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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 mechanisms, the extra dimension may be stabilized before
the Universe exits from inflation. If the stabilization of the
In spite of the great success in the quantum field theoryinternal dimensions occurred before the end of inflation, in-
there is still no consistent scenario in which quantum gravityflation cannot be induced by the fields on the brane, since
is included. The most promising scenario in this directiontheir energy densities are highly suppressed. In this case one
would be string theory, where the consistency is ensured bgnay use the bulk field rather than a field on the brgé].
the requirement of additional dimensions. Initially the size of One may find another interesting possibility, “brane infla-
the extra dimensions had been assumed to be as small tign” [9], which uses the interbrane distance as the inflation.
Mgl, but later it was observed that there is no reason to In this Brief Report we focus our attention to the second
believe such a tiny compactification radilfs. The idea of  possibility, where the bulk field drives hybrid inflation after
large extra dimensions may solve or weaken the hierarchihe radion stabilization.
problem. Denoting the volume of thedimensional compact We first make a brief review of the hybrid bulk field in-
space by, , the observed Planck mass is obtained by thdlation, then we will examine the effect of the Kaluza-Klein
reIationM,z):M:*an, whereM, denotes the fundamental modes' In Ref. [6], it is claimed that the phase transition
scale of gravity. If one assumes more than two extra dimenb@comes so slow that it is impossible to produce the required
sions,M, may be close to the TeV scale without conflicting density perturbations after inflation with normal parameter
any observable bounds. values. However, we find that the phase transition is fast
Although this new idea inspired creativity in many physi- because of the hug_e nu_mber of destabilized Kaluza—_K_Iem
cists to lead them to a new paradigm of phenomenology, godes at the end of inflation. The number of the destabilized
drastic modification is required for the conventional cosmo-Kaluza-Klein modes becomes up to ab@(M;/M2). Al-
logical scenarios. Models of inflation and baryogenggjs though the problem of the slow phase transition seems to be
are especially sensitive to this low fundamental scale. T¢olved by the Kaluza-Klein modes, another problem is in-
avoid extreme fine tuning, we should reconstruct the converduced by the excited Kaluza-Klein modes. The overproduc-
tional scenarios of the standard cosmology. This requires intion of the excited Kaluza-Klein modes is the problem, be-
clusion of novel ideas that are quite different from the con-cause they efficiently emit Kaluza-Klein gravitons when they
ventional one that was used for the models with largedecay into lower excited mod¢S].
fundamental scal, ~M,, whereM, denotes the Planck
scale. This makes it difficult to construct a specific model forll. HYBRID INFLATION DUE TO BULK SCALAR FIELDS
the early evolution of the Universe. For example, if one puts o _ i ) _
the inflaton fields on the brane, their masses are required to N Ref- [5] it is argued that a single field inflationary
be unnaturally small3]. On the other hand, in generic Casesmodel cannot provide adequate density perturbations, either

the mass of the inflaton is bounded from below to achievé"’ith the inflaton on the brane or with the bulk field inflation.

successful reheating. Thus it seems quite difficult to con NUS it is natural to invoke a hybrid inflationary model in

struct a model for successful inflation driven by a field on theligher dimensions with the potential for the bulk field,

brane. ) 2

Away to avoid these difficulties is put forward by Arkani- —\2 2 1., My
Hamedgt al.[4], where inflation is asgumed to ocgur before V($5,05)50=N"M ( T80 M, 7s) * 2 &
the stabilization of the internal dimensions. In this case, how- 9
ever, the late oscillation of the radion is a problem, which + 9 022 2.1
will be solved by the second weak inflation. M, 57

One can find other ways to solve problems of inflation in
models with large extra dimensions. Due to some dynamicat—
lin Ref. [7], interesting aspects of bulk inflation after the stabili-
zation of the radion field are studied by using the KK modes in the
*Email address: matsuda@sit.ac.jp 4D effective theory. See also R¢8].
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where ¢ is the inflaton field with a chaotic initial condition. M4
The coupling constants andg are assumed to b@(1). To | I —*2 (2.6
keep things as simple as possible, here we have assumed 32nM my

five- dimensional theory with only one extra dimension. Ex- . . . .
tensions to higher dimensional theories are straightforwarac.)n the.oth.er hand, their decay into excited Kaluza-Klein
As the higher dimensional fieldgs and o5 have a mass of modes is highly suppressed,

dimension 3/2, the interaction terms are nonrenormalizable. 2

Higher dimgnsiongl fieldgs, o5 are r_elated to the effective Tyoo0 ~)\2—2. 2.7
four-dimensional fieldsp,o by a scaling nen M3
¢= \/ﬁqbs, o= \/505, (2.2 Thus it seems appropriate to calculate the reheating tempera-

ture only by the decay into Higgs fields on the brane. Then
which leads to couplings suppressed by the four-dimensionahe reheating temperature become$00 MeV, which satis-
Planck massM,, where M§=MiR. Here R denotes the fies the requirement for the successful big bang nucleosyn-
volume of the extra dimensions. After dimensional reductionthesis, and at the same time solves the problem of overpro-
the effective four-dimensional potential for the O0-modesduction of Kaluza-Klein gravitons.

reads In this model, however, a serious problem was reported in
5 Ref.[6]. The authors of Ref6] claimed that the phase tran-
5 i M,ZJUS 5 sition becomes extremely slow and it is impossible to repro-
V($,0)ap~\ W —Mz - duce the present Universe with the above parameter values.
P * Let us first make a brief review of the argument. The slope of
my2 M, \? the potential(2.3) in the ¢ direction is given by
+——¢?+ g} | ¢%0% (2.3
2 M 2
p av L
. . _ — =29 oo+ my| o, (2.9
Including the Kaluza-Klein modes, the potential becofnes de My
M2 [ M262 2 and the inflatong rolls down the potential with the Hubble
0
V(b rUn)KKN)\ZM_; pz _ 02+; o2 ) parameter
p * 2
) H 8m\oy 2.9
M2 M =\ . .
+t5- ¢2+; bh| +0? M* 3 M,
i The inflaton ¢ slowly rolls down the potential until it
y ¢2+; qbﬁ) 02+; aﬁ) reaches the critical value
A (ToM p (2 1@
n2 n2 CZE M y .
2 *
+§n: Qq&ﬁ}ﬂ) =20 (2.4)

where the potential in the direction is destabilized. The

Let us first ignore the Kaluza-Klein modes in the ef'fectiveevoumon of the inflatong is given by

potential and discuss the hybrid bulk field inflation induced 1
by the potential equatio2.3). In Ref. [5], the parameter b=, ex;{ - (
valueso,~M, =10° GeV, m,~10 GeV were considered. V24m\
With these values, the density perturbation

2
m¢) M*t], (2.1

0o

where we take the time variabl@st=0 at¢= ¢.. In theo
S direction, the slope of the potentié?.3) is
P9 Jx105 2.5
P 2)\3/2 d_\/_<& ? )\2 2+2 20 42 42 (2 12
do || Dot r2gi @t edle. @

was obtained. Then the reheating temperature is calculated
within the perturbation theory. In Reff5], the decay rates of At t=0, the initial value ofo is expected to be about,
the inflaton field are already discussed. For the decay of the H~M, . The phase transition lasts until the first term in

inflaton field into two Higgs fields on the brane, the decayEq. (2.8) comes to dominate the evolution. It happens when

width becomes )

M
=] o?~mj, (2.13

292<—
Mp

2We have assumed that the nonrenormalizable terms in the five-
dimensional potential2.3) are obtained by integrating out massive Whereo becomes about e, ~ 10" GeV. Solving the equa-
modes. These massive modes, which mediate the interactfas  tion for o, one obtains large e-foldind$,~ 10°. During this
¢2a2, are assumed to have no Kaluza-Klein number. period, o evolves fromo,i~10° GeV to ogns~ 10t GeV.
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However, the Kaluza-Klein modes are important in this E3
case. Seeing the effective potential, E214), one can easily ~—. (2.195
find that not only the 0-mode but also the Kaluza-Klein M5

modeso,, are destabilized to contribute the phase transition

The number of the destabilized modes at the end of inflatiorll_|er6|E denotes the energy of the graviton propagating in the
is estimated by the potentié2.4), bulk. In the most optimistic case, wh&r- M, , the Kaluza-

Klein gravitons may decay before nucleosynthesis if the fun-
damental scale is larger than®1GeV.

M 2

III. CONCLUSIONS AND DISCUSSIONS

In the presence of a large number of destabilized channels
nearo=o0,=0, the phase transition becomes inevitably fast
In the original calculation of Ref.6], the initial value of
o is opi~H~M, ~10° GeV, which is much smaller than
the critical valueoq,qin Eg. (2.13. On the other hand, in the
case wherr? in Eq. (2.8 is replaced by the sum of the huge

number of the Kaluza-Klein modes, the conditih13 is

In this Brief Report, we have discussed the possibility of
'successful hybrid inflation due to the bulk scalar field in
models with large extra dimensions. Bulk field inflation is
already discussed if5,6], where the problem of Kaluza-
Klein gravitons[5] and the problem of the slow phase tran-
sition [6] are discussed. In Ref5], it is argued that the
o " production rate of the Kaluza-Klein graviton is so small that
already sat!sﬁed as soon as the pha}se transition stans aty,o energy of the inflaton is safely drained into the standard
~ ¢ In this case, each Kaluza-Klein mode, may have e fieids on the brane. However, including the Kaluza-
the initial value ofo,~H, if the mass is smaller than the ein jnteractions, the production of the Kaluza-Klein gravi-
Hubble parameter. ... tons becomes efficient. The problem of the slow phase tran-
Although the problem of the slow phase transition S ;o js discussed in Ref6]. However, because of the huge
avoided by the huge numbers of the Kaluza-Klein modesy,;mper of excited Kaluza-Klein states that becomes unstable
there arises another serious problem. As is discussed in Rel; \he end of inflation, the phase transition becomes fast. The
[5], the reheating after the bulk inflation is not a problem o aining problem is the overproduction of the Kaluza-Klein
when only the 0-mode oscillates and decays after inflation ravitons, which puts a lower bound to the fundamental

In this model, however, the decay products of the excitedcgie Eyen in the most optimistic case, the bound becomes
Kaluza-Klein modes will dominate the Universe after infla- M. >10° GeV
N .

tion because the inflation ends with the oscillation and the The significant effect of the Kaluza-Klein excited states,

production of the excited Kaluza-Klein modes. Then theynich we have discussed for the bulk inflation, is generically

Kaqua-KIe!n gravitons are produced when the excite important in cosmological models that utilize the phase tran-
Kaluza-Klein modes decay into lower modes. The decay rat€ition of the bulk field

is enhanced by the large number of accessible modes in the
final state, thus the excited modes are very short IjEd

Let us examine the condition for the Kaluza-Klein gravi-
tons to decay safely before nucleosynthesis. The decay width The authors wish to thank K. Shima for encouragement
of the Kaluza-Klein gravitons into fields on the brane is es-and our colleagues in Tokyo University for their kind hospi-
timated in Ref[10], tality.
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