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Abstract

We consider hybrid inflation in the braneworld scenario. In particular, we consider inflation in global supersymmetry with the
D-terms in the scalar potential for the inflaton field to be the dominant ones (D-term inflation). We find that D-term dominated
inflation can naturally accommodate all requirements of the successful hybrid inflationary model also in the framework of D-
brane cosmology with global supersymmetry. The reheating temperature after inflation can be high enbd¢hGeV or
higher) for successful thermal leptogenesis.

0 2005 Elsevier B.V. Open access under CC BY license,

1. Introduction In such string-inspired scenarios the extra dimensions
need not be smal2] and in fact they can even be
Recently there has been considerable interest in "ON-compaci3]. Itis important to note thatin the con-
higher dimensional cosmological models. In those [€XtOf extra dimensions and the braneworld idea one
models our four-dimensional world lives on a three- discovers a generalized Friedmann equation, which is

dimensional extended object (brane) which is embed- different from the usual Friedmann equation in con-

ded in a higher-dimensional space (bulk). The models Ventional cosmology. This means that the rate of ex-
of this kind are string-inspired ones, as it is known Pansion of the universe in this novel cosmology is

that in Type | string theory1] there are two sectors, altered and accordingly the physics in the early uni-

the open and the closed ones, and that the theory con-Verse can be different from what we know already.
So it would be very interesting to study the cosmo-

tains extended objects, called D-branes, where open>* e ;
strings can end. The fields in the closed sector (in- !09ical implications of these new ideas about extra
cluding gravity) can propagate in the bulk, whereas dimensions and braneworlds. Perhaps the best labo-

the fields in the open sector are confined to the brane. atery for such a study is inflatiof#], which has be-
come the standard paradigm in the Big-Bang cosmol-

ogy and which is in favor after the recent discovery
E-mail address: panotop@physics.uoc.¢&. Panotopoulos). from WMAP satellite (see e.d5]) that the universe
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is almost flat. It is known that there is not a theory 2. D-term inflation

for inflation yet. All we have is a big collection of

inflationary models. The single-field models for in- In this section we explain what D-term inflation
flation, such as ‘new[6] or ‘chaoctic’ [7], are char- is, following essentiallyj11]. Inflation, by definition,
acterized by the disadvantage that they require ‘tiny’ breaks global supersymmetry since it requires a non-
coupling constants in order to reproduce the obser- zero cosmological constait (false vacuum energy
vational data. This difficulty was overcome by Linde of the inflaton). For a D-term spontaneous breaking
who proposed, in the context of non-supersymmetric of supersymmetry a term linear in the auxiliary field
GUTS, the hybrid inflationary scenari®]. We re- D is needed (Fayet-lliopoulos mechani$h¥]). If
mark that before that, the authors[@®] worked out the theory contains an Abelidin(1) gauge symmetry

a string-inspired version of hybrid inflation. It turns (anomalous or not), the Fayet—Iliopoulos D-term

out that one can consider hybrid inflation in super-

symmetric theories (for a review on supersymmetry & [ d*0V =¢D, (8]

and supergravity se@0]) too. In fact, inflation looks

more natural in supersymmetric theories rather in non- where V is the vector superfield, is supersymmetric
supersymmetric oneld1]. In a supersymmetric the- and gauge invariant and therefore allowed by the sym-
ory, the tree-level potential is the sum of an F-term mMmetries. We remark that an anomaldugl) symmetry
and a D-term. These two terms have rather differ- is usually present in string theories and the anomaly
ent properties and in all inflationary models only one is canceled by the Green—Schwarz mechanism. How-
of them dominateg12]. The case of F-term infla- €ver, here we will consider a non-anomalousl)

tion (where F-terms dominate) was considered for the gauge symmetry. In the context of global supersym-
first time in [13], while the case of D-term inflation ~ metry, D-term inflation is derived from the superpo-
(where D-terms dominate) was consideredlid]. In tential

fact, if one considers supergravity then D-term infla-

tion looks more promising, since it avoids the prob- W=100,0-, @
lem associated with the inflaton mafkt]. F-term where®, &_, &, are three chiral superfields and

inflation in braneworld was studied ifL5]. In the is the superpotential coupling. Under thigl) gauge
present note we discuss the implications of D-term in- symmetry the three chiral superfields have charges
flation. Q¢ =0, 0o, =+1 and Q¢_ = —1, respectively.

Before proceeding our discussion, let us specify The superpotential given above leads to the following
our setup. The braneworld model that we shall con- expression for the scalar potential
sider is the supersymmetric version of the RS Il model
(see e.g[16]). However, the cosmological solution of Y (¢+:¢—. [¢])

this extended model is the same as that in the non- = 2(1¢|2(1¢412 + |¢_|%) + ¢ ¢—1%)
supersymmetric model, since Einstein’s equations be- 2
long to the bosonic part. The only source in the bulk + ‘%(|¢+|2 —lp_ 1%+ g)z, 3

is a five-dimensional cosmological constant. There

is matter confined to the brane and during inflation, Whereg is the scalar component of the superfieid

which is the cosmological era we shall be interested ¢+ are the scalar components of the superfigids

in, this matter is dominated by a scalar field, called the g is the gauge coupling of th& (1) symmetry and

inflaton field. is a Fayet—lliopoulos term, chosen to be positive. The
The Letter consists of six sections of which this in- global minimum is supersymmetry conserving, but the

troduction is the first. We present D-term inflation in gauge groug/ (1) is spontaneously broken

the second section and brane cosmology in the third.

Our results for the inflationary dynamics on the brane ‘) = (#+) = 0 (#-) = Ve )

are discussed in the fourth section. We discuss reheat-However, if we minimize the potential, for fixed val-

ing after inflation in the fifth section and finally we ues of ¢, with respect to other fields, we find that

conclude in the sixth section. for ¢ > ¢ = §\/§, the minimum is atp;. = ¢_ = 0.
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Thus, forg > ¢. and¢ = ¢_ = 0 the tree-level po-
tential has a vanishing curvature in thalirection and
large positive curvature in the remaining two direc-
tionsm? = 12|¢|? + g2%.

For arbitrary largep the tree-level value of the po-
tential remains constant and equalig= (g2/2)£2,
thus ¢ plays naturally the role of an inflaton field.
Along the inflationary trajectory the F-term vanishes
and the universe is dominated by the D-term, which
splits the masses in thé and &_ superfields, re-
sulting to the one-loop effective potential for the in-
flaton field. The radiative corrections are given by the
Coleman-Weinberg formuld 8]

2
"

1 .
AVi-loop = Yy Z(—l)F’m;‘In 12’

i

(®)

whereA stands for a renormalization scale which does

187

is the usual four-dimensional Planck mass @&hgd =

Cgponanpgﬁg;’ is a projection of the five-dimensional
Weyl tensorCep,s, Wheren® is the unit vector nor-
mal to the brane. The tensors,, and E,,, describe
the influence of the bulk in brane dynamics. The five-
dimensional quantities are related to the corresponding

four-dimensional ones through the relations

3 M3
M,=,——2 8
b A7 JT ®)
and
4 4r T2
Ag=—5| A5+ —= ). 9
4 Mg( 5 3M53) 9

In a cosmological model in which the induced met-
ric on the braneg,, has the form of a spatially flat
Friedmann—Robertson—Walker model, with scale fac-

not affect physical quantities and the sum extends over tor a(z), the Friedmann-like equation on the brane has

all helicity states, with fermion numbetF; and mass
squaredml.z. The radiative corrections given by the
above formula lead to the following effective poten-
tial for D-term inflation
252 2 2,2
8¢ g [pl“A
Vp) = 1 . 6
0= (14 a2 ©
The end of inflation is determined either by the failure
of the slow-roll conditions or whe# approaches..

In

3. Effective gravitational equations on the brane

Here we review the basic equations of brane cos-
mology. We work essentially in the context of Ran-
dall-Sundrum Il mode]3]. In the bulk there is just a
cosmological constams, whereas on the brane there
is matter with energy—momentum tensgy,. Also, the
brane has a tensiofi. The five-dimensional Planck
mass is denoted by/s. If Einstein’s equations hold

in the five-dimensional bulk, then it has been shown H

in [19] that the effective four-dimensional Einstein’s
equations induced on the brane can be written as

8 87\
_W'f,uv‘f‘ <ﬁ> ﬂuv_Euvv (7)
4 5

whereg,,, is the induced metric on the brane,, =
1 1 1 1 i
T+ ggwrfyﬂr“ﬂ —ZTua Ty — 2—41'%g,w, Agisthe
effective four-dimensional cosmological constatt,

the generalized forrf20]

8
2P
3M;

Ay
5+

4r \?, C
+ <3Mg> Pt a®’
whereC is an integration constant arising frof),, .
The cosmological constant term and the term linear in
p are familiar from the four-dimensional convensional
cosmology. The extra terms, i.e. the “dark radiation”
term and the term quadratic im, are there because

of the presence of the extra dimension. Adopting the
Randall-Sundrum fine-tuning

H?= (10)

47 T?
YYED

3MZ
the four-dimensional cosmological constant vanishes.
Furthermore, the term with the integration constant
will be rapidly diluted during inflation and can be ig-

nored. So the generalized Friedmann equation takes
the final form

»

2T )

(2+

We notice that in the low density regime< T we
recover the usual Friedmann equation. However, in the
high energy regime > T the unity can be neglected
and then the Friedmann-like equation becomes

5= (11)

2 8

= ml) (12)

2 47 p?

L (13)
3T M2
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Note that in this regime the Hubble parameter is linear
in p, while in conventional cosmology it goes with the
square root op.

4. Inflationary dynamicson the brane

As already mentioned, we will consider the case in
which the energy—momentum on the brane is domi-
nated by a scalar field confined on the brane with a
self-interaction potentiaV (¢) given in(6). The field
¢ is a function of time only, as dictated by the isotropy
and homogeneity of the observed four-dimensional
universe. A homogeneous scalar field behaves like a
perfect fluid with pressurg = (1/2)¢? — V and en-
ergy densityo = (1/2)¢2 + V. There is no energy ex-

G. Panotopoulos/ Physics Letters B 623 (2005) 185-191

In this approximation the equation of motion for the
scalar field takes the form

*="3m
while the generalized Friedmann equation becomes
(V> ¢?)
2N14nV2
- 3TM§'

(19)

(20)

The number of e-folds during inflation is given by

ty
a
In—f=/Hdt.
aj
t

For a strong enough inflation we také= 60. In the

N (21)

change between the brane and the bulk, so the energy-slow-roll approximation the number of e-folds and the

momentum tensaf,, of the scalar field is conserved,
thatisvV'T,, = 0. This is equivalent to the continuity
equation for the pressugeand the energy densify

p+3H(p+p)=0,

whereH is the Hubble parametéf = & /a. Therefore
we get the equation of motion for the scalar figid
which is the following

(14)

é+3Hp+ V'(¢)=0.
This is of course the Klein—Gordon equation for a
scalar field in a Robertson—-Walker background. The
equation that governs the dynamics of the expansion of
the universe is the Friedmann-like equation of the pre-
vious section. Inflation takes place in the early stages
of the evolution of the universe, so in the Friedmann
equation the extra term dominates and therefore the
equation for the scale factor is

(15)

47 p?

H?2= "
3TM[2,'

(16)

In the slow-roll approximation the slope and the cur-
vature of the potential must satisfy the two constraints
€ <« land|n| « 1, wherees andp are the two slow-roll

parameters which are defined by
H
V//
=—. 18
=3 (18)

slow-roll parameters are given by the formu[a&]

M3 (V'\24T
e~ L2 (=) —, (22)
6r\Vv) v
M2 (V"N 2T
~ 2 (Y2\ 2L 23
L 8ﬂ<V>V (23)
& v v
T
N:_W/Wﬁw (24)
o

The main cosmological constraint comes from the am-
plitude of the scalar perturbations which is given in
this new context by21]

(zr)"

where the right-hand side is evaluated at the horizon-
crossing when the comoving scale equals the Hubble
radius during inflation. Finally, the spectral index for
the scalar perturbations is given in terms of the slow-
roll parameters

, 5127 V3
* T 75M8 V2

Vv
2T

(25)

dln A?
1= 5 =2n—6 26
s dInk e (26)
and the tensor-to-scalar ratio is given by
A% T
L—e—. 27
227y (27)

In what follows we will assume that ~ 0.5 and that
inflation ends at. = (g/1)+/&. To make sure that the
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slow-roll conditions are satisfied we impose the con- 5. Reheating

straint
Finally, let us turn to the discussion of reheat-
TM2)2 ing after inflation and to the computation of the re-
1673423 <1 (28) heating temperatur@y. After slow-roll the inflaton

decays with a decay rat& and the decay prod-
Also, we have assumed that the potentials much ucts quickly thermalize. This is the way the universe
larger than the brane tensidh. Therefore another reenters the radiation era of standard Big-Bang cos-
constraint to be satisfied is mology. The reheating temperatuf& is related to
two more cosmological topics, namely the gravitino
problem[22] and the baryogenesis through leptoge-
nesis. In gravity mediated SUSY breaking models
and for an interesting range of the gravitino mass,
m3/2 ~ 0.1-1 TeV, if the gravitino is unstable it has
a long lifetime and decays after the BBN. The de-
cay products destroy light elements produced by the
BBN and hence the primordial abundance of the grav-
itino is constrained from above to keep the success

, ) of the BBN. This leads to an upper bound on the
Then, for a given value for, the brane tension cannot  eheating temperatur@y after inflation, since the
become arbitrarily large because in that case the con- 5, ,ndance of the gravitino is proportional .

straint that the potential should be much larger than  getajled analysis derived a stringent upper bound
f[he brane tension is not satisfied. We find the follow- Tk < 10°-10 GeV when gravitino has hadronic
ing upper bound for the brane tensitn modes[23]. On the other hand, primordial lepton
asymmetry is converted to baryon asymmefy]
T < 10°°-10°° GeV*. (30) in the early universe through the “sphaleron” effects
of the electroweak gauge theofg25]. This baryo-

Now that we have set upper bounds foandi sothat genesis through leptogenesis requires a lower bound
our constraints and the data from COBE are SatiSfied, on the reheating temperature_ Leptogenesis can be
we can compute the spectral indexand the tensor-  thermal or non-thermal. For a thermal leptogenesis
to-scalar ratior. We find for the spectral index; = Tg > 2 x 10° GeV [26], whereas for non-thermal
0.983-0998 and for the ratie ~ 10~ or lower. leptogenesisT; > 10° GeV [27]. It seems that it is

A detailed analysis shows that for a particular value jmpossible to satisfy both constraints for the reheat-
for A (below the upper bound of course) the spec- ing temperature coming from leptogenesis and the
tral index does not depend dh and is always very  gravitino problem. However, the authors[@B] have
close to 1. Asi becomes smaller and smaller the showed that in the braneworld scenario, that we dis-
spectral index slightly increases and gets even closercyss here, it is possible to solve the gravitino problem
to 1. Also, in all cases the tensor perturbations are gjiowing for the reheating temperature to be as high
negligible. Finally, we find that for the maximum a5 139 GeV. According to Ref[28] the gravitino
value for the brane tenSiOIMémax) ~ 10" GeV and abundance is proportional not to the reheating tem-
(VE))max= (3.99-674) x 10 GeV, whereas/E be- perature, as is the case in conventional cosmology, but
comes smaller af decreases. We note that according to a transition temperaturg between high temper-
to our analysis. a priori can take arbitrarily small val-  atures {z) and low ones (today’s temperatufg@).
ues. However, this would be unnatural and for that That way the requirement for not over-production of
reason we do not consider values foismaller than gravitino leads to an upper bound for this transition
5x 10~*. In that case we find that the values of the in- temperature and not for the reheating temperature,
flaton remain safely below Planck mass and therefore which can be as high as a satisfactory leptogenesis
global supersymmetry is a good approximation. requires.

g%?

ar > 1 (29)
Now that we have written all the necessary formulae,
we can proceed to the presentation of our results. For
arbitrary it is not possible to satisfy both the datum
from COBE thatd, = 2 x 102 and the slow-roll con-
ditions. For this to happen the superpotential coupling
A has to be smaller or equal tdd245 (approximately).
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Fig. 1. Reheating temperatufg versus the superpotential coupling

» for My = 1010 Gev andE = 1014 Gev. Fig. 2. Reheating temperatufg versus the Fayet-lliopoulos term

¢ for superpotential coupling = 0.01 andM; = 1010 GeV.

The reheating temperature is given by the formula minfl /2), the reheating temperature increases too and

<F15FMP>1/4 in fact it goes like~ /My. For example, if. = 0.01
R=|— ,

(31) andE = 10 GeV, thenTy = 4.15 x 10 GeV for
M1 =6 x 10° GeV andTg = 3.79 x 102 GeV for
wheregef is the effective number of degrees of free- M1 =5 x 10t GeV. Finally, for a givenM; and a
dom at the reheating temperature and for the MSSM is given&, whena increases thefiy decreases, but only
geff = %3. Assuming that the inflato decays to the  slightly so as to remain of the right order of magni-
lightest of the three heavy right handed neutrigos tude for a successful leptogenesis (§¢g 1). Also,
for a given value of\/1 and X, whené¢ increasesTz

T ”deff

b= vty (32) increases also (séég. 2).
the decay rate of the inflaton [i$2]
mintt ( M1\ 2 6. Conclusions
=—\—=), (33)
8t \JVE

To summarize, we have reexamined supersymmet-
whereminf is the inflaton massy/; is the smallest of  ric D-term dominated hybrid inflation in brane cos-
the three neutrino mass eigenvalues ang > 2M. mology. We have found that we can reproduce the
The mass of the inflaton is given in terms of the cou- observational data provided that each of the brane ten-
pling constang and the Fayet-lliopoulos parameter  sion, five-dimensional Planck mass and the superpo-
by tential coupling does not exceed a particular value. For
a given value for the superpotential coupling, when the
minn = V28 V/§. (34) brgane tension takes thg mpaximum aIIO\‘/)vedgvaIue then
If the value of the mass of the lightest right handed the scale of inflation/Z is of the order of- 104 GeV.
neutrino isM1 = 10'° GeV, which is a representa- This value of the inflationary scale is lower than the
tive value, then the reheating temperat@le can be (supersymmetric) GUT scale, but close to it. Also, we
one to two orders of magnitude larger than the right have found that for natural values of the superpoten-
handed neutrino mass, depending on the values oftial coupling the inflaton field cannot take large val-
the superpotential couplingand the Fayet—lliopoulos  ues and stays well below the four-dimensional Planck
term & (seeFigs. 1 and 2 So we see that the re- mass, consistent with the global supersymmetry ap-
heating temperature is of the right order of magnitude proximation adopted here. Furthermore, we have seen
for thermal leptogenesis. When the right handed neu- that our results are compatible with the corresponding
trino mass increases (remaining though smaller than results in the standard four-dimensional cosmology.
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This means that the advantages of the hybrid model
are naturally preserved in the framework of brane cos-
mology. Finally, our study shows that the reheating
temperature after inflation can naturally be of order
100 GeV (or larger) allowing for a successful ther-
mal leptogenesis.
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