
Prologue

The universe began in a violent explosion that occurred about 15

billion years ago: this is the modern hypothesis that has replaced the

myths of classical Greece and Rome, of ancient China and India. We

feel certain that our theories have more truth than the beliefs of our

ancestors, yet are we so much smarter than they were? Perhaps a

thousand years in the future, the Big Bang theory will itself be

regarded as a twentieth-century myth.

I am an optimist, however, who finds our current paradigm so

compelling that I can only imagine it will eventually be subsumed

into a greater theory, without losing its essential features. This con-

viction provides justification enough to describe the archaeology of

the universe. By probing fossil fluctuations in the distribution of

matter and fully formed galaxies, the oldest stars and the largest

structures, one can reconstruct almost the entire history of cosmic

evolution.

The story has been told before, but there are two good reasons for

a fresh approach. The study of the cosmos has been revitalised with the

discovery of seed fluctuations from which structures later emerged.

This was the crucial missing link needed to reconcile the Big Bang

theory with the large-scale distribution of matter around us, and it

injected a note of reality into the science of cosmology. From a cosmic

perspective, one might say that galactic raw material was discovered

that is yielding intimate clues about an origin in the remote past. This

is a timely moment to describe our view of cosmic evolution.

An equally compelling reason is that there exists no truly

accessible and modern description of the Big Bang theory, with its

many ramifications arising from the domains of astronomy and of the

physics of elementary particles. One of the perennial fascinations of

© Cambridge University Press www.cambridge.org

Cambridge University Press
0521836271 - On the Shores of the Unoknown: A Short History of the Universe
Joseph Silk
Excerpt
More information

http://www.cambridge.org/0521836271
http://www.cambridge.org
http://www.cambridge.org


the science of cosmology is that people, both lay cosmologists as well

as the professionals, view it as having the potential to answer the

‘ultimate questions’ about our place in the universe, the creation and

existence of the universe, and indeed of God. It is by no means co-

incidental that the Big Bang epic has excited the attention of theolo-

gians and philosophers as well as of astronomers, mathematicians,

and physicists. 

Some have viewed the theory as providing confirmation of

religious views of creation. The science historian and mathematical

physicist E. T. Whitaker declared in 1942 that ‘when by purely scien-

tific methods we trace the development of the material universe

backwards in time, we arrive ultimately at a critical state of affairs

beyond which the laws of nature, as we know them, cannot have oper-

ated: a Creation in fact. Physics and astronomy can lead us through

the paths to the beginning of things, and show that there must have

been a Creation.’

In 1951, Pope Pius XII, under the influence of Whitaker, went

the additional step. He averred in an address to the Pontifical

Academy of Sciences that ‘thus with concreteness which is charac-

teristic of physical proofs, it [science] has confirmed . . . the well-

founded deduction as to the epoch [some five billion years ago] when

the cosmos came forth from the hands of the Creator. Hence, creation

took place in time. Therefore, there is a Creator. Therefore, God

exists!’

On hearing these words, one can well imagine that the

President of the Pontifical Academy, eminent cosmologist and

cofounder of the Big Bang theory, Abbé Georges Lemaître, must have

stirred uneasily. To compare the primeval explosion from which the

universe emerged to the miracle of creation must have seemed to

leave him, a proponent of the Primeval Atom phase that preceded the

Big Bang, on somewhat uncertain and heretical ground. Lemaître

insisted that physics would suffice to describe the beginning of the

universe: ‘Cosmogony is atomic physics on a large scale.’

The Big Bang was not an easy pill to swallow, for scientists and
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theologians alike. Eminent astrophysicist and science populariser

Arthur Eddington was ‘unwilling to accept the implied discontinuity

in the divine nature.’ Others went further. The pioneering cosmolo-

gist E. A. Milne concluded in his magnum opus Relativity,

Gravitation and World Structure, published in 1935, that ‘the system

to which we have likened the universe is an intelligible system. It

contains no irrationalities save the one supreme irrationality of crea-

tion – an irrationality indeed to physics, but not necessarily to meta-

physics . . . Theoretical cosmology is but the starting point for deeper

philosophical enquiries.’

Some scientists conceded the battle for understanding how the

universe began to the theologians, who after all had been wrestling

with it for many centuries. Astronomer Robert Jastrow described the

cosmologists’ dilemma thus, in a quote beloved by theologians: ‘It

seems as though science will never be able to raise the curtain on the

mystery of creation. For the scientist who has lived by his faith in the

power of reason, the story ends like a bad dream. He has scaled the

mountains of ignorance; he is about to conquer the highest peak; as

he pulls himself over the final rock, he is greeted by a band of theolo-

gians who have been sitting there for centuries.’

In contrast, some eminent scientists have no recourse to any

deity in constructing a suitable cosmology. One convenient way out

is the assertion that time itself was created at the moment of the Big

Bang. This is not a very radical idea, for St Augustine wrote in the fifth

century, ‘The world and time had both one beginning. The world was

made, not in time, but simultaneously with time.’ This was a remark-

ably prescient notion: to physicist Steven Weinberg, ‘it is at least

logically possible that there was a beginning, and that time itself has

no meaning before that moment.’

However, as the mathematical physicist Stephen Hawking

points out, a proper formulation of this concept of the beginning of

time, as well as that of space, must await a quantum theory of gravity,

should it be forthcoming. In this case, ‘there would be no boundary to

space-time and so there would be no need to specify the behaviour at
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the boundary. There would be no singularity at which the laws of

science broke down and no edge of space-time at which one would

have to appeal to God or some new law to set the boundary conditions

for space-time. One could say: “The boundary condition of the uni-

verse is that it has no boundary.” The universe would be completely

self-contained and not affected by anything outside itself. It would

neither be created or destroyed. It would just be.’ In other words, the

universe is the way it is because the universe was the way it was. 

The most eloquent expression of this cosmic agnosticism was

prophetically penned in 1920 by, again, Arthur Eddington: ‘We have

found that where science has progressed the furthest, the mind has

but regained from nature that which the mind has put into nature. We

have found a strange footprint on the shores of the unknown. We have

devised profound theories, one after another, to account for its origin.

At last, we have succeeded in reconstructing the creature that made

the footprint. And Lo! it is our own.’

Discoveries and breakthroughs in cosmology proceed at a

breathtaking pace. It is increasingly difficult for the theologians to

keep up. At the same time, cosmologists have not been deterred from

dabbling in occasional theological metaphors. The shower of images

reached a crescendo in 1992 with the epochal discovery of ripples in

the cosmic microwave background. Newspapers around the world,

less discriminating perhaps than the scientists anticipated, jumped

on the cosmic connection. The most notorious examples, 40 years

after Pius XII’s endorsement of the new cosmology, compared the

long-sought fluctuations to various attributes of God. These vary

from ‘His face’, ‘His handwriting’, and ‘His mind’, to mere relics such

as the ‘Holy Grail’. 

To properly appreciate the significance of such statements, it

would be helpful to have laid out for one the workings of modern cos-

mology at an accessible level. This book is devoted to such a goal. I

hope that the following chapters will be sufficiently transparent to the

many lay cosmologists among us that such connections can be more

fully appreciated, although I hasten to add, not necessarily justified.
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1 Building blocks of the cosmos

Throughout the ages, cosmologists have imposed their world views

on the fundamental nature of the universe. Modern astronomers

have proved no exception. As the extragalactic universe began to be

explored in the twentieth century, cosmologists felt impelled to

incorporate their concepts of how the universe should be. In 1931,

Ernest Barnes, a mathematician and theologian who was also the

Anglican Bishop of Birmingham, asserted, among other things, that

an infinite universe was abhorrent to nature. Many years later, phys-

icist John Archibald Wheeler, father of the black hole, echoed this

sentiment in arguing for a finite universe. Others, beginning with

Albert Einstein, adopted the Platonic ideal that the universe should

have no centre and should be perfectly isotropic, with no preferred

direction. Only recently have we been able to test these assump-

tions, as some of the most fundamental issues in cosmology have

been reassessed in the light of modern astronomical data. Einstein

was right.

1.1 cosmological principles
It is inevitable that an astronomer studies objects remote in time as

well as in space. Light travels a distance of 300000 kilometres in one

second, or ten thousand billion kilometres in a year. The nearest star,

Proxima Centauri, is 4.2 light-years from us, so we see it as it was

about four years ago. The nearest galaxy comparable to our own Milky

Way, the Andromeda galaxy, is two million light-years distant. We are

seeing that galaxy, which is visible in a dark sky to the naked eye, as

it was when Homo sapiens had not yet evolved. A large telescope is a

time machine that can take us part way to creation. With a modern

telescope, we can examine regions from which light emanated more
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than five billion years ago, before our Sun had ever formed. To a cos-

mologist, the issue of creation is inevitable.

There are three possibilities that one may envisage for the crea-

tion of the universe.

1. The beginning was a singular state, not describable by physical

science. A sceptic might ask, what did God do before He created the

universe? The apocryphal answer is that He was preparing Hell for

people who might ask such questions (attributed to St Augustine).

2. The beginning was the most simple and permanent state imaginable,

containing within itself the seeds of future evolution. This is the

modern view.

3. There was no creation, and the universe is unchanging and of

infinite age.

We can try to distinguish between the latter two possibilities, the

only two options on which scientific tools can be brought to bear. To

test this approach to cosmology, one searches for the correct physical

laws that describe the initial state of the universe. 

The scientist commences his study of the universe by assum-

ing that the laws of physics that are locally measured in the labora-

tory apply more generally throughout the cosmos. In this spirit,

cosmology, the science of studies of the universe, is developed by

extrapolating locally verified laws of physics to remote locations in

space and time. Objects and events at these locations can be probed

with modern astronomical techniques. If these probes were to prove

that we are wrong to assume that the physics we learn in high school

is universally applicable, the scientist then would proceed to explore

a more complex physics that may reduce to generalisations of local

physics. In a theory of the universe, simplicity is sought on suffi-

ciently large scales. The successful theories in physics and mathemat-

ics are invariably the simplest, with the least number of arbitrary

degrees of freedom. Postulating that Atlas held up the heavens (where

did he come from? why didn’t he get bored? or sleepy?) requires many

more ad hoc assumptions than the modern view of the celestial

6 building blocks of the cosmos
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sphere. This is of course the view that the orbits of the planets in the

gravity field of the Sun suffice to stop them falling onto the Earth like

so many shooting stars.

Such considerations about the simplicity of a successful theory

are incorporated into a simple principle that serves as a guide for

building a model of the universe. This cosmological principle states

that the universe, on the average, looks the same from any point; that

is to say, it is isotropic. The principle is motivated by the Copernican

argument that the Earth is not in a central, preferred position. If the

universe is locally isotropic, as viewed from any point, it must also

be uniform in space. So the cosmological principle states that the uni-

verse is approximately isotropic and homogeneous, as viewed by any

observer at rest. This is the weakest version of the principle, but there

are several others. This particular version of the cosmological princi-

ple is the foundation stone of modern cosmology. Modern observa-

tions have provided confirming evidence, as will be described in later

chapters.

A stronger version, the perfect cosmological principle, goes

further: the universe appears the same from all points and at all times.

In other words, there can have been no evolution: the universe must

always have been in the same state, at least as averaged over long

times. In this sense, the perfect cosmological principle contrasts with

the weaker version, which allows the possibility of very different past

and future states of the universe. The perfect cosmological principle

spawned the theory of the steady state universe described later.

Unlike other branches of science, cosmology is unique in that

there is only one universe available for study. We cannot tweak one

parameter, juggle another, and end up with a different system on

which to experiment. We can never know how unique is our universe,

for we have no other universe with which to compare it. The universe

denotes everything that is or ever will be observable, so we can never

hope to glimpse another universe.

Nevertheless, we can imagine other possible universes. One

could have a universe containing no galaxies, no stars, and no planets.

1.1 cosmological principles 7

© Cambridge University Press www.cambridge.org

Cambridge University Press
0521836271 - On the Shores of the Unoknown: A Short History of the Universe
Joseph Silk
Excerpt
More information

http://www.cambridge.org/0521836271
http://www.cambridge.org
http://www.cambridge.org


Needless to say, man could not exist in such a universe. The very fact

that our species has evolved on the planet Earth sets significant con-

straints on the possible ways our universe has evolved. Indeed, some

cosmologists think that such an anthropomorphic approach may be

the only way we can ever tackle such questions as, why does space

have three dimensions, or why does the proton have a mass that is

much larger (precisely 1836 times larger) than the electron, or why is

the neutron just 0.14 per cent heavier than the proton? If any one of

these were not the case, we certainly would not be here. 

One can take the argument further. Our actual existence

requires the universe to have had three space dimensions and the

proton mass to be 1836 electron masses. Our bodily processes would

be a malfunctioning mess in a universe of one or two space dimen-

sions. This conclusion that the universe we inhabit must have certain

properties essential for our existence is called the anthropic cosmo-

logical principle: namely, that the universe must be congenial to the

origin and development of intelligent life. Of course, it is not an expla-

nation, and the anthropic principle is devoid of any physical signifi-

cance. Rather it limits the possibilities. There could be a host of

radically different universes that we need not worry about.

The anthropic cosmological principle argues that the universe

must have been constructed so as to have led to the development of

intelligence. This version of the cosmological principle begs the ques-

tion of how likely is the development of life, and indeed the observ-

able universe, from suitably random initial conditions. At least in

principle, this is an issue resolvable by physics rather than by fiat.

Inflationary cosmology, described in Chapter 5, purports to do just

this.

Cosmology comprises the vast and the infinitesimal. In meas-

uring the ingredients of the astronomical universe, astronomers deal

with a range of magnitudes that stretches the limits of human con-

ception. I begin with a look at this range of magnitudes to set the

scene for the cosmological drama that will subsequently unfold.

8 building blocks of the cosmos
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1.2 orders of magnitude
Astronomers have a language of their own, that at times make it dif-

ficult for those outside the field. This language involves specific

terms: who but an astronomer would ever utilise a parsec (pc), a dis-

tance of 3.26 light-years, to measure the unit of distance? In addi-

tion, the language of astronomy takes a heuristic approach to

numbers. It is enough in many instances to specify a number to two

or even one significant figure. Factors of 10 are called ‘orders of mag-

nitude’: it is important to have the correct order of magnitude, but

often that suffices.

There is a proliferation of factors of 10 that is endemic to astron-

omy. We know that the mass of the Sun is 2�1033 g, a large number

even in megatonnes (2�1021). Such large exponents may seem mean-

ingless, but, if one errs by an order of magnitude, the star is a dwarf

or a giant, and very different in its observable properties. To reduce

the size of the exponent, it is common to use the mass of the Sun (M
�
)

as the unit of mass in astronomy. Our Milky Way galaxy weighs in at

about 100 billion, or 1011, (M
�
), in terms of the visible matter. We may

be off by 10 billion M
�
, in either direction, but we have to settle for

an accuracy of 10 per cent. Rounding off to one, sometimes two, sig-

nificant figures is normal in astronomy.

Of course there are examples where astronomical data are of

exquisite accuracy. Our universe is bathed in a cold sea of microwave

radiation; the temperature of this cosmic background radiation is

measured to be 2.726 kelvin (K), or �270.42 degrees Celsius (°C). But

specifying it as 3 K usually is adequate. The problem invariably

encountered is that the remote stars and galaxies yield so few photons

for our detectors that we indeed have the sparsest information in

most cases. Astronomers are data starved, despite the flood of data

from new telescopes and satellite experiments, simply because the

objects being studied are generally so dim.

The range of orders of magnitude needed to describe the physi-

cal universe is huge. For example, how large a number can one

imagine as having any physical significance? Let us consider the

1.2 orders of magnitude 9
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number of atoms in the observable universe, as a simple illustration

of orders of magnitude. One gram of hydrogen, the predominant form

of matter, contains about 1024 atoms (in order of magnitude). Hence

the Sun, with a mass of 2�1033 g, contains 1057 atoms (in order of

magnitude), and the Milky Way, containing some 100 billion suns,

about 1068 atoms (in order of magnitude). On a truly dark night, the

observer can see with the naked eye one galaxy, Andromeda, which is

the counterpart in stellar content to our own Milky Way. With the aid

of the largest telescopes, the sky is found to be teeming with galaxies.

As many as 200000 per square degree can be counted. For compari-

son, the Sun covers about one-quarter of a square degree. The entire

sky contains 41000 square degrees. There are consequently nearly 10

billion galaxies in the observable universe, or about 1078 atoms (in

order of magnitude). This is the largest meaningful number in the uni-

verse.

To find the smallest number in the universe, we look for the

smallest object. An atom has a size of the order of one-hundred-

millionth of a centimetre, yet is far from being the smallest object in

the universe. The nucleus of a hydrogen atom is about 10�13 cm

across. But the single proton forming the hydrogen nucleus is known

to be composite, to consist of smaller entities called quarks. Truly

fundamental particles are point like; for example, both electrons and

quarks have point-like interactions. A point-like particle has no mea-

surable diameter; instead, a measure of the effective dimension of

such a particle is given by the uncertainty that quantum theory

assigns to its position. One can never pinpoint with complete preci-

sion the location of a particle. The greater the mass of a particle, the

smaller is the quantum uncertainty in location, a measure of length

that is called the Compton wavelength. The smallest Compton wave-

length is for the most massive particle that is permitted by theory to

exist without collapsing to a black hole. Such a particle has a mass of

1019 proton masses, and has a Compton wavelength corresponding to

a dimension of about 10�32 cm. This, one can claim, is the smallest

length scale that can exist (if such particles exist) in the universe.

10 building blocks of the cosmos
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