 53 
- moments of inertia of 52 
- orbits of see planetary orbits 
-physical structure of 47 
- plate tectonics 62, 66 
- rotation of 46, 494 
- small see asteroids 
- structure, inner 48 
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- surfaces of 60 
- transneptunian small 

see transneptunian objects 
plasma frequency 234 
Plutino 86 
Pluto 9, 23, 84, 85, 495 
polar altitude 11, 12 
Population see stellar populations 
position, of stars 14 
positron 487 
p-process see neutron 
prebiotic molecules see molecules 
Precambrium 510 
precession 6, 14, 15, 36 
pre-main-sequence stars 251, 364, 

365 
profile function 117, 201, 202 
prokaryotes 510, 511, 514 
prominences 231,232 
proper motion 172, 173, 379 
proportional counter 153, 158 
protein 507 
protogalaxy 317,457,459,461,462, 

464,465,467 
proton 481, 487 
- decay of 488 
proton-proton chain 276, 282, 293 
protostar 339,364-366,369-373 
pulsar 262, 302, 360, 362 
- age of 264, 266 
-binary star 166, 191, 297, 305, 310 
-Crab 157,264,265,350 
-Geminga 264,266 
- millisecond 191, 266 
- period of 262, 264 
- spatial velocities of 266 
-Vela 264 
pulsation period, of stars 241, 245 

II 
quadrature 21 
quadrupole radiation, electric 197, 

345 
quantum vacuum 485 
quantum yield 136, 137 
quark 487 
quark era 489 
quasar 315,317,433,434,444,446, 

483 

- absorption lines of 437, 459 
- cosmological explanation 439 
- emission lines of 434 
- luminosity of 435 
-mother galaxies of 435 
-OVV- 441 
- radio emissions of 436 
- relativistic intensity enhancement of 

438 
- spatial density of 435 
- spectral energy distribution of 435 
- structures of 437 
- total energy of 439 
- variability of 436, 438, 439 
-X-ray emissions of 436 
quasars, individual 
- BL Lac (2200 + 420) 440 
- H 1413 + 117 (cloverleaf) 440 
-Mrk421 441 
-Mrk501 441 
- PG 1115 +08 440 
- PKS 2000--330 434, 435 
- Q 2237 + 0305 (Einstein cross) 440 
- QSO 0957 + 561 (twin quasar) 

308,439,440 
- QSO 0054 + 144 436 
- SDSS J1044- 0125 435 
- SDSS 1114816.64 + 5251503 435 
- 3C 273 434, 435, 437, 438, 442 

• 
radial velocity 26, 163, 172, 245, 

338,379,383 
radiation 
- black-body 109 
- Cherenkov 153 
- flux density 105 
- nonthermal 110, 121, 426 
-thermal 109, 303,426,436 
radiation density 106 
radiation equilibrium 163, 206, 364 
- in stellar atmospheres 206 
- in stellar interiors 273 
radiation era see photon era 
radiation flux (density) 105, 206, 

210,426 
radiation intensity 104, 209, 213 
-from a layer of matter 108, 109 
-mean 105, 116 

- relativistic enhancement of 438 
radiation power 144 
radiation pressure 107, 253 
radiation processes 116, 118 
radiation temperature 144 
radiation theory 
-fundamentals of 104, 106 
-units 106 
radiation transport equation 107 
- for stellar interiors 273 
- in stellar atmospheres 206 
radio astronomy 312, 315 
radio pulsar see pulsar 
radiotelescope see telescope 
rate equations 116, 200 
rate of star formation 467 
Rayleigh-Jeans law 110, 425 
R Coronae Borealis stars 247 
reaction rate 114-116 
recombination 118, 336 
recombination lines 399 
red shift 476 
-in cosmology 317,468,476,480 
-of galaxies 405, 416, 466--468, 483 
- of quasars 434, 483 
reddening, interstellar 330 
reflection nebulae 330 
reflector (mirror telescope) 124, 126 
refractor (lens telescope) 124, 125 
relativistic astrophysics 304 
resolving power 
- of grating spectrograph 139 
-of telescope 128, 144 
rest energy 104 
rest mass 103 
right ascension 11, 12 
Robertson-Walker metric 471,475 
Roche surface 190, 296 
Roche's stability limit see stability, of 

satellites 
rocketequation 39 
rotation measure 355 
rotation, Earth 17 
r-process see neutron 
RR Lyrae stars 244, 246, 324, 380, 

394 
RS Canum Venaticorum stars 251, 

297 
Russell-Vogt theorem 281 
RV Tauri stars 245 
RW Aurigae stars see T Tauri stars 



• 
Sagittarius 
- Sgr A see H II regions 
- Sgr A* (ultracompact component) 

see Milky Way (Galaxy), Sgr A* 
- Sgr B2 see H II regions or 

molecular clouds 
Saha equation 113, 198 
Saros cycle 20 
satellites, artificial 39 
- space stations 41 
- Sputnik 1 40 
-Vostok 1 41 
satellites, astronomical 
- ASCA 40, 159 
- BeppoSAX 268 
-Chandra 40, 159, 264, 303, 348, 

350,450,459 
- Compton Gamma Ray Observatory, 

(CGRO) 40, 155, 156, 234, 266, 
267,269,351,361-363 

-Copernicus (OA0-3) 141, 177, 335 
- COS-B 155, 156, 266, 361 
- Cosmic Background Explorer 

(COBE) 40, 148, 456 
-Einstein Observatory (HEA0-2) 

40, 158 
-European X-Ray Observatory 

Satellite (EXOSAT) 40, 158 
- Extreme Ultraviolet Explorer 

(ElrVE) 40,157,160,387 
- Far Ultraviolet Spectroscopic 

Explorer (FUSE) 40, 142 
- Ginga 40 
- HALCA 40, 147 
- HIPPARCOS 40, 171 
- Hubble Space Telescope 

see telescope, Hubble Space (HST) 
- Infrared Astronomical Satellite 

(IRAS) 24,40, 151,177,420-422 
- Infrared Space Observatory (ISO) 

40,151,421,422,425 
-Integral 40, 155 
- International Ultraviolet Explorer 

(IUE) 40,141,142,184,255,354 
- Orbiting Solar Observatory (OSO) 

41 
- ROSAT 40, 159, 250, 266, 350, 

351,435,450 
- Solar Maximum Mission 226 

- Spitzer Space Telescope (SST) 40, 
100 

- Submillimeter Wave Astronomy 
Satellite (SWAS) 148 

- Transition Region And Coronal 
Explorer (TRACE) 226 

- UHURU 157 
-X-Ray Multi-Mirror Mission (XMM) 

Newton 40, 159, 450 
satellites, astrononical 
-Spitzer Space Telescope (SST) 419 
Saturn 44, 48, 77 
- atmosphere of 78 
- interior of 78 
- magnetosphere of 78 
- rings of 78-80 
- satellites of 78-80 
scattering 107, 119 
- in stellar atmospheres 208 
-Thomson 119, 120 
Schmidt camera 138 
Schwarzschild metric 305 
Schwarzschild radius 305 
scintillation detectors 153, 158 
S Doradus stars 251 
seasons 13 
seismic waves 52 
selection rules, for dipole radiation 

197,204 
sidereal time 11 
silicon diode 137 
six color system 177 
Skylab mission 41, 158, 226 
Sloan Digital Sky Survey (SDSS) 

435 
SMC see Magellanic Cloud 
soace probes 
-WMAP 485 
SOHO (Solar and Heliospheric 

Observatory) 226, 240 
solar activity 164 
- activity centers 223 
- cycle of 223 
- dynamo theory of 225 
solar atmosphere 209 
- mechanical energy current 231 
- shock waves in 231 
solar constant 48, 51, 170 
solar corona 167, 228 
solar eruption (flare) 233 
solar motion 379, 382 

Subject Index I 

solar nebula 494, 496, 509 
solar parallax 26, 27, 167 
solar spectrum 167, 212 
-center-limb variation 163, 168, 169 
-continuum 169 
-energy distribution of 169, 170 
- radiation intensity of 168 
-total radiation flux 169 
Solar System 371, 494 
- accretion disk 496 
- age of 55, 495 
- cosmogony of 495, 497 
-Jupiter-Sun system 192 
-proto 496 
solar wind 95, 236, 238, 240, 357 
source function 108, 200, 210 
space probes 
-Apollo 42 
- Cassini 44 
- Clementine 42 
-Deep Space 1 71 
- Galileo 44, 45, 71, 72, 74, 77 
- Giotto 45 
- Helios 45 
-Luna 42 
- Lunar Prospector 43, 58 
- Magellan 43, 60, 62 
- Mariner 43, 60, 63, 66 
-Mars 43 
-Mars Climate Orbiter 43 
- Mars Exploration (Spirit, 

Opportunity) 63 
- Mars Exploration (Spirit, 

Opportunity) 43, 63, 64 
- Mars Express 43, 64 
- Mars Global Surveyor 63, 64 
- Mars Odyssey 64 
- Mars Pathfinder 63, 65 
- Mars Polar Lander 43 
- NEAR Shoemaker 45, 71 
- Phobos 43, 66 
- Pioneer 43, 72, 78, 80, 239 
-Pioneer Venus 43, 61, 69 
- Stardust 45 
- Ulysses 40, 45, 95 
-Vega 45,68 
- Venera 43, 60, 62 
-Viking 43,63,64,66,69 
-Voyager 44, 72, 73, 76-78, 80, 83, 

85,239 
- WMAP 457, 469 
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IS,bject lode< 

space research 
- astronomical satellites 40 
-Moon 42 
- Solar System 43 
Space Shuttle 41 
spallation 358 
spark chamber 153 
spatial velocity, of stars 172, 378, 379 
special relativity theory 102 
speckle interferometry 

see interferometer 
spectral analysis, Kirchhoff and 

Bunsen 162, 163 
spectral classification see stellar 

spectra, classification of 
spectral type (or class) 180, 183 
spectrograph 
- echelle 141 
-of Hubble Space Telescope 141, 

143 
- optical 138 
spectroheliogram 226 
spectrometer 150, 152, 156, 158, 159 
-X-ray 158 
spectrum synthesis 212 
speed of light see velocity of light 
spheroidal component see Milky 

Way or galaxies 
spicules, chromospheric 227 
spiral arms 381, 406, 452 
- 3 kpc arm 386 
- density waves in 391 
- dynamics of 390 
- of the Milky Way 385 
s-process see neutron 
stability, of satellites 80 
star clusters, galactic see star 

clusters, open 
star clusters, individual 
-hand x Persei 318, 319, 321, 322 
-Hyades 173,318,319,324 
- Liller 1 259 
- M3 325,376 
-Mil 319 
- M 13 = NGC 6205 322, 323 
- M 15 323, 418 
- M67 319 
- M 92 324, 325, 394 
- NGC 188 319-322, 325, 394 
- NGC 1866 (LMC) 326 
- NGC 2264 365 

-NGC2362 319,321 
- NGC 3680 319 
- NGC 6624 258 
-NGC7789 319 
- w Cen 322, 323 
-Pleiades 318, 319, 322, 330 
- Praesepe 319, 320, 322 
- 47 Tuc 322, 325, 326 
star clusters, open (galactic) 318, 

365,380 
-age of 322 
-color-magnitude diagrams of 282, 

289,319-321 
- luminosity function of 374 
- Praesepe 320 
star formation (stellar genesis) 315, 

328,363,366,369,417,424,461 
-burst of 418, 424 
star formation rate 376 
star formation regions 313, 316, 319, 

344,366,367,420,424 
star parallaxes 162, 171, 172 
-stream 172 
star populations see stellar 

populations 
Stark effect 203 
stars 
- activity of 248 
- apparent magnitudes of 174 
- brightness of 248 
-center-limb darkening 185 
-chromospheres of 164, 248 
- collapse of 291 
- companion, with substellar mass 

192 
-coronas of 164, 249-251, 253 
- effective temperature of 178, 189 
-galactic orbits of 387, 389 
-high-velocity 312 
-luminosity class of 183 
-luminosity of 189, 274 
- magnitudes of 178, 179, 189 
-mass losses of 249, 252 
-masses of 162, 188 
-oldest 218 
-radius of 179, 189 
-rotation of 185, 188, 249, 250 
- structure of see stellar interior 
- surface gravity of 189 
-variable see variables (stars) 
stars, individual 

-a Boo (Arcturus) 217 
- aCen 171, 179,329 
-a CMa (Sirius) 187 
-a CMaB (Sirius' companion) 182 
- aCru 329 
- a 2 CVn 247 
-aCyg(Deneb) 174,182,217,251 
-a Gem (Castor) 188 
-aLyr(Vega) 174-177,209,210, 

217,504 
-a Ori (Betelgeuse) 179, 180, 250 
- aPsA 504 
-a Sco (Antares) 180 
- aUMa 250 
-Barnard's Star (BD + 4°3561) 192 
- fJCen 329 
- fJCet 250 
- fJDra 250 
- fJGem 217 
- fJLyr 297 
- f3 Per (Algol) 162, 187, 297 
- f3 Pic 504 
- f3 Vir 217, 218 
- 8Cep 394 
- 8 Ori 335, 367 
-ryBoo 242 
-ryCar 131,251,342 
- sOri 367 
-sVir 217,218 
- FGSge 295 
- G64-12 (Wolfl492) 394 
- Gliese 229 194 
- Gliese 876 504 
- HD 16141 503 
- HD 114762 193 
- HD 122563 217, 394 
- HD 140283 217,218,394 
- HD 161817 217, 218 
- HD 168443 504 
- HD 209458 503 
- HD49674 503 
- HE0107-5420 394 
-tHer 217 
- o Cet (Mira) 180, 243, 245 
- PCyg 251, 253 
- RCas 180 
-RDor 179, 180 
-RLeo 180 
-SAnd 403 
-SDor 251 
-SCrA 370 



- o' Ori 366, 373 
-01 OriC 374 
- rSco 209,210,217,218,253 
- V 1500Cyg (Nova Cyg 1975) 254 
- V 1974Cyg (Nova Cyg 1992) 254 
-van Maanen 2 217 
- WHya 180 
- v And (HR 458) 503 
- ~Oph 336 
- ~ Ori 367 
-~Per 217 
-~Pup 253 
- ~ UMa (Mizar) 162, 187 
- 10Lac 217 
-16CygB 503 
-51 Peg 193, 503 
- 61 Cyg 162, 171 
starspots 247, 249 
statistical weight 111, 113, 198 
Stefan-Boltzmann radiation law 110 
stellar association 319, 366, 381 
stellar atmosphere 164 
- absorption coefficients of 207 
-chemical composition of 205, 217 
-effective temperature of 205, 206 
- energy transport in 205 
-grey 206 
- hydrostatic equilibrium 207 
- non-grey 207 
- number of absorbing atoms, effective 

214 
- radiation equilibrium in 206 
- radiation pressure in 207 
- structure of 205 
- suface gravity of 205 
- temperature distribution of 206 
stellar collapse 280 
stellar disk, mean intensity of 106 
stellar evoluion 
- initial phases 363 
stellar evolution 164, 165, 282, 365, 

391 
- angular momentum in 370 
- close binary stars 297 
-final stages of 289, 300 
- initial phases of 369 
-late phases 289, 346 
-mass loss 287-289, 347 
- onion-layer structure 290 
- towards helium burning 286 
stellar interior 164 

-absorption coefficient in 274 
- energy production 277 
-energy transport 273, 274 
- equation of state 272 
- fundamental equations 281 
- gravitational energy 278 
- hydrostatic equilibrium 272 
-ionization 274 
- molecular weight in 273 
- neutrinos 275 
-radiation field 274 
-stability 280, 291 
- structure of 272, 300 
- temperature of 273, 279 
stellar parallax 379 
stellar photometry 162, 17 4, 179 
stellar populations 312, 392, 393, 

415,416 
- disk population 314, 394 
-halo population (II) 314, 323, 392, 

393,464 
-Population I 246, 321, 392 
- Population II 246, 326, 376, 392, 

465 
- Population III 376, 465 
- spiral arm Population (I) 394 
-spiral-arm population (I) 314 
stellar position 173 
stellar spectra 162, 163, 168, 210, 

249 
-analysis of 215 
- center-limb variation of 179 
-classification of 163, 180, 183, 198 
- color temperature from 176 
- energy distribution 175, 211 
-true continuum in 212 
stellar statistics 312, 378 
stellar wind 164, 250--252, 347 
stone meteorites 91 
stratosphere 67 
Stromgren photometry 177, 331 
Stromgren sphere 342 
subdwarf 218, 325 
subgiant 184 
Sun 158, 209, 250 
- acoustic waves 231, 240, 241 
-bursts 234 
-chemical composition 216, 217, 

283 
-density, mean 167 
- distance modulus of 178 

Subject Index I 

- effective temperature of 170 
- energy transport, mechanical 231 
- faculae 222 
- flux tubes, magnetic 223, 225, 230 
- future evolution of 514 
- gravitational energy 278 
- helium in 283 
- hydrogen burning 282 
- hydrogen convection zone 220 
-isotope ratios in 217 
- luminosity of 170, 282 
-magnetic fields on 219 
- magnitude of 178 
-mass of 35, 167 
- mean density of 35 
-neutrino radiation from 166, 284, 

285 
- radiation temperature of 170 
- radio emissions, non-thermal 234 
- radio emissions, thermal 230 
-radius of 35, 167 
-rotation of 167, 223, 242, 243 
- structure of, internal 283 
- temperature of interior 273 
-X-ray emission of 230 
sunspots 222 
- evolution of 223 
- groups of 222 
- relative number of 223 
Sunyaev-Zeldovich effect 451 
superclusters of galaxies 316, 452 
-Coma 453 
-Virgo 453 
supergiant (star) 182 
supergranulation, Sun 219, 220 
superluminal velocity, apparent 267, 

434,437,438 
supernova remnants (SNR) 347, 360 
-Cas A 261,348,350,351,353,363 
-Crab nebula 261, 348, 349, 352 
- Cygnus arc 352 
- excitation of 347 
- expansion of 348 
- gamma radiation from 363 
-optical 351 
-PupA 351 
- radio emissions of 352 
- RX 10852.0-4622. 353 
- SN 1987A 353 
- SNKepler 351 
- SNTycho 351, 352 
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-types 352 
-Vela 348, 349, 351, 352 
-X-ray emission from 352 
supernovae 259,270,290,295,360, 

363,403,469,483 
- classification of 260 
- energy of 292 
-energy release of 261 
- historical 260, 349 
-in other galaxies 260, 261 
-light curves of 260, 261, 292 
-neutrino emission from 261, 262, 

291 
- origins of 261 
- pre- 262, 295 
- SN 1572 Tycho 243, 261 
- SN 1604 Kepler 243, 259, 261 
- SN 1987A in LMC 261,262,292, 

353,363 
- spectra of 260 
-theoretical model for 291, 292 
-types 260 
supernovaela 485 
synchrotron electrons 429 
- energy density of 428 
-lifetime of 427, 433 
- origin of 429 
synchrotron radiation 122, 315, 349, 

350,352,354,355,359,396,401, 
425,427,431,433,436 

- emission coefficient of 427 
-theory of 426 

D 
T association see stellar association 
technetium, in giant stars 218 
tectites 92 
telescope 
-achromatic 123 
-focusing arrangements 126, 127 
-for cosmic radiation 154 
-for particles 154, 155 
-Galilean 8, 123, 124 
- gamma-ray 155, 156 
- Gran Telescopio Canarias (GTC) 

135 
-Hubble Space (HST) 40, 142, 316, 

322,324,335,347,348,353,373, 
374,404,449,454,466,469 

- infrared 151 
- Keck 134 
- Keplerian 123, 124 
-large 132 
- Large Binocular (LBT) 135 
-magnifying power 124 
- mm- and sub mm- 148 
-mounting of 125, 126 
- Multiple/Monolithic Mirror (MMT) 

132 
-New Technology (NTT) 133, 134 
-optical 98, 123, 132, 142 
-radio- 143, 145, 236 
-Schmidt 128 
- Spacewatch- 70 
- Subaru 134 
- synthesis, radio 146 
-tower (solar) 140, 141 
-ultraviolet 141, 142, 160 
-Very Large (VLT) 133-135, 316 
-Wolter 158, 159, 229 
-X-ray 158, 229 
tensile strength, of satellites 49 
thermodynamic equilibrium 109, 

111, 198, 201, 489 
-deviations from 199, 211, 229, 341, 

510 
-local (LTE) 111, 209 
thermonuclear reactions 275, 276 
3cx process see helium fusion 

(burning) 
3 kpc arm see spiral arms 
3 K radiation see microwave 

background radiation 
thymine 507 
tidal friction 188 
tides 36, 76 
- acceleration 37 
- friction of 37, 500 
-interaction of galaxies 423, 425, 

448,460,461 
time 15, 16 
- ephemeris (ET) 17 
- mean solar 15 
-sidereal 12, 15 
-true solar 15 
-universal (UT) 15, 17 
Titan see Saturn, satellites of 
torque 29, 30, 36 
transition layer chromosphere/corona 

231 

transition, atomic 117 
- bound-bound 117 
-forbidden 337, 345 
- free-bound 117 
- free-free 117 
transneptunian objects 9, 84 
transneptunian objects, individual 
- 1992 QB 1 86 
-1996TL 86 
-2004DW 86 
- Ixion 86 
- Quaorar 86 
- Sedna 87 
- Varuna 86 
Triton see Neptune, satellites and 

ring system of 
tropic 13 
tropopause 67 
troposphere 67 
TTauri stars 251, 365, 370 
Tully-Fisher relation 414 
two-color diagram 185, 323, 324, 

332,434 

• 
UBV system 175, 331 
U Geminorum stars 255 
Universe 
- age of 313, 484 
-cosmological models of 491 
- density fluctuations in 457 
- density parameter of 473, 483-485, 

491,492 
- density, critical 485 
-development of (evolution) 486, 

489,490 
- earliest stage 477 
- early stages of 317 
-Einstein-de Sitter 474, 475 
-eras 489 
- evolution of 317 
-expansion of 313, 455, 468, 471, 

485,489 
-inflationary 485,491 
- initial stages of 455 
-matter 474, 475, 478 
-matter density of 474, 483 
-parameters of 491 
-radiation 474, 479, 480 



-scale factor 470, 471, 474, 476, 480 
- standard model of 473, 485, 489 
- steady state 492 
- stellar radiation in 486 
- structure of 316, 453, 455, 458, 459 
uracil 507 
Uranus 8,23,48,80 
- satellites and ring system of 82, 83 
UV ceti stars see flare stars 
UV excess 324, 393 

• variables (stars) 243, 244, 468 
- cataclysmic 253 
- eruptive 253 
- Hubble-Sandage- 251 
- luminous blue 251 
-Mira (long-period) 180, 245, 247 
-nomenclature 243 
- pulsating 244 
- semiregular 245 
- spectrum see Ap stars 
velocity dispersion 
- in elliptical galaxies 414 
- in galaxy clusters 449 
velocity of light 26, 27, 101 
Venus 21,43,45,47,52,69 
- atmosphere of 68 
- interior of 53 
-phases 21 
- rotation of 60 
- surface of 60-62 
- surface temperature 51 
virial theorem 31, 35, 279, 280 
VLA (Very Large Array) 147 

VLBI (Very-Long Baseline 
Interferometer) see interferometer 

Voigt profile 203, 204 

white dwarfs 165, 182, 184, 218, 
253,255,289,292,297,300,374 

-limiting mass 289-291, 302 
- mass-radius relation for 302 
- structure of 302 
Wien's displacement rule 110 
Wien's Law 110 
Wolf-Rayet stars 185, 253, 292, 294, 

297,363 
worldview 
- Copernican 37 
-geocentric 7, 37 
-heliocentric 6, 7, 20, 37 
- Ptolemaic 37 
W Virginis stars 244, 246, 312,403 

X-ray astronomy 315 
X-ray bursters 258 
X-ray emission 354, 415, 422, 431, 

436,442,452 
- energy source through accretion 

256 
X-ray pulsars 256 
X-ray sources 253 
- binary star systems 256, 257, 266 
- galaxy clusters 450 
- quasars 435 
- stellar 251, 365 

Subject Index I 

- supernova remnants 349 
X-ray sources, individual 
- burster4U 1820-30 258 
- CenX-3 257 
- Crab nebula 350 
- CygX-1 258 
- CygX-3 157,258 
- GROJ1655-40 267 
- GROJ1744-28 259 
- GRS 1915+105 267 
- HerX-1 (HZ Her) 256-258 
- LMCX-1 258 
-LMCX-3 258 
- M87 415 
-rapid burster MXB 1730-335 259 
- SS433 259 
- VelX-1 =HD77 581 257 
-X-ray nova Muscae 258 
- IE 1740.7-2942 268 

a 
year 16 
YY Ori stars 370 

Z Camelopardalis stars 255 
Zeeman effect 221, 223, 355, 357 
zenith 11, 12 
zero age main sequence (ZAMS) 

see main sequence, zero age 
zero geodesic 475 
zodiac 13 
zodiacallight 94 
ZZ Ceti stars 245 
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Fundamental Physical Constants1 

Constant 

Gra\ itational con tant, G 
Velocity of light in vacuum, c 
Magnetic field constant, J.l.o 

Electric field constant. t o 

Planck's constant. h 
h = hj27f 

Elementary (electron's) charge. e 
Atomic mass unit. mu = u 
Re t mass of the 

proton lllp 

neutron 111 0 

electron 111 c 

hydrogen atom 11111 

mp/llle 
pecific charge or the electron. efme 

Avogadro's number, N.t>. 
Univer algas constant, .'R. 
Boltzmann' c nstant, k 
Fine- tructure constant. et 

Compton wavelength of the 
proton J\p 

electron J\c 

Classical electr n radius, rc 
Thorn on cro section, GT 

Rydberg's con ·tant, R'Xl 

I . t Bohr radiu~. ao 
Planck's radiation constant, C:! 

Stefan- Boltzmann 
radiation con, tant, a 

Sl L'nit 

6.673 · 10 I I m3 kg I s- 2 

2.9979-IOH ms- 1 

1.2566·10 6 mkg 2 A-2 
= VsA 1 m-1 

8.8542-10 12 m-3 kg- 1 4 A2 

=AsY 1m- 1 

6.6261. 10 34 m2 kg~-!= h 
1.0546 · I 0 34 J s 
1.6022·10- 19 ~ = C 
1.6605. 1 o-n kg 

1.6726 · 10- 27 kg 
1.0073 u 
1.6749. 10-27 kg 

1.0087 u 
9.1094·10- 31 kg 
5.4858. w-4 u 
1.6736. 10-27 kg 

1.0078 u 
1.8362. 10~ 
1.758·1011 Ckg- 1 

6.0221 · 1023 mol- 1 

8.3145 J mol- 1 K- 1 

1.3807. 10- 23 1 K- 1 

7.2974·10- 3 = 1/137.036 

1.3214·10- 15 m 
2.4263·10- 12 m 
2.4263. 10-2 

2.8179·10- 15 m 
6.6525. 10- 29 m2 

1.0974 · 107 m- 1 

1/911.27 - I 

5.2918·10- 11 m 
1.4388. 10- 2 mK 

5.6704. 10- 8 Wm 2 K-4 

Gaussian Units 

6.673 · I o-8 cm3 g 1 

2.9979-10 10 cms- 1 

6.6261 · 10 27 erg 
1.0546 · 10-27 erg · 

4.8032 · 10- 10 esu 
1.6605. 1 o-24 g 

I .6726 · I o-24 g 

1.6749 . 10- 24 g 

9.1094 · 10-lX g 

1.6736. 10-24 g 

5.2728 · 10 17 esu g-1 

8.3145 · 107 erg mol- 1 K- 1 

1.3807. I0- 16 erg K - 1 

1.3214 · 10- 13 em 
2.4263 · I o- 10 em 

2.8179·10- 13 cm 

6.6525 · I o-25 cm2 

1.0974 · 105 cm- 1 

5.2918·10- 9 

1.43 8 
em 
cmK 

1 All numerical values were rounded to 5 significant digits. For more precise values (with error limits) see P.J. Mohr, 
B.N. Taylor: CODATA recommended values of the fundamental physical constants: 1998. Rev. Modem Phys. 72 351 
(2000) . 



Astronomical Constants and Units 

A tronomical unit 

Parsec 

Sidereal year 
Tropical year 
Magnitude 

Ecmll: 
Equatorial radiu 
Mass 

olar con tant 

Sun: 
Radiu 
Ma 
Luminosity 
Effective temperature 
Surface gravity 
Absolute vi ual magnitude 

Milky Way: 
Di tance Sun - galactic center 
Rotational velocity 

Rotational period 
Oort con tant 

Universe: 
Hubble con tant 

h = Ho/(50km - I Mpc- 1) 

Hubble time 

Critical den ity 

Temperature of th 

microwave background radiation 
Planck time 

I AU= 1.496-10 11 m 
= 499.0 light second 

lpc =3.086-L016 m=2.063·105 U 
= 3.261ight years 

365.256d = 3.1558 ·107 

365.242 d = 3.1557 . 107 

I mag corre pond to a 
brightne ratio of 2.5 12 = I 0°·4 

RE = 6.378 ·106m 
.ME= 5.973 · 1024 kg 
S = 1.37 kW m-2 

R0 = 6.960· 108 m 
.M0 = 1.989 · I (}lO kg 
L0 = 3.846 · 1026 W 
Tetr.0 = 5780 K 
g0 =2.736·102 ms- 2 

Mv.0= 4.87 mag 

Ro = 8.5 kpc 
v0 = 220km - I 

wo =26kms- 1 kpc- 1 

to = 2rr/wo = 2.4 · 108 yr 
A 14kms- 1 kpc- 1 

B = -12 km s- 1 kpc- 1 

Ho = 50h kms- 1 Mpc- 1 

ii ~ 1.4 
ro =I/Ho=6.2·I017 ii- 1 

= 19.6·109 "h-I yr 
Oc.O = 4.7 · 10- 27 jj2 kg m- 3 

llc,O = 3 ii2 m-3 

To =2.73K 
rp = 5.4· 10- 44 s 




