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Interesting consequences of brane cosmology
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We discuss cosmology in four dimensions within the context of a brane-world scenario. Such models can
predict chaotic inflation with very low reheat temperature depending on the brane tension. We notice that the
gravitino abundance is different in brane-world cosmology and by tuning the brane tension it is possible to get
an extremely low abundance. We also study Affleck-Dine baryogenesis in our toy model.
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Recently there has been renewed interest in perceiving
four-dimensional world which is in the form of a three
dimensional hypersurface along with time embedded i
higher-dimensional space-time. Such a claim has a pedi
from the strongly coupled sector ofE83E8 hetrotic string
theory which can be described by a field theory living in
11-dimensional space-time@1#. The 11-dimensional world is
comprised of two 10-dimensional hypersurfaces embed
on an orbifold fixed point, where fields are assumed to
confined to the hypersurfaces which are known to be
branes in this scenario. After compactifying the 1
dimensional theory on a Calabi-Yau threefold, one obta
an effective 5-dimensional theory@2#, which has the struc-
ture of two 3 branes situated on the orbifold boundaries. T
theory allowsN51 supergravity with gauge and chiral mu
tiplets on the two 3 branes. Thus, it is possible to get p
nomenologically interestingN51 supergravity in four di-
mensions from hetrotic string theory. The low energy the
in four dimensions also allows a number of cosmologi
implications and in the recent past some attempts have b
made to understand the cosmology@3#.

In this paper we consider a very simple toy model in
dimensions and we assume that we reside in one of the
3 branes which are separated by a distance. In this set
has been realized that the effective 4-dimensional cosmo
is nonconventional@4#. The Friedmann equation is modifie
due to localization of the fields on the brane and also du
presence of the second brane. The extra 5th dimensio
assumed to have orbifold symmetryy52y, and static in our
case. The main goal of this paper is to point out some of
interesting implications of the brane cosmology taking pla
at energy scales below four-dimensional Planck mass
above the nucleosynthesis scale. It is fairly well recogniz
that the root of most of the nagging problems of the prese
observed universe have some relation to the early unive
We mention two of them here. The present universe seem
be extremely flat, isotropic, and homogeneous. A small
homogeneity is measured to be one part in 105 by the Cos-
mic Explorer Background~COBE! satellite, and the secon
startling observation is that the present observable univ
has a small baryon asymmetry which is noted to be roug
one part in 1010, measured from the abundances of light
ements synthesized at the time of nucleosynthesis. A s
inhomogeneity of the Universe can be explained by quan
fluctuations of the scalar fields during inflation. While th
observed baryon asymmetry can also be explained quite
0556-2821/2001/64~2!/027304~4!/$20.00 64 0273
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egantly in the early universe because of the presence
preferred time and the expansion of the Universe which le
to out-of-equilibrium decay of massive particles via expli
CP violation interactions. In this paper we will consider on
such example of baryogenesis in supersymmetric theo
which is known as the Affleck-Dine~AD! mechanism@5#.
Strictly speaking we will be treating the branes as hypers
faces. We will be assuming that initial configuration of th
branes are supersymmetric and due to some known or
known reasons, supersymmetry is broken at a suitable s
to solve the hierarchy problem in the Planck brane where
reside. Regarding this we are assuming that our setup
two branes with opposite brane tensions and a negative
cosmological constant. In this respect our discussion coul
well be generalizable to the configuration where gravity c
be localized on the Planck brane@6# and some attempts hav
been made to supersymmetrize the two branes@7#. However,
some formal aspects of supersymmetrizing infinitely th
branes are still under extensive study~see Refs.@8,9# and,
more recently, Ref.@10#!.

A simple isotropic and homogeneous cosmology can
described by the expansion parameter known as the Hu
parameter. It has been noticed that the two branes with
posite brane tensions can cancel the negative bulk cos
logical constant@11# to give rise to a simple modification to
the expansion equation. The Friedmann equation in
Planck brane is given by

H25
8p

3M p
2

rF11
r

2lG , ~1!

where r is the energy density of the matter stuck to t
brane. The brane tensionl relates the four-dimensiona
Planck massM p'1019 GeV to the five-dimensional Planc
scaleM5 via

M p5A 3

4pS M5
2

Al
D M5 . ~2!

It is noticeable from Eq.~1! that there is an extra contribu
tion to the right-hand side of the Friedmann equation. If
demand that successful nucleosynthesis occurs then the
ond term proportional tor2 has to play a negligible role at
scale ;O (MeV ), corresponding to the era of big ban
nucleosynthesis. Thus we have to assume that the mod
©2001 The American Physical Society04-1
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Friedmann equation paves the usual term in the right-h
side of Eq.~1!, which is just linear in energy density. Th
naturally leads to constraining the brane tension asl
.(1 MeV)4. This naturally leads to constraining the bra
tension asl.~1 MeV!4; for better bounds see Ref.@12#. This
means that the Universe evolves exactly in a familiar fash
even in the presence of branes at energy scales lower th
MeV. However, there could be a significant departure fr
the usual lore at very high energies, especially whenl
,r. In this regime the expansion rate of the Universe
certainly dominated by ther2 term in the right-hand side o
Eq. ~1!. Our aim is to illustrate that perhaps we can acco
modate the nonconventional term in Eq.~1! for solving some
of the problems, such as excess gravitino production du
reheating.

The energy conservation equation for the matter which
strictly residing within our brane is given byṙ13H(r1p)
50. This has an obvious consequence for the scalar fi
dominating the early universe during the inflationary pha
It has been pointed out in Refs.@4,13# that inflation is well
supported byr2 contribution because of the dominance
the friction term leads to manye-foldings of inflation. For
our purpose it is the last 50–60e-foldings of inflation should
be sufficient enough to form structures in the Universe. T
possibility of chaotic inflation with massive inflaton fiel
@V(f)5m2f2/2# has been discussed in Ref.@13#. The den-
sity perturbation produced by the scalar fieldf during infla-
tion has been compared to that of the COBE result and it
been realized that chaotic inflation can occur for field valu
below the four-dimensional Planck massfCOBE

'102M p
1/3l1/6,M p , but above the five dimensional sca

M5. The mass of the inflaton field has also been found to
constrainedm'531025M5, which essentially translates t
m'1025M p

1/3l1/6 from Eq. ~2!. Hence, forl'O (GeV)4,
the mass could be m;O(10) GeV, and fCOBE
;O(108) GeV. Thus the scale of inflation is determined
the brane tension and depending on its value inflation co
take place at extremely low scale. One of the most impor
consequence of having inflation at a low scale is the l
reheat temperature and various other physical implicati
which we will describe next.

It is known to us that inflation leads to an extremely co
universe because the entropy generated before and d
inflation redshifts away, thus it is necessary to attain therm
ization at a scale above the nucleosynthesis scale to pres
the successes of the big bang model. We notice, after the
of inflation the scalar field begins oscillating coherently
the bottom of the potential, and for the massive inflaton
average pressure density vanishes during the oscillati
thus leadingrf}a23, wherea is the scale factor. If we de
noterf i andai as the inflaton energy density and the sc
factor at the beginning of the coherent oscillations, then
Hubble expansion is given byH2(a)'(8p/3M p

2)(rf i
2 /

2l)(ai /a)6. If the decay rate of the inflaton is denoted b
Gf , then equatingH(a) to Gf leads to an expression for th
scale factors. If we assume reheating occurs with the en
density in radiationr r5(p2/30)g* Trh

4 , whereg* is the rela-
tivistic degrees of freedom then the reheat temperatureTrh is
given by
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Trh'S GfM pAl

g*
D 1/4

;~1025/4M p
1/3l1/6!S a

g*
D 1/4

'1015/4mfS a

g*
D 1/4

, ~3!

where we have assumed massive boson decayGf'amf
with a Yukawa couplinga, and, while deriving the last ex
pression in Eq.~3!, we have takenmf'1025M p

1/3l1/6. We
see that the reheat temperature is proportional to the ma
the inflaton. For the brane tensionl;O(1) GeV, reheat
temperature could beTrh'O(103) GeV, assumingg*
;O(100) anda'0.01. However, the reheat temperature
always more than the brane tension. This is a direct con
quence of inflation occurring at low scales. Inflation at su
a scale is desirable from the point of view of nucleosynthe
which we briefly describe here.

If we believe that supersymmetry is needed to solve
hierarchy between the electro-weak scale and the fo
dimensional Planck mass then the gravitino mass must b
higher than;1 TeV. Since we know that gravitino couplin
to matter is Planck mass suppressed, the life time of gr
itino at rest is quite long t3/2;M p

2/m3/2
3

;105(m3/2/TeV)23sec@15#. If the gravitino decays to eithe
gauge bosons and its gaugino partner, or, if it decays to
ergetic photons, synthesis of light elements can be in dan
by changing the number density of baryon to photon ra
required for a successful nucleosynthesis. However, if
Universe thermalizes at a temperature which is as low
O(103) GeV, the thermal production of gravitinos is als
suppressed, but gravitinos could also be produced nonpe
batively during preheating@16#, which we do not consider
here. The thermal production of gravitino usually involv
2→2 processes involving gauge bosons and gauginos du
reheating. In the brane-world scenario it is very likely th
the bulk is also supersymmetric and in that case there
possibility to excite the Kaluza-Klein gravitino modes. A
the Planck brane these modes are coupled to the matter
with Planck mass suppressed interactions and it could
very interesting to analyze them separately, there has b
some discussion upon localization of the zero mode gravi
in this context@17#. In this paper we do not study excitin
the Kaluza-Klein gravitino modes, however, if the form
approach to study them becomes clear then it is worth inv
tigating this issue separately, because they are likely to
crease the gravitino abundance and thus likely to pose a
ger challenge to nucleosynthesis.

In order to study the gravitino abundance by strictly a
suming that there is no gravitino contribution from the bu
we need to study the Boltzmann equation for the gravit
number densityn3/2 in 311 dimensions@14#:

dn3/2

dt
13Hn3/25^S totv rel&nrad

2 2
m3/2

^E3/2&

n3/2

t3/2
, ~4!

where^•••& represents thermal average,nrad is the number
density of relativistic particlesnrad}T3, v rel is the relative
velocity of the scattering radiation which in our case^v rel&
4-2
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51, and the factorm3/2/^E3/2& is the average Lorenz facto
We notice that in radiation era the nonconventional bra
cosmology gives the following Hubble rate of expansion:

H'S 4p5

3 D 1/2g*
30

T4

AlM p

. ~5!

In supersymmetric versiong* ;300 provided the reheat tem
perature is more than the masses of the superpartners.
worth mentioning that the scale factor during radiation
follows a(t)}t1/4, which is contrary to the standard big ban
scenario wherea(t)}t1/2. However, we must not forget tha
the derivation is based on the fact that we are in a reg
wherer.2l. In Eq. ~4!, after the end of inflation the firs
term in the right-hand side dominates the second. If we
sume adiabatic expansion of the Universea}T21, then we
can rewrite Eq.~4! asY3/25(n3/2/nrad). We yield dY3/2/dT
'2(^S tot&nrad/HT). We notice that we can integrate th
temperature dependence from this equation, and, we men
here that the above expression is exactly the same as in
standard big bang case@14#. However, this equation does no
produce the correct value ofY3/2, since the true conserve
quantity is the entropy per comoving volume. In our case
we assume the gravitinos do not decay within the time fra
we are interested in, then we may be able to get the ab
dance expression at two different temperatures:

Y3/2~T!'
g* ~T!

g* ~Trh!

nrad~Trh!^S tot&
H~Trh!

. ~6!

Here we assume that the initial abundance of gravitino
Trh is known to us, and the dilution factorg* (T)/g* (Trh)
takes care of the decrease in the relativistic degrees of f
dom. The total cross sectionS tot}1/M p

2 , andnrad(Trh)}Trh
3 ,

we finally get an expression for the gravitino abundance
temperatureT

Y3/2~T!1 MeV!'1023
Al

TrhM p
. ~7!

The above expression is an important one and now we a
a position to estimate the abundance for gravitinos. Firs
all we mention that the abundance equation is in stark c
trast to the conventional oneY3/2'1022(Trh /M p), where the
reheat temperature appears in the numerator rather tha
denominator. If we assume that after their creation dur
reheating their number density is conserved, then forTrh
'103 GeV andl'(1 GeV)4, we get an extremely sma
abundance of gravitinosY3/2'10225. However, for similar
reheat temperature, the conventional big bang cosmo
would predict the abundanceY3/2'10218. Thus we find ex-
tremely low abundance of gravitinos in our case. Howev
we need to be cautious. The abundance depends on the
tension and it can be evaluated easily, that increase in b
tension leads to increase in the mass of the inflaton and
the reheat temperature. This eventually leads to extrem
high abundance of gravitinos during reheating compared
the ordinary big bang case. This could be a potent prob
for intermediate range five-dimensional Planck mass, wh
is a common feature in M-theory compactifications. So, al
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not well with the brane cosmology, however, for small bra
tensions,r2 contribution to the Friedmann equation could
beneficial. In order to be a successful candidate for sm
brane tensions, the issue of baryogenesis becomes very
portant and this is the discussion we follow next.

An important mechanism for generating baryon asymm
try is through the decay of sfermion condensate propose
Ref. @5#, known as the AD mechanism. Let us consider t
sfermion condensate denoted byc and a simple potential for
c which is lifted by breaking supersymmetry at a suitab
scaleV'm̃2c2, where m̃ is related to the supersymmetr
breaking scale. A large baryon asymmetry can be gener
if there is a baryon number violating operator, such as^A&
Þ0. The baryon number density stored in the sfermion
cillations is given by@5#

nB5eS c0
2

MG
2 D rc

m̃
, ~8!

wherec0 is the initial amplitude of the sfermion oscillations
MG can be assumed to be an intermediate scale, this cou
supersymmetric grand unification scale.e(c0

2/MG
2 ) is the net

baryon number generated by the decay ofc. As we know in
general the inflaton begins oscillating whenH;mf at a
5af and oscillations of the sfermion begin quite late wh
H;m̃ at a5ac . One of the most important conditions t
realize the AD baryogenesis is that the thermalization due
the decay products of the inflaton field must take place a
the decay of the AD field, and,r rf.rc , wherer rf is the
energy density in radiation after the inflaton decay. This
mainly required to prevent washing out the baryon asymm
try. This tells us that the inflaton should decay very slow
and possibly via gravitational interactions, however, if this
so, then most probably the Universe would undergo tran
tion from nonconventional to the standard one while the p
cess of reheating. This will happen whenrf

'mf
2 f2(af /a)3;l at a5al5(mf

2 f2/l)1/3af . We picture
a situation where the Universe began with a nonconventio
cosmology, then after the end of inflation the inflaton beg
oscillating, but the Universe is still nonconventional. Wh
the Hubble parameter drops to a valueH;m̃ the oscillations
in the AD field begins and at this time also the Universe
nonconventional. However, soon after oscillations in the A
field is induced, the transition from nonconventional to t
standard cosmology paves its way. Since the mass of the
field is m̃;m3/2,mf small compared to the mass of th
inflaton, the oscillations in the AD field begin after the infl
ton oscillations. This can be estimated by takingH;m̃.
Since this happens when the Universe is nonconventio
H'(mf

2 f2/M pAl)(af /a)3;m̃. We can estimate the scal

factor when this happensa5ac5(Al/M pm̃)1/3al . It can be
verified easily thatac,al . However, this restricts the five
dimensional Planck massM5,1014 GeV. After al the cos-
mology becomes the standard one and the Hubble rat
given byH}Ar/M p . In our setup the inflaton decays whe
the Universe is already in the standard cosmology, thus
can estimate the scale factor when this happens by equa
4-3
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the Hubble parameter to the decay rate of the inflatonH
'(mff/M p)(af /al)3/2(al /a)3/2;Gf5(mf

3 /M p
2). Notice

that the decay rate of the inflaton is via the gravitatio
coupling. This yieldsa5adf5(lM p

2/mf
6 )1/3al . It can be

verified thataf,ac,al,adf , this also requires to use th
constraint on the mass of the inflaton;mf;1025M p

1/3l1/6

@13#. During the oscillations of the AD field, the energy de
sity decreases in the same fashion as in the case of infla
We can estimate the energy density in the AD field byrc

5m̃2c0
2(ac /a)35(m̃Alc0

2/M p)(al /a)3. It can be easily
verified that for largerc0 , Gf /Gc.1 for the sfermion decay
rate Gc;(m̃3/c2) @19#. However, in this case an importan
factor is that thermalization due to the decay of the infla
field must happen after the full decay of the AD field.

Once the Universe becomes radiation dominated, the
ergy density of the relativistic decay products of the inflat
can be given by r rf5(mf

6 /M p
2)(adf /al)4(al /a)4

5(l4/3M p
2/3/mf

2 )(al /a)4, and, the Hubble parameter
given byH5(l2/3/mfM p

2/3)(al /a)2. Now we must estimate
when the AD field decays, following Refs.@18# and @19#

we equateH;Gc[m̃3/c2. This takes place when th
scale factor is given bya5adc5(l7/6c0

2/m̃4mfM p
5/3)1/5al .

It can be verified thatr rf(adc).rc(adc). Now we have
to make sure that the thermalization of the inflaton fie
happens after the decay of the the AD field. For that
need to estimate the thermalization rate of the infla
field. Following the arguments given in Refs.@18# and @19#
we get

GT;nfs;mff2~af /a!3;~a2/mf
2 !~a/adf!2

;a2~l1/3mf /M p
4/3!~al /a!,

wherenf is the number density of the relativistic particles,s
is the cross section, anda is the fine structure constant. Th
v.
.

.

e
i,

02730
l
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thermalization of the Universe occurs whenGT;H and aT
5a22(l1/3M p

2/3/mf
2 )al . At this point we can also check tha

adc,aT for mf;1025M5, anda;1023/2. The condition is
satisfied for any reasonable value ofc0 less than the four-
dimensional Planck mass.

At aT we can compute the final baryon to entropy ra
given by Ref.@5#. We also have to compute the entrop
which is given bys5@r rf(aT)#3/4'(a6mf

9/2/M p
3/2) and fi-

nally the baryon to entropy ratio can be given by

nB

s
5

ec0
4mf

3/2

MG
2 AlM p

3/2
[

ec0
4mf

3/2

MG
2 M5

3M p
1/2

. ~9!

It is noticeable that the baryon to entropy ratio does
depend onm̃. However, it does depend on the brane tens
and the initial amplitude of the AD field oscillations. The la
step in the above equation has been been expressed in
of the five-dimensional Planck mass. For an example,
may takeMG;1015 GeV, mf;1025M5, we get an estima-
tion of the initial amplitude of oscillations in the AD field
c05(1037/e)1/4(M5 /GeV)3/8 GeV, where we have taken
the observed baryon to entropy ratio to benB /s;10210. It is
evident that the value ofc0 is more thanfCOBE'102M5.
However, for smaller values ofM5 the amplitude could be
comparable tofCOBE. In that case, situation could be diffe
ent. Here we have implicitly assumed that the AD field d
cays after the decay of the inflaton.

Here we summarize by saying that the brane-world c
mology differs quite a bit in their predictions from the sta
dard cosmology. Here we have looked upon two issues,
gravitino abundance and the baryogenesis. Other interes
issues should also be taken into account and work in
direction is in progress.

The author is supported by INLAKS foundation. The a
thor is thankful to Andrew Liddle for fruitful discussions.
rd,

,

s.
@1# P. Horava and E. Witten, Nucl. Phys.B460, 506~1996!; B475,
94 ~1996!.

@2# A. Lukas, B. A. Ovrut, K. Stelle, and D. Waldram, Phys. Re
D 60, 086001~1999!; J. E. Ellis, Z. Lalak, S. Pokorski, and W
Pokorski, Nucl. Phys.B540, 149 ~1999!.

@3# A. Lukas, B. A. Ovrut, and D. Waldram, Phys. Rev. D61,
023506~2000!.

@4# P. Binetruy, C. Daffayet, and D. Langlois, Nucl. Phys.B565,
269 ~2000!; P. Binetruy, C. Daffayet, U. Ellwanger, and D
Langlois, Phys. Lett. B477, 269 ~2000!.

@5# I. Affleck and M. Dine, Nucl. Phys.B249, 361 ~1985!.
@6# L. Randall and R. Sundrum, Phys. Rev. Lett.83, 3370~1999!.
@7# R. Altendorfer, J. Bagger, and D. Nemeschansky, Phys. R

D 63, 125025~2001!; A. Falkowski, Z. Lalak, and S. Pokorsk
Phys. Lett. B491, 172 ~2000!.

@8# R. Kallosh and A. Linde, J. High Energy Phys.02, 005~2000!;
E. Bergshoeff, R. Kallosh, and A. Van Proeyen,ibid. 10, 033
~2000!.

@9# M. J. Duff, J. T. Liu, and K. S. Stelle, hep-th/0007120.
@10# M. J. Duff, J. T. Liu, and W. A. Sabra, hep-th/0009212.
v.

@11# J. M. Cline, C. Grojean, and G. Servant, Phys. Rev. Lett.83,
4245 ~1999!.

@12# L. Randall and R. Sundrum, Phys. Rev. Lett.83, 4690~1999!.
@13# R. Maartens, D. Wands, B. A. Bassett, and I. P. C. Hea

Phys. Rev. D62, 041301~2000!; E. J. Copeland, A. R. Liddle,
and J. E. Lidsey, astro-ph/0006421.

@14# E. W. Kolb and M. Turner,The Early Universe~Addison-
Wesley, New York, 1993!; M. Kawasaki and T. Moroi, Prog.
Theor. Phys. 93, 879 ~1995!; T. Moroi, Ph.D. thesis,
hep-ph/9503210.

@15# J. Cline and S. Raby, Phys. Rev. D43, 1781~1991!.
@16# A. L. Maroto and A. Mazumdar, Phys. Rev. Lett.84, 1655

~2000!; R. Kallosh, L. Kofman, A. Linde, and A. V. Proyen
Phys. Rev. D61, 103503~2000!; G. F. Giudice, A. Riotto, and
I. Tkachev, J. High Energy Phys.08, 009 ~1999!.

@17# I. Oda, hep-th/0008134.
@18# J. Ellis, D. V. Nanopoulos, and K. A. Olive, Phys. Lett. B184,

37 ~1987!.
@19# J. Ellis, K. Enqvist, D. V. Nanopoulos, and K. A. Olive, Phy

Lett. B 191, 343 ~1987!.
4-4


