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ABSTRACT

The standard model of hot big bang cosmology requires initial con-
ditions which are problematic in two ways: (1) the early universe is
assumed to be highly homogeneous, in spite of the fact that separated
regions were causally disconnected (horizon problem); and (2) the initial
value of the Hubble constant must be fine tumed to extraordinary accuracy
to produce a universe as flat (i.e., near critical mass density) as the
one we see today (flatness problem). These problems would disappear if,
in its early history, the universe supercooled to temperatures 28 or
more orders of magnitude below the critical temperature for some phase
transition. A huge expansion factor would then result from a period of
exponential growth, and the entropy of the universe would be multiplied
by a huge factor when the latent heat is released. Such a scenario is
completely natural in the context of grand unified models of elementary
particle interactions. In such models, the supercooling is also relevant
to the problem of monopole suppression. Unfortunately, the scenario seems
to lead to some unacceptable consequences, so modifications must be sought.
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I. INTRODUCTION: THE HORIZON AND FLATNESS PROBLEMS

The standard model of hot big bang cosmology relies on the assumption
of initial conditions which are very puzzling in two ways, which I will
explain below. The purpose of this paper is to suggest a modified scenario
which avoids both of these puzzles.

By "standard model," I refer to an adiabatically expanding radiation-
dominated universe described by a Robertson-Walker metric. Details will
be given in Section II.

Before explaining the puzzles, I would first like to clarify my

initial conditions."

notion of The standard model has a singularity
which is conventionally taken to be at time t = 0. As t - 0, the temper-
ature T + . Thus, no initial value problem can be defined at t = O.
However, when T is of the order of the Planck mass

1
19 GeV) or greater, the equations of the

o, = 1//6 = 1.22 x 10
standard model are undoubtedly meaningless, since quantum gravitational
effects are expected to become essential. Thus, within the scope of our
knowledge, it is sensible to begin the hot big bang scenario at some
temperature To which is comfortably below MP; let us say To = 1017 GeV.
At this time one can take the description of the universe as a set of
initial conditions, and the equations of motion then describe the sub-
sequent evolution. Of course, the equation of state for matter at these
temperatures is not really known, but one can make various hypotheses
and pursue the consequences.
_ In the standard model, the initial universe is taken to be
homogeneous and isotropic, and filled with a gas of effectively massless
particles in thermal equilibrium at temperature To' The initial value

of the Hubble expansion "constant'" H is taken to be Ho’ and the model

universe is then completely described.



Now I can explain the puzzles. The first is the well-known horizon
problem.2 The initial universe is assumed to be homogeneous, yet it
consists of at least ~1083 separate regions which are causally discon-
nected (i.e., these regions have not yet had time to communicate with
each other via light signals).® (The precise assumptions which lead to
these numbers will be spelled out in Section II.) Thus, one must assume
that the forces which created these initial conditions were capable of
violating causality.

The second puzzle is the flatness problem. This puzzle seems to be
much less celebrated than the first, but it has been stressed by Dicke
and Peebles.® I feel that it is of comparable importance to the first.
It is known that the energy density p of the universe today is near the
critical value pcr (corresponding to the borderline between an open and
closed universe). One can safely assume that’

.01 < Qp < 10 . (1.1)
where
Q= p/pcr = (81r/3)Gp/H2 . (1.2)

and the subscript p denotes the value at the present time. Although
these bounds do not appear at first sight to be remarkably stringent,
they in fact have powerful implications. The key point is that the
condition = 1 is unstable. Furthermore, the only time scale which
appears in the equations for a radiation-dominated universe is the
-flanck time, l/MP = 5.4 x 10—44 sec., A typical closed universe will

reach its maximum size on the order of this time scale, while-a typical

open universe will dwindle to a value of p much less than Por A universe
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can survive ~1010 years only by extreme fine tuning of the initial values
of p and H, so that p is very near pcr' For the initial conditions

taken at T° = 1017 CeV, the value of Ho must be fine tuned to an accuracy

of one part in 1055. In the standard model this incredibly precise
initial relationship must be assumed without explanation. (For any
reader who is not convinced that there is a real problem here, variations
of this argument are given in the Appendix.)

The reader should not assume that these incredible numbers are due
merely to the rather large value I have taken for To. If T had chosen
a modest value like To = 1 MeV, I would still have concluded that the
"initial" universe consisted of at least ~1022 causally disconnected
regions, and that the initial value of Ho was fine tuned to one part in
1015. These numbers are much smaller than the previous set, but they
are still very impressive.

Of course, any problem involving the initial conditions can always
be put off until we understand the physics of T > MP. However, it is
the purpose of this paper to show that these puzzles might be obviated
by a scenario for the behavior of the universe at temperatures well
below MP'

The paper is organized as follows. The assumptions and basic
equations of the standard model are summarized in Section II. 1In
Section III, I describe the inflationary universe scenario, showing
how it can eliminate the horizon and flatness problems. The scenario
“is discussed in the context of grand unified models in Section IV, and

comments are made concerning magnetic monopole suppression. In Section V

I discuss briefly the key undesirable feature of the scenario: the
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inhomogeneities produced by the random nucleation of bubbles. Some vague

ideas which might alleviate these difficulties are mentioned in Section VI,

II. THE STANDARD MODEL OF THE VERY EARLY UNIVERSE
In this section I will summarize the basic equations of the standard
model, and I will spell out the assumptions which lead to the statements
made in the introduction.
The universe is assumed to be homogeneous and isotropic, and is
therefore described by the Robertson-Walker metric:®

2

drz = dtz - Rz(t){__gﬁ_—§-+ rz[dez + sin26 d¢2]} (2.1)
1 - kr

where k = +1, -1, or 0 for a closed, open, or flat universe, respectively.
It should be emphasized that any value of k is possible, but by conven-
tion r and R(t) are rescaled so that k takes on one of the three discrete

values. The evolution of R(t) is governed by the Einstein equations

R = - 5’3—“- Glo + 3p)R (2.2a)
w? + % =8 (2.2b)
23

where H = ﬁ/R is the hubble "constant" (the dot denotes the derivative

with repsect to t). Conservation of energy is expressed by

da(.3y_ 4 3> ‘
dt (pR>_ P \R » (2.3)

where p denotes the pressure. In the standard model one alsc assumes

<4hat the expansion is adiabatic, in which case

)0 e

where s is the entropy density.
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To determine the evolution of the universe, the above equations must
be supplemented by an equation of state for matter. It is now standard
to describe matter by means of a field theory, and at high temperatures
this means that the equation of state is to a good approximation‘that of
an ideal quantum gas of massless particles. Let Nb(T) denote the number
of bosonic spin degrees of freedom which are effectively massless at
temperature T (e.g., the photon contributes two units to Nb); and let
Nf(T) denote the corresponding number for fermions (e.g., electrons and
positrons together contribute four units). Provided that T is not near
any mass thresholds, the thermodynamic functions are given by

2

T 4
p =3 = Ea-uf(T)T (2.5)
2ﬂ2 3
s = .Z;JV(T)T (2.6)
n = 28 iy (2.7)
m
where
7
NH(T) = Nb(T) + §-Nf(T) 2.8
' - 3
A (T) = Nb(T) + 3 Nf(T) . (2.9)

Here n denotes the particle number density, and z(3) = 1.20206...
is the Riemann zeta function.

The evolution of the universe is then found by rewriting (2.2b)
solgly in terms of the temperature. Again assuming that T is not near

any mass thresholds, one finds

. 2 3 n
T 2 _ 4w 4 (2.10)
<-'IT> + e(T)T” = %5 G A(T)T R



where

e(T) = (2.11)

R2T2 45 S

K k[?nz U¢(T)]2/3
= ’
where S = R3S denotes the total entropy in a volume specified by the
radius of curvature R.
Since S is conserved, its value in the early universe can be

determined (or at least bounded) by current observations. Taking

p < 10 Per today, it follows that today

‘J£-< Y (2.12)

R2

From now on I will take k = #1; the special case k = 0 is still included

as the limit R + «». Then today R > %-H_l ~ 3 x 10° years. Taking the
present photon temperature TY as 2.7°K, one then finds that the photon
contribution to S is bounded by

5

5, >3 % 108 (2.13)

Assuming that there are three species of massless neutrinos (e, u, and 1),
all of which decouple at a time when the other effectively massless

particles are the electrons and photons, then Sv = (21/22)SY. Thus,

86

S > 10 R (2.14)
and
le| < 1078423 (2.15)
But then
p-p 2 —
‘ - [ = 453 MPZ |€l < 3 x 10-59 '/’,_1/3 (NLP/T)Z . (2.16)
b~ NT
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Taking T = 1017 GeV ande/V~102 (typical of grand unified models), one

finds |p - pcrl/p < 10_55. This is the flatness problem.
The eT2 term can now be deleted from (2.10), which is then solved

(for temperatures higher than all particle masses) to give

2o P

= Nt (2.17)

where 72 = (4ﬂ3/45)u¢1 (For the minimal SU5 grand unified model,

Nb = 82, Nf = 90, and y = 21.05.) Conservation of entropy implies

[

1
RT = constant, so R « t:. A light pulse beginning at t = 0 will have

travelled by time t a physical distance
t -1
(t) = R(t)f de' R (t') =2t |, (2.18)
o]

and this gives the physical horizon distance. This horizon distance is
to be compared with the radius L(t) of the region at time t which will
evolve into our presently observed region of the universe. Again using

conservation of entropy,

L(t) = [sp/s(t)]l/3 L, (2.19)

p

where sp is the present entropy density and Lp ~'1010 years is the radius
of the presently observed region of the universe. One is interested in

the ratio of volumes, so

‘ 3
2 a (s [ Y

3 43 3 L T T
L 4 P Y

(2.20)
- : =4 x 10_89</V_1/2 (MP/T)3 .

17 83

Taking 4 ~10° and T, = 10*7 GeV, one finds 2/L = 10™°°. This is the

0

horizon problem.
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III. THE INFLATIONARY UNIVERSE
In this section I will describe a scenario which is capable of
avoiding the horizon and flatness problems.
From Section II one can see that both problems could disappéar if
the assumption of adiabaticity were grossly incorrect. Suppose instead

that

S =28 , (3.1)

0

some large factor.

where Sp and S, denote the present and initial values of RBS, and Z is

Let us look first at the flatness problem. Given (3.1), the RHS of

(2.16) is multiplied by a factor of ZZ. The "initial" value (at

N
T0 = 10

problem would be obviated, if

GeV) of lp - pcrl/p could be of order unity, and the flatness

Z >3 x 1027 . (3.2)

Now consider the horizon problem. The RHS of (2.19) is multiplied
by Z_l, which means that the length scale of the early universe, at any
given temperature, was smaller by a factor of Z than had been previously
thought., If Z is sufficiently large, then the initial region which
evolved into our observed region of the universe would have been smaller
than the horizon distance at that time. To see how large Z must be,
note that the RHS of (2.20) is multiplied by Z3. Thus, if

z>5x10° (3.3)

then the horizon problem disappears. (It should be noted that the
horizon will still exist; it will simply be moved out to distances which

have not been observed.)
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It is not surprising that the RHS's of (3.2) and (3.3) are approxi-

mately equal, since they both correspond roughly to S, of order unity.

0
I will now describe a scenario, which I call the inflatiomary
universe, which is capable of such a large entropy production. '
Suppose the equation of state for matter (with all chemical
potentials set equal to zero), exhibits a first order phase transition
at some critical temperature Tc' Then as the universe cools through the
temperature Tc, one would expect bubbles of the low temperature phase
to nucleate and grow. However, suppose the nucleation rate for this
phase transition is rather low. The universe will continue to cool as
it expands, and it will then supercool in the high temperature phase.
Suppose that this supercooling continues down to some temperature TS,
many orders of magnitude below Tc. When the phase transition finally
takes place at temperature Ts’ the latent heat is released. However,
this latent heat is characteristic of the energy scale Tc’ which is
huge relative to Ts' The universe is then reheated to some temperature
Tr which is comparable to Tc. The entropy density is then increased by
a factor of roughly (Tr/Ts)3 (assuming that the number # of degrees of
freedom for the two phases are comparable), while the value of R remains

unchanged. Thus,

= Tr/Ts . (3.4)

If the universe supercools by 28 or more orders of magnitude below some
critical temperature, the horizon and flatness problems disappear.

In order for this scenario to work, it is necessary for the universe
to be essentially devoid of any strictly conserved quantities; Let n

denote the density of some strictly conserved quantity, and let r = n/s



- 11 -

denote the ratio of this conserved quantity to entropy. Then

_ =3 -84
rp =7 rO < 10 ro.

initial ratio would lead to a measurable value for the present ratio.

Thus, only an absurdly large wvalue for the

Thus, if baryon number were exactly conserved, the inflationary model
would be untenable. However, in the context of grand unified models,
baryon number is not exactly conserved. The net baryon number of the
universe is believed to be created by CP-violating interactions at a
temperature of 1013—1014 GeV.9 Thus, provided that Tc lies in this
range or higher, there is no problem. The baryon production would take
place after the reheating. (However, strong constraints are imposed on
the entropy which can be generated in any phase transition with
Tc << 1014 GeV: in particular, the Weinberg~Salam phase transition.3%)
Let us examine the properties of the supercooling universe in more
detail. ©Note that the energy density p(T), given in the standard model
by (2.5), must now be modified. As T - 0, the system is cooling not
toward the true vacuum, but rather toward some metastable false vacuum
with an energy density o which is necessarily higher than that of the
true vacuum. Thus, to a good approximation (ignoring mass thresholds)

2
oI 4
p(T) = 35 H(DT + 0y . (3.5)

Perhaps a few words should be said concerning the zero point of
energy. Classical general relativity couples to an energy-momentum
tensor of matter, Tuv’ which is necessarily (covariantly) conserved.
-Wheﬂ matter is described by a field theory, the form of Tuv is
determined by the conservation requirement up to the possible modification

Tuv -> Tuv-+ A guv . (3.6)
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for any constant A. (A cannot depend on the values of the fields, nor
can it depend on the temperature or the phase.) The freedom to introduce
the modification (3.6) is identical to the freedom to introduce a
cosmological constant into Einstein's equations. One can always

choose to write Einstein's equations without an explicit cosmological
term; the cosmological constant A is then defined by

(OITuv|O) = A gy (3.7)

where ]0) denotes the true vacuum. A is identified as the energy density
of the vacuum, and in principle there is no reason for it to vanish.

46 GeV4)10 so I will

Empirically A is known to be very small ([A| <10

take its value to be zero.l!! The value of po is then necessarily

positive, and is determined by the particle theory.l2 It is typically
A

of ﬁ(TC) .

Using (3.5), Eq. (2.10) becomes

2 3
(3) =5 eommyTt - e(mT? + 2T 6

45 3 (3.8)

0 .
This equation has two types of solutions, depending on the parameters.

If € > €o° where

2
_ 8w V30
€0 T TS G%pro . (3.9)

then the expansion of the universe is halted at a temperature Tmin
given by

300 2
- Tiin =2 £ (iL) -1 , (3.10)

x| %o o

and then the universe contracts again. Note that Tmin is of ﬁ?(Tc),

so this is not the desired scenario. The case of interest is e < EO’
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in which case the expansion of the uniVverse is unchecked. (Note that
2,2 .

€y~ ZjF'TC/MP is presumably a very small number. Thus 0 < g < €0 (a

closed universe) seems unlikely, but € < 0 (an open universe) is quite

plausible.) Once the temperature is low enough for the po term to

dominate over the other two terms on the RHS of (3.8), one has

T(t) = const X e-Xt , (3.11)
where
2 8n
X = Gp0 . (3.12)

Since RT = const, one hasl13

R(t) = const X eXt . (3.13)
The universe is expanding exponentially, in a false vacuum state of
energy density po. The Hubble constant is given by H = ﬁ/R = ¥. (More
precisely, H approaches x monotonically from above. This behavior
differs markedly from the standard model, in which H falls as t_l.)
The false vacuum state is Lorentz-invariant, so T = Py 8

HV
It follows that p = —pO: the pressure is negative. This negative

uv’

pressure allows for the conservation of energy, Eq. (2.3). From the
second order Einstein equation (2.2a), it can be seen that the negative
pressure is also the driving force behind the exponential expansion.

The Lorentz invariance of the false vacuum has one other consequence:
the metric described by (3.13) (with k = 0) does not single out a
_comoving frame. The metric is invariant under an 0(4,1) group of
transformations, in contrast to the usual Robertson-Walker invariance
of 0(4).1% 1t is known as the de Sitter metric, and it is discussed in

the standard literature.l®
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Now consider the process of bubble formation in a Robertson~Walker
universe. The bubbles form randomly, so there is a certain nucleation
rate A(t), which is the probability per (physical) volume per time that
a bubble will form in any region which is still in the high temperature
phase. I will idealize the situation slightly, and assume that the
bubbles start at a point and expand at the speed of light. Furthermore,
I neglect k in the metric, so drz = dt2 - R2(t)d§2.

I want to calculate p(t), the probability that any given point
remains in the high temperature phase at time t. Note that the distribu-
tion of bubbles is totally uncorrelated, except for the exclusion principle
that bubbles do not form inside of bubbles. This exclusion principle
causes no problem, because one can imagine fictitious bubbles which form
inside the real bubbles with the same nucleation rate A(t). With all
bubbles expanding at the speed of light, the fictitious bubbles will be
forever inside the real bubbles, and will have no effect on p(t). The
distribution of all bubbles, real and fictitious, is then totally uncor-
related.

p(t) is the probability that there are no bubbles which engulf a
given point in space. But the number of bubbles which engulf a given
point is a Poisson distributed variable, so p(t) = exp[-N(t)], where
N(t) is the expectation value of the number of bubbles engulfing the

point. Thus16

t
- - p(t) = exp {—f d1:1 A(tl) R3(tl) V(t,tl)} s (3.14)
0



- 15 -

where

dt

V(t,t,) =f‘§’l ft R(tz) (3.15)
. 2

1

is the coordinate volume at time t of a bubble which formed at time tl.

I will now assume that the nucleation rate is sufficiently slow so
that no significant nucleation takes place until T << Tc’ when exponential
growth has set in. I will further assume that by this time A(t) is given

approximately by the zero temperature nucleation rate, A One then has

o
o) = e {- L+ o} (3.16)
where
3
T 4“Ao . (3.17)

and O(l) refers to terms which approach a constant as xt -+ «, During

one of these time constants, the universe will expand by a factor

T %N

4
Z = exp(xt) = exp {_QX__} . (3.18)
0

If the phase transition is associated with the expectation value of

a Higgs field, then A, can be calculated using the method of Coleman and

0
Callan.!? The key point is that nucleation is a tunnelling process, so
that AO is typically very small. The Coleman-Callan method gives an

answer of the form

: ) AO = Apo exp(-B) (3.19)

where B is a barrier penetration term, and A is a dimensionless coef-

ficient of order unity. Since ZT is then an exponential of an exponential,
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one can very easilyl8,19,36 gbtain values as large as loglOZ== 28, or
even loglOZ = 1010.

Thus, if the universe reaches a state of exponential growth? it is
quite plausible for it to expand and supercool by a huge number of orders
of magnitude before a significant fraction of the universe undergoes the
phase transition.

So far I have assumed that the early universe can be described from
the beginning by a Robertson-Walker metric. If this assumption were
really necessary, then it would be senseless to talk about "solving' the
horizon problem; perfect homogeneity was assumed at the outset. Thus,

I must now argue that the assumption can probably be dropped.

Suppose instead that the initial metric, and the distribution of
particles, was rather chaotic. One would then expect that statistical
effects would tend to thermalize the particle distribution on a local

20

scale. It has also been shown (in idealized circumstances) that

anisotropies in the metric are damped out on the time scale of~lO3

Planck times.?!

The damping of inhomogeneities in the metric has also
been studied,?? and it is reasonable to expect such damping to occur.
Thus, assuming that at least some regions of the universe started at
temperatures high compared to Tc, one would expect that, by the time

the temperature in one of these regions falls to Tc’ it will be locally
homogeneous, isotropic, and in thermal equilibrium. By locally, I am
talking about a length scale £ which is of course less than the

horizon distance. It will then be possible to describe this local region

of the universe by a Robertson-Walker metric, which will be accurate at

distance scales small compared to £. When the temperature of such a
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region falls below TC, the inflationary scenario will take place. The
end result will be a huge region of space which is homogeneous, isotropic,
and of nearly critical mass density. If Z is sufficiently large, this
region can be bigger than (or much bigger than) our observed region of

the universe.

IV. GRAND UNIFIED MODELS AND MAGNETIC MONOPOLE PRODUCTION
In this section I will discuss the inflationary model in the context
of grand unified models of elementary particle interactions.23 24
A grand unified model begins with a simple gauge group G which is a
valid symmetry at the highest energies. As the energy is lowered, the
theory undergoes a hierarchy of spontaneous symmetry breaking into
successive subgroups: G » Hn > iee > Ho’ where Hl = SU3 x SU2 X U1

(QCD x Weinberg-Salam) and Ho =80, x U EM. In the Georgi-Glashow

3 1
model,23 which is the simplest model of this type, G = SU5 and n = 1.
The symmetry breaking of SU5 -> SU3 X SU2 X Ul occurs at an energy scale
14

MX ~ 107" GeV.

At high temperatures, it was suggested by Kirzhnits and Linde?® that
the Higgs fields of any spontaneously broken gauge theory would lose
their expectation values, resulting in a high temperature phase in
.which the full gauge symmetry is restored. A formalism for treating
such problems was developed?® by Weinberg and by Dolan and Jackiw. 1In

the range of parameters for which the tree potential is valid, the

model was analyzed by Tye and me.l6:27 ye
4

phase structure of the SU,

found that the SU5 symmetry is restored at T >~lOl

most values of the parameters there is an intermediate temperature phase

with gauge symmetry SU4 X Ul’ which disappeérs at T ~ 1013 GeV. Thus,

GeV, and that for
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grand unified models tend to provide phase transitions which could lead
to an inflationary scenario of the universe.

Grand unified models have another feature with important cosmological
consequences: they contain very heavy magnetic monopoles in ‘their particle
spectrum. These monopoles are of the type discovered by 't Hooft and

8

Polyakov,2® and will be present in any model satisfying the above descrip-

29 16 ..

tion. These monopoles typically have masses of order Mx/a ~ 10 v,
where a = g2/4ﬂ is the grand unified fine structure constant. Since the
monopoles are really topologically stable knots in the Higgs field
expectation value, they do not exist in the high temperature phase of
the theory. ‘They therefore come into existence during the course of a
phase transition, and the dynamics of the phase transition is then
intimately related to the monopole production rate.

The problem of monopole production and their subsequent annihilation,
in the context of a second order or weakly first order phase transitiom,
was analyzed by Zeldovich and Khlopov3? and by Preskill.3! 1In Preskill's
analysis, which was more specifically geared toward grand unified models,
it was found that relic monopoles would exceed present bounds by roughly
14 orders of magnitude. Since it seems difficult to modify the estimated
annihilation rate, one must find a scenario which supresses the production
of these monopoles.

Kibble32 has pointed out that monopoles are produced in the course
- of the phase transition by the process of bubble coalescence. The orienta-
'iion.of the Higgs field inside one bubble 'will have no correlation with

that of another bubble not in contact. When the bubbles coalesce to fill

" the space, it will be impossible for the uncorrelated Higgs fields to
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align uniformly. One expects to find topological knots, and these knots
are the monopoles. The number of monopoles so produced is then com-
parable to the number of bubbles, to within a few orders of magnitude.
Kibble's production mechanism can be used to set a "horizon bound"
on monopole production which is wvalid if the phase transition does not
significantly disturb the evolution of the universe.33 At the time of
bubble coalescence t the size % of the bubbles cannot exceed the

coal’

horizon distance at that time. So

2 o< 2tcoal = ;;E—__' (4.1)

coal
By Kibble's argument, the density oy, of monopoles then obeys

3 _6
-3 Y coal

n, 2 L7 > — (4.2)

"p

By considering the contribution to the mass density of the present universe
which could come from 1016 GeV monopoles, Preskill3! concludes that

ay/n < 1072 (4.3)

where nY is the density of photons, This ratio changes very little from

. the time of the phase transition, so with (2.7) one concludes

1/3
=24 2
10 il -1 ~ 110
T.oal <[ 2203 ] Yy M, ®10T GeV . (4.4)

If Tc ~lO14 GeV, this bound implies that the universe must supercool by

at least about four orders of magnitude before the phase transition is
completed.
The problem of monopole production in a strongly first order phase

transition with supercooling was treated in more detail by Tye and me.16,3%
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We showed how to explicitly calculate the bubble density in terms of the
nucleation rate, and we considered the effects of the latent heat
released in the phase transition. Our conclusion was that (4.4) should
be replaced by

11
coal < 2 x 107" GeV s (4.5)

where TCoal refers to the temperature just before the release of the
latent heat.

Tye andFI omitted the crucial effects of the mass density Py of the
false vacuum. However, our work has one clear implication: if the
nucleation rate is sufficiently large to avoid exponential growth, then
far too many monopoles would be produced. Thus, the monopole problem
seems to also force one into the inflationary scenario.3®

In the simplest SU, model, the nucleation rates have been calculated

5
(approximately) by E. Weinberg and me.l? The model contains unknown
parameters, so no definitive answer is possible. We do find, however,

that there is a sizable range of parameters which lead to the inflationary

scenario.3®

V. PROBLEMS OF THE INFLATIONARY SCENARIO37
As I mentioned earlier, the inflationary scenario seems to lead to
some unacceptable consequences. It is hoped that some variation can
be found which avoids these undesirable features, but maintains the
des;rable ones. The problems of the model will be discussed in more

detail elsewhere,3’ but for completeness I will give a brief description

here.
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The central problem is the difficulty in finding a smooth ending
to the period of exponential expansion. Let us assume that A(t)
approaches a coﬁstant as t > and T -+ 0. To achieve the desired expan-
sion factor Z > 10?8, one needs )\O/X4 < 10_2 (see (3.18)), which means
that the nucleation rate is slow compared to the expansion rate of the
universe. (Explicit calculations show that XO/X4 is typically much
smaller than this value.18’19:36) The randomness of the bubble forma-
tion process then leads to gross inhomogeneities.

To understand the effects of this randomness, the reader should
bear in mind the following facts:

(i) All of the latent heat released as a bubble expands is trans-
ferred initially to the walls of the bubble.l? This energy can be
thermalized only when the bubble walls undergo many collisions.

(ii) The de Sitter metric does not single out a comoving frame.
The 0(4,1) invariance of the de Sitter metric is maintained even after
the formation of one bubble. The memory of the original Robertson-
Walker comoving frame is maintained by the probability distribution of
bubbles, but the local comoving frame can be reestablished only after
enough bubbles have collided.

(iii) The size of the largest bubbles will exceed that of the
smallest bubbles by roughly a factor of Z; the range of bubble sizes is
immense. The surface energy density grows with the size of the bubble,
S0 ghe energy in the walls of the largest bubbles can be thermalized only
by c-olliding with other large bubbles.

(iv) As time goes on, an arbitrarily large fraction of the space

will be in the new phase (see (3.16)). However, one can ask a more
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subtle question about the region of space which is in the new phase:

is the region composed of finite separated clusters, or do these

clusters join together to form an infinite region? The latter possi-~
bility is called "percolation." It can be shown3® that the system
percolates for large values of Aolx4, but that for sufficiently small
values it does not. The critical value of AO/x4 has not been determined,
but presumably an inflationary universe would have a value of )\O/x4
below critical. Thus, no matter how long one waits, the region of space
in the new phase will consist of finite clusters, each totally surrounded
by a region in the old phase.

(v) Each cluster will contain only a few of the largest bubbles.
Thus, the collisions discussed in (iii) cannot occur.

The above statements do not quite prove that the scenario is
impossible, but these consequences are at best very unattractive. Thus,
it seems that the scenario will become viable only if some modification
can be found which avoids these inhomogeneities. Some vague possibilities
will be mentioned in the next section.

Note that the above arguments seem to rule out the possibility that

. . 4
the universe was ever trapped in a false vacuum state, unless Ao/x 2 1.

Such a large value of )\o/x4 does not seem likely, but it is possible.19

VI, CONCLUSION
I have tried to convince the reader that the standard model of the
very early universe requires the assumption of initial conditions which
are very implausible for two reasons:
(i) The horizon problem: causally disconnected regionsrare
assumed to be nearly identical; in particular, they are simultaneously

at the same temperature.
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(ii) The flatness problem: for a fixed initial temperature, the
initial value of the Hubble "constant" must be fine tuned to extraordinary
accuracy to produce a universe which is as flat as the one we observe.

Both of these problems would disappear if the universe supercooled
by 28 or more orders of magnitude below the critical temperature for some
phase transition. (Under such circumstances, the universe would be
growing exponentially in time.) However, the random formation of bubbles
of the new phase seems to lead to a much too inhomogeneous universe.

The inhomogeneity problem would be solved if one could avoid the
assumption that the nucleation rate A(t) approaches a small constant Ao
as the temperature T -+ 0. If instead the nucleation rate rose sharply
at some Tl, then bubbles of an approximately uniform size would suddenly
fill space as T fell to T

Of course, the full advantage of the infla-

tionary scenario is achieved only if Tl ,5,10_28 Tc'

1

Recently E. Witten3? has suggested that the above chain of events

may in fact occur if the parameters of the SU, Higgs field potential are

5
chosen to obey the Coleman-Weinberg condition®0 (i.e., that

32V/8¢2 =0 at ¢ = 0) Witten"! has studied this possibility in detail

for the case of the Weinberg-Salam phase transition. Here he finds that
thermal tunneling is totally ineffective, but instead the phase transition
is driven when the temperature of the QCD chiral symmetry breaking phase
transition is reached. For the SU5 case, one can hope that a much larger

amount of supercooling will be found; however, it is difficult to see
how 28 orders of magnitude could arise.
Another physical effect which has so far been left out of the

analysis is the production of particles due to the changing gravitational
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%2 This effect may become important in an exponentially expanding

metric.
universe at low temperatures.

In conclusion, the inflationary scenario seems like a natural and
simple way to eliminate both the horizon and the flatnesé problems. I
am publishing this paper in the hope that it will highlight the existence

of these problems and encourage others to find some way to avoid the

undesirable features of the inflationary scenario.
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APPENDIX: REMARKS ON THE FLATNESS PROBLEM

This appendix is added in the hope that some skeptics can be
convinced that the flatness problem is real.

Some physicists would rebut” the argument given in Section I by
insisting that the equations might make sense all the way back to t = 0.
Then if one fixes the value of H corresponding to some arbitrary
-temperature Ta’ one always finds that when the equations are extrap-

olated backward in time, @ + 1 as t - 0. Thus, they would argue, it

is natural for Q to be very nearly equal to 1 at early times. For
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physicists who take this point of view, the flatness problem must be
restated in other terms. Since Ho and To have no significance, the
model universe must be specified by its conserved quantities. In fact,
the model universe is completely specified by the dimensionless constant
€ = k/R2T2, where k and R are parameters of the Robertson-Walker metric,
Eq. (2.1). For our universe, one must take |el < 3 x 10-57. The problem
then is the to explain why |e| should have such a startlingly small
value.

Some physicists also take the point of view that € = 0 is plausible
enough, so to them there is no problem. To these physicists I point out
that the universe is certainly not described exactly by a Robertson-
Walker metric. Thus it is difficult to imagine any physical principle
which would require a parameter of that metric to be exactly equal to
zero,

In the end, I must admit that questions of plausibility are not
logically determinable, and depend somewhat on intuition. Thus I am
sure that some physicists will remain unconvinced that there really is
a flatness problem. However, I am also sure that many physicists agree

with me that the flatness of the universe is a peculiar situation which

at some point will admit a physical explanation.
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