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Kaluza-Klein modes in hybrid inflation
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When one constructs specific models with a fundamental scale as low as the TeV scale, there arise many
difficulties. In this Brief Report we examine hybrid inflation due to bulk scalar fields, which has been proposed
to solve the problem of fine-tuning in producing density perturbations. We find that the Kaluza-Klein modes
play significant roles, which enhance the speed of the phase transition and alter the reheating process. We also
argue that a lower bound must be put to the fundamental scale in order to construct successful hybrid inflation
due to bulk scalar fields.
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I. INTRODUCTION

In spite of the great success in the quantum field the
there is still no consistent scenario in which quantum grav
is included. The most promising scenario in this directi
would be string theory, where the consistency is ensured
the requirement of additional dimensions. Initially the size
the extra dimensions had been assumed to be as sma
M p

21 , but later it was observed that there is no reason
believe such a tiny compactification radius@1#. The idea of
large extra dimensions may solve or weaken the hierar
problem. Denoting the volume of then-dimensional compac
space byVn , the observed Planck mass is obtained by
relationM p

25M
*
n12Vn , whereM* denotes the fundamenta

scale of gravity. If one assumes more than two extra dim
sions,M* may be close to the TeV scale without conflictin
any observable bounds.

Although this new idea inspired creativity in many phys
cists to lead them to a new paradigm of phenomenolog
drastic modification is required for the conventional cosm
logical scenarios. Models of inflation and baryogenesis@2#
are especially sensitive to this low fundamental scale.
avoid extreme fine tuning, we should reconstruct the conv
tional scenarios of the standard cosmology. This requires
clusion of novel ideas that are quite different from the co
ventional one that was used for the models with la
fundamental scaleM* ;M p , whereM p denotes the Planck
scale. This makes it difficult to construct a specific model
the early evolution of the Universe. For example, if one p
the inflaton fields on the brane, their masses are require
be unnaturally small@3#. On the other hand, in generic cas
the mass of the inflaton is bounded from below to achie
successful reheating. Thus it seems quite difficult to c
struct a model for successful inflation driven by a field on
brane.

A way to avoid these difficulties is put forward by Arkan
Hamedet al. @4#, where inflation is assumed to occur befo
the stabilization of the internal dimensions. In this case, ho
ever, the late oscillation of the radion is a problem, wh
will be solved by the second weak inflation.

One can find other ways to solve problems of inflation
models with large extra dimensions. Due to some dynam
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mechanisms, the extra dimension may be stabilized be
the Universe exits from inflation. If the stabilization of th
internal dimensions occurred before the end of inflation,
flation cannot be induced by the fields on the brane, si
their energy densities are highly suppressed. In this case
may use the bulk field rather than a field on the brane@5,6#.

One may find another interesting possibility, ‘‘brane infl
tion’’ @9#, which uses the interbrane distance as the inflati

In this Brief Report we focus our attention to the seco
possibility, where the bulk field drives hybrid inflation afte
the radion stabilization.

We first make a brief review of the hybrid bulk field in
flation, then we will examine the effect of the Kaluza-Kle
modes.1 In Ref. @6#, it is claimed that the phase transitio
becomes so slow that it is impossible to produce the requ
density perturbations after inflation with normal parame
values. However, we find that the phase transition is f
because of the huge number of destabilized Kaluza-K
modes at the end of inflation. The number of the destabili
Kaluza-Klein modes becomes up to aboutO(M p

2/M
*
2 ). Al-

though the problem of the slow phase transition seems to
solved by the Kaluza-Klein modes, another problem is
duced by the excited Kaluza-Klein modes. The overprod
tion of the excited Kaluza-Klein modes is the problem, b
cause they efficiently emit Kaluza-Klein gravitons when th
decay into lower excited modes@5#.

II. HYBRID INFLATION DUE TO BULK SCALAR FIELDS

In Ref. @5# it is argued that a single field inflationar
model cannot provide adequate density perturbations, ei
with the inflaton on the brane or with the bulk field inflatio
Thus it is natural to invoke a hybrid inflationary model
higher dimensions with the potential for the bulk field,

V~f5 ,s5!5D5l2M* S s5o
2 2

1

M*
s5

2D 2

1
mf

2

2
f5

2

1
g2

M*
s5

2f5
2 , ~2.1!

1In Ref. @7#, interesting aspects of bulk inflation after the stabi
zation of the radion field are studied by using the KK modes in
4D effective theory. See also Ref.@8#.
©2002 The American Physical Society01-1
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wheref5 is the inflaton field with a chaotic initial condition
The coupling constantsl andg are assumed to beO(1). To
keep things as simple as possible, here we have assu
five- dimensional theory with only one extra dimension. E
tensions to higher dimensional theories are straightforw
As the higher dimensional fieldsf5 ands5 have a mass o
dimension 3/2, the interaction terms are nonrenormaliza
Higher dimensional fieldsf5 ,s5 are related to the effective
four-dimensional fieldsf,s by a scaling

f5ARf5 , s5ARs5 , ~2.2!

which leads to couplings suppressed by the four-dimensio
Planck massM p , where M p

25M
*
3 R. Here R denotes the

volume of the extra dimensions. After dimensional reducti
the effective four-dimensional potential for the 0-mod
reads

V~f,s!4D;l2
M

*
2

M p
2 S M p

2s0
2

M
*
2

2s2D 2

1
mf2

2
f21g2S M*

M p
D 2

f2s2. ~2.3!

Including the Kaluza-Klein modes, the potential becomes2

V~fn ,sn!KK;l2
M

*
2

M p
2 S M p

2s0
2

M
*
2

2S s21(
n

sn
2D D 2

1
mf2

2 S f21(
n

fn
2D 1g2S M*

M p
D 2

3S f21(
n

fn
2D S s21(

n
sn

2D
1(

n

n2

R2
fn

21(
n

n2

R2
sn . ~2.4!

Let us first ignore the Kaluza-Klein modes in the effecti
potential and discuss the hybrid bulk field inflation induc
by the potential equation~2.3!. In Ref. @5#, the parameter
valuesso;M* 5105 GeV, mf;10 GeV were considered
With these values, the density perturbation

dr

r
;S g

2l3/2D 31025 ~2.5!

was obtained. Then the reheating temperature is calcul
within the perturbation theory. In Ref.@5#, the decay rates o
the inflaton field are already discussed. For the decay of
inflaton field into two Higgs fields on the brane, the dec
width becomes

2We have assumed that the nonrenormalizable terms in the
dimensional potential~2.3! are obtained by integrating out massiv
modes. These massive modes, which mediate the interactionss5

4 or
f5

2s5
2, are assumed to have no Kaluza-Klein number.
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GHH;
M

*
4

32pM p
2mf

. ~2.6!

On the other hand, their decay into excited Kaluza-Kle
modes is highly suppressed,

Gff→fnfn
;l2

M
*
2

M p
2

. ~2.7!

Thus it seems appropriate to calculate the reheating temp
ture only by the decay into Higgs fields on the brane. Th
the reheating temperature becomes;100 MeV, which satis-
fies the requirement for the successful big bang nucleos
thesis, and at the same time solves the problem of over
duction of Kaluza-Klein gravitons.

In this model, however, a serious problem was reported
Ref. @6#. The authors of Ref.@6# claimed that the phase tran
sition becomes extremely slow and it is impossible to rep
duce the present Universe with the above parameter val
Let us first make a brief review of the argument. The slope
the potential~2.3! in the f direction is given by

dV

df
5F2g2S M*

M p
D 2

s21mf
2 Gf, ~2.8!

and the inflatonf rolls down the potential with the Hubble
parameter

H5A8p

3

ls0
2

M*
. ~2.9!

The inflaton f slowly rolls down the potential until it
reaches the critical value

fc5
l

g S s0M p

M*
D , ~2.10!

where the potential in thes direction is destabilized. The
evolution of the inflatonf is given by

f5fc expF2
1

A24pl
S mf

s0
D 2

M* tG , ~2.11!

where we take the time variablet ast50 atf5fc . In thes
direction, the slope of the potential~2.3! is

dV

ds
5S M*

M p
D 2

@l2s212g2~f22fc
2!#s. ~2.12!

At t50, the initial value ofs is expected to be abouts ini
;H;M* . The phase transition lasts until the first term
Eq. ~2.8! comes to dominate the evolution. It happens wh

2g2S M*
M p

D 2

s2;mf
2 , ~2.13!

wheres becomes aboutsend;1014 GeV. Solving the equa-
tion for s, one obtains large e-foldingsNe;105. During this
period,s evolves froms ini;105 GeV to send;1014 GeV.

e-
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However, the Kaluza-Klein modes are important in th
case. Seeing the effective potential, Eq.~2.4!, one can easily
find that not only the 0-modes but also the Kaluza-Klein
modessn are destabilized to contribute the phase transiti
The number of the destabilized modes at the end of infla
is estimated by the potential~2.4!,

NKK;~R ls0!;S M p

M*
D 2

. ~2.14!

In the presence of a large number of destabilized chan
nears.sn.0, the phase transition becomes inevitably fa

In the original calculation of Ref.@6#, the initial value of
s is s ini;H;M* ;105 GeV, which is much smaller than
the critical valuesend in Eq. ~2.13!. On the other hand, in the
case whens2 in Eq. ~2.8! is replaced by the sum of the hug
number of the Kaluza-Klein modes, the condition~2.13! is
already satisfied as soon as the phase transition startsf
;fc . In this case, each Kaluza-Klein modesn may have
the initial value ofsn;H, if the mass is smaller than th
Hubble parameter.

Although the problem of the slow phase transition
avoided by the huge numbers of the Kaluza-Klein mod
there arises another serious problem. As is discussed in
@5#, the reheating after the bulk inflation is not a proble
when only the 0-mode oscillates and decays after inflat
In this model, however, the decay products of the exci
Kaluza-Klein modes will dominate the Universe after infl
tion because the inflation ends with the oscillation and
production of the excited Kaluza-Klein modes. Then t
Kaluza-Klein gravitons are produced when the exci
Kaluza-Klein modes decay into lower modes. The decay
is enhanced by the large number of accessible modes in
final state, thus the excited modes are very short lived@5#.

Let us examine the condition for the Kaluza-Klein grav
tons to decay safely before nucleosynthesis. The decay w
of the Kaluza-Klein gravitons into fields on the brane is e
timated in Ref.@10#,
R.
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E3

M p
2

. ~2.15!

HereE denotes the energy of the graviton propagating in
bulk. In the most optimistic case, whenE;M* , the Kaluza-
Klein gravitons may decay before nucleosynthesis if the f
damental scale is larger than 106 GeV.

III. CONCLUSIONS AND DISCUSSIONS

In this Brief Report, we have discussed the possibility
successful hybrid inflation due to the bulk scalar field
models with large extra dimensions. Bulk field inflation
already discussed in@5,6#, where the problem of Kaluza
Klein gravitons@5# and the problem of the slow phase tra
sition @6# are discussed. In Ref.@5#, it is argued that the
production rate of the Kaluza-Klein graviton is so small th
the energy of the inflaton is safely drained into the stand
model fields on the brane. However, including the Kaluz
Klein interactions, the production of the Kaluza-Klein grav
tons becomes efficient. The problem of the slow phase tr
sition is discussed in Ref.@6#. However, because of the hug
number of excited Kaluza-Klein states that becomes unst
at the end of inflation, the phase transition becomes fast.
remaining problem is the overproduction of the Kaluza-Kle
gravitons, which puts a lower bound to the fundamen
scale. Even in the most optimistic case, the bound beco
M* .106 GeV.

The significant effect of the Kaluza-Klein excited state
which we have discussed for the bulk inflation, is generica
important in cosmological models that utilize the phase tr
sition of the bulk field.
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