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New constraints on multifield inflation with nonminimal coupling
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~Received 31 July 2000; published 27 November 2000!

We study the dynamics and perturbations during inflation and reheating in a multifield model where a

second scalar fieldx is nonminimally coupled to the scalar curvature (1
2 jRx2). Whenj is positive, the usual

inflationary prediction for large-scale anisotropies is hardly altered while thex fluctuation in sub-Hubble
modes can be amplified during preheating for largej. For negative values ofj, however, long-wave modes of
the x fluctuation exhibit exponential increase during inflation, leading to the strong enhancement of super-
Hubble metric perturbations even whenuju is less than unity. This is because the effectivex mass becomes
negative during inflation. We constrain the strength ofj and the initialx by the amplitude of produced density
perturbations. One way to avoid nonadiabatic growth of super-Hubble curvature perturbations is to stabilize the
x mass through a coupling to the inflaton. Preheating may thus be necessary in these models to protect the
stability of the inflationary phase.

PACS number~s!: 98.80.Cq
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I. INTRODUCTION

The idea of inflation is remarkable in the sense tha
cannot only solve the horizon and flatness problems of
standard big bang cosmology, but provides seeds of den
perturbations relevant for the large scale structure@1#. The
perturbations give an imprint on the cosmic microwa
background~CMB! anisotropies, whose temperature fluctu
tions can be analyzed by present observations. The inflat
ary paradigm typically predicts the nearly scale-invariant p
mordial power spectrum@2,3#, which is consistent with
observations of the Cosmic Background Explorer~COBE!
satellite. Since the accuracy of measurements is expecte
be improved in future observations, it is very important
fully understand the primordial power spectrum predicted
the inflationary paradigm.

Generally, it is assumed that only one scalar field cal
the inflaton determines the dynamics of inflation, whic
leads to the exponential expansion of the universe when
inflaton slowly evolves along a sufficiently flat potential.
the single-field model, density perturbations are typica
‘‘frozen’’ when a physical scale crosses the Hubble rad
during inflation. This makes it possible to evaluate the pow
spectrum at the end of inflation by equating it at the fi
horizon crossing. In the preheating era after inflation,
fluctuation of the inflaton can be enhanced by parame
resonance@4,5#, which may stimulate the growth of metri
perturbations. In the single-field case, however, the su
Hubble curvature perturbation is typically conserved dur
preheating@6#, while sub-Hubble modes can be amplified
some models of inflation@7# including the nonminimally
coupled inflationary model@8#. As long as the system is
single-field model, and the stress energy is conserved, n
diabatic growth of the large-scale curvature perturbation c
not be expected during inflation and reheating including g
eralized Einstein theories@9#.

*Email address: shinji@gravity.phys.waseda.ac.jp
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Multifield inflationary scenarios have received much
tention for the generality of inflation and preheating. In fa
density perturbations in multifield models were analytica
derived by several authors in the scheme of the slow-
approximation@10#. In the presence of more than two scal
fields, large-scale curvature perturbations are not necess
conserved due to the existence of isocurvature perturbati
In the context of scalar-tensor gravity theories, several
thors @11,12# studied density perturbations in the two-fie
system where there exists a Brans-Dicke or dilaton field
addition to inflaton. In particular, Garcı´a-Bellido and Wands
@12# constrained parameters of the gravity theories by co
paring the predicted spectral index with observational da
In addition to this, since the higher-dimensional generaliz
Kaluza-Klein theories@13# also give rise to a dilaton field by
reducing the effective four-dimensional theories, it is wo
investigating to predict the primordial power spectrum in t
presence of inflaton in generalized Einstein theories from
cosmological point of view. In this respect, Berkin an
Maeda@14# studied the new and chaotic inflationary mode
with a dilaton potentialU(s)50, and constrained the pa
rameters of models by produced density perturbations. M
tiple scalar fields also play important roles in the assis
inflation with exponential potentials@15#. This scenario was
recently extended to the assisted chaotic inflation induced
higher-dimensional theories@16#, and density perturbation
were calculated in Ref.@17#.

In the preheating era, scalar fields coupled to the infla
can be resonantly amplified, which is typically more efficie
than in the single-field case. It was also pointed out that th
is also an interesting possibility that super-Hubble me
perturbations will be excited due to the growth of field pe
turbations@18–20#. Since growth of metric perturbations ca
be expected as long as scalar fields are not severely dam
in the inflationary period@21,22# and are enhanced durin
preheating, it is important to take care the dynamics of sc
fields during inflation. When the effective mass of sca
fields is heavy relative to the Hubble parameterH, long wave
modes of field fluctuations exhibit exponential decrease d
©2000 The American Physical Society12-1
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ing inflation @21#. In contrast, ‘‘light’’ fields such as the in
flaton whose masses are smaller thanH are hardly affected
by the inflationary suppression@19#, and can lead to the en
hancement of super-Hubble metric perturbations in preh
ing era if they are amplified by parametric resonance@20#. In
this respect, one of the present authors recently investig
the evolution of field and metric perturbations in the pre
ence of a dilaton field with quadratic inflaton potential@23#,
and found that the curvature perturbation in cosmolog
relevant modes remains almost constant in this model~Can-
delas Weinberg model, see Ref.@24#!, including the backre-
action effect of created particles.

From the viewpoint of quantum field theories in curv
spacetime, nonminimal couplings naturally arise, with th
own nontrivial renormalization group flows. The ultraviol
fixed point of these flows are often divergent, implying th
nonminimal couplings may be important at high energ
@25#. In the single-field case with a nonminimally couple
inflaton field, Futamase and Maeda@26# studied the dynam-
ics of chaotic inflation, and found that the nonminimal co
pling is constrained asuju&1023 in the quadratic potential
by the requirement of sufficient amount of the inflation. O
the other hand, such a constraint is absent in the s
coupling potential for negativej, and as a bonus, the fin
tuning problem of the self-couplingl in the minimally
coupled case can be relaxed by large negative valuesj
@27,28#. Several authors evaluated scalar and tensor pe
bations generated during inflation@29–31# and preheating@8#
in this model. Since the system is reduced to the single-fi
model with some modified inflaton potential by a conform
transformation, the super-Hubble curvature perturbation
mains almost constant, while metric preheating is found
be vital on sub-Hubble scales@8#.

In the multifield model with the inflaton and a nonmin
mally coupled scalar fieldx, it was found thatx particles can
be efficiently producedduring inflationwhenj is negative in
the unperturbed Friedmann-Robertson-Walker backgro
@32#. The dynamics of scalar fields strongly depends on
couplingj. In fact, although the exponential suppression
super-Hubblex modes will take place for positivej due to
large effective mass relative to the Hubble rate, they
grow exponentially by negative instability forj,0. Then it
is expected that negative nonminimal coupling may lead
the enhancement of super-Hubble metric perturbations
ing inflation. In addition to this, it is of interest how metr
preheating proceeds on large scales, since thex fluctuation
can also be amplified by parametric resonance whenuju is
greater than of order unity@33,34#. In this paper, motivated
by above considerations, we will make precise analysis ab
the evolution of field and metric perturbations during infl
tion and preheating in the presence of a nonminima
coupled scalar fieldx. We believe that our study will be
important in the sense that we can constrain the strengt
nonminimal coupling by the COBE normalization. In th
case where the power spectrum exceeds the observat
upper bound by negative nonminimal coupling, we will gi
one escape route from nonadiabatic growth of super-Hub
metric perturbations.
12351
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II. THE MODEL AND BASIC EQUATIONS

We investigate a model where a massless scalar fieldx is
nonminimally coupled with the scalar curvatureR in the
presence of an inflaton fieldf:

L5A2gF 1

2k2
R2

1

2
~¹f!22V~f!2

1

2
~¹x!22

1

2
jRx2G ,

~2.1!

whereG[k2/8p5mpl
22 is a gravitational coupling constan

andj is a nonminimal coupling. In this paper, we adopt t
quadratic potential for the inflaton,

V~f!5
1

2
m2f2. ~2.2!

The variation of the action Eq.~2.1! yields the following
field equations:

12jk2x2

k2
Gmn52jx~gmnhx2¹m¹nx!2gmnV~f!

1~¹mf!~¹nf!2
1

2
gmn~¹lf!~¹lf!

1~122j!~¹mx!~¹nx!

2S 1

2
22j Dgmn~¹lx!~¹lx!, ~2.3!

hf2V8~f!50, ~2.4!

hx2jxR50, ~2.5!

where a prime denotes the derivative with respect tof.
Let us consider the perturbed metric in the longitudin

gauge around a Friedmann-Lemaıˆtre-Robertson-Walker
~FLRW! background

ds252~112F!dt21a2~ t !~122C!d i j dxi dxj ,
~2.6!

with a(t) the scale factor, andF,C are gauge-invariant po
tentials @3#. Decomposing scalar fields intowJ(t,x)→wJ(t)
1dwJ(t,x) (J51,2), wherewJ(t) are homogeneous part
anddwJ(t,x) are gauge-invariant fluctuations, we obtain t
following background equations for the Hubble parame
H[ȧ/a and scalar fieldswJ(t):

H25
k2

3~12jk2x2!
F1

2
ḟ21V~f!1

1

2
ẋ216jHxẋG , ~2.7!

Ḣ52
k2

2~12jk2x2!
@ḟ21~122j!ẋ222jx~ẍ2Hẋ !#,

~2.8!

f̈13Hḟ1V8~f!50, ~2.9!
2-2
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NEW CONSTRAINTS ON MULTIFIELD INFLATION . . . PHYSICAL REVIEW D62 123512
ẍ13Hẋ1jRx50, ~2.10!

where the scalar curvatureR is given by

R56~2H21Ḣ !

5
k2

12jk2x2
@2ḟ214V~f!2ẋ2

118jHxẋ16j~ẋ21xẍ!#. ~2.11!

The Fourier modes of the linearized perturbed Einstein eq
tions are written as@9#

Ck5Fk2
2jk2x

12jk2x2
dxk , ~2.12!

Ċk1S H2
jk2xẋ

12jk2x2D Fk

5
k2

2~12jk2x2!
@ḟdfk1~122j!ẋdxk

22jx~dẋk2Hdxk!#, ~2.13!

df̈k13Hdḟk1F k2

a2
1V9~f!Gdfk

52~f̈13Hḟ !Fk1ḟ~Ḟk13Ċk!, ~2.14!

dẍk13Hdẋk1S k2

a2
1jRD dxk

52~ ẍ13Hẋ !Fk1ẋ~Ḟk13Ċk!2jxdRk ,

~2.15!

with

dRk52F12~2H21Ḣ !Fk16H~Ḟk14Ċk!

16C̈k2
2k2

a2
Fk1

4k2

a2
CkG . ~2.16!

Note thatFk and Ck do not coincide in the nonminimally
coupled case, due to the nonvanishing anisotropic stres
the absence of the nonminimally coupledx field ~i.e., single-
field case!, there exists a conserved quantityzk[2Ck

1(Ck1Ċk /H)H2/Ḣ for super-Hubblek modes in the linear
perturbations@3#. During reheating phase, although entro
perturbations can be produced whenḟ periodically passes
through zero, curvature perturbations on super-Hubble sc
are typically conserved in single-field models@6# including
the nonminimally coupled inflaton case@8#. Even in gener-
alized Einstein theories including scalar-tensor and high
curvature gravity theories, it was found that the conser
12351
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structure on large scales still holds in the single-field c
@9#. Because of this adiabaticity of the curvature perturb
tion, we only take care the perturbation at the first horiz
crossing in order to evaluate the inflationary power spectru

In the multifield case, however, the curvature perturbat
on uniform-density hypersurfaces@9#,

zk[2Ck1
H2~12jk2x2!

Ḣ~12jk2x2!12Hjk2xẋ
S Ck1

Ċk

H
D ,

~2.17!

includes the isocurvature perturbation@10–12#, which can
vary nonadiabatically during inflation and reheating. In fa
in the present model, since the homogeneousx and thedxk
fluctuation in smallk modes can be strongly excited fo
negativej as is found in Eqs.~2.10! and ~2.15!, this will
stimulate the growth of super-Hubble metric perturbatio
and produce entropy perturbations. On the other hand,
positivej, it is expected that long-wavex modes will expo-
nentially decrease during inflation due to the large effect
x mass relative to the Hubble rate@21,22#, which may not
lead to the nonadiabatic growth of curvature perturbations
super-Hubble scales even if field fluctuations will exhib
parametric amplifications in reheating phase. In the next s
tion, we will make a detailed analysis about the dynamics
field and metric perturbations during inflation and reheati

III. COSMOLOGICAL PERTURBATIONS DURING
INFLATION AND REHEATING

Let us first review the dynamics of inflation with potenti
~2.2! in the absence of the nonminimally coupledx field.
Neglecting theḟ term in Eq. ~2.7! and thef̈ term in Eq.
~2.9!, we obtain the following approximate relation durin
inflation:

H'A4p

3

m

mpl
f, ḟ'2

m2

3H
f. ~3.1!

Combining these relations is to give

f5f~0!2
mpl

A12p
mt, ~3.2!

a5a~0!expFA4p

3

m

mpl
H f~0!t2

mpl

A48p
mt2J G ,

~3.3!

wheref(0) anda(0) are initial values of the inflaton an
the scale factor, respectively. In the initial stage of the infl
tion, the scale factor evolves exponentially asa
;a(0)exp@A4p/3(m/mpl)f(0)t#. With the increase of the
last term in Eq.~3.3!, the expansion rate slows down, whic
is followed by the oscillating stage of the inflaton. In order
solve several cosmological puzzles of the standard big b
cosmology, the number of e-foldingsN[ ln„a/a(0)… is re-
quired to beN*55, by which the initial value of the inflaton
is constrained asf(0)*3mpl . The inflationary period ends
2-3
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SHINJI TSUJIKAWA AND HIROKI YAJIMA PHYSICAL REVIEW D 62 123512
when the slow-roll parametere[(V8/V)2/2k2 grows of or-
der unity, which corresponds tof;0.3mpl .

If nonminimal coupling is taken into account, the dynam
ics of the inflation can be changed. In fact, growth of thex
field affects the Hubble parameter by Eq.~2.7!, which also
alters the evolution of the inflaton by Eq.~2.9!. Let us first
investigate the evolution of thex fluctuation approximately.
Neglecting the contribution of metric perturbations in E
~2.15! and introducing a new scalar fielddXk[adxk and a
conformal timeh[*a21 dt, Eq. ~2.15! yields

dXk91Fk22~126j!
a9

a GdXk50, ~3.4!

where a prime denotes the derivative with respect to the c
formal time. This solution can be expressed by the comb
tions of the Hankel functionsHn

(J) (J51,2) @32#:

dxk5a21@c1AhHn
(2)~kh!1c2AhHn

(1)~kh!#, ~3.5!

where the ordern of the Hankel functions is given by

n25
9

4
212j. ~3.6!

Note that the choice ofc15Ap/2 andc250 corresponds to
the state of the Bunch-Davies vacuum. The solution of
homogeneousx field also looks the form of Eq.~3.5! with
k50.

The Hankel functions take the following form in the lim
of kh→0 @35#:

Hn
(2,1)~kh!→6

i

p
G~n!S kh

2 D 2n

, ~3.7!

where G(n) is the Gamma function with ordern. Taking
notice of the relationh'21/(aH) during inflation, we eas-
ily find from Eq. ~3.5! that long-wavedxk modes exponen
tially increase asdxk;an23/2 whenn.3/2. This case corre
sponds to the negativej by Eq. ~3.6!, leading to the particle
creation during inflation by negative instability as noted
Ref. @32#. This efficient particle production for low momen
tum modes is expected to enhance metric perturbations
wavelengths larger than the Hubble radius, due to the
crease of the right-hand side~RHS! of Eq. ~2.13!. This will
also stimulate the growth of field perturbations as expec
by Eqs.~2.14! and ~2.15!. In contrast, for positivej, long-
wave dxk modes decay exponentially in de Sitter bac
ground. Especially for the case ofj.3/16 wheren takes
complex values,dxk decreases as;a23/2. This makes thex
term in the RHS of Eq.~2.13! unimportant and super-Hubbl
metric perturbations will not be strongly amplified even ta
ing into account the parametric amplification ofx and dxk
modes during preheating as shown in Ref.@21# in the model
of V(f,x)5 1

2 m2f21 1
2 g2f2x2.

Before analyzing the dynamics of the system, we sho
mention initial conditions of field fluctuations. For positiv
frequencyvk

2.0, we typically choose the conformal vacuu

statedwk51/A2vk anddẇk5(2 ivk2H)dwk . However, in
12351
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de Sitter background with nonminimal coupling, the fr
quency of scalar fields can take negative values. Hence
adopt the de Sitter invariant vacuum state given by@36#

dXk~h0!5
1

k3/2F ik1
a8~h0!

a~h0! Gexp~ ikh0!,

dXk8~h0!5
1

k1/2F ik1
a8~h0!

a~h0!
2

i

k S a8~h0!

a~h0! D 8Gexp~ ikh0!.

~3.8!

In the case ofk@a8(h0)/a(h0), this takes the similar form
as the conformal vacuum state, while mode functions dep
on the choice of the vacuum for smallk. However, in the
context of the inflationary power spectrum, it is known th
different choice of initial conditions has little affect on th
results@3#.

In what follows, we numerically study the evolution o
scalar fields and super-Hubble metric perturbations for p
tive and negative values ofj during inflation and reheating
and also investigate the case where the coupling betweef

andx ( 1
2 g2f2x2) is introduced at the end of this section.

A. Case ofjÌ0

Let us first consider the minimally coupled case (j50)
before analyzing the positivej case. In this case, the infla
tionary period proceeds as in the single-field case, as lon
x is initially small relative to the inflaton. We plot in Fig. 1
the evolution of the metric perturbationCk(5Fk) and the
curvature perturbationzk for a cosmological modek
5a0H0 where a0 denotes the scale factor about 5
e-foldings before the end of inflation. The initial value
inflaton is chosen asf(0)53mpl , in which case the infla-
tionary period continues untilmt'20, leading to about 57
e-foldings at the end of inflation. The curvature perturbati

zk52Ck1
H2

Ḣ
S Ck1

Ċk

H
D , ~3.9!

remains almost constant on large scales as is clearly see
Fig. 1.

When the system enters the reheating stage,ḟ periodi-
cally passes through zero, during which entropy pertur
tions can be produced@18#. Nevertheless, this process is n
strong enough to lead to the overall increase ofzk andFk in
super-Hubble modes~see Fig. 1!. Not only scalar field fluc-
tuations for low momentum modes are not relevantly am
fied, but metric preheating is inefficient on large scales
j50.

Let us define the power-spectrum ofzk as

Pzk
[

k3

2p2
uzku25

u z̃ku2

2p2
, ~3.10!

wherez̃k is defined byz̃k[k3/2zk . Assuming thatzk remains
conserved on cosmological scales until it reenters the Hub
2-4
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FIG. 1. The evolution ofz̃k

[k3/2zk and C̃k[k3/2Ck during
inflation and reheating for a super
Hubble modek5a0H0 in the case
of j50 with m51026mpl and ini-
tial values f(0)53mpl , x(0)
51023mpl . The inflationary pe-
riod ends atmt'20, after which
the system enters the reheatin
stage. In this case, since the sy
tem is effectively identical

with the single-field case,z̃k

is conserved.Inset: The evolu-

tion of field perturbationsdf̃k

[k3/2dfk /mpl and dx̃k

[k3/2dxk /mpl .
-

-

a

d

f

rate

he

-

on
n.
length in the matter-dominant stage, the power spectrum
the end of inflation@5Pzk

(te)# can be related with the den

sity perturbationdH(k) at the horizon reentry as@3,12#

dH
2 ~k!'

4

25
Pzk

~ te!. ~3.11!

For the inflaton massm;1026mpl regulated by CMB obser
vations, numerical calculations givez̃k'2.431024 at the
end of inflation. Then we obtain the density perturbation
dH(k)'231025 by the relation~3.11!.

For positivej, x and long-wavedxk modes exponentially
decrease during inflation. This decreasing rate strongly
pends on the strength of the couplingj. When 0,j,3/16,
the ordern of the Hankel function is in the range of 0,n
,3/2, and long-wavedxk modes evolve asdxk;a2(3/22n).
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In Fig. 2, we plot the evolution ofdx̃k[k3/2dxk /mpl for
several j with initial values f(0)53mpl and x(0)

51023mpl . Forj50.01,dx̃k decreases only by one order o
magnitude during inflation. With the increase ofj, the infla-
tionary suppression becomes relevant and the decreasing
is getting larger. Whenj.3/16 ~i.e., n2,0), super-Hubble
dxk fluctuations decay asdxk;a23/2 irrespective of the cou-
pling j. This means that the amplitude ofdxk at the end of
inflation depends on the total amount of inflation. In t
simulation of initial values f(0)53mpl and x(0)
51023mpl , dx̃k decreases of orderdx̃k&10240 since the
number of e-foldings is aboutN;57 in this case. The homo
geneousx field is also affected by this suppression. Hencex
dependent terms in the RHS of Eq.~2.13! can be negligible
relative to thef dependent term, leading to the conservati
of the super-Hubble curvature perturbation during inflatio
-

.

FIG. 2. Suppression of the

field fluctuationdx̃k during infla-
tion and reheating for a super
Hubble modek5a0H0 in the case
of j50.01,0.1,0.2,10,100 withm
51026mpl and initial values
f(0)53mpl , x(0)51023mpl .

When 0,j,3/16, dx̃k decreases

as ;a(23/22n), while dx̃k;a23/2

for j.3/16 independent of the
strength ofj. The homogeneousx
field exhibits the similar behavior
2-5
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FIG. 3. The evolution ofdx̃k ,

df̃k , and C̃k during preheating

for a sub-Hubble modek̄53 with
j5100 and m51026mpl . Note
that we start integrating from the
end of inflation, and choose initia
values as f(0)50.28mpl and
x(0)510240mpl with the dxk

fluctuation~3.12!. Fk almost coin-
cides withCk in this case.
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As is found in Eq.~2.11!, the scalar curvature reduce
with the decrease of the inflaton, unless thex field is ampli-
fied. When the kinetic term of the inflaton becomes com
rable to its potential energy, the scalar curvature begin
oscillate due the oscillation of the inflaton. It is well know
that x particles coupled tof can be nonperturbatively pro
duced by parametric resonance during preheating era@5#. In
the present model, we can also expect the amplification
the dxk fluctuation due to the oscillating scalar curvatu
This geometric preheating scenario was studied in R
@33,34# neglecting metric perturbations. In Fig. 2, we fin
that thedxk fluctuation undergoes the parametric excitati
during the reheating era (mt*20) for the couplingj*10,
while there is no growth forj&1. With the increase ofj, the
growth rate ofdxk gets gradually larger, leading to the effi
cient particle production. Nevertheless, as deeply studie
Ref. @34#, larger values ofj do not necessarily result in th
larger amount of the final fluctuation, due to the suppress
effect of thex particle production itself. In fact, the fina
variance takes the maximum value atj5100–200@34#. This
indicates that long-wavedxk fluctuations are still much
smaller relative to inflaton fluctuations even in the case
j*100 because of the very small amplitude at the end
inflation. As a result, the existence of the preheating era d
not lead to the enhancement of super-Hubble metric per
bations, whose source terms in the RHS of Eq.~2.13! are
completely dominated by the inflaton-dependent term.
have numerically checked that the curvature perturbationzk
and metric perturbationsCk ,Fk on large scales exhibit th
same behavior as shown in Fig. 1, as long as the initial va
of x at the onset of inflation is much smaller thanf. As a
result, the adiabatic picture of large-scale cosmological p
turbations in the single-field case still holds even during p
heating in the presence of the positive nonminimal coupli

We should mention the evolution ofdxk and Ck ,Fk in
sub-Hubble modes during preheating. For largek-modes, the
adiabatic solution for thedxk fluctuation is estimated by Eq
~3.8! as
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udx̃ku' k̄
m

mpl
, udx8 ku/m' k̄2

m

mpl
, ~3.12!

wherek̄[k/(maI) with aI the scale factor at the beginnin
of preheating. Since sub-Hubble modes correspond tok̄*1,
the amplitude of thedxk fluctuation at the end of inflation is
found to beudx̃ku*m/mpl;1026, which is not strongly sup-
pressed compared with the super-Hubble case. Then
growth of the total variance

^dx2&[
1

2p2E k2udxku2 dk5
mpl

2

2p2E udx̃ku2 d~ logk!,

~3.13!

is typically governed by sub-Hubble modes. This situation
similar to the preheating scenario with the1

2 g2f2x2 coupling
@21#. We depict in Fig. 3 the evolution ofdxk , dfk , andCk

in preheating phase for a sub-Hubble modek̄53 with j
5100. While thedxk fluctuation exhibits parametric excita
tion by the oscillating scalar curvature, we find that su
Hubble metric perturbations are hardly enhanced during p
heating. In spite of the unsuppressed initial conditions
sub-Hubbledxk and dẋk modes in the RHS of Eq.~2.13!,
the homogeneous componentsx and ẋ are strongly damped
as in the case of super-Hubbledxk modes. Then we canno
expect the strong amplification of sub-Hubble metric pert
bations, due to the suppression ofx-dependent source term
in Eq. ~2.13!. However, this result may change if we tak
into account second order metric perturbations@38# as in
Ref. @21#, which we do not consider in this paper. Since t
RHS of Eq.~2.14! can be negligible and the resonant term
absent in the LHS, the inflaton fluctuation is also hardly a
plified as is found in Fig. 3 even in the presence of met
perturbations.
2-6
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FIG. 4. The evolution off
and x fields during inflation and
reheating for a super-Hubble
modek5a0H0 in the case ofj5
20.05 and initial valuesf(0)
53mpl , x(0)51023mpl with m
51026mpl . The x field rapidly
grows by negative instability,
whose effect terminates inflation
at mt'13. Inset: f andx vs t for
j520.005. In this case, thex
field is hardly enhanced.
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For positivej, we conclude that the curvature perturb
tion in cosmologically relevant scales is conserved dur
inflation and preheating as long asx is initially small relative
to f.

B. Case ofjË0

Let us next proceed to the case of negativej. In this case,
x and long-wavedxk modes can be enhanced during infl
tion by negative instability as is found by Eqs.~2.10! and
~2.15!. The analytic estimation of Eq.~3.5! which neglects
metric perturbations includes the following growing soluti
in small k modes:

udxku}ac, with c5
3

2 SA11
16

3
uju21D . ~3.14!

This growth rate gets larger with the increase ofuju. The
exponential increase of thedxk fluctuation also stimulates
the growth of super-Hubble metric perturbations as is fou
in Eq. ~2.13!. Then metric perturbations will strengthen fie
resonances by Eqs.~2.14! and~2.15! in the perturbed metric
case, as we numerically study it later. What we are ma
concerned with is how the dynamics and produced pertu
tions are modified during inflation and preheating by ne
tive nonminimal coupling.

Let us first consider the case off(0)53mpl where the
number of e-foldings reachesN;57 in the absence of thex
field. If the negative nonminimal coupling is taken into a
count, the total amount of inflation is not necessarily su
cient to solve cosmological puzzles. For example, wh
x(0)51023mpl , the dynamics of inflation is modified due t
the enhancement of thex field for uju*0.02.

In Fig. 4, we plot the evolution of the homogeneousf
and x fields for j520.05 with initial valuesf(0)53mpl
and x(0)51023mpl . The negative nonminimal couplin
leads to the growth of thex field, which catches up thef
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field for mt'10. In the initial stage wheref is larger thanx,
the dynamics of inflation is approximately described by E
~3.2! and ~3.3!. However, afterx exceedsf for mt*10,
these relations can no longer be applied. With the increas
x, the potentialV(f) becomes gradually unimportant rela
tive to x-dependent terms in Eq.~2.7! and the 1/(1
2jk2x2) factor also gets smaller, the Hubble expansion r
decreases faster than in thej50 case. Then inflation ends a
mte'13 with the e-folding numberN'42. Note that these
values are smaller than in the minimally coupled case,mte
'20 andN'58. Since the decrease of the scalar curvat
R56(2H21Ḣ) is accompanied by the decrease ofH, the
growth of thex field typically becomes irrelevant after th
inflationary period terminates~see Fig. 4!. We show in the
inset of Fig. 4 the evolution off andx for j520.005. In
this case, thex field is hardly amplified, which results in
almost the same dynamics of inflation as in thej50 case.

In Fig. 5 we show the evolution of large-scaledxk and
dfk fluctuations forj520.05 with f(0)53mpl and x(0)
51023mpl . We numerically found that the growth of fiel
perturbations is relevant foruju*0.02. In the case ofj5
20.05,dxk fluctuations in smallk-modes are enhanced from
the beginning as described in Eq.~3.14! with c'0.188. Re-
calling that the total amount of inflation is aboutN'42,
udxku is amplified about 103 times during inflation by the
analytic estimation of Eq.~3.14! neglecting metric perturba
tions. We plot in the inset of Fig. 5 the evolution of long
wave field perturbations in the unperturbed metric case@i.e.,
settingCk5Fk50 in Eqs.~2.14! and~2.15!#. We can easily
confirm that numerical calculations coincide with the an
lytic result ~3.14! fairly well. In the perturbed metric case
the evolution of thedxk fluctuation is almost the same as
the unperturbed metric case except for the final short stag
inflation, which indicates that thejR term in the LHS of Eq.
~2.15! mainly determines the growth ofdxk even taking into
account metric perturbations.
2-7
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FIG. 5. Growth of field fluc-

tuationsdx̃k and df̃k during in-
flation and reheating for a super
Hubble modek5a0H0 in the case
of j520.05 and initial values
f(0)53mpl , x(0)51023mpl

with m51026mpl . Both field
fluctuations are amplified during

inflation. Inset: dx̃k and df̃k vs t
for j520.05 neglecting metric

perturbations. Althoughdx̃k is en-
hanced as in the perturbed metr

case,df̃k does not grow in the ab-
sence of metric perturbations.
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In contrast, the difference appears in the inflaton fluct
tion. If we neglect metric perturbations, thedfk fluctuation
does not grow nonperturbatively in the massive infla
model. Including metric perturbations, the enhancement ox
anddxk fluctuations in smallk-modes stimulates the growt
of super-Hubble metric perturbations by Eq.~2.13!. Then the
RHS of Eq. ~2.14! leads to the amplification of thedfk
fluctuation, which is absent in the rigid spacetime case. T
difference is clearly seen in Fig. 5.

Let us investigate the evolution of the curvature pertur
tion zk and metric perturbationsCk andFk on large scales
Since the growth of metric perturbations is accompanied
the excitement of thex field fluctuation,zk increases during
12351
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inflation whenuju*0.02 with initial valuesf(0)53mpl and
x(0)51023mpl . In Fig. 6, we show the evolution ofCk and
Fk for j520.05 andj520.005. Whenj520.005, Ck

almost coincides withFk as in the case ofj>0. For j5
20.05, however, super-Hubble metric perturbations
strongly amplified during inflation, leading to the distortion
in the CMB spectrum. Note that the difference ofCk andFk

appears in this case, due to the enhancement of thex field
fluctuation. While the super-Hubble curvature perturbation
conserved forj520.005, it exhibits rapid growth during
inflation for j520.05. This means that the standard pictu
of adiabatic perturbations in the single-field case can
-

-

FIG. 6. The evolution of the

curvature perturbationz̃k during
inflation and reheating for a super
Hubble mode k5a0H0 in the
cases of j520.05 and j5
20.005 with f(0)53mpl , x(0)
51023mpl , and m51026mpl .

We find thatz̃k grows nonpertur-
batively during inflation forj5
20.05, while it is conserved for
j520.005. Inset: The evolution
of super-Hubble metric perturba

tions C̃k and F̃k for j520.05
andj520.005.
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longer be applied in the presence of the nonminima
coupledx field with negative coupling.

In Table I, we show the number of e-foldings, the hom
geneousx field, and the super-Hubble curvature perturbat
at the end of inflation for several values ofj with initial
conditionsf(0)53mpl and x(0)51023mpl . Since the en-
hancement of thex field is weak foruju&0.02, zk remains
constant during inflation. Foruju*0.02, the rapid growth of
x makes the inflationary period terminate earlier as c
firmed in Table I. This leads to the smaller amount of infl
tion with the increase ofuju. For example, whenj521, the
system soon enters the reheating stage after only
e-foldings. We have to caution that largeuju does not neces
sarily yield the larger values ofx andzk at the end of infla-
tion, because the duration of inflation gets shorter. In factzk
decreases with the increase ofuju for uju*0.05, although
large uju also leads to the distortions in the anisotropies
CMB. The important point is that the successful inflationa
scenario can be completely violated with the existence of
large negative nonminimal coupling.

TABLE I. The timemtf , the number of e-foldingsN, the value

x f , and the super-Hubble curvature perturbationz̃k at the end of
inflation with initial valuesf(0)53mpl andx(0)51023mpl . With
the increase ofuju, the duration of inflation becomes shorter, whi
results in the smaller amount of e-foldings. We also find that la
values ofuju (uju.0.02) leads to the nonadiabatic increase of
curvature perturbation due to the enhancement of thex field.

j mtf N x f /mpl z̃k

20.005 18 57 0.0031 0.00023
20.01 18 57 0.0094 0.00023
20.05 12 41 2.0 0.031
20.1 8 23 2.7 0.018
21 3 4 1.7 0.0028
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Let us consider the case where initial values ofx are
changed. With the decrease ofx(0), largeruju is required for
the growth of curvature perturbations. Whenx(0) is close to
the order ofmpl , x soon catches up inflaton even for not
large values ofuju, which prevents successful inflation. I
this case, inflation typically terminates with small amount
e-foldings beforezk begins to grow significantly. We presen
two-dimensional plots ofj andx(0) which divide the ‘‘al-
lowed’’ and ‘‘ruled out ’’ regions in Fig. 7 for the case o
f(0)53mpl . The ‘‘allowed’’ regions mean that condition
of dH(k),231025 andN.55 are both satisfied at the en
of inflation for the inflaton massm51026mpl . Whenx(0)
&0.1mpl , the separating curve is mainly determined by t
condition of dH(k),231025 ~i.e., zk remains almost con-
stant on super-Hubble scales!. For x(0)*0.1mpl , the condi-
tion of N.55 plays the dominant role rather than that of t
density perturbation. It is important to note that wide rang
of parameters are ruled out even in the case ofuju&0.1 un-
less we take smaller values ofx(0). Whenuju*1, we find
that nonlinear growth of super-Hubble curvature pertur
tions is inevitable even for very small initialx as x(0)
510250mpl .

One may consider that allowed regions may beco
wider if initial values of inflaton are larger. However, this
not generally true. Since larger values off correspond to the
larger potential energy, the inflationary period during whi
the f field dominates the dynamics of the system is long
This prolonged inflation leads to the amplification of sup
Hubble zk as well as thex field fluctuation. For example
when f(0)54mpl and x(0)51023mpl with j520.02, zk

grows up to z̃k'0.07, while for the smaller valuef(0)
53mpl , zk remains almost constant for the same value ofj.
For f(0)54mpl andx(0)51023mpl , the allowed values of
j are found to beuju&0.01, whose condition is tighter tha
in the case off(0)53mpl . Whenx(0) is close to of order
unity, larger values off(0) typically make the e-folding

e

s

-
y

-
s

FIG. 7. The parameter region
of the couplingj and the initial
x(0) where the inflationary sce
nario proceeds in successful wa
or not, for the case off(0)
53mpl andm51026mpl . We find
that large negative coupling pre
vents successful inflation unles
we choose small values ofx(0).
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number larger, which can broaden allowed regions in so
cases. For example, whenf(0)54mpl and x(0)5mpl , the
allowed values areuju&0.007, while uju&0.001 for f(0)
53mpl andx(0)5mpl . However, whenf(0) takes further
large values asf(0)*10mpl , zk grows nonadiabatically
even forj520.001. This indicates that largef(0) does not
necessarily result in the successful inflation in the prese
of negative nonminimal coupling.

In the reheating phase, parametric amplification of thex
fluctuation is relevant only for the case ofj&21 @33,34#,
because the scalar curvature gradually decreases durin
flation. However, such large values ofuju generally prevents
the successful inflationary scenario as explained abo
which will be ruled out even ifx(0) is initially very small.
This is in contrast with the positivej case where exponentia
suppression of long-wave modes in thedxk fluctuation do
not affect on the dynamics of inflation. In the absence
other interactions, negative nonminimal coupling leads to
strong distortions on CMB in wide ranges of parameters

C. The 1
2 g2f2x2 coupling is taken into account

So far, we have not considered the interaction betweef
andx fields. Taking into account the simple four-point co
pling 1

2 g2f2x2 provides a way to escape nonadiaba
growth of super-Hubble curvature perturbations. The ba
ground equations for the scale factor and inflaton are
tained by changingV(f)5 1

2 m2f2 to V(f,x)5 1
2 m2f2

1 1
2 g2f2x2 in Eqs.~2.7! and~2.9!. The homogeneousx and

the dxk fluctuation satisfy

ẍ13Hẋ1~g2f21jR!x50, ~3.15!

dẍk13Hdẋk1S k2

a2
1g2f21jRD dxk

52~ ẍ13Hẋ !Fk1ẋ~Ḟk13Ċk!2jxdRk

22g2fxdfk . ~3.16!

Then the effective mass of thex and super-Hubbledxk
modes is given by

meff
2 5g2f21jR. ~3.17!

Neglecting the contribution of thex field relative to inflaton
in Eq. ~2.11!, the scalar curvature is approximately written
R'2k2m2f2 during inflation, which yields the relation

meff
2 'Fg2116pjS m

mpl
D 2Gf2. ~3.18!

When j,0, the negative effective mass leads to the ex
nential increase ofx and long-wavedxk modes during infla-
tion. This effect is weakened in the presence of theg cou-
pling. Especially for the positive effective mass, whi
corresponds to
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g.4Ap
m

mpl
Auju, ~3.19!

the x particle production is shut off in inflationary phase.
Neglecting metric perturbations, we have the analytic

lution ~3.5!, where the order of the Hankel functions is give
by @32#

n25
9

4
212j2

g2f2

H2
. ~3.20!

Since the Hubble expansion rate is approximately written
H2'4p/3(m/mpl)

2f2 during inflation, we obtain

n2'
9

4
212j2

3g2

4p S mpl

m D 2

. ~3.21!

Eq. ~3.19! corresponds to cancelling the second term in E
~3.21! by theg term. Whenn2,0, i.e.,

g.4Ap
m

mpl
Auju1

3

16
, ~3.22!

x modes exponentially decrease as}a23/2 in the similar way
as in the large positivej case. Wheng ranges in the region
of 4Ap(m/mpl)Auju,g,4Ap(m/mpl)Auju13/16, x decays
more slowly as}a2(3/22n). However, as long as the cond
tion ~3.19! is satisfied andx is initially small relative tof,
the x field hardly affects the dynamics of inflation, whic
results in the conservation of the curvature perturbationzk on
super-Hubble scales.

Let us consider concrete cases. In Fig. 8 we plot the e
lution of a long-wavedxk mode forj520.05 and severa
values of g with initial conditions f(0)53mpl and x(0)
51023mpl . Wheng50, thedxk fluctuation exhibits expo-
nential increase during inflation, leading to the nonadiaba
growth of super-Hubble curvature perturbations. In the pr
ence of theg coupling, the conditions of Eqs.~3.19! and
~3.22! yield g.1.631026 and g.3.531026, respectively,
for the typical mass scalem51026mpl . As is found in Fig.
8, dxk decreases very rapidly as}a23/2 for g55.031026,
while its decreasing rate is smaller forg52.031026. In both
cases, however, large-scale curvature perturbations rem
almost constant during inflation and reheating~see the inset
of Fig. 8!.

In the case ofuju@1, Eq. ~3.22! approximately takes the
form of Eq. ~3.19!, which readsg*7.131026Auju for the
inflaton massm51026mpl . Even for very large values o
uju such asj52104, the j effect can be removed forg
*7.131024. If the coupling betweenf andx is greater than
of order 1023, thex particle production during inflation dis
cussed in Ref.@32# will be irrelevant. Wheng*1023, since
the g effect is typically dominant relative to the negativ
nonminimal coupling unlessuju is unnaturally large,x par-
ticles are created during preheating in the usual manner
2-10



-

e

NEW CONSTRAINTS ON MULTIFIELD INFLATION . . . PHYSICAL REVIEW D62 123512
FIG. 8. The evolution of the

field fluctuationdx̃k during infla-
tion and reheating for a super
Hubble mode k5a0H0 in the
cases of g50, 231026, and
531026 with j520.05, m
51026mpl , and initial values
f(0)53mpl , x(0)51023mpl .

Inset: z̃k vs t for g50, 231026,
and 531026. For the values ofg
which satisfy the relation~3.19!,
i.e, g.1.631026, the curvature
perturbation is conserved in larg
scales.
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to theg resonance@5#. Since long-wavex modes are expo
nentially suppressed during inflation for the case ofg
@7.131026Auju, the existence of the preheating era do
not lead to the amplification of super-Hubble metric pert
bations, which provides the standard conservation law
large-scale curvature perturbations.

IV. CONCLUSIONS

We have studied the dynamics and perturbations in
multifield inflation with a nonminimally coupledx field.
When the couplingj is positive,x and long-wavedxk fluc-
tuations are exponentially suppressed in de Sitter ba
ground. In this case, the existence of thex field hardly af-
fects the dynamics of inflation, and the ordinary adiaba
scenario in large-scale curvature perturbations is not m
fied as long asx is initially small relative to inflaton. Al-
thoughx fluctuations grow by parametric resonance dur
preheating after inflation for large values ofj(@1), this pro-
cess is not sufficient to enhance super-Hubble metric pe
bations, since the inflationary suppression is strong.

In contrast, negative nonminimal coupling can lead to
strong inflationary x particle production in long-wave
modes. This exponential increase of thex fluctuation makes
super-Hubble metric perturbations grow too, which viola
the standard conservation property of large-scale curva
perturbations in adiabatic inflation models. We find that ev
the couplinguju less than unity yields the exponential grow
of the x fluctuation in smallk modes, which terminates th
inflationary period earlier than in the minimally couple
case. This effect reduces the total amount of inflation~e-
foldings!, in addition to the nonadiabatic increase of sup
Hubble curvature perturbations. Large values ofuju greater
than unity make the inflationary phase very short, who
amount of inflation is typically insufficient for the success
the inflationary scenario. We have constrained the strengt
negative nonminimal coupling by two requirements that
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large-scale curvature perturbation is almost conserved
the number of e-foldings satisfiesN.55. Since the evolution
of the x fluctuation depends on its initial value at the beg
ning of inflation, we examined the allowed regions in tw
dimensional plots ofj andx(0). With theincrease ofuju, we
require smaller values ofx(0) for the successful inflationary
scenario. Whenuju*1, we find that strong enhancement
large-scale curvature perturbations is inevitable even for v
small values ofx(0).

As one escape route from nonadiabatic growth of sup
Hubble metric perturbations, we considered the interact
1
2 g2f2x2 betweenf andx fields. Introducing this coupling
makes the effectivex mass heavy, which suppresses the
flationaryx particle production by negative nonminimal co
pling. If two couplings satisfy the condition~3.19!, the x
fluctuation does not exhibit exponential increase during
flation. This protects super-Hubble curvature perturbatio
from being amplified, because the system is effectiv
dominated by inflaton in this case.

Although we have considered the simple massive in
tionary model, strong enhancement of long-wavex fluctua-
tions by negative nonminimal coupling will occur i
potential-independent way in de Sitter background. Since
scalar curvature is approximately written asR'4k2V(f)
during inflation, super-Hubble curvature perturbations
well as x fluctuations will also grow nonperturbatively i
other models of inflation while the potential energyV(f)
slowly decreases. In addition to this, exponential increase
cosmological perturbations leads to the production of in
ton particles. In spinodal inflation models@37# where the
second derivative ofV(f) changes sign, the inflaton fluctua
tion in small k modes exhibits exponential increase wh
V9(f),0 even in the single-field case. It is of interest
study the dynamics and perturbations in this model with
nonminimally coupledx field, in which amplifications of the
inflaton fluctuation may further strengthen super-Hub
2-11
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metric perturbations.
There are other issues which we did not address in

paper. Since negative nonminimal coupling works to viol
the scale-invariance of the CMB spectrum, we should a
consider the spectral index to constrain the strength ofj by
observations. In the single-field case, the spectral tilts
evaluated in generalized Einstein theories in Ref.@30#, which
may be interesting to extend to the multifield case includ
the nonminimally coupledx field. In addition to this, al-
though we did not consider backreaction effects in this
per, detailed studies including second order metric pertu
tions @38# will be needed toward complete understanding
er

e

tt.
n

B

the
n,
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the multifield inflation and preheating. These issues are
to future works.
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