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Reheating and dangerous relics in pre-big-bang string cosmology
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We discuss the mechanism of reheating in pre-big-bang string cosmology and we calculate the amount of
moduli and gravitinos produced gravitationally and in scattering processes of the thermal bath. We find that
this abundance always exceeds the limits imposed by big-bang nucleosynthesis, and significant entropy pro-
duction is required. The exact amount of entropy needed depends on the details of the high curvature phase
between the dilaton-driven inflationary era and the radiation era. We show that the domination and decay of the
zero-mode of a modulus field, which could well be the dilaton, or of axions, suffices to dilute moduli and
gravitinos. In this context, baryogenesis can be accommodated in a simple way via the Affleck-Dine mecha-
nism and in some cases the Affleck-Dine condensate could provide both the source of entropy and the baryon
asymmetry.

PACS number~s!: 98.80.Cq, 11.25.2w
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I. INTRODUCTION

In the pre-big-bang scenario~PBB! @1#, the standard
Friedmann-Robertson-Walker~FRW! post-big-bang picture
emerges as the late-time history of a Universe which, i
prehistoric era~the so called pre-big-bang era!, underwent an
inflationary expansion driven by the growth of the univer
coupling of the theory. This latter phase is also referred to
dilaton driven inflation~DDI! as its super-inflationary dy
namics are driven by the kinetic energy of the dilaton fie
A crucial difference between the pre-big-bang model a
standard inflationary theories, is that in the PBB, the unive
starts its evolution in a classical state, the most general
turbative solution of the tree-level low-energy string effe
tive action. The analysis of this initial state, and its natur
ness, has led to a debate, as to whether the initial condit
needed to solve the horizon and flatness problems ca
deemed natural@2#. The problem of the graceful exit of th
inflationary era is also an unsolved question. No-go theore
preventing the branch change from DDI to the dual solut
of the FRW type have been demonstrated when eithe
axion field and a dilaton-axion potential or stringy flu
sources have been introduced in the tree-level effective
tion @3#. It is now recognized that if the branch change fro
DDI to FRW expansion is to occur, it should arise as a c
sequence of quantum loops effects and/or high curvature
rections, and encouraging progress has been made in
direction @4,5#. Nevertheless, the PBB model remains an
tractive variant to standard inflationary cosmology, nota
since the initial state of the Universe lies in the weak
coupled regime of string theory, and its dynamics are t
well controlled by the tree-level low-energy effective actio
This is in contrast with standard inflationary theories wh
generically experience difficulties in extracting a well-suit
Lagrangian for the inflaton field from a well-defined unde
0556-2821/2000/62~8!/083513~17!/$15.00 62 0835
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lying fundamental theory, and in which the initial inflato
field values are usually of order the Planck scale.

In recent years, significant effort has been spent on un
standing the physics of the pre-big-bang initial state and
high curvature phase, and on extracting observational pre
tions for this scenario. In this respect, one should note
prediction of a stochastic background of gravitational wav
@6#, whose amplitude might be well above that predicted
models of standard inflation, as well as the amplification
quantum vacuum electromagnetic fluctuations@7#, due to the
non-conformal coupling between the gravitational and
electromagnetic fields. More recently, it has been shown
the amplification of~universal! axion quantum fluctuations
might provide adequate seeds for the formation of large-s
structures, and the resulting large and small angular s
anisotropies of the cosmic microwave background have b
calculated@8,9#. This provides a characteristic signal of no
Gaussian isocurvature perturbations.1 So far little attention
has been paid to the phenomenology of the post-big-b
FRW era, and notably on the mechanism of reheating. It
been proposed that reheating could proceed via gravitati
particle production@11#. However, as we argue here, th
predicts the presence of too many dangerous relics, m
like non-oscillatory inflationary models@12#, and notably an
abundance of gravitationally interacting scalars~e.g. moduli!
well in excess of the limits imposed by big bang nucleosy
thesis~BBN! on the abundance of late decaying massive p
ticles. On top of that one naively expects that in some P
scenarios the FRW era starts at a high Hubble scale, of o
the string scale;1017 GeV, and therefore gravitinos an

1One should note here that the recent high precision small ang
scale data of the BOOMERANG and MAXIMA experiments@10#
do not seem to confirm the predictions made in Refs.@8,9#.
©2000 The American Physical Society13-1
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moduli should also be produced copiously in scattering p
cesses in the thermal bath.

These considerations warrant the present detailed stud
the physics and phenomenological problems of the PBB
nario in the post-pre-big-bang era. We will find that indee
for the variants of the PBB scenario hitherto proposed, th
is inevitably need for significant entropy production. How
ever, as we will argue, there exist various possible and n
ral sources of entropy production in pre-big-bang mode
notably the domination and decay of the zero mode o
modulus, of the dilaton, or of axions, depending on t
masses of these fields, which can dilute effectively mod
gravitinos and monopoles. We will also show that this allo
one to efficiently implement Affleck-Dine baryogenesis.
the following, we will thus focus on reheating, on the gra
itino or moduli problem, and on the origin of the baryo
asymmetry of the Universe. We will try to remain as gene
as possible, in particular with respect to the possible prese
of an intermediate phase between DDI and FRW.

The outline of this paper is as follows. In Sec. II w
review the dynamics of the PBB model, and some varia
~as far as the intermediate phase is concerned! proposed in
the literature. In Sec. III, we provide a book-keeping of t
particle content of the Universe at the beginning of the FR
era, and explicitly show the need for entropy production.
Sec. IV we review the various possibilities for entropy pr
duction in the context of the PBB model when the transit
from DDI to FRW occurs suddenly, and discuss baryog
esis. We defer the study of intermediate phases to Sec
and VI, since the consequences in that case are differen
the logic of the argument is the same. We summarize
results in Sec. VII.

II. THE PRE-BIG-BANG ERA

Let us first start by reviewing the different eras and d
namics envisaged in the PBB model. We shall restrict o
selves to the four-dimensional tree-level low-energy str
effective action derived from heterotic string theory comp
tified on a six torus@13,14#, whose bosonic sector is de
scribed by2

Seff5
1

2ls
2E d4xA2ge2w@R1gmn]mw]nw

2gmn]msa]nsa1Lmatter#, ~2.1!

where ls5Aa85A8p/Ms is the string-length paramete
Ms denotes the string mass and the following relations ho

e2w

ls
2

5
1

l pl
2

5
1

8pGN
, aGUT~ls

21!5
g2

4p
, g25ew.

~2.2!

2We use the conventions (2,1,1,1) and R m
nrs5Gns,r

m

2 . . . , Rmn5R r
mrn . Units are\5k5c51, mPl5MPl /(8p)1/2

.2.431018 GeV is the reduced Planck mass.
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Henceforth, we shall assume that at the present timeg0
;0.0120.1. We restrict the internal compact space to a
agonal metricgab5e2sadab with a,b54, . . . ,9, and we de-
note by w the effective four-dimensional dilaton fieldw
5f102(asa . The matter Lagrangian,Lmatter, is composed
of scalars, gauge fields and axions. We assume that the g
and axion fields do not contribute to the cosmological ba
ground, i.e. we deal only with their quantum vacuum flu
tuations. For the gauge fields, we consider the heter
gauge fieldAm and the Kaluza-Klein gauge fields related
internal components of the metric and the three-formHmnr ,
respectivelyVm

a andWm
a @13,14#:

Lgauge fields5
1

4
a8FmnFmn2

1

4
a8e2saVmn

aVmna

2
1

4
a8e22saWmnaWmn

a , ~2.3!

where

Fmn5]mAn2]n Am , Vmn
a5]mVn

a2]nVm
a,

Wmna5]mWna2]nWma . ~2.4!

Finally, for the axion fields we have

Laxions52
1

2
e2wgmn]mA]n A

2
1

4
gmne22sbe22sc]mBbc]nBbc , ~2.5!

whereBab is the pseudo-scalar field associated to the co
pactified components of the anti-symmetric field living in t
dimensions, whileA is the axion related to the anti
symmetric tensorHmnr in four dimensions by the usual re
lation Hmnr[emnrsew]sA ~whereemnrs is the covariant full
antisymmetric Levi-Civita tensor!.

Let us consider first the simplest scenario in which t
universe undergoes a super-inflationary evolution up to c
formal timeh1, at Hubble scaleH1;Ms and where the ra-
diation dominated era is supposed to start, i.e. where
branch change from DDI to FRW occurs. The cosmologi
background during such DDI era is given, in conformal tim
by

a~h!;~2h!d/(12d), w;w11
3d21

12d
log~2h!,

~2.6!

sa;sa11
ba

12d
log~2h!, d,0, ba.0 ~2.7!

@note that with respect to the cosmological timea(t)
;(2t)d#. A scalar field x with canonical kinetic term
evolves classically during DDI as

x5
1

Aa8

bx

12d
log~2h!, ~2.8!
3-2
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where the parametersd, ba , andbx satisfy the Kasner-type
constraint:

153d21(
a

ba
21

1

2
bx

2 . ~2.9!

This Kasner constraint can be rewritten as a relation betw
d and an effective set ofba which parametrizes the evolutio
of other scalars, including internal moduli. We will thus n
glect bx in the following. We have also assumed that t
four-dimensional non-compact space-time expands isotr
cally, while the contraction of the six internal dimensio
can be anisotropic. After the branch change has occurred
metric is that of a spatially flat FRW space-time; at that po
the kinetic energy of the dilaton has become negligible, a
the dynamics are thus driven by radiation, so thata(h
.h1)}h. The ulterior evolution of the dilaton is an un
solved question. We will assume that the dilaton is fixed
the radiation era@15#, but we will also indicate explicitly the
dependence on the string couplingg1 ~corresponding to the
value of the coupling at the start of the radiation domina
phase! in our results. In particular, in the radiation era, t
critical energy densityrc as a function of the Hubble scaleH
is: rc5(3/8p)g1

22H2Ms
2 .

In some pre-big-bang scenarios, the branch change f
DDI to FRW is not instantaneous, and one considers an
termediate phase whose dynamics are obtained by ta
into account higher order corrections to the low-energy
fective action, such as finite size string effects and quan
string-loop effects. Unfortunately, a thorough knowledge
the dynamics and duration of this intermediate phase is
lacking. Cosmological solutions, which partially describe t
high curvature phase, have nevertheless been proposed
literature, most notably:~i! the ‘‘string’’ intermediate era,
obtained by solving the equations of motion with only t
first order corrections ina8 included@4#, and~ii ! the ‘‘dual-
dilaton’’ intermediate phase@14# ~see also@16# where this
scenario was discussed in the more general framewor
non-minimal models!, where one assumes that alla8 correc-
tions are sufficient to provide by themselves~without includ-
ing string-loop effects! a sudden branch-change from th
DDI to another duality-related vacuum phase of the FR
type. In the ‘‘string’’ intermediate phase, the Hubble para
eter is constant hence the dynamics is inflationary in
string frame, while in the ‘‘dual-dilaton’’ era, the Hubbl
parameter makes a bounce around its maximal value a
string mass. To simplify the discussion, we shall often
sume in both cases that the internal dimensions have b
stabilized in some way before the Universe enters the in
mediate era. We fix aths the time andHs the Hubble scale a
which the Universe transits from the DDI era to the interm
diate phase.

For the ‘‘string’’ intermediate phase, one obtains@4#

a~h!;2
1

Hsh
, w~h!;ws22z log~2h!, z>0,

~2.10!
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wherez is an arbitrary parameter which governs the growi
of the dilaton field, while with the ‘‘dual-dilaton’’ era@14#

a~h!;~2h!u/(12u), w;ws1
3u21

12u
log~2h!,

~2.11!

andu satisfies a Kasner constraint similar to Eq.~2.9!.

III. THE POST-PRE-BIG-BANG-ERA

In this section, we will consider the simplest version
the pre-big-bang scenario with a sudden branch change f
DDI to FRW, i.e. no intermediate phase of dynamics.

A. Particle content due to gravitational production

The particles present at the very beginning of the rad
tion era result from gravitational particle production, in co
trast to standard inflationary models, in which the po
inflationary era is dominated by inflaton condensates, wh
later decay into radiation in the reheating process. In fact
the PBB scenario it is the kinetic energy of the dilato
which drives the DDI phase, that is converted into gravi
tionally created particles, whose energy density will drive t
FRW era. One can provide a simple estimate of the ene
density contained in fields subject to gravitational parti
creation, when no intermediate phase is present. Ifa1
[a(h1) is the scale factor at the branch change, thenh1
5(a1H1)21 ~since H[a8/a2), and k151/h1 represents a
comoving wave number corresponding to the horizon size
the branch change. We also definedr j /d ln k as the energy
density spectrum in particle speciesj as a function of wave
numberk. Then one obtainsdr j /d ln k.0 for wave numbers
k.k1, since those modes have remained within the horiz
at all times, and could not be excited by the gravitation
field. For fluctuations that exited the horizon during DDI a
re-entered during FRW, i.e. those modes with wave num

k,k1, one generically obtainsdr j /d ln k}(k/k1)
nj

DDI
, and

nj
DDI is the spectral index acquired by speciesj due to the

dynamics of the DDI phase and transition into FRW. O
imposesnj

DDI.0 so as to avoid infrared divergences, i.
large-scale inhomogeneities~see also below! and the energy
density in speciesj is dominated by the energy density in th
log interval aroundk1, so thatr j;(dr j /d ln k)uk1

. Moreover,

k1 corresponds to the maximal amplified wave number: t
mode has exited and re-entered the horizon at the same
and roughly one particle has been produced in that mo
Gravitational particle production thus respects a democr
rule @11#, namely all species share roughly the same ene
density ;(a1 /a)4H1

4, corresponding to one particle pro
duced with momentumH1 in phase space volume;H1

3.
Therefore, for all speciesj, r j;(a1 /a)4H1

4 at timesh.h1,
and consequentlyV j;g1

2(H1 /Ms)
2, whereV j denotes the

density parameter in speciesj and g15ew1/2 is the value of
the string coupling at the beginning of the radiation e
@MPl(h1)5Ms /g1#.

When more accurate calculations are performed, one fi
that the above democracy rule is satisfied to within less t
3-3
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BUONANNO, LEMOINE, AND OLIVE PHYSICAL REVIEW D 62 083513
an order of magnitude between different species, and
obtains~with nj

DDIÞ0)

dr j

d logk
~h!.

N j

2p2 S a1

a D 4

H1
4S k

k1
D nj

DDI

h.h1 , ~3.1!

and

V j~h!.
4Nj

3p S H1

Ms
D 2

g1
2U12S kH

k1
D nj

DDIU h.h1 ,

~3.2!

whereNj is the number of helicity states in speciesj. In Eq.
~3.2!, kH is the wave number corresponding to the horiz
size at timeh, i.e. kH[1/h. In effect, only modes whose
wavelength is smaller than the horizon size can be though
propagating as particles, and can be included in the en
density. For modes whose wavelength is larger than the
rizon size, the definition of an energy density becom
gauge-dependent. Nevertheless, since we imposenj

DDI.0 to
avoid infra-red divergence problems, the contribution fro
the term in the absolute value in Eq.~3.2! is negligible for
h@h1, and the density parameter reduces to that dedu
above by heuristic arguments, up to the fudge factor 4Nj /3p.
At this point, one should note that some fieldsj, and notably
the axionA, can actually havenj

DDI,03 ~see Table I!. Again,
to avoid infra-red problems, we shall imposenA

DDI.0, that is
21/3,d,0 @19#. For the particular case of the PBB dynam
ics, it has been shown that the fields subject to particle p

3The fact that axion fields can have negative spectral slopes is
a prerogative of the heterotic string model under study, in f
Copelandet al. @17# have shown that in the type IIB string mode
with three axion fields, one of them at least must havenj

DDI,0,
which can pose serious problems for the PBB model. On the o
hand it has been shown recently@18# that with aSL(4,R)-invariant
effective action, there exists a region of parameter space wher
the axions havenj

DDI.0.

TABLE I. Spectral slopes for the particles which have be
amplified gravitationally during the PBB phase assuming n
dynamical internal dimensions during the intermediate phases.
spectral indices in the three columns refer to fluctuations that ex
the horizon during DDI, during the ‘‘string’’ phase, or re-enter
during the ‘‘dual-dilaton’’ phase, respectively.

Particles nDDI n ~string phase!

n
~dual-dilaton

phase!

moduli 3 H622z z.
3
2

2z z,
3
2

4

axion A 20.46– 1 22z 22.9– 1.4
axion Bab 21 – 3 422z 0–4

Heterotic photons 1–3 422z 0.54–1.28
KK photons 1–3 422z 20.73– 0.54
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duction are those of spin 0, 1 and 2. One should mention
in Einstein gravity, Abelian gauge fields are conformally i
variant, and thus not gravitationally amplified; here, th
conformal invariance is broken by the time evolution of t
string coupling. Fermions~spin 1/2 and 3/2! are not pro-
duced@20# ~see also Refs.@21–24#!, at least when effects o
compactification are neglected~see below!.

In Table I we summarize the values of the spectral slo
for all of the particles present in the model@14# assuming,
for simplicity, non-dynamical internal dimensions during th
intermediate phases. The range of values ofnDDI have been
obtained varyingd and considering the possibility of havin
either one or six internal dynamical dimensions during DD
Note that the spectral slopenDDI for the moduli fields have
been obtained while considering them as part of the ba
ground @19#, while in the determination ofn with an inter-
mediate phase, we neglect their presence in the backgro
Spectral slopes for other scalars depend in principle on t
kinetic terms, and for simplicity we will assume that the
have the same slopes as moduli fields, i.e. that they h
canonical kinetic terms. The spectral slopesn in the second
and third columns correspond to the slopes for fluctuati
that exited during the ‘‘string’’ phase and re-entered duri
FRW, or exited during DDI and re-entered during the ‘‘dua
dilaton’’ era, respectively, and will be discussed in Secs.
and V.

B. Thermalization and reheating

In this section we analyze the thermalization and rehe
ing process due to gravitational particle production. Let
start by considering the simple generic case with no interm
diate phase. At Hubble scaleH1, all fields are produced with
similar energy density~‘‘democracy rule’’!. Let us denote by
Nr the number of degrees of freedom in spin 0 and spi
fields charged under the gauge groups of the observable
tor. Similarly, if Ntot denotes the total number of degrees
freedom in spin 0, 1 and 2, i.e., that of the fields produc
gravitationally, then the democracy rule implies that the fra
tion of energy density contained in radiation~in the observ-
able sector! is V r.Nr /Ntot . If the number of particles
charged under gauge group is much larger than the num
of gauge singlets, we getV r;1. However, in some string
models, the number of gauge singlets may actually exc
the number of charged states, and in this case, one w
generically expect 0.01&V r,1. Henceforth, to keep the dis
cussion generic we shall explicit the dependence onV r .

All fields carry typical energyE;H1(a1 /a), and the ra-
diation number densitynr;V rrc /E. Gauge non-singlets in
teract with cross sections;a2/E2 and thus, thermalization
occurs when the interaction rateG r[nrsv*H (v;1 is the
relative velocity!, i.e. at scale factorath ,

ath

a1
.maxF1, 8V r

21g1
2a22S H1

Ms
D 2G . ~3.3!

For V r;1, g1;1021, a5g1
2/(4p);1023 and H1

;Ms , thermalization occurs in.9 e-foldings of the scale
factor atH th;1028H1. Let us observe that the value ofa we
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have used differs fromaGUT;1/20; this discrepancy, which
is linked to the difference between the string scaleMs and
the grand unified theory~GUT! scale, is usually attributed to
threshold effects. Note also that the various gauge fieldsAm ,
Vm

a and Wm
a we introduced in the action, Eq.~2.3!, can in

principle have different gauge couplings depending on
compactification. For simplicity we assume a single coupl
constant,a5g1

2/4p, which refers to theAm field.
Even before thermalization is achieved, one can define

effective entropy density s5(4/3)r r /Tr , where Tr

5(30/p2)1/4g!
21/4r r

1/4 is an effective temperature, withg! the
number of degrees of freedom in the radiation after therm
ization, i.e. including spin 1/2 fields that were not produc
gravitationally but were re-created in scattering proces
This effective entropy will reduce to the standard entropy
the radiation once thermalization has been achieved, as
.0.2g!

1/4V r
3/4(H1Ms /g1)3/2(a1 /a)3. Then, if V r.1, reheat-

ing is complete once radiation has thermalized. IfV r,1,
reheating would only be achieved once the fields that ca
the remainder of the energy density have decayed to ra
tion. Such processes are constrained by big bang nucleo
thesis, which requires that at temperaturesTr&1 MeV, V r
.1 to within a few percent. Nevertheless, as we will arg
in the following subsections, it will be necessary to releas
vast amount of entropy to dilute the dangerous relics p
duced. This entropy production may be viewed as a perio
secondary reheating.

C. Dangerous relics

Using the above results, one can determine the num
density of scalar fields with gravitational interactions pres
at the beginning of the radiation era and analyze their p
sible phenomenological consequences on BBN. In what
lows, we will denote such scalar fields generically as mod
Moduli are produced gravitationally as argued above, a
one also expects them to be produced in scatterings of
thermal bath at timeh.h1. We will inspect each of these
effects in turn, and discuss moduli and gravitinos.

1. Moduli

We adopt the generic notationYj5nj /s for the number-
densitynj to entropy-densitys ratio of speciesj; the entropy
density in radiation can be written as befores.g!

1/4r r
3/4.

Using Eq. ~3.1! for r r , one can rewrite s
;(2p2)23/4g!

1/4N r
3/4H1

3(a1 /a)3. Note the dependence o
N r

3/4 which counts the number of degrees of freedom p
duced gravitationally, namely those of spin 0 and 1. Beca
of supersymmetry, obviouslyNr;g!/2, sinceg! accounts
for these latter and their supersymmetric partners.

Similarly, the number density of modulinm.rm /Em ,
with typical energyEm.H1(a1 /a), hence from Eq.~3.1!
nm.(1/2p2)H1

3(a1 /a)3, and

Ym
g .0.3g!

21 , ~3.4!

where the superscriptg on Ym refers to gravitational produc
tion. For g!;1022103, Eq. ~3.4! gives Ym

g ;102421023,
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which is well above the bounds imposed by BBN on t
abundance of late decaying massive particles see e.g.,@25#.
Indeed, let us contrast these estimates with the upper lim
on Ym imposed by big bang nucleosynthesis~BBN! from
photon injection. When applied to the case of moduli a
gravitinos whose lifetime;g21MPl

2 /m3, wherem;O(100
GeV! denotes the modulus or gravitino mass, andg is a
fudge factor for the decay width (g.1/4 in the case of the
gravitino! these constraints become@26,27#: Ym&10215

for m.100 GeV, Ym&10214 for m.300 GeV, andYm

&5310213 for m.1 TeV.4 These bounds assume that t
gravitino-modulus decays into photons with a branching
tio unity. Results weaker by;122 orders of magnitude
would be obtained if the modulus-gravitino decays only in
neutrinos, since high energy neutrinos produce an elec
magnetic shower by interacting with the cosmic neutri
background@28#. Moreover, stringent constraints in the hig
mass rangem*1 TeV would also be obtained if hadroni
decay is allowed@29#. Thus a safe and generic limit isYm
&10213, which corresponds to the celebrated limit on t
reheating temperatureTRH&109 GeV in standard inflationary
scenarios. When considering these limits and the above
sults for the PBB scenario, one realizes that entropy prod
tion to the level of at least;8210 orders of magnitude is
required.

Moduli are also created in scattering processes of the t
mal bath. The total amount of moduli present, at timesh
@h1, can be obtained by solving the Boltzmann equat
with adequate production and destruction terms, withYm

5Ym
g as initial condition ath5h1. This equation, when writ-

ten as a function of radiation temperatureT reads

dYm
s

dT
52F1

2 (
a,b

YaYbsa1b→m1c

2(
c

Ym Ycsc1m→a1bG s

HT
, ~3.5!

where the superscripts on Ym refers to moduli produced by
scattering processes. In the above equation,Ya,b,c denotes
the number density to entropy density ratio of speciesa,b,c,
and sa1b→m1c is the cross section of the processa1b
→m1c. Generically,a andb are relativistic, in which case
Ya,b.0.3/g! @note that the first sum in Eq.~3.5! is over
degrees of freedom ofa andb#. Since we found previously
Ym

g ;0.3/g!;Ya,b,c , which corresponds to equilibrium with
radiation, the Boltzmann equation impliesdYm

s /dT;0, i.e.
the production-destruction of moduli in scattering proces
is negligible as compared toYm

g , and the finalYm;Ym
g .

4Note that Holtmannet al. defineYm with respect to the photon
number densityng , nots, and todays.7.0ng ; also, the constraints
quoted assumeg51; for gÞ1, the mass estimates apply tog1/3m,
instead ofm.
3-5
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2. Gravitinos

It has been argued recently@20# that gravitinos should no
be produced gravitationally in the PBB scenario, if the gra
itino is effectively massless, i.e. if the superpotential^W&
;0 in the DDI and FRW eras. During the DDI phase, o
indeed expectŝW&50 in a simple model. However, com
pactification of internal dimensions during DDI or no
perturbative effects to stabilize the dilaton in FRW shou
lead to the appearance of a superpotential, which wo
break the above condition, and result in gravitino producti
Unfortunately, the magnitude of this mass term is ve
model-dependent and one cannot really determine
amount of gravitinos produced gravitationally. However,
should be noted that if one gravitino is produced per mo
around the branch change frequency, corresponding to s
ration of Fermi-Dirac statistics, one would findY3/2

g

;0.3/g! per helicity state as in the case of moduli.
In any case, gravitinos are produced in scatterings of

thermal bath, in the same fashion as moduli and the Bo
mann equation~3.5! can be used substitutingm→3/2 etc. If
Y3/2

g ;0.3/g! per helicity state, corresponding to equilibrium
then as beforedY3/2/dT;0. However if, as advocated i
Ref. @18#, gravitinos are not produced gravitationally in th
PBB scenario, thenY3/2

g 50, and an estimate ofY3/2 is given
by integrating the Boltzmann equation, neglecting annih
tion and co-annihilation channels. This neglect is justified
long as the final valueY3/2!1/g!, i.e. as long as equilibrium
is not reached. Thus one obtains, using the Boltzmann e
tion for gravitinos, the simple result@30–32#

Y3/2
s .

G

H
Ya ~3.6!

evaluated at the end of the PBB phase, whereG is the grav-
itino production rate andYa denotes the number density
entropy density ratio in speciesa. For the particle content o
the MSSM, the gravitino total production cross section
S tot.250a/mPl

2 @33,26# ~see also@34# for finite-temperature
contribution to the gravitino production cross section!, and
therefore, integration of the Boltzmann equation~assuming
radiation dominationa}h) gives

Y3/2
s .100ag!

27/4g1
1/2V r

3/4S H1

Ms
D 1/2

. ~3.7!

For g1;1021, a5g1
2/(4p);1023, V r.1, g!;102

2103 and H1;Ms , one thus findsY3/2
s ;102721025; this

justifies our neglect of the annihilation channels in the Bo
mann equation. In any case, the destruction terms would
sure thatY3/2 would never exceed its equilibrium value, s
that Y3/2;min@Y3/2

s 1Y3/2
g ,1/g!# is a good approximation to

the final abundance of gravitinos, independently of the va
of Y3/2

g .
It should be noted that Eq.~3.7! evaluates the number o

gravitinos produced before radiation has thermalized@see
Eq. ~3.3!#, at the Hubble scaleH1. Moreover, if fermions are
not produced gravitationally, then the only charged no
singlets present at scaleH1 are those of spin 0 and 1, and th
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gravitino production cross section should be smaller, si
only channelsa1b→C3/21c involving a,b of spin 0 or 1
should contribute. However, we do not expect this unc
tainty to exceed an order of magnitude@30–32#. Further-
more, we useda;1023 as before, corresponding tog1
;0.1, and we neglected the running ofa betweenMs and
MGUT. However, it is easy to check that calculatingY3/2
with parameters corresponding to the GUT scale~Hubble
scaleHGUT, couplingg1 and aGUT), one would obtain the
same result as above. This is because the higher cross se
at the GUT scaleS tot}aGUT, compensates for the smalle
Hubble scaleHGUT. Overall, we estimate the uncertainty
the calculation ofY3/2

s to be&1 order of magnitude, and th
final Y3/2 exceeds by far the bounds imposed by BBN, sim
larly to moduli.

3. Monopoles

Finally, it is important to mention that the PBB scenar
also suffers from the usual monopole problem due to G
symmetry breaking~see also Ref.@37#!. Assuming thatp
monopoles form per horizon volume;(4p/3)HC

23 at GUT
symmetry breaking, one finds that the density paramete
monopoles today is

VMh2;1011 pS mM

1016 GeV
D S TC

1014 GeV
D 3

V r
21/2,

~3.8!

whereTC;0.5V r
1/4Hc

1/2mPl
1/2 is the critical temperature of the

phase transition,mM is the monopole mass, andh denotes
the Hubble constant today in units of 100 km/s/Mpc. N
ively, one expectsp;1/8 by counting the number of field
orientations per horizon volume that would give rise
monopoles. However if the radius of nucleated bubbles
coalescence is much smaller than the horizon volume,
could actually obtainp.1 @38#.

IV. ENTROPY PRODUCTION AND BARYOGENESIS

The previous section indicated the need for a ma
source of entropy production in PBB models without an
termediate phase of dynamics. This is a stringent requ
ment, but, as we discuss below, sufficient entropy can
produced to solve the moduli-gravitino-monopole problem
Furthermore, as we argue in Sec. IV B, this provides a na
ral framework for implementing baryogenesis in the PB
scenario.

A. Sources of entropy and dilution of dangerous relics

The late decay of non-relativistic matter is a simple w
to generate entropy. Consider in addition to the radiat
background the presence of matter with an equation of s
p15wr1 and w,1/3. Let us denote the value of the sca
factor at the time the energy densityr1 is equal to the radia-
tion density,r0, by adom corresponding to a Hubble sca
Hdom. For a.adom, the Universe will be dominated byr1
until its decay ataRH corresponding to a Hubble scaleHRH.
To show the explicit dependence on the scale factor, le
3-6
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write r05g!domr̃0 /a4 where g!dom denotes the number o
degrees of freedom atadom and r15 r̃1 /a3(w11). Then at
adom we have,g!domr̃05 r̃1adom

423(w11) . Assuming instanta-
neous decay, we can denote the energy density of radia
produced in the decay by,r25g!RHr̃2 /a4 whereg!RH de-
notes the number of degrees of freedom at reheating
g!RHr̃25 r̃1aRH

423(w11) .
If we call s0, the entropy density contained inr0 at aRH,

then s05 4
3 g!domr̃0

3/4/aRH
3 . Similarly, the entropy in the ra

diation produced by the decay is

s15 4
3 g!RHr̃2

3/4/aRH
3 5 4

3 g!RH
1/4 r̃1

3/4aRH
29(w11)/4

5 4
3 g!RH

1/4 g!dom
3/4 r̃0

3/4aRH
29(w11)/4/adom

[329(w11)/4] .

If we assume that the entropy release is large, we can w

Ds[
s12s0

s0
.

s1

s0
5S g!RH

g!dom
D 1/4S aRH

adom
D [329(w11)/4]

V r
23/4.

~4.1!

We can also express the entropy change in terms of
Hubble parameter using (HRH/Hdom)25(adom/aRH)3(w11)

so that

Ds5S g!RH

g!dom
D 1/4S Hdom

HRH
D [423(11w)]/[2(11w)]

V r
23/4.

~4.2!

Note that we included explicitly insdom a factor of V r
3/4,

which accounts for the fact that the FRW era may be driv
by relativistic fields, but not by radiation~meaning gauge
fields of the observable sector!. We also assume that th
dilaton is fixed to its present value, at the latest by the ti
of domination.

Depending on the equation of state, the exponent@4
23(11w)#/@2(11w)# takes values from 1/2 forw50
~non-relativistic matter! to →1` for w→21 ~cosmological
constant!, which is what effectively happens in standard i
flation. Entropy can also be produced in first order ph
transitions, albeit to a modest level, generally not more t
;1 order of magnitude@46#.

In the following, we will be interested in the case
domination and decay of oscillations of a classical sca
field x in its potentialV(x). In the present scenario we wi
assume that initially the fieldx is displaced from its low-
energy minimum by an amountx0;MS;mPl . This assump-
tion is reasonable so long as the energy scales we are
sidering are much larger than the mass of the scalar fiel
we stick with canonical kinetic terms for the moduli durin
the PBB phase and we appeal to no-scale supergravity m
els to describe the particle content at the beginning of
radiation era, the flat directions corresponding to the mod
are still preserved, at least at tree level@47#. When supersym-
metry breaking occurs the moduli will get a mass and
assume that the potential takes the simple formV(x)
.mx

2x2/2.
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The dynamics of a scalar field in its potential in the e
panding Universe are well known: the field is overdamp
and remains frozen to its initial valuex0 as long asH
*mx . For H&mx , the field oscillates with an amplitud
}a23/2. Providedx0&mPl , the field comes to dominate th
energy density after having started oscillating; if, as befo
domination occurs at Hubble scaleHdom, then for Hdom
,H&mx , the amplitude ofx}H3/4 since the Universe is
still radiation dominated; forH,Hdom, its amplitude}H. If
we denote byax the value of the scale factor when oscill
tions begin, then the oscillations dominate atadom
5(mPl /x0)2ax . The field decays whenH;Gx , whereGx is
the decay width ofx; as before, we writeHRH5Gx . Assum-
ing that x has gravitational interactions,Gx.gxmx

3/MPl
2 ,

wheregx is a fudge factor, we find thatx ’s decay ataRH

5gx
22/3(x0 /mPl)

2/3(mx /MPl)
24/3ax . Inserting these expres

sions foradom andaRH into Eq. ~4.1! with w50, we get

Ds.1012gx
21/2S mx

106 GeV
D 21S x0

mPl
D 2

V r
23/4, ~4.3!

where we have setg!dom5200, andg!RH510.
In the above, we chose to select a gravitational decay t

scale for thex field, as it represents the most efficient sour
of entropy, andx is therefore the coherent mode of a hidd
sector scalar or modulus. In principle it is possible to obt
more entropy production ifmx&106 GeV. However, the re-
heating temperature, given by

TxRH.0.6 GeVgx
1/2S g!RH

10 D 21/4S mx

106 GeV
D 3/2

, ~4.4!

should not be lower than.10 MeV for BBN to proceed
unaffected, which requiresmx*63104gx

21/3 GeV @25#. Fur-
thermore gravitinos are re-created inx decay to the level of:
Y3/2.10213(m3/2/1 TeV)2(mx/106 GeV)23/2, so that one
should imposemx*1052106 GeV @35#. Finally, if R parity
holds, one needs to achieveTxRH*1 GeV for annihilations
of lightest supersymmetric particles~LSPs! to take place ef-
ficiently enough to reduce its abundance to cosmologic
acceptable levels@36#. Overall, it seems thatDs;1012 rep-
resents, within an order of magnitude, the largest entr
production that is compatible with cosmological bounds fo
displaced oscillating modulus.

If at time h1 , Ym;0.3g!
21, the final abundance of modu

is given by

Ym;2310215gx
1/2S mx

106 GeV
D S x0

mPl
D 22

V r
3/4, ~4.5!

where we assumed, for simplicity,g!.200 for the number
of degrees of freedom in the radiation bath at timeh1, and
V r represents as before the fraction of energy density sto
in particles charged under gauge groups. For higherg!, the
numerical prefactor is further reduced as (g!/200)21. We
found in the previous section that the abundance of grav
nos produced gravitationally and in scattering processes d
not exceed the abundance of moduli, and therefore the ab
3-7
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BUONANNO, LEMOINE, AND OLIVE PHYSICAL REVIEW D 62 083513
estimate provides an upper limit to the final abundance
gravitinos. As for the monopole density parameter today,
given by

VMh2.0.1pgx
1/2S mM

1016 GeV
D S TC

1014 GeV
D 3S mx

106 GeV
D

3S x0

mPl
D 22

V r
1/4. ~4.6!

This result was already obtained in Ref.@37#, which studied
the dilution of the monopole abundance through moduli
cillations and decay.

Therefore, an initial valuex0;mPl appears sufficient to
solve the moduli-gravitino problem of the PBB scenario, a
marginally sufficient with regards to the monopole proble
If x0;1017 GeV, it is still possible to dilute the moduli an
gravitinos down to acceptable levelsYm;10213, but not
monopoles. It should be pointed out, however, that the nu
ber p of monopoles produced per horizon volume is unc
tain, and furthermore, that annihilations of monopoles w
antimonopoles have been neglected in the above calc
tions. As a matter of fact, in various patterns of symme
breaking, it appears that the monopoles are tied by cos
strings, in which case annihilation of monopoles and a
monopoles would be highly efficient, leading to a scali
regime with one monopole per horizon volumeat all times
@38,39#. In this latter case, there would be no monopole pr
lem at all.

It should also be noted that we did not mention the p
sible moduli problem associated with the coherent mode
those moduli whose mass&10 TeV, even though we consid
ered entropy production due to one such coherent mode
mass;106 GeV. As is well known, an initial displacemen
of ordermPl from the low-energy minimum of these modu
potentials would lead to a cosmological catastrophe: a
heating temperature&1 keV and an enormous post-BB
entropy production*1016 @40#. Once the modulus starts os
cillating, it behaves as a condensate of zero momentum
ticles with abundancenm /s;107(m/100 GeV)21/2(x0 /
mPl)

2V r
23/4, wherem, x0 , V r ands denote respectively the

mass, initial vev and radiation fraction of energy dens
when the modulus starts its oscillations, and the entropy c
tained in radiation. Hence, the above source of entropy c
not reduce sufficiently the abundance of these moduli, un
x0&1024mPl . Unfortunately there is no well accepted re
son why at high energy, i.e. after the branch change, th
moduli should lie close to their low-energy minimum, an
this problem affects all cosmological models, not only t
PBB scenario. Nevertheless, if the string vacuum is a p
of enhanced symmetry, one would indeed expect the mo
to lie close to their low-energy minima at high energy sca
@41#. In this respect, there is an interesting difference
tween the PBB scenario and the standard inflationary m
els. In effect, in this latter class of models, even if the coh
ent mode is not displaced at the classical level,
generation of quantum fluctuations on large wavelengths
generate an effective zero-mode on the scale of the hor
at the end of inflation, displaced from its low-energy min
08351
f
s

-

d
.

-
-

la-
y
ic
i-

-

-
f

ith

e-

r-

n-
n-
ss

se

t
li

s
-

d-
r-
e
ill
on

mum: the so-called quantum version of the moduli probl
@43,22#. In the PBB scenario, since the spectrum of the flu
tuations of a scalar field is very steep at very large wa
lengths~spectral slope53!, its amplitude is small enough no
to regenerate, at a quantum level, the zero-mode mo
problem.

Enhanced symmetry on the ground state manifold wo
not apply to the dilaton@41#, and in this respect one coul
wonder whether the dilaton could not play the role of thex
field above, while other moduli would be fixed to their low
energy minimum for the above reason. Since the dila
drives the DDI phase with its kinetic energy, and since it
not expected to lie exactly at the minimum of its low-ener
potential at the end of DDI, this possibility seems rath
natural in the framework of the PBB scenario. Furthermo
it should be noted that indeed, in some realizations
gaugino condensation, the dilaton acquires a mass as hig
;106 GeV @42#.

Finally, another solution to the cosmological moduli pro
lem involves thermal inflation@44#, or more generally a sec
ondary short stage of inflation at a low scale. Indeed if t
period of inflation takes place at a scaleH!m3/2, the effec-
tive potential of the modulus during inflation will correspon
to its low-energy potential~i.e., in the vacuum of broken
supersymmetry!, and the modulus will be attracted expone
tially fast to its minimum.

B. Baryogenesis

The above source of entropy comes with a bonus, nam
baryogenesis can be implemented in a natural way via
Affleck-Dine ~AD! mechanism@45#. As already discussed
above, the string model we are implementing has many
directions. Generically, in these vacua, the scalar quarks
leptons have non-zero expectation values and can be as
ated with a baryon number andCP violating operators. Su-
persymmetry breaking lifts the flat directions providing
mass to the condensate made of squarks and sleptons, t
called AD condensate. When the expansion rate of the U
verse is of the order of the mass of the AD field, this fie
starts to oscillate coherently along the flat directions carry
the baryon number. Finally, the subsequent decay of the
condensate generates the baryon asymmetry.

As it will be useful for the subsequent discussion, we w
briefly outline how this mechanism works. Let us denote
F the AD condensate, andmF its mass. We assume thatF
is initially displaced by an amountF0 from its low-energy
potential, for reasons similar to those previously discuss
The energy density stored in the condensate is simplyrF

5mF
2 F2. F ’s begin to oscillate whenH;mF at a5aF and

come to dominate the expansion whena5adom
5(mPl /F0)2aF . After oscillations begin the amplitude o
the oscillations decreases asa23/2. The decay width of the
condensate can be written asGF;gFmF

3 /F2, whereF is the
time-dependent amplitude ofF, and F!mPl at decay;gF

;a2/4p is a fudge factor. Thus the condensates decay w
a5adF5(F0

2/3/mPl
2/9gF

2/9mF
4/9)aF . This is true so long as the

Universe is dominated byF oscillations at the time of their
decay, thus requiring thatF0.mF

1/6mPl
5/6.
3-8
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The baryon number stored in the condensate oscillat
is given by

nB.elFmF
21F0

2F25elFmF
21F0

4S aF

a D 3

, ~4.7!

wherelF is an effective B-violating quartic coupling. Th
entropy produced subsequent to the decay of the AD con
sates is roughlys.g!RH

1/4 rF
3/4, so that the produced baryon

to-entropy ratio is

nB

s
5g!RH

21/4
elFF0

5/2

mF
5/2 S aF

adF
D 3/4

5g!RH
21/4elF

F0
2

mF
2 S gFmPl

mF
D 1/6

,

~4.8!

wheree is a CP-violating phase. As entropy is produced
the AD condensate decay, the abundance of moduli
gravitinos produced at the end of the PBB era will be dilut
Using Eq.~4.1! above, one can easily show thatDs is given
by

Ds5S g!RH

g!dom
D 1/4

gF
21/6V r

23/4
F0

2

mF
1/3mPl

5/3
, ~4.9!

and is onlyO(106) for mF;100 GeV; the correspondin
reheating temperature is

TRH.105 GeVg!RH
21/4gF

1/6S mF

100 GeVD
5/6

. ~4.10!

Thus we see that unfortunately, the entropy produced in
decay of the squark-slepton condensate cannot by itself
duce the required source of entropy.

As one can easily see from Eq.~4.8!, the Affleck-Dine
scenario of baryogenesis tends to produce too large a ba
asymmetry, withnB /s;O(1) if the AD condensate domi
nates the evolution when it decays. One possibility to red
the baryon asymmetry that is of interest in the present c
text, is the late entropy production, as pointed out in@46–
48#. Moreover, it turns out that in the cosmological scena
envisaged here, the Affleck-Dine scenario seems to be
only model of baryogenesis capable of producing the
quired baryon asymmetry. Indeed, sinceDs*1010 is re-
quired, and since BBN indicates a baryon asymmetrynB /s
;(427)310211, if baryogenesis takes place before entro
production, one needs to achievenB /s;O(1) initially, and
only the Affleck-Dine mechanism seems capable of suc
feat.

Let us now consider the combined effect of an AD co
densate and the late decay of a moduli field. SincemF

;O(100 GeV!, thex field above will start oscillating before
F. In the PBB scenario with no intermediate phase, the va
of the Hubble parameter at the end of the PBB phase isH1
;Ms at a5a1 and it is much larger than the value ofH
when x would start to oscillate, which happens atH;mx

;106 GeV. Hence, beforex starts to oscillate the Univers
is in a radiation dominated era.

As before, one can determine the epoch ofx domination
~at scale factoradom) by setting r r5rx , using (ax /a1)2
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5H1 /mx (ax is the value of the scale factor whenx ’s begin
to oscillate!, giving: a1 /adom5mx

1/2x0
2/H1

1/2mPl
2 . An analo-

gous equation can be written forF and we see that provide
mF,106 GeV(mx/106 GeV)(x0 /F0)4, x will dominate the
energy density beforeF (adom

F .adom
x ) and this condition is

satisfied for most values of the parameters we are intere
in. Moreover,F decays beforex. Therefore, sincex domi-
nates the evolution beforeF, and sincex decays afterF, the
total entropy produced remains the same as in Eq.~4.3!
above and is sufficient for solving the moduli and graviti
problems of the PBB scenario.

We will assume that thex field dominates the energ
density beforeF begins to oscillate ataF ; we will relax this
assumption further below. This condition is true as long
mF,mx(x0 /mPl)

4, which for mF;102 GeV andmx;106

GeV, givesx0.1021mPl , which is quite reasonable in ou
context. Thus we can relateax and aF through ax /aF

5(mF /mx)2/3(x0 /mPl)
22/3. In this case, we can rewrite th

baryon number stored in the condensate oscillations in te
of ax as

nB.elFmF
21F0

4S aF

a D 3

5elFF0
4

mx
2x0

2

mF
3 mPl

2 S ax

a D 3

.

~4.11!

As before, we will consider the gravitational decay ofx to
proceed with a rateGx5gxmx

3/MPl
2 . x ’s decay ataRH when

H5Gx or when (ax /aRH)35gx
2mx

4x0
22mPl

22/(8p)2. Subse-
quent to decay, the Universe reheats tog!RHTRH

4 5rx(aRH)
5mx

2x0
2(ax /aRH)3 and the entropy density is jus

(4/3)rx /TRH. Thus the baryon to entropy ratio is easily d
termined to be@47#

nB

s
.0.1elFgx

1/2g!RH
21/4

F0
4mx

3/2

mF
3 mPl

5/2
. ~4.12!

For an effective quartic couplinglF;mF
2 /(F0

21MX
2), cor-

responding to superheavy gaugino exchange of massMX ,
one finds

nB

s
.331024egx

1/2S mF

100 GeVD
21S F0

mPl
D 2

3S mx

106 GeV
D 3/2

F0
2

F0
21MX

2
, ~4.13!

and we assumedg!RH510 for simplicity.
If the F field starts to oscillate before thex field domi-

nates, i.e. ifx0,1021mPl , then the right-hand side~RHS! of
Eq. ~4.13! should be multiplied by (mF /mx)1/2(x0 /mPl)

22.
The baryon to entropy ratio in this case is
3-9
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nB

s
.231025egx

1/2S g!RH

10 D 21/4S mx

106 GeV
D

3S mF

100 GeVD
21/2S F0

mPl
D 2S x0

mPl
D 22 F0

2

F0
21MX

2
.

~4.14!

Both values ofnB /s obtained, Eqs.~4.13! and~4.14!, are too
large, but as discussed in Ref.@47#, it is likely to be reduced
through various mechanisms. For instance, if baryon num
violation is Planck suppressed, thenlF;mF

2 /mPl
2 , which

would reduce the above asymmetry ifF0&mPl . Further-
more, under certain conditions, non-renormalizable inter
tions may reduce the initial vev of the condensate down
possiblyMX;1016 GeV, and the baryon asymmetry wou
be reduced by.223 orders of magnitude@47#. Finally
sphaleron processing of the baryon asymmetry in the e
troweak phase transition can also lead to reduction ofnB /s,
by as much as.6 orders of magnitude. Therefore, it seem
reasonable to conclude that a baryon asymmetry of the r
order of magnitude can be produced in the Affleck-Di
mechanism in this scenario.

Let us now discuss the implications of the presence of
intermediate phase between DDI and FRW on the ab
conclusions. As we shall see, one of the main features is
the ‘‘democracy rule’’ of gravitational particle production n
longer necessarily applies in the presence of an intermed
phase, and the distribution of energy density among the v
ous components may be drastically altered. In some ca
this will imply that gravitinos and moduli can be more eas
diluted in entropy production.

V. DUAL-DILATON INTERMEDIATE PHASE

The dual-dilaton era is characterized by two wave nu
bers k1 and ks that correspond to the horizon size at t
branch change between the ‘‘dual-dilaton’’ intermedia
phase and FRW, and between DDI and the ‘‘dual-dilato
era, respectively. During the intermediate phase~IP!, modes
re-enter the horizon@since wavelengths}a(h) do not in-
crease as fast as the horizon sizeH215a2/a8#, and therefore
k1,ks . As a consequence, one still expects to prod
roughly one particle per mode at the highest wave num
ks , since it exited and re-entered simultaneously at timehs .
We will also assumeHs;Ms , sinceHs correspond to the
maximal value of the Hubble scale. At timesh.h1, one
finds an expression similar to Eq.~3.1! for the energy density
of speciesj:

dr j

d logk
~h!.

N j

2p2
Hs

4S as

a D 4S k

k1
D nj

DDIS k1

ks
D nj

IP

kH!k!k1

~5.1!

.
N j

2p2
Hs

4S as

a D 4S k

ks
D nj

IP

k1!k!ks , ~5.2!
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wherenj
IP is the spectral slope for fluctuations that exited t

horizon during DDI and reentered during the ‘‘dual-dilaton
intermediate era. We again imposed a low wave number
off kH corresponding to the horizon size, but it will not pla
a role forh.h1, sincenj

DDI.0 as before for all fields. The
integrated energy density can be written as

r j~h!.
N j

2p2
Hs

4S as

a D 4F11S ks

k1
D 2nj

IPG h.h1 . ~5.3!

A. Particle content and reheating

From Eq.~5.3! we obtain that at timesh.h1, the energy
density is dominated by the field with the most negat
spectral slopenj

IP , and the democracy rule does not app
unless allnj

IP.0. The spectral slopes of the various fiel
depend in a non-trivial way on the dynamics of the intern
dimensions during DDI and during the ‘‘dual-dilaton’’ inter
mediate era~see Table I!. Since details can be found in Re
@14#, we will simply restate the relevant results, but exte
the analysis to the case with dynamical internal dimensi
during the IP, i.e.uÞ1/A3.

In Fig. 1, we show a contour plot of the smallest spect
slope minj (nj

IP) in the parameter spaced2u; we recall thatd
andu characterize the evolution of external dimensions d
ing DDI and the IP respectively@see Eqs.~2.8!,~2.10!#. The
dashed line separates the areas which refers to the mo
independent axionA, and to the axionBab associated to the
internal components ofBmn . The spectral slope of these la
ter depend sensitively on the evolution of the 6 internal
mensions during DDI and IP, and in Fig. 1, we chose
show the case in which 2 internal dimensions compac
isotropically. In the following, we will examine the variou
cases in whicha dimensions compactify isotropically, an
the other 62a are stabilized during DDI and IP. We find tha
the following two possibilities arise.

~1! If udu;1/3 andu is close to its maximal value, which
corresponds to saturation of the Kasner constraint Eq.~2.9!,

FIG. 1. The contours delimit the values of the smallest spec
slope minj (nj

IP) as a function of the parametersd andu, defined in
Eqs. ~2.8!, ~2.10!. The dashed line separates the regions in wh
either the model-independent axionA or the axionBab dominates.
3-10
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i.e. stabilized internal dimensions, then the smallest slop
negative, and is carried byA. In this case, the model
independent axion carries all the energy density ath.h1.
However, when one assumes that compactification is an
tropic, i.e.a dimensions compactify isotropically and 62a
are stabilized during both DDI and IP one obtains a sligh
different picture. In some cases, as the one shown in Fig
the minimal slope is everywhere negative, and the bulk
the energy density is carried by eitherA or Bab axions, de-
pending on the value ofd andu.

~2! If the smallest spectral slope is positive, meaningnj
IP

.0 for all j, then all fields roughly share the same ener
density at timeh.hs . This case is therefore very similar t
that envisaged in Sec. III, i.e. for a sudden branch chan
Notably, one findsYm;0.3/g! as previously, and entrop
production as before may be considered to eliminate
problem. We will thus ignore this case in the following, a
rather concentrate on case~1!, assuming that one of the ax
ions dominate the energy density at timeh1.

In the following, we denote generically asA the axion
field that carries the energy density at timesh.h1, and
when necessary we will specify whetherA is A or Bab . The
fraction of energy density contained in speciesj is

V j.NjUh1

hs
UnA

IPF11Uh1

hs
U2nj

IPG , h.h1 ~5.4!

where we usedk1 /ks5hs /h1. One can derive a relation be
tween the duration of the ‘‘dual-dilaton’’ phaseuh1 /hsu and
the coupling constantg1 at timeh1 from the criticality con-
dition rA.rc , which gives

Uh1

hs
UeA

.g1 , ~5.5!

where the exponenteA5(2u21)/(12u)1nA
IP/2 and is

negative in the region of the parameter space wherenA
IP,0.

To derive Eq.~5.5! we useda(h)}uhuu/12u, H}uhu21/12u

and g}uhu(3u21)/2(12u), Eq. ~5.3!, and rc

5(3/8p)g1
22H1

2Ms
2 at h5h1. If A is the model-independen

axion A, nA
IP54/(12d)24u/(12u), while if A is a Bab

axion,nA
IP5424uba /(12d)2ja /(12u)u, whereba andja

parametrize the evolution of the internal scale factor dur
DDI and the ‘‘dual-dilaton’’ phase, respectively;ba is tied to
d by the Kasner constraint, Eq.~2.9!, and similarly forja as
a function ofu ~see Ref.@14#!. Therefore Eq.~5.4! can be

re-written asV j.Njg1
nA

IP/eA@11g
1
2nj

IP/eA#. It is difficult to
give quantitative estimates for the total fraction of ener
density carried by radiation, since the various component
radiation have different spectral slopes, and some of th
can be negative~see Table I!. In the following, we thus as-
sume that radiation can be considered, on average, as
species with number of degrees of freedomNr;g!/2 ~as
before!, with a positive spectral slope, which implies

V r.Nrg1
nA

IP/eA . ~5.6!
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Note that this number can actually be of order 1 ifNr is

sufficiently large as compared tog
1
nA

IP/eA ; however, this case

would be similar to a sudden branch change, sinceg1
1/eA

.uh1 /hsu would be of order unity, and the results of prev
ous sections apply. We thus assumeV r!1 in what follows.
To be definite, let us takeg1.1021, u51/A3 ~correspond-
ing to stabilized internal dimensions during IP! we find,
varying d in the range (0,21/3),

H1

Ms
;102721023, V r;Nr~102421023!, ~5.7!

while posingg1.1023 we get

H1

Ms
;1022021028, V r;Nr~1021221029!. ~5.8!

In contrast to the scenario with no intermediate pha
when a dual-dilaton intermediate era is present, rehea
cannot be provided by gauge non-singlets, because ah
.h1 they generically carry a small amount of energy (V j
!1), as discussed above. Let us then investigate the po
bility of reheating via the axion fields present in our PB
model. Reheating may proceed if the axion can recreate
diation by scattering or conversions with photons, that
through the processesA1A→g1g andA1g→A1g. The
interaction rate of the latter channel is strongly suppres
relative to the rate of the former, since the radiation num
density is small. The interaction term betweenA and the
gauge fields is of the form (A/M 8)FF̃. The mass scaleM 8
.MPl for the model-independent axionA, but M 8 can be
different for theBab axions, as it then depends on the com
pactification@49#. Indeed, as shown in the action, Eq.~2.5!,
the coupling ofBab to WW̃ or VṼ, depends on the expecta
tion values of the internal moduli.

The cross section forA2A scattering thus is of the form
s;EA

2 /M 84, where the typical axion energyEA
;H1(a1 /a), with H1 possibly much smaller thanMs for a
dual-dilaton intermediate phase. Finally, the axion ene
density is given byrA.(3/8p)g1

22H1
2Ms

2(a1 /a)4, so that
the interaction rate for scattering gives

GAA
H

;
3

8p
g1

2S H1

Ms
D 2S M 8

MPl
D 24S a1

a D 3

. ~5.9!

Therefore scattering by the model-independent axion c
not provide reheating, as one normally expectsH1!Ms .
However, if (M 8/MPl)&g1

1/2(H1 /Ms)
1/2, thenBab2Bab ax-

ion scattering will produce radiation and reheat the Univer
If axion scattering is ineffective, reheating may still occ

through axion decay, provided the axion mass is la
enough to avoid problems associated with too low a reh
ing temperature. A typical axion lifetime istA;M 82/mA

3 ,
wheremA;L3/MPlM 8 is the axion mass~neglecting fudge
factors! @49#, andL denotes the highest scale at which gau
interactions to whichA couples become strong. In particula
for L;1014 GeV, corresponding to phenomenologically f
vored scales of gaugino condensation in a hidden sec
3-11
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mA;106(M 8/0.01MPl)
21 GeV and tA;331028 s(M 8/

0.01MPl)
5, and the reheating temperature isTRH;10

GeVg!RH
21/4(M 8/0.01MPl)

25/2. In the following subsections
we will discuss the implications of this on the moduli an
gravitino problems.

B. Dangerous relics

The estimate of the abundanceYm of moduli produced
gravitationally can be obtained using the same method
for the no-intermediate phase case. One actually finds
same resultYm;0.3/g!. This is due to the fact that the spe
tral slope of the energy distribution of moduli and radiati
is positive for allk momenta~see Table I!, and therefore the
number density of moduli nm;(2p)23/2Hs

3/2(a/as)
23,

where we used Eq.~5.1!, and nm;rm /Em , with Em
;Hs(a/as)

21 the typical moduli energy. One can also e
press the entropy densitys;g!

1/4r r
3/4 in a similar way, and

obtain the above result forYm .
Just as in the no-intermediate phase case, one doe

expect gravitinos to be produced gravitationally in the du
dilaton phase if they are effectively massless. However, e
if radiation has not thermalized, they can be produced
scattering during the dual-dilaton phase. Since the string c
pling ~hence the production cross section! evolves with time
during dual-dilaton phase, it is more convenient to write
Boltzmann equation in terms of conformal time, which wh
disregarding annihilations channels gives

dY3/2
s

dh
5S tots a Ya

2 , hs,h, ~5.10!

where we recall that the scale factora}uhuu/(12u) during the
IP, s}a23, andS tot;500g4/Ms

2 , and as beforeYa;0.3/g!

denotes the ratio of number density to entropy density
radiation quanta per helicity state. Usingg2

}uhu(3u21)/(12u) during the IP, one easily obtains as befo
Y3/2

s 5YaG/H, with G;S totYas the gravitino production rate
and the right hand side should be evaluated at timeh1 if u
.1/3, and at timehs if u,1/3.

Thus, using (S tots/H)h1
;70g1

5/2g!
1/4V r

3/4(H1 /Ms)
1/2, and

Eq. ~5.6!, one finally obtains

Y3/2;6g!
21g1

kS Hs

Ms
D 1/2

, ~5.11!

with

u.1/3: k5
5

2
2

1

2eA~12u!
1

3nA
IP

4eA
, ~5.12!

u,1/3: k5
5

2
2

1

2eA~12u!
1

3nA
IP

4eA
1

123u

eA~12u!
.

~5.13!

Let us first observe that, ifu,1/3 the couplingg de-
creases in time during the IP@see Eq.~2.9!#. In the scenario
under investigation, i.e. with a dual-dilaton intermedia
phase, it is assumed that quantum string-loop effects
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never operative (g,1) and that because of high-curvatu
corrections the Hubble-parameter makes a bounce aroun
maximal value at the string scale. If we impose that the
laton field reaches the present value at the end of the P
era, unless we assume either an extremely low decreasin
the coupling during the IP or a very short intermediate ph
~which would give forY3/2

s roughly the same value as in th
scenario with no-intermediate phase!, we are forced to limit
to the region of parameter space whereu.1/3. Having re-
stricted ourselves to the case described by Eq.~5.12!, we find
that the exponentk takes values between;2 and;9 de-
pending on the evolution of internal dimensions, and the
fore, Y3/2;1024→10210 for g1;0.1, g!;100. For aniso-
tropic compactification, in some region of the parame
space, one finds even higher values ofk, for which there
would be no gravitino problem at all. One thus finds that
the presence of a dual-dilaton phase, the gravitino is gen
cally less efficiently produced~possibly much less! than in
the no-intermediate phase case. This can be understoo
the following way. Ifu.1/3, the string coupling grows dur
ing IP, so that the cross sectionS tot}g4 is very small at the
beginning of the dual-dilaton phase, and gravitino product
takes place at Hubble scaleH1. However, unlike the no-
intermediate phase case, here one generically hasH1!Hs
;Ms , and therefore gravitino production is inefficient. F
nally, the small number density of radiation quanta~recall
V r!1! also hampers gravitino production in this case.

C. Sources of entropy and baryogenesis

Due to the overproduction of moduli~and possibly grav-
itinos!, entropy production is still necessary in the prese
scenario. Entropy production is also necessary if the ax
cannot reheat the Universe, e.g. if its coupling to the ga
fields is too weak, and its mass too small. However, there
several possible sources of entropy production, as we n
discuss.

If the axion field dominates the energy density at the
ginning of the radiation era and it reheats the Unive
through scattering or decay, reheating is accompanied by
tropy production to the level ofDs;(rA /r r)

3/4, whererA
andr r denote the energy density contained in the axion a
in radiation at reheating. If the axion is still relativistic at th
time, i.e. if it reheats the Universe through scattering at h
energy scale, thenDs;V r

23/4, whereV r is defined as before
at timeh1. The moduli abundance would be reduced toYm

;0.3g!
21V r

3/4 and to obtain Ym&10213, one needsV r

&10213. One can check that such a low value ofV r cannot
be obtained for realistic values withg1*1023 in the param-
eter space defined byd and u, using the results so far ob
tained for the axionBab ~recall that the axionA cannot reheat
by scattering!. For example, in the case of the axionBab with
only 2 internal dimensions compactified and the other 4 s
bilized, the smallest value ofV r for g1*1023 is actually
V r;1026, with Nr;100, which would implyYm;1027 at
the end of reheating and entropy production is still nec
sary. Moreover, note thatV r;1026 also corresponds toH1
;10213Ms , henceM 8/MPl;1028, which is a rather strong
requirement onM 8. Nevertheless, one should recall at th
3-12
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stage that the domination and decay of an Affleck-Dine
direction would lead to further entropy productionDs8
;106 @see Eq.~4.9!#. Thus one could actually dilute th
moduli and gravitinos down to acceptable levels with
Affleck-Dine condensate only~no x modulus!. This would
however produce too large a baryon asymmetry,nB /s
;O(1), unless theCP violation parameter is very sma
and/or electroweak baryon number erasure is very effic
@47#.

Let us now consider the alternate case, in which the ax
acquires a large mass, and later decays to radiation. Ent
production then results from the decay of the axion osci
tions around the minimum of its potential, whose gene
form @49# is V(A);(L6/MPl

2 )@12cos(A/F)#, with F
;M 8/p2 the axion decay constant. The axion VEVA0 is in
fact generically displaced by;M 8/p from its true mini-
mum, and its coherent oscillations and decay will produ
entropy. Using the results of Sec. III, one can easily obta

Ds.107S A0

M 8
D 2S M 8

0.01MPl
D 4S L

1014 GeV
D 23

V r
23/4.

~5.14!

The amount of entropy produced is only marginally s
ficient, but it depends in a sensitive way onL andV r . For
smaller values of the gaugino condensation scale, saL
;few31013 GeV, and, sayV r&1022, reasonable values o
Ds*1010 may be achieved. Note that baryogenesis can
implemented in the very same way as in Sec. III in th
context.

One should recognize that the above estimates rem
somehow qualitative, since they make particular assumpt
on the axion couplings, and therefore on the compactifica
process, whereas we assumed a simple toroidal compa
cation. Nevertheless, our aim here is to show that there e
various possibilities to generate entropy to the level requir

Even if axions cannot reheat the Universe through s
tering or decay, one may still consider the mechanism
cussed in Sec. III, where a modulus~the dilaton?! of mass
;106 GeV reheats through the decay of its coherent osc
tions. The discussion is similar to that of Sec. III, up to t
fact that there may be no radiation dominated era prece
the x dominated era, ifH1&Hdom (Hdom denotes as before
the Hubble scale at whichx comes to dominate the energ
density!, i.e. if the dual-dilaton era ends asx dominates.
However, as we now argue, this does not happen, and
always hasH1@Hdom. Following the discussion of Sec. II
to calculateHdom, using a}H2u in the IP era, one finds
Hdom;mx@(8p/3)(g1x0 /Ms)#2/(223u), whereg1 is the value
of the string coupling at Hubble scaleHdom, which marks
the end of IP. In the absence of thex modulus, the transition
to the radiation dominated era would take place atH1

;Hsg1
21/eA(12u)

@see Eq.~5.5!#. We consider that in eithe
case, the value of the string coupling at the end of the IP,
at Hdom or at H1, should be close to its present value. O
then must determine whether or notHdom&H1, and it can be
checked that for nearly all values of thed2u parameters, we
have indeedHdom!H1. The dual-dilaton phase thus end
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before and radiation domination occurs beforex dominates.
All estimates made in Sec. III can thus be directly applied
the present case. It is interesting to note that here, one
nerically has V r!1 ~the ‘‘radiation dominated’’ era is
driven byA), and therefore entropy production is more e
ficient by a factorV r

23/4;102106, for Nr;100 and g1

;0.00120.1. The amount of moduli present atx decay is
thus further reduced by this factor. The monopole abunda
today is also reduced by a factorV r

21/4;22100 @see Eq.
~4.6!#. Baryogenesis can be implemented as before via
Affleck-Dine mechanism, and the baryon asymmetry
given by Eq.~4.14!.

In fact, if V r&1026, entropy production to the level o
Ds*106 would be sufficient to dilute the moduli and grav
itinos to acceptable levels, and such entropy could be p
vided by the Affleck-Dine condensate, in the absence of
x modulus. It should be noted, however, that such low val
of V r only arise wheng1&1022.

As a conclusion, when eitherA or Bab axions dominate
the energy density at the end of a dual-dilaton intermed
phase, there are various natural sources of entropy: a
scattering, axion decay, or domination and the decay o
modulus or an Affleck-Dine condensate. Since one gen
cally hasV r!1, entropy production is more efficient than
the absence of an intermediate phase, and both moduli
monopoles can be diluted down to low levels. In some ca
the Affleck-Dine condensate provides enough entropy by
self to solve the moduli-gravitino problem, although one th
has to cope with a very large baryon asymmetry from
decay of the condensate.

VI. ‘‘STRING’’ INTERMEDIATE PHASE
AND BLACK HOLES

During the string era, modes exit and do not re-enter
horizon. Thereforeks,k1, and one expects to produce on
particle per mode atk1 since it exits the horizon and re
enters at the same absolute value of conformal time.

However, the situation here is more delicate than in
case of the dual-dilaton phase. Indeed, a mode that exits
horizon at conformal timehex, with hex,0 in the present
scenario, will re-enter at timeh re.uhexu ~if hex!h1, i.e. if
the mode exits well before the end of the ‘‘string’’ phase!.
This means that at timeh1, which is supposed to mark th
start of the FRW regime, only those modes with wave nu
ber ;k1, i.e. the highest frequencies, have re-entered. T
modes that exited the horizon at the beginning of
‘‘string’’ phase ~wave number;ks) will re-enter later, pos-
sibly much later, at conformal timeuhsu@uh1u. One can re-
write the energy density, Eq.~3.1!, in this scenario, at timeh
with h1,h,uhsu, which gives

r j~h!.
N j

2p2
H1

4S a1

a D 4U12U h

h1
U2nj

IPU h1,h,uhsu,

~6.1!

and as before, we imposed a low wave number cutoff at
horizon size;1/h. In the case of the ‘‘string’’ phase, inspec
tion of Table I reveals that the model-independent axion
3-13



-

e
it

to

i
s

on
nt

ba
io
a
xe
ho
ac
a

th

ul
th
be
is
ve
m

or

a
ity

at

m
le
c

a

-

ge
it

s
o
a

fi-
r-
so
es.
nd

uli
uc-

-

e

k

rio,
-
on,

re
sis

ly
t a
lly
the
s
els

hat
ng
ds

re-
hus
the
d-

ro-
f a

BUONANNO, LEMOINE, AND OLIVE PHYSICAL REVIEW D 62 083513
the most negative slope522z (z.0), and its energy den
sity rA;(NA/2p2)H1

4a1
4uh/h1u2z/a4. At time h1, only

modes with wave numberk1 have re-entered, so within th
horizon, all fields share roughly the same energy dens
However, as time goes beyondh1, the axion will quickly
come to dominate the energy density. Assuming the dila
field is fixed forh.h1, sinceH2}rA , andH5a8/a2, it is
straightforward to derive thata}h11z. In this case, withz
.0, the dynamics is driven by the axion fluctuations. This
inconsistent since the gravitational amplification of the
fluctuations, in particular the spectral slope of the axi
were calculated assuming that the fluctuations would re-e
during a radiation dominated era, and withz.0, the expres-
sion for the scale factor shows that this is not the case.

This inconsistency reflects the breakdown of the pertur
tive approach used to calculate the amplification of ax
fluctuations. In effect, the calculation assumes that the qu
tum fluctuations can be treated as a perturbation on a fi
classical background, whereas in the present case, one s
consider their back-reaction effect on the background sp
time. Moreover, since the axion field is assumed not to p
ticipate to the dynamics, its classical VEV is zero, and
energy density stored in axion isrA;(]dA)2, where dA
represents the fluctuation in the axion field. One sho
therefore include back-reaction up to second order in
fluctuations, in order to derive the dynamics of the era
tween timesh1 and uhsu, and such an intricate calculation
well beyond the scope of the present paper. Note, howe
that the above inconsistency does not arise for confor
timesh.uhsu, sincenj

DDI.0 for all j, and radiation domina-
tion should be a valid approximation.

We thus consider, as an alternative, that black holes f
on all scales comprised betweenk1 andks . This is a possible
outcome of the above dynamics, as black holes generic
form copiously when relative overdensities of order un
re-enter the horizon. At late timesh.uhsu, the Universe will
be dominated by those black holes that have not evapor
yet. The lifetime of a black holetbh}Mbh

3 }Hi
23 , whereMbh

denotes the black hole mass, and corresponds to the
within the horizon at the time of formation at Hubble sca
Hi . Therefore the Universe will be dominated by those bla
holes that formed last, i.e. on scaleks , and will reheat with
the evaporation of those black holes. The Hubble sc
H(uhsu);H1uhs /h1u23/2 if the era between timesh1 and
uhsu is matter dominated~black hole domination!. Then
Mbh;4pmPl@H(uhsu)/mPl#

21 ~which corresponds to the
mass within the horizon at that time! and the evaporation
time scale of those black holes readstbh;mPl

21(Mbh/mPl)
3

;(4p)3mPl
21@H(uhsu)/mPl#

23, so that the black holes evapo
rate and reheat the Universe at a Hubble scaleHev
;(4p)23H(uhsu)@H(uhsu)/mPl#

2.
Such reheating by black hole evaporation was envisa

in Ref. @50# in the context of the PBB scenario. Note that
is accompanied by entropy production, to the level ofDs
;(rBH /r r)

3/4, whererBH andr r denote the energy densitie
contained in black holes and in radiation at the time
evaporation. This entropy production can be rewritten
Ds;1019g1

1/2V r
23/4@H(uhsu)/107 GeV]23/2(H1 /Ms)

1/2, and
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the reheating temperatureTRH;0.6 GeV@H(uhsu)/107

GeV]3/2. Even though this entropy production may be suf
ciently large to dilute the moduli created gravitationally du
ing the DDI and ‘‘string’’ phases, the same moduli are al
part of the Hawking radiation of the evaporating black hol
The number density to entropy density ratio of moduli a
gravitinos presentafter evaporation in fact reads@51# Ym
;1029@H(uhsu)/107 GeV]1/2, assumingg!;200 at evapora-
tion. Clearly, black hole evaporation eliminates one mod
problem, to reintroduce another, and further entropy prod
tion is necessary.

Consider then a modulusx as introduced in Sec. IV A,
with massmx . The amount of entropy produced byx is
given in Eq.~4.3!. However, if black holes have not evapo
rated by the timex would dominate~if black holes were
absent!, the RHS of Eq. ~4.3! should be multiplied by
(Hev/Hdom)1/2, where Hdom;mx(x0 /mPl)

4 corresponds to
the Hubble scale at whichx would dominate in the absenc
of black holes. Using Hev;106 GeV@H(uhsu)/231015

GeV)]3, and assumingHev&Hdom, the final moduli abun-
dance is

Ym;10217gx
1/2S mx

106 GeV
D 3/2S H~ uhsu!

231015 GeV
D 21

V r
3/4,

~6.2!

hence, forH1;1017 GeV, provided the phase in which blac
holes dominate does not last too long, i.e.uhs /h1u&43103,
thenH(uhsu)*431011 GeV andYm&10213.

To summarize, black hole reheating of the PBB scena
as envisaged in Ref.@50#, does not solve the moduli prob
lem; it also requires another source of entropy producti
and the oscillations and decay of thex modulus would be
sufficient, provided the ‘‘string’’ phase does not last mo
than;8 e-folds of the scale factor. In this case, baryogene
could also be implemented as in Sec. IV B.

VII. DISCUSSIONS AND CONCLUSIONS

We find that pre-big-bang cosmological models inevitab
face a severe gravitino-moduli problem, as they predic
number density to entropy density ratio of gravitationa
produced moduli at the beginning of the radiation era of
order ofYm;0.3/g!, whereg! counts the number of degree
of freedom in the radiation bath at that time. These mod
also predict a similar amount of gravitinos, albeit somew
smaller if gravitinos are not produced gravitationally duri
dilaton driven inflation, yet far in excess of the BBN boun
Ym,3/2&10213.

Late entropy production, to the level ofDs*10521010

depending on the details of the transition between the p
big-bang inflationary era and the radiation phase, is t
mandatory in the scenarios we have investigated. For
simplest pre-big-bang model in which the transition is su
den, the amount of entropy needed isDs*1010 and this is a
strong requirement. However, sufficient entropy can be p
duced by the domination and decay of the zero-mode o
modulus field with mass;106 GeV, initially displaced from
the minimum of its potential by an amountMs . The Uni-
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verse will start the FRW radiation era with a temperatu
TRH;1 GeV @see Eq.~4.4!#. Moreover, the dilaton, which
drives the pre-big-bang dynamics, could also play the role
this modulus, as several scenarios of gaugino condensa
predict a dilaton mass;106 GeV, and since it can be gener
cally displaced from its present value at the end of the p
big-bang inflation. Furthermore, this vast amount of entro
produced helps set the Affleck-Dine mechanism of bar
genesis in a natural framework, as it reduces efficiently
baryon asymmetry created in the decay of the baryon num
carrying flat direction. Finally, it may also solve the usu
monopole problem associated with GUT symmetry breaki
although this depends sensitively on the details of monop
formation at the GUT phase transition.

We also examined variants of the pre-big-bang mode
which an intermediate phase of dynamics motivated by ph
ics at high curvature takes place between the pre-big-b
inflationary phase and the radiation era. In the case of
so-called dual-dilaton intermediate phase, one finds that
moduli-gravitino problem is still present, and entropy pr
duction is still necessary. However the problem of entro
production is relieved by the small fraction of energy dens
contained in radiation at the beginning of the radiation era
effect, the energy density is generically contained in an ax
field, either the model-independent axionA or internal axions
Bab associated with the compactified components ofBmn .
One can show that several natural sources of entropy
alleviate or solve the moduli-gravitino problem, notably t
entropy produced in axion reheating via scattering~provided
the axion decay constantF&1023MPl!, or that produced in
oscillations and decay of the zero mode of the dominat
axion, if the axion decay constant;1023MPl and its poten-
tial is generated by gaugino condensation in a hidden se
at scaleL;few31013 GeV. In some regions of paramete
space~which parametrizes the evolution of internal and e
ternal dimensions!, the amount of entropy needed to redu
the moduli-gravitino problem is sufficiently small (Ds
;106) that the domination and decay of an Affleck-Din
condensate can produce both the entropy and the ba
asymmetry of the Universe. In this case the hot big ba
which marks the beginning of the FRW radiation era, tak
place at a temperatureTRH;105 GeV @see Eq.~4.10!#.

In the case of the so-called ‘‘string’’ intermediate phas
one is at present unable to specify the dynamics of the
that follows the string phase~see Sec. VI!. However, as we
have argued, it is likely that microscopic black holes wou
form copiously. Black hole domination and decay produc
entropy, which would dilute the moduli or gravitinos pro
duced during the dilaton-driven and string phases,
moduli and gravitinos are also re-created in the Hawk
radiation of the evaporating black holes. Here again, the
fore, further entropy production is necessary, and the de
of a heavy modulus can produce sufficient entropy.

At this stage we would like to comment on the implic
tion of entropy production on the various predictions of t
pre-big-bang models. First of all the entropy production w
not affect in any way the axion seeds of large scale struc
considered by Durreret al. @8#. In effect, as long as the axio
perturbations lie outside the horizon, they are frozen, and
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not suffer from the microphysical processes inside the h
zon, i.e. they are not diluted by entropy production. Mo
quantitatively, the density perturbationdrA /rc in the axion
field relative to the total energy density, can be written a
function of comoving wave numberk and conformal timeh,

as @8#: drA /rc;(kh)2(H1 /MPl)
2(k/k1)nA

DDI
, for modes out-

side of the horizon, i.e.k,1/h, and wherenA
DDI denotes the

axion spectral index of density fluctuations. Clearly, wh
the mode re-enters the horizon, i.e.k51/h, for nA

DDI'0
~scale invariant spectrum!, the density perturbation is inde
pendent of any entropy production. Note however tha
nearly flat spectrum of axion fluctuations corresponds t
region of parameter space in which the necessary amoun
entropy release is large, of orderDs;1010.

Therefore, if perturbations of thex field, which is the
modulus responsible for entropy production, do not ca
power on large scales, i.e.nx

DDI.0, as would be the case ifx
were the dilaton for instance, the scenario envisaged by D
rer et al. @8# for the axion seeds remains unaffected. In th
framework, the pre-big-bang predicts non-Gaussian isoc
vature perturbations with a well defined signature in t
small angular scale cosmic microwave background aniso
pies. However, if the perturbationsdx carry power on large
scales, adiabatic perturbations would be produced on th
scales atx decay, since it dominates the evolution at th
time. The study conducted in Ref.@14# seems to indicate tha
the only fields in pre-big-bang models that are liable to ca
power on large scales are the axionsA or Bab . In this con-
text, the domination and decay of an axion, as considere
Sec. V A, could lead to a novel scenario of generation
density perturbations in pre-big-bang models. One sho
calculate carefully and examine the exact shape of the s
trum of metric fluctuations and their statistics, as it is know
that axionic fluctuations are generally damped on la
scales due to the periodic nature of the potential@52#.

Scalars generically carry steep blue fluctuations spectr
pre-big-bang models, hence neither the modulusx nor the
Affleck-Dine condensateF envisaged in Sec. IV are liable t
produce long wavelength fluctuations at their decay. This
in some contrast to standard inflationary models, in wh
the decay of the Affleck-Dine field produces isocurvatu
long wavelengths fluctuations.

On similar grounds, one does not expect that the spect
of electromagnetic fields on the scale of the Galaxy sho
be diluted by entropy production, as these fluctuations w
outside of the horizon at the time at which entropy was
leased. However, one expects that the relic gravitatio
wave background will be at least partly affected by the e
tropy release@53,50#. Whether this dilution affects the sto
chastic gravitational background in the range of frequenc
which the upcoming experiment, Laser Inteferometric Gra
tational Wave Observatory~LIGO!, Virgo and Laser Inter-
ferometer Space Antenna~LISA!, are sensible deserves fu
ther investigation.
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