




































































































































































































































The Spiral Galaxy M104. This is a giant system of about a
hundred billion stars, much like our own galaxy, but some
60 million light years away from us. From our viewpoint, M104
appears almost edge on, showing clearly the presence of both a
bright spherical halo and a flat disc. The disc is marked with
dark lanes of dust, much like the dusty regions of our own
galaxy, as shown in the preceding photograph. This photograph
was taken with the 60-inch reflector at Mount Wilson, California.
(Yerkes Observatory photograph)



The Great Galaxy M31 in Andromeda. This is the nearest large
galaxy to our own. The two bright spots to the upper right and
below the centre are smaller galaxies, NGC 205 and 221, held
in orbit by the gravitational field of M31. Other bright spots in
the picture are foreground objects, stars within our own galaxy
that happen to lie between the earth and M31. This picture was
taken with the 48-inch telescope at Palomar. (Hale Observatories
photograph)
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brilliant deductions, or the great magical leaps of a Newton
or an Einstein. But I do not think it is possible really to
understand the successes of science without understanding
how hard it is - how easy it is to be led astray, how difficult
it is to know at any time what is the next thing to be done.



7
The First One-hundredth Second

Our account of the first three minutes in Chapter 5 did not
begin at the beginning. Instead, we started at a 'first frame'
when the cosmic temperature had already cooled to 100,000
million degrees Kelvin, and the only particles present in large
numbers were photons, electrons, neutrinos and their corre-
sponding antiparticles. If these really were the only types of
particles in nature, we could perhaps extrapolate the expan-
sion of the universe backward in time and infer that there
must have been a real beginning, a state of infinite tempera-
ture and density, which occurred 0.0108 seconds before our
first frame.

However, there are many other types of particles known to
modern physics: muons, pi mesons, protons, neutrons, and
so on. When we look back to earlier and earlier times, we
encounter temperatures and densities so high that all of these
particles would have been present in copious numbers in
thermal equilibrium, and all in a state of continual mutual
interaction. For reasons that I hope to make clear, we simply
do not yet know enough about the physics of the elementary
particles to be able to calculate the properties of such a
melange with any confidence. Thus, our ignorance of micro-
scopic physics stands as a veil, obscuring our view of the
very beginning.

Naturally, it is tempting to try to peek behind this veil.
The temptation is particularly strong for theorists like myself,
whose work has been much more in elementary particle
physics than in astrophysics. Many of the interesting ideas in
contemporary particle physics have such subtle consequences
that they are extraordinarily difficult to test in laboratories
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today, but their consequences are quite dramatic when these
ideas are applied to the very early universe.

The first problem we face in looking back to temperatures
above 100,000 million degrees is presented by the 'strong
interactions' of elementary particles. The strong interactions
are the forces that hold neutrons and protons together in an
atomic nucleus. They are not familiar in everyday life, in the
way that the electromagnetic and gravitational forces are,
because their range is extremely short, about one ten million-
millionth of a centimetre (10-13 cm). Even in molecules,
whose nuclei are typically a few hundred millionths of a
centimetre (10-8 cm) apart, the strong interactions between
different nuclei have virtually no effect. However, as their
name indicates, the strong interactions are very strong. When
two protons are pushed close enough together, the strong
interaction between them becomes about 100 times greater
than the electrical repulsion; this is why the strong inter-
actions are able to hold together atomic nuclei against the
electrical repulsion of almost 100 protons. The explosion of
a hydrogen bomb is caused by a rearrangement of neutrons
and protons which allows them to be more tightly bound
together by the strong interactions; the energy of the bomb is
just the excess energy made available by this rearrangement.

It is the strength of the strong interactions that makes them
so much more difficult to deal with mathematically than
the electromagnetic interactions. When, for instance, we
calculate the rate for scattering of two electrons due to the
electromagnetic repulsion between them, we must add up an
infinite number of contributions, each corresponding to a
particular sequence of emission and absorption of photons
and electron-positron pairs, symbolized in a 'Feynman dia-
gram' like those of figure 10. (The method of calculation that
uses these diagrams was worked out in the late 1940s by
Richard Feynman, then at Cornell. Strictly speaking, the
rate for the scattering process is given by the square of a sum
of contributions, one for each diagram.) Adding one more
internal line to any diagram lowers the contribution of the



Figure 10. Some Feynman Diagrams. Shown here are some of the
simpler Feynman diagrams for the process of electron-electron
scattering. Straight lines denote electrons or positrons; wavy
lines denote photons. Each diagram represents a certain numer-
ical quantity which depends on the momenta and spins of
the incoming and outgoing electrons; the rate of the scattering
process is the square of the sum of these quantities, associated
with all Feynman diagrams. The contribution of each diagram
to this sum is proportional to a number of factors of 1/137 (the
fine structure constant), given by the number of photon lines.
Diagram (a) represents the exchange of a single photon and
makes the leading contribution, proportional to 1/137. Diagrams
(b), (c), (d), and (e) represent all the types of diagrams which
make the dominant 'radiative' corrections to (a); they all make
contributions of order (1/137)2. Diagram (f) makes an even
smaller contribution, proportional to (1/137)3.
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diagram by a factor roughly equal to a fundamental constant
of nature, known as the 'fine structure constant'. This con-
stant is quite small, about 1/137.036. Complicated diagrams
therefore give small contributions, and we can calculate the
rate of the scattering process to an adequate approximation
by adding up the contributions from just a few simple dia-
grams. (This is why we feel confident that we can predict
atomic spectra with almost unlimited precision.) However,
for the strong interactions, the constant that plays the role
of the fine structure constant is roughly equal to one, not
1/137, and complicated diagrams therefore make just as
large a contribution as simple diagrams. This problem, the
difficulty of calculating rates for processes involving strong
interactions, has been the single greatest obstacle to progress
in elementary particle physics for the last quarter-century.

Not all processes involve strong interactions. The strong
interactions affect only a class of particles known as 'hadrons';
these include the nuclear particles and pi mesons, and other
unstable particles known as K-mesons, eta mesons, lambda
hyperons, sigma hyperons, and so on. The hadrons are gener-
ally heavier than the leptons (the name 'lepton' is taken from
the Greek word for 'light'), but the really important differ-
ence between them is that hadrons feel the effects of the
strong interactions, while the leptons - the neutrinos, electrons
and muons - do not. The fact that electrons do not feel the
nuclear force is overwhelmingly important - together with the
small mass of the electron, it is responsible for the fact that
the cloud of electrons in an atom or a molecule is about
100,000 times larger than the atomic nuclei, and also that
the chemical forces which hold atoms together in molecules
are millions of times weaker than the forces which hold
neutrons and protons together in nuclei. If the electrons in
atoms and molecules felt the nuclear force, there would be
no chemistry or crystallography or biology - only nuclear
physics.

The temperature of 100,000 million degrees Kelvin, with
which we began in Chapter 5, was carefully chosen to be
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below the threshold temperature for all hadrons. (According
to table I on p. 163, the lightest hadron, the pi meson, has
a threshold temperature of about 1.6 million million degrees
Kelvin.) Thus, throughout the story told in Chapter 5, the
only particles present in large numbers were leptons and
photons, and the interactions among them could safely be
ignored.

How do we deal with higher temperatures, when hadrons
and antihadrons would have been present in large numbers?
There are two very different answers which reflect two very
different schools of thought as to the nature of the hadrons.

According to one school, there really is no such thing as
an 'elementary' hadron. Every hadron is as fundamental as
every other-not only stable and nearly stable hadrons like
the proton and neutron, and not only moderately unstable
particles like the pi mesons, K-mesons, eta meson, and
hyperons, which live long enough to leave measurable tracks
in photographic films or bubble chambers, but even totally
unstable 'particles' like the rho mesons, which live just long
enough so that at a speed near that of light they can barely
cross an atomic nucleus. This doctrine was developed in the
late 1950S and early 1960s, particularly by Geoffrey Chew
of Berkeley, and is sometimes known as 'nuclear democracy'.

With such a liberal definition of 'hadron', there are
literally hundreds of known hadrons whose threshold tempera-
ture is less than 100 million million degrees Kelvin, and
probably hundreds more yet to be discovered. In some
theories there is an unlimited number of species: the number
of types of particles will increase faster and faster as we
explore higher and higher masses. It might seem hopeless
to try to make sense out of such a world, but the very
complexity of the particle spectrum might lead to a kind
of simplicity. For instance, the rho meson is a hadron that
can be thought of as an unstable composite of two pi mesons;
when we include two rho mesons explicitly in our calcula-
tions, we are already to some extent taking account of the
strong interaction between pi mesons; perhaps by including
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all hadrons explicitly in our thermodynamic calculations, we
can ignore all other effects of the strong interactions.

Further, if there really is an unlimited number of species
of hadron, then when we put more and more energy in a
given volume the energy does not go into increasing the
random speeds of the particles, but goes instead into increas-
ing the numbers of types of particles present in the volume.
The temperature then does not go up as fast with increasing
energy density as it would if the number of hadron species
were fixed. In fact, in such theories there can be a maximum
temperature, a value of the temperature at which the energy
density becomes infinite. This would be as insuperable an
upper bound on the temperature as absolute zero is a lower
bound. The idea of a maximum temperature in hadron
physics is originally due to R. Hagedorn of the CERN
laboratory in Geneva, and has been further developed by
other theorists, including Kerson Huang of MIT and myself.
There is even a fairly precise estimate of what the maximum
temperature would be-it is surprisingly low, about two
million million degrees Kelvin (2 X 1012 ° K). As we look
closer and closer to the beginning, the temperature would
grow closer and closer to this maximum, and the variety of
hadron types present would grow richer and richer. How-
ever, even under these exotic conditions there would still
have been a beginning, a time of infinite energy density,
roughly a hundredth of a second before the first frame of
Chapter 5.

There is another school" of thought that is far more con-
ventional, far closer to ordinary intuition than 'nuclear
democracy', and in my opinion also closer to the truth.
According to this school, not all particles are equal; some
really are elementary, and all the others are mere composites
of the elementary particles. The elementary particles are
thought to consist of the photon and all the known leptons,
but none of the known hadrons. Rather, the hadrons are
supposed to be composites of more fundamental particles,
known as 'quarks'.
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The original version of the quark theory is due to Murray
Gell-Mann and (independently) George Zweig, both of Cal
Tech. The poetic imagination of theoretical physicists has
really run wild in naming the different sorts of quarks. The
quarks come in different types, or 'flavours', which are given
names like 'up', 'down', 'strange' and 'charmed'. Furthermore,
each 'flavour' of quark comes in three distinct 'colours',
which US theorists usually call red, white and blue. The
small group of theoretical physicists in Peking has long
favoured a version of the quark theory, but they call them
'stratons' instead of quarks because these particles represent
a deeper stratum of reality than the ordinary hadrons.

If the quark idea is right, then the physics of the very
early universe may be simpler than was thought. It is possible
to infer something about the forces between quarks from
their spatial distribution inside a nuclear particle, and this
distribution can in turn be determined (if the quark model
is true) from observations of high-energy collisions of elec-
trons with nuclear particles. In this way, it was found a few
years ago by an MIT-Stanford Linear Accelerator Center
collaboration that the force between quarks seems to dis-
appear when the quarks are very close to each other. This
suggests that at some temperature, around several million
million degrees Kelvin, the hadrons would simply break up
into their constituent quarks, just as atoms break up into
electrons and nuclei at a few thousand degrees, and nuclei
break up into protons and neutrons at a few thousand million
degrees. According to this picture, at very early times the
universe could be considered to consist of photons, leptons,
antileptons, quarks and antiquarks, all moving essentially as
free particles, and each particle species therefore in effect
furnishing just one more kind of black-body radiation. It is
easy then to calculate that there must have been a beginning,
a state of infinite density and infinite temperature, about one-
hundredth of a second before the first frame.

These rather intuitive ideas have recently been put on a
much firmer mathematical foundation. In 1973 it was shown
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by three young theorists, Hugh David Politzer of Harvard
and David Gross and Frank Wilczek of Princeton, that, in a
special class of quantum field theories, the forces between
quarks do actually become weaker as the quarks are pushed
closer together. (This class of theories is known as the 'non-
Abelian gauge theories' for reasons too technical to explain
here.) These theories have the remarkable property of 'asymp-
totic freedom': at asymptotically short distances or high
energies, the quarks behave as free particles. It has even
been shown by J. C. Collins and M. J. Perry at the Univer-
sity of Cambridge, that in any asymptotically free theory, the
properties of a medium at sufficiently high temperature and
density are essentially the same as if the medium consisted
purely of free particles. The asymptotic freedom of these non-
Abelian gauge theories thus provides a solid mathematical
justification for the very simple picture of the first hundredth
of a second - that the universe was made up of free elemen-
tary particles.

The quark model works very well in a wide variety of
applications. Protons and neutrons really do behave as if they
consist of three quarks, rho mesons behave as if they consist
of a quark and an antiquark, and so on. But despite this
success, the quark model presents us with a great puzzle:
even with the highest energies available from existing
accelerators, it has so far proved impossible to break up any
hadron into its constituent quarks.

The same inability to isolate free quarks also appears in
cosmology. If hadrons really broke up into free quarks under
the conditions of high temperature that prevailed in the early
universe, then one might expect some free quarks to be left
over at the present time. The Soviet astrophysicist Ya. B.
Zeidovich has estimated that free leftover quarks should be
roughly as common in the present universe as gold atoms.
Needless to say, gold is not abundant, but an ounce of gold
is a good deal easier to purchase than an ounce of quarks.

The puzzle of the nonexistence of isolated free quarks is
one of the most important problems facing theoretical physics
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at the present moment. It has been suggested by Gross and
Wilczek and by myself that 'asymptotic freedom' provides a
possible explanation. If the strength of the interaction between
two quarks decreases as they are pushed close together, it
also increases as they are pulled farther apart. The energy
required to pull a quark away from the other quarks in an
ordinary hadron therefore increases with increasing distance,
and it seems eventually to become great enough to create new
quark-antiquark pairs out of the vacuum. In the end, one
winds up not with several free quarks, but with several
ordinary hadrons. It is exactly like trying to isolate one end
of a piece of string: if you pull very hard, the string will
break, but the final result is two pieces of string, each with
two ends! Quarks were close enough together in the early
universe so that they did not feel these forces, and could
behave like free particles. However, every free quark present
in the very early universe must, as the universe expanded
and cooled, have either annihilated with an antiquark or else
found a resting place inside a proton or neutron.

So much for the strong interactions. There are further
problems in store for us as we turn the clock back towards
the very beginning.

One truly fascinating consequence of modem theories of
elementary particles is that the universe may have suffered
a phase transition, like the freezing of water when it falls
below 273° K (=0°C). This phase transition is associated
not with the strong interactions, but with the other class of
short-range interaction in particle physics, the weak inter-
actions.

The weak interactions are those responsible for certain
radioactive decay processes like the decay of a free neutron
(see page 95) or, more generally, for any reaction involving
a neutrino (see page 100). As their name indicates, the weak
interactions are much weaker than the electromagnetic or
strong interactions. For instance, in a collision between a
neutrino and an electron at an energy of one million electron
volts, the weak force is about one ten-millionth (10-7) of the
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electromagnetic force between two electrons colliding at the
same energy.

Despite the weakness of the weak interactions, it has long
been thought that there might be a deep relation between
the weak and electromagnetic forces. A field theory which
unifies these two forces was proposed in 1967 by myself, and
independently in 1968 by Abdus Salam. This theory pre-
dicted a new class of weak interactions, the so-called neutral
currents, whose existence was confirmed experimentally in
1973. It received further support from the discovery, start-
ing in 1974, of a whole family of new hadrons. The key idea
of this kind of theory is that nature has a very high degree
of symmetry, which relates the various particles and forces,
but which is obscured in ordinary physical phenomena. The
field theories used since 1973 to describe the strong inter-
actions are of the same mathematical type (non-Abelian gauge
theories), and many physicists now believe that gauge theories
may provide a unified basis for understanding all the forces
of nature: weak, electromagnetic, strong, and perhaps gravi-
tational forces. This view is supported by a property of the
unified gauge theories that had been conjectured by Salam and
myself, and was proved in 1971 by Gerard 't Hooft and
Benjamin Lee: the contribution of complicated Feynman
diagrams, though apparently infinite, gives finite results for
the rates of all physical processes.

For studies of the early universe, the important point
about the gauge theories is that, as pointed out in 1972 by
D. A. Kirzhnits and A. D. Linde of the Lebedev Physical
Institute in Moscow, these theories exhibit a phase transition,
a kind of freezing, at a 'critical temperature' of about 3000
million million degrees (3 X 1015 ° K). At temperatures
below the critical temperature, the universe was as it is now:
weak interactions were weak, and of short range. At tempera-
tures above the critical temperature, the essential unity
between the weak and electromagnetic interactions was mani-
fest: the weak interactions obeyed the same sort of inverse-
square law as the electromagnetic interactions, and had about
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the same strength.
The analogy with a freezing glass of water is instructive

here. Above the freezing point, liquid water exhibits a high
degree of homogeneity: the probability of finding a water
molecule at one point inside the glass is just the same as at
any other point. However, when the water freezes this
symmetry among different points in space is partly lost: the
ice forms a crystal lattice, with water molecules occupying
certain regularly spaced positions, and with almost zero
probability of finding water molecules anywhere else. In the
same way, when the universe 'froze' as the temperature fell
below 3000 million million degrees, a symmetry was lost-
not its spatial homogeneity, as in our glass of ice, but the
symmetry between the weak and the electromagnetic inter-
actions.

It may be possible to carry the analogy even farther. As
everyone knows, when water freezes it does not usually form
a perfect crystal of ice, but something much more compli-
cated : a great mess of crystal domains, separated by various
types of crystal irregularities. Did the universe also freeze
into domains? Do we live in one such domain, in which the
symmetry between the weak and electromagnetic interactions
has been broken in a particular way, and will we eventually
discover other domains?

So far our imagination carried us back to a temperature of
3000 million million degrees, and we have had to deal with
the strong, weak and electromagnetic interactions. What about
the one other grand class of interactions known to physics,
the gravitational interactions? Gravitation has of course
played an important role in our story, because it controls
the relation between the density of the universe and its rate
of expansion. However, gravity has not yet been found to
have any effect on the internal properties of any part of the
early universe. This is because of the extreme weakness of the
gravitational force; for instance, the gravitational force
between the electron and the proton in a hydrogen atom is
weaker than the electrical force by 39 powers of 10.
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(One illustration of the weakness of gravitation in cosmo-
logical processes is provided by the process of particle pro-
duction in gravitational fields. It has been pointed out by
Leonard Parker of the University of Wisconsin that the 'tidal'
effects of the gravitational field of the universe would have
been great enough, at a time about one million million
million-millionth of a second [10-24 sec.] after the beginning,
to produce particle-antiparticle pairs out of empty space.
However, gravitation was still so weak at these temperatures
that the number of particles produced in this way made a
negligible contribution to the particles already present in
thermal equilibrium.)

Nevertheless, we can at least imagine a time when
gravitational forces would have been as strong as the strong
nuclear interactions discussed above. Gravitational fields are
generated not only by particle masses, but by all forms of
energy. The earth is going around the sun a little faster than
it otherwise would if the sun were not hot, because the energy
in the sun's heat adds a little to the source of its gravitation.
At super-high temperatures the energies of particles in
thermal equilibrium can become so large that the gravita-
tional forces between them become as strong as any other
forces. We can estimate that this state of affairs was reached
at a temperature of about 100 million million million million
million degrees (1032 ° K).

At this temperature all sorts of strange things would have
been going on. Not only would gravitational forces have
been strong and particle production by gravitational fields
copious-the very idea of 'particle' would not yet have had
any meaning. The 'horizon', the distance beyond which it is
impossible yet to have received any signals (see page 49),
would at this time be closer than one wavelength of a typical
particle in thermal equilibrium. Speaking loosely, each par-
ticle would be about as big as the observable universe!

We do not know enough about the quantum nature of
gravitation even to speculate intelligently about the history
of the universe before this time. We can make a crude esti-
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mate that the temperature of 1032 ° K was reached some
10-43 seconds after the beginning, but it is not really clear
that this estimate has any meaning. Thus, whatever other
veils may have been lifted, there is one veil, at a temperature
of 1032 ° K, that still obscures our view of the earliest times.

However, none of these uncertainties makes much differ-
ence to the astronomy of AD 1976. The point is that during
the whole of the first second the universe was presumably
in a state of thermal equilibrium, in which the numbers and
distribution of all particles, even neutrinos, were determined
by the laws of statistical mechanics, not by the details of
their prior history. When we measure the abundance today
of helium, or microwave radiation, or even of neutrinos, we
are observing the relics of the state of thermal equilibrium
which ended at the close of the first second. As far as we
know, nothing we can observe depends on the history of the
universe prior to that time. (In particular, nothing we now
observe depends on whether the universe was isotropic and
homogeneous before the first second, except perhaps the
photon-to-nuclear-particle ratio itself.) It is as if a dinner
were prepared with great care - the freshest ingredients, the
most carefully chosen spices, the finest wines - and then
thrown all together in a great pot to boil for a few hours.
It would be difficult for even the most discriminating diner
to know what he was being served.

There is one possible exception. The phenomenon of gravi-
tation, like that of electromagnetism, can be manifested in
the form of waves as well as in the more familiar form of a
static action at a distance. Two electrons at rest will repel
each other with a static electric force that depends on the
distance between them, but if we wiggle one electron back
and forth, the other will not feel any change in the force
acting on it until there is time for news of the change in
separation to be carried on an electromagnetic wave from one
particle to the other. It hardly needs to be said that these
waves travel at the speed of light - they are light, although
not necessarily visible light. In the same way, if some ill-
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advised giant were to wiggle the sun back and forth, we on
earth would not feel the effect for eight minutes, the time
required for a wave to travel at the speed of light from the
sun to the earth. This is not a light wave, a wave of oscillat-
ing electric and magnetic fields, but rather a gravitational
wave, in which the oscillation is in the gravitational fields.
Just as for electromagnetic waves, we lump together gravita-
tional waves of all wavelengths under the terms 'gravitational
radiation'.

Gravitational radiation interacts far more weakly with
matter than electromagnetic radiation, or even neutrinos.
(For this reason, although we are reasonably confident on
theoretical grounds of the existence of gravitational radiation,
the most strenuous efforts have so far apparently failed to
detect gravitational waves from any source.) Gravitational
radiation would therefore have gone out of thermal equilib-
rium with the other contents of the universe very early - in
fact, when the temperature was about 1032 ° K. Since then,
the effective temperature of the gravitational radiation has
simply dropped in inverse proportion to the size of the
universe. This is just the same law of decrease as obeyed by
the temperature of the rest of the contents of the universe,
except that the annihilation of quark-antiquark and lepton-
antilepton pairs has heated the rest of the universe but not
the gravitational radiation. Therefore, the universe today
should be filled with gravitational radiation at a temperature
similar to but somewhat less than that of the neutrinos or
photons - perhaps about 1 ° K. Detection of this radiation
would represent a direct observation of the very earliest
moment in the history of the universe that can even be
contemplated by present-day theoretical physics. Unfortun-
ately there does not seem to be the slightest chance of
detecting a 1° K background of gravitational radiation in
the foreseeable future.

With the aid of a good deal of highly speculative theory,
we have been able to extrapolate the history of the universe
back in time to a moment of infinite density. But this leaves
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us unsatisfied. We naturally want to know what there was
before this moment, before the universe began to expand and
cool.

One possibility is that there never really was a state of
infinite density. The present expansion of the universe may
have begun at the end of a previous age of contraction, when
the density of the universe had reached some very high but
finite value. I will have a little more to say about this
possibility in the next chapter.

However, although we do not know that it is true, it is at
least logically possible that there was a beginning, and that
time itself has no meaning before that moment. We are all
used to the idea of an absolute zero of temperature. It is
impossible to cool anything below — 273.16° C, not because
it is too hard or because no one has thought of a sufficiently
clever refrigerator, but because temperatures lower than
absolute zero just have no meaning - we cannot have less
heat than no heat at all. In the same way, we may have to
get used to the idea of an absolute zero of time - a moment
in the past beyond which it is in principle impossible to
trace any chain of cause and effect. The question is open, and
may always remain open.

To me, the most satisfying thing that has come out of
these speculations about the very early universe is the possible
parallel between the history of the universe and its logical
structure. Nature now exhibits a great diversity of types of
particles and types of interactions. Yet we have learned to
look beneath this diversity, to try to see the various particles
and interactions as aspects of a simple unified gauge field
theory. The present universe is so cold that the symmetries
among the different particles and interactions have been
obscured by a kind of freezing; they are not manifest in
ordinary phenomena, but have to be expressed mathemat-
ically, in our gauge field theories. That which we do now by
mathematics was done in the very early universe by heat-
physical phenomena directly exhibited the essential simplicity
of nature. But no one was there to see it.
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Epilogue: the Prospect Ahead

The universe will certainly go on expanding for a while.
As to its fate after that, the standard model gives an equivocal
prophecy: it all depends on whether the cosmic density is
less or greater than a certain critical value.

As we saw in Chapter 2, if the cosmic density is less than
the critical density, then the universe is of infinite extent and
will go on expanding for ever. Our descendants, if we have
any then, will see thermonuclear reactions slowly come to an
end in all the stars, leaving behind various sorts of cinder:
black dwarf stars, neutron stars, perhaps black holes. Planets
may continue in orbit, slowing down a little as they radiate
gravitational waves but never coming to rest in any finite
time. The cosmic backgrounds of radiation and neutrinos
will continue to fall in temperature in inverse proportion to
the size of the universe, but they will not be missed; even
now we can barely detect the 3° K microwave radiation
background.

On the other hand, if the cosmic density is greater than
the critical value, then the universe is finite and its expansion
will eventually cease, giving way to an accelerating contrac-
tion. If, for instance, the cosmic density is twice its critical
value, and if the presently popular value of the Hubble con-
stant (15 kilometres per second per million light years) is
correct, then the universe is now 10,000 million years old;
it will go on expanding for another 50,000 million years, and
then begin to contract. (See figure 4, p. 46.) The contrac-
tion is just the expansion run backward: after 50,000 million
years the universe would have regained its present size, and
after another 10,000 million years it would approach a
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singular state of infinite density.
During at least the early part of the contracting phase,

astronomers (if there are any) will be able to amuse them-
selves by observing both red shifts and blue shifts. Light from
nearby galaxies would have been emitted at a time when the
universe was larger than it is when the light is observed, so
when it is observed this light will appear to be shifted
towards the short wavelength end of the spectrum, i.e.
towards the blue. On the other hand, the light from extremely
distant objects would have been emitted at a time when the
universe was still in the early stages of its expansion, when
the universe was even smaller than it is when the light is
observed, so when it is observed this light will appear to be
shifted towards the long wavelength end of the spectrum,
i.e. towards the red.

The temperature of the cosmic backgrounds of photons and
neutrinos will fall and then rise as the universe expands and
then contracts, always in inverse proportion to the size of the
universe. If the cosmic density now is twice its critical value,
then our calculations show that the universe at its maximum
dilation will be just twice as large as at present, so the micro-
wave background temperature will then be just one-half its
present value of 3° K, or about i-50 K. Then, as the universe
begins to contract, the temperature will start to rise.

At first no alarms will sound - for thousands of millions
of years the radiation background will be so cool that it
would take a great effort to detect it at all. However, when
the universe has recontracted to one-hundredth its present
size, the radiation background will begin to dominate the
sky: the night sky will be as warm (300° K) as our present
sky at day. Seventy million years later the universe will have
contracted another tenfold, and our heirs and assigns (if any)
will find the sky intolerably bright. Molecules in planetary
and stellar atmospheres and in interstellar space will begin
to dissociate into their constituent atoms, and the atoms will
break up into free electrons and atomic nuclei. After another
700,000 years, the cosmic temperature will be at ten million
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degrees; then stars and planets themselves will dissolve into
a cosmic soup of radiation, electrons, and nuclei. The tem-
perature will rise to ten thousand million degrees in another
22 days. The nuclei will then begin to break up into their
constituent protons and neutrons, undoing all the work of
both stellar and cosmological nucleosynthesis. Soon after that,
electrons and positrons will be created in great numbers in
photon-photon collisions, and the cosmic background of
neutrinos and antineutrinos will regain thermal communion
with the rest of the universe.

Can we really carry this sad story all the way to its end, to
a state of infinite temperature and density? Does time really
have to stop some three minutes after the temperature reaches
a thousand million degrees? Obviously, we cannot be sure.
All the uncertainties that we met in the preceding chapter, in
trying to explore the first hundredth of a second, will return
to perplex us as we look into the last hundredth of a second.
Above all, the whole universe must be described in the
language of quantum mechanics at temperatures above 100
million million million million million degrees (io32 ° K),
and no one has any idea what happens then. Also, if the
universe is not really isotropic and homogeneous (see the end
of Chapter 5), then our whole story may have lost its validity
long before we would have to face the problems of quantum /

cosmology.
From these uncertainties some cosmologists derive a sort

of hope. It may be that the universe will experience a kind of
cosmic 'bounce', and begin to re-expand. In the Edda, after
the final battle of the gods and giants at Ragnorak, the earth
is destroyed by fire and water, but the waters recede, the sons
of Thor come up from Hell carrying their father's hammer,
and the whole world begins once more. But if the universe
does re-expand, its expansion will again slow to a halt and
be followed by another contraction, ending in another cosmic
Ragnorak, followed by another bounce, and so on for ever.

If this is our future, it presumably also is our past. The
present expanding universe would be only the phase follow-
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ing the last contraction and bounce. (Indeed, in their 1965
paper on the cosmic microwave radiation background, Dicke,
Peebles, Roll and Wilkinson assumed that there was a
previous complete phase of cosmic expansion and contraction,
and they argued that the universe must have contracted
enough to raise the temperature to at least ten thousand
million degrees in order to break up the heavy elements
formed in the previous phase.) Looking farther back, we can
imagine an endless cycle of expansion and contraction stretch-
ing into the infinite past, with no beginning whatever.

Some cosmologists are philosophically attracted to the
oscillating model, especially because, like the steady-state
model, it nicely avoids the problem of Genesis. It does,
however, face one severe theoretical difficulty. In each cycle
the ratio of photons to nuclear particles (or, more precisely,
the entropy per nuclear particle) is slightly increased by a
kind of friction (known as 'bulk viscosity') as the universe
expands and contracts. As far as we know, the universe would
then start each new cycle with a new, slightly larger ratio of
photons to nuclear particles. Right now this ratio is large,
but not infinite, so it is hard to see how the universe could
have previously experienced an infinite number of cycles.

However all these problems may be resolved, and which-
ever cosmological model proves correct, there is not much of
comfort in any of this. It is almost irresistible for humans
to believe that we have some special relation to the universe,
that human life is not just a more-or-less farcical outcome of
a chain of accidents reaching back to the first three minutes,
but that we were somehow built in from the beginning. As I
write this I happen to be in an aeroplane at 30,000 feet,
flying over Wyoming en route home from San Francisco to
Boston. Below, the earth looks very soft and comfortable-
fluffy clouds here and there, snow turning pink as the sun
sets, roads stretching straight across the country from one
town to another. It is very hard to realize that this all is just
a tiny part of an overwhelmingly hostile universe. It is even
harder to realize that this present universe has evolved from
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an unspeakably unfamiliar early condition, and faces a future
extinction of endless cold or intolerable heat. The more the
universe seems comprehensible, the more it also seems point-
less.

But if there is no solace in the fruits of our research, there
is at least some consolation in the research itself. Men and
women are not content to comfort themselves with tales of
gods and giants, or to confine their thoughts to the daily
affairs of life; they also build telescopes and satellites and
accelerators, and sit at their desks for endless hours working
out the meaning of the data they gather. The effort to under-
stand the universe is one of the very few things that lifts
human life a little above the level of farce, and gives it some
of the grace of tragedy.



Afterword: Cosmology Since 1976

I am glad that the publication of this new British edition gives
me the chance to bring The First Three Minutes up to date.

Nothing has happened since the book was written in 1976 to
change the broad outlines of the story. It is still believed that
the universe is expanding, in the sense that the galaxies are
rushing apart from each other. It is still believed that the cosmic
radiation background discovered in 1965 is red-shifted thermal
'black-body' radiation, left over from a time when the universe
was at a temperature of about 3000°K, about 700,000 years
after the beginning. It is also still believed that the mixture of
light elements from which the stars first formed - 75 per cent
hydrogen, 25 per cent helium, and a trace of deuterium,
lithium, etc. - was formed in nuclear reactions when the
universe in at least its present expanding phase was about
three minutes old.

The progress in cosmology since 1976 on the observational
side has been in the direction of filling in the remaining gaps
and uncertainties in this story. On the theoretical side, there
has been a great expansion of activity in applying recent
developments in elementary particle theory to the study of the
very early universe, when the temperature was far above the
mere thousand million degrees of the era of cosmis nucleo-
synthesis. I will try here to give a very brief summary of the
progress on both sides of cosmology since 1976.

Astronomers have continued to study the cosmic microwave
radiation background with ever greater precision, and although
departures from a black-body distribution at very short wave-
lengths are reported from time to time, there is still no definite
evidence that the radiation background is anything but what it
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is generally assumed to be: red-shifted thermal radiation left
over from a time in the early universe when radiation and
matter were in thermal equilibrium.

The angular distribution of the radiation background has
also been under intense continued study. Here the results
obtained are more dramatic. Observations by a Berkeley group
using a U2 aircraft have discovered a small anisotropy of
precisely the sort that would be expected if our solar system is
moving at high speed relative to the radiation background -
that is, a somewhat higher temperature in the direction towards
which we are moving, and a lower temperature in the direction
from which we have come.* When allowance is made for the
fact that the solar system is carried along by the rotation of our
galaxy, one can conclude that our whole galaxy is travelling
relative to the radiation background at about 400 km/sec, more
or less in the direction of the rich cluster of galaxies in Virgo.

,The same conclusion has been reached by other means: a
systematic study of red-shifts for nearby galaxies shows that at
any given distance they tend to be lower in the direction of
Virgo than in the opposite direction, as would be expected if
we are rushing after the Virgo galaxies at about 300-400 km/sec.

This is a high speed, rather higher than the 100 km/sec or
so that used to be quoted as a typical galactic velocity. (We
are not talking here about the high velocities associated with
the general expansion of the universe, but about what are
called 'peculiar' velocities, the departures from this cosmic
flow.) This picture of large galactic peculiar velocities has been
urged for many years by G. de Vaucouleurs of the University
of Texas, and now it appears to be becoming verified by the
anisotropies in the cosmic radiation background as well as by
the study of red-shifts.

One consequence of this view of our galaxy's motion is to
change estimates of the Hubble constant. Many of the galaxies
*In The First Three Minutes, I said that this sort of measurement
might not be possible until measurements could be made from
satellites orbiting the earth. Fortunately, the instruments on U2
aircraft can look up as well as down.



Afterword 153
on which these estimates are based are in the Virgo cluster, so
if we are actually travelling towards this cluster, then the
velocity of its galaxies due to the general expansion of the
universe must be rather larger than would be inferred from the
observed red-shifts of these galaxies. One can conclude then
that the Hubble constant is somewhat larger than has pre-
viously been estimated - say 30 km/sec instead of 15 km/sec
per million light years. However, this conclusion is (not
universally accepted.

Another implication of large galactic peculiar velocities is
that there must be a good deal more mass in the Virgo cluster
than had generally been supposed. This mass is needed to
produce gravitational fields strong enough to accelerate our
galaxy to high speed during the time since it was formed.
Evidence for large galactic masses comes also from studies of
individual galaxies. Vera Rubin of the Carnegie Institution of
Washington has discovered that the rotational velocities of
galaxies do not fall off with distance from the galactic centre,
(like the velocities of the planets in the solar system), as would
be expected if the mass of the galaxy were concentrated near
its luminous central regions, but rather remain high as far out
as they can be measured, indicating that there is a great deal of
matter in the outer non-luminous parts of galaxies. The best
present estimates are that the mass density of the universe is
about one third to one half the critical amount needed to close
the universe and eventually stop its expansion; possibly the
mass density is even equal to or greater than the critical value.

At the same time that estimates of the cosmic mass density
have been rising, the measurements of deuterium abundance
have set more stringent upper bounds on the density ofbaryons.
Recall the way this argument goes: the higher the baryon
density at the present, the higher it would have been at the
time in the past when the temperature reached a thousand
million degrees and atomic nuclei began to form; a higher
baryon density means that the nuclear reactions that assemble
helium nuclei from neutrons and protons would have gone
more nearly to completion, leaving less of a deuterium residue.
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The observation of a relatively high deuterium abundance
indicates that the density of mass in the form of baryons is not
more than a few per cent of the critical amount which would be
needed to close the universe.

A paradox is evidently upon us. If the total mass density of
the universe is really one third to one half the critical density,
and the density of the baryons is only a few per cent of this,
then in what form is the mass of the universe?

Increasing attention has been given lately to the possibility
that the missing mass is in the form of massive neutrinos. The
neutrino has generally been thought to be a particle of zero
mass, like the photon, and for many years there was no sign
of any neutrino mass; indeed, there was firm evidence that the
neutrino mass is less than about one-ten-thousandth that of
the electron. Now some hints of a neutrino mass have begun
to appear. An experiment in Novosibirsk shows distortions in
the distribution of electron energies in the radioactive decay of
tritium (hydrogen 3), of the sort that would be expected if the
neutrino (actually, an antineutrino) emitted in this decay had
a mass in the neighbourhood of 10 to 40 electron volts. (For
comparison, the electron mass is 511,003 electron volts.)
Experiments are now in train either to confirm this result, or
to set a new upper limit on the neutrino mass. Confirmation
would be enormously important to astrophysics, because there
are expected to be about as many neutrinos and antineutrinos
left over from the early universe as there are photons in the
microwave radiation background, or about a hundred to ten
thousand million neutrinos and antineutrinos for each proton or
neutron; a neutrino mass of 10 or more electron volts would
therefore mean that it is neutrinos rather than nuclear particles
that provide most of the mass density of the universe. Also,
massive neutrinos are not subject to the non-gravitational forces
that allow nuclear particles and electrons to collapse into the
central parts of galaxies, so they are good candidates for the
mysterious dark matter in the outer reaches of galaxies and in
clusters of galaxies. (Another possibility that has very recently
emerged is that the missing mass is in the form of 'photinos' -



Afterword 155

hypothetical particles that interact much like neutrinos, but
are much heavier and rarer.)

What do we expect on an a priori basis for the neutrino
mass? It used to be said that the neutrino must be massless
because of a conservation law known as the conservation of
lepton number, mentioned briefly in Chapter 4. The neutrino,
which spins to the left as ift moves (i.e., in the direction of the
curled fingers of your left hand if your thumb points in the
direction of the neutrino motion) is assigned a lepton number of
+1, while the antineutrino which spins to the right has a lepton
number of — i . The electron (both left and right-handed) is
assigned a lepton number of 4-1, and its antiparticle, the
positron, has lepton number — i. Conservation of lepton
number means that the total lepton number of any system
can not change. Now, if the neutrino had a mass then it would
always be travelling at a speed less than that of light, and
the distinction between left and right-handed spin would lose
its absolute significance: by travelling sufficiently fast past a
neutrino one could reverse the apparent direction of its
motion but not its spin, thus converting a left-handed neutrino
into a right-handed antineutrino by a mere change of point of
view. If lepton number is conserved this would have to be
supposed to be impossible, so to avoid a contradiction we would
have to suppose that the neutrino is massless, so that no
observer can ever travel faster than it does.*

There is in fact a great deal of evidence for the conservation
of lepton number (including stringent limits on the rates of
various lepton non-conserving processes, as well as on the
neutrino mass) and no definite evidence against it. So why, if it
is not exactly conserved, should lepton number be conserved
to such a good approximation? Our readiness to doubt the
exact conservation of lepton number is at least in part due to
an improvement in our understanding of elementary particle
*This argument does not apply to the electron, because both it
and its antiparticle come with both spins, left and right. If this
were the case for the neutrino, then it too could have a mass
without violating lepton conservation.
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interactions, one that has provided a satisfying answer to this
question.

It so happens that in the present theory of elementary particle
interactions, if the only particle types that exist are the ones
we already know of, then lepton conservation is automatic: such
theories are so tightly constrained by other conservation laws
and symmetry principles that they cannot be complicated
enough to violate lepton conservation.* If there are other types
of particles then lepton number conservation can be violated,
but these exotic particles would have to be very heavy (otherwise
they would have been detected) and the violations of lepto-i
number they produce would be correspondingly weak. Thus
we now have a theoretical framework in which we can under-
stand in a natural way why quantities like the neutrino mass are
very small, without having to believe in an exact conservation
law which makes them zero.

The same remarks apply also to another conservation law,
the conservation of baryon number, with consequences of
great potential importance for cosmology. As explained in
Chapter 4, the baryon number of any system is the total
number of protons and neutrons (and certain related particles
known as hyperons) minus the number of their antiparticles
(antiprotons, antineutrons, antihyperons) that are contained in
the system. The conservation of baryon number was originally
proposed in order to explain why ordinary matter is so long-
lived. For instance, the protons in the nuclei of all atoms
would be allowed by the conservation of energy, momentum
and electric charge to decay into positrons and photons and yet
we know experimentally that the average lifetime of these
protons is much longer than the age of the universe. Baryon
conservation forbids proton decay (the baryon number of the
proton is +i, and the baryon number of the positron and
photon in the final state is zero) and hence would 'explain' the
observed stability of matter.

As in the case of lepton conservation, our present theories of
*For the experts, I should say that I am referring here to field
theories of the type known as renormalizable.
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elementary particle interactions make baryon nonconservation
inevitable, provided the only particle types that exist are those
with which we are already familiar. If there exist as yet
undetected heavy exotic particles, then baryon nonconserving
processes like proton decay become possible, but at rates
suppressed by the large mass of these particles. In order to
explain the observed stability of the proton, we would have to
assume that such exotic particles have masses greater than
about a hundred million million proton masses. This may
sound like an absurdly large mass, but in fact there are reasons
- having to do with quantum gravity and with so-called 'grand
unified' theories - for expecting mass scales this large or larger
to be important in physics. Experiments are now under way in
the US, Europe and Asia to look for a very slow decay of the
protons (and bound neutrons) in ordinary materials such as
water, iron or concrete.*

The universe itself provides a positive hint that baryon
number is not conserved. There appears to be a cosmic excess
of matter over antimatter throughout the part of the universe we
can observe, and hence a positive density of baryon number.
As discussed in Chapter 3, the measurement of the temperature
of the cosmic microwave background radiation together with
estimates of the matter density of the universe allows us to
conclude that the ratio of baryon number of photons in the
present universe is roughly i to 1000 million. It would of
course be possible to assume that this baryon-to-photon ratio
was put in at the beginning, but it seems much more attractive
to suppose that it is a result of physical baryon-nonconserving
processes. (I made a suggestion along these lines in 1964, also,
at least one of the early experiments looking for proton decay,
at the University of Stockholm and the Nobel Institute, was
prompted by cosmological considerations of this sort.) We
then ought to be able to calculate the present ratio of baryun
number to photons by following the course of baryon non-
*Further information on the subject of proton decay may be
found in my article. 'The Decay of the Proton' in the June
1981 issue of Scientific American.
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conserving interactions as the universe expands.
Calculations of this sort were outlined in 1967 by Andre

Sakharov, and more recently in 1978 by M. Yoshimura.
Following Yoshimura's paper a number of theorists at Prince-
ton, Harvard, Stanford, and CERN attempted to work out the
details ofbaryon generation in the early universe, and gradually .
a plausible picture has emerged. Briefly, one begins by noting
that at very early times, when the universe is extraordinarily
hot, even very heavy particles and equal numbers of their
antiparticles will be about as abundant as photons. If these
particles are of the 'exotic' type mentioned earlier, whose
interactions can violate baryon (and lepton) conservation, then
they can decay into states with a nonvanishing average net
baryon number. However, if the decay processes respect an
exact symmetry between matter and antimatter, then the
baryon number produced when one of these particles decays
would be cancelled by an equal and opposite baryon number
produced when its antiparticle decays. It was discovered
experimentally in 1964 that elementary particle interactions are
in fact not perfectly symmetric between matter and antimatter,
but this asymmetry is very small, and the baryon-photon ratio
produced in the early universe is correspondingly small. This
is very nice, because the observed baryon-photon ratio is very
small, about one baryon per 1000 million photons. Unfortu-
nately, however, both the theoretical and experimental values
of this ratio are too uncertain to allow a critical test of these
ideas at present.

All this is supposed to occur at very very early times, when
the temperature was of the order of a thousand million million
million million degrees. Other interesting events would have
been going on at around these times. In Chapter 5, there is a
discussion of cosmic phase transitions: moments in the history
of the expanding and cooling universe when matter rearranges
itself into a state of lower symmetry, like liquid water losing its
homogeneity and freezing into a lattice of ice. One of these
phase transitions mentioned in Chapter 5 occurs relatively late,
when the temperature has dropped to a mere thousand million
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million degrees, and signals the breakdown of the 'gauge'
symmetry that governs the weak and electromagnetic inter-
actions. It is very plausible that there is also an earlier phase
transition, occurring a little before the cosmological production
of baryons, in which some sort of grand unified symmetry,
which connects the electromagnetic and weak interactions with
the strong nuclear interactions, becomes broken.

These phase transitions can be of two different sorts. They
can be 'first-order' phase transitions, like the freezing of water,
in which the state of matter changes discontinuously, releasing
a definite amount of what is called latent heat. Or they can be
'second-order' transitions, like the spontaneous magnetization
of a ferromagnet as the temperature drops past a critical value,
in which the state of matter changes smoothly and no latent
heat is released. It had generally been assumed that the phase
transitions in cosmology are of second order, or perhaps
weakly of first order, with almost no discontinuity in the state
of matter and very little latent heat. Recently A. Guth of MIT
has pointed out that a number of standing problems of cos-
mology would be solved if the earlier phase transitions, in
which the grand unified symmetry is broken, were strongly
first-order.

One consequence of a strong first-order phase transition is
that matter can stay for a while in the wrong phase, like water
that is cooled below the normal freezing temperature of o°C
but that has not yet had time to freeze into ice. This period of
supercooling gives the universe a chance to smooth out any
initial inhomogeneities and anisotropies. Without such a super-
cooling era, it would be very difficult to understand why the
microwave radiation background from points in opposite
directions in the sky has the same temperature, since this
radiation comes to us from points so distant from each other
and from times so early that without a supercooling era there
would not have been time in the history of the universe for any
influence to have reached these points from any common
source.
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The occurrence of a period of supercooling can also solve
another problem, the problem of magnetic monopoles. These
are particles that carry an isolated magnetic pole - north or
south - without a compensating opposite pole. Magnetic
monopoles were hypothesized a half-century ago by P. A. M.
Dirac, but it was the work ofG. 't Hooft of Utrecht that showed
a few years ago that magnetic monopoles are a necessary
ingredient in grand unified theories of elementary particle
interactions. Subsequently, J. Preskill of Harvard and Khiopov
and Zeidovich in the USSR pointed out that magnetic mono-
poles would be produced in the early grand unified phase
transition, and produced in such great numbers that the
number present today would be far larger than is observa-
tionally allowed.* As noted by Guth, the density of monopoles
could be diluted by the expansion of the universe during the
era of supercooling to a level consistent with observations.

Finally, the latent heat released in a delayed first-order
phase transition could explain one of the most obvious and yet
surprising facts about the universe - that there is so much stuff
in it. We know for instance that the number of photons in the
universe is at least io87 (a one followed by 87 zeros) and this
could be explained by the latent heat released after a super-
cooling era in which the universe expands by a factor of io29.
Unfortunately it is difficult to see why the universe should
remain this long in the wrong phase, or how if it does it can
ever get out of it.

This work on the very early universe represents real pro-
gress, but it is progress of a conceptual sort, only distantly
related to observations of the present universe. We are today
not much closer than we were in 1976 in understanding the
origin of the structures that fill our universe: galaxies and
clusters of galaxies. As we look out at the night sky, the great
arc of the Milky Way and the faint luminous patch of the
Andromeda Nebula continue to mock our ignorance.

*No one has yet discovered magnetic monopoles with any cer-
tainty, though there is a report from Stanford of a single
promising candidate.



2. Properties of Some Kinds of Radiation

Properties of Some Kinds of Radiation. Each kind of radiation is
characterized by a certain range of wavelengths, given here in
centimetres. Corresponding to this range of wavelengths is a
range of photon energies, given here in electron volts. The
'black-body temperature' is the temperature at which black-
body radiation would have most of its energy concentrated
near the given wavelengths; this temperature is given here in
degrees Kelvin. (For instance, the wavelength to which Penzias
and Wilson were tuned in their discovery of the cosmic radiation
background was 7.35 cm, so this is microwave radiation; the
photon energy released when a nucleus undergoes a radioactive
transmutation is typically about a million electron volts, so
this is a y ray; and the surface of the sun is at a temperature of
5800° K, so the sun emits visible light.) Of course, the divisions
between the different kinds of radiation are not perfectly sharp,
and there is no universal agreement on the various wavelength
ranges.
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ABSOLUTE LUMINOSITY The total energy emitted per unit time
by any astronomical body.

ANDROMEDA NEBULA The large galaxy nearest to our own. A
spiral, containing about 3 x io11 solar masses. Listed as M3i
in the Messier catalogue, NGC 224 in the 'New General
Catalogue'.

ANGSTROM UNIT One hundred-millionth of a centimetre
(io-8 cm). Denoted by A. Typical atomic sizes are a few
Angstroms; typical wavelengths of visible light are a few
thousand Angstroms.

ANTIPARTICLE A particle with the same mass and spin as
another particle, but with equal and opposite electric charge,
baryon number, lepton number, and so on. To every particle^
there is a corresponding antiparticle, except that certain
purely neutral particles like the photon and n° meson are
their own antiparticles. The antineutrino is the antiparticle
of the neutrino; the antiproton is the antiparticle of the
proton; and so on. Antimatter consists of the antiprotons,
antineutrons, and antielectrons, or positrons.

APPARENT LUMINOSITY The total energy received per unit time
and per unit receiving area from any astronomical body.

ASYMPTOTIC FREEDOM The property of some field theories of
the strong interactions, that the forces become increasingly
weak at short distances.

BARYONS A class of strongly interacting particles, including
neutrons, protons, and the unstable hadrons known as
hyperons. Baryon number is the total number of baryons
present in a system, minus the total number of antibaryons.

'BIG BANG' COSMOLOGY The theory that the expansion of the
universe began at a finite time in the past, in a state of enor-
mous density and pressure.

BLACK-BODY RADIATION Radiation with the same energy density
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in each wavelength range as the radiation emitted from a
totally absorbing heated body. The radiation in any state
of thermal equilibrium is black-body radiation.

BLUE SHIFT The shift of spectral lines towards shorter wave-
lengths, caused by the Doppler effect for an approaching
source.

BOLTZMANN'S CONSTANT The fundamental constant of statistical
mechanics, which relates the temperature scale to units of
energy. Usually denoted k, or ka. Equal to 1.3806 X 10 -16 ergs
per degree Kelvin, or 0.00008617 electron volts per degree
Kelvin.

CEPHEID VARIABLES Bright variable stars, with a well-defined
relation among absolute luminosity, period of variability,
and colour. Named after the star 6 Cephei in the constellation
Cepheus ('the King'). Used as indicators of distance for
relatively near galaxies.

CHARACTERISTIC EXPANSION TIME Reciprocal of the Hubble
constant. Roughly, 100 times the time in which the universe
would expand by I per cent.

CONSERVATION LAW A law which states that the total value of
some quantity does not change in any reaction.

COSMIC RAYS High-energy charged particles which enter our
earth's atmosphere from outer space.

COSMOLOGICAL CONSTANT A term added by Einstein in 1917
to his gravitational field equations. Such a term would
produce a repulsion at very large distances, and would be
needed in a static universe to balance the attraction due to
gravitation. There is no reason at present to suspect the
existence of a cosmological constant.

COSMOLOGICAL PRINCIPLE The hypothesis that the universe is
isotropic and homogeneous.

CRITICAL DENSITY The minimum present cosmic mass density
required if the expansion of the universe is eventually to
cease and be succeeded by a contraction. The universe is
spatially finite if the cosmic density exceeds the critical
density.

CRITICAL TEMPERATURE The temperature at which a phase
transition occurs.

CYANOGEN The chemical compound CN, formed of carbon
and nitrogen. Pound in interstellar space by absorption of
visible light.
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DECELERATION PARAMETER A number which characterizes the

rate at which the recession of distant galaxies is slowing down.
DENSITY The amount of any quantity per unit volume. The

mass density is the mass per unit volume, this is often simply
referred to as 'the density'. The energy density is the energy
per unit volume; the number density or particle density is the
number of particles per unit volume.

DEUTERIUM A heavy isotope of hydrogen, H2. The nuclei of
deuterium, called deutrons, consist of one proton and one
neutron.

DOPPLER EFFECT The change in frequency of any signal, caused
by a relative motion of source and receiver.

ELECTRON The lightest massive elementary particle. All
chemical properties of atoms and molecules are determined by
the electrical interactions of electrons with each other and
with the atomic nuclei.

ELECTRON VOLT A unit of energy, convenient in atomic physics,
equal to the energy acquired by one electron in passing -
through a voltage difference of one volt. Equal to 1.60219 x
ro -1- ergs.

ENTROPY A fundamental quantity of statistical mechanics,
related to the degree of disorder of a physical system. The
entropy is conserved in any process in which thermal equili-
brium is continually maintained. The second law of thermo-
dynamics says that the total entropy never decreases in any
reaction.

ERG The unit of energy in the centimetre-gram-second system.
The kinetic energy of a mass of one gram travelling at one
centimetre per second is one-half erg.

FEYNMAN DIAGRAMS Diagrams which symbolize various con-
tributions to the rate of an elementary particle reaction.

FINE STRUCTURE CONSTANT Fundamental numerical constant of
atomic physics and quantum electrodynamics, defined as the
square of the charge of the electron divided by the product of
Planck's constant and the speed of light. Denoted a. Equal to
1/137.036.

FREQUENCY The rate at which crests of any sort of wave pass a
given point. Equal to the speed of the wave divided by the
wavelength. Measured in cycles per second, or 'Hertz'.

FRIEDMANN MODEL The mathematical model of the space-time
structure of the universe, based on general relativity (without
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a cosmological constant) and the Cosmological Principle.
GALAXY A large gravitationally bound cluster of stars, con-

taining up to lo12 solar masses. Our galaxy is sometimes
called 'The Galaxy'. Galaxies are generally classified
according to their shape, as elliptical, spiral, barred spiral, or
irregular.

GAUGE THEORIES A class of field theories currently under
intense study as possible theories of the weak, electromagnetic,
and strong interactions. Such theories are invariant under a
symmetry transformation, whose effect varies from point to
point in space-time. The term 'gauge' comes from the
ordinary English word meaning 'measure', but the term is
used mostly for historical reasons.

GENERAL RELATIVITY The theory of gravitation developed by
Albert Einstein in the decade 1906-16. As formulated by
Einstein, the essential idea of general relativity is that gravi-
tation is an effect of the curvature of the space-time con-
tinuum.

GRAVITATIONAL WAVES Waves in the gravitational field,
analogous to the light waves in the electromagnetic field.
Gravitational waves travel at the same speed as light waves,
299,792 kilometres per second. There is no generally accepted
experimental evidence for gravitational waves, but their
existence is required by general relativity, and is not seriously
in doubt. The quantum of gravitational radiation, analogous
to the photon, is called the graviton.

HADRON Any particle that participates in the strong interactions.
Hadrons are divided into baryons (such as the neutron and
proton), which obey the Pauli Exclusion Principle, and
mesons, which do not.

HELIUM The second lightest, and second most abundant,
chemical element. There are two stable isotopes of helium:
the nucleus of He4 contains two protons and two neutrons,
while the nucleus of He3 contains two protons and one
neutron. Atoms of helium contain two electrons outside the
nucleus.

HOMOGENEITY The assumed property of the universe, that at a
given time it appears the same to all typical observers,
wherever located.

HORIZON In cosmology, the distance from beyond which no
light signal would have yet had time to reach us. If the
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universe has a definite age, then the distance to the horizon
is of the order of the age times the speed of light.

BUBBLE'S LAW The relation of proportionality between the
velocity of recession of moderately distant galaxies and their
distance. The Hubble constant is the ratio of velocity to
distance in this relation, and is denoted H or Hy.

HYDROGEN The lightest and most abundant chemical element.
The nucleus of ordinary hydrogen consists of a single proton.
There are also two heavier isotopes, deuterium and tritium.
Atoms of any sort of hydrogen consist of a hydrogen nucleus
and a single electron, in positive hydrogen ions the electron is
missing.

HYDROXYL ION The ion OH -, formed of an oxygen atom, a
hydrogen atom, and one extra electron.

INFRARED RADIATION Electromagnetic waves with wavelength
between about 0.0001 cm and 0.01 cm (ten thousand to one
million Angstroms), intermediate between visible light and
microwave radiation. Bodies at room temperature radiate
chiefly in the infrared.

ISOTROPY The assumed property of the universe, that to ^
typical observer it looks the same in all directions. )

JEANS MASS The minimum mass for which gravitational
attraction can overcome internal pressure and produce a
gravitationally bound system. Denoted MJ.

KELVIN The temperature scale, like the Centigrade scale, but
with absolute zero instead of the melting point of ice as the
zero of temperature. The melting point of ice at a pressure of
one atmosphere is 273.15° K.

LEPTON A class of particles which do not participate in the
strong interactions, including the electron, muon, and
neutrino. Lepton number is the total number of leptons
present in a system, minus the total number of antileptons.

LIGHT YEAR The distance that a light ray travels in one year,
equal to 9.4605 million million kilometres.

MAXIMUM TEMPERATURE The upper limit to temperature,
implied by certain theories of the strong interactions. Esti-
mated in these theories as two million million degrees Kelvin.

MEAN FREE PATH The average distance travelled by a given
particle between collisions with the medium in which it
moves. The mean free time is the average time between
collisions.
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MESONS A class of strongly interacting particles, including the

pi mesons, K-mesons, rho mesons, and so on, with zero
baryon number.

MESSIER NUMBERS The catalogue numbers of various nebulae
and star clusters in the listing of Charles Messier. Usually
abbreviated as M .. .; thus the Andromeda Nebula is M.3I.

MICROWAVE RADIATION Electromagnetic waves with wave-
length between about o.ox cm and 10 cm, intermediate
between very-high-frequency radio and infrared radiation.
Bodies with temperatures of a few degrees Kelvin radiate
chiefly in the microwave band.

MILKY WAY The ancient name of the band of stars which
mark the plane of our galaxy. Sometimes used as a name for
our galaxy itself.

MUON An unstable elementary particle of negative charge^
similar to the electron but 207 times heavier. Denoted /i.
Sometimes called mu meson, but not strongly interacting like
true mesons.

NEBULAE Extended astronomical objects with a cloudlike
appearance. Some nebulae are galaxies; others are actual
clouds of dust and gas within our galaxy.

NEUTRINO A massless electrically neutral particle, having only
weak and gravitational interactions. Denoted v. Neutrinos
come in at least two varieties, known as electron-type (re)
and muon-type (vy).

NEUTRON The uncharged particle found along with protons in
ordinary atomic nuclei. Denoted n.

NEWTON'S CONSTANT The fundamental constant of Newton's
and Einstein's theories of gravitation. Denoted G. In Newton's
theory the gravitational force between two bodies is G times
the product of the masses divided by the square of the distance
between them. In metric units, equal to 6.67 x 10 -8 cm'/gm
sec.

NUCLEAR DEMOCRACY The doctrine that all hadrons are equally
fundamental.

NUCLEAR PARTICLES The particles, protons and neutrons,
found in the nuclei of ordinary atoms. Usually shortened to
nucleons.

PARSEC Astronomical unit of distance. Denned as distance of
an object whose parallax (annual shift in sky due to earth's
motion around sun) is one second of arc. Abbreviated pc.
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Equal to 3.0856 X ro13 kilometres, or 3.2615 light years.
Generally used in astronomical literature in preference to
light years. Conventional unit of cosmology is one million
parsecs, or megaparsec, abbreviated Mpc. Hubble's constant
is usually given in kilometres per second per megaparsec.

PAULI EXCLUSION PRINCIPLE The principle that no two particles
of the same type can occupy precisely the same quantum
state. Obeyed by baryons and leptons, but not by photons
or mesons.

PHASE TRANSITION The sharp transition of a system from one
configuration to another, usually with a change in symmetry.
Examples include melting, boiling, and the transition from
ordinary conductivity to superconductivity.

PHOTON In the quantum theory of radiation, the particle
associated with a light wave. Denoted as y.

PI MESON The hadron of lowest mass. Comes in three varieties,
a positively charged particle (T^), its negatively charged
.antiparticle (n -), and a slightly lighter neutral particle (n°}.
Sometimes called pions.

PLANCK'S CONSTANT The fundamental constant of quantum
mechanics. Denoted h. Equal to 6.625 X 10 -27 erg sec.
Planck's constant was first introduced in 1900, in Planck's
theory of black-body radiation. It then appeared in Einstein's
1905 theory of photons: the energy of a photon is Planck's
constant times the speed of light divided by the wavelength.
Today it is more usual to use a constant h, defined as Planck's
constant divided by in.

PLANCK DISTRIBUTION The distribution of energy at different
wavelengths for radiation in thermal equilibrium, i.e., for
black-body radiation, i '

POSITRON The positively charged antiparticle of the electron.
Denoted e +.

PROPER MOTION The shift in position in the sky of astronomical
bodies, caused by their motion at right angles to the line of
sight. Usually measured in seconds of arc per year.

PROTON The positively charged particle found along with,
neutrons in ordinary atomic nuclei. Denoted p. The nucleus
of hydrogen consists of one proton.

QUANTUM MECHANICS The fundamental physical theory de-
veloped in the 1920s as a replacement for classical mechanics.
In quantum mechanics waves and particles are two aspects
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of the same underlying entity. The particle associated with a
given wave is its quantum. Also, the states of bound systems
like atoms or molecules occupy only certain distinct energy
levels; the energy is said to be quantized.

QUARKS Hypothetical fundamental particles, of which all
hadrons are supposed to be composed. Isolated quarks have
never been observed, and there are theoretical reasons to
suspect that, though in some sense real, quarks never can
be observed as isolated particles.

QUASI-STELLAR OBJECTS A class of astronomical objects with a
stellar appearance and very small angular size, but with large
red shifts. Sometimes called quasars, or when they are strong
radio sources, quasi-stellar sources. Their true nature is
unknown.

BAYLEIGH-JEANS LAW The simple relation between energy
density (per unit wavelength interval) and wavelength, valid
for the long-wavelength limit of the Planck distribution. The
energy density in this limit is proportional to the inverse
fourth power of the wavelength.

RECOMBINATION The combination of atomic nuclei and
electrons into ordinary atoms. In cosmology, recombination
often is used specifically to refer to the formation of helium
and hydrogen atoms at a temperature around 3000° K.

RED SHIFT The shift of spectral lines towards longer wave-
lengths, caused by the Doppler effect for a receding source. In
cosmology, refers to the observed shift of spectral lines of
distant astronomical bodies towards long wavelengths.
Expressed as a fractional increase in wavelength, the red
shift is denoted z.

REST ENERGY The energy of a particle at rest, which would be
released if all the mass of the particle could be annihilated.
Given by Einstein's formula E = me*.

RHO MESON One of the many extremely unstable hadrons.
Decays into two pi mesons, with a mean life of 4.4 x 10 -M

seconds.
SPECIAL RELATIVITY The new view of space and time presented

by Albert Einstein in 1905. As in Newtonian mechanics,
there is a set of mathematical transformations which relate
the space-time coordinates used by different observers, in
such a way that the laws of nature appear the same to these
observers. However, in special relativity the space-time
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transformations have the essential property of leaving th®
speed of light unchanged, irrespective of the velocity of the
observer. Any system containing particles with velocities
near the speed of light is said to be relativistic, and must be
treated according to the rules of special relativity, rather than
Newtonian mechanics.

SPEED OF LIGHT The fundamental constant of special relativity,
equal to 299,729 kilometres per second. Denoted c. Any
particles of zero mass, such as photons, neutrinos, or gravitons,
travel at the speed of light. Material particles approach the
speed of light when their energies are very large compared to
the rest energy me2 in their mass.

SPIN A fundamental property of elementary particles which
describes the state of rotation of the particle. According to
the rules of quantum mechanics, the spin can take only
certain special values, equal to a whole number or half a
whole number x Planck's constant.

STEADY-STATE THEORY The cosmological theory developed by
Bondi, Gold, and Hoyle, in which the average properties of
the universe never change with time; new matter must be
continually created to keep the density constant as the universe
expands.

STEFAN-BOLTZMANN LAW The relation of proportionality be*
tween the energy density in black-body radiation and the
fourth power of the temperature.

STRONG INTERACTIONS The strongest of the four general
classes of elementary particle interactions. Responsible for
the nuclear forces which hold protons and neutrons in the
atomic nucleus. Strong interactions affect only hadrons, not
leptons or photons.

SUPERNOVAS Enormous stellar explosions in which all but the
inner core of a star is blown off into interstellar space. A
supernova produces in a few days as much energy as the sun
radiates in a thousand million years. The last supernova
observed in our galaxy was seen by Kepler (and by Korean
and Chinese court astronomers) in 1604 in the constellation
Ophiuchus, but the radio source Cas A is believed to be due
to a more recent supernova.

THERMAL EQUILIBRIUM A state in which the rates at which
particles enter any given range of velocities, spins, and so on,
exactly balances the rates at which they leave. If left un-
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disturbed for a sufficiently long time, any physical system will
eventually approach a state of thermal equilibrium.

THRESHOLD TEMPERATURE The temperature above which a
given type of particle will be copiously produced by black-
body radiation. Equal to the mass of the particle, times the
square of the speed of light, divided by Boltzmann's constant.

TRITIUM The unstable heavy isotope H3 of hydrogen. Nuclei
of tritium consist of one proton and two neutrons.

TYPICAL GALAXIES Here used to refer to galaxies which have
no peculiar velocity, and therefore move only with the
general flow of matter produced by the expansion of the
universe. The same meaning is given here to typical particle or
typical observer.

ULTRAVIOLET RADIATION Electromagnetic waves with wave-
length in the range 10 Angstroms to 2000 Angstroms (lo-7

cm to 2 x 10 -5 cm), intermediate between visible light and
X rays.

VIRGO CLUSTER A giant cluster of over 1000 galaxies in the
constellation Virgo. This cluster is moving away from us at a
speed of approximately 1000 km/sec, and is believed to be
at a distance of 60 million light years.

WAVELENGTH In any kind of wave, the distance between wave
crests. For electromagnetic waves, the wavelength may be
denned as the distance between points where any component
of the electric or magnetic field vector takes its maximum
value. Denoted A.

WEAK INTERACTIONS One of the four general classes of ele-
mentary particle interactions. At ordinary energies, weak
interactions are much weaker than electromagnetic or strong
interactions, though very much stronger than gravitation.
The weak interactions are responsible for the relatively slow
decays of particles like the neutron and muon, and for all
reactions involving neutrinos. It is now widely believed that
the weak, electromagnetic and perhaps the strong interactions

. are manifestations of a simple, underlying unified gauge
field theory.


