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Constraints on the chaotic inflationary scenario with a nonminimally coupled ‘‘inflaton’’ field
from the cosmic microwave background radiation anisotropy

Eiichiro Komatsu* and Toshifumi Futamase†

Astronomical Institute, Graduate School of Science, Tohoku University, Sendai 980-77, Japan
~Received 1 December 1997; published 22 June 1998!

We investigate the possibility to restrict the chaotic inflationary scenario with the large nonminimally
coupled inflaton fieldf considered by Fakir and Unruh by means of the observed cosmic microwave back-
ground radiation~CMBR! anisotropy. This model is characterized by the conditionj.1 andc[8pGjf2

@1 wherej is the nonminimal coupling constant. We calculate the contributions of the long wavelength
gravitational waves generated in the inflationary period to the CMBR anisotropy quadrupole moment. We
obtain the constraintl/j251.831028/c i , wherel is the self-coupling andc i means the initial value ofc.
Combining this with the previously obtained constraintAl/j2'(dT/T)rms51.131025, we conclude that the
initial value has to bec i'1.63103. If the self-coupling has reasonable values of order 1022, thenj'104 and
f i'1021mPl wheremPl is the Planck mass.@S0556-2821~98!05614-8#

PACS number~s!: 98.70.Vc, 04.50.1h, 98.80.Cq
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I. INTRODUCTION

Inflation is regarded as one of the most important conc
tual problems in modern cosmology@1,2#. This concept
gives us not only the solution of cosmological puzzles su
as the horizon and flatness problem, but also the origin
cosmological perturbations. Among the various scenario
inflation proposed so far, Linde’s chaotic scenario seem
be a natural mechanism for the realization of inflationa
expansion@3#. In spite of many attractive features, the orig
nal scenario still has the fine-tuning problem of the para
eters. Namely, one has to choose an unreasonably small
coupling constant, i.e.,l,10212, to have the correc
magnitude of the density perturbation which is consist
with the observed tiny cosmic microwave background rad
tion ~CMBR! fluctuations.

In order to overcome this difficulty, Fakir and Unruh pr
posed a new version of the chaotic model which has astrong
nonminimal coupling, i.e.,j.1, to the scalar curvature@4#.
Note that we shall adopt in the present paper the sign c
vention for j such that the conformal coupling mea
j521/6. The chaotic inflationary scenario with nonminim
coupling has been investigated for various values ofj by
Futamase and Maeda@5#. Their result does not exclude th
strongcoupling model of Fakir and Unruh. They have show
that the larger value ofj relaxes the fine-tuning problem o
the self-couplingl, and this conclusion has been asserted
Makino and Sasaki more rigorously@6#. Fakir, Habib, and
Unruh also made a rigorous analysis of density perturba
@7#.

Constraints on this scenario have been discussed by
eral authors~e.g., Refs.@8,9#!. Here we shall investigate th
Fakir-Unruh scenario from a different point of view
Namely, we shall study the effect of the scenario on
tensor CMBR anisotropy. It is known that the long wav

*E-mail address: komatsu@astr.tohoku.ac.jp
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length gravitational waves~GWs! are generated during a pe
riod of inflationary expansion, and they make a significa
contribution to CMBR anisotropy through the Sachs-Wo
effect @10# on lower multipoles@11,12#. We will point out
that the Fakir-Unruh scenario also has a non-negligible c
tribution to the spectrum of CMBR anisotropy by generat
GWs, and then obtain the constraint on a certain combina
of parameters by comparing the predicted quadrupole
ment with the results of Cosmic Background Explor
~COBE! Differential Microwave Radiometer~DMR! obser-
vations.

This paper is organized as follows. We first review Fak
Unruh scenario and present the self-consistent inflation
solutions in Sec. II. We then find the radiative modes of
metric perturbations in the spacetime generated by a n
minimally coupled inflaton field, and derive the resultin
spectrum of GW in Sec. III. Based on the result in Sec.
we shall calculate the power spectrum of CMBR anisotro
and compare it with the observations of COBE-DMR in Se
IV. Finally some discussions are made in Sec. V. We sh
follow Misner, Thorne, and Wheeler@13# for the definition
of the Riemann tensor, Ricci tensor, and Ricci scalar.

II. BACKGROUND INFLATIONARY SOLUTIONS

As explained in the Introduction, in this paper we shall
interested in the chaotic inflationary scenario with large po
tive nonminimal coupling. Thus we shall take the followin
action as our model:

S5E d4xA2gF R

2k2
1

1

2
jf2R2

1

2
f ,mf ,m1V~f!G ,

~2.1!

wherek2[8pG. Our definition ofj is the same as that o
Fakir and Unruh, that is, conformal coupling meansj52 1

6 .
Note that Futamase and Maeda used an opposite sign fj.
Varying the action~2.1!, we obtain the field equations
© 1998 The American Physical Society04-1
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S 1

k2
1jf2D Gmn5~112j!f ,mf ,n2S 2j1

1

2Dgmnf ,af ,a

22jf~gmnh2¹m¹n!f1gmnV~f!,

~2.2!

hf1jRf1V,f50, ~2.3!

whereh[2g21/2]a(2g1/2gab]b) andV,f5]V/]f. Greek
and Latin indices take 0,1,2,3 and 1,2,3, respectively.

For the spacetime we assume a homogeneous and
tially flat Robertson-Walker universe:

ds25dt22a2~ t !d i j dxidxj . ~2.4!

Equation~2.2! yields the Hamiltonian constraint equation

H25
k2

3~11k2jf2!
F1

2
ḟ21V~f!26jHfḟ G , ~2.5!

where overdots denote time derivatives. The momen
constraint equation is

Ḣ5
k2

11k2jf2F2
1

2
ḟ21jHfḟ2jḟ22jff̈ G . ~2.6!

The equation of motion for the inflaton field is obtained fro
Eq. ~2.3! as

f̈13Hḟ26j~Ḣ12H2!f1V,f50. ~2.7!

Combining the above equations, we obtain

f̈13Hḟ1F k2jf2~116j!

11k2jf2~116j!
G ḟ2

f

5
1

11k2jf2~116j!
@4k2jfV~f!2~11k2jf2!V,f#.

~2.8!

Using ‘‘slow-roll approximations’’ such as

Uf̈
ḟ
U!H, ~2.9!

Uḟ
f
U!H, ~2.10!

1

2
ḟ2!V~f!, ~2.11!

the energy constraint and field equation take the follow
forms, respectively:
02300
pa-

m

g

H2'
k2

3~11k2jf2!
FV~f!2

2jf

11k2jf2~116j!

3$4k2jfV~f!2~11k2jf2!V,f%G , ~2.12!

3Hḟ'
1

11k2jf2~116j!
@4k2jfV~f!

2~11k2jf2!V,f#. ~2.13!

These are the basic equations which determine the b
ground solution. We shall consider the solutions of the
equations in the case with the self-coupling constant
mass term, separately.

A. Chaotic inflation by a self-coupling

Let us consider the chaotic inflation generated by the s
coupling constant of the inflaton. Thus we take

V~f!5
1

4
lf4.

Then Eqs.~2.12! and ~2.13! give, respectively,

H2'
k2lf4

12~11k2jf2!
F11

8j

11k2jf2~116j!
G ,

~2.14!

3Hḟ'2
lf3

11k2jf2~116j!
. ~2.15!

Let us now define our basic variablec[k2jf2 which turns
out to be very useful in our analysis. Since we consider
strongcurvature coupling, let us consider the situation whe

c@1.

This condition simplifies significantly the above equations

H2'
lc

12k2j2
, ~2.16!

ċ

c
'2

2l

3k2j~116j!

1

H
. ~2.17!

Therefore we have the following solution:

ċ

H
'2

8j

116j
, ~2.18!

c'c i2
8j

116j
lnS a

ai
D . ~2.19!

Note that this solution is consistent with the slow-roll a
proximations. In fact we have
4-2
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U ċ

Hc
U'U2 8j

116j

1

cU!1. ~2.20!

From Eqs.~2.16! and ~2.19!, we obtain a differential equa
tion for the scale factor:

ȧ

a
5A lc i

12k2j2F12
8j

~116j!c i
lnS a

ai
D G1/2

. ~2.21!

Equation~2.21! can be easily integrated as

a~ t !5aiexp@Hit2g~Hit !
2#. ~2.22!

Thus we have the following Hubble parameter and sca
field:

a~ t !5aiexp@Hit2g~Hit !
2#, ~2.23!

H~ t !5Hi~122gHit !, ~2.24!

c~ t !5c i~122gHit !
2, ~2.25!

where

Hi
25

lc i

12k2j2
, ~2.26!

g5
2j

~116j!c i
. ~2.27!

These expressions indicate that the expansion rate is m
more rapid than the rate of change in the Hubble param
as well as the inflaton field. Since we are interested in
very long-wavelength tensor perturbations which give
largest contribution to the CMBR anisotropy today and su
perturbations decouple at the early stage of inflation, we
approximate the above solution to the following simp
forms:

a~ t !'aie
Hi t, ~2.28!

H~ t !'Hi , ~2.29!

c~ t !'c i . ~2.30!

Finally, we have to consider the amount of inflation su
ficient to solve cosmological puzzles:

a~ t !

ai
5expS E HdtD5expS E

c i

c f H

ċ
dc D

'expS E
c i

c f
2

116j

8j
dc D 5

116j

8j
~c i2c f !>70.

~2.31!

Fakir and Unruh asserted thatc'1 signals the end of infla
tion @4#. Thus thestrongcoupling, i.e.,j.1, condition gives

c i*80. ~2.32!
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B. Chaotic inflation by a mass term

Next, we consider a massive free inflaton field with t
following potential:

V~f!5
1

2
m2f2.

Then Eqs.~2.12! and ~2.13! become, respectively,

H2'
k2jm2f2

6j~11k2jf2!
F11

4j

11k2jf2~116j!

3~12k2jf2!G , ~2.33!

3Hḟ'
m2f~k2jf221!

11k2jf2~116j!
. ~2.34!

Whenc@1, these equations may be approximated as

H2'
m2

6j S 112j

116j D , ~2.35!

ċ

c
'

2m2

3~116j!

1

H
. ~2.36!

We can find a scalar field grows exponentially so that
slow-roll approximations are not satisfied unlessj!1:

U ċ

Hc
U'U 4j

112jU,2. ~2.37!

Thus, we conclude that mass-term inflation does not occu
the model withstrongcoupling. This result is consistent wit
Futamase and Maeda@5#.

III. THE SPECTRUM OF GWs GENERATED
DURING THE INFLATIONARY EXPANSION

In this section we shall calculate the spectrum of GW
generated during the period of inflationary expansion in
framework of the Fakir-Unruh scenario.

A. Radiative solutions of metric perturbations

First we derive the equation for the GWs as the line
metric perturbation. The method is exactly the same as
case in general relativity~GR! @14#. Namely, we consider a
small disturbancehmn of the spatially flat Friedmann
Robertson-Walker metricḡmn

ds25~ ḡmn1hmn!dxmdxn. ~3.1!

The spatial flatness means that the metric perturbat
can be expanded by a plane wave with a comoving w
numberk
4-3
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hn
m~x,t!5(

l
E d3khl~k,t!eik•xen

m , ~3.2!

where en
m is the polarization tensor, andl51,3 is the

mode of the polarization. We choose the synchronous ga
(h005h0i50), and use conformal time (x05t):

ds25a2~t!dt22@a2~t!d i j 1hi j #dxidxj . ~3.3!

Then the linearized Einstein equations~2.2! lead to the ra-
diative mode of the tensor perturbation,

hk
k5hi ,k

k 5dc50, ~3.4!

hl9~k,t!1S 2
a8

a
1

c8

11c Dhl8~k,t!1k2hl~k,t!50,

~3.5!

where dashes denote conformal time derivatives. The o
components of the Einstein equations~2.2! are trivially sat-
isfied with the above conditions.

Writing each componenthl(k,t) of the GW perturbations
as @15,16#

hl~k,t![
1

R~t!
ml~k,t!5

1

aA11c
ml~k,t!, ~3.6!

we have the following equation forml :

ml9~k,t!1S k22
R9

R Dml~k,t!50. ~3.7!

This is an ordinally ‘‘Schro¨dinger-type’’ equation. Ifk2

@uR9/Ru, we can find a plane wave solution ofhl with its
amplitude scaled by (aA11c)21.

B. The spectrum of the GWs

Now we will calculate the spectrum of the GWs deriv
above. We follow previous works@11,17,18#. Let us choose
the normalization ofa(t) as

a~t!52
1

Hit
vacuum tP~2`,2t2!, ~3.8!

5
2t1t

t0
2

radiation tPS t2 ,
t1

2 D , ~3.9!

5
t2

t0
2

matter tP~t1 ,t0!. ~3.10!

We assume that the transitions across each phase are in
taneous and we matcha(t) andȧ(t) at the transition points
This will be an accurate approximation for the long-wa
tensor perturbations we are interested in. Note thatt is dis-
continuous across each transition. Of course, we could de
continuous time across each phase~e.g., Refs.@19,20#!, and
we can obtain the same results as below.
02300
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We shall calculate the amplitude of the GWs generated
quantum noises. The following consideration will help us
choose a convenient field variable to quantize. Equation~3.7!
shows that each polarization state of the waves behave
scalar fieldw with a normalization factor ofA2keff

2 :

hl5A2keff
2 wl5A 2k2

11c
wl . ~3.11!

We omit the subscriptl henceforth. This situation is analo
gous to the GR case@21#. We also neglect the other interac
tions ofw due to the mixture ofc8, which is a good approxi-
mation for our purposes. Thus we choose the scalar fieldw to
quantize as the same way in GR:

w~x,t!5E d3k@ âphase~k!wk~t!eik•x

1âphase
† ~k!wk* ~t!e2 ik•x#, ~3.12!

whereâphaseand âphase
† are the annihilation and creation op

erator at each phase~vacuum dominated, radiation dom
nated, and matter dominated phases!, andwk(t) is the prop-
erly normalized solution of Eq.~3.5!:

wk~t!5
1

A2k~2p!3/2a~t!
e2 iktS 12

i

kt D vacuum, matter

~3.13!

5
1

A2k~2p!3/2a~t!
e2 ikt radiation. ~3.14!

We use the fact thatc'const in the inflationary phas
~2.30!, andc50 in the post inflationary phase. We also a
sume our universe approaches the conformal vacuum m
function ast→2`, that is,

wk,VD→
1

A2k~2p!3/2a~t!
e2 ikt for t→2`.

~3.15!

Where the quantities with VD means the quantities evalua
at the vacuum dominated phase, namely, at the inflation
phase. The Bogoliubov coefficients relating operators at e
phase are defined as

âRD~k!5c1~k!âVD~k!1c2* ~k!âVD
† ~2k!, ~3.16!

âMD~k!5c3~k!âVD~k!1c4* ~k!âVD
† ~2k!, ~3.17!

where RD and MD mean radiation dominated and ma
dominated, respectively. Matching the field and its first d
rivative at the first transition,

wk,VD~2t2!5c1wk,RD~t2!1c2wk,RD* ~t2!, ~3.18!

wk,VD8 ~2t2!5c1wk,RD8 ~t2!1c2wk,RD* 8 ~t2!, ~3.19!
4-4
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we obtain

c152
Hit1

~kt0!2
e2ikt2@122ikt222~kt2!2#, ~3.20!

c25
Hit1

~kt0!2
. ~3.21!

We can see these coefficients satisfy the Bogoliubov r
tions required for the orthonormality of mode functionswk
@22#:

uc1u22uc2u251. ~3.22!

Since we are interested in GWs which are still well outs
the horizon at the time of matter-radiation equality and w
give the largest contribution to the CMBR anisotropy toda
we may use simpler results up to second order

c1'2
Hit1

~kt0!2
, ~3.23!

c25
Hit1

~kt0!2
. ~3.24!

At the next transition the continuity conditions become

c1wk,RDS t1

2 D1c2wk,RD* S t1

2 D5c3wk,MD~t1!

1c4wk,MD* ~t1!, ~3.25!

c1wk,RD8 S t1

2 D1c2wk,RD* 8 S t1

2 D5c1wk,MD8 ~t1!

1c2wk,MD* 8 ~t1!. ~3.26!

Thus we obtain

c35
Hi /k

2~kt1!~kt0!2
@$122ikt122~kt1!2%eikt1/2

3$122ikt222~kt2!2%e2ikt22e3ikt1/2#, ~3.27!

c45
Hi /k

2~kt1!~kt0!2
@e23ikt1/2$122ikt222~kt2!2%e2ikt2

2$112ikt122~kt1!2%e2 ikt1/2#, ~3.28!

with

uc3u22uc4u251. ~3.29!

Up to second order, we get simple solutions again,

c3'2
3iH i

2k~kt0!2
, ~3.30!
02300
a-

e
l
,

c4'2
3iH i

2k~kt0!2
. ~3.31!

Since we assume each transition is instantaneous, the
verse will remain in the de Sitter vacuum. Thus we may
able to calculate the quantum mechanical two-point corre
tion function in the de Sitter vacuum:

D~QM![
k3

~2p!2E d3xeik•x^0uw~x,t!w~0,t!u0&,

~3.32!

where

u0&[ude Sitter vacuum&. ~3.33!

Note that this assumption makes us use the Heisenberg
ture of quantum fields in which the states of vacuum do
evolve with time but the operators do@20#. For waves reen-
tering the horizon at the matter dominated era, we have

D~QM!5
Hi

2

2~2p!3F3 j 1~kt!

kt G2

, ~3.34!

where j 1(kt) is a spherical Bessel function of order 1. A
cording to our normalization, this is calculated as

DGW
~QM!

,ll852keff
2 dll8D

~QM!5
k2Hi

2

~2p!3F3 j 1~kt!

kt G2

dll8 ,

~3.35!

where we used the following facts:

emn~l!emn~l8!5dll8 , ~3.36!

c~t.t2!50. ~3.37!

We match this result with our classical ensemble of GW
The classical two-point function may be calculated by wr
ing the classical GWs as

hl~k,t!5A~k!xl~k!F3 j 1~kt!

kt G , ~3.38!

where xl is a random variable with statistical expectatio
value

^xl~k!xl8~k8!&5
1

k3
d~k2k8!dll8 . ~3.39!

Then the classical two-point function is

DGW
~CL!

,ll85A2~k!F3 j 1~kt!

kt G2

dll8 . ~3.40!

Comparing this with quantum two point function, we obta

A2~k!5
k2Hi

2

~2p!3
5

8

3p
v, ~3.41!
4-5
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where

Hi
2[

k2

3
mPl

4 v. ~3.42!

Since we know thatHi
25lc i /12k2j2,

v5
c i

~16p!2S l

j2D . ~3.43!

In the end, we find that the existence of the nonminim
coupling only affects the amplitude of spectrum via Hubb
constant.

IV. COMPARISON WITH OBSERVATIONS

We shall now make a comparison between the theore
prediction derived in the previous section with the obser
tion of CMBR anisotropy. Using the Sachs-Wolfe relatio
one can calculate the power spectrum of CMBR anisotr
generated by the long-wavelength GW@18#:

^al
2&[K (

m ualmu 2L 536p2~2l 11!
~ l 12!!

~ l 22!!

3E
0

2p/t1
kdkA2~k!uFl~k!u2, ~4.1!

where the angle brackets denote averages over statistica
semble ofal

2 , and

Fl~k![E
0

t02t1
drF d

d@k~t02r !#

j 1@k~t02r !#

k~t02r ! G
3F j l 22~kr !

~2l 21!~2l 11!
1

2 j l~kr !

~2l 21!~2l 13!

1
j l 12~kr !

~2l 11!~2l 13!G . ~4.2!

We shall use the following numerical value for^a2
2& evalu-

ated by White@18#

^a2
2&57.74v. ~4.3!

On the other hand, the COBE-DMR group expresses
quantity in terms ofQrms2PS:

^a2
2&[4pS Qrms2PS

T0
D 2

. ~4.4!

Note that since the quantityQrms2PS has already been
handled statistically, we can make a direct comparison
tween this expression with the theoretical prediction^al

2&.
Combining Eqs.~3.43!, ~4.3!, and~4.4!, we find

l

j2
5

~4p!3

38.7 S 80

c i
D S Qrms2PS

T0
D 2

. ~4.5!
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According to the COBE 4 yr results@23,24#,

T052.72860.004 K, ~4.6!

Qrms2PS51861.4 mK ~4.7!

for the n51 Harrison-Zel’dovich spectrum, thus we obta
the following constraint on the theory:

l

j2
'2.331029S 80

c i
D , ~4.8!

where we do not take the errors of the observations~4.6! and
~4.7! into account, because our result~4.8! mainly depends
on the initial value ofc i . Furthermore, we have not consid
ered the contribution from the scalar density perturbat
which will be produced during early stage of the inflationa
phase. Although a large fraction of the quadrupole anis
ropy seems to be due to GW@25#, we have to take tha
contribution into account for more precise discussions. N
that since the uncertainties just mentioned lead to higher
timates ofl/j2, we may expect that the ‘‘real value’’ o
l/j2 is slightly lower than the obtained result~4.8!.

Makino and Sasaki@6# ~hereafter, refered to as MS! de-
rived the perturbation of spatial curvatureRm on the hyper-
surfaces orthogonal to the matter rest frame:

Rm5
N~ tk!

p
A l

3j~116j!
, ~4.9!

whereN(tk) is the e-fold scale which we are interested in
MS found thatRm for the superhorizon scale is expressed
follows:

Rm5F2
H

ḟ
X, ~4.10!

where F is the gauge-invariant metric perturbation in th
longitudinal gauge condition, i.e.,

ds25~122F!dt22a2~112F!d i j dxidxj , ~4.11!

andX is the gauge-invariant scalar field perturbation. Seve
authors found that the canonical normal modes of pertur
tions which diagonalize the full action perturbed to seco
order in the conformal transformed Einstein frame~e.g.,
Refs. @6,26#!. MS expressedF and X in terms of their ca-
nonical normal modesQ andpQ ~their notation! and found
thatRm has the same amplitude in both of the Einstein a
the original frame.
Rm is related to the gauge-invariant density perturbat

as

dr

r
5

2~w11!

3w15 S k

HaD 2

Rm , ~4.12!

wherew[p/r. Using our result~4.8!, the density perturba-
tion on the horizon scale (k5aH, N570) at a matter-
dominated phase (w50) becomes
4-6
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S dr

r D
hor

'2.1Al

j2
'1.031024A80

c i
. ~4.13!

The density perturbation is also related to the rms temp
ture fluctuation of CMBR via the Sachs-Wolfe effect as

S dT

T D
rms

52
1

3
F. ~4.14!

On the other hand,F is determined by the Poisson equatio

k2F524pGra2S dr

r D52
3

2
~aH!2S dr

r D . ~4.15!

Since our interest is the density perturbation on present
rizon scale, i.e.,k5aH, we have

S dT

T D
rms

5
1

2S dr

r D
hor

'Al

j2
. ~4.16!

From the COBE-DMR result (dT/T)rms51.131025 @24#,
we obtain theinitial condition of our universeas

c i'1.63103. ~4.17!

We must notice again, however, that we have never p
attention to the ratio of the tensor contribution to the sca
one. Since a smaller tensor contribution leads to a sma
value ofc i by several factors, our discussion is reliable up
an order of magnitude.

Finally, let us consider the model ofl51022, which
would be a reasonable value for some of the particle phy
models. Then the nonminimal coupling constant and the
tial value of the inflaton field are constrained as

j'104, ~4.18!

f i

mPl
'1021. ~4.19!

As Makino and Sasaki commented@6#, the relaxation of fine-
tuning for l is nothing but a restatement of the issue o
large values ofj. According to our results, the initial inflato
field has to be smaller by one order of magnitude than tha
02300
a-

,

o-

d
r
er

cs
i-

of

chaotic scenario in framework of GR. Note that the sma
contribution of tensor perturbation leads to smallerc i and
then smallerf i /mPl .

V. CONCLUSIONS

We calculated the spectrum of GWs generated in the c
otic inflationary scenario with a nonminimally coupled infl
ton under the condition wherec[k2jf2@1, and their con-
tributions to the CMBR anisotropy via the Sachs-Wo
effect. Comparing the COBE-DMR 4 yr observations wi
the predicted power spectrum of CMBR, we find the init
valuec i'1.63103. Our result decreases a number of und
termined parameters in the theory, i.e.,c i , and indicates that
if we choosel51022, j'104, and f i /mPl'1021 are re-
quired. In the chaotic inflationary scenario with minimal
coupled inflaton, an argument based on the comparison
tween the energy content of the inflaton field and plan
energy density places the upper bound of the initial value
the field. It would be hoped in the nonminimally couple
case that the same sort of argument will place an up
bound on the initial value forc i . However, it is the nonmini-
mality that prevents us from having such a simple argume
In this context Hochberg and Kephart made some discus
on the energy density of a nonminimally coupled scalar fi
@27#, but their result seems to be not available in the pres
context because of the existence of self-coupling. It sho
be mentioned that the condition for the Hubble constant to
smaller than the inverse of the planck time is easily satis
in the above choice of parameters. In this sense the Fakir
Unruh scenario is not excluded as a good candidate of
inflationary scenario.

Finally we mention the chaotic inflationary scenario
induced gravity@28,29#. The above analysis may be applie
in exactly same way and one has the same constrain
parameters whenc@1. However, this case has also anoth
constraint onj coming from solar system experiment on th
omega parameter of Brans-Dicke theory since the theor
translated into Brans-Dick type. These two constraints
incompatible with each other so that the chaotic scenario
induced gravity withstrongcoupling seems not to work.

ACKNOWLEDGMENTS

We would like to thank N. Sugiyama for very importan
comments and suggestions. We would also like to thank
Takada for useful discussions.
@1# K. Sato, Mon. Not. R. Astron. Soc.195, 467 ~1981!; Phys.
Lett. 99B, 66 ~1981!.

@2# A. Guth, Phys. Rev. D23, 347 ~1981!.
@3# A. D. Linde, Phys. Lett.129B, 177 ~1983!.
@4# R. Fakir and W. G. Unruh, Phys. Rev. D41, 1783~1990!.
@5# T. Futamase and K. Maeda, Phys. Rev. D39, 399 ~1989!.
@6# N. Makino and M. Sasaki, Prog. Theor. Phys.86, 103 ~1991!.
@7# R. Fakir, S. Habib, and W. G. Unruh, Astrophys. J.394, 396

~1992!.
@8# D. S. Salopek, Phys. Rev. Lett.69, 3602~1992!.
@9# D. I. Kaiser, Phys. Rev. D52, 4295~1995!.
@10# R. K. Sachs and A. M. Wolfe, Astrophys. J.147, 73 ~1967!.
@11# L. F. Abbott and Mark B. Wise, Nucl. Phys.B244, 541~1984!.
@12# M. Sasaki, Prog. Theor. Phys.89, 1183~1993!.
@13# C. W. Misner, K. S. Thorne, and J. A. Wheeler,Gravitation

~Freeman, San Francisco, 1973!.
@14# S. Weinberg,Gravitation and Cosmology~Wiley, New York,

1972!.
@15# M. Gasperini and M. Giovannini, Phys. Rev. D47, 1519

~1993!.
@16# John D. Barrow, Jose´ P. Mimoso, and Ma´rcio R. de Garcia

Maia, Phys. Rev. D48, 3630~1993!.
4-7



d

er,

EIICHIRO KOMATSU AND TOSHIFUMI FUTAMASE PHYSICAL REVIEW D58 023004
@17# L. F. Abbott and D. D. Harari, Nucl. Phys.B264, 487 ~1986!.
@18# M. White, Phys. Rev. D46, 4198~1992!.
@19# L. Grishchuk and Y. Sidorov, Phys. Rev. D42, 3413~1990!.
@20# B. Allen and S. Koranda, Phys. Rev. D50, 3713~1994!.
@21# L. P. Grishchuk, Zh. E´ ksp. Teor. Fiz.67, 825 ~1974! @Sov.

Phys. JETP40, 409 ~1975!#; L. P. Grishchuk, Ann.~N.Y.!
Acad. Sci.302, 439 ~1977!.

@22# N. D. Birrel and P. C. W. Davies,Quantum Fields in Curved
Space ~Cambridge University Press, Cambridge, Englan
1982!.
02300
,

@23# D. J. Fixsenet al., Astrophys. J.473, 576 ~1996!.
@24# C. L. Bennettet al., Astrophys. J.464, L1 ~1996!.
@25# L. M. Krauss and M. White, Phys. Rev. Lett.69, 869 ~1992!.
@26# V. F. Mukhanov, H. A. Feldman, and R. H. Brandenberg

Phys. Rep.215, 203 ~1992!.
@27# D. Hochberg and T. W. Kephart, Phys. Rev. D51, 2687

~1995!.
@28# R. Fakir and W. G. Unruh, Phys. Rev. D41, 1792~1990!.
@29# F. S. Accetta, D. J. Zoller, and M. S. Turner, Phys. Rev. D31,

3046 ~1985!.
4-8


