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Abstract

W e present a novelin
ationary scenario in theories with low scale (TeV)

quantum gravity,in which the standard m odelparticlesare localized on the

braneswhereasgravity propagatesin thebulk oflargeextradim ensions.This

in
ationary scenario is naturalin the brane world picture. In the lowest

energy state,a num berofbranessiton top ofeach other(oratan orientifold

plane),so the vacuum energy cancelsout. In the cosm ologicalsetting,som e

ofthebranes"startout" relatively displaced in theextra dim ensionsand the

resultingvacuum energy triggerstheexponentialgrowth ofthe3non-com pact

dim ensions.Thenum berofe-foldingscan bevery largedueto thevery weak

brane-brane interaction at large distances. In the e�ective four-dim ensional

�eld theory, the brane m otion is described by a slowly rolling scalar �eld

with an extrem ely 
atplateau potential. W hen branesapproach each other

to a criticaldistance,the potentialbecom essteep and in
ation endsrapidly.

Then thebranes"collide" and oscillateabouttheequilibrium point,releasing

energy m ostly into radiation on the branes.
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A .Introduction.

Recently itwassuggested thatthefundam entalscaleofquantum gravity M P f m ay beas

low asTeV,providing an alternativeunderstanding ofthehierarchy problem [1].Observed

weakness ofgravity at large distances is associated by N large new dim ensions (ofsize

� R >> M
� 1
P f) in which gravity can propagate. Then the relation between the observed

Planck scaleM P and thefundam entalPlanck scaleM P f isgiven by

M
2

P = M
N + 2

P f VN (1)

where VN � R N (N m ust be 2 or larger) is the volum e in extra spatialdim ensions (i.e.,

thebulk).In thispicture,allthestandard m odelparticlesm ustlive in a brane(ora setof

branes)with 3 extended spacedim ensions[1]1.Perhapsthem ostnaturalem bedding ofthis

picture isin the string contextvia the D -brane construction (see [6]foran introduction),

where the standard m odel�elds can be identi�ed with open string m odes stuck on the

D -branesand thegraviton isa closed string m odepropagating in thebulk [7{10].

Variousphenom enologicaland astrophysicalconstraints[1]and related issueslikeblack

holes [11],collider physics [12],
avor violation [13],neutrino m asses [14,15]and proton

decay [1,15]have been addressed. Uni�cation ofthe gauge couplingsisanotherim portant

issueand in thisrespect,theproposalsof[16],[15]look particularly prom ising.

Them ain concern ofthepresentpaperisthein
ationary cosm ology in thisfram ework.

Obviously,with the above proposal,the standard cosm ologicalpicture isdram atically af-

fected. As it was shown in [1], big bang nucleosynthesis (BBN) and the bulk graviton

production placesevereboundsboth on thereheating tem peratureand on the"initialcon-

ditions" forthehotbig bangafterin
ation.First,thereheattem peraturem ustbeaboveat

least1 M eV forBBN to proceed successfully.On theotherhand too m uch reheating in the

bulk can lead to the overproduction ofKaluza-Klein (KK)gravitonswhich can over-close

the Universe and ruin the success ofBBN.Therefore the m inim alrequirem ent afterin
a-

tion would beto reach a reasonablereheating tem peratureon thebraneTR ,whilethebulk

rem ains cold and em pty2. The question is how to im plem ent in
ation in this scenario to

achieve these properties,in addition to su�cientin
ation,and correctam ountsofdensity

perturbation and baryogenesis? Som e potentialproblem s in this respect were considered

in [17][18]. Theirconsiderations,however,were lim ited to conventionalin
ation potential

with thein
aton being oneofthe�eldsliving on thebrane.Thistypeofscenariostypically

requirestrem endous�netuning.

In thisletterwesuggesta novelin
ationary scenario,freeoftheabovedi�culties.The

crucialaspectisthat,although thein
aton isa branem odein theground state,itbehaves

asan "inter-brane" m ode thatdescribesa relative separation ofbranesin the extra space

1In a di�erent context an attem pt of lowering the string scale to TeV,without lowering the

fundam entalPlanck scale wasconsidered in [2],based on an earlierobservation in [3].Dynam ical

localization ofthe�eldson a (solitonic)braneem bedded in a higherdim ensionaluniversehasbeen

studied earlierin the �eld theoretic contextforspin-0 and 1=2 [4],[5]and spin-1 states[5]

2Forrecentdiscussionson therm alphasetransitionsin higherdim ensionaltheoriessee [19],[20].
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directions. This separation induces in
ation in the 3 non-com pact dim ensions. During

in
ation,when branesare generically separated,the in
aton behavesasa weakly coupled

�eld (as it should),with a slow-rollbehavior. Towards the end ofin
ation,when branes

com eclose,thein
aton couplesto theotherbranem odesbutrem ainsvery weakly coupled

to the bulk m odes. This m eans only the brane is reheated,thus avoiding the problem s

with late entropy release or over-closure ofthe Universe. For the outside observer,this

processwould look like reheating due to the "breathing" ofbrane-brane bound-state. An

oversim plied in
aton potentialthatillustratestheabovegenericalfeaturehastheform :

V (�)� M
4

P f �(�=M P f)(1� e
(� j�j=m )) (2)

wherem isa m odel-dependentm assscaleand �(�)isa sm ooth slowly-varying function.

This in
ationary scenario em erges rather naturally in the generic brane world picture

[1,10]. W e m ay consider the Type Istring where K branes sit m ore or less on top ofan

orientifold plane at the lowest energy state,resulting in zero cosm ologicalconstant. In

thecosm ologicalsetting,itisreasonable to assum e thatsom eofthebraneswere relatively

displaced from the orientifold plane in the early universe. This displacem ent induces an

e�ective vacuum energy density triggering in
ation.The separation distance m ay be iden-

ti�ed with the vacuum expectation value � ofan appropriate Higgs�eld [21]. ThisHiggs

�eld isan open string state with itstwo endsstuck on two separated branes;thatis,this

scalar�eld isabranem odeplaying theroleofthein
aton.In thee�ectivefour-dim ensional

theory,them otion ofthebranesisdescribed by thisslowly-rollingscalar�eld,thein
aton.

Thishasa 
atpotentialwith no need of�netuning.Flatnessofitspotentialisdueto the

very weak brane-brane (and brane-orientifold plane)force atlargedistances,thusallowing

forsu�cientnum berofe-foldings.W hen thebranescom ecloser,theshort-rangepotential

turns on and ends in
ation. At this point the in
aton potentialbecom es very steep and

itsoscillationsreheatthebrane(s).In thisscenario,itiseven possiblethattheelectroweak

Higgs�eld playstheroleofthein
aton.

B .B rane-induced in
ation.

In thissubsection we show how the relative separation ofthebranesin the extra space

can lead to thein
ation in 3 non-com pactdim ensions.Considertwo 3-branes3.W ewillbe

assum ing thatthere isan attractive potentialbetween these braneswhich stabilizes them

on top ofeach other. Letthe brane tension,the energy perunit3-volum e,be T and the

brane-brane separation in the extra space be r. Then the e�ective 4-dim ensionalvacuum

energy density isgiven by

�eff = V (r)+ 2T + �bulkVN (3)

whereV (r)isthebrane-braneinteraction energy and �bulk isan e�ectivebulk cosm ological

constant. Their norm alization is such that V (0) = 0 and the positive contribution from

3one can in factconsiderthem astwo p-braneswith p� 3 dim ensionscom pacti�ed (see the next

section).
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T is canceled out by the negative contribution from �bulk. W hen branes are displaced,

V (r)isno longerzero and resultsin an e�ective cosm ologicalconstantin fourdim ensions

�eff = V (r)> 0. W hatisthe cosm ologicale�ectofthisterm ? Before discussing this,let

usm akea coupleofclarifying rem arks.

To preserve the successofBBN,there isa very strong requirem entthatthe size ofthe

extra dim ensions should notevolve from the tim e ofnucleosynthesis. On the otherhand,

for sm allN ,it is not desirable to have a large reheating tem perature in the bulk,since

the resulting KK graviton excitations can over-close the universe. In the present context,

thisisquitenaturalsince thereheating takesplaceon thebrane(s)only (seebelow),so we

expectlittlechangein thebulk tem peraturein thisscenarioafterin
ation.Therefore,in the

�rstapproxim ation,we require thatextra radiiare frozen both during and afterin
ation.

Forthis to be the case,the radius m odulus (radion)m ust be stabilized by som e e�ective

potential4 which can give it a m ass m R larger than an e�ective four-dim ensionalHubble

param eter

m R > H = (�eff=3M
2

P )
1

2 (4)

Thisisnota very strong requirem entsinceweexpectatm ost�eff = V (r)� M 4
P f.

The second point is that an e�ective 4-dim ensionalHubble size H � 1 should be larger

than the size ofextra dim ensions R. Otherwise the universe cannot be treated as four

dim ensionalatdistances� H � 1. In view of(3),thisisequivalentto the requirem entthat

the(4+ N )-dim ensionalBulk Hubblelength

H
� 1

bulk �
M

1+ N =2

P f

�
1=2

bulk

> R (5)

Both oftheserequirem entsareeasily satis�ed for� eff � T � M 4
P f,even forN = 2.

Assum ing thattheaboverequirem entsaresatis�ed,atdistances>> R theevolution of

the 4-dim ensionalscale factora(t)isgoverned by the usualFriedm ann expansion,with an

e�ective Hubbleparam eter

H
2 =

�
_a

a

�2

=
�eff

3M 2
P

(6)

wheredotdenotesa derivativewith respectto thecosm ictim etand

�eff = T _r2 + V (r) (7)

isan e�ective four-dim ensionalenergy density oftheUniverse.The �rstterm in (7)com es

from the kinetic energy ofrelative brane m otion (we neglect the center-of-m ass m otion).

In
ation willtakeplaceif

4W e willnot try to identify an explicit source ofthe radius stabilization in this paper and will

take itforgranted (see [22],[23]forpossibilitiesin thisrespectand [24]forrecentdiscussionson

perturbativestability ).
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T _r2 << V (r) (8)

m eaning that V (r) is a 
at function for som e r. On the other hand,e�ective reheating5

requiresV (r)to besteeperatthelaterstages.Thisisthekey pointofourpaper:in m any

cases,V (r)isindeed a steep function forsm allr rapidly approaching a constantvalue for

r! 1 .To seethis,considerthebrane-braneinteraction atlargedistances.Itisgoverned

by thefollowing possiblesources:

1)There are m odes(both m assive and m assless) localized on the branes. Theirwave-

function decays exponentially fastin the directions transverse to the brane  (r)� e� r=r0

where r0 isthe "thickness" ofa brane,an e�ective localization width ofthe states. M any

ofthe standard m odelparticles belong to this category. W hen branes are separated,the

couplings between the states from di�erent branes are suppressed. W hen the branes are

coincident,however,thecoupling strengthsarerestored and they contributeto thevacuum

energy on thebrane.Apriorithiscontribution cannotvanish sincesupersym m etry m ustbe

broken on the brane,where we live. Itssign dependson the details. W e assum e thatthis

contribution isnegative (in agreem entwith the assum ed attractive brane-brane potential)

and thusm ustbecanceled outby adjusting a positivebranetension.Thisisjusttheusual

�ne tuning ofthe cosm ologicalconstant. On the other hand,when branes are separated,

the negative contribution decreases(atleast)exponentially fast� �e� r=r0 and there m ust

rem ain a non-balanced positive constantterm atlarge distances. The bottom -line isthat,

thereisa very shortrangeattractivepotentialbetween thebranes:

V (r)� T(1� f(r=r0)) (9)

where f(r=r0)isan exponentially vanishing function forr > r0. Forsolitonic m em branes

weexpectr0 to beatleastassm allasT
�

1

4 � M
� 1
P f.

2)Anotherpotentialsource isan exchange ofthe m assive bulk m odes,which atlarge

distances(r>> m � 1)decoupleand createan Yukawa suppressed potential� r2� N e� m r.

3)In thesam eway,an exchangeofthelightbulk m odes,likegraviton orgauge�eldswill

generatea power-law potential� 1=rN � 2;an over-allsign dependson thebalancebetween

thetension and gaugechargedensity on thebrane6.Forinstance,gravitationalinteraction

isattractive between D -branesand repulsive between D -branesand the orientifold plane,

while the R-R �eldshave an opposite e�ectand in the unbroken supersym m etry lim itcan

com pensatethegraviton/dilaton force.In thislim it,branesareBPS states.However,even

iftheRR �eldsand thedilaton �eld getsm allm asses,theire�ectcan still"screen" gravity

atdistancesr<< m � 1.

4) Con�ning potential� kr due to the strings stretching between the branes. One

expectsopen stringsstretched between branes.Thisistrueboth forD -branes[6]aswellas

for�eld theoreticsolitons[5].In thelattercasethey are
ux tubeswhich arepresented due

to thefactthatbulk m ustbecon�ning (in orderto havea m asslessgauge�eld localized on

5By "e�ective",wem ean TR atleastup to nucleosynthesistem peratureTR � 1M eV on thebrane.

6In som ecases,logr dependenceshould beunderstood forthe N = 2 case.
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thebrane)[5]and thereforethegauge
ux istrapped in the
ux tubesthatcan stretch from

braneto brane.Thus,atlargedistancesoneexpectsthebrane-branepotentialto be

V (r)= T(� � f(r=r0)+ bi
e� m ir

rN � 2
+

c

rN � 2
+ kr) (10)

where�;bi;carem odel-dependentconstants.kisproportionaltothedensityofthestretched

stringsperunit3-volum e. During in
ation,k isredshifted away exponentially fastk(t)�

kine
� 3H t.Thecondition thatthelinearterm willallow in
ation is

M P kin

M 2
P f(aT + kinrin)

< 1 (11)

atleastin som e region ofH � 1 size. The corresponding region willthen expand m aking k

negligiblevery rapidly7.In whatfollowswewillassum ethatthisisthecaseand ignorethe

linearterm .

W e now turn to the discussion ofthe resulting in
ationary dynam ics. Itis m ost con-

venient to do this in the e�ective 4-dim ensional�eld theory picture,where brane-brane

separation isdescribed by an expectation valueoftherealscalar�eld (in
aton):

� � M
2

P lr (12)

There is a sim ple understanding ofthis relation (see the next section for an alternative

explanation in theD -branecontext)ifonethinksofbranesassom esortofthe�eld theory

solitonsform ed by them assivescalar�elds� 1 and �2 with theLagrangian

L = L1(�1)+ L2(�2)+ Lcross(�1�2) (13)

In this language branes are stable con�gurations independent ofx� and localized in the

externalspaceatxA = 0 and xA = rA respectively

�1 = �1(xA ); �2 = �2(xA � rA) (14)

(wheretheindexA = 1;2::;N labelstheextracoordinates).Itism ostcrucialthatawayfrom

thebranesthesituation lookslikethetranslationalinvariantvacuum up toan exponentially

sm allcorrection � e� m jxj. Assum e fora m om entthatthere isno crossinteraction am ong

�1 and �2 �eldsin theLagrangian (Lcross = 0).Then thereareN m asslessm odeslocalized

on each brane,corresponding to N transverse excitations:

�i(xA + G
i
A(x�))= brane+ G

i(x�)
@�i(xA)

@xA
+ heavy m odes (15)

These are Goldstone m odesofspontaneously broken translationalinvariance. However,in

the presence oftwo branesonly N superpositions(G 1
A + G 2

A),corresponding to the center

7Note thatforthe regionswith k � M
� 1
P f

in
ation would require eitherrin � M P =M
2
P f � 1m m ,

orT < M P f.
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ofm ass m otion,are true Goldstones m odes8. The rem aining N orthogonalcom binations

�A(x�)= G 1
A � G 2

A correspond to relativevibrationsofthebranesand arem asslessonly be-

causem em branesarenon-interacting.However,even in thepresenceoflocalcrosscouplings,

e.g.

Lcross = �(�1�2)
2 (16)

the induced potentialis shortrange,due to localized nature ofbranes,and decays expo-

nentially fast for large separation. Corresponding four-dim ensionalm ode describing this

separation isgiven by

� =
�

(rA + G
1

A � G
2

A)
2
� 1

2

(17)

and hasan exponentially decaying potentialforlarge�eld values

V (�)� T(� � f(�=M )) (18)

where f(�=M )goesatleastas� e� �=M and M � T
1

4 isa typicalm ass param eterofthe

theory.Asdiscussed above,theconstantterm � com esfrom theshortrangebinding energy

ofthesolitons,which atthetreelevelisroughly:

E binding �

Z

dVN (Lcross(�1(xA)�2(xA ))� Lcross(�1(xA )�2(1 ))) (19)

Therewillbean additionalcontribution to� and f from them odeslocalized on thesolitons.

Allthiscontributionsarevery shortrangebounded by thebranethickness.In thepresence

oflightbulk m odes,such asgravity orgauge �elds,there willbe an additionalinteraction

oftheform (10)so thatthee�ective potentialwillbecom e:

V (�)� T

 

� � f(�=M )+
1

j�jN � 2

�

�ie
� j�j=M i + 


�
!

(20)

where index iruns over allthe m assive m odes. Note that M i � M 2
P f=m i depend on the

m assesofbulk m odesand apriorim ay betotally unrelated to thevalueofT.

Let us now turn to the in
ationary dynam ics following from the above potential. W e

willassum ethatallthebulk m assesarem i< M P f and,therefore,for� >> m
� 1
i theshort

rangepotentialf(�=M )playsno role.Notethatform i<< R � 1 case,itispossiblethat�i
and cterm sconspire and canceloutforr<< m

� 1
i .In such a case V (r)can be dom inated

by f(r)term . This m ay happen in the string theory and willbe discussed later. Forthe

m om enthoweverwe assum e thatthere isno such a conspiracy and willdiscussthe case of

very sm all
 �rst.

As m entioned above, we assum e that Universe starts out in the state with nonzero

vacuum energy induced by (parallel) branes separated at som e distance rin � �in and

8In the presenceofgravity,theseare eaten up by graviphotonsg�A and getm ass� T
1

4M P f=M P

[1]
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slowly approaching each otherundertheaction ofan attractiveforce.In thee�ectivefour-

dim ensionallanguage thisisdescribed by the slowly-rolling scalar�eld �,whose evolution

isgoverned by thefollowing equation ofm otion

d2�

dt2
+ 3H

d�

dt
+
dV

d�
= 0 (21)

whereV isgiven by (20)and wetake
 = 0 to startwith.Standard slow-rollconditionsare

jM P V
0
=V j<< 1; jM

2

P V
00
=V j<< 1 (22)

where prim e denotes the derivative with respect to �. Breakdown ofeither ofthese will

m ark theend ofin
ation.Thecorresponding value�end isdeterm ined by:

�

��
N � 2
end

e
�

�end
M ’

�
M

M P

�2

(23)

Thenum berofe-foldingsn between twovalues�end and �n can befound by integrating(21)

subjectto theslow roll(basically ignoring thesecond derivative)

n =
1

M 2
P

Z �n

�end

d�
V

dV=d�
(24)

Thisgives

�

��N � 2
n

e
�

�n
M ’

�
M

M P

�2 1

(n + 1)
(25)

Com paring with (23)we see thatduring the last60 e-folds,the change in � isvery sm all.

Thusforsm all
 therequirem entofsuccessfulin
ation putsbasically no constrainton the

num ber and size ofextra dim ensions as far as R >> m
� 1
i . For 
 � �i the slope ofthe

potentialat� >> M i isdom inated by thepower-law term and theslow-rollbreaksdown at

��
N
end = 
M

2

P (N � 1)(N � 2) (26)

and thevalue�n (n e-foldsbeforetheend ofin
ation)isgiven by

��
N
n = (n + 1)
M 2

P N (N � 2) (27)

Now usingequations(1)and (12)andtakingintoaccountthatthem axim alinitialseparation

ofthe branesisbounded by thesize ofextra dim ension rin < R,we getthatforhaving 60

e-foldingswith m axim alinitialseparation,cm ustsatisfy

M
N � 2
P f > 60(N � 1)(N � 2)
=� (28)

which isnota signi�cantconstraint.
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C .T he Type I String P icture

The observed universe containsgaugeand m atter�eldsaswellasgravity.Since super-

stringtheory [6]istheonly known theory thatincorporatesconsistentquantum gravity,one

would like to see how string theory can describe ouruniverse. In the brane world picture

[1,7,10],gravity livesin the ten dim ensionalspace-tim e,whereasgauge �eldscan be local-

ized on p spatialdim ensionalextended objectsknown asD p-branes.In particular,ourfour

dim ensionalworld (including the strong and electroweak interactionsaswellasthe quarks

and leptons) resides inside a set ofoverlapping branes (or intersection thereofwith other

branes),with theextra p� 3� 0 spatialdim ensionscom pacti�ed on a m anifold with som e

�nitevolum eVp� 3.However,gravity isfreeto propagatein theten dim ensionalbulk ofthe

space-tim e with the rem aining 9� p spatialdim ensions com pacti�ed on a m anifold with

som e �nite volum e V9� p. Dilaton (and otherm oduli)stabilization generically requiresthe

string coupling to begs >� 1.Thus,in thebraneworld picture,thefourdim ensionalgauge

and gravitationalcouplings scale as 1=Vp� 3 and 1=Vp� 3V9� p,respectively. By tuning V9� p
(forp< 9)wecan achievegaugeand gravitationalcoupling uni�cation.Then forp> 3,we

can choose Vp� 3 large enough so thatthe fourdim ensionalgauge couplingsare sm alleven

ifgs isnot.The 3 < p < 9 feature m eansthatourworld isinside a p-brane.In thisbrane

world picture,the string scale M s can aprioribe anywhere between the electroweak scale

and the Planck scale. Physics becom es m ostexciting when M s is around TeVs [1]. Note

that

M
2

P � M
8

sVp� 3V9� p (29)

Com paring with (1),weobtain therelation

M
2+ N
P f � M

8

sVp� 3V9� p� N (30)

HereM P f isexpected to besom ewhatlargerthan M s,butwithin thesam eorderofm agni-

tude.

To see thatthe in
aton potentialduring the in
ationary epoch can appearrathernat-

urally in the brane world,letusconsider the em bedding ofthe TeV scale scenario in the

perturbative4-dim ensionalTypeIstring [7,25],wheresom esem i-realisticm odelshavebeen

constructed [8,9]. A typicalm odelwillhave orientifold planeswith negative tensions(i.e.,

energy density)[26].Itturnsoutthattheorientifold planeisalsocharged undersom e(p+ 1

form ) tensor (i.e.,RR) �elds present in the theory. One m ay view these planes as rigid

p-braneswith negative branetensionsand negative RR charges.(To beconcrete,one m ay

choose p = 5.) W hen allthe 9� p directionsare com pacti�ed,the negative RR chargesof

the orientifold plane m ustbe canceled by the introduction ofpositively charged D-branes.

In the classicalvacuum ofa Type Istring,a setofD-branessiton top ofeach orientifold

plane,with zero netRR charge.Letthebranetension ofa Dp-branebeTp.Then thesum

ofthe energy density K Tp ofthe set ofK Dp-branesexactly cancels the negative energy

density -K Tp ofthe orientifold plane (K = 2l). In a supersym m etric vacuum ,the energy

density isexactly zero everywhere. (There are vacua in which the branesare separated.F

theory [27]providestheproperdescription ofthesegeneralized situations.)

In the early universe,however,the Dp-branesdo nothave to be exactly on top ofthe

orientifoldplane.Letusconsiderthesim plesituation(thisisalsothem ostrelevantsituation,
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asweshallexplain later)wherea singleDp-branesisseparated from therestby a distance

r. The tension (energy density) ofthe brane,Tp � M p+ 1
s ,is opposite to the sum ofthe

enrgy density oftherem aining branesplustheorientifold plane.Beforedilaton (and other

m oduli)stabilization and SUSY breaking,the static potentialdue to the exchange ofthe

closed string sector�eldshastheform [28]

V (r)� Tp(1� 1)F(r) (31)

where r isthedisplacem entdistance in theextra largedirections,and thefunction F(r)is

m odeldependent.Crudely speaking,F(r)isthedualoftheone-loop open stringam plitude.

Thispotentialarisesfrom theexchangeofclosed string (bulk)statesbetween thedisplaced

Dp-brane and the rest. The closed string spectrum can be separated into two groups,the

NS-NS states and the RR states. The positive term com es from the exchange ofNS-NS

statesand thenegative term scom efrom theexchange oftheRR states.Them asslessNS-

NS statesinclude the graviton and the dilaton-axion. The force due to theirexchanges is

repulsive.Theexactcancellation oftheforcesduetheNS-NS and RR �eldsisaconsequence

oftheBPS property ofthebranes.Ifthebraneism oving slowly towardstherest,velocity-

dependentterm sareexpected in thepotential.Beforesupersym m etry breaking,theleading

term hastheform v4rp� 7.Aftersupersym m etry breaking,weexpectav2 term tobepresent.

In them orerealisticsituation,wherethestringm odeldescribesouruniverse,thedilaton

(and other m oduli) m ust be stabilized dynam ically, and supersym m try m ust be broken

(presum ably softly and dynam ically). To be com patible with experim ents,allthe bosonic

bulk m odes except the graviton are expected to becom e m assive. This m eans that the

dilaton-axion and the RR �eldsm ustbecom e m assive (so thattheirlong range forcesare

Yukawa suppressed),while only gravity rem ainslong ranged.Afterthestabilization ofthe

dilaton and otherm oduli,weexpectthepotentialV (r)to be,atlarger,

V (r)= M
6� N
P f r

2� N (1+
X

e
(� m ir)�

X

e
(� m 0

j
r)
) (32)

where m i are the m asses ofthe NS-NS states while m 0
j are the m asses ofthe RR �elds.

Forlarge r and N= 2,V (r)isessentially a constant. Forr = 0,we expectV (r = 0)= 0,

sincetoday’scosm ologicalconstantis(alm ost)zero.Forsm allr,theform ofV (r)depends

crucially on the m assspectrum . However,the overallshape ofV (r)isquite clear: itrises

rapidly from zero atr= 0 to ther2� N form forlarger.

Besides the m assive states (i.e.,� M P f or larger) which we m ay safely ignore,there

arebulk lightstateswhich werem asslessbeforesupersym m etry breaking and dilaton stabi-

lization. Forexperim entalcom patibility,itisenough thattheirm assesare ofthe orderof

inversem illim eter(m m )orlarger.(From theexperim entalview-point,thisisavery exciting

scenario,dueto thesub-m illim etertestofNewton’sgravitationallaw [29]).Thiswillauto-

m atically be the case ifthe only stabilizing potentialforthem com esfrom supersym m etry

breaking on the brane [7]. In this case,ofcourse,their contributions willkeep canceling

gravitation atdistancessm allerthan inversem m .E�ectively,thecoe�cientof1=r N � 2 term

(cin theprevioussection)willbesuppressed atleastby a factor�
M 2

P f

M P
,sincethism easures

thetransm ission ofthesupersym m etry breaking in thebranetothebulk and thusgenerates

thedilaton-axion-RR m asses.So thenum berofe-foldingscan bevery large!In general,the

possiblenum berofe-foldingswillbebounded by Eq.(27).
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In theTeV scenario,supersym m etry m ustbebroken on thebranein fullstrength,so we

expecttheappearanceoftheconstantterm in (32),oftheform T�,which should com efrom

the short-range brane-brane binding energy,an analog of(19),as wellas Higgs potential

from thebranem odes.

Now wewantto arguethattheseparation distancer isreally a branem ode,nota bulk

m ode. Thisiscrucialto the reheating problem . Suppose the displaced brane belongsto a

setofbranesthatyield a SU(L)gauge sym m etry,i.e.,the SU(L)gauge bosonsare open

stringswhose endslive on thissetofbranes.Then theseparation ofthebranesbreaksthe

SU(L)gaugesym m etry,resulting in som e m assive gaugebosons[21].Theenergy dueto a

stretched open string isM 2
sr(i.e.,string tension tim eslength).However,weknow thatthis

correspondsto them assofa gaugeboson afterspontaneoussym m etry breaking,

m ass= g� � M
2

sr (33)

so we can identify r with the vev ofthe Higgs �eld �. Here � is an open string state

whose one end isstuck on the displaced brane,while itsotherend isstuck on one (oran

appropriatelinearcom bination)ofbranesthataresitting on theorientifold plane.So itisa

brane m ode.(Atthe ground state,� livesm ostly inside thebranes.) Afterthe integration

overtheextra largedim ensions,theabovepotentialV (r)becom esthepotentialterm V (�)

in the 4-dim ensionale�ective �eld theory,so � becom esthe in
aton.M ore generally,even

when thereisno gaugesym m etry associated with theseparation ofa particularbrane,the

separation distancerisidenti�ed with thevacuum expectation valueofan appropriatescalar

�eld;thatis,thisscalar�eld isabranem odeplaying theroleofthein
aton.In thee�ective

four-dim ensionaltheory,the m otion ofthe branesisdescribed by thisslowly-rolling scalar

�eld,thein
aton.Thishasa 
atpotentialwith no need of�netuning.

In the early universe,som e num ber ofopen strings are stretched between the branes.

The density ofsuch stretched strings (or other stretched branes) depends on the initial

condition/situation. This density willdecrease asthe universe expands. In fact,in
ation

willshiftitto zero rapidly.

At � = 0,we know V (� = 0) = 0,so that the cosm ologicalconstant rem ains zero.

At sm all �, we know the potential is quite steep. In fact, the precise shape is very

m odel/dynam ics dependent. Fortunately,the details there are not so im portant. Since

� is a brane m ode,its coupling to closed string (i.e.,bulk) m odes are extrem ely weak,

whileitscouplingtootheropen string(i.e.,brane)m odesarearound typicalgaugecoupling

strength,so itsdam ping reheatspredom inantly thebranebutnotthebulk.

In thisbranein
ation scenario,thein
aton could havebeen theelectroweak Higgs�eld

in the standard m odel. In thiscase,the m inim um ofthe potentialshould be shifted away

from the� = 0pointtotheelectroweak scale.Thiscan beachieved iftheelectroweak Higgs

potentialisgenerated aftersupersym m etry breaking.

Now we can consider the generalcase, where the branes are allseparated from the

orientifold plane. The separations m ay even be at di�erent angles. A carefultreatm ent

requiresan analysisin F theory[27].However,wecan easilyenvision that,oneafteranother,

thebranesbegin fallingon top oftheorientifold,untilonly onebrane,orasetofoverlapping

branes,rem ainsseparated from the rest. Aslong asthisseparation survives60 e-foldings,

thedetailsbeforethatisirrelevantto observationstoday.
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D .D ensity Perturbation and B aryogenesis.

Now letusdiscusstheissueofdensity perturbationsin ourscenario.Thepredicted value

of
��

�
can beestim ated from thestandard form ula

��

�
�

H

M P �
(34)

where � = M P V
0=V is the slow-rollparam eter in (22). The right-hand side ofthe above

equation m ustbeevaluated ata tim ewhen thescaleofinterestcrossesoutofthedeSitter

horizon H � 1. Let the corresponding in
aton value be �n. Perturbations on the present

Hubble scalescorrespond to the value of ��

�
at� = �60. In the usualpicture (with M P f �

M P )theHubbleparam etercan bereasonably large(� 1013 � 1014GeV orso)and therefore

the observed value of ��

�
� 10� 5 does not require very sm all�60. In our case the Hubble

param eteristiny H

M P
� 10� 32 and thus�60 m ustbe enorm ously sm all(10

� 28 orso!). This

m eansthatthepotentialat�60 m ustbeextrem ely
atandsharplybecom everysteep at�end.

Thiscan beachieved ifthein
aton potentialisdom inated by theshortrangebrane-brane

interaction.Very crudely,thedensity perturbationsthen com eoutto be

��

�
�

1

r60M P

(35)

W e see that(in agreem entwith [18])therequirem entoflargedensity perturbationsplaces

m ore severe constraint on the 
atness ofthe in
aton potentialthan the requirem ent of

successfulin
ation with 60 e-foldings,which in ourscenario requires no �ne-tunning. An

expected lowerlim itforr60 isaround M
� 1
P f,which forM P f � TeV would give

��

�
� 10� 15.

The observed value would require branes with a very short range potential(� 104M � 1
P ).

Thiswould m ean thata brane cannot
uctuate atscales>> 10� 28cm and isan extrem ely

rigid object.

Therecan beothersourcesofthedensity
uctuations,e.g.com ingfrom thebranesfalling

on the orientifold plane earlier,60 e-foldsbefore the end ofin
ation (see discussion atthe

end oftheprevioussection).To conclude,thepreciseorigin ofthedensity perturbationsin

thepresentcontextisan open question and requiresan additionalstudy.

Another im portant issue in theories with TeV scale quantum gravity is baryogenesis.

Asm entioned above,ourscenario givesa naturalposibility ofreleasing thein
aton energy

predom inantly into the branes. This is a desirable starting point for avoiding the bulk

graviton over-production.However,even in such aoptim isticcasethereheatingtem perature

on the brane cannotbe arbitrary high since the bulk gravitonscan be produced by brane-

evaporation [1].In particular,reheating up to theelectroweak tem peraturesisproblem atic

(at least for sm allN ) and thus the standard scenarios ofbaryogenesis is not operative.

However,in our case,there are new possible sources: �rst,since the Hubble param eter

is so sm all,the electroweak transition m ay in fact coincide with the in
ationary one and

be non-therm al. Thiswillprovide an out-of-equilibrium condition. M ore im portantly,the

in
aton can directly decay into thebaryonsvia thebaryon-num ber-and CP-violating M P f-

suppressed interactions.Such operatorscan beharm lessforproton decay dueto unbroken

discrete subgroupsofB and L [7](see [15]foran explicitconstruction).Thus,in principle

atleast,thebaryon num bercan begenerated with a very low reheating tem perature.
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E.C onclusions

In thispaper,we presenta novelbrane in
ationary scenario in theorieswith low scale

(TeV)quantum gravity.Thisin
ationary scenario isnaturalin thebraneworld picture.In

the classicalvacuum ,K branes,with positive energy densities,siton top ofan orientifold

plane,with negativeenergy density,sothevacuum energy cancelsout.In theearly universe,

som eofthebranes"startout" relatively displaced in theextra dim ensions.Thisintroduces

a vacuum energy,which triggers in
ation in the non-com pact 3-dim ensionalspace. The

num berofe-foldingscan bevery largeduetothevery weak brane-braneinteraction atlarge

distances,which ism ainly duetothegraviton and otherm assivebulk m odeexchanges.The

displacem entdistancesbetween branesareidenti�ed with thevacuum expectation valuesof

scalar�elds,which arebrane(open string)m odes.W hen branesarecloseto each other,the

potentialbecom es steep and in
ation ends rapidly,releasing energy m ostly into radiation

on the branes. In thisscenario,the electroweak Higgs�eld m ay even play the role ofthe

in
aton.

Although thisbranein
ationaryscenarioem ergesrathernaturallyin thebraneworld pic-

tureand theoverallpicturelooksprom ising,itsdetailsarequitem odel-dependent.Precise

predictionsseem torequireabetterunderstandingofthem odulistabilization and supersym -

m etry breaking m echanism . On the otherhand,we can use the in
ationary requirem ents

to further constraint the brane world dynam ics. For exam ple,the shape ofthe in
aton

potentialdependsstrongly on them assesofthelightbulk (closed string)m odes,which are

m assless before m odulistabilization and supersym m etry breaking. They are expected to

havetiny m assesifsupersym m etry breaking occurson thebraneand isthen transm itted to

thebulk.

Although the brane in
ation can easily reheatthe brane to a tem peraturesaround the

electroweak scaleM ew,forsm allnum berofextradim ensionsand low M P f,thisisforbidden,

duetothesubsequentevaporationintothebulkgravitons[1].Thusthestandard electroweak

baryogenesis cannot be applied in such a case. However,in the brane in
ation context,

there are new potentialsources,which can allow baryon num bergeneration atm uch lower

tem peratures. This is due to the possibility ofdirect B -and CP-violating decays ofthe

in
aton into thebrane-baryons.Itisim portantto study thisissuein greaterdetail.
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