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. to my daughter Hamsa, who thinks I should be
playing with her instead of writing such books. . .



Preface

One thing I have learnt in a long life: that all our science . meas-
ured against reality. is primitive and childlike — and yet it is the
most precious thing we have . A. EINSTEIN

The subject of cosmology — and our understanding of how structures like gal-
axies, etc., have formed — have developed considerably in the last two dec-
ades or so. Along with this development came an increase in awareness about
astronomy and cosmology among the general public, no doubt partly due to
the popular press. Given this background, it is certainly desirable to have a
book which presents current thinking in the subject of cosmology in a manner
understandable to the common reader. This book is intended to provide such
a non-mathematical description of this subject to the general reader. at the
level of articles in New Scientist or Scientific American. An average reader of
these magazines should have no difficulty with this book.

The book is structured as follows: chapter 1 is a gentle introduction to the
panorama in our universe, various structures and length scales. Chapter 2 is a
rapid overview of the basic physical concepts needed to understand the rest of
the book. I have tried to design this chapter in such a manner as to provide
the reader with a solid foundation in various concepts. which (s)he will find
useful even while reading any other popular article in physical sciences.
Chapter 3, I must confess, is a bit of a digression. It provides the useful sur-
vey of astronomical observations which a reader will enjoy, but it is closely
connected with chapter 4. Because of the interdependence of chapters 3 and
4, I strongly recommend that the reader return to chapter 3 after reading
chapter 4. The fourth chapter describes a gamut of astrophysical structures
and processes: stars, stellar evolution, galaxies, clusters of galaxies. etc. find
their place here. Chapter 5 is devoted to the big bang model of the universe
and a description of the early universe. This lays the foundation for the key
chapter of the book. viz. chapter 6, which deals with the formation of vari-
ous structures in the universe. The current thinking in this subject is presented
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in detail, and I have also provided a critical appraisal of models. Chapter 7
deals with the farthest objects in the universe which astronomers are currently
studying, viz. quasars. radio galaxies, etc. The final chapter summarizes the
entire book and emphasizes the broad picture available today.

The choice of topics necessarily reflects the bias of the author, but I have
consciously tried to increase the ‘shelf-life’ of the book, in spite of the fact
that it deals with a rapidly evolving area. For example, chapters 2, 4, 5 and
most of 3 will remain useful for a fair amount of time. Some of the details in
chapters 6 and 7 will doubtless change, but I think the broad ideas and con-
cepts will remain useful for a longer time.

The discussion is non-mathematical. but I have not avoided mentioning ac-
tual numbers, units, etc. when it is required. This is essential in the discus-
sion of several topics; any attempt to present these results in ‘ pure English’
would have oversimplified matters. In fact, I have tried to avoid oversimplifi-
cation as much as possible, though I might have cut corners as regards details
in a few places. This book is intended for the serious reader who reall y wants
to know, and I do expect such a reader to put in some effort to understand the
ideas which are presented. 1 have also avoided telling the reader stories; you
will not find any of ‘... as Prof. Great was driving with his wife to the con-
cert, it suddenly occured to him . ...’ kind of stuff in this book. Ideas and
discoveries are more important than individuals, and 1 have kept the discus-
sion mostly impersonal and non-historical. ( You will find some exceptions,
which are — of course — intentional. ) The publishers and I debated whether
to go for a glossy book with lots of colour pictures or to go for a no-nonsense
version, and decided on the latter. It was a difficult choice, and I hope the
clarity of the contents compensates for the lack of colous.

You will find a fairly detailed glossary at the end of the book, containing
the technical terminology introduced in various chapters. Since concepts de-
veloped in chapter 2 or 4 (say) may be needed in chapter 7, the glossary will
serve the useful purpose of reminding the reader of unfamiliar jargon. I have
also included a brief list of books for further reading; this choice is definitely
biased and should be merely taken as an indicative sample. Some of these
books contain more extensive bibliographies.

This book originated from a comment made by John Gribbin. While review-
ing my book Structure formation in the universe (CUP, 1993), he said that.
‘1t would be good to see the author attempting a popular book on the same
theme’. Rufus Neal of CUP responded positively to this suggestion, and I
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hope 1 haven’t disappointed them.

Several others have contributed significantly to the making of this book:
This is the second time I have worked with Adam Black of CUP, and it was
delightful. The entire TEXing. formatting of figures and proof-reading was
done by Vasanthi Padmanabhan, and I am grateful to her for the hours of ef -
fort she has put in. Most of the figures were done by Prem Kumar (NCRA)
and I thank him for his help. 1 am grateful to my friends Jasjeet Bagla, Man-
gala Narlikar, Lakshmi Vivekanand. Ramprakash, Srianand. Srinivasan,
Sriramkumar and Vivekanand, who have read ecarlier drafts of the book and
have made useful comments and suggestions. I thank IUCAA for the use of
computer facilities. T. PADMANABHAN
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Introducing the universe

1.1 Cosmic inventory

Think of a large ship sailing through the ocean carrying a sack of potatoes in
its cargo hold. There is a potato bug, inside one of the potatoes, which is try-
ing to understand the nature of the ocean through which the ship is moving.
Sir Arthur Eddington, famous British astronomer, once compared man’s
search for the mysteries of the universe to the activities of the potato bug in
the above example. He might have been right as far as the comparison
of dimensions went®; but he was completely wrong in spirit. The
‘potato bugs” — called more respectably astronomers and cosmologists
have definitely learnt a lot about the contents and nature of the Cosmos.

If you glance at the sky on a clear night, you will see a vast collection of
glittering stars and — possibly — the Moon and a few planets. Maybe you
could also identify some familiar constellations® like the Big Bear. This might
give you the impression that the universe is made of a collection of stars,
spiced with®@ the planets and the Moon. No, far from it; there is a lot more
to the universe than meets the naked eye!

Each of the stars you see in the sky is like our Sun, and the collection of all
these stars is called the ‘Milky Way’ galaxy®d. Telescopes reveal that the uni-
verse contains millions of such galaxies®— each made of a vast number of
stars — separated by enormous distances. Other galaxies are so far away that

@ as far as the comparison of dimensions went: when he was making this/such
comparison of dimensions

@ constellations: named groups of stars (e. g. the Great Bear) EE(EH#ANE
B AR AR )

@ spiced with: added fin A

@ the ‘Milky Way’ galaxy. R &

© galaxies; B &



2 Introducing the universe

we cannot see them with the naked eye. So what you see at night is only a tiny
drop in the vast sea of the cosmos. To understand and appreciate our uni-
verse. it is necessary to first come to grips with® the large numbers involved
in the cosmological description.

To do this systematically. let us start with our own home planet. Earth. The radi-
us of the Earth ts about 6 400 kilometers (km, for short). and by modern standards
of transport this is a small number. A commercial jetliner can fly around the Earth in
about 40 hours. The nearest cosmic object to the Earth is the Moon. which is about
400 000 km away. This distance is about 60 times the radius of the Earth, and Apollo
11 — which landed men on the Moon for the first time — took about four days to
cover this distance. As you know. the Moon is a satellite of Earth and orbits around
us once in about 30 days. The Earth itself, of course, is moving around the Sun.
which is about 150 million km away. Apollo 11 would have taken nearly five years to
travel this distance. There are several other planets like the Earth which are orbiting
the Sun at varying distances from it. The closest one to the Sun is Mercury@, the
next one is Venus®(which may be familiar to you as the ‘Evening Star’ @ in the sky)
and the third one is the Earth. After Earth comes Mars (the red planet), Jupiter,
Saturn (the one with rings), Uranus, Neptune and Pluto® in order of increasing dis-
tance. The farthest known planet in the solar system, Pluto, is at a distance which is
nearlv 40 times as large as the distance between the Earth and the Sun. Thus our
planetary system has a radius of about 6 000 million km.

The distances are already beginning to be quite large, and it will be conven-
ient if we use bigger units to express these astronomical distances. After all,
you measure the length of a pencil in centimeters but give the distance be-
tween two cities in kilometers, which is a much larger unit. In the same spir-
it. a terrestrial® unit like the kilometer is inadequate to express cosmic di-
mensions® and it would be nice to have bigger units. One such unit. which is

come to grips with: begin to deal with (a problem. challenge. etc. ): begin to
look at. . . first JF#REf+ CHERE, BRAESS)

Mercury: 7’(&

Venus: &8

the ‘Evening Star’: BB; KBE

Mars (the red planet), Jupiter, Saturn (the one with rings), Uranus, Neptune and
Pluto; k8 AE +2 XTEBEEEIE

terrestrial: of the planet Earth #ERRY

cosmic dimensions: the size of the whole/entire universe FH M. K/

e
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1.1 Cosmic inventory 3

used extensively, is called the ‘light year’. In spite of the word “year’. this
is a unit of distance and not of time. One light year is the distance travelled
by light in one year. Light can travel nearly 300 000 km in one second, and so
a light year is about 10 million million km. Written in full, this would be
10 000 000 000 000 km. For convenience of writing, we use the symbol 1013
km to denote® this quantity. This symbol stands for the number obtained by
multiplying 10 thirteen times or ——equivatently — the number with 1 followed
by 13 zeros. So we may say that one light year is about 103 km.

This unit, the light year. becomes really useful when we consider still lar-
ger scales. As we said before. our Sun is only one among 100 000 million stars
which exist together in a galaxy named the ‘Milky Way’. Using our short-
hand notation, we can say that our galaxy has about 10!! stars. The star nea-
rest to our Sun is called ‘Proxima Centauri’® (which is in the constellation
Centaurus®) and is about four light years away from us. In other words, a
light ray — which can go through our planetary system in about eleven
hours — will take about four years to reach the nearest star! (Apollo 11
would have taken nearly one million years!) All the stars you see in the sky
belong to the Milky Way galaxy and are at different distances from us. Each
one of them could be as big and bright as our Sun, and could possibly have a
planetary system around it. Sirius®, the brightest star in the sky, is about
eight light years away; the reddish star, Betelgeuse®, in the familiar constel-
lation of Orion®, is at a distance of 600 light years, and the Pole star is about
700 light years from us. The light which we receive today from the Pole star
was emitted during the fourteenth century!

The entire Milky Way galaxy is about 45 000 light years in extent. To de-
scribe the galaxy, we find that even the light year is an inadequately small
unit. So astronomers use a still bigger unit called a *kiloparsec’ @ (kpc, for
short). One kiloparsec is about 3 000 light years. The radius of a typical gal-
axy (like ours) is about 15 kpc. Kiloparsec is the most often used unit in map-

@ denote: be the name, sign or symbol of; refer to; signify; mean /{3
@ ‘Proxima Centauri’; (3¢ A AR R . JRE Proxima

@ Centaurus; % A O

@ Sirius; KRE

® Betelgeuse; 2RI EPREDHY S8

® Orion: AR

@

‘kiloparsec’ . T#%E8E



4 Introducing the universe

ping the universe.

Just as the Sun is only an average star in the Milky Way, our galaxy itself is
only one among a large number of galaxies in the universe. Powerful tele-
scopes reveal that our universe contains more than 100 million galaxies similar
to ours. The nearest big galaxy to the Milky Way is called ‘ Andromeda’®.
This galaxy is at a distance of about 700 kpc, and is just barely visible to the
naked eye as a hazy® patch in the constellation Andromeda. The Andromeda
galaxy, like the Milky Way, is made of about 1011 stars(just to remind you,
10! stands for the number 100 000 000 000 — which is 1 followed by 11 ze-
ros; we shall use this notation repeatedly in this book). But since it is so far
away we cannot see the individual stars of Andromeda with our naked eye.

Around the Milky Way and Andromeda there exist about 30 other galaxies.
Some of these, called ‘Dwarf galaxies’®, are considerably smaller in size,
and each of them contains only about a million stars or so, while a few others
are bigger. The Milky Way, Andromeda and these galaxies together form the
next unit in the cosmic scale®, usually called the ‘Local Group® of galaxies’.
The size of the Local Group is about 1000 kpc. which is called 1 Mega-
parsec®(Mpc, for short).

The assembling of galaxies in the form of groups or clusters® is also a gen-
eral feature of our universe. Astronomers have detected a large number of clus-
ters of galaxies, many of which are much bigger than our Local Group (which
contains only about 30 galaxies). Some of the large clusters of galaxies — like the
one called the ‘Coma cluster” — contain nearly 1 000 individual galaxies.

Are there structures still bigger than the cluster of galaxies? Observations
suggest that clusters themselves could be forming bigger aggregates® called
‘superclusters’ @, with sizes of about 30 to 60 Mpc. For example, our Local

‘ Andromeda’ : fill &

hazy: not clear; vague BRI, BERE &Y

‘Drawf galaxies’: HEBRZR

form the next unit in the cosmic scale: become another/a second unit of the

CRERCHS)

universe

Local Group: A8 &#

Megaparsec: H B

clusters: B Hi

aggregates: a mass or body of units or parts somewhat loosely associated with
one another B51k

‘superclusters’: #2 ZA(E N HREANERD

CESRCEE

]



1.1 Cosmic inventory 5

Group is considered to be a peripheral® member of a supercluster called the
‘Virgo supercluster’@. However, the evidence for superclusters is not as firm
as that for clusters.

How big is the universe itself? With powerful telescopes we can now
probe® distances of about 3 000 -6 00¢ Mpc. In other words, we can say that
the size of the observable region of the universe is nearly 1 000 times bigger
than the size of a galaxy cluster.

You must have noticed that. in going from the Earth to a supercluster, we
have come across a hierarchy® of structures (see figure 1.1). The smallest is
the planetary system around a star. Such a system has a size of about 10 light
hours. The collection of stars, in turn, make up a galaxy (with about 10!
stars per galaxy) having a size of about 20 kpc; the galaxies themselves com-
bine to form groups and clusters with a typical size of a few Mpc. The clusters
are part of superclusters with sizes of 50 Mpc or so. And the entire observed
region of the universe has a size of about 6 000 Mpc.

If you assume® that a penny, with a size of about 1 cm, represents the
planetary system, the nearest star to us will be about 60 meters away and the
size of our galaxy will be 700 kilometers! This should tell you how tiny our en-
tire planetary system is compared to the galaxy we live in. The size of a clus-
ter of galaxies will be 1 000 times bigger than this and the entire observed
universe is another 1 000 times larger!

At the bottom of the ladder. we have the planets which are orbiting the
Sun. What about larger structures in the hierarchy? It turns out that none of
the structures described above are static®. (Sce table 1.1.) The Sun — or,
for that matter, any other star in a galaxy - moves in the galaxy with a typi-
cal speed of about 200 km per second (km s~ ! for short®). Even our galaxy is
not at rest. It is moving towards the Andromeda galaxy with a speed of about

peripheral: subordinate M1

*Virgo supercluster’ : 4% %8 8 £ H

probe: explore or éxamine ¥RZ , £

hierarchy: things arranged in a graded series 4%, 2%

assume: accept as true before it is proved; suppose; consider as true {&1%.
fesE

static: not moving or changing; stationary &k . &£ hY

for short: as an abbreviation &

e O9Hee.



6 Introducing the universe

100 km s~1. Further, the entire Local Group is moving coherently®(some-
where towards the Virgo supercluster) with a speed of about 600 km s~ 1.1t is
a delicate balance® between motion and the gravitational force which keeps
our universe going®.

Table 1.1 Structures in the universe

Structure Size Speed
Planetary system 6%X10° km 30 kms™!
Galaxy 20 kpe 200 kms™!
Local Group 1 Mpc 100 kms™!
Cluster 5 Mpc 1000 kms~!

Given the sizes of various systems and the speed with which individual ob-
jects move in these systems, one can calculate the typical orbit time for each
of these structures. At the smallest scale.@ the Earth takes one year to go
around the Sun, while the farthest planet, Pluto, takes about 250 years. The
timescale associated with galaxies is considerably larger. For example, a star
like the Sun will take about 200 million years to complete one orbit in our gal-
axy; and a galaxy will take about 5 billion years to go from one end of a clus-
ter to the other end. It is interesting to compare these numbers with the ages
of different objects in our universe. It is estimated that the age of the Earth is
about 4.6 billion years; in other words, the Earth has completed more than 4
billion orbits around the Sun since its formation. The typical lifetime of a star
like the Sun is about 10 billion years, which is a factor of 50® higher than the
orbital time in the galaxy, i.e.. a star like the Sun can make about 50 orbits
in its lifetime. The ages of bigger structures like galaxies, clusters etc. are far
less certain, but — as we shall see in the later chapters — are likely to be
about 13 billion years. This is the timescale over which most cosmic phenome-

na take place.

coherently: consistently i 51, —3{

a delicate balance; a fine balance easy to be broken up ¥7%

which keeps our universe going: which makes our universe exist as it is/as we
see it today

At the smallest scale; At the very least &

a factor of 50: 50 FIFE ¥
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