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Abstract

W e present a novel In ationary soenario in theories wih low scale (TeV)
quantum gravity, In which the standard m odel particles are localized on the
branesw hereas graviy propagates n the bulk of large extra dim ensions. T his
In ationary soenario is natural in the brane world picture. In the lowest
energy state, a num ber of branes sit on top of each other (or at an orientifold
plane), so the vacuum energy cancels out. In the cosn ological setting, som e
ofthe branes "start out" relatively displaced In the extra dim ensions and the
resulting vacuum energy triggers the exponentialgrow th ofthe 3 non-com pact
din ensions. T he num ber of e-foldings can be very large due to the very weak
branebrane Interaction at large distances. In the e ective ourdin ensional

eld theory, the brane m otion is described by a slow Iy rolling scalar eld
w ith an extrem ely at plateau potential. W hen branes approach each other
to a critical distance, the potential becom es steep and in ation ends rapidly.
T hen the branes "ocollide" and oscillate about the equilbriim point, releasing
energy m ostly into radiation on the branes.
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A . Introduction.

R ecently it was suggested that the fundam ental scale ofquantum gravity M » ¢ m ay be as
low as TeV, providing an altermative understanding of the hierarchy problem [I]. O bserved
weakness of gravity at large distances is associated by N large new dim ensions (of size

R >> M, ;) in which gravity can propagate. Then the relation between the coserved
Planck scale M » and the fundam entalP Janck scalke M p ¢ is given by

MZ =My @)

w here Vy RY (N must be 2 or larger) is the volum e in extra spatial din ensions (ie.,
the bulk). In this picture, all the standard m odel particlkes must live n a brane (or a sst of
branes) w ith 3 extended space dim ensions @,']_l: . Perhaps the m ost naturalem bedding ofthis
picture is in the string context via the D -brane construction (see [§] or an introduction),
where the standard model elds can be identi ed with open string m odes studk on the
D -branes and the graviton is a closed string m ode propagating in the buk [1{10].

V arious phenom enological and astrophysical constraints {li] and related issues like black
holes [11], collider physics [12], avor violation [13], neutrino masses [I4,15] and proton
decay [Ij15] have been addressed. Uni cation of the gauge couplings is another in portant
issue and in this respect, the proposals of [14], [L5] ook particularly prom ising.

Them ain concem of the present paper is the in ationary cosn ology in this fram ework.
O bviously, with the above proposal, the standard coan ological picture is dram atically af-
fected. As it was shown In [l], big bang nuckosynthesis BBN) and the buk graviton
production place severe bounds both on the rheating tem perature and on the "initial con—
ditions" forthe hot big bang after in ation. F irst, the reheat tam perature m ust be above at
lrast 1 M eV forBBN to prooceed successfully. O n the other hand too m uch reheating in the
buk can lead to the overproduction of K aluzaX kein KK ) gravitons which can over<close
the Universe and ruin the sucoess of BBN . T herefore the m Inim al requirem ent after n a—
tion would be to reach a reasonable reheating tem perature on the brane Ty , whilke the buk
rem ains cold and empty”. The question is how to inplment in ation in this scenario to
achieve these properties, in addition to su cient in ation, and correct am ounts of density
perturbation and baryogenesis? Som e potential problem s In this respect were considered
in [I7] {€]. Their considerations, however, were lim ited to conventional in ation potential
w ith the In aton being one ofthe elds living on the brane. This type of scenarios typically
requires trem endous ne tuning.

In this ketter we suggest a novel In ationary scenario, free of the above di culties. The
crucial aspect is that, although the In aton is a brane m ode In the ground state, it behaves
as an "interbrane" m ode that describbes a relative ssparation of branes in the extra space

1T a di erent context an attem pt of lowering the string scale to TeV, without lowering the
findam ental P Janck scale was considered in EZ], based on an earlier cbservation in B]. D ynam ical
Jocalization ofthe eldson a (solitonic) brane em bedded in a higher dim ensionaluniverse hasbeen
studied earlier in the eld theoretic context for spin-0 and 1=2 [-f!], -ﬁ] and spin-1 states [_5]

2For recent discussions on therm al phase transitions in higher dim ensional theories see [_1-_9], Q-(_j]



directions. This sgparation induces in ation in the 3 non-ocom pact dim ensions. D uring
In ation, when branes are generically separated, the in aton behaves as a weakly coupled
eld (as it should), with a slowroll behavior. Towards the end of in ation, when branes
com e closs, the In aton couples to the other brane m odes but ram ains very weakly coupled
to the buk modes. This means only the brane is reheated, thus avoiding the problem s
w ith late entropy release or overclosure of the Universe. For the outside observer, this
process would look like reheating due to the "breathing" of branebrane bound-state. An
oversin plied in aton potential that illustrates the above generical feature has the fom :

V() Mi, (Mpg)@ eI @)

wherem isam odeldependent m ass scale and ( ) isa sm ooth slow ly-varying function.
This in ationary scenario em erges rather naturally In the generic brane world picture
fl,24]. W e m ay consider the Type I string where K branes sit m ore or Jess on top of an
orientifold plane at the lowest energy state, resulting In zero cogn ological constant. In
the coam ological setting, it is reasonable to assum e that som e of the branes were relatively
displaced from the orentifold plane In the early universe. This digplacem ent induces an
e ective vacuum energy density triggering in ation. T he ssparation distance m ay be iden-
ti ed with the vacuum expectation valie of an appropriate Higgs eld RI]. This H iggs
eld is an open string state w ith its two ends stuck on two ssparated branes; that is, this
scalar eld isa branem ode playing the rok ofthe In aton. In the e ective fourdin ensional
theory, the m otion of the branes is described by this slow —rolling scalar eld, the in aton.
Thishasa atpotentialw ih no need of ne tuning. F latness of its potential is due to the
very weak branebrane (and brane-orientifold plane) force at large distances, thus allow ing
for su cient num ber of e-oldings. W hen the branes com e closer, the shortrange potential
tums on and ends In ation. At this point the In aton potential becom es very stesp and
its oscillations reheat the brane(s). In this scenario, it is even possible that the electroweak
Higgs el plays the roke ofthe In aton.

B .Brane-induced in ation.

In this subsection we show how the relative separation of the branes in the extra space
can kad to the ;n ation in 3 non-com pact din ensions. C onsider two 3-branes]. W e willbe
assum Ing that there is an attractive potential between these branes which stabilizes them
on top of each other. Let the brane tension, the energy per unit 3-volum e, be T and the
branebrane separation in the extra space be r. Then the e ective 4-din ensional vacuum

energy density is given by
efr = V (0) + 2T +  puuVy 3)

where V (r) is the branebrane interaction energy and 1,1 isan e ective buk coan ological
constant. Their nom alization is such that V (0) = 0 and the positive contribution from

3one can I fact consider them astwo pbraneswith p 3 din ensions com pacti ed (see the next

section).



T is canceled out by the negative contrbution from . W hen branes are digplaced,
V (r) is no longer zero and results In an e ective coan ological constant In our din ensions

off = V (r) > 0. W hat is the coan ological e ect of this tem ? Before discussing this, ket
usm ake a couple of clarifying rem arks.

To pressrve the success of BBN, there is a very strong requirem ent that the size of the
extra din ensions should not evolve from the tin e of nuckosynthesis. On the other hand,
for anallN , it is not desirabl to have a large reheating tem perature in the bulk, since
the resulting KK graviton excitations can overclose the universe. In the present context,
this is quite natural since the reheating takes place on the brane(s) only (see below ), so we
expect little change In the bulk tam perature In this scenario affer in ation. T herefore, in the

rst approxin ation, we require that extra radii are frozen both during and after In ation.
For this to be the case, the radius m odulus (radion) must be stabilized by som e e ective
potentiall which can give i a mass m Jarger than an e ective four-din ensional Hubble
param eter

Mg > H = ( ope=3M 2)7 @)

This isnot a very strong requirem ent shce we expect atmost s =V () M E‘,‘f .

The second point is that an e ective 4-dim ensional Hubblk size H ! should be larger
than the size of extra dim ensions R . O therw ise the universe cannot be treated as four
din ensional at distances H !. In view of (), this is equivalent to the requirem ent that
the 4+ N )-dim ensionalBuk Hubbl length

1+ N =2
MPf

Hpix —i5 >R )

bu Tk
Both ofthese requirem ents are easily satis ed or r T M 2., even orN = 2.

A ssum Ing that the above requirem ents are satis ed, at distances > > R the evolution of
the 4-din ensional scale factor a (t) is govemed by the usual Friedm ann expansion, w ith an
e ective Hubbl param eter

a eff
H 2 = — = 6
a 3M Z2 ©)
w here dot denotes a derivative w ith respect to the coan ic time t and
e =TL+V () (7)

isan e ective fourdin ensional energy density of the Universe. The rsttemm in (7) comes
from the kinetic energy of relative brane m otion We neglect the center-ofm ass m otion).
In ation will take place if

‘W e will not try to identify an explicit source of the radius stabilization in this paper and will
take it for granted (see i_2-_2], [_2-_3'] for possibilities in this respect and I_Z-l_i] for recent discussions on
perturbative stability ).
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meaning that V (r) isa at function for some r. On the other hand, e ective reheatjng-f’.
requires V (r) to be steeper at the Jater stages. T his is the key point of our paper: in m any
cases, V (r) is indeed a steep function for am all r rapidly approaching a constant value for
r! 1 .To see this, consider the branebrane Interaction at large distances. It is govemed
by the follow ing possible sources:

1) There are m odes (pboth m assive and m asskess) localized on the branes. T heir wave—
fiinction decays exponentially fast in the directions transverse to the brane (r) e T
where 1y is the "thickness" of a brane, an e ective localization width of the states. M any
of the standard m odel particles 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, how ever, the coupling strengths are restored and they contribute to the vacuum
energy on the brane. A priori this contriution cannot vanish since supersymm etry m ust e
broken on the brane, where we live. Its sign depends on the details. W e assum e that this
contrbution is negative (in agreem ent w ith the assum ed attractive branebrane potential)
and thusm ust be canceled out by adjusting a positive brane tension. This is jist the usual

ne tuning of the coan ological constant. O n the other hand, when branes are ssparated,
the negative contribution decreases (at least) exponentially fast e T and there must
ram ain a non-balanced positive constant term at large distances. T he bottom -line is that,
there is a very short range attractive potential between the branes:

Ve Tad f£r=xn)) ©)

where f (r=r;) is an exponentially vanishing function for r > r,. For solitonic m em branes
we expect ry to be at least asanallasT i M Pfl.

2) Another potential source is an exchange of the m assive buk m odes, which at large
distances (r>> m !) decouple and create an Yukawa suppressed potential 1> Ne ™%,

3) In the sam e way, an exchange ofthe light buk m odes, lke graviton orgauge eldsw ill
generate a power-law potential 1=r" ?2; an overall sign depends on the balance between
the tension and gauge charge density on the brane’. For instance, gravitational interaction
is attractive between D -branes and repulsive between D -branes and the orientifold plane,
whilke the RR eldshave an opposite e ect and in the unbroken supersymm etry lim it can
oom pensate the graviton/dilaton foroe. In this lim it, branes are BP S states. H owever, even
ifthe RR eldsand the dilaton eld get sn allm asses, theire ect can still "screen" gravity
at distancesr<<m *'.

4) Con nihg potential  kr due to the strings stretching between the branes. One
expects open strings stretched between branes. T his is true both orD “boranes ] aswell as
for eld theoretic solitons H]. In the Jatter case they are ux tubes which are presented due
to the fact that buk must be con ning (in order to have a m asslkess gauge eld localized on

SBy "e ective", wem ean Ty at least up to nuclkosynthesis tem perature Ty 1M &V on the brane.

®Tn som e cases, Jogr dependence should be understood orthe N = 2 case.



the brane) ] and therefore the gauge ux istrapped In the ux tubes that can stretch from
brane to brane. Thus, at lJarge distances one expects the branebrane potential to be

mir

e
+

VO =T flm) bt o

+ kr) (10)

where ;b;;carem odeldependent constants. k isproportionalto the density ofthe stretched
strings per uni 3-volum e. D uring in ation, k is redshifted away exponentially fast k (t)
ki, e 3Bt The condition that the linear termn willallow In ation is

M p kiy
Mgf(aT + kmrm)

<1 11)

at Jeast n som e region of H ! size. The corresponding region w ill then expand m aking k

negligble very rapidly)i. In what ollow s we w ill assum e that this is the case and ignore the
linear tem .

W e now tum to the discussion of the resulting in ationary dynam ics. It is m ost con—
venient to do this In the e ective 4-din ensional eld theory picture, where branebrane
separation is describbed by an expectation valie ofthe realscalar eld (n aton):

M ;r 12)

There is a sin ple understanding of this relation (see the next section for an altemative
explanation In the D -brane context) if one thinks ofbranes as som e sort ofthe eld theory
solitons formm ed by the m assive scalar elds ; and , wih the Lagrangian

L=L;( 1)+ Ly( 2)+ Loross( 1 2) 3)

In this Janguage branes are stable con gurations independent of x and localized in the
external space at x, = 0 and xp = 1, regpectively

1= 1&a); 2= 2&a I ) (14)

Wherethe index A = 1;2:;N labelsthe extra coordinates) . It ism ost crucialthat away from
the branes the situation looks like the transhtional invariant vacuum up to an exponentially
snallcorrection e ™), Assume ©r a m om ent that there is no cross interaction am ong

1 and , eldsin the Lagrangian (L oss = 0). Then there are N m assless m odes localized
on each brane, corresponding to N transverse excitations:

@ ;&a)

i + Gy ® )= brane+ G & ) + heavy m odes 15)

@xp

T hese are G oldstone m odes of spontaneously broken translational invariance. However, In
the presence of two branes only N superpositions (Gzi + Gi ), corresponding to the center

"N ote that for the regions w ith k MPéjnatjonwou]drequjreeitherrjn MP=MP2f Imm,
orT < Mps.



of m ass m otion, are true G oldstones m odes’. The rem aining N orthogonal com binations
A X )= Gzi G;‘; corresoond to relative vibbrations of the branes and arem asskess only be—
causem em branes are non-interacting. H owever, even in the presence of localcross couplings,

eg.
Leross = (1 2)2 e)

the induced potential is short range, due to localized nature of branes, and decays expo—
nentially fast or large ssparation. Cormresponding fourdin ensional m ode describing this
Separation is given by

NI

- @+l GiF an
and has an exponentially decaying potential for large eld values
V() T( £(=M)) 18)

where f( =M ) goesat krastas e ! and M T%jsatypicalmassparameterofthe
theory. A sdiscussed above, the constant term com es from  the short range binding energy
of the solitons, which at the tree level is roughly:
z
Ebinging dVy @Geross( 1 &a) 2®a)) Leross( 1&a) 2 ))) 19

T here w illbe an additional contribbution to and f from them odes localized on the solitons.
A 11 this contributions are very short range bounded by the brane thickness. In the pressnce
of Iight bulk m odes, such as gravity or gauge elds, there willbe an additional interaction
ofthe om (I0) so that the e ective potentialw illbecom e:

V() T f(=M)+_1 e 1My (20)
jy e
where index i runs over all the m assive modes. Note that M; M Z.=m ; depend on the
m asses of bulk m odes and apriorim ay be totally unrelated to the value of T .

Let us now tum to the in ationary dynam ics follow ing from the above potential. W e
willassum e that allthebulk massssarem ; < M p ¢ and, therefore, for >> m il the short
range potential £ ( =M ) plays no mle. Note that orm ; << R ! case, it ispossble that ;
and c tem s conspire and cancel out for r << mil. In such a cae V (r) can be dom inated
by f (r) temm . Thism ay happen in the string theory and w ill be discussed later. For the
m om ent however we assum e that there is no such a conspiracy and w ill discuss the case of
very an all rst.

A s mentioned above, we assum e that Universe starts out in the state wih nonzero
vacuum energy Induced by (parallel) branes ssparated at som e distance ry, n and

8 the presence of gravity, these are eaten up by graviphotons g , and getmass T %M peMp

1y



slow Iy approaching each other under the action of an attractive force. In the e ective four-
din ensional Janguage this is describbed by the slow Iy-rolling scalar eld , whose evolution
is govemed by the follow ing equation ofm otion

d2

+3Hd +d’\/'_0 (21)
de ac d

whereV isgiven by @0) and we take = 0 to start w ith. Standard slow -roll conditions are
MpVvE << 1; MV <<l 22)

where prim e denotes the derivative w ith resgpect to . Breakdown of either of these will
m ark the end of in ation. T he corresponding value .4 is determm ined by:

M 2
_ S 23)
2

I;Ind Mep

T he num ber of e-foldingsn between two values o,q and , can be found by integrating 1)
sub ect to the slow roll (pasically ignoring the second derivative)

1 2. v
_2 d
MZ ., dv=d

n- @4)

This gives

N M % 1
e ' —
E 2 MP (n+l)

@5)

Com paring wih @3) we see that during the last 60 e-ls, the change In  is very small
Thus for anall the requirem ent of successful n ation puts basically no constraint on the
number and size of extra din ensions as farasR >> m, . For ; the slope of the
potentialat >> M ; isdom inated by the powerJaw tem and the slow rollbreaks down at

Na= MZN DN 2) ©26)
and the valle , [ efoldsbefre the end of in ation) is given by

Y= @+ 1) MIN O 2) @7

n

N ow using equations {I}) and {12) and taking into account that them axin alinitial ssparation
of the branes is bounded by the size of extra din ension ry, < R, we get that for having 60
e-foldings w ith m axin al initial ssparation, c m ust satisfy

My, ?>60N 1N 2) = 8)

which isnot a signi cant constraint.



C.The Type I String P icture

T he observed universe contains gauge and m atter elds aswell as graviy. Sihoe super—
string theory [] is the only known theory that incorporates consistent quantum gravity, one
would lke to see how string theory can describbe our universe. In the brane world picture
/7110Q], gravity ives In the ten din ensional spacetin e, whereas gauge elds can be local-
ized on p spatialdim ensional extended ob fcts known asD pbranes. In particular, our four
din ensionalworld (ncliding the strong and electroweak interactions as well as the quarks
and Jeptons) resides inside a set of overlapping branes (or intersection thereof w ith other
branes), wih theextrap 3 0 spatialdin ensions com pacti ed on a m anifold w ith som e

nite volum e V, ;. However, gravity is free to propagate In the ten din ensionalbuk of the
soacetin e with the ramanihg 9 p soatial dim ensions com pacti ed on a m anifold w ith
som e nite volume Vg . Dilaton (and other m oduli) stabilization generically requires the
string coupling to be g; > 1. Thus, in the brane world picture, the four din ensional gauge
and gravitational couplings scale as 1=V, 3 and 1=V, 3Vy ,, respectively. By tuning Vg |
(forp < 9) we can achieve gauge and gravitational coupling uni cation. Then forp > 3, we
can choose V, 3 large enough so that the four din ensional gauge couplings are sm all even
ifgs isnot. The 3 < p < 9 feature m eans that our world is Inside a pbrane. In this brane
world picture, the string scale M ; can apriori be anywhere between the electroweak scale
and the P lanck scale. Physics becom es m ost exciting when M ¢ is around TeVs []. Note
that

MZ M2V, Vs, 9)
Com paring with (1)), we cbtain the relation
M MOV, sV oy (30)

HereM ;¢ is expected to be som ewhat larger than M ¢, but w ithin the sam e order of m agni-
tude.

To see that the In aton potential during the In ationary epoch can appear rather nat—
urally in the brane world, ket us consider the enbedding of the TeV scale scenario In the
perturbative 4-din ensional T ype I string [1,25], whhere som e sem irealistic m odels have been
constructed [B9]. A typicalm odelw ill have orientifold planes w ith negative tensions (ie.,
energy density) R4]. It tums out that the ordentifold plane is also charged under som e (p+ 1
form ) tensor (ie., RR) elds present in the theory. One may view these planes as rigid
pPranes w ith negative brane tensions and negative RR charges. (To be concrete, one m ay
choosep= 5. When allthe 9 p directions are com pacti ed, the negative RR charges of
the orentifold plane m ust be canceled by the introduction of positively charged D Jbranes.
In the classical vacuum of a Type I string, a sst of D branes sit on top of each ordentifold
plane, w ith zero net RR charge. Let the brane tension of a D p-brane be T, . Then the sum
of the energy density K T, of the set of K D pbranes exactly cancels the negative energy
density K T, of the orientifold plane K = 2Y). In a supersymm etric vacuum , the energy
density is exactly zero everyw here. (T here are vacua in which the branes are separated. F
theory R7]provides the proper description of these generalized situations.)

In the early universs, however, the D pbranes do not have to be exactly on top of the
orientifold plane. Let us considerthe sim ple situation (this isalso them ost relevant situation,



aswe shallexplin later) where a single D pbranes is separated from the rest by a distance
r. The tension (energy density) of the brane, T, M 5”, is opposite to the sum of the
enrgy density of the ram aining branes plus the orientifold plane. Before dilaton (and other
m oduli) stabilization and SUSY breaking, the static potential due to the exchange of the
closed string sector elds has the form  [2§]

V) T,Q@ 1F (x) (31)

where r is the displacem ent distance in the extra large directions, and the function F (r) is
m odeldependent. C rudely speaking, F (r) isthe dualofthe one-loop open string am plitude.
Thispotential arises from the exchange of closed string (oulk) states between the displaced
D pbrane and the rest. The closed string soectrum can be ssparated into two groups, the
NSNS states and the RR states. The positive tetm com es from the exchange of NSNS
states and the negative term s com e from the exchange of the RR states. The m asskess N S—
N S states include the gravion and the dilaton-axion. The foroe due to their exchanges is
repulsive. T he exact cancellation ofthe forcesdue the NSNS and RR  elds isa consequence
ofthe BP S property of the branes. Ifthe brane ism oving slow Iy tow ards the rest, velocity—
dependent tem s are expected iIn the potential. B efore supersym m etry breaking, the leading
term hasthe om v¥r® 7. A fler supersym m etry breaking, we expect a v° tem to be present.

In them ore realistic situation, where the string m odeldescribes our universe, the dilaton
(and other m oduli) must be stabilized dynam ically, and supersymm try must be broken
(foresum ably softly and dynam ically). To be com patible w ith experin ents, all the bosonic
bulk m odes except the graviton are expected to becom e m assive. This m eans that the
dilaton-axion and the RR eldsmust becom e m assive (so that their long range forces are
Yukawa suppressed), whik only gravity rem ains long ranged. A fter the stabilization of the
dilaton and otherm oduli, we expect the potentialV (r) to be, at large 1,

5 X X o
V=M PN a+ el m? el ™5y (32)

where m ; are the m asses of the NSNS states whik mg are the m asses of the RR  elds.
For large r and N= 2,V (r) is essentially a constant. Forr= 0, weexpect V (r= 0) = O,
since today’s coam ological constant is (@ln ost) zero. For an all r, the form ofV (r) depends
crucially on the m ass spectrum . H owever, the overall shape ofV (r) is quite clear: it rises
rapidly from zero atr= Otother’ ¥ form forlarmger.

Besides the m assive states (ie., M p ¢ or larger) which we m ay safly ignore, there
are bulk light states which were m assless before supersym m etry breaking and dilaton stabi-
lization. For experim ental com patibility, it is enough that their m asses are of the order of
Inversem illin etermm ) or lJarger. From the experin ental view -point, this is a very exciting
soenario, due to the sub-m illin eter test of N ew ton’s gravitational law R9)]). T his w ill auto-
m atically be the case if the only stabilizing potential for them ocom es from supersym m etry
breaking on the brane [7.]. In this case, of course, their contrbutions w ill keep canceling
gravitation at distances sn aller than inversemm . E ectively, the coe cient of 1=r ¥ 2 tem

2

(c In the previous section) w illbe suppressed at least by a factor b:dppf , since thism easures
the tranan ission ofthe supersym m etry breaking in the brane to the buk and thus generates
the dilaton-axion-RR m asses. So the num ber of e-foldings can be very large! In general, the

possble number of eoldings w illbe bounded by Eq.£27).

10



In the TeV scenario, supersym m etry m ust be broken on the brane in fiilll strength, sowe
expect the appearance ofthe constant tem in 32), ofthe orm T , which should com e from
the shortrange branebrane binding energy, an analg of @9), as well as H iggs potential
from the brane m odes.

Now we want to argue that the ssparation distance r is really a brane m ode, not a buk
m ode. This is crucial to the reheating problem . Suppose the digplaced brane belongs to a
set of branes that yield a SU (L) gauge symm etry, ie., the SU (L) gauge bosons are open
strings whose ends live on this set of branes. T hen the ssparation of the branes breaks the
SU (L) gauge symm etry, resulting In som e m assive gauge bosons P1]. The energy due to a
stretched open string isM Szr (ie., string tension tin es length) . H owever, we know that this
corresoonds to the m ass of a gauge boson after sopontaneous sym m etry breaking,

mass= g M Szr (33)

O we can dentify r wih the vev of the Higgs eld . Here is an open string state
whose one end is stuck on the digplaced brane, whilk its other end is stuck on one (or an
approprate linear com bination) ofbranes that are sitting on the orientifold plane. So it isa
branem ode. @At the ground state, livesm ostly inside the branes.) A fter the Integration
over the extra Jarge din ensions, the above potentialV (r) becom es the potentialterm V ( )
In the 4-dim ensional e ective eld theory, so becom es the In aton. M ore generally, even
when there is no gauge sym m etry associated w ith the ssparation of a particular brane, the
Separation distance r is ddenti ed w ith the vacuum expectation value ofan appropriate scalar
eld; that is, this scalar eld isa branem ode playing the rok ofthe in aton. In thee ective
four-din ensional theory, the m otion of the branes is described by this sow ly-rolling scalar
eld, the in aton. Thishasa atpotentialwih no need of ne tuning.

In the early universe, som e num ber of open strings are stretched between the branes.
The density of such stretched strings (or other stretched branes) depends on the initial
ocondition/situation. This density w ill decrease as the universe expands. In fact, In ation
w il shift it to zero rapidly.

At = 0,weknow V( = 0) = 0, so that the coan ological constant rem ains zero.
At anall , 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 inportant. Since

is a brane m ode, its coupling to closed string (ie., bulk) m odes are extrem ely weak,
w hile its coupling to other open string (ie., brane) m odes are around typical gauge coupling
strength, so its dam ping reheats predom inantly the brane but not the bulk.

In thisbrane In ation scenario, the In aton could have been the electroweak Higgs eld
In the standard m odel. In this case, them nimum of the potential should be shifted away
from the = 0 pointto the electroweak scale. T his can be achieved ifthe electroweak H iggs
potential is generated after supersym m etry breaking.

Now we can oonsider the general cass, where the branes are all ssparated from the
orientifold plane. The separations m ay even be at di erent angles. A carefil treatm ent
requires an analysis .n F theory 7). H owever, we can easily envision that, one after another,
the branesbegin falling on top ofthe ordentifold, untilonly one brane, or a set of overlapping
branes, rem ains ssparated from the rest. A s long as this ssparation survives 60 e-oldings,
the details before that is irrelevant to observations today.
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D .D ensity Perturbation and B aryogenesis.

Now Xt usdiscussthe issue ofdensity perturoations in our scenario. T he predicted value
of — can be estin ated from the standard form ula

. (34)
Mp
where = MpV%V is the slow-roll param eter in 22). The right-hand side of the above

equation m ust be evaluated at a tin e when the scale of interest crosses out of the de Sitter
horizon H !. Let the corresponding in aton valie be ,. Perturbations on the present
Hubbl scales correspond to the value of — at = 4. In the usualpicture With M p ¢

M » ) the Hubble param eter can be reasonably large ( 10° 10*G eV or o) and therefore
the observed value of — 10 ° does not require very snall 4. In our case the Hubble
param eter is tiny MH—P 10 ¥ and thus ¢ must be enomously snall (10 %8 or so!). This
m eansthat thepotentialat ¢ mustbeextramely atand sharply becom every stesp at  eng-
This can be achieved if the In aton potential is dom inated by the short range branebrane
Interaction. Very crudely, the density perturbations then com e out to be

1

oM p

35)

W e see that (n agreem ent with [I§]) the requirem ent of large density perturbations places
more ssvere constraint on the atness of the in aton potential than the requirem ent of
successfiil n ation with 60 e-foldings, which in our scenario requires no netunning. An
expected Iower lim it or ry isaround M , ;, which orM;; TeV woul give — 10 5.

The cbserved value would require branes with a very short range potential ( 10*M , b,
This would m ean that a brane cannot uctuate at scales >> 10 ?®an and is an extrem ely
rigid ob fct.

T here can be other sources ofthe density uctuations, eg. com Ing from the branes 2alling
on the ordentifold plane earlier, 60 e-folds before the end of In ation (see discussion at the
end of the previous section). To conclude, the precise origin of the density perturoations In
the present context is an open question and requires an additional study.

Another in portant issue In theories with TeV scalke quantum graviy is baryogenesis.
A sm entioned above, our scenario gives a natural posibility of releasing the in aton energy
predom nantly into the branes. This is a desirabl starting point for avoiding the buk
graviton overproduction. H owever, even in such a optin istic case the reheating tem perature
on the brane cannot be arbitrary high since the bulk gravions can be produced by brane-
evaporation fli]. In particular, reheating up to the ekctroweak tem peratures is problm atic
(@t Jeast for anall N ) and thus the standard soenarios of baryogenesis is not operative.
However, In our case, there are new possble sources: rst, since the Hubbl param eter
is so an all, the electroweak transition m ay In fact coincide w ith the in ationary one and
be non-therm al. This will provide an out-ofequilboriuim condition. M ore In portantly, the
In aton can directly decay into the baryons via the baryon-num ber-and CP wviolatihgM p ¢—
suppressed interactions. Such operators can be ham less for proton decay due to unbroken
discrete subgroups of B and L /] (see 1] for an explicit construction). Thus, in princible
at least, the baryon num ber can be generated w ith a very low reheating tem perature.
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E .Conclusions

In this paper, we present a novel brane In ationary scenario In theories with low scale
(TeV) quantum gravity. This in ationary scenario is naturalin the brane world picture. In

the classical vacuum , K branes, w ith positive energy densities, sit on top of an ordentifold
plane, w ith negative energy density, so the vacuum energy cancels out. In the early universe,
som e ofthe branes "start out" relatively displaced in the extra dim ensions. T his Introduces
a vacuum energy, which triggers in ation in the non-com pact 3-din ensional space. The
num ber of e-foldings can be very large due to the very weak branebrane interaction at large
distances, which ism ainly due to the graviton and otherm assive bulk m ode exchanges. T he
displacam ent distances between branes are iddenti ed w ith the vacuum expectation valies of
scalar elds, which are brane (open string) m odes. W hen branes are close to each other, the
potential becom es stesp and In ation ends rapidly, releasing energy m ostly into radiation
on the branes. In this scenario, the electroweak H iggs eld m ay even play the rolk of the
In aton.

A though thisbrane in ationary socenario em erges rather naturally in thebrane world pic—
ture and the overall picture looks prom ising, its details are quite m odeldependent. P recise
predictions seem to require a better understanding ofthem oduli stabilization and supersym —
m etry breaking m echanism . On the other hand, we can use the in ationary requirem ents
to further constraint the brane world dynam ics. For exam ple, the shape of the in aton
potential depends strongly on the m asses of the light bulk (closed string) m odes, which are
m assless before m oduli stabilization and supersymm etry breaking. They are expected to
have tiny m asses if supersym m etry breaking occurs on the brane and is then tranan itted to
the bulk.

A though the brane In ation can easily reheat the brane to a tam peratures around the
electroweak scake M ., , for an allnum ber of extra dim ensions and low M p ¢, this is forbidden,
due to the subsequent evaporation into the buk gravitons [Ij]. T hus the standard electrow eak
baryogenesis cannot be applied In such a case. However, in the brane in ation context,
there are new potential sources, which can allow baryon num ber generation at much lower
tem peratures. This is due to the possibility of direct B — and CP -violating decays of the
In aton into the branebaryons. Tt is in portant to study this issue in greater detail.
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