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We investigate a new way of realizing a period of cosmological inflation in the context of brane gas
cosmology. It is argued that a gas of codimension one branes, out of thermal equilibrium with the rest of the
matter, has an equation of state which can—after stabilization of the dilaton—lead to power-law inflation of the
bulk. The most promising implementation of this mechanism might be in type |IB superstring theory, with
inflation of the three large spatial dimensions triggered by “stabilized embedded 2-branes.” Possible applica-
tions and problems with this proposal are discussed.
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[. INTRODUCTION inflation from intrinsically stringy physics. We observe that
(in the context of considering stringy matter on a dynamical
There has been a lot of recent interésge e.g[1] for a  background field, and after fixing of the dilaton figlthe
review of various approachei the possibility that string winding mode$ of a gas of co-dimension-1 branésut of
theory may provide a new scenario for the very early Uni-thermal equilibrium have an equation of state which yields
verse which can address some of the cosmological questiomp®wer-law inflation, as long as the separation of the branes is
[2] which the inflationary universe scenario does not answemuch smaller than the Hubble radits.
In particular, extended objects which appear in string theory Since the resulting accelerated expansion of space will
may play an important role, either in terms of their impact onblow up the curvature radius of these branes relative to the
the bulk dynamicg3,4], or as hypersurfaces on which the Hubble radius, in our proposed mechanism inflation will be
matter fields of the standard model of particle physics aref finite duration(there is no graceful exit problemsince
localized(see e.g[5] for a recent review the accelerated expansion will end once the separation of the
In particular, since inflation is the most successful paraphranes becomes comparable to the Hubble radius. After in-
digm for explaining the large size and the overall approxi-flation ends, the Universe will take on a phase of nonaccel-
mate homogeneity of the Univer$é] and also yields the erating dynamics governed by a network of branes with cur-
most successful theory for generating primordial densityature radius comparable to the Hubble radius. This phase
fluctuations and cosmic microwave background anisotropiefmust end before the time of nucleosynthesis in order to avoid
(see e.gl7,8] for reviews, it is of interest to explore whether an overabundance problem analogous to the “domain wall
string theory can provide nevand hopefully better moti- problem” of particle cosmology22]. We comment on vari-
vated ways of achieving a phase of cosmological inflation inous possibilities to avoid this problem, the most promising of
the very early Universesee e.g|9] for a recent review Itis  which appears to be to use “stabilized embedded walisi:
possible that a phase of inflation resulting from string theorystable 2-branes stabilized by plasma effettsdrive infla-
can already be seen at the level of the four space-timegon.
dimensional supergravity description of the low energy limit  |n the following, we briefly review some of the required
of the theory. However, it is also of interest to inveStigatebackground from string theory_ Next, we discuss our infla-
new ways of obtaining inflation which are tied to intrinsi- tionary solution and study the dynamics after inflation. In the
cally stringy effects. “Brane inflation” is one possibility, in final section, we discuss ways in which our mechanism could
which the separatiofil0,1] or the angle[12] between two  fit into a string cosmology scenario of the early Universe,

branes yields the inflaton fieltbee alsd13,14 for related  and address some problems of the proposed mechanism.
approaches Another way of obtaining cosmological infla-

tion is via the mechanism of topological inflatigi5,16|

resulting from the defects which form as a consequence of1ag gemonstrated below, all we require is a gas of branes with a

brane-antibrane annihilatidsee e.g[17] for the basic phys-  curvature radius larger than the Hubble radius.

ics). Yet another possibility is to have inflation in the context 2Note that an interesting but unrelated mechanism by which a

of “mirage cosmology,” where our space-time is a test branethermal gas of winding modes of open strings on D-branes causes

moving in a curved background space-tili8—20. inflation of the brane in a very high energy regime of Hagedorn
In this paper we suggest a new way of obtaining bulkdensity was suggested ja1].
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Il. BACKGROUND expansion rate. In this case, the effect of the branes on the

. . . i background geometry can be analyzed in lbhane gasap-
Be5|des the perturbgnve string 'ex0|tat|ons, the normerturﬁ)roximation, where one averages the matter distribution over
bative spectrum of string theory includ&yp branes[23],

. : . X . . a Hubble volume to obtain an average energy density and
hypersurfaces witlp space-like and one time-like dimension o5 re which determine the evolution of the background

on which open strings end. There are stabl_e and l_Jnstab smology. Note that in this context the branes aue of
branes. Stabl€BPS branes couple to gauge fieldsoming  thermal equilibrium This is how topological defects emerge
from the Ramond-Ramond sectaf rank (p+1), wherep  in cosmology. Since the nature of nonperturbative string
is odd for type 1B string theory, anf is even for type IIA  theory is not known, it is not clear that brane gas cosmology
string theory. There also exist unstaki®n-BPS Dp-branes  admits a phase transition of the above nature as the tempera-
with the complementary dimensions, ipeodd (even intype  ture increases. Another possibilitgxplored in detail in the
IIA (B) string theory[24,25 (see e.q26] for a review of context of string gases on a fixed background geon&®y-
stable and unstable branes in string thecfe instability of ~ 41]) is that as the brane gas density increases, the branes
a non-BPS brane is manifested in terms of the presence ofrgach a Hagedorn-likg42] phase, in which the energy den-
tachyonic field in its world volume theory. sity of matter is dominated by infinite branes. Such infinite
In the context of cosmology, both stable and unstabldranes, in the context of spatial manifolds which are toroidal,
branes may play a role. The field theory analogs of stabl@e branes with nonvanishing winding numigeee alsd43]
branes are topological defects. It is well known that defectdor work on string thermodynamics in the presence of
can play an important role in early Universe cosmol¢gge ~ Pranes. _
e.g.[27-29 for reviews. The field theory analogs of un- 10 fix a simple example, we consider for the moment all
stable branes are embedded defésee the following para- SPatial dimensions to be toroidal, and the initial state of mat-
graph, and it has recently been realized that these can alsts" {0 be a dense brane gas containing winding modes. Given
be of importance in the early Universe. Under certain cir-SUCh an initial dense network of branes out of thermal equi-
cumstances, unstable defects are stabilized by plasma effedium, the correlation length will increase as the scale fac-

[30,31] (see e.g[32—34 for some recent suggestions of their to_r a(t) as the Universe expands. Fluctuations on the branes
role in cosmology. Similarly, unstable branes could be sta- with wavelen_gth smaller_than the Hubble radlgs will undergo
bilized in the early Universe and play a role in cosmology.damped oscillatory motion, whereas fluctyatlon modes with
For some possible applications of unstable branes in cosmoyvavelength greater than the Hubble radius will be frozen.
ogy unrelated to our present work see ¢16,35,36. In the Any net transle_m_onal mopqn WI|| also be damped ou_t. In the
following, we will call unstable branes which are stabilized @bsence of efficient annihilation between modes with oppo-
by plasma effects “stabilized embedded branes.” site W|_nd|ng number, the brane gas vylll 'Fhus ap_proach a gas

Certain conditions on the coupling of brane or bulk fieldsOf static branes whose energy density is dominated by the
to the order parameter describing the unstable brane must &@ight brane contributioh. ,
satisfied in order for our proposed mechanism to work. Re- The equation of state for a gas of straight brafmeglect-
call [30] that unstable topological defects can be stabilized ifnd Possible gauge charges on the bramess worked out in
after symmetry breaking there are gauge fidfusoton field [4_14]. Here we briefly review the analy5|s._ The space-tlme
in the case of the electroweak Z-stringhich couple asym- history ~ of ~a  p-dimensional  object in  a
metrically to the different components of the order parameteP = (d+1)-dimensional space-time with metny,, is rep-
(Higgs field, and these gauge fields are still in thermal equi-"esented by the world sheek*=x*(*), where u
librium. We assume that brane and bulk gauge fields play th& 0: - - - D labels the space-time coordinates aficare the
role of the photon field(in the case of the electroweak Ccoordinates on the world sheet with=0, ... p. The in-
Z-string), i.e. they are still in thermal equilibrium after duced metric on th@-brane isy,,=g,,X/;x",. The action
tachyon condensation, and they couple asymmetrically to thef the brane is the Nambu-Goto action
different components of the tachyons. It remains to be
worked out in which brane scenarios these conditions are
met. Sp:_Tpf dPiy=y, @)

The formation of both stable branes and unstable branes
stablhzgd by plasmg effects is analogous to the .formatlon o\f/vhere we have assumed a constant dilatorso that
topological defects in cosmology. One scenario is that a net-
work of branes forms after a phase transition in M-theory B 11 —(pr1)2
which occurs as the Universe expands and the temperature  7p= k€ “Tp=«Tp/g=x(27) "¢ "« - @
drops. By arguments due to Kibdla7] and ZureK 38], such
a phase transition will leave behind a random hypersurfacelere, T, is the brane tensiom=e{¥ is the string coupling,
network of branes with a microphysical correlation lengthand the string scale is given y =€2. We have inserted a
(the correlation length gives the mean separation and the
curvature radius of the brane netwarklote that if the phase
transition takes place at temperatures significantly lower than3Note that the energy density in the many other fields emerging
the Planck temperature, then the correlation length is muchom string theory will redshift faster than the energy density of the
smaller than the Hubble length !, whereH is the Hubble  winding modes considered here.
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factor x which equals 1 for stable branes but can be muchrhus, provided the power if8) is greater than 1, i.e. pro-
smaller than 1 for stabilized embedded branes. vided that d=p+1, we obtain accelerated expansion

Now consider a gas dbp branes embedded ihspatial ~ (power-law inflation.* In three spatial dimensions, a period
dimensions. The energy-momentum tensor is given by variaef inflation is driven by domain wallsp=2).°

tion of the action(1) with respect to the metrig,,, Our inflationary scenario has a natural graceful exit
mechanism: during the period of accelerated expansion, the
, —2 &S correlation lengthé(t) of the defect network increases rela-
a :\/?g 59,0, tive to the Hubble radius. Oncé(t) is comparable to

H~1(t)=[(d—p)/2]t, the brane gas approximation breaks
down since the distribution of the branes averaged over a
=7-pf dPH 26PN (x—X(D))V= y¥*Pax 35", (3)  Hubble expansion time becomes inhomogeneous, and infla-
tion will end (see the following section for arguments as to
For aDp-brane gas, Eq(3) leads to the equation of state the further cosmological evolution
[44] The above criterion for the end of inflation allows us to
estimate the duration of the inflationary phase. Given our
p+1 , p initial conditions, the energy density is dominated by the
a Y dlPee 4) network of straightp branes. Their energy density at the
initial time t; is given by(up to a factor of order unity

Po

whereP,, is the pressure angl, is the energy density of the
gas ofp branes. In the relativistic limity?>—1), the branes p(t)= P t (d
behave as a relativistic fluid with="7,/p,=(1/d), while : Pl '

in the nonrelativistic casevf—0), we obtain
where, is the rescaled tension of tigebrane, the first two
p factors on the right hand side of the equation give the energy
w=-3- (5)  of a single brane within the Hubble volume, the third factor
gives the number of branes per Hubble volume, and the last
factor is the inverse of the Hubble volume. The brane tension
IIl. INFLATION FROM BRANE GASES is given in terms of the string length, and the string cou-
We will work in the context of an initially hot, expanding P!ing constanig by Eq. (2). Making use of the first Fried-
Universe ofd spatial dimensions. We start our considerationg™@nn equation(7), and replacing the higher-dimensional
with a configuration of matter taken to be a dense gas ofravitational constanG by the.corres.pondlrzjg1fundamenta|
branes of all dimensions allowed in the underlying theory.dravitational length scaly (defined viaG={¢; ), we ob-
The background is described by the Einstein action. Thigain (settingp+1=d in order to obtain inflation
implies that we are assuming the dilaton has been fixed by PRCER!
some mechanism. Under the assumptions discussed in the H(t)%= f _
' Ce&(t)
produce a gas of branes which are straight and static on

o o o o
previous section, the expansion of the early Universe will d(d—1)g | €5
microphysical scales, and whose equation of state is given b he important ratio between Hubble radius and correlation

€)

(10

Eq. (5). ength at timet; is
The Einstein equations for ad{-1)-dimensional Uni- _
verse can be written as H™ (1) :(d(d_ 1)) 1/291/2,(—1/2({}_5) o i) 2
&(t) 8 s &t
a  8mGy.q (11)
az—m[(d—z)Pﬁdpp], (6) _ _ o _ _
During the period of inflation, the correlation length in-
, creases asi(t) whereas the Hubble radius increases only
a® 16mGg,q linearly in time. Thus, the correlation length has caught up to
g_ d(d—1) Pp: () the Hubble radius increases at a titpéthe end of inflation
given by
whereGy., 4 is the (d+ 1)-dimensional Newton constant. 1
Since the correlation lengths of branes of different dimen- t_f — H(t) (12)
sions will be comparable, the matter content of a brane gas £ &ty

will initially be dominated by the branes with the largest
value ofp (the heaviest of the branesNeglecting the con-
tribution of the other branes, making use of the equation of “Note that this result agrees with what follows from the study of
state(5) and inserting this into E(6), one can combine EQgs. [45] of the late time dynamics of brane gases in M-thefarge y
(6) and(7) to obtain =3 andm;=0 in their Eq.(40)].
5The idea of wall-dominated inflation was first made 22] (see
a(t)oct?d=p), (8  also[46)).
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The ratio of scale factors dt andt; is the square of this radius will increase relative to the correlation lengti) of
expression. The numbey of e-foldings of inflation is given thep=d—1 branes. Thus, the dynamical evolution after the
by end of inflation is governed by

a(ty)
aty) )’

N=In (13 &(t)~t. (16)

If, as an example, we assungét;)=¢, (motivated by the In particular, the energy of the Universe continues to be
fact that the initial separation of topological defects after adominated by thesp=d—1 branes, leading to a severe do-
phase transition is of the order of the inverse of the symmemain wall overabundance problem.

try breaking scal¢37,29), then Eq.(13) gives Since the energy density of matter other than phed
—1 branes is suppressed by a poweredfrelative to the
energy density of the=d—1 branes, and since the energy
density of thep=d—1 branes is already quite low, namely
given by a typical mass scale

Thus, we conclude that it is possible to obtain a sufficient

number of e-foldings of inflation to solve the problems of m(t,) = p(t;) Y@+ (17)
standard big bang cosmolod¥] provided that the ratio A

€1€; is large. Working, for example, with=x=1, d=3

and ¢; '=10" GeV, we require, <10’ GeV to obtain  Which[making use of Eqs(9) and(12)] is of the order

more than the 55 e-foldings of inflatiofrequired for the

Nzln(g;c‘l)—k(d—l)lnﬁ—s. (14)
f

scenario to solve the problems of standard big bang cosmol- 4 1(d+1)
ogy). For stabilized embedded defects with'>1, the up- m(ts)= —) g~ 2@+
per bound on the string scale is less seveee highej. 7d(d—1)
Note that, from a naive point of vietreating the fluc- O [ €\ 2@+
tuations generated in our model like the fluctuations gener- ><K2/(d+1)€—(€—s) et (18
ated in a model of power-law inflation driven by a scalar AR

field with exponential potentigl the inflationary period dis-

cussed above is not capable of explaining the observed dethere is also a potential problem of how to reheat the Uni-
sity fluctuations and microwave anisotropies, since the preverse.

dicted spectral slopeg deviates too much from a scale-  Thus, it appears that in order to obtain an acceptable late
invariant ng=1 one. To first order in the powex=2/(d time cosmology, thep=d—1 branes must decay, both to
—p) which appears in the scale factaft) [see(8)] one  solve the domain wall problem and to achieve reheating.

obtains(see e.g[47]) As mentioned at the end of the previous section, the adia-
batic fluctuations generated by our model of inflation have

2 the wrong spectral index, namely,=0, and thus cannot
”5_1:_;' (15) explain the observed large-scale structure and microwave

anisotropies. Thus, the model needs additional ingredients in
whereas the observed spectral index is now known to be iarder to successfully connect with present observations.
the rangen,— 1= —0.07+0.03[48]. Thus, in order for our Having said this, it is important to realize that the fluctua-
scenario to make contact with observed inhomogeneities, wigons generated in our model wiliot be equivalent to the
require a different mechanism to produce the primordial flucfluctuations generated in a scalar field toy model which

tuations. We will return to this issue later. yields the same expansion rate, the reason being that branes
(like defect$ generated iso-curvature fluctuations. As long as
IV. EVOLUTION AFTER INFLATION the branes have not decayed, a spectrum of curvature fluc-

tuations which is scale-invariant when measured at Hubble

Once the correlation length becomes comparable to theadius crossing will resulf49]. At the time of the brane
Hubble radius, inflation will end. In particular, at that time decay, these primordial iso-curvature fluctuations will con-
the approximation of treating matter as a homogeneous brargbute to an adiabatic mode. The details of this process re-
gas breaks down, since the typical density fluctuations pemain to be studied. In analogy to what can be achig &€&
Hubble volume, which can be estimated W&/E (whereE  in the Pre-Big-Bang[51] scenario, where the primordial
is the total energy within the Hubble volume, aéH is the  adiabatic spectrum has the wrong indeamelyngs=4 [52])
energy which a single brane contributebecome of order it is possible that other matter fields obtain a scale-invariant
unity. spectrum of iso-curvature modes which upon the decay of

Once a Hubble volume no longer contains one of thethese fields yields an adiabatic mode via the curvaton mecha-
branes responsible for the period of inflation, the dynamicsiism[53-56. Since the spectrum of our primordial adiabatic
of that volume are determined by whatever matter is(eeff.  mode is red, it is likely that any additional mechanism like
the lower-dimensional branesThe volume will undergo the two possibilities we just mentioned will dominate the
nonaccelerating power-law expansion, and now the Hubblgpectrum on scales of present cosmological interest.
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V. DISCUSSION and they found that, given initial conditions for which the

We have proposed a new mechanism for obtaining bquradu of all the tori are comparable, the dynamics favors three

. oo . .__Spatial dimensions becoming larger than the other ones
inflation in the context of string cosmology. The mechanism’ " " . - )

. - . .~ (which we call “internal”). Implicitly, the assumption was

is based on a gas @f=d—1 branes causing power-law in-

flation of thed space-dimensional bulk in which the value of made that the M5 branes have all annihilated. We will make

. S . . . . ronger mption, fixing the radion
the dilaton is fixed. The duration of inflation is automatically astro 'geT assur ptio J g the rad or fields corresponding
SR . ) : 2 to the internal dimensions, and start with a dense gas of M2
finite in our scenario. However, the final state is faced with : )
. . branes. The M2 branes which wrap two of the large spatial
both a domain wall problem and a reheating problem.

The first i ish to f in thi tion is h dimensions can give rise to inflation by the mechanism we
€ Tirst 1ssue we wish 1o Tocus on in this SECUON IS NOWa e hon0sing(M5 branes wrapping three internal dimen-

which are respongible for.inflation. The decay will release(which, as mentioned at the beginning of this section, can be
the brane energy into ordinary matter and cause the “temagdressed successfully
perature"(defined here as the fourth root of the energy den- As Suggested by59]’ it is possib|e that brane intersec-
sity) of the Universe to take on the value given in E&8).  tions play an important role in M-theory cosmology. This
How can brane decay occur? If the branes which are drivmight also lead to new possibilities for brane gas inflation.
ing inflation are stabilized embedded branes, then the bran&§e leave an investigation of this possibility to future work.
will automatically decay once the temperature of the plasma As an orthogonal starting point we considgpe IIA
has dropped sufficiently lowsee[30,31)). If the branes are string theory. Again, we fix the dilaton and the radion fields
stable, the problem is more severe. One possibility is thaby hand. This theory contains stable D2 branes which will
eventually the branes and antibranes will annihilate, leavingienerate inflation according to our proposed mechanism.
a state with no long branes. This possibility, although itHigher dimensional stable branes for which all but two
works for topologically stable branes as well as for branesycles wrap internal dimensions will contribute to inflation
which are dynamically stable but not topologically stafsle  in an analogous way. As in the previous example, we are
conserved quantum numbeseems hard to reconcile with faced with a serious domain wall problem.
the topological arguments for the existence of long branes Turning now totype IIB string theory, we first again as-
(arguments derived in the context of topological defects insume that the dilaton and radion fields have been fixed by
field theory—see the review@7-29). Another possibility = some mechanism unrelated to our scenario. In this case, there
(suggested first by Seckf#6]) is that holes in the branes are stable D1 branes and unstable 2-branes. The unstable
nucleate and “eat up” the branes at the speed of light. Sinc@-branes, provided that they are stabilized by plasma effects
this occurs in the post-inflationary phase, there is no causakarly on, can drive a period of inflation by our mechanism.
ity obstruction to the local decay of the network of branesThey will decay at late times, and will thus not lead to a
within one Hubble volume. However, the local decay is onlydomain wall problem. The stable D1 branes will take on a
possible if the walls are not protected by a topological quanscaling solution like cosmic stringsvithout dominating the
tum number. energy density of the Univers¢27—29, and will lead to
It is important that brane decay occurs sufficiently earlypredictions for fluctuations which are in principle testable.
such that the Universe has time to homogenize and thermaBpecifically, these strings yield line discontinuities in the
ize sufficiently before the time of recombinatigeee e.g. cosmic microwave temperature mafB0]. In order not to
[34] for a study of the corresponding constraint on stabilizedconflict with present observational boun@tke most strin-
embedded topological defegtShere are also possible con- gent bounds come from the location and narrowness of the
straints from inhomogeneous nucleosynthesis. first acoustic peak in the spectrum of microwave anisotro-
The second question addressed in this section is how thaies; see e.g.61] for a recent review on the confrontation
mechanism suggested in this paper might fit into a coherertietween topological defect models and observational con-
picture of early Universe string cosmology, in particular straintg, the string scale must be sufficiently low such that
whether there is any way to connect the proposal made hetbe string tension is less than aboufdGe\?.
with the ideas of[3,4] (see also the more recent work of In the context of type IIB string theory we can try to
[57,58) on how the dynamics of brane winding modes canmerge the ideas of creating a hierarchy in the scales of spa-
create a hierarchy of scales between the three spatial dimetial dimensiong3,4] with the mechanism for inflation pro-
sions we see and the other spatial dimensions. posed here. We will make use of the fact that odd-
In the following, we will take three different starting dimensional branes are stable and heavy, but even-
points corresponding to different corners of the M-theorydimensional branes are unstable. If they are stabilized by
moduli space and discuss how our proposal might fit inplasma effects, it is likely that the core will undergo a “core
First, consider 1D supergravity This theory contains stable phase transition]62] analogous to what occurs for stabi-
M2 and M5 branes. In this context, the dilaton is fixed andlized embedded defects in field theof$0,33,31. In this
the background equations are the Einstein equations. Easthease, the effective tension is much smaller than it would be
et al.[45] have recently studied the effects of winding modesfor a stable brane of the same dimensjtnis was our mo-
of M2 branes(on a toroidal Universe where spaceli¥) on tivation for introducing the factok in Eq. (2)]. Let us now
the dynamics of a homogeneous but anisotropic cosmologiegin the time evolution with all spatial dimensions of the
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same size, and the dilaton free. As discussddjnall stable mology. Key is the mechanism proposed in this paper,

higher dimensional branes annihilate, leaving behind theamely inflation triggered by a gas of stabilized embedded

stable D1 branes. These will annihilate only in three spatiamembranes.

dimensions, allowing these to grow, and keeping the others

small. Note that if the stabilized embedded branes are much

lighter than the stable branes, there still will be stabilized ACKNOWLEDGMENTS
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