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The chaotic inflationary universe scenario based on a joint account of vacuum polarization and scalar field effects is
considered. The probability for the universe to go through the inflationary stage increases compared 1o that in the separate
scenanios. The total expansion during the inflatonary stage 1s equal to the product of the expansions in the separate scenartos.

1. In the development of cosmology during the last
few years, ever increasing hopes are related to models
in which the universe was exponentially (or quasi-ex-
ponentially) expanding at very early stages of its evo-
lution. There are two main types of models. The mod-
els of the first type are connected with the account of
the one-loop corrections to the Einstein equations and
higher-derivative terms in the gravitational action [1,
2}. The second-type models are based on the investi-
gation of cosmological consequences of a slow evolu-
tion of a scalar field ¢ in the exponentially expanding
(inflationary) universe [3--5]. Below, these models
will be called for brevity type I and type II models re-
spectively. For an extensive review of the history of
the development of these models, their advantages and
difficulties and also of the objectives which were pur-
sued by their creators see ref. [6].

For a long time the type I and type I models
scemned to be competing and probably even mutually
incompatible. The exponential expansion of the uni-
verse was thought of as a rather exotic phenomenon
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and it seemed unlikely that both abovementioned
mechanisms could work simultaneously. Moreover,
different initial conditions seemed to be necessary for
the realization of the scenarios [1,3,4]. Since quan-
tum gravity is far from being completely elaborated
and since it was not possible to solve the primordial

monopole problem [7] in the first models of the type

I {1], most scientists originally preferred to study the
type il models [3,4], and the favourable one was the
new inflationary universe scenario [4]. Meanwhile,
since 1982 the status of the models of both types has
significantly changed.

2. First of all, the type 1l models were essentially
modified. It was shown that in order to obtain small
density perturbations after inflation §p/p ~ 10-4,
which are necessary for galaxy formation, one should
consider a theory of an extremely weakly interacting
field ¢ [8—11]. Such-a field usually does not undeirgo
any high-temperature phase transitions in the early
universe since the time necessary for a considerable
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modification of its initial value due to high-tempera-
ture effects usually exceeds the age of the universe [6,
12]. Therefore it is extremely difficult (if possible at
all) to obtain a completely satisfactory realization of
the new inflationary universe scenario [4], which is
based on the theory of high-temperature phase transi-
tions, Despite many efforts, no consistent realization
of the new inflationary universe scenario has been sug-
gested so far.

Fortunately, this difficulty disappears in the chaot-
ic inflation scenario {5], according to which the uni-
verse was initially filled with some chaotic initja] dis-
tribution of a scalar field . It turns out that, in a wide
class of theories, the domains of the universe with !
=CMp [C= O(1), Mp = G~ 12 is the Planck mass] ex-
panded more than ¢70 times during the slow rolling of
the field to the minimum of its potential energy V(g
The specific property of the chaotic inflation scenario
is that the expansion of the universe at the inflation-
ary stage is not precisely exponential. The Hubble pa-
rameter / = a/a [a(r) is the scale factor of the uni-
verse] in this scenario slowly changes during inflation.
However, the variation of # at the stage of inflation is
small compared to the rate of the expansion itself,

i.e. the condition

|H| < H? (1

is satisfied. Then R¥ ~ {5%R ~ —3H26% The stages
when eq. (1) holds will be called the quasi-de Sitter
ones.

According to the chaotic inflation scenario, the
more the initial value of v is, the greater is the infla-
tion of the universe, The initial potential energy den-
sity of the scalar field V(¢) in this scenario can be arbi-
trarily large. This circumstance has two important con-
sequences. Firstly, in contrast to other versions of the
inflationary universe scenario, the flatness problem can
be solved here even if the universe was spatially closed
initially {6]. [Let us remind [13] that if the universe
is spatially closed and its energy density at the Planck
time rp ~ Mﬁl is far from the critical one, then it
recollapses during a typical time r ~ fp, 1.e. before
the beginning of inflation, unless inflation starts with
V()& M g] - Secondly, the possibility for inflation to
begin with V() & M§ makes possible a realization of
the inflationary scenario for the type H models based

on the idea of quantum creation of the universs [6,14].

(Analogous realization for the type I models was sug-
gested in ref. [15].)
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It is especially important that in the infinite
(e.g. open) universe, there should be infinitely many
domains of asize /2 2H ! [5] where ¢l 2 CMp jugt
before the beginning of the inflationary stage. The size
of these domains at the present moment is larger than
the size of the observable part of the universe. In thig
scenario inflation of the universe, from an exotic phe.
nomenon which could occur in a number of rather
specific theories only, becomes a natural consequence
of chaotic initial conditions in the expanding universe,

3. Simultaneously, a similar metamorphosis has
taken place with the type I models. The first mode] of
this type [1] was constructed on the basis of the con-
formal anomaly of the total vacuum €nergy —momen-
tum tensor of massless (or light enough) quantum
fields,

7'y = —(1/2880n%) [k, C,,,,, C*Im

+ky(Ry R™* —3R%) +1,0R] ()
where R = R'; and the constants k, k5, k depend on
the number and types of the quantum fields contribut- :
ing to (2). However, it was realized soon that to pro-
vide a sufficient duration of the inflationary stage one -,
should assume that k; >0, k3 <0, lk3|> k,, which
is not satisfied in typical cases (in particular, there
exist supergravity theories where k4 =0). Therefore é
another version of the type I model was considered §
[2] in which the local term M3R?/96nM 2 withM
< Mp was added to the lagrangian of the gravitational }
field. This corresponds to the effective renormalization’
of k3. After that, the effective constant k4 need not §
be proportional to the number of light quantum i
fields. More generally, a local term f(R) can be added 4
to the gravitational lagrangian, where f is an arbitrary '.
function restricted by the condition limg_, [ f(R)/R] 1
=0 only (see ref. [16] in this connection).

It should be mentioned that the procedure of addi- §
tion of quadratic terms to the Einstein gravitational
action in general is not completely harmless since it <f§
may lead to the appearance of ghost particles with
negative energy [17]. Fortunately, the introduction 0
the R2 or f(R) term (in contrast to the C,-H,,,C'“’”-?,
term) does not lead to the appearance of ghosts [17] P
If the sign of the R2 term is chosen correctly then We]
obtain only one new scalar particle with positive enclg
gy and positive mass squared. It is this particle that-¥
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was called scalaron in ref. [1]. Therefore, the hypoth-
esis that the scalaron rest mass M is significantly small-
er than the Planck mass [M ~ (10-4-10-5) M)
does not lead to any difficulties or inconsistencies. If
M <Mp and Ry, RFIM < MY then the k; and k,
terms in eq. (2) can be neglected. Thus, the type I

models need not be based on the non-local part of con-

formal anomaly {we call the k| and k, terms in eq.
{2) non-local because they cannot be obtained by vari-
ation of any local action with respect to the metric] .
This conclusion completely eliminates the criticism of
the type I models expressed in ref. [18].

It was shown in ref, [2] that the modified type |
models possess a prolonged quasi-de Sitter stage. Infla-
tion in these models can also be chaotic, i.e. the quan-
tity # can be different in different points of space,
= H(t,r). Therefore, the inflationary universe scenario
based on a type 1 model with the R? term (we shall
continue to call this term vacuum polarization for
brevity) can be realized over a wide range of initjal
conditions for the scalar curvature R.

If M5 1015 GeV, then the monopole problem can
be also solved in this scenario. This is the case because
the phase transition with SU(5) breaking takes place
before the end of the inflationary stage [even if the
unbroken SU(5) phase was present at the very begin-
ning of the expansion] and the temperature never
grows to 1015 GeV after the end of inflation (the
scalaron lifetime 7~ M3/M> [1] for M < 1015 GeV
is large enough, and therefore reheating occurs com-
paratively late). The same reason is responsible for the
absence of the monopole problem in the type Il mod-
els based on supergravity [12].

4. Thus, it appears now that scenarios of both types
do not need significantly different initial conditions
and, therefore, they can be realized simultaneously.
So, we consider the generalized model where the ex-
pansion of the universe is determined by the com-
bined influence of a scalar field  with a potential
V() and by the vacuum polarization described by the

MiR21961M? term in the total Tagrangian (the numeri-

cal coefficient is chosen here in such a way that the
scalaron mass is equal to M). Then the evolution of the

flat Friedmann—Robertson—Walker cosmotogical mod-

el and of the scalar field follows from the equations
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H* = (8n/3M D) [552 + V()
~ M Y2HH + 6H2 - B,
9 +3HP+ V' (9)=0, H=da, M<M,, 3)

where the dot denotes differentiation with respect to

the usual time ¢ and the prime, differentiation with re-

spect to ¢ [the term in eq. (2) has been neglected] .

If the scalar field changes slowly at the quasi-
de Sitter stage (1), [d/v| € H, we can neglect 3, $2,
HH and H? in eqs. (3), and they take the following
form
6HIHIM? + 2 = (8n/3M DV (p),
3HG+ V'(p)=0. (4)
Eq. (4) can be integrated in the general case by using
¢ as an independent variable:

_ dp H
r=-3f Vi)’

dH(dp = MV ()] [H? — 8aV(p)3M 2],

dtpz )

"
2_ 2 2
H -——%n’(M/MP) exp(M f V'(xpz)

¢ Vi) , 1 de,
*J Vo P ( M f V'(soz)) dop- )
If the condition |4/} <€ H is not satisfied at the quasi-
de Sitter stage (1), then the scalar field rapidly van-
ishes and can be neglected at all, and we retumn to the
inflationary regime generated by the vacuum polariza-
tion only [2]:

H=gM¥t ~1), M<H<M,,
o(t) =a, exp{~ M, —n)?], (6)

where 7, = const. is the time when the quasi-de Sitter
stage ends and g is the size of the universe at the end
of inflation.

An important result can be obtained from egs. (5):

i t
mi’(_‘)=fﬁd:
g 7,

_ Br dyy Viey)

ML Vi) " OROH, - @

363

O |

gt -

T e Lty




e e e

Volume 157B, number $,6

Here 1 is the moment of the beginning of the quasi-
de Sitter stage and ag, ), v are the corresponding
initial values of @, H, y. Comparing eq. (7} with the ex-
pressions obtained in refs. [2,5] for the separate sce-
narios where only one of the two species {either a
scatar field or vacuum polarization) was taken into
account but not both, we arrive at the following simple
rule: the total expansion of the universe during the in-
flationary stage (i.e.,a;/ay) in the combined scenario,
considered as a function of p and H, is equal to the
product of the total expansion in the separate scenar-
io. This rule is rather general and can be applied also
to the inflationary scenario with an arbitrary number
of scalar fields interacting only gravitationally.

Let us further consider, following ref. [5], the
theory with the potential V() = 3A¢*, A € 1. Then
eq. (7) and the last of egs. (5} take the form

HI= —%'rr(M/Mp)2 exp(—M2{22¢%)
¢
X fexp(Mzﬂt\«pf) d(v3),

Ina/ap) = (/M2 — @)+ BIMAYHE ~ H?). (8)

Denote m = Mp /A 6m, m € Mp. The ratio m/M is the
important parameter in our combined scenario.

Let us consider the question about the origin of the
quasi-de Sitter stage. In the case when the Friedmann
model has a flat three-space (the total energy density
is equal to the critical one), all solutions, except those
having zero measure, reach singularity. The most gen-
eral solution of egs. (3) near singularity {¢ - Q) has the
following form:

o) ~ Vi,
0= C NI+ —TCIOA+aMi MYy + .,

H=1/2t - (aM23ME)C3+ O, VT + .,
R=—6(H+2HY) =1 (4nM2 M) CE15C VT ¥ .,

R2&R, R¥* ~ 174, (9)
where Cy, C,, Cy are the arbitrary constants (indepen-
dent initial conditions). It is worthwhile to note here
that, in the absence of vacuum polarization, the gener-
al solution would behave as a(t) ~ ¢1/3 near singularity
which corresponds to the effective equation of state p
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= ¢ (i.e., the Zeldovich limiting equation of state) ¥!.
So, the effect of vacuum polarization near singularity
is the change of the effective equation of state to that
of massless radiation (the behaviour of the general so-
lution near singularity in the pure vacuum polarization
case was considered earlier in ref. [19]). However, one
should not think that the R2 term is completely analo-
gous to radiation. The crucial difference between them
becomes clear when one considers the more general
anisotropic singularity. For example, in the case of the
homogeneous Bianchi type models, radiation becomes
unimportant near singularity, but the vacuum polariza.
tion transforms the classical one-parametric vacuum
Kasner solution to the new two-parametric one where
the three exponents g, (&= 1, 2, 3) satisfy only one
equality,

2 _ : 3
?qa—(Z— %}qa)za;qa, w1th1<§qa<-2-

(this condition guarantees that R < RymR ikim a5 ¢
-+ 0).

The evolution of cur combined model during ex-
pansion (in the direction of growing f) depends on |,
C,, C4. Without going into details, we present here the
results of our investigation, It appears that the general
solution reaches the quasi-de Sitter stage (6) or (8) or
(12) in the course of time if one of the following three
conditions is satisfied:

M) 1Cy1> M2,
(i) 1C,ISM32, cEe (MEM)min(1,M/m),
(i) 1C5|SM¥2, C2SMEMYmin(3, Mjm),

IC, 1> Mp. (10)

These inequalities cover the most part of possible ini-
tial conditions. This means that it is highly probable
for our combined model to go through the inflation-
ary stage during its evolution.

If m > M, the quasi-de Sitter stage begins either
with the solution {8) where both the scalar field and
vacuum polarization work or, if the scalar field was
sufficiently small initially, with the solution (6).

*! This regime for the theory m’vz /2 without vacuum pola:-
jzation terms was recently investigated by Belinski,
Grishchuk, Khalatnikov and Zeldovich (to be pubtished).

3
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Fig. 1. The dependence of the Hubble parameter /f on ¢ for the quasi-de Sitter stages.

> M throughout the whole stage. At the end of it,
only vacuum polarization works, so the evolution is
described by the solution (6} also. This situation cor-
responds to the curve A in fig. 1. It is interesting that
if the scalar field was ever in the “slow rolling” regime
|¢/w! <€ H during the quasi-de Sitter stage in this case,
it remains in ‘this regime up to the end of inflation
even when jg| € Mp. 1ts evolution during the stage (6)
has the form

@ =3 {1+ @MY Il - 0137

¥, = const, M, - RS (1)

In the opposite case m <M, the model can pass
through two successive quasi-de Sitter stages: the first
with H > M, described by eqgs. {5), (8) and the second
with # <M, where only the scalar field works [5],

e=gge” ™, H=v/ 2m (w%/MP) e=2m!

gl > M. (12)

The stage (12) corresponds to the curve B in fig. 1. De-

pending on initial conditions (9), there may or may
not be a rather short period of a power-law- expansion
with a(£) ~ %3 dominated by massive dust-like
scalarons [1] between the two quasi-de Sitter stages.
The solution can also pass through the only one quasi-
de Sitter stage (12) in this case.

Let us finally mention the possibilities that the
quasi-de Sitter regimes (8), (6) or (12) were preceeded

by a hot radiation-dominated isotropic stage where T;‘
~g—*% or by some anisotropic stage supported by vac-
uum polarization [16,20]. It can be shown that the
curves A and B in fig. 1 play the role of envelopes for
various evolution curves (depicted by dots in fig. 1)
corresponding to different initial conditions.

It is not difficult to generalize our results to the
non-homogeneous case by assuming Cy,C5, C3 and H
to be functions of spatial coordinates. This corre-
sponds to the case of chaotic inflation. In particular,
after the proper generalization of the results obtained
in ref. {21], it appears that the non-homogeneous
quasi-de Sitter stage has the following form in the syn-
chronous system of reference:

ds? =de? —7a5dx°'dxﬁ, a,f=1,2,3,

Yag = aaB(r) exp(2 fH(t,r) d;)

X [1+0(r2e~HdNY, (13)

where ‘Ias(’) are arbitrary functions of three spatial
coordinates restricted by the only condition that the
spatial gradients should be smaller than /f ~1 at the
beginning of the stage (the same is assumed for the
spatial dependence of H also) and the dependence of
H on t is given by egs. (5),(6), (8) in each point of
space,

5. Thus, we have shown that the two mechanisms
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of inflation, which earlier were considered separately,
can happily coexist with each other and their joint ac-
count results in the substantial enlargement of the
number of domains in an initially chaotic universe
which pass through the inflationary stage. The initial
state of such a universe either could be dominated by
hot matter or it could be vacuum-like. We can describe
the ensemble of initial conditions for the curvature R,
the scalar field y and the temperature 7 of matter in
different domains by the initial probability amplitude
VR, e, T).

Different classical initial conditions in an isotropic
universe correspond either to some pure state of ) in
the case of a quantum creation of the universe [14,15,
22] and in the case in which the isotropic state ap-
pears after the decay of a more complex anisotropic
initial state [20], or to a mixed state in the case of the
ordinary hot beginning.

Another important conclusion is that the inflation-
ary stage produced by one of the mechanisms can typi-
cally create conditions necessary for the other mecha-
nism 10 come into play. In particular, if m > M and
only scalar fields wark initially (so that Hé = 217?\«,03/
31111%, logl > Mp at the beginning of the quasi-de Sitter
stage), the vacuum polarization terms always become
significant dynamically [and the regime (6) takes place
finally} because Hy » M. In the opposite case m <M,
If the scalar field was less than Mp initially, it can be-
come greater than Mp due to the growth of its iong-
Wave vacuum fluctuations {9,23 24] during the quasi-
de Sitter stage (6) produced by the vacuum polariza-
tion provided 4, >\/ﬁ7ﬁp initially, and then the sec-
ond quasi-de Sitter stage (1 2) will take place (a similar
mechanism was used in ref. [25] in order to solve the
problem of symmetry breaking in supersymmetric
grand unified theories).

6. Let us finally say a few words about density per-
turbations which are generated in our model during
the quasi-de Sitter stage. By using the expressions ob-
tained in refs. [2,8-11] (see also ref. [26]), it can be
shown (the details will be given elsewhere) that the am-
plitude of adiabatic perturbations generated in the com-
bined scenario is determined by the mechanism that
dominates at the end of the quasi-de Sitter stage and is
given by the smallest of the amplitudes which would
be generated in each of the two scenarios separately.
At the present dust-like stage a(r) ~ 12/3 ~ 2 [where
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7 = { drfa(?)) we obtain:

solo = (2m) 32 [k ¥ (60fp),

K@plo)P) Y2 = L Ay k1252,

ARK) = (MM Er inkk ), M <m,

=V ARk ), M>m, (14)

where a/2nk | = (1-10%) sm at the present time,

These results are in an agreement with the estimates
made in refs. [6,27] and with the results obtained in
ref. [28], but somewhat differ from the results ob-
tained in ref. [29]. The perturbations (14) correspond
to the following large-scale anisotropy of the micro-
wave background radiation [2,30] :

F C.0=2 @1, v, 0,0,

ATITY > =A%[100m11 + 1), (15)

where A = Ak ), Khor = 27fan at the present time.
It follows fromn direct observations (using the correla-
tion function [2]) that 4 < 1.5 X 10~3, This, together
with eq. (14), implies that either M/Mp S 105 or A
S 10-12,

We would like to note also that in our scenario not
only adiabatic but also the isothermal density pertur-
bations are generated, which may become very, impor-
tant at the late stages of the universe evolution [31].
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