
Panicle physics and
inflationary cosmology
It seems likely that the universe is an eternal, self-reproducing entity
divided into many mini-universes, with low-energy physics and perhaps
even dimensionality differing from one to the other.

Andrei Linde

With the invention of unified theories
of strong, weak, electromagnetic and
gravitational interactions, elementary-
particle physics has entered a very
interesting and unusual stage of its
development. The end of the 1960s saw
the introduction of the Glashow-Wein-
berg-Salam unification of the weak
and electromagnetic interactions. In
1974 came the grand unified theories of
the strong, weak and electromagnetic
interactions. Two years later we had
supergravity, giving us the first hope of
unifying all fundamental interactions,
including gravitation. The beginning
of the 1980s witnessed a renewal of
interest in the Kaluza-Klein theories
and supergravity in higher-dimension-
al space-time. Nowadays superstring
theory is the leading candidate for the
role of "theory of everything."

The 1983 discovery of the W and Z
weak vector bosons predicted by the
Glashow-Weinberg-Salam theory has
shown that the unified theories have
made a very good start. Optimists are
full of enthusiasm, predicting that at
this rate we will soon reach our final
goal. It would be highly desirable,
however, to verify experimentally that
we are still going in the right direction.
Unfortunately, this appears to be an
extremely difficult task.

The energy scale at which the unified
nature of all four fundamental interac-
tions is expected to become manifest is
not very different from the Planck
mass MP, about 10~5 grams, where
quantum gravity effects become impor-
tant. (The Planck mass is that mass for
which the Compton wavelength lP,
about 10~33 cm, equals the Schwarz-
schild radius.) Its rest energy MPc2,
about 1019 GeV, corresponds to the
kinetic energy of a small airplane. By
contrast, the 80-km-circumference Su-
perconducting Super Collider the
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Americans hope to build in the near
future will accelerate particles up to
104 GeV. The largest accelerator ring
one could build on Earth, with a
circumference of 40 000 km, could not
accelerate particles beyond about 108

GeV, a center-of-mass energy occasion-
ally to be seen in cosmic-ray collisions.
But this still leaves us 12 orders of
magnitude short of the energy neces-
sary for a direct test of the unified
theories. Of course there are some
indirect tests, such as the searches for
proton decay and for supersymmetric
partners of ordinary particles. But
trying to get a correct theory of all
fundamental interactions with only
such low-energy experiments is like
looking for the correct unified
electroweak theory by studying noth-
ing but radio waves.

The universe as accelerator
The only accelerator that could ever

produce particles energetic enough for
a direct testing of the unified theories of
all fundamental interactions is our
universe itself. The Big Bang scenario
as it stood ten years ago,1 which I will
call the hot-universe theory, asserts
that the universe was born at some
moment t = 0 about 15 billion years
ago, in a state of infinitely high tem-
perature T and infinitely large density
p. Of course one cannot really speak of
classical space-time for the earliest
moments, when kT/c2 was greater than
the Planck mass, and p exceeded MPI
ZP

3, making quantum fluctuations of
the metric predominant. (We will use a
convenient unit system that sets k, c
and h all equal to 1, so that ZP equals 1/
MP and the Planck density is MP

4,
roughly 1094 g/cm3.) It is just at such
times, when the average particle ener-
gy exceeded MP, that the unity of all
four fundamental interactions would
have been manifest.

With the rapid expansion of the
universe, the average energy of parti-
cles, given by the temperature, de-

creases rapidly, and the universe be-
comes cold. The temperature falls as
the reciprocal of R, the scale factor, or
"radius," of the universe. This means
that particle interactions at extremely
large energies can have occurred only
at the very early stages of universal
evolution. One might think it very
difficult to extract useful and reliable
information from the unique experi-
ment carried out about 1010 years ago.
Thus it came as a great surprise to
those who study elementary particles
that the investigation of physical pro-
cesses at the very early stages of the
universe can rule out most of the
existing unified theories.

For example, all the grand unified
theories predict the existence of super-
heavy stable particles carrying mag-
netic charge: magnetic monopoles.
These objects have a typical mass 1016

times that of the proton. According to
the standard hot-universe theory, mon-
opoles should appear at the very early
stages of the universe, and they should
now be as abundant as protons. In that
case the mean density of matter in the
universe would be about 15 orders of
magnitude higher than its present
value of about 10 ~29 g/cm3.

Originally there was some hope that
this problem would disappear when
more complicated theories were consid-
ered. It turned out, however, that the
problems became even more complicat-
ed in the new theories. For example,
according to the models based on one
version of supergravity, the universe
should contain not only monopoles but
also heavy gravitinos (superpartners
of the graviton, with spin %) and
oscillating classical "Polonyi" fields.
In most of these theories the predicted
abundance of gravitinos (or their de-
cay products) contradicts cosmological
data by about 10 orders of magnitude,
and the typical energy density stored in
the Polonyi fields contradicts the data
by 15 orders of magnitude. Most of the
higher-dimensional Kaluza-Klein the-
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ories considered in the early 1980s
predict the present vacuum energy
density to be on the order of MP

4, too
large for the observational data by 125
orders of magnitude. The situation
with the currently fashionable super-
string theories (PHYSICS TODAY, July
1985, page 17) seemed, at first glance,
to be somewhat better. To be fair,
however, one must say that no consis-
tent cosmological model based on su-
perstrings has been suggested thus far.

We see that it is not difficult to obtain
strong cosmological constraints on the
unified particle theories. On the con-
trary, there is a problem as to whether
it is possible to reconcile elementary-
particle theory and cosmology. To
answer this question it is necessary to
check whether the standard hot-uni-
verse theory is as good as it seemed at
first to be, and whether it is possible to
modify it so as to remove some of the
difficulties we have mentioned.

Problems of the standard theory
There are many difficult problems

associated with the hot-universe the-
ory, but for a long time most of them
seemed more metaphysical than phys-
ical, and thus of no immediate concern
for scientists. The most important of
these problems are:
• The singularity problem. The state
of infinite density in which the uni-
verse was born at time 0 is called a
singularity. One may wonder what
there was before the Big Bang singular-
ity: Where did the universe come
from? If space-time itself does not
exist for times less than 0, how could
everything appear from nothing?
• The flatness problem. At school we
are taught that the world is described
by Euclidean geometry, and that two
parallel lines never cross. When we
come to the university, our professors
tell us that, according to general rela-
tivity, the geometry of the universe is,
in general, different from the Euclid-
ean geometry of flat space. The uni-
verse may be open, in which case
parallel lines diverge from one another,
or it may be closed, in the way that the
surface of a sphere is closed, so that
parallel lines cross one another like the
meridian lines on a globe.

The only natural length parameter
in general relativity is the Planck
length ZP. Therefore one would expect
our space to be very curved, with a
typical radius of curvature on the order
oflO~33cm. We see, however, that our
universe is just about flat on a scale of
1028 cm, the radius of the observable
part of the universe. This 1010-light-
year distance to the Big Bang horizon is
60 orders of magnitude larger than lP.
Why is our universe so flat, its geome-
try almost exactly Euclidean?

(Planck time)
10- 3 5 1017 (Present)
AGE OF THE UNIVERSE (seconds)

Expansion of the universe for three possible inflationary scenarios—open (blue), flat (green)
and closed (red). The scale factor R, which, at least in the closed scenario, can be thought
of as the radius of the universe, is plotted as a function of time. The inflationary universe
starts either from a singular Big Bang or from a large quantum fluctuation of a pre-existing
space-time metric. After the Planck time, inflation sets in, expanding the universe by a factor
of 1010" in 10~35 seconds. By contrast, the noninflationary hot-universe model (gray) yields
an expansion factor of only 1030 to the present day, 1017 seconds after the beginning. The
inflationary epoch is followed, at 10"35 seconds, by a brief interlude of heating, after which
the further evolution of the universe is adequately described by the standard noninflationary
model. Figure 1

• The horizon problem. This problem
can be formulated in several ways. The
simplest way to understand it is to
consider an infinite (open or flat) uni-
verse. Why, the problem asks, did all
the causally disconnected regions of the
infinite universe start their expansion
simultaneously (at t = 0)? Who gave
the command?
• The problems of homogeneity and
galaxy formation. Astronomical obser-
vations show that our universe on the
very large scale is extremely homogen-
eous. On the scale of 1010 light years
the distribution of matter departs from
perfect homogeneity by less than a part
in a thousand. Why is the universe so
homogeneous? On much smaller
scales, on the other hand, the universe
is not homogeneous at all. It contains
stars, galaxies, clusters of galaxies,
voids and other structures larger than
108 light years. What is the origin of
these important inhomogeneities?
• The uniqueness problem. The es-
sence of this problem was once formu-
lated by Albert Einstein: "What I am
really interested in is whether God
could have created the world different-
ly." A few years ago it would have
seemed rather meaningless to ask why
our space-time is four-dimensional,
why a, the fine-structure constant, is
close to V137, why the vacuum energy
density (or equivalently, the cosmologi-

cal constant) is so small, and so on.
However, in the Kaluza-Klein and su-
perstring theories, space-time original-
ly has considerably more than four
dimensions, but the extra dimensions
have been "compactified," shrunk into
thin tubes. Therefore one may wonder
why compactification stopped with four
effective space-time dimensions, not
two or five, or some other number.
Moreover, in superstring theories there
are thousands of possible compactifica-
tion schemes to four dimensions, each
giving different low-energy particle
physics (in particular, a different value
of a) and a different vacuum energy
density. A similar situation may occur
even without recourse to compactifica-
tion. In supersymmetric grand unified
theories, for example, there are dozens
of stable (or practically stable) vacuum
states, each corresponding to a differ-
ent type of symmetry breaking
between fundamental interactions, and
thus to a different phenomenology of
low-energy particle physics. Thus it
becomes rather difficult to understand
why compactification and symmetry
breaking have brought about just the
world we know, and no other.

All these problems (and others we
have not listed) are very difficult; we
had no idea how to solve them within
the standard hot-universe theory.
That is why it is very encouraging that
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Classical evolution of <p, the homogeneous scalar field in the chaotic inflation scenario, with
a quantum of mass m, much smaller than the Planck mass MP. For \<p\ larger than %MP (but
smaller than MP

2/m), the field (represented by the red ball) rolls very slowly down toward the
potential energy minimum at <p = 0. This is the inflationary epoch, during which the universe
expands quasiexponentially. When \q>\ becomes smaller than %MP, it oscillates rapidly
around the minimum, and its energy is transformed into heat. Figure 2

most of these problems, one after an-
other, have in the last few years been
either completely resolved or consider-
ably relaxed in the context of one
comparatively simple scenario of the
evolution of the universe—the infla-
tionary scenario.

The inflationary paradigm
At present there are many different

versions of the inflationary-universe
scenario. The main feature of all these
versions, sometimes called the infla-
tionary paradigm, is the existence of
some stage of evolution at which the
universe expands exponentially (or
quasiexponentially) while it is in a
vacuumlike state containing some (al-
most) homogeneous classical fields, but
no (or almost no) particles. Such an
expansion is what we refer to as infla-
tion. After inflation, the initial va-
cuumlike state decays into particles.
They interact with one another, and
after the establishment of thermody-
namic equilibrium the universe be-
comes hot. From then on it can be
described by the usual hot-universe
theory. (See figure 1.)

Historically, the possible existence of
an inflationary stage was first envis-
aged by Erast Gliner (Institute for
Physics and Technology, Leningrad)
about 20 years ago.2 In the 1970s I
came to the realization that homogene-
ous classical scalar fields cp, which are
present in all unified theories of ele-
mentary particles, can play the role of
an unstable vacuum state, and that
their decay can heat up the universe.3

A very interesting model was proposed
in 1979 by Alexey Starobinsky (Landau
Institute, Moscow), who pointed out

that the regime of exponential expan-
sion and subsequent reheating of the
universe occurs in the theory of gravity
when one takes account of quantum
corrections.4

The crucial step in the development
of the inflationary paradigm was taken
by Alan Guth at MIT in 1980. He
suggested exploiting the stage of expo-
nential expansion in some supercooled
vacuumlike state to solve simulta-
neously the primordial monopole prob-
lem, the flatness problem and the
horizon problem.5 His idea was very
clear and attractive, but, as Guth
himself pointed out, the universe after
inflation in this scenario becomes too
inhomogeneous.

In October 1981 I suggested an im-
proved version of the inflation idea,
which has come to be called the new
inflationary scenario.6 This resolved
some of the difficulties of Guth's origi-
nal formulation and made possible the
solution of some of the other cosmologi-
cal problems listed here. Some months
later the same idea was independently
proposed by Andreas Albrecht and
Paul Steinhardt at the University of
Pennsylvania,7 and soon the new infla-
tionary scenario became quite popular.
However, it turns out to be very diffi-
cult to realize this scenario in the
context of realistic theories of elemen-
tary particles.8 Moreover, the ortho-
dox version of this scenario was just a
modest variation on the standard hot
Big Bang theory. It was still assumed
that there was an initial singularity at
t = 0, that after the Planck time tP (or
/P /c, about 10~43 seconds) the universe
became hot, and that inflation was just
a brief interlude in the evolution of the

universe.
In 1983 I proposed another inflation-

ary scenario, which I call the chaotic
inflation scenario.9 In my opinion, this
scenario is much simpler and more
natural than other versions of infla-
tion. Therefore I shall concentrate
here on the chaotic inflation scenario
and on some of its recent extensions,
which have given rise to the idea of an
eternally existing chaotic inflationary
universe.1011 A more technical discus-
sion of various versions of inflation can
be found in a number of review arti-
cles81112 and in some books soon to be
published.1314

Chaotic inflation
One of the main features of the

unified particle theories is that in
addition to the spinor fields ip describ-
ing electrons, neutrinos and quarks,
and the vector fields A^ mediating
their interactions, these theories also
contain some scalar fields cp. Scalar
fields have long been used for the
phenomenological description of pions.
The role of scalar fields in the new
theories is more fundamental and more
complicated. If, for example, the poten-
tial energy V(cp) of a scalar field cp has
one minimum at some particular value
cpx, then the whole universe gradually
becomes filled with the constant classi-
cal field <pv Such a field is almost
unobservable; it looks the same to a
moving observer as it does to an observ-
er at rest, and it mimics the appearance
of empty space.

However, this field can change the
masses of particles. By giving different
masses to vector particles mediating
different interactions, such scalar
fields, referred to as Higgs fields (after
Peter Higgs of the University of Edin-
burgh), are responsible for the symme-
try breaking between the weak, strong
and electromagnetic interactions in
grand unified theories. Another mani-
festation of these fields, which will be
especially important for us, is connect-
ed with their potential energy density
V(<p), which in some cases may lead to
the exponential (or quasiexponential, if
the field <p changes slowly) expansion of
the universe.

As a simplest example, let us consid-
er the theory of a massive scalar field cp,
whose quantum is a particle of nonzero
mass m, much smaller than the Planck
mass. Assuming that the field is mini-
mally coupled to gravity, its potential
energy density Vitp) is simply 1/2m2cp2,
as illustrated in figure 2. Suppose the
field <p is initially nearly homogeneous
in some domain of space—time that
looks locally like an expanding uni-
verse with a growing scale factor R(t)
and a Hubble constant H(t), defined as
R/R. Its evolution can then be de-
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scribed by the usual Klein-Gordon
equation modified by cosmic expansion,

cp + 3Hcp = - m2cp (1)
and by the Einstein equation

2 J L = ^ 7 7 _ ( 2 2 2) ( 2 )

R2 3MP
2 r

Here A: is + 1, - 1 or 0, for a closed,
open or flat universe, respectively. For
the closed case (K = + 1), one can re-
gard R(t) as the literal radius of this
universe (see PHYSICS TODAY, May, page
17). The term ZHcp in equation 1 plays
the role of a friction term in the
equation of motion of the field cp.
Equation 2 tells us that if cp is initially
large enough, the friction term will also
be large. It can be shown915 that if the
initial field <p0 is greater than %MP,
friction makes the variation of the field
cp very slow, so that one can neglect cp in
equation 1 and cp2 in equation 2. In that
case any solution rapidly approaches
the regime

cp(t) = cp0
mMP

R(t) = Ro exp [<po2 -

(3)

(4)

From these equations it follows that for
times t earlier than cpo/(mMP) the
universe is expanding quasiexponen-
tially:

R(t) = Ro exp(H(<p)t) (5)
where the Hubble "constant" is given
by

H(<p) /~4~7

~V 3 mcp (6)

The exponent Ht is much larger than
unity if cp exceeds the Planck mass in
these early moments. This is just the
inflationary regime we wanted to ob-
tain.9

When the field <p becomes smaller
than about V5MP, the friction term in
equation 1 becomes small, and cp oscil-
lates rapidly near its equilibrium value
of zero. If this field interacts with other
matter fields, these oscillations lead to
abundant particle production and the
heating of the universe.

The existence of an inflationary re-
gime of this type is a general feature of
a wide class of theories, including all
theories in which V(<p) varies as cpn,
higher-derivative theories of gravity,
some versions of supergravity, and
Kaluza-Klein theories. The role of the
scalar field cp in these theories can be
played by the curvature scalar, the
logarithm of the radius of compactifica-
tion or the like.814 The remaining
question to be discussed here is
whether the initial conditions neces-
sary for the realization of the inflation-

Each observer in the inflationary universe can see only events that occur at distances
closer than H'\ the reciprocal of his present Hubble constant (times the speed of light, if one
uses ordinary units). In that sense, every observer is surrounded by a black hole. (After a
drawing by A. Linde.) Figure 3

ary regime in this scenario are suffi-
ciently natural.15

Initial conditions
The main idea of the chaotic inflation

scenario is to consider a chaotic initial
distribution of the scalar field cp and to
investigate its evolution without mak-
ing the ad hoc assumption that the
initial value of the field corresponds to
the minimum of its potential energy
V(cp). In this sense chaotic inflation is
much more general than the new
inflationary universe, in which it is
assumed that the universe ab initio was
in thermodynamic equilibrium, and
that cp was at the minimum of its
temperature-dependent potential
V(cp,T).

The chaotic initial distribution of the
scalar field cp is not, however, entirely
unspecified. Indeed it is usually be-
lieved that for energy densities exceed-
ing MP

4 (or at length scales smaller
than the Planck length) quantum fluc-
tuations of the metric are so large that
it becomes meaningless to speak about
classical space-time; rather, one is
dealing with something like a fluctuat-
ing space-time foam. Therefore when
one speaks about initial conditions in
some domain of a classical space-time,
one automatically implies that this
domain has a size greater than the
10~33-cm Planck length and a density
less than MP

4. Thus V{cp) and the
squares of the spatial and temporal
gradients of cp are also less than MP

 4. It
follows that any initial distribution of
the field cp inside any domain of a
classical space-time is smooth enough
that one can treat the field as essential-
ly homogeneous within the domain.

As an example, consider first a closed
universe that just appears out of the
space-time foam, or from a singularity.
A typical initial size of such a universe
should be on the order of the Planck
length Mp~\ and its energy density
initially should be on the order of AfP

4.

Because the gradient of cp is less than
MP

 2, it follows that the initial value of
the field in such a universe cannot
differ from some average value <p0 by
much more than MP. One might ex-
pect that <p0 should correspond to the
minimum of Vicp). However, fluctu-
ations of the energy density at the
moment of creation are on the order of
MP

 4. Therefore the field initially "does
not know" where the minimum of V(q>)
is, and later (equation 3 tells us) it rolls
down to this minimum very slowly.
The only constraint on the initial value
of cp0 is the requirement that V{cp0)
cannot exceed MP

4, implying that the
typical initial value cp0 is of order MP

 2I
m, much larger than any variation of cp.

Thus a typical initial distribution of
the field cp inside a closed universe is
essentially homogeneous, with a poten-
tial energy density of order MP

 4. If in
such a universe the initial value of
| V<p\2 is a quite reasonable factor of two
or three smaller than V(cp), it can be
shown that the spatial gradient of cp
very quickly becomes exponentially
small, and the closed universe becomes
an inflationary universe described by
equations 1-6, grown from a single
bubble in the space-time foam.15

Thus we see that the initial condi-
tions necessary for the realization of
the chaotic inflation scenario in a
compact (closed) universe are quite
natural. In an infinite universe the
situation at first glance might seem
more complicated. If the initial value
of cp is much larger than MP, then, just
as in the closed-universe case, cp re-
mains rather homogeneous on a scale
much larger than the Planck length,
which is roughly the value of H~l at
that early time t. This would imply
some acausal correlation between the
initial values of cp in causally discon-
nected parts of a domain of initial size
much larger than the Planck length or
ct, which seems rather improbable.

The resolution of this complication is
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very simple.15 There is no reason to
expect that the energy density p can
simultaneously become smaller than
MP

4 in all causally disconnected parts
of a domain much larger than MP ~1,
since this would imply an acausal
correlation. Therefore, the typical ini-
tial size of a classical space-time do-
main emerging from the space-time
foam must be on the order of MP~X.
Such domains look like separate is-
lands of classical space-time rising out
of the foam. Outside each domain the
gradient of tp is not restricted to be
smaller than MP

2, and there is no
acausal correlation between the values
of the field in different domains. Only
later can these domains become con-
nected.

In such a case the whole universe
looks like a cluster of mini-universes,
some of them inflationary. Just as in
the closed-universe case, a typical ini-
tial value cp inside these mini-universes
would be MP

2/m. From equation 4 we
see that by the time cp approaches zero
the universe has expanded by an inflat-
ing factor

exp(277-Mp2/m2)
For m on the order of 10 ~4 MP (which,
as we shall see, is necessary for even-
tual galaxy formation) this implies that
in our simplest model the inflationary
domains of the universe typically ex-
pand to 1010" times their original size!

That much inflation is more than
enough to solve many of the problems
of the standard hot-universe theory.
After a 1010"-fold expansion, the geom-
etry of space inside the expanding
domain does not differ discernibly from
the Euclidean geometry of flat space,
just as the surface of a vastly expanded
balloon would look very much like the
surface of a flat plane. Formally, this
follows from the fact that the curvature
term K/R2 in equation 2 has become
negligibly small compared with H2

after inflation. So much for the flat-
ness problem.

The horizon problem is also solved.
The observable part of the present-day
universe, with a radius of order 1028 cm
or ten billion light years, is only a small
part of the domain inflated from the
smallest possible beginnings—10~33

cm. Therefore we no longer have a
problem about different parts of such a
domain starting their expansion simul-
taneously. Furthermore, after expan-
sion by a factor of 1010", all initial
inhomogeneities, monopoles and do-
main boundaries have been swept be-
yond the horizon. This solves the
primordial monopole problem and the
homogeneity problem.

The scenario I have described is a
general scheme of chaotic inflation as it
can be understood at the level of

classical physics. Usually one assumes
that quantum effects are not essential
for the description of something as
large as our universe. Surprisingly,
however, quantum effects play a very
important role in the inflationary sce-
nario.

Quantum fluctuations
According to quantum field theory,

empty space is not entirely empty. It is
filled with quantum fluctuations of all
types of physical fields. These fluctu-
ations can be regarded as waves of
physical fields with all possible wave-
lengths, moving in all possible direc-
tions. If the values of these fields,
averaged over some macroscopically
large time, vanish, then the space filled
with these fields seems to us empty and
can be called the vacuum.

In the exponentially expanding uni-
verse the vacuum structure is much
more complicated.1617 The wave-
lengths of all vacuum fluctuations of
the scalar field cp grow exponentially
with the expanding universe. When
the wavelength of any particular fluc-
tuation becomes greater than H~1, this
fluctuation stops propagating, and its
amplitude freezes at some nonzero
value 8q>(x) because of the large friction
term 3H<p in the equation of motion of
the field cp. (The reciprocal of the
Hubble constant is ordinarily an ap-
proximation to the "age" of the uni-
verse, but during inflation it remains
almost constant. In our unit system,
H~l also denotes the length c/H.) The
amplitude of this fluctuation then re-
mains almost unchanged for a very
long time, whereas its wavelength
grows exponentially. Therefore the
appearance of such a frozen fluctuation
is equivalent to the appearance of a
classical field 8cp(x) that does not vanish

after averaging over macroscopic inter-
vals of space and time.

Because the vacuum contains fluctu-
ations of all wavelengths, inflation
leads to the creation of more and more
new perturbations of the classical field
with wavelengths greater than H~l.
The average amplitude of such pertur-
bations generated during a time inter-
val H ' (in which the universe expands
by a factor of e) is given by16

(7)

Perturbations of the field lead to per-
turbations of density that are just right
for subsequent galaxy formation if m,
the mass of the quantum of q>, is about
10 ~4 MP. The discovery of this mecha-
nism, which gives a possible explana-
tion of the origin of galaxies, was
regarded in 1982 as one of the major
successes of the inflationary scenario.
Now it appears that the long-wave
perturbations of cp are responsible not
only for such local structure of the
observable part of the universe, but
also for the global structure of the
universe.10'11'14

Eternal inflation
A very unusual feature of the infla-

tionary universe is that processes sepa-
rated by distances I greater than H~1

proceed independently of one another.
This is so because during exponential
expansion any two objects separated by
more than H l are moving away from
each other with a velocity v exceeding
the speed of light. (This does not
contradict special relativity because v
is not the speed of any signal; it is just
the rate at which the general expan-
sion of the universe separates two
distant points.) As a result, any observ-
er in the inflationary universe can see

b<p

(P(x,t + At)

\

m

j

MpVm-

p-jMp/m-

f (x,t)
Aa?

/ t
« t

- e H " - H " 1 0 H"
DISTANCE X

eH"1

Evolution of <p in an inflationary domain of initial radius H \ The scalar field <p(x,t) is
nearly homogeneous because quantum perturbations have wavelengths larger than the
domain. In a time interval H~\ the domain has an e-fold expansion. If <p is sufficiently large,
its overall decrease A<p during this interval is much smaller than the fluctuating.perturbation
amplitudes Sep. Therefore the domain volume is divided into about e3 mini-universes of radius
H~\'\n about half of which cp will grow. The red and blue curves show cp before and after the
H~: time interval. Figure 4

PHYSICS TODAY / SEPTEMBER 1987 65



only those processes occurring nearer
than H\ as illustrated in figure 3.

An important consequence of this
general result is that the process of
inflation in any spatial domain of
radius Hx occurs independently of
any events outside it. Any two infla-
tionary domains displaced by more
than H~l cannot collide or eat one
another, or do each other any damage.
Their expansion is due not to the
annexation of the territory of their
neighbors, but rather to the peaceful
(and very rapid) growth of their own
volume, as allowed by general relativi-
ty. In this sense any inflationary
domain of initial size exceeding 2H~l

can be considered as a separate mini-
universe, expanding independently of
what occurs in the rest of the cosmos.

To investigate the behavior of such a
mini-universe, taking account of quan-
tum fluctuations, let us consider an
inflationary domain of initial size
roughly H~l containing a sufficiently
homogeneous field whose initial value
cp greatly exceeds MP. Equation 3 tells
us that during a typical time interval
At = H1 the field inside this domain
will be reduced by

Acp =
MP

2

4inp
(8)

If cp is much less than 1/2MPyfMP~Tm
(about 50 MF), this decrease Acp is much
larger than the amplitude of the quan-
tum fluctuations 8cp generated during
the same time. But for larger cp (up to
the classical limit of 104 MP), 8<p(x) will
exceed Acp. Because the typical wave-
length of the fluctuation field 8<p(x)
generated during this time is H~l, the
whole domain volume after At will
effectively have become divided into e3

separate domains (mini-universes) of
diameter H~\ In almost half of these
domains the field cp grows by
\8<p(x)\ — Acp, which is not very different
from \8cp(x)\ or H/2v, rather than
decreasing, as illustrated in figure 4.
During the next time interval
At = H^1 the field grows again in half
of these mini-universes. It can be
shown that the total physical volume
occupied by a permanently growing
field cp increases with time like
exp(3 — In 2)Ht, and the total volume
occupied by a field that does not de-
crease grows almost as fast as V2 e3HI.

Because the value of the Hubble
constant H(cp) is proportional to cp, the
main part of the physical volume of the
universe is the result of the expansion
of domains with nearly the maximal
possible field value, MP

2/m, for which
V(cp) is close to MP

4. There are also
exponentially many domains with
smaller values of cp. Those domains in
which cp eventually becomes smaller

- Mp2/m - Mp/5 0 Mp/5
SCALAR FIELD <p

MpVm

Quantum fluctuations affect the evolution of the scalar field cp. At high field values (red) cp
moves like a Brownian particle on the potential hillside V{<p). An uphill jump is improbable, but
the reward is rapid growth of the domain. Thus most of the volume of the universe comes
from the expansion of domains where cp has jumped all the way up to the Planck energy
density. At intermediate values (blue), the upward diffusion of cp is inefficient, and its motion
is described by equation 3 in the text. Inflation takes place while cp is in the red and blue
regions. When cp is small (green), it oscillates near the potential minimum. Figure 5

than about 50 MP give rise to the mini-
universes of our type. In such domains,
cp eventually rolls down to the mini-
mum of V(cp), and these mini-universes
are subsequently describable by the
usual Big Bang theory. However, the
main part of the physical volume of the
entire universe remains forever in the
inflationary phase.10

Similar results are also valid for the
old518 and the new inflationary scenar-
ios,19 in which the main part of the
volume of the universe can always
remain in a state corresponding to a
local extremum of V(cp) at cp = 0. In our
chaotic-inflation case,10 the results are
even more surprising: Not only can the
universe stay permanently on the top
of a hill; it can also climb perpetually
up the wall toward the largest possible
values of its potential energy density,
as shown in figure 5. How can it be
that the universe unceasingly produces
inflationary mini-universes in energet-
ically unfavorable states with large
V(cp)l What energy source supports
such a process?

The answer is that the probability for
a successful climb up the wall is very
small indeed, but those domains in
which cp jumps high enough are imme-
diately rewarded by huge growth of
their volumes. All this looks like a
kind of Darwinian approach to cosmol-
ogy, though one might argue that there
exists an even more direct analogy
between this scenario and the develop-
ment of social life and economics.

The energy source that supports
inflation is the gravitational energy
associated with R(t), the scale factor
("radius") of the universe. This gravi-
tational energy is negative, so that the
total energy of a closed universe, being
the sum of the positive energy of
matter and the negative gravitational

energy, is zero. Just this unbounded
reservoir of gravitational energy
makes possible the exponentially rapid
growth of the total energy of matter
during inflation. The negative gravita-
tional energy seeks any opportunity to
become more negative, that is, to make
inflation a nonstop process. One could
say that it is the Gravitational Energy
Fund that sponsors permanent produc-
tion and growth of inflationary do-
mains with large energy density.

Thus in our scenario the universe, in
which there was initially at least one
domain of a size on the order of H~x

filled with a sufficiently large and
homogeneous field cp, unceasingly re-
produces itself and becomes immortal.
One mini-universe produces many oth-
ers, and this process goes on without
end, even if some of the mini-universes
eventually collapse. (Everyone must
die, but humanity, if it is clever enough,
may exist eternally.) But this means
that it is vanishingly improbable that
our mini-universe would have been the
first in the sequence of mini-universes
illustrated in figure 6. Moreover, it no
longer seems necessary to assume that
there actually was some first mini-
universe appearing from nothing or
from an initial singularity at some
moment t = 0 before which there was
no space-time at all.

From general topological theorems
about singularities in cosmology it does
not actually follow that our universe
was created, as a whole at some moment
before which the universe did not exist.
The usual supposition that the whole
universe appears from the unique Big
Bang singularity at t = 0 is based on
the implicit assumption that the uni-
verse as a whole is sufficiently homo-
geneous. Indeed, the observable part of
our universe is very homogeneous.
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Global structure of a chaotic, self-reproducing inflationary universe. Locally (out to the
10lo-light-year horizon) the universe looks quite homogeneous, but its global structure is
complex. Mini-universes at the Planck energy density are "mutants" that may forget
completely the "genetic code" (color) of their parent universe. They may even have a
different space-time dimensionality. The typical thickness of a tube connecting two mini-
universes after inflation is exponentially large, but if it corresponds to a compactified
inflationary universe it can be as thin as the Planck length (10~ 3 3 cm). If the tube then
evaporates by Hawking radiation, the parent and offspring mini-universes have lost their
umbilical space-time connection. (After a drawing by A. Linde) Figure 6

Observed density fluctuations are less
than a part in a thousand and there has
been no reason to expect that the
universe is inhomogeneous on a larger
scale beyond the 1010-light-year hori-
zon. In a homogeneous universe one
can use the density pit) as a measure of
time. In that case it can be shown that
the universe appears as a whole from a
singularity at t = 0. The initial density
p(0) is infinite, and it becomes possible
to describe the whole universe in terms
of classical space-time after the Planck
timeiWp - 1 (about 10~43 seconds), when
the energy density everywhere simul-
taneously becomes smaller than the
Planck density MP

4.
With the invention of the inflation-

ary scenario the situation changes
drastically. At present only inflation
can explain why the observable part of
the universe is so homogeneous, but
from inflation it also follows that on a
much larger scale the universe is ex-
tremely tnhomogeneous. In some parts
of the universe the energy density p is
now on the order of MP

 4, 125 orders of
magnitude higher than the 10 ~29 or
10~30 g/cm3 we can (or hope to) see. In
such a scenario there is no reason to
assume that the universe was initially
homogeneous and that all its causally
disconnected parts started their expan-
sions simultaneously.

If the universe is infinitely large (like
the Friedmann open or flat universe),
then it cannot have had a single
beginning; a simultaneous creation of
infinitely many causally disconnected
regions is totally improbable. There-
fore the universe cannot be infinite ab

initio, or it must exist eternally as a
huge self-reproducing entity. Some of
its parts appear at different times from
singularities, or may die in a singular
state. New parts are constantly being
created from the space-time foam
when V{<p) exceeds the Planck density,
or they may revert to the foamlike
state again as a result of large fluctu-
ations in cp. But the evolution of the
universe as a whole has no end, and it
may have had no beginning.

Mutation
Darwin having been mentioned, the

reader may ask: Does the universe
simply reproduce itself, or are muta-
tions also possible? To answer this
question, we recall that in realistic
theories of elementary particles there
exist many different types of scalar
fields q>t. The potential energy Viip,)
often has many different local minima,
in which the universe may live for an
extremely long time, much greater
than the 1010 years of our observable
domain. For example, in the supersym-
metric SU(5) theory, Vicpt) has several
different minima of almost equal
depth. Because the laws governing the
interactions of elementary particles at
the low energies at which we do experi-
ments depend on the values of the
classical fields <pt, each of these minima
corresponds to a different low-energy
physics. In one of them the SU(5)
symmetry between all types of interac-
tions remains unbroken—that is, the
scalar fields q>t remain equal to zero. In
other minima various symmetry break-
ing patterns are realized, and in only

one of these minima is the broken
symmetry of the weak, strong and
electromagnetic interactions that
which we in fact observe.

During inflation there are large-
scale fluctuations of all the fields <pt.
As a result, the inflationary universe
becomes divided into an exponentially
large number of inflationary mini-
universes, with the scalar fields taking
all possible values. As inflation ends in
some mini-universes, these scalar fields
roll down to all possible minima of
V(<pt). The universe becomes divided
into many different exponentially
large domains, realizing all possible
types of symmetry breaking between
the fundamental interactions. In some
of these mini-universes the low-energy
physics is quite different from our own.
We cannot now see them because the
size of our own domain is much greater
than the size of its 1010-light-year
observable portion. We could not live
in these domains because our kind of
life requires our kind of low-energy
physics. Therefore I would not recom-
mend crossing the wall to a neighbor-
ing domain if it should appear over the
horizon in the distant future.

It is very important that in the
inflationary universe there is lots of
room for all possible types of symmetry
breaking and for all possible types of
life. There is, therefore, no longer any
need to require that in the true theory
the minimum of V{cp{) corresponding to
our type of symmetry breaking be the
only one or the deepest one. This new
cosmopolitan viewpoint may greatly
simplify the task of building realistic
models of the elementary particles.

The change of the values of the scalar
fields <pt—that is to say, the change of
the vacuum state—is the simplest kind
of mutation that may occur during
inflation. Much more interesting pos-
sibilities appear if one considers chaot-
ic inflation in the higher-dimensional
Kaluza-Klein theories. In those do-
mains in which the energy density of
the field <p grows to the Planck density,
quantum fluctuations of the metric at a
length scale of MP ~1 become of order
unity. In such domains an inflationary
G?-dimensional universe can squeeze
locally into a tube of smaller dimen-
sionality d — n (or vice versa), as illus-
trated in figure 7. If this tube is also
inflationary (in d — n dimensions) and
the initial length of the tube is greater
than MP ~~1 (which is quite probable
near the Planck density), then its
further expansion proceeds indepen-
dently of its prehistory and of the fate
of its mother universe. In an eternally
existing universe such processes should
occur even if their probability is very
small. In fact the probability of such
processes is small only if V(cp) is far

PHYSICS TODAY / SEPTEMBER 1987 67



below MP
4.

Thus the inflationary universe be-
comes divided into different mini-uni-
verses in which all possible types of
compactification produce all sorts of
dimensionalities.1011 By this argu-
ment we find ourselves inside a four-
dimensional domain with our kind of
low-energy physics not because other
kinds of mini-universes are impossible
or improbable, but simply because our
kind of life cannot exist in other
domains.

This may have important implica-
tions for the building of realistic Ka-
luza-Klein and superstring theories.14

For example, it is extremely complicat-
ed, if not impossible, to construct a
theory in which only one type of
compactification can occur, leading
precisely to a four-dimensional infla-
tionary universe with the low-energy
particle physics of our experience. But
from the point of view discussed here,
there is no need to require that the
results compactification and inflation
have wrought in our realm be the only
possible results, or the best. It is
enough to find a theory in which such a
compactification is possible. This prob-
lem is still difficult, but it is much
easier than the one we have been trying
to solve.
Cosmology and particle physics

One can compare cosmologists and
particle physicists to two groups of
people tunneling through a huge moun-
tain from opposite sides. This analogy
is not quite exact. If the two groups fail
to meet they will simply make two
tunnels instead of one. But if the
particle physicists do not meet the
cosmologists on their way through the
mountain of the unknown, they will
not have any complete theory at all.

The inflationary-universe scenario is
a spectacular manifestation of the in-
terplay between elementary-particle
theory and cosmology. Of course infla-
tion is not a magic word that will
automatically solve all our problems
and open all doors. In some theories of
elementary particles it is difficult to
realize inflation, whereas many other
theories do not lead to a good cosmology
even with the help of the inflation. At
the moment, however, it does seem
necessary to have something like infla-
tion to obtain a consistent cosmology at
peace with particle physics.

The inflationary scenario is still de-
veloping rapidly. We are witnessing a
gradual change in the overall view-
point of cosmology. Just a few years
ago there was no doubt that the uni-
verse was born in a single Big Bang
singularity. It seemed absolutely clear
that space-time was four-dimensional
from the start, and that it remains four-
dimensional everywhere. It was be-
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Local compactification or decompactifi-
cation of the inflationary universe alters the
apparent dimensionality of space-time in a
particular domain. The radius of a compac-
tified tube can fluctuate with fluctuations of
the scalar field cp. (After a drawing by A.
Linde.) Figure 7

lieved that if the universe is closed its
total size is on the order of its observ-
able part, 1028 cm, and that in about
10n years the whole universe will
collapse and disappear in a Big Crunch.
If, on the other hand, the universe is
flat or open, then it is infinite, and it
was commonly believed that its proper-
ties everywhere are approximately the
same. Such a universe would exist
without end, but after the decay of its
protons, predicted by the unified ele-
mentary-particle theories, there would
be no baryonic matter to support life of
our type. The only possible choice
seemed to be between the "hot ending"
in the Big Crunch and the "cold end-
ing" in infinite empty space.

Now it seems more likely that the
universe is an eternally existing, self-
producing entity, that it is divided into
many mini-universes much larger
than our observable portion, and that
the laws of low-energy physics and even
the dimensionality of space-time may
be different in each of these mini-
universes. This modification of our
picture of the universe and of our place
in it is one of the most important
consequences of the inflationary sce-
nario.

We have even gained a new under-
standing of why it was necessary to
write a scenario when the performance
is already over. The answer is that the
performance is still going on, and it will
continue eternally. In different parts
of the universe different observers see
its endless variations. We cannot see
the whole play in all its greatness, but
we can try to imagine its most essential

parts, and perhaps ultimately under-
stand its meaning.
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