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Nontachyonic brane inflation
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We consider nontachyonic hybrid inflation in the context of the braneworld cosmology. When one considers
models for brane inflation, hybrid inflation is a natural consequence of the tachyon condensation if it appears
at the end of inflation. In this case, however, reheating is a difficult problem due to the peculiar properties of
the tachyon. In this paper we show some models of brane inflation where a new type of hybrid inflation is
realized due to the localized matter fields. The obvious advantage of our scenario is successful reheating, which
is due to the potential that is localized on the brane. The serious problem of the loop correction is also avoided.
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[. INTRODUCTION case, however, late oscillation of the radion field is a serious
problem, which may or may not be solved by a second weak
In spite of the great success of quantum field theory, ther@nflation. One may find other ways to realize inflation in
is still no consistent scenario in which quantum gravity ismodels with large extra dimensions. Because of some dy-
included. The most promising scenario in this direction isnamical mechanisms, the extra dimensions may have been
string theory. In the context of string theory, consistency isstabilized before the Universe exited from inflation. If the
ensured by the requirement of additional dimensions. Origistabilization of the internal dimensions occurred before the
nally, the size of extra dimensions had been assumed to be 88d of inflation, it is rather difficult to construct a model for
small asM . Then later observations showed that there ighflation by the field on the brane, since their energy densi-
no reason to require such a tiny compactification raglis ties are suppressed. In this case one may use the bulk field

In these models with large extra dimensions, the observe ther Fhan a field on the braf,g]. In t_h.is direction, it was
Planck mass is obtained by the relatidnd=M"*2V, ound in Ref.[7] that the phase transition of the hybrid in-
* 1

.. flation becomes fast because of the huge number of destabi-
whereM, andV, denot_e the _fundamental scale of gravity lized Kaluza-Klein modes at the end of inflation. Although
gnd the volume of the—dlmensm_nal compact space. ASsum- o problem of the slow phase transitip] seems to be
ing more than two extra dimensiortd,, may be close to the go\yed, another problem appears because of the excited
TeV scale without conflicting with any observable bound.kajyza-Klein modes. Overproduction of the excited Kaluza-
The most natural embedding of this picture in the stringklein modes is a serious problem, because they efficiently
theory context will be realized by the brane construction. Ofemit Kaluza-Klein gravitons when they decay into lower ex-
course, the brane construction will be a viable candidate fogited modeq5]. Thus one should conclude that the models
the Universe even if the fundamental scale is not so low asor bulk inflation with lowM, are not candidates for the last
the TeV scale. In the braneworld scenario, there is no obvifincluding wealk inflation. There is another serious obstacle
ous reason to believe that the fundamental scale is as high &sconstructing models for hybrid inflation via the bulk field.
the Planck scale. Although the scale of inflation is enhanced by the factor of

Although this new idea inspired many physicists and ledO(M3/M2) for the bulk field, it is still difficult to produce
them to a new paradigm of phenomenology, a drastic modithe required cosmic microwave backgrouf@MB) anisot-
fication is required for the conventional cosmological sce-opy, because of the serious constraint from the loop correc-
narios. Models of inflation and baryogene$® are espe- tion [8]. In this respect, realizing successful hybrid inflation
cially sensitive to such a low fundamental scale, iM,,  with the fundamental scal, as low as the TeV scale
<MgyTt, WhereMgyt denotes the standatdlid) grand uni-  seems very difficult for both conventional and weak
fied theory(GUT) scale. To avoid extreme fine-tuning, one inflation?
should reconstruct the conventional scenarios of the standard In the braneworld scenario, one may find another interest-
cosmology. This requires inclusion of novel ideas that ardng possibility, “brane inflation”[10], in which the inter-
quite different from the conventional one. For example, ifbrane distance is used for the inflaton. In this case, a hybrid
one puts the inflaton field on the brane, the inflation massegersion of brane inflation is naturally obtained by the
are required to be unnaturally smg8]. On the other hand, tachyon instability. In generic models for hybrid brane infla-
in generic cases, the mass of the inflaton is bounded frortion, the system develops tachyon modes when the brane
below to achieve successful reheating. Thus it seems quitgistance becomes small, which then leads to a natural end of
difficult to construct a model for inflation driven by a field on inflation via an extra field as in the conventional hybrid mod-
the brane. A way to avoid this difficulty was put forward by els. This type of scenario has been discussed on various oc-
Arkani-Hamedet al.[4], where inflation is assumed to occur casions[11,12. On the other hand, however, there are
before the stabilization of the internal dimensions. In this

To avoid the most serious constraint from the CMB anisotropy,
*Electronic address: matsuda@sit.ac.jp one may consider curvaton scenario as an alternf@je
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problem$ related to the peculiar properties of the tachyon An intersecting braneworld with angles has been dis-
field. For example, reheating after inflation is not so easy asussed by many authors as a candidate for supersymmetry
in the conventional hybrid inflatiof14]. Moreover, the breaking configurations that may realize the hybrid brane
analysis of such a collapsing process requires more investinflation[12]. Within the context of interesting brane models,
gations of the quantum deformation of the branes with maniit was shown that obtaining a successful inflationary period
festations of the couplings to matter fields. According to theis possible from slightly nonsupersymmetric configurations
above viewpoints, it should be interesting if one can con-consisting of D4-branes interescting at one angle on a six-
struct a model for hybrid brane inflation that does not dependiimensional compact spa¢&2]. In these models for infla-
on the physics related to the tachyon. tion, the inflaton field is the moduli field that represents the
In this paper we will consider new types of hybrid branedistance between branes, whose potential is raised by the
inflation. The instability at the end of inflation is induced by supersymmetry breaking. Inflation is terminated by the
the localized fields on the brane. During inflation their crosstachyon condensation that destabilizes the brane configura-
terms are suppressed by the brane distance. Then at the emmh when two branes come close and collapse into lower
of inflation, the cross terms become as largeCq4). We  dimensional branes.
focus our attention on the possible models where the brane Although these models are interesting and theoretically
distance drives hybrid inflation after the radion stabilization.attractive, reheating and the collapsing process are not well
In our model, unlike other models for hybrid inflation in the investigated, which may cause serious difficulty. To clarify
brane Universe, the tachyon is not required. Inflation endshe purpose of this paper, we should first discuss why reheat-
because the localized fields on each brane begin to interadhg is difficult in thess scenarios. The simplest version of
Then the interaction destabilizes the potential on the brandarane inflation begins with a parallel brane and an antibrane
Unlike the tachyon, the field on the brane can reheat that some separation. Although parallel branes preserve super-
Universe. The most attractive point in our model is that re-symmetry and there is no force between them, the brane-
heating is realized by the localized matter fields on theantibrane system can break supersymmetry so that a nonva-
branes, which may hav€®(1) couplings to the standard nishing potential energy appears and induces an attractive
model matter fields, while the serious loop correction to theforce between them. This potential drives inflation. The form
inflaton mass is well suppressed during inflation. of the potential changes once the branes have reached a criti-
In Sec. Il, we first make a brief review of hybrid inflation cal separation, where the branes become unstable to annihi-
in the braneworld cosmology. There are two important posiation or collapse into lower dimensional branes. The insta-
sibilities in this direction; one is hybrid inflation due to the bility of the brane-antibrane system is described by the
conventional field6,7,19 and the other is brane inflation condensation of a tachyonic mofk6]. Because of its pecu-
[11,12. In this paper we consider the latter possibility, infla- liarity, the tachyon starts from the unstable maximumTat
tion due to the branes at a distance. Then we show explicie0 and rolls down toT—o. Here the crucial difference
examples of our idea, nontachyonic hybrid inflation due tofrom conventional hybrid inflation is that the tachyon cannot
branes separated at a distance. The potential on one braneoiscillate to reheat the Universe in the usual way. Although
destabilized by the interaction between fields on the othethere are papers in which reheating by varying the tachyon is
brane, which terminates the brane inflation. The destabilizediscussedl14], it is still interesting to find a model for hybrid
field can immediately decay into fields in the standardbrane inflation that isiot due to the tachyon condensation.
model. The important point is that the field destabilized at From the above viewpoint, in order to obtain successful
the end of inflation is not a tachyon but a conventional fieldreheating, we investigate models for hybrid brane inflation
on the brane, which may have couplings to the fields in thavithout the tachyon. In our model, the origin of the super-
standard model. In spite of the large interaction after inflasymmetry breaking is not the angle between branes. Here we
tion, the serious loop correction, which is discussed in Refassume that supersymmetry is broken on the brane. We ex-
[8] and puts a serious constraint on hybrid inflation, is expopect that at the end of inflation, when two branes come close,
nentially suppressed and negligible during inflation. the trans-bulk interaction between localized fields on differ-
ent branes becomé&3(1) and destabilizes the potential. We
show two examples in this direction. In one case the poten-
tial is destabilized by a tree-level interaction, and in the other

If the braneworld represents the present Universe, supef@se the destabilization occurs dynamically.
symmetry is required to be broken by soft supersymmetry
breaking terms, unless the fundamental scale is as low as the
electroweak scale. Flat directions, which become flat in the
supersymmetric limit, may have been raised by small super- Here we consider a brane configuration that does not in-
symmetry breaking terms. The brane distance, which will besoke the tachyon at the end of brane inflation. If one consid-
parametrized by a massless moduli field in the supersymmeers domain walls instead of branes, walls should consist of
ric limit, will also be raised. independent field configurations that satisfy independent

Bogomol'nyi-Prasad-SommerfielPS conditions at least
the the tree level. Supersymmetry is expected to be broken
The properties of the tachyon may h#tractivefor people who by the fields on the branes.
want to explore a new paradigm of tachyon cosmolfiti. Let us consider a potential on one brane,

II. HYBRID BRANE INFLATION

A. Models with tree-level interactions
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V(¢a)a=m2¢§+ Aa¢;‘. (2.2 at a distance along extra dimensions, which means that the
Higgs potential is not destabilized at this time. Weak brane
where the fieldp, is localized on the brane. We also considerinflation can take place within the above settings, if the ef-

a potential on the other brane, fective mass for the brane-distance moduli is well suppressed
B 2 22 [8]. Reheating is successful in this model, because the field
V(¢o)o =Nl dp = AT, (22 that decays after inflation is the conventional Higgs field on

where¢,, denotes the field that is localized on the brane. The§he brane. The potential near the origin becomes steep for the

interaction betweems, and ¢, is exponentially suppressed inflaton field, because of its exponential dependence on the
. a b P y supp distance between branes.
by the brane distance,

In general, an inflation model with a higher energy scale

V(s bp)int= —)\,e‘(""*')2¢§¢§, 2.3 is more realistic. To construct such models, we should in-
clude additional components so that their typical scale be-
wherer denotes the distance between branes. comes higher than in the above simplest example. In ordi-

In our model, the inflaton field is the moduli field that nary models for inflation, a light inflaton is a problem since it
parametrizes the distance between branes, which we denctannot reheat the Universe up to the MeV scale. However, in
by o= Mir- The potential for the moduli field is flat if the ~ the above example, the field that decays and reheats the Uni-
BPS condition is satisfied, but will be raised when supersymverse at the end of inflation may ha@(TeV) mass and
metry is broken by the fields on the branes. The four-O(1) interaction with the fields on the brane. The mass of

dimensional effective potential is the inflaton after inflation becomes much larger than it was
52 . ) . during inflation, because the potential becomes steep near the
V(a,p,0)=M "zt Nadzt Npl pp— A”] origin.

—(0IM,)? 42 42 2 2
—\e it Pabpt M0 (2.4 C. Cosmological constraints
Inflation starts whero is large. Then the minimum of the When one considers inflation, one of the most obvious
potential on each brane is locatedfgt=0 and¢,=A. Here  expectations will be that it explains the origin of the cosmic
we assume that the cosmological constant is tuned so thatnticrowave background anisotropy of the present Universe.
vanishes after inflation. On the other hand, sometimes, the requirement from the
Then what happens at the end of inflation, wherbe-  CMB anisotropy imposes a serious constraint on the models
comes smaller thaM, ? When two branes come close, the for inflation. Although the constraint from the Cosmic Back-
transbulk interaction between field2.3) becomes strong; ground Explore(COBE) measurement disappears when one
then it destabilizes the potenti( ¢,),. The destabilization considers alternative mechanisms, such as cosmic strings
occurs wherm?< \;A2. In this model the localized fielp,  [18] or the curvaton hypothesf8], it is still very important
can couple to the field in the standard model thro@i)  to ask whether the inflation itself can produce the required
interactions, which makes it easier to reheat the Univers€MB anisotropy.
after brane inflation. For the model that we have discussed above, it is easy to
Our model also presents a new kind of steep binding ensee that no fine-tuning is required if it is liberated from the
ergy between branes or quasi-BPS domain walls. The loca€OBE constraint. As we mentioned above, reheating is suc-
ized potential is destabilized only when branes come closesessful in our model. Thus our models for hybrid inflation is
which appears as a short-range attraction between branessafely used at least for weak inflation.
The attractive force is induced by the field that breaks super- According to the above arguments, here we consider the

symmetry on the brane. question of whether our model can produce the required
CMB anisotropy during inflation without peculiar fine-
B. Models with dynamical destabilization tunings.

) » ) o For the standard models for hybrid inflation, the require-

We consider a familiar mechanism for the radiative sym-ment from the COBE measurement puts severe bounds on
metry breaking in the minimal supersymmetric standargneir scales and couplings, because of the large loop correc-
model (MSSM) as the most naive realization of our idea. In tjon For example, here we consider the original hybrid in-
the MSSM, after supersymmetry breaking, the Higgs potentiation model[19] with the potential
tial is destabilized due to the loop correction from the top . 1 1 L
quark, because of its large Yukawa coupling. On the other _ 2 o 2 2 4 2,2
hand, in models of the braneworld, one can find many mod- Vg, 0)=Vot oMo+ 594 0"+ Z A p"= 5 my 4"
els for the fermion mass hierarchy that utilize the localization (2.5
of the matter fields along extra dimensiofis’]. Here we . ) )
consider a model in which the top quark and the Higgs bosoiket us consider the loop correction, which comes from¢he
are localized on different branes, and the supersymmetrffeld. If there is supersymmetry, the result is simplified and
breaking is induced by the tree level soft mas®©(M, ) only the logarithmic part of the following form is relevant:
~ O(TeV). In the true vacuum, these two branes must coin-
cide to give the large Yukawa coupling for the top quark. AVone loof @)
However, in the early Universe, these branes may be placed 642

m?(o)

(m“(a)ln e ) (2.6

083519-3



TOMOHIRO MATSUDA PHYSICAL REVIEW D 67, 083519 (2003

where the effective mass of thg field is given by brane and the transition to the bulk fields occurs at the tree

) 2 2 2 level, one can estimate ampper limit for the soft mass by

m“(o)=(g°0"—my) (27 dimensional analysigl],
and A is the renormalization scale. The flatness conditions IFprand?
. ranei
require[8] m,znodulu;GMnEW, (2.12
E
g< \8) (2.9 . - . .
My WhereG4+nE is the gravitational constant in+4ng dimen-

ions and~,, ., denotes the supersymmetry breaking on the
rane. Without additional symmetries or mechanisms, the
soft masses for the modulus are expected to be a few orders
Vol smaller than the above upper limit. The lower limit will be
o . . )
(P ocose=(10° GeV)>——(1 MeV)?, (2.9  given by the requirement from the conventional soft super-
2 symmetry breaking terms in the supersymmetric extension of
the standard model. Then the required supersymmetry break-
where ocoge denotes the expectation value @fwhen the  ing on the brane is abot#,,,,.= TeV. If the mass for the
COBE scales leave the horizon. Considering these condinflaton is required to be much smaller than the above lower
tions, one must conclude that hybrid inflation is not viable atlimit, the model requires peculiar fine-tunings or specific
the TeV scale. In this model, the lower bound for the energymechanisms to forbid the soft mass, even if one Bésrm
scale is about 10GeV [9].2 inflation [21,22. This problem arises when the scale of
Here we consider the potentié.4) and examine the loop D-term inflation is much smaller than the requirEderms
correction from¢, and ¢, . In our model, the relevant cou- on the brang23]. In our model, the energy density during
pling is given by Eq(2.3). During inflation, wherr is much inflation can be derived from th® term, but the scale is
larger thanl\/l;l, the loop correction from the fielh, does  assumed to be larger than the TeV scale. Thus in our case we
not depend o because the-dependent part ah(o), is  may assUMEF ,.nd 2< Vo during inflation.

actually zero during inflation. On the other hand, although To be more explicit, here we consider a model with
the loop correction from the fields, does not vanish, the ~Mg~(10° GeV)* and m,~0.1x \Vo/Mp. Then the re-
o-dependent part ain(o) s, is suppressed by the exponen- quired value isocoge™ 10_? GeV, which iS. small_er than -
tial factor in Eq.(2.3), which makes the loop correction ir- the expected value of the_‘;'eld when the trigger field termi-
relevant to the inflaton potential. nates inflation atoc~M_~. As inflation ends ato
Although the serious constraint from the loop correction~10° GeV, the CMB anisotropy produced becomes much
is removed in our model, another problem still remains. As-Smaller than the requirement from the COBE measurement.
suming that the inflaton fluctuation is the origin of the struc-Thus we conclude that the fluctuation of the inflation in our
ture of the Universe, one will find the constraint model cannot produce the required structure of the Universe,
if the scale of inflation is as low as the TeV scale.
In our model, the energy density on the brane has a limit
Mp 7=5-3>< 1074 (210 v,<M*, whereM, is the fundamental scale. On the other
hand, ocoge is bounded from below, because inflation is
terminated a~ M, . Considering the above limits, we can
find a bound for the fundamental scale in order to satisfy the

and the COBE normalization requirement gives an additionai
constraint:

V3/2

This implies that

ocose~Mp3V345.3x10%4) " tm;? requirement from the COBE mesurement. After simple cal-
. culations, we findVl, >10° GeV, which is weaker than the
104 G \/( Vo Vo/M3 bound for the original model for hybrid inflation.
~ e . . . - - -
(10° GeV)* mlzr Our conclusion in this section is the following. Although

the serious constraint from the loop correction is removed in
(2.1) our model, it is still difficult to produce the required CMB
anisotropy by inflation with a low energy scale. The require-
whereocoge is is the expectation value of the inflaton when ment isM, >1 GeV, which is an improvement from the
scales explored by COBE leave the horizon. Here we haveriginal model for hybrid inflation.
used the simplest potential for the inflaton fielf{,o) =V,
+ m(2,0'2.
Obviously, the bare mass for thefield is required to be
smaller than\/volep. If supersymmetry is broken on the  In this paper, we have proposed a new idea for brane
inflation, which does not utilize the tachyon. Our model may
also be considered as a novel realization of hybrid inflation,
3In Ref. [20], it is discussed that an alternative model, which is which has not been discussed yet.
called inverted hybrid inflation, can evade the above serious con- In any model for brane Universe, it is natural to think that
straints and works even at the TeV scale. some fields are localized on branes at a distance. It is also

IIl. CONCLUSIONS AND DISCUSSION
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natural to expect that these fields may h&4gl) couplings constraint from the loop correction is evaded. As we stated
when branes are on top of each other. If the interaction deabove, our settings are quite natural in models for the brane-
stabilizes a potential, our idea for hybrid brane inflationworld.
works.
With these things in mind, we have constructed two ex-

plicit examples. There are two advantages compared to the
previous models for tachyonic brane inflation or standard
hybrid inflation. The most attractive point is that reheating is We wish to thank K. Shima for encouragement, and our
natural in our model. It is also attractive that the seriouscolleagues in Tokyo University for their kind hospitality.
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