PHYSICAL REVIEW D 67, 104007 (2003

Generation of dark radiation in the bulk inflaton model
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We investigate the dynamics of a bulk scalar field with various decay channels in the Randall-Sundrum
infinite braneworld scenario. A bulk scalar field in this scenario has a quasilocalized mode which dominates the
late-time behavior near the brane. As for this mode, an interesting point is the presence of dissipation caused
by the escape of the energy in the direction away from the brane, even if the bulk scalar field does not have the
interaction with the other bulk fields in the bulk and fields on the brane. We can interpret that this lost energy
is transferred to the dark radiation. We show that such an effective 4-dimensional description for a bulk scalar
field is valid including the various processes of energy dissipation.
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I. INTRODUCTION given in[11]. In particular, generation of dark radiation via
collision of particles on the brane was discusse{l.

The braneworld scenario has provided a new scheme to This paper is organized as follows. In Sec. Il we will
derive 4-dimensional effective theory from a fundamentalreview the general formulas for the cosmic expansion law
higher dimensional ongl]. In particular, the second model under the presence of bulk fields. In Sec. Ill we will study
proposed by Randall and SundruiRS2 has demonstrated various decay channels of the bulk scalar field, and show
an exciting possibility that the extra dimensions may extenchow the decay products affect the cosmic expansion law on
infinitely [2]. A lot of work has been done on various aspectsthe brane. Section IV is devoted to summary.
of this model. Extensive research based on relativity and
cosmology, which is closely related to the issue we will dis-
cuss in this paper, has also been develd3eeb].

The background spacetime of the original RS model is
given by aZ,-symmetric solution of the 5-dimensional Ein-  We consider the braneworld scenario of the RS2 type,
stein equations with a negative cosmological constant. Howstarting with the 5-dimensional Einstein equations
ever, in the framework of string theory, it is more likely that
there are various fields other than the graviton in the Rab— 30abR+ AsGan= &2 Tap+ Sapd(r—ro)l, (1)
5-dimensional bulk. Thus, the dynamics of a minimally
coupled 5-dimensional massive scalar field in the braneworld
scenario of RS2 type has been studied, and it was shown th

a bulk scalar field can play the role of inflaton fidlg—9]. rane is located at=r, at the fixed point of the, symme-
We refer to such a model as the bulk inflaton model. try. Sqp represents the energy-momentum tensor composed
Prior to the proposal of the bulk inflaton model of the brane tensior and the contribution of matter fields

Dubovsky, Rubakov, and Tinyakov have analyzed the dy<onfined on the braney:

namics of a bulk scalar field with the masson the RS2

Minkowski brane backgroundl0]. They have found that the Sab=—0ap+ Tab, 2)
bulk scalar field has a quasilocalized mode which dominates

the late-time behavior near the brane. When this mode domiyhereq,, is the metric induced on the brane. We choese

nates, the scalar field seen on the brane oscillates with the /—gA_ 6As/k2=6/k2¢ so that the Randall-Sundrum flat
frequency given byn/ 2 and decays gradually. Besides this prane is realized as the ground state. Hérés the bulk
interesting intrinsic decay, when we try to CONstruct a Mmoreryatyre radiusT,y, is the effective 5-dimensional energy-

realistic bulk inflaton model, we also need to take account of,,omentum tensor of the bulk fields. Here we do not specify
the dissipation due to the interaction with other bulk fieldsine form of T,

and fields on the braneWe discuss such decay processes in' |t is now well known that the 4-dimensional effective Ein-
this paper, focusing on the effect on the cosmic expansiogein equation is derived from E€) as[3]

law realized on the brane. Related discussions about the in-
teraction between the bulk and the fields on the brane were

II. COSMIC EXPANSION LAW IN THE GENERALIZED
RANDALL-SUNDRUM BRANEWORLD

erer is the proper coordinate normal to the brane, and the

Qe = Ky(T ,,+7'( )+T(V)+T( )), (3)
The latter process was investigated in our previous pgfer WhereK4—— K5/€ and
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T 5 o o I'h(r .
T =~ g 187w 277, 0 (B37apm = )] (4) Ospmig=| Tt str—rg+ 00 8, @
®) 2¢ a b ap 1. wherem? is the mass squared of a bulk scalar field ar{d)
Tuv = 37| Tabd w07 Auy| Tap™N"= 7T , is the lapse function. Her, represents the rate of the decay
=To on the brane, whil& ,(r) is a function specifying the rate of

energy release to the bulk. We call this field the bulk
inflaton, although our main interest is not in the period of
inflation but in the period of reheating after inflation. For a
moment, we do not specify the functional formIaf(r). In
wheren? is the unit vector pointing outward and normal to this setting, we study the cosmic expansion law by analyzing
the brane. Here' is the energy-momentum tensor relatedthe set of equationé), (6), and(8).

to the 5-dimensional Weyl tensé?C,¢q-

To discuss the braneworld cosmology, we assume the spa-
tial homogeneity and isotropy fag,, and for each compo- First, we consider the simplest case in which there is no
nent of the energy-momentum tensor. We define the energyulk field other than the bulk inflaton fielgb that has no
density of the 4-dimensional ordinary matter fields py direct interaction to the fields on the brane. Namdlyj,
=u“u’r,,, whereu” is the timelike unit vector associated =T} andT'y=1",=0, where
with comoving observers on the brane. Similarly, we define

() s v D i 1 1
p'=utu’r,, for each component. Then, E(§) gives the T = -~ L cd §Tm2e? 10
Friedmann equation on the brane: ab = PabpGan| 397 ¢ cbat ;MG (10

{
b d
T,ELEV): - _2[(5)Cabcdnancqy,qy]r:roy
Ks

A. Dark radiation from escaping bulk inflaton

K2 P is the energy-momentum tensor of the bulk inflaton field.
HZ:? 1+ 5— p+pB+p® ] (5)  Examining this simplest case is instructive to figure out an
g important difference between a bulk field and a field on the

ane.

According to the analyses of the dynamics of a massive

. . . bulk scalar field on the RS2 flat brane backgro(ibd] and
Next we consider the equations for the evolution of the,, 1o de Sitter brane backgroufid, there is a quasilocal-

energy density. From the 5-dimensional conservation law in;;eq mode which dominates the late-time behavior. This

tegrated over infinitesimally thin layer near the brane, theyasilocalized mode corresponds to a pair of the first poles

whereH is the Hubble parameter on the brane. Here we havgr
used the facp(™ = p?/20.

evolution equation fop is obtained as appearing in the retarded Green function in the frequency
. ab domain. To summarize the results obtained in the above ref-
ptaHp+HTL=2T,u%n" —; , (6)  erencesg behaves asel*1~(BH2) =T/t ity

where an overdot means differentiation with respect to the 0~ mgﬁ_gHZ_ > Mgt

cosmic proper time. H2/m2_0

On the other hand, 4-dimensional Bianchi identity implies 5 5 o 14
m“(m“—4H*)¢

'p(tot)+4Hp(t0t)+ HT(tOt)M,u:O, (7) F:FeSc~ 8o
where we have defineg(™):=p+ p(™ + p®) 4 p(E) and A1V 1l o 3,2
y7a% —_ 5

in the same way. Then, using E() and the facts that XImi ¢ 2 H 2 Om (2ml8y2, (11)
7k =(plo)(t#,+2p), 7, =2€ Tpnn®, and 7&# "
=0, we find that the effective energy density of the bulkunder the conditions
i .= (B) 1 ,(B) isfi
field peri=p'® + p'~) satisfies mé  and He<1. (12)
et dHpor=| — 2 1+ 2| Topuenb—2He Topnand| HeremZg=m?/2, andy(2)=T"(2)/T (2) is the poly-Gamma

o function. The bulk inflaton oscillates with the frequeney

o and decays intrinsically even if we do not introduce dissipa-
® tion effects due to the coupling to other fields. From the
The above Eqs(5), (6), and (8) completely determine the S-dimensional point of view, this decay of the amplitude of
cosmic expansion law once we know the evolution of theoscillation occurs as a result of the escape of the energy in
energy-momentum tensor of the 5-dimensional fields evaluthe direction away from the brane. We note that the above

ated on the brane. expressions are valid only whenZ/H?>$. Here our dis-
cussion is therefore restricted to the reheating era after infla-
IIl. DISSIPATION OF THE BULK SCALAR FIELD tion.

Let us consider the effective energy density of the bulk
As a phenomenological model of a bulk scalar field withinflaton field from the viewpoint of 4-dimensional observers.
dissipation, we consider the field equation given by In the present case, &-symmetric boundary condition im-
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plies ¢ ,n?=0. Therefore we hav@'{)u®n’=0, and then Then, with the aid of Eq(16), we have
the energy conservation equatiod) reduces to the same
equation as in the standard 4-dimensional cosmology: b(D)+4Hp(D)=Teséi>2- (19
p+A4Hp+HTE=0. (13
Thus, we can naturally interpret that tHefield decays into
Furthermore, from Eq(8), we find thatp.g=p® + p(#) sat-  the dark radiation. Therefore, from the correspondence be-

isfies tween the 4-dimensional and the 5-dimensional models, we
) ) are led to the interpretation that the dark radiation is gener-
peirt 4Hper=—HL[$>—m?$?], _ . (14)  ated as a result of this decay process in the 5-dimensional
model.
This equation tells us that the evolution ef; depends on Usually, when we consider decay process, it leaves some

the evolution of¢ on the brane. Therefore, in order to deter- decay products. However, the present decay process of the
mine the cosmic expansion law, we need to know the evolubulk inflaton apparently does not have corresponding decay
tion of the bulk scalar field. products, since we do not consider the interaction with the

Next, for comparison we propose a 4-dimensional modebther fields. Then, one may think that once the bulk field
composed of a scalar fielt and the dark radiation in addi- decays in this manner, its effective energy density is simply
tion to the ordinary matter fields. We should stress that in théost without being transferred into another form. As was ex-
4-dimensional model the dark radiation simply means a compected from the energy conservation law, this naive specula-
ponent of energy density decoupled from the ordinary mattetion is incorrect. In fact, the lost energy was shown to be
fields. As for the ordinary matter fields, we use the sameransferred into the dark radiation component.
notations as in the case of the 5-dimensional model. Then the Before closing this section, we mention thaf®) in the
conservation law for the ordinary matter fields is identical to4-dimensional model does not correspondpt®=p® in
Eq. (13). the 5-dimensional model. Hence, neither dpé? to p(®)

We define a scalar fiel® which reproduces the late-time since p(®)+ p(P)=p 4= pos=p# + p®. The fact thatp(®
behaV||9r qf th? v:iluev\(l)f;’) on the bt%r:eh besides an ovzrall +p(® will be easily seen by explicitly evaluating® by
normalization factor. We assume as massng; an : () — 42 02 2
decays only into the dark radiation with the decay Widthusmg Egs (43 and2 (10). as p ) (C/a) 47+ m ¢q>])
T'../2. The equation of motion for the homogeneous part of= (1/4)®?+(mZg/2)®2. This expression shows tha

the scalar field is given by =p(D) + ¢ p?/4.

; : _—

O +(3H+ T egd @ +mgzP =0. (15 B. Decay of the bulk scalar field to other fields
Using T ose<m, which follows fromm¢ <1, it is easy to see In this section, we analyze the field equati@ without
that® also behaves asel T i@~ (BH2)~[Tesd2)It \yith the same  Neglecting the dissipation terms on the background of the
w in Eq. (11). 5-dimensional anti—de Sitter space with a boundary de Sitter

e 2_(,2 ~ brane. We make use of the fact that the late-time behavior is
.Th~e ﬁ_ljbg)e e(?ll;)atlon S gx{?n o (D)(K4/3)(p+peﬁ)' determined by the singularities in the retarded Green func-
With pegi=p ™ +p™™", wherep™ andp*” are the energy ion i the frequency domain, as was done in Ref.
density of the® field and the dark radiation, respectively. = 11,o background metric can be written as
Since the scalar fiel® and the dark radiation are decoupled
from the ordinary matter fields by assumption, they sepa- ds?=R(y)2(dy?—d 7+ eZTdX(23)), (20)
rately satisfy the conservation law. The conservation law for

@ and the dark radiation reduces to where R(y)=¢ sinh Y(|y|+y,). The brane is located at

=0, andy, is specified by sing,=H¢. The proper cosmo-
logical time on the braneis related tor by 7=Ht. Setting
=R %372y (y 7), Eq.(9) reduces to

et AHpeg=— H7 (W1 = —H(D2-2mZd?). (16)

Then, with simple identification

o=\t , (17) [ o2+ 35— W(y)—U(y)a,]¥ =0, (21)
it is easy to see that the 4-dimensional and the 5-dimension<;;}\|/ith
models presented above realize the same cosmic expansion
in the law energy regimél2), in which the contribution
from p(™ is neglected. 15+ 4m?¢? 3V1+H2¢? 3
From the viewpoint of the 4-dimensional model, we can W(Y)= asintf(yl+yo)  HC oy)—zU(y),

easily write down the evolution of the energy densitydof yITYo 22)
field as

p )+ AHp + H Ak = —T (B2, (18) U(y)=T4t 6(y)+I'p(y)R(Y). (23)

104007-3



T. TANAKA AND Y. HIMEMOTO PHYSICAL REVIEW D 67, 104007 (2003

According to Ref[9], the poles of the retarded Green func- order corrections neglected in E(R7). This result shows
tion correspond to the solutions of E@1) that satisfy the that all three decay channels damp the oscillation of the bulk
outgoing boundary condition. The solutions can be found innflaton field as is expected.
the form of So far we have studied just two specific examples. In
_ more general cases, the eigenfunction cannot be constructed
Woce”Puy. (24 analytically, but we can justify the extensive use of the above
results by perturbatively evaluating the shift of this pair of

Then, Eq.(21) reduces to an eigenvalue equationdgrhav-  first eigenvalues. We consider that the unperturbed eigen-

ing p? as the eigenvalue. Whdn, =0, the equation fou, functionuy(y) is given by that forU(y) =0. Then applying

eigenvaluep? due to theU(y) term is given by

1 .
= __pip 3
Up(Y) va—l/ZI:COtr(|y| +y0)]- (25) Apzz _ |p+ E f dyU(y)|Up(y)|2

wherev:=\m?¢2+ 4. The normalization constai{ is to be 3 = R( )1: v) r

chosen so as to satisfi..dy|u,/°=1. Here we have not —lip+= J dy Y oY), d

yet imposed the boundary condition on the brane. The con- _ 2/[Jo T (y+HO®  2(He)?

dition of theZ, symmetry, =~ fw dy '

L3 \/1+H2€2+ 3|t . o (y+H()?
AR LT R (31
(26)

where we have used the fact that,(y)|? behaves as

3_ 3 o
gives the equation that determines the eigenvalue, i.e., tHi3(Y) ~[€/5|ly|+H€)]_ near the brane. If we define (ip
location of the poles in the retarded Green function. We fo-T 3/2)I'bH "~ by the right hand side of the above equation,
cus on the eigenmode with the eigenvajpehat has the W€ recover the same results obtained above in the analyti-

largest imaginary part in order to discuss the late-time behayc@!ly solvable cases. From the above equation, we also find
ior of the bulk inflaton field. Under the conditiori$2), Eq. that the dissipation is more efficient near the brane due to the

26) for this eigenmode reduces to a quadratic equation as €ffect of the warp factor. This fact implies that the energy
(28 g . . transferred to the other bulk fields is also possibly trapped

3\Ty 9 m around the brane as in the case of thdield. Of course,
p?+|ip+ slmta” Wmo. (27) however, if the bulk fields do not have degrees of freedom

localized near the brane, the energy density near the brane

: o will soon vanish.
In order to illustrate the effect due to the dissipation in the Now let us consider the cosmic expansion law in the

bulk, we consider two specific analytically solvable ex- present case. We dividB,,, into two parts as
amples given by
. Tap=TH+TE). (32
Tp(Y)R(Y)=TpH™* [case (D], (28)
Here T(}) is the energy-momentum tensor of the other bulk
(29) fields, into which the bulk inflaton fiel¢p may decay. Then,
the formulas for the energy density evolution of the matter
fields on the branéb) and that of the bulk field€) reduce to

To(y)R(y)=2THR(y)?, [case (I)],

whereT', is a constant. In casg) the first termp? in Eq.
(27) is replaced withp?+ (ip+3/2)[',H ", while in case
(I) m? in the same equation is replaced with®—2(ip
+3/2)I"yH. Then, in both cases we have the same equation . .
to determine the eigenvalue of the largest imaginary part, and peiit dHpe=[ — H(D2—2mZd?) — T ;2
we find that a pair of such eigenvalues is given by

p+aHp+HTE=[T @2+ 2T, s, (33)

—2HETG N?nP), o, (34)

1] (Ty+Ty) ,  (BH+T¢+Tp)? _ _ _
p.~ m —i Tt Mex— — | where we use® defined by Eq(17). The cosmic expansion

law depends on the nature of the fields composiyg .

(30 Below we discuss various cases one by one.

These eigenvalues show that the time evolution of the bulk
inflaton field evaluated on the brane at late times is identical
to that of a 4-dimensional scalar field satisfying the equation Let us begin with the simplest situation that the bulk ex-
obtained by replacing csc in EQ. (15) with I'igi=TgsctT'g citations caused by the decay of thefield are not trapped
+I'y. Here we have addeb.. which comes from higher around the brane. In this ca§§*b)|y:0 will rapidly diminish,

LT ly=0=0
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and hence EQqs(33) and (34) become almost identical to the brane. Then, the fraction of dark component is reduced,
those in the case without dissipation in the bulk. The mairand hence such models can avoid the conflict with the nu-
effect of I'y, arises inI'y,;, and it can be absorbed by the cleosynthesis bound.
replacement of o with I' .+ I',,. Therefore we can imme-

diately interpret that theb-field decays into the dark radia-

tion with the decay rat& .+ I'y, and into the matter fields

on the brane with the decay ralg . If the matter fields on We investigated braneworld models of Randall-Sundrum
the brane stay radiationlike, the ratio of the dark radiationtype with a massive bulk scalar field, which we call the bulk

compared to the ordinary radiation is given by {  inflaton here, taking into account various decay channels. We
+T',)/T4. This ratio is constrained by the nucleosynthesisfocused on how the cosmic expansion law realized on the
bound. Ifp decreases slower like dust matter or cosmologirane is affected by the influence of the oscillating bulk in-

cal constant for a certain period, the constraint by the nucledlaton and its decay products. The cosmic expansion law de-
synthesis becomes weaker. pends not only on the energy-momentum tensor of the fields

localized on the brane but also on that of the bulk fields.

Hence, in order to determine the cosmic expansion, we in-

2. T ly=0#0 but T un®l,_o=0 vestigated the dynamics of the bulk inflaton including dissi-

Next we consider the case that a part of resulting bulkPation to the matter fields on the brane and in the bulk by
excitation is trapped around the brane. Th&ff|,—o will ~ USINY the Green function method developed in Réf@,10.

not diminish rapidly. Even in this case, if there is no direct It was argued that the effect of the bulk inflaton on the

: . . . ,gosmic expansion can be mimicked by an effective
interaction between the f|elij)s on the brane and the bulk field dimensional inflaton as long &E2¢2<1 and|m2|€2<1 in

other thang, we can Seﬂ—gb uanb|V:0:0’ since this term Ref.[7]. Examining the late-time behavior of solutions of the
represents the gne.rgy(ir)ansfer between them. Therefore the, scalar field, we have shown that this claim is valid even
effect of nonvanishingz}|y—o arises only in Eq(34). Here i the hulk inflaton has various decay channels. The decay of
the model qualitatively bifurcates into two cases, dependinghe bulk inflaton occurs not only due to the dissipation to
on whether this bulk excitation is completely trapped or not.other fields on the brane or in the bulk but also due to the
In the former case, the energy density of the trapped exescape of energy to the direction away from the brane. From
citation does not decay into anything. We cannot further anathe analysis of the cosmic expansion law, we have shown
lyze the evolution of this energy density without specifying that the decay product of this latter intrinsic dissipation
the details of the model. In the latter case, the energy of thehould be interpreted as the dark radiation from the view-
trapped excitation eventually escapes to the infinity, and as point of 4-dimensional effective theory. Further, we stress
resuItTg’g)nanb|y:0vanishes in the end. As in the case of thethat this dark radiation is not identical to the contribution
¢ field discussed in the preceding section, vanishing ofrom the projected 5-dimensional Weyl tensor.
Tg’g)nanb|y:0 will be interpreted as the transfer of the energy ~ As for the dissipation due to interaction with matter fields
stored in the bulk modes into the dark radiation. As beforeon the brane, it has been already shown in Refthat the
since the details of the model are not provided, we canndgnergy lost by this decay process can be interpreted as sim-
analyze the evolution of the energy density of this trapped)|y transferred to the matter fields on the brane, which is
excitation before it is transferred into the dark radiation. ~ analogous to the usual decay process of the 4-dimensional
As a concrete example, let us consider the case that tHgflaton field. The consequence of the decay due to interac-
decay product in the bulk is composed of the first pair oftion with other bulk fields has vast varieties. If the excitation
eigenmodes of another bulk scalar field. Then, since the efenerated by this decay process is not trapped near the brane
fective energy density of this mode*) behaves like dust at all, the effect is equivalent to the case of intrinsic dissipa-
matter as in the case of th field, this field tends to domi- tion. However, we also found that the dissipation to the bulk
nate the energy density as a result of the cosmic expansion i more efficient near the brane. Hence, it is likely that a part
the fields on the brane behave as radiation. Therefore, mo@f the lost energy is transferred to a mode localized near the
els with bulk fields of this type will produce large amount of brane. In this case, the decay product rather behaves as a
dark matter, which is possibly transferred to dark radiation4-dimensional field as in the case of the bulk inflaton. The

and hence will be strongly constrained by the nucleosyntheeffective equation of state of such excitation measured
sis bound. through the cosmic expansion law depends on the details of

the model setup, but at least we know that the effective equa-
tion of state is dustlike if the decay product consists of an-
3. Tep ly=0#0 and Tgputnl,_o] %0 other massive scalar field. If the equation of state is dustlike,
Finally, we consider the case that there is bulk excitatiorthe fraction of the energy density of this excitation continues
trapped near the brane and it has direct interaction with théo increase during the radiation dominant phase. In the case
fields on the brane. In such models, most of the discussiorthat this excitation does not decay into the fields on the
given in the previous case apply in the same way. Howevemlrane, it behaves as “dark matter.” If this excitation is not
the history of the universe can be quite different, if this in-completely trapped in the neighborhood of the brane, it fi-
teraction is sufficiently strong. In this case, the trapped excinally decays into the dark radiation in the same way as we
tation can efficiently decay into the ordinary matter fields onhave seen for the bulk inflaton. This further decay transfers

IV. SUMMARY
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the energy from this “dark matter” to the dark radiation, but reproduce the standard cosmology, but the branching ratio of
the dark component anyway in total dominates the energyhe bulk inflaton decay and the nature of the decay products
density unless the decay rate of this excitation is sufficientlyare constrained. The bulk inflaton model might leave observ-
high or its initial amplitude is extremely small. Hence, suchable signatures of the braneworld, and it may also provide a
kind of models will be severely constrained by the require-key to understanding the origin of dark matter.

ment of the big-bang nucleosynthesis.

If the excitation in the bulk generated by the bulk inflaton
decay has interaction with the fields on the brane, the energy
can be transferred to the ordinary radiation fluid. If such To complete this work, the discussion during and after the
decay process is efficient enough compared to the other d&4TP workshops YITP-W-01-15 and YITP-W-02-19 was
cay channels, the final fraction of the dark component willuseful. This work was supported in part by the Monbuka-
not be significantly large. Such kind of models will be viable. gakusho Grant-in-Aid Under Grants Nos. 14740165 and

In conclusion, we found that the bulk inflaton model can14047212.
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