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Braneworld reheating in the bulk inflaton model
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In the context of the braneworld inflation driven by a bulk scalar field, we study the energy dissipation from
the bulk scalar field into the matter on the brane in order to understand the reheating after inflation. Deriving
the late-time behavior of the bulk field with dissipation by using the Green’s function method, we give a
rigorous justification of the statement that the standard reheating process is reproduced in this bulk inflaton
model as long as the Hubble parameter on the brane and the mass of the bulk scalar field are much smaller than
the five-dimensional inverse curvature scale. Our result supports the idea that the brane inflation model caused
by a bulk scalar field is expected to be a viable alternative scenario of the early universe.
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[. INTRODUCTION normalization of®d is related to¢ by a simple scalingb
=/t ¢, wheref is the curvature radius of AdSWe showed

The braneworld scenario has opened up a new perspectitlat a bulk scalar field in the braneworld can mimic four-
on higher dimensional theofiL]. In particular, a model pro- dimensional inflaton dynamics, at least as long as the Hubble
posed by Randall and Sundruf®S2 [2] has ignited active parameter and the mass of the bulk scalar field are suffi-
research on braneworld cosmology because of its attractivéiently small compared witii ~*. We also studied the quan-
featured3—6). tum fluctuations in this inflation model in order to see

An alternative scenario of the inflationary universe in theWhether this model is observationally acceptable or not.
context of the RS2 model was proposed by Himemoto andhen it was shown that the correction due to the five-

Sasaki[7]. In this scenario, inspired by higher dimensional dimensional nature of the inflaton field is small, as long as
gravitational theory including a dilatonic scalar field or H ¢°<1 andm?¢*<1[9]. Kobayashi, Koyama, and Soda

higher curvature terms, a five-dimensional Einstein-scalafSC_considered the quantum fluctuations of a massless bulk

system was studied. Considering a minimally coupled masScalar field in the context of this inflation model and obtained

sive scalar fieldp for a five-dimensional scalar field as a toy a consistent resultLO].

; . L : : In [11,12, assuming the dominance of a single oscillation
model, a solution of the field equation in the anti—de S'ttermode, it was shown that braneworld reheating also mimics

background with an inflating brane was found under the asge toyr-dimensional standard process. In this short paper, in
sumption of a separable form of solution. It was shown thajyger to give a rigorous justification of the result obtained in
a flve-dlmensllonal scalar .f|eld,_ which we calzl a Bulk s_calarml,lz, we investigate the late-time behavior of the evolu-
field, can realize slow-roll inflation as long g°|/H*<1is  tjon of a bulk scalar field with arbitrary, regular initial data
satisfied. Here|m?| is the mass squared of the bulk scalarysing the Green’s function method. We find that the argu-
field andH is the Hubble parameter on the brane. ment of the correspondence between the five-dimensional
As a next step, in order to show the generality of thisand four-dimensional systems mentioned in the previous
inflation model, we investigated the dynamics of a bulk scaparagraph can be extended to include the reheating process.
lar field without assuming a separable form of solution, fo- The organization of this paper is as follows. In Sec. II, we
cusing on the cases witm?|¢?<1 andH?¢?<1. There, by review the basic picture of the reheating scenario after brane-
analyzing the Green’s function for the bulk scalar field, theworld inflation driven by a bulk scalar field as proposed in
late-time behavior of the bulk scalar field was clarified, and i 11]. In Sec. 1ll, we consider the late-time behavior of the
was shown that the bulk scalar field effectively behaves as Aulk scalar field on the brane by using the properties of the
four-dimensional scalar field with massmgg=m/+2 dur- retarded C?reens _funct|on. Then we expl_am hov_v to construct
ing both the slow-rolling phasgm?|/H2<1 and the rapidly the Green’s fungtlon for a scala_r field W|t_h (_jlssmatlon. Sub-
oscillating phasém?|/H?>1, irrespective of the initial field sequently, we discuss an effective description of the dynam-

configuration[8]. Moreover, the lowest order back reaction ICS from the four-dimensional point of view and show that

to the geometry starting with the second order in the ampli—f‘he conventional reheat_ing process is effectively reproduced
n the braneworld. Section IV is devoted to a summary and

tude of ¢ was found to be consistently represented by d" )
four-dimensional effective theory with the same four- diScussion.

dimensional scalar fieldb mentioned above. The overall Il. MODEL OF REHEATING AFTER BRANEWORLD

INFLATION
*Email address: himemoto@vega.ess.sci.osaka-u.ac.jp We briefly review the model for the reheating process
"Email address: tanaka@yukawa.kyoto-u.ac.jp after braneworld inflation driven by a bulk scalar field dis-
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cussed in Ref11]. We consider a five-dimensional Einstein- whereX denotegt,y}. We assume thav(y) andU(y) are
scalar system in a braneworld scenario of the RS2 type. Thieinctions whose asymptotic value [gf —« is supposed to
bulk geometry satisfies the five-dimensional Einstein equabe a constant. We solve this field equation by imposiiag
tions symmetry aty=0.

Let us consider the retarded Green’s function that satisfies

1
Rap— EgabR+A59ab: KE[Tab"_Sabé(r_rO)]a (2.7 EXG(X,X’)=—6(t—t’)5(y—y’), (3.3

wherer is the coordinate normal to the brane, and the branevith the causal condition th&(X,X’)=0 for X’ not in the
is assumed to be located et at the fixed point ofZ,  causal past ofX. Note that this Green's function satisfies
symmetry.S,,, represents the energy-momentum tensor comreciprocity for the time reversal operatidn- —t, namely,
posed of the brane tensienand the contribution of matter G(t,y,t’,y’)=G(—t',y’,—t,y). Using this reciprocity, the
fields confined on the brang,,: evolution of ¥ for any given initial data can be described as

Sab= ~ 00ap™ Tab, (2.2
=

where g,y is the induced metric on the bran&,, is the t'=t
energy-momentum tensor of the bulk scalar field. For sim-
plicity, we assume a minimally coupled massive scalar field
with an interaction on the brane. We se{= — k20?/6 so as

to recover the Randall-Sundrum flat braneworld whep
and 7, vanish. wheret; is the initial time. This representation & implies

In order to represent the energy dissipation from the bulkhat the asymptotic behavior & can be understood by the
scalar fieldg to the matter fields on the brane, the equationjate-time behavior of5(X,X’).

G(X,X")

aqfo,( ) 9G(X,X )qf(x')

ot at’

+U(Y")G(X,X)P(X") |dy’, (3.9

for ¢ is modified to Let us now construct the Green’s function that satisfies
) Eqg. (3.3. Because of time translation invariance, we can
(Og—m?)p=T 4l 8(r—rq) b, (2.3 express the Green’s function in terms of Fourier transforma-

tion as

where{ = 6/(K§a) is the AdS curvature radius, anahis the

mass of the bulk scalar field. An overdot indicates differen- 1 _ ,

tiation with respect to the cosmological proper tirfig.rep- G(X,X")= ZJ dpGy(y.y)e P, (3.9
resents the decay constant. Integrating Ef3) together ¢

with Z, symmetry, we obtain the boundary condition where we choose the pathso that the retarded condition is

Tyl satisfied; namelyC runs fromp=—« to p=+0o on the
ar¢|r:r0= Tq‘)(t,ro). (2.4  complex plane for the integran@, to contain neither pole
nor the branch cut abov@

In the analyses below, we neglect the terms quadratityin The equation foG,, follows from Eqs.(3.3 and(3.9 as

Here, we do not consider the energy release to the bulk ) AP S . ,
space, although such a dissipation process in the bulk may be L7Gpy,y" ) =[5+ p =W(y)+ipU(y)]IGp(y,y")
worthy of investigation.

==48(y—-y’). (3.6

I1l. BULK SCALAR DYNAMICS WITH DISSIPATION () .
The homogeneous equatldhyp u(y)=0 has two indepen-

We consider solutions of Eq2.3) under the conditions  dent solutions, which respectively behave asymptotically as
ulP(y) ~e* and u{"(y)~e M at |y| -0, where we
definedk?=limy .. p>—~W(y)+ipU(y). We can describe

wherem andH are, respectively, the mass of the bulk scalarthe solution satisfying the condition &, symmetry as a

field and the expansion rate of the four-dimensional metrié'r(‘fz?r c:)rr}ﬂganon of(i:)hese two md('apendent. solutions,
induced on the brane. Then we investigate the late-time bep ~ (Y)=Up (¥) = %pUp(y), wherey, is determined by
havior of solutions by extending the Green's functiontheZ; symmetry condition

method used in Ref8].

mé, H¢, and I'g¢ <1, (3.1

DU (2)1=[0,~ W+ipOuP (y)ly—6. =0 (3.7
A. Initial value problem

We consider the field equation whereW and U are the coefficients in front of(y) con-
tained inW(y)/2 andU(y)/2, respectively. With these mode
EX\P(X)E[—atZJr ai—W(y)— U(y)a ¥ (X)=0, functions, we can expres3(y,y') satisfying the boundary

(3.2 condition at infinity and on the brane as
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Then, from Eqs(3.9) and (3.13 under the condition3.1),

Gp(y,y')= ~Zip [Uéour)(Y)UéZZ)(y')9(|Y| =ly'D we obtain the location of the poles with the largest imaginary
Y parts in the compley plane as
+u2yuOyedy’[-lydl - (3.8
. 1] Ty \/ , (BH+Ty)*
with y,=DLug™(y) I/ DLug” (y)]. P~ mip E VM —— |, (319

The late-time behavior o¥ is understood by investigat-
ing the structure of singularities such as poles and brancu/here
cuts inGy(y,y’). The singularity on the compleg plane
with the largest imaginary part dominates the late-time be-

i i ; i m
havior. In particular, poles exist at the valuespaffor which miﬁ:7. (3.16
Dluf™(y)]=0 (3.9
Here the terms neglected are quadratic or higher ordér in
holds. In addition to two poles, there is an infinite sequence of
poles. However, they do not give a dominant contribution to
B. Application to braneworld the late-time behavior since they have smaller imaginary

arts. (See Ref[8].) Therefore the asymptotic behavior of

Using the formulas developed in the previous section, wg,o field is dominated by the polgs. , and hence we have

consider the evolution of a massive bulk scalar field with
dissipation, which well approximates the situation where 3 _ .
osciIIF;tes at the bottom cﬁpthe potential. We assume t;?;t the pre dTG(X, X" )xe” (TP, (3.17
background spacetime is five-dimensional anti—-de Sitter
space with a boundary de Sitter brane givendsj=dr?
+{H¢ sinh(/€)}4(—dt?+H2e*"dx;)) [4]. In order to use

the formulas presented in the preceding subsection, we intr%-
duce the conformal coordinat¢s,y} defined byr=Ht and €
R(y)=¢ sinh™Y(Jy|+yo)=¢sinh(/€), wherey, is specified

C. Effective four-dimensional description

In the preceding section, we confirmed that the late-time
havior of a bulk scalar field on the brane can be effectively
described by a four-dimensional scalar fidddwhich satis-

by sinhf/g)=sinh (r,/€)=H¢. Then the metric becomes fies
¥ 3 2 —

dSZZR(y)Z(dyz_de+GZT dX(23)). (31@ <I>+(3H+Fd)<1>+meﬁcb—0. (31&
Setting p=R %% 3"2¥(y,7), Eq. (2.3 reduces to Eq. Our main interest here is to compare the law of cosmic ex-
(3.2) with pansion on the brane to that expected in the usual four-

dimensional model with the scalar fiedel. First, we present

15+ 4m2e2 31+ H%¢2 3 a rather general framework to discuss the cosmic expansion
W(y)=— — v + EFdE oy), of a homogeneous universe realized on the brane without
4 sintt(ly|+yo) specifying the explicit form of the energy-momentum tensor

(31D in the bulk.
We introduce a unit vector in the time directiaf parallel
U(y)=T4t a(y). (3.12 o the brane. Toward the outside of the braids extended
so as to satisfyua;bnb=0, wheren, is the outgoing unit
We note that bothW(y) and U(y) vanish for|y|—o, and  normal vector of the brane. Then, considering integration of
hence the conditions that they asymptotically become conthe five-dimensional conservation law
stant are satisfied. Althougdh(y) is localized on the brane in
the present model, dissipation in the bulk can also be dis-
cussed by using the same technique as lond @9 satisfies ozf \/—_g df’x[saba(r—r(,)jLTab];bua (3.19
this property.
The mode solution satisfying the outgoing asymptotic be-
havior is for a thin region surrounding the brane, we obtain

uéOUt)(y):[‘(]_—ip)Pinfllz[COtl’(|y|+y0)], (3.13 p+AHp+HTH, =2T,un®, (3.20

where v=m?¢?+4 [13]. In the present case, the operator

S L s
defined in Eq/(3.7) reduces to where p:=u*u”r,,, and latin indices run over four

dimensional coordinates on the brane.
The conservation law for the matter field localized on the
M a22
§ 1+H% nr 3) I'yé (3.14 braner*".,=0 is violated because there is energy transfer
—he .

D=0 'P 2] 2 between the brane and bulk fields. However, from the Bian-

yo2 H
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chi identity the four-dimensional conservation law is guaran- D=/t ¢, (3.29
teed to be preserved in total. The four-dimensional effective

Einstein equation is derived from E.1) as[3
g ®.1) asf3] from Egs.(3.20 and(3.26), we obtain the formulas for the

(4)GM: Kzzu(ﬂw“L TEZTV)JF TSH TELEV)), (3.21) cosmic expansion valid in the low energy regifi®l) as
where k3= k2/¢ and 2
4
20 HZZE(Pefﬁ‘P),
5
7 = = g [67am, = 277, = 0 (37,57 = )],

peiit AHpesi= — H(P2— 4V ) — T 42,

2¢ 1
TSZ: ?[Tabqaﬂqbv—’— qQuv Tabnanb_ ZTaa) }i

p+aHp+HT, =T 2, (3.30

¢
TE.LEV): - _2(5)Crbrd qz q?/- (3-22)

K2 whereV ¢(®) = mZd2=(£/4)m?¢2. This set of equations

is the same as that satisfied by a four-dimensional model
Here ®)C,y,4 is the five-dimensional Weyl tensor with its having a scalar fieldb with mass squared?,=m?2 and
two indices projected in the normal direction. Then we havedecay widthl"¢/2. To conclude, provided that the conditions
oy _ (3.1) are satisfied, the effective dynamics of the Einstein-
T =0 (3.23 scalar system on the brane is indistinguishable from a four-
dimensional theory even if we consider energy dissipation

with from the bulk scalar field to the matter fields on the brane.

tot E
Tﬁt?,):zrw-l— TSTV)-I- Tﬁf,),-i— T’Ew) (3.249

. . . o . IV. SUMMARY AND DISCUSSION
Here the vertical bar represents covariant differentiation with

respect to the four-dimensional induced metmig,. In a We have investigated the late-time behavior of a bulk sca-
homogeneous universe, the temporal component of the cottar field with dissipation to the matter fields on the brane. We

servation law reduces to have shown that a bulk scalar field observed on the brane
effectively behaves as a four-dimensional scalar field. Fur-

p{ 4 4H pte) 4 H 710 =0, (3.25  thermore, we have shown that the set of equations to deter-

mine the cosmic expansion is also indistinguishable from
where p(“’t)::u”u”rﬁ‘;t). Similarly, we define the energy that of the corresponding standard four-dimensional model.
density for each component Wi):uMuvTﬂl- Then, using  This result reinforces the speculation previously presented in
the facts thatp(™=p?/20, T(W)ﬂﬂz(p/g)(TM#Jrzp) [3], Refs. [11,12. Although we have analyzed perturbatively
and r(s)“#ZZETabnanb, we find that the effective energy only the dynamics of a bulk scalar field on a fixed five-
density of the bulk fieltpgg:=p(E) + p® satisfies dimensional anti—de Sitter background with a boundary de
Sitter brane, our result suggests that four-dimensional infla-
ab ah ton dynamics including the reheating era is effectively repro-
Tapu™n®—2HET,pn"N". duced by the dynamics of a five-dimensional scalar field.
(3.26  Thus the brane inflation model caused by a bulk scalar field
is expected to be a viable alternative scenario of the early
Now let us return to our specific model, in which the bulk universe.
energy-momentum tensor is given by Genuine braneworld effects that can be used to test the
L L scenario are, however, in the deviations from the standard
model. Our analysis shows that the corrections are sup-
Tan= ¢'a¢'b_gab<§gw¢'°¢'d+ §m2¢2 - (327 pressed by a factdd?¢? or [m?|¢2. We did not go into detail
about this correction in this paper. Here we just mention that
Then we find we have to consider the dynamics of a bulk scalar field with
a general Friedman-Robertson-WalKERW) brane bound-
ary when we discuss corrections of this order, because the
expected suppression of the correction due to the variation of

the expansion rate is of the same ordef2~H2¢2.

Another regime wherdd2¢2>1 and |m?|¢?>1 in this
bulk inflaton model is also interesting. Even in this regime,
slow-roll inflation seems to be realized on the brane as long
where the terms quadratic ing¢ were neglected. If we set as|m?|/H?<1 is satisfied 7], although many unsolved is-
the identification 8] sues remain there.

pert 4Hpey=—2| 1+ 2

Ty .
Tapu?n®= 79172,

1. 1
Tapn?n®= 5(!’2— §m2¢2, (3.28
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Last, we should mention dissipation in the bulk. When we ACKNOWLEDGMENTS
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