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Fig. 8.7 In the hot big bang model the rate of expansion is always
decreasing with time, but in the inflationary model the rate of expansion

increases rapidly in the early stages.
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-l picture in which the earth is a medium-sized

planet orbiting around an average star in the

outer suburbs of an ordinary spiral galaxy,

which is itself only one of about a million mil-

lion galaxies in the observable universe (Fig.

8.6). Yet the strong anthropic principle would

claim that this whole vast construction exists

simply for our sake. This is very hard to believe.

Our Solar System is certainly a prerequisite for

our existence, and one might extend this to the

whole of our galaxy to allow for an earlier gen-

eration of stars that created the heavier ele-

ments. But there does not seem to be any need

for all those other galaxies, nor for the universe

to be so uniform and similar in every direction

on the large scale.

One would feel happier about the anthropic

principle, at least in its weak version, if one

cduld show that quite a number of different ini-

tial configurations for the universe would have

evolved to produce a universe like the one we

observe. If this is the case, a universe that devel-

oped from some sort of random initial condi-

tions should contain a number of regions that

are smooth and uniform and are suitable for the

evolution of intelligent life. On the other hand,

if the initial state of the universe had to be cho-

sen extremely carefully to lead to something like

what we see around us, the universe would be

unlikely to contain any region in which life

would appear. In the hot big bang model

described above, there was not enough time in

the early universe for heat to have flowed from

one region to another. This means that the ini-

tial state of the universe would have to have had

exactly the same temperature everywhere in

order to account for the fact that the microwave

background has the same temperature in every

direction we look. The initial rate of expansion

also would have had to be chosen very precisely

for the rate of expansion still to be so close to

the critical rate needed to avoid recollapse. This

means that the initial state of the universe must

have been very carefully chosen indeed if the hot

big bang model was correct right back to the

beginning of time. It would be very difficult to

explain why the universe should have begun in

just this way, except as the act of a God who

intended to create beings like us.

In an attempt to find a model of the universe

in which many different initial configurations

could have evolved to something like the present

universe, a scientist at the Massachusetts

Institute of Technology, Alan Guth, suggested

that the early universe might have gone through

a period of very rapid expansion. This expan-

sion is said to be "inflationary," meaning that

the universe at one time expanded at an increas-
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Fig. 8.8 The rapid expansion of the uniuerse in tbe first
fraction of a second would flatten the uniuerse and make
the expansion almost tbe critical ualue.

ing rate rather than the decreasing rate that it
does today (Fig. 8.7). According to Guth, the

radius of the universe increased by a million mil-
lion million million million (1 with thirty zeros

after it) times in only a tiny fraction of a second.

Guth suggested that the universe started out
from the big bang in a very hot, but rather

chaotic, state. These high temperatures would
have meant that the particles in the universe

would be moving very fast and would have high

energies. As we discussed earlier, one would
expect that at such high temperatures the strong

and weak nuclear forces and the electromagnet-

ic force would all be unified into a single force.

As the universe expanded, it would cool, and

particle energies would go down. Eventually

there would be what is called a phase transition

and the symmetry between the forces would be

broken: the strong force would become different

from the weak and electromagnetic forces. One

common example of a phase transition is the

freezing of water when you cool it down. Liquid

water is symmetrical, the same at every point

and in every direction. However, when ice crys-

tals form, they will have definite positions and

will be lined up in some direction. This breaks

water's symmetry.

In the case of water, if one is careful, one can
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"supercool" it: that is, one can reduce the tem-

perature below the freezing pgint (0'C) without

ice forming. Guth suggested that the universe

might behave in a similar way: the temperature

might drop below the critical value without the

symmetry between the forces being broken. If
this happened, the universe would be in an

unstable state, with more energy than if the sym-

metry had been broken. This special extra ener-

gy can be shown to have an antigravitational

effect: it would have acted just like the cosmo-

logical constant that Einstein introduced into
general relativity when he was trying to con-

struct a static rnodel of the universe. Since the

universe would aheady be expanding just as in

the hot big bang model, the repulsive effect of

this cosmological constant would therefore have

made the universe expand at an ever-increasing

rate. Even in regions where there were more

matter particles than average, the gravitational

attraction of the matter would have been out-

weighed by the repulsion of the effective cosmo-

logical constant. Thus these regions would also

expand in an accelerating inflationary manner.

As they expanded and the matter particles got

farther apafi, one would be left with an expand-

ing universe that contained hardly any particles

and was still in the supercooled state. Any irreg-

ularities in the universe would simply have been

smoothed out by the expansion, as the wrinkles

in a balloon are smoothed away when you blow

it up (Fig. 8.8). Thus the present smooth and
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uniform state of the universe could have evolved

from many different non-uniform initial srates.

In such a universe, in which the expansion

was accelerated by a cosmological constant

rather than slowed down by the gravitational

attraction of matter, there would be enough time

for light to travel from one region to another in

the early universe. This could provide a solution

to the problem, raised earlier, of why different

regions in the early universe have the same prop-

erties. Moreover, the rate of expansion of the

universe would automatically become very close

to the critical rate determined by the energy den-

sity of the universe. This could then explain why

the rate of expansion is still so close to the crit-

ical rate, without having to assume that the ini-

tial rate of expansion of the universe was very

carefully chosen.

The idea of inflation could also explain why

there is so much matter in the universe. There

are something like ten million million million
million million million million million million
million million million million million (1 with
eighty zeros after it) particles in the region of the

universe that we can observe. IThere did they all

come from? The answer is that, in quantum the-

ory, particles can be created out of energy in the

form of particle/antiparticle pairs. But that just

raises the question of where the energy came

from. The answer is that the total energy of the

universe is exactly zero. The matter in the uni-

verse is made out of positive energy. However,

the matter is all attracting itself by gravity. Two

pieces of matter that are close to each other have

less energy than the same two pieces a long way

apart, because you have to expend energy to

separate them against the gravitational force

that is pulling them together. Thus, in a sense,

the gravitational field has negative energy. In the

case of a universe that is approximately uniform

in space, one can show that this negative gravi-

tational energy exactly cancels the positive ener-

gy represented by the matter. So the total energy

of the universe is zero.

Now twice zero is also zero. Thus the uni-

verse can double the amount of positive matter

energy and also double the negative gravitation-

al energy without violation of the conservation

of energy. This does not happen in the normal

expansion of the universe in which the matter

energy density goes down as the universe gets

bigger. It does happen, however, in the inflation-

ary expansion because the energy density of the

supercooled state remains constant while the
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Cartoon drawn by Andrei Linde showing the state of the

inflationary model in the early 1980's.

universe expands: when the universe doubles in

size, the positive matter energy and the negative

gravitational energy both double, so the total

energy remains zero. During the inflationary

phase, the universe increases its size by a very

large amount. Thus the total amount of energy

available to make particles becomes very large.

As Guth has remarked, "It is said that there's no

such thing as a free lunch. But the universe is the

ultimate free lunch."

The universe is not expanding in an infla-

tionary way today. Thus there has to be some

mechanism that would eliminate the very large

effective cosmological constant and so change

the rate of expansion from an accelerated one to

one that is slowed down by gravity, as we have

today. In the inflationary expansion one might

expect that eventually the symmetry between

the forces would be broken, just as supercooled

water always freezes in the end. The extra ener-

gy of the unbroken symmetry state would then

be released and would reheat the universe to a

temperature just below the critical temperature

for symmetry between the forces. The universe

would then go on to expand and cool just like

the hot big bang model, but there would now be

an explanation of why the universe was expand-

ing at exactly the critical rate and why different

regions had the same temperature.

In Guth's original proposal the phase transi-

tion was supposed to occur suddenly rather like

the appearance of ice crystals in very cold water.

The idea was that "bubbles" of the new phase
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of broken symmetry would have formed in the
old phase, like bubbles of sream surrounded by
boiling water. The bubbles were supposed to
expand and meet up with each other until the

whole universe was in the new phase. The trou-
ble was, as I and several other people pointed

out, that the universe was expanding so fast that
even if the bubbles grew at the speed of light,
they would be moving away from each other

and so could not join up. The universe would be

left in a very non-uniform state, with some

regions still having symmetry between the dif-
ferent forces. Such a model of the universe

would not correspond to what we see.

In October 1,98-1,,I went to Moscow for a

conference on quantum gravity. After the con-

ference I gave a seminar on the inflationary

model and its problems at the Sternberg

Astronomical Institute. Before this, I had got

someone else to give my lectures for me, because

most people could not understand my voice. But

there was not time to prepare this seminar, so I
gave it myself, with one of my graduate students

repeating my words. It worked well, and gave

me much more contact with my audience. In the

audience was a young Russian, Andrei Linde,

from the Lebedev Institute in Moscow. He said

that the difficulty with the bubbles nor joining

up could be avoided if the bubbles were so big

that our region of the universe is all contained

inside a single bubble. In order for this to work,

the change from symmetry to broken symmetry

must have taken place very slowly inside the

bubble, but this is quite possible according to

grand unified theories. Linde's idea of a slow

breaking of symmetry was very good, but I later

realized that his'bubbles would have to have

been bigger than the size of the universe ar rhe

time! I showed that instead the symmetry would

have broken everywhere at the same time, rather

than just inside bubbles. This would lead to a

uniform universe, as we observe. I was very

excited by this idea and discussed it with one of

my students, Ian Moss. As a friend of Linde's,l

was rather embarrassed, however, when I was

later sent his paper by a scientific journal and

asked whether it was suitable for publication. I

replied that there was this flaw about the bub-

bles being bigger than the universe, but that the

basic idea of a slow breaking of symmetry was

very good. I recommended that the paper be

published as it was because it would take Linde

several months to correct it, since anything he

sent to the 'West would have to be passed by
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Soviet censorship, which was neither very skill-
ful nor very quick with scientific papers.

Instead, I wrote a short paper with Ian Moss in

the same journal in which we pointed out this

problem with the bubble and showed how it
could be resolved.

The day after I got back from Moscow I set

out for Philadelphia, where I was due to receive

a medal from the Franklin Institute. My secre-

tary, Judy Fella, had used her not inconsiderable

charm to persuade British Airways to give her-

self and me free seats on a Concorde as a pub-

licity venture. However, I was held up on my

way to the airport by heavy rain and I missed

the plane. Nevertheless, I got to Philadelphia in

the end and received my medal. I was then asked

to give a seminar on the inflationary universe at

Drexel University in Philadelphia. I gave the

same seminar about the problems of the infla-

tionary universe, just as in Moscow.

A very similar idea to Linde's was put forth

independently a few months later by Paul

Steinhardt and Andreas Albrecht of the

Universiry of Pennsylvania. They are now given

joint credit with Linde for what is called "the new

inflationary model," based on the idea of a slow

breaking of symmetry. (The old inflationary

model was Guth's original suggestion of fast sym-

metry breaking with the formation of bubbles.)

The new inflationary model was a good

attempt to explain why the universe is the way

it is. However, I and several other people

showed that, at least in its original form, it pre-

dicted much greater variations in the tempera-

ture of the microwave background radiation

than are observed. Later work has also cast

doubt on whether there could be a phase transi-

tion in the very early universe of the kind

required. In my personal opinion, the new infla-

tionary model is now dead as a scientific theory,

although a lot of people do not seem to have

heard of its demise and are still writing papers

as if it were viable. A better model, called the

chaotic inflationary model, was put forward by

Linde in 1983. In this there is no phase transi-

tion or supercooling. Instead, there is a spin 0

field, which, because of quantum fluctuations,

would have large values in some regions of the

early universe. The energy of the field in those

regions would behave like a cosmological con-

stant. It would have a repulsive gravitational

effect, and thus make those regions expand in an

inflationary manner. As they expanded, the

energy of the field in them would slowly
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Fig. 8.9 One inflationary model suggested by Andrei
Linde is of a field in which quantum fluctuations occur,
causing certain parts to expand rapidly as peaks wbile
other domains such as our own, represented by the ual-
leys, are no longer inflating.

decrease until the inflationary expansion

changed to an expansion like that in the hot big

bang model. One of these regions would become

what we now see as the observable universe.

This model has all the advantages of the earlier

inflationary models, but it does not depend on a

dubious phase transition, and it can moreover

give a reasonable size for the fluctuations in the

temperature of the microwave background that
agrees with observation.

This work on inflationary models showed

that the present state of the universe could have

arisen from quite alarge number of different ini-

tial configurations. This is important, because it
shows that the initial srate of the part of the uni-

verse that we inhabit did not have to be chosen

with great care. So we may, if we wish, use the

weak anthropic principle to explain why the

universe looks the way it does now. It cannot be

the case, however, that every initial configura-

tion would have led to a universe like the one we

observe. One can show this by considering a

very different stare for the universe at the pre-

sent time, say, a very lumpy and irregular one.

One could use the laws of science to evolve the

universe back in time to determine its configu-

ration at earlier times. According to the singu-

larity theorems of classical general relativity,

there would still have been a big bang singular-

lty.
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ity. If you evolve such a universe forward in time

according to the laws of science, you will end up

with the lumpy and irregular state you started

with. Thus there must have been initial configu-

rations that would not have given rise to a uni-

verse like the one we see today. So even the infla-

tionary model does not tell us why the initial

configuration was not such as to produce some-

thing very different from what we observe. Must

we turn to the anthropic principle for an expla-

nation? '$fas it all just a lucky chance? That

would seem a counsel of despair, a negation of

all our hopes of understanding the underlying

order of the universe.

In order to predict how the universe should

have started off, one needs laws that hold at the

beginning of time. If the classical theory of gen-

eral relativity was correct, the singularity theo-

rems that Roger Penrose and I proved show that

the beginning of time would have been a point

of infinite density and infinite curvature of

space-time. All the known laws of science would

break down at such a point. One might suppose

that there were new laws that held at singulari-

ties, but it would be very difficult even to for-

mulate such laws at such badly behaved points,

and we would have no guide from observations

as to what those laws might be. However, what

the singularity theorems really indicate is that

the gravitational field becomes so strong that

quantum gravitational effects become impor-

tant: classical theory is no longer a good descrip-

tion of the universe. So one has to use a quan-

tum theory of gravity to discuss the very early

1.71
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stages of the universe. As we shall see, it is pos_

sible in the quantum theory for the ordinary
laws of science to hold everywhere, including at
the beginning of time: it is not necessary ro pos-
tulate new laws for singularities, because there
need not be any singularities in the quanrum
theory.

'We don't yet have a complete and consistent

theory that combines quantum mechanics and
gravity. However, we are fairly certain of some

features that such a unified theory should have.

One is that it should incorporate Feynman,s

proposal to formulate quantum theory in terms

of a sum over histories. In this approach, a par-
ticle does not have just a single historS as it
would in a classical theory. Instead, it is sup-

posed to follow every possible path in space-

time, and with each of these histories there are

associated a couple of numbers, one represent-

ing the size of a wave and the other representing

its position in the cycle (its phase). The proba-
bility that the particle, say, passes through some

particular point is found by adding up the waves

associated with every possible history that pass-

es through that point.'Sfhen one actually tries to
perform these sums, however, one runs into
severe technical problems. The only way around

these is the following peculiar prescription: one

must add up the waves for particle histories that
are not in the "real" time that you and I experi_

ence but take place in what is called imaginary

time. Imaginary time may sound like science fic-

tion but it is in fact a well-defined mathematical

concept. If we take any ordinary (or "real,,)

number and multiply it by itself, the result is a
positive number. (For example, 2 times 2 is 4,

but so is -2 times.2.) There are, however, special

numbers (called imaginary numbers) that give

negative numbers when multiplied by them-

selves. (The one called i, when multiplied by

itself, gives -1, 2i multiplied by itself gives -4,

and so on.)

One can picture real and imaginary numbers

in the following way (Fig. 8.10). The real num-

bers can be represented by a line going from left

to right, with zero in the middle, negative num-

bers like -1, -2, etc. on the left, and positive

numbers, tr 2, etc. on the right. Then imaginary

numbers are represented by a line going up and

down the page, with i, 2i, etc. above the middle,

and -i, -2i, etc. below. Thus imaginary numbers

are in a sense numbers at right angles to ordi-

nary real numbers.

To avoid the technical difficulties with
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Feynman's sum over histories, one must use

imaginary time. That is to say, for the purposes

of the calculation one must measure time using

imaginary numbers, rather than real ones. This

has an interesting effect on space-time: the dis-

tinction between time and space disappears

completely. A space-time in which events have

imaginary values of the time coordinate is said

to be Euclidean, after the ancient Greek Euclid,

who founded the study of the geometry of two-

dimensional surfaces. 'V7hat we now call

Euclidean space-time is very similar except that
it has four dimensions instead of two. In
Euclidean space-time there is no difference

between the time direction and directions in
space. On the other hand, in real space-time, in

which events are labeled by ordinary, real values

of the time coordinate, it is easy to tell the dif-

ference - the time direction at all points lies

within the light cone, and space directions lie

outside. In any case, as far as everyday quantum

mechanics is concerned, we may regard our use

of imaginary time and Euclidean space-time as

merely a mathematical device (or trick) to cal-

culate answers about real space-time.

A second feature that we believe must be part

of any ultimate theory is Einstein's idea that the

gravitational field is represented by curved

space-time: particles try to follow the nearest

thing to a straight path in a curved space, but

because space-time is not flat their paths appear

to be bent, as if by a gravitational field. When

we apply Feynman's sum over histories to

Einstein's view of gravity, the analogue of the his-

tory of a particle is now a complete curved space-

time that represents the history of the whole uni-

verse. To avoid the technical difficulties in actual-

ly performing the sum over histories, these

Fig. 8.10 Real numbers can be
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Euclid,295 ac.

curved space-times must be taken to be

Euclidean. That is, time is imaginary and is

indistinguishable from directions in space. To

calculate the probability of finding a real space-

time with some certain property, such as looking
the same at every point and in every direction,
one adds up the waves associated with all the

histories that have that property.

In the classical theory of general relativity,
there are many different possible curved space-

times, each corresponding to a different initial
state of the universe. If we knew the initial state

of our universe, we would know its entire histo-

ry. Similarly, in the quanrum theory of gravity,

there are many different possible quantum states

for the universe. Again, if we knew how the

Euclidean curved space-times in t'he sum over

histories behaved at early times, we would know

the quantum state of the universe.

In the classical theory of gravity, which is

based on real space-time, there are only two

possible ways the universe can behave: either it
has existed for an infinite time, or else it had a

beginning at a singul arity at some finite time in

the past. In the quantum theory of gravity, on

the other hand, a third possibility arises.

Because one is using Euclidean space-times, in

which the time direction is on the same footing

as directions in space, it is possible for space-

time to be finite in extent and yet to have no sin-

gularities that formed a boundary or edge.

Space-time would be like the surface of the

earth, only with two more dimensions. The sur-

face of the earth is finite in extent but it doesn'r

have a boundary or edge: if you sail off into the

sunset, you don't fall off the edge or run into a
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the world!)

If Euclidean space-time stretches back to infi-
nite imaginary time, or else starts at a singulari-

ty in imaginary time, we have the same problem

as in the classical theory of specifying the initial
state of the universe: God may know how the

universe began, but we cannot give any particu-

lar reason for thinking it began one way rather

than another. On the other hand, the quantum

theory of gravity has opened up a new possibil-

it5 in which there would be no boundary to
space-time and so there would be no need to
specify the behavior at the boundary. There

would be no singularities at which the laws of
science broke down, and no edge of space-time

at which oie 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 universe is that it has no bound-

ary." The universe would be completely self-

contained and not affected by anything outside

itself. It would neither be created nor destroyed.

It would just BE.

It was at the conference in the Vatican men-

tioned earlier that I first put forward the sugges-

tion that maybe time and space together formed

a surface that was finite in size but did not have

any boundary or edge. My paper was rarher
mathematical, however, so its implications for
the role of God in the creation of the universe

were not generally recognized at rhe time (just as

well for me). At the time of the Vatican confer-

ence, I did not know how to use the "no bound-

ary" idea to make predictions about the uni-

verse. However I spent the following summer at

the University of California, Santa Barbara.

There a friend and colleague of mine, Jim
Hartle, worked out with me what conditions the

universe must satisfy if space-time had no

boundary. When I returned to Cambridge,I con-

tinued this work with two of my research sru-

dents, Julian Luttrel and Jonathan Halliwell.
I'd like to emphasize that this idea that time

and space should be finite "without boundary"
is just a proposal: it cannot be deduced from
some other principle. Like any other scientific

theory it may initially be put forward for aes-

thetic or metaphysical reasons, but the real test

is whether it makes predictions that agree with
observation. This, however, is difficult to deter-

mine in the case of quantum gravitS for two
reasons. First, as will be explained in chapter 11,

we are not yet sure exactly which theory suc-

cessfully combines general relativity and quan-

tum mechanics, though we know quite a lot

175



ILLUSTRATED BRIET HISTORY OF TIM

Fig. 8.11
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about the form such a theory must have.

Second, any model that described the whole uni-

verse in detail would be much too complicated

mathematically for us to be able to calculate

exact predictions. One therefore has to make

simplifying assumptions and approximations -
and even then, the problem of extracting predic-

tions remains a formidable one.

Each history in the sum over histories will
describe not only the space-time but everything

in it as well, including any complicated organ-

Trr EnRru

Fig. 8.11 In tbe "no boundary" proposal, the history

of the uniuerse in imaginary time is like the surface of
the eartb: it is finite in size but doesn't haue a boundary.

isms like human beings who can observe the his-

tory of the universe. This may provide another

justification for the anthropic principle, for if all

the histories are possible, then so long as we

exist in one of the histories, we may use the

anthropic principle to explain why the universe

is found to be the way it is. Exactly what mean-
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ing can be attached to the other histories, in

which we do not exist, is not clear. This view of
a quantum theory of gravity would be much

more satisfactory, however, if one could show

that, using the sum over histories, our universe

is not just one of the possible histories but one

of the most probable ones. To do this, we must

perform the sum over histories for all possible

Euclidean space-times that have no boundary.

Under the "no boundary" proposal one

learns that the chance of the universe being

Maximum size

Size of
universe

decreasing

with
imaginary

time

found to be following most of the possible his-

tories is negligible, but there is a particular fam-

ily of histories that are much more probable

than the others. These histories may be pictured

as being like the surface of the earth, with the

distance from the North Pole representing imag-

inary time and the size of a circle of constant

distance from the North Pole representing the

spatial size of the universe. The universe starts at

the North Pole as a single point. As one moves

south, the circles of latitude at constant distance

1.77
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the equator, and tben expands in real time at an increasing inflationary rate'

from the North Pole get bigger, corresponding

to the universe expanding with imaginary time

(Fig. 8.11). The universe would reach a maxi-

mum size at the equator and would contract

with increasing imaginary time to a single point

at the South Pole. Even though the universe

would have zero size at the North and South

Poles, these points would not be singularities,

any more than the North and South Poles on the

earth are singular. The laws of science will hold

at them, iust as they do at the North and South

Poles on the earth.

The history of the universe in real time, how-

ever, would look very different' At about ten or
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l

twenty thousand million years ago, it would
have a minimum size, which was equal to the

maximum radius of the history in imaginary

time. At later real times, the universe would

expand like the chaotic inflationary model pro-

posed by Linde (but one would nor now have to

assume that the universe was created somehow

in the right sort of state). The universe would

expand to a very large size (Fig. 8.12) and even-

tually it would collapse again into what looks

like a singularity in real time. Thus, in a sense,

we are still all doomed, even if we keep away

from black holes. Only if we could picture the

universe in terms of imaginary time would there

be no singularities.

If the u.piverse really is in such a quantum

state, there would be no singularities in the his-

tory of the universe in imaginary time. It might

seem therefore that my more recent work had

completely undone the results of my earlier

work on singularities. But, as indicated above,

the real importance of the singularity theorems

was that they showed that the gravitational field

must become so strong that quantum gravita-

tional effects could not be ignored. This in turn
led to the idea that the universe could be finite
in imaginary time but without boundaries or

singularities. When one goes back to the real

time in which we live, however, there will still
appear to be singularities. The poor astronaur

who falls into a black hole will still come ro a
sticky end; only if he lived in imaginary time

would he encounter no singularities.

This might suggest that the so-called imagi-

nary time is really the real time, and that what

we call real time is just a figment of our imagi-

nations. In real time, the universe has a begin-

ning and an end at singularities that form a

boundary to space-time and at which the laws of

science break down. But in imaginary time,

there are no singularities or boundaries. So

maybe what we call imaginary time is really

more basic, and what we call real is just an idea

that we invent to help us describe what we think

the universe is like. But according to the

approach I described in Chapter 1, a scientific

theory is just a mathematical model we make to

describe our observations: it exists only in our

minds. So it is meaningless to ask: which is real,

"real" or "imaginary" time? It is simply a mat-

ter of which is the more useful description.

One can also use the sum over histories,

along with the no boundary proposal, to find

which properties of the universe are likely to
occur together. For example, one can calculate

the probability that the universe is expanding at

ties,

the
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nearly the same rate in all different directions at

a time when the density of the universe has its

present value. In the simplified models that have

been examined so far, this probability turns out
to be high; that is, the proposed no boundary

condition leads to the prediction that it is

extremely probable that the present rate of
expansion of the universe is almost the same in

each direction. This is consistent with the obser-

vations of the microwave background radiation,

which show that it has almost exactly the same

intensity in any direction. If the universe were

expanding faster in some directions than in oth-

ers, the intensity of the radiation in those direc-

tions would be reduced by an additional red shift.

Further predictions of the no boundary con-

dition are currently being worked out. A partic-

ularly interesting problem is the size of the small

departures from uniform density in the early

universe that caused the formation first of the

galaxies, then of stars, and finally of us. The

uncertainty principle implies that the early uni-

verse cannot have been completely uniform

because there must have been some uncertain-

ties or fluctuations in the positions and veloci-

ties of the particles. Using the no boundary con-

dition, we find that the universe must in fact

have started off with just the minimum possible

non-uniformity allowed by rhe uncerrainty prin-

ciple. The universe would have then undergone

a period of rapid expansion, as in the inflation-

ary models. During this period, the initial non-

uniformities would have been amplified until

they were big enough to explain the origin of the

structures we observe around us. In 1,992 the

Cosmic Background Explorer satellite (COBE)

first detected very slight variations'in the inten-

sity of the microwave background with'direc-

tion. The way these non-uniformities depend on

direction seems to agree with the predictions of

the inflationary model and the no boundary

proposal. Thus the no boundary proposal is a

good scientific theory in the sense of Karl

Popper: it could have been falsified by observa-

tions but instead its predictions have been con-

firmed. In an expanding universe in which the

density of matter varied slightly from place to

place, gravity would have caused the denser

regions to slow down their expansion and start

contracting. This would lead to the formation of

galaxies, stars, and eventually even insignificant

creatures like ourselves. Thus all the complicat-

ed structures that we see in the universe might

be explained by the no boundary condition for

the universe together with the uncertainty prin-

ciple of quantum mechanics.
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The idea that space and time may form a

closed surface without boundary also has pro-

found implications for the role of God in the

affairs of the universe. 'lfith the success of sci-

entific theories in describing evenrs, most people

have come to believe that God allows the uni-
verse to evolve according to a set of laws and

does not intervene in the universe to break these

laws. However, the laws do not tell us what the

universe should have looked like when it started

- it would still be up ro God to wind up the

clockwork and choose how to srart it off. So

Above: A map of the tiny temperature uariations in the
microwaue background obserued by the COBE satellite.
The hot spots correspond to sligbtly more dense regions
that later deueloped into clusters of galaxies.

long as the universe had a beginningr w€ could

suppose it had a creator. But if the universe is

really completely self-contained, having no

boundary or edge, it would have neither begin-

ning nor end: it would simply be. '!flhat place,

then, for a creator?
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