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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 numbgs): 98.80.Cq, 11.25-w

I. INTRODUCTION lying fundamental theory, and in which the initial inflaton
field values are usually of order the Planck scale.
In the pre-big-bang scenari@PBB) [1], the standard In recent years, significant effort has been spent on under-

Friedmann-Robertson-WalkéFRW) post-big-bang picture ~standing the physics of the pre-big-bang initial state and its
emerges as the late-time history of a Universe which, in &igh curvature phase, and on extracting observational predic-
prehistoric erdthe so called pre-big-bang erainderwent an  tions for this scenario. In this respect, one should note the
inflationary expansion driven by the growth of the universalPrediction of a s_tochastl'c background of grawtatlona}I waves
coupling of the theory. This latter phase is also referred to akbl, whose amplitude might be well above that predicted by
dilaton driven inflation(DDI) as its super-inflationary dy- models of standard inflation, as _weII as the amplification of
namics are driven by the kinetic energy of the dilaton field.duantum vacuum electromagnetic fluctuatignk due to the

A crucial difference between the pre-big-bang model and1on-conformall cquplmg between the.grawtatlonal and the
standard inflationary theories, is that in the PBB, the univers&!eéctromagnetic fields. More recently, it has been shown that
starts its evolution in a classical state, the most general pef?® amplification of(universal axion quantum fluctuations
turbative solution of the tree-level low-energy string effec-Might provide adequate seeds for the formation of large-scale
tive action. The analysis of this initial state, and its natural-Structures, and the resulting large and small angular scale
ness, has led to a debate, as to whether the initial conditior@sotropies of the cosmic microwave background have been
needed to solve the horizon and flatness problems can Ks&iculated8,9]. This provides a characteristic signal of non-
deemed naturdl2]. The problem of the graceful exit of the Gaussian isocurvature perturbatidnSo far little attention
inflationary era is also an unsolved question. No-go theorem@@S been paid to the phenomenology of the post-big-bang
preventing the branch change from DDI to the dual solutiofr RW €ra, and notably on the mechanism of reheating. It has
of the FRW type have been demonstrated when either apeen proposed Fhat reheating could proceed via grawtatn_)nal
axion field and a dilaton-axion potential or stringy fluid Particle production11]. However, as we argue here, this
sources have been introduced in the tree-level effective agredicts the presence of too many dangerous relics, much
tion [3]. It is now recognized that if the branch change from!ike non-oscillatory inflationary models 2], and notably an
DDI to FRW expansion is to occur, it should arise as a con@bundance of gravitationally interacting scalegsy. modul)
sequence of quantum loops effects and/or high curvature coVell in éxcess of the limits imposed by big bang nucleosyn-
rections, and encouraging progress has been made in thtige&s(BBN) on the abundan(_:e of late decaymg.masswe par-
direction[4,5]. Nevertheless, the PBB model remains an at{icles. On top of that one naively expects that in some PBB
tractive variant to standard inflationary cosmology, notablyScenarios the FRW era starts at a high Hubble scale, of order
since the initial state of the Universe lies in the weaklythe string scale~10"" GeV, and therefore gravitinos and
coupled regime of string theory, and its dynamics are thus

well controlled by the tree-level low-energy effective action.

This is in contrast with standard inflationary theories which 20One should note here that the recent high precision small angular
generically experience difficulties in extracting a well-suitedscale data of the BOOMERANG and MAXIMA experimentk0]
Lagrangian for the inflaton field from a well-defined under- do not seem to confirm the predictions made in RESS).
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moduli should also be produced copiously in scattering proHenceforth, we shall assume that at the present tiype
cesses in the thermal bath. ~0.01-0.1. We restrict the internal compact space to a di-

These considerations warrant the present detailed study afyonal metriay,,=€2?a8,, with a,b=4, ...,9, and we de-
the physics and phenomenological problems of the PBB scaiote by ¢ the effective four-dimensional dilaton fielg
nario in the post-pre-big-bang era. We will find that indeed,= ¢,,— = ,0,. The matter Lagrangiar; e iS cOmposed
for the variants of the PBB scenario hitherto proposed, theref scalars, gauge fields and axions. We assume that the gauge
is inevitably need for significant entropy production. How- and axion fields do not contribute to the cosmological back-
ever, as we will argue, there exist various possible and natuground, i.e. we deal only with their quantum vacuum fluc-
ral sources of entropy production in pre-big-bang modelstuations. For the gauge fields, we consider the heterotic
notably the domination and decay of the zero mode of ajauge fieldA, and the Kaluza-Klein gauge fields related to
modulus, of the dilaton, or of axions, depending on theinternal components of the metric and the three-féty,, ,
masses of these fields, which can dilute effectively modulirespecti\/ewvﬂa1 andwﬂa [13,14:
gravitinos and monopoles. We will also show that this allows
one to efficiently implement Affleck-Dine baryogenesis. In
the following, we will thus focus on reheating, on the grav-
itino or moduli problem, and on the origin of the baryon
asymmetry of the Universe. We will try to remain as general
as possible, in particular with respect to the possible presence
of an intermediate phase between DDI and FRW.

The outline of this paper is as follows. In Sec. Il we Where
review the dynamics of the PBB model, and some variants
(as far as the intermediate phase is concerpedposed in
the literature. In Sec. lll, we provide a book-keeping of the
particle content of the Universe at the beginning of the FRW
era, and explicitly show the need for entropy production. In  Einally, for the axion fields we have
Sec. IV we review the various possibilities for entropy pro-
duction in the context of the PBB model when the transition )
from DDI to FRW occurs suddenly, and discuss baryogen- Laxions= — 5€79"79,Ad, A
esis. We defer the study of intermediate phases to Secs. V
and VI, since the consequences in that case are different but
the logic of the argument is the same. We summarize our
results in Sec. VII.

— 2 a a
‘Cgaugefields_za”F,wF’uV_ Za’e “aVMD \Viakd

1 ra—2
- 7 ae 2T, W, 2.3

Fuo=0,A,—d,A,, V,2=d,V,2=dV,2

W a= 9, Wya— 3, W5 (2.9

1 mva—20pa— 20,
—Zg e e 7, Bycd,Bpyc, (2.5

whereB,, is the pseudo-scalar field associated to the com-
Il. THE PRE-BIG-BANG ERA pactified components of the anti-symmetric field living in ten
dimensions, whileA is the axion related to the anti-

Let us first start by reVieWing the different eras and dy-symmetric tensoH**? in four dimensions by the usual re-
namics envisaged in the PBB model. We shall restrict ouriation H#"*= e#**7e¢3, A (Wheree*"* is the covariant full

selves to the four-dimensional tree-level low-energy Stringantisymmetric Levi-Civita tens@r

effective action derived from heterotic string theory compac- | et us consider first the simplest scenario in which the

tified on a six torus[13,14], whose bosonic sector is de- ynjverse undergoes a super-inflationary evolution up to con-

scribed by formal time 7,, at Hubble scaléd;~M, and where the ra-
diation dominated era is supposed to start, i.e. where the

1 _ branch change from DDI to FRW occurs. The cosmological
— 4 _ v
Sefr= szf dxV-ge [R+9"d,00,¢ background during such DDI era is given, in conformal time,
S
by
_gﬂyéuoa&v0a+ﬁmatte£|v 2. 35-1
(o NOl(1-0) . _
where A= Ja'=\87/M; is the string-length parameter, a(m~(=m et 5l0g(= ),
M, denotes the string mass and the following relations hold: (2.6
ev 1 1 S ot P - - -
2 12 8aGy’ agut(Ag 1)25’ g’=e’. Ta~0mt 09— 7), 6<0, B,>0 (27

(2.2 [note that with respect to the cosmological tinagt)
~(—1)?%]. A scalar field y with canonical kinetic term
evolves classically during DDI as

“We use the conventions—(+,+,+) and R*,,, =%
- ..., R,,=R"

upv- Units arefi=k=c=1, mp=Mp/(87)"2 P

1
X= = log(— 1), (2.9
=2.4x 10" GeV is the reduced Planck mass. \/? 1-¢
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where the parameted S,, andg, satisfy the Kasner-type where{ is an arbitrary parameter which governs the growing
constraint: of the dilaton field, while with the “dual-dilaton” er@l4]

a(p)~(—n" 0 o~p+

1
1 log(— ),
1=35+3 B3+ 587 (2.9 1297

(2.11

) . . . and ¢ satisfies a Kasner constraint similar to Eg.9).
This Kasner constraint can be rewritten as a relation between

6 and an effective set g8, which parametrizes the evolution
of other scalars, including internal moduli. We will thus ne-
glect B, in the following. We have also assumed that the In this section, we will consider the simplest version of
four-dimensional non-compact space-time expands isotropthe pre-big-bang scenario with a sudden branch change from
cally, while the contraction of the six internal dimensionsDDI to FRW, i.e. no intermediate phase of dynamics.

can be anisotropic. After the branch change has occurred, the

metric is that of a spatially flat FRW space-time; at that point A. Particle content due to gravitational production

the kinetic energy of the dilaton has become negligible, and The particles present at the very beginning of the radia-

the dynamics are thus driven by radiation, so t . o . X )
y y agty tion era result from gravitational particle production, in con-

>mn.)<n. The ulterior evolution of the dilaton is an un- . ! . :
solved question. We will assume that the dilaton is fixed jnrast to standard inflationary models, iin which the post-

the radiation er@15], but we will also indicate explicitly the inflationary era s dpmina?ed by inflatqn condensates, Whi(?h
dependence on the string coupligg (corresponding to the later decay into radiation in the reheating process. In fact, in

value of the coupling at the start of the radiation dominate&vcr?iciEij?ivse(;etnhagl%lgl Ish;hsi ktIQ:t“ics igi:/%yrtg; itrr:t% d'rlz\t/ci’tg’_
phase in our results. In particular, in the radiation era, the P ' 9

o X . tionally created particles, whose energy density will drive the
.cr.|t|caﬂenergy ciezns;ty;% as a function of the Hubble scate FRW era. One can provide a simple estimate of the energy
is: pe=(3/8m)g; “H-MZ.

. . density contained in fields subject to gravitational particle
In some pre-big-bang scenarios, the branch change fro y ) g b

. : . ) |E‘reation, when no intermediate phase is presenta,lf
DDI to FRW is not instantaneous, and one considers an m-Ea(m) is the scale factor at the branch change, thgn

termediate phase whose dynamics are obtained by taking(a H,)~! (since H=a’'/a?), and k,=1/7, represents a
a1t - ’ 1~ 1

into account higher order corrections to the low-energy ef'comoving wave number corresponding to the horizon size at

fective action, such as finite size string effects and quantu%e branch change. We also defite; /d Ink as the energy
string-loop effects. Unfortunately, a thorough knowledge Ofgensity spectrum iﬁ particle speci,'ezjas a function of wave

the dynamics and duration of this intermediate phase is St"numberk. Then one obtaindp, /d In k=0 for wave numbers

Ir?ckmg. Cosmological solutions, which partially describe t_helﬁ> ky, since those modes have remained within the horizon
igh curvature phase, have nevertheless been proposed in the

literature, most notably(i) the “string” intermediate era, at all times, and could not be excited by the gravitational

obtained by solving the equations of motion with only thefleld. For quctu_atlons that_ exited the horizon _durmg DDI and
. ) T . . re-entered during FRW, i.e. those modes with wave number
first order corrections i’ included[4], and(ii) the “dual-

DDI
dilaton” intermediate phasgl4] (see alsg16] where this K<Kki, one generically obtainglp;/dInke(k/ky)" , and
scenario was discussed in the more general framework df; " is the spectral index acquired by specjedue to the
non-minimal models where one assumes that afl correc-  dynamics of the DDI phase and transition into FRW. One
tions are sufficient to provide by themselu@sthout includ- imposesnjDD'>0 so as to avoid infrared divergences, i.e.
ing string-loop effects a sudden branch-change from the large-scale inhomogeneitiésee also beloyand the energy
DDI to another duality-related vacuum phase of the FRwdensity in speciepis dominated by the energy density in the
type. In the “string” intermediate phase, the Hubble param-log interval around;, so thatp;~(dp;/dIn k)‘kl. Moreover,

eter is constant hence the dynamics is inflationary in thg corresponds to the maximal amplified wave number: this

string frame, while in the “dual-dilaton” era, the Hubble 1,4 has exited and re-entered the horizon at the same time,
parameter makes a bounce around its maximal value at the,q youghly one particle has been produced in that mode.
string mass. To simplify the discussion, we shall often astayitational particle production thus respects a democracy

sume in b'oth cases that the internal_dimensions have' begqie [11], namely all species share roughly the same energy
stabilized in some way before the Universe enters the 'nterdensity ~(a,/a)*H?, corresponding to one particle pro-

mediate era. We fix a5 the time andH the Hubble scale at duced with momentunH, in phase space vqumer.

which the Universe transits from the DDI era to the interme- . Dd o
diate phase. Therefore, for all species pj~(a,/a)"H] at times»> 7,

For the “string” intermediate phase, one obtajg and consequentlf};~gi(H,/M)?, where(); denotes the
density parameter in speciggndg;=e%? is the value of
the string coupling at the beginning of the radiation era
1 [Mp(71) =Ms/91].
()=~ Hsnp' o(m)~es—28log(~n), £=0, When more accurate calculations are performed, one finds
(2.10 that the above democracy rule is satisfied to within less than

lll. THE POST-PRE-BIG-BANG-ERA
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TABLE |. Spectral slopes for the particles which have beenduction are those of spin 0, 1 and 2. One should mention that
amplified gravitationally during the PBB phase assuming non-in Einstein gravity, Abelian gauge fields are conformally in-
dynamical internal dimensions during the intermediate phases. Thgariant, and thus not gravitationally amplified; here, their
spectral indices in the three columns refer to fluctuations that exitegonformal invariance is broken by the time evolution of the
the.horizon during DDI, during the “stril_wg” phase, or re-entered string coupling. Fermiongspin 1/2 and 3/R are not pro-
during the “dual-dilaton™ phase, respectively. duced[20] (see also Ref§21—24), at least when effects of
compactification are neglectédee below.

In Table | we summarize the values of the spectral slopes

n

. ) (dual-dilaton for all of the particles present in the modél4] assuming,
Particles n° n (string phase phasg for simplicity, non-dynamical internal dimensions duringgthe
moduli 3 6-20 >3 4 intermediate phases. The range of values'dt' have been

2 obtained varying and considering the possibility of having
2¢ <3 either one or six internal dynamical dimensions during DDI.
axion A ~0.46-1 —2¢ —29-14 Note that the spectral slop€®' for the moduli fields have
axion By, ~1-3 4-2¢ 0-4 been obtained while considering them as part of the back-
Heterotic photons 1-3 42¢ 0.54—1.28 ground[19], while in the determination of with an inter-
KK photons 1-3 42¢ —0.73-054 Mmediate phase, we neglect their presence in the background.

Spectral slopes for other scalars depend in principle on their
kinetic terms, and for simplicity we will assume that they
an order of magnitude between different species, and oneave the same slopes as moduli fields, i.e. that they have
obtains(with n”'#0) canonical kinetic terms. The spectral slope® the second
and third columns correspond to the slopes for fluctuations

DDI

do: N 4 K\ that exited during the “string” phase and re-entered during
Pj (8] 4 ! ) : .
dloak M=5:\ %/ Hilic 7>mn1, (3.1  FRW, or exited during DDI and re-entered during the “dual-
9 2m L dilaton” era, respectively, and will be discussed in Secs. VI
and V.
and
4N; [H, 2 , ke np?! B. Thermalization and reheating
Qj(n)= EFRTVIN AL TS 7> 71, In this section we analyze the thermalization and reheat-

(3.2 ing process due to gravitational particle production. Let us
start by considering the simple generic case with no interme-

where\Vj is the number of helicity states in specjesn Eq.  diate phase. At Hubble scakt,, all fields are produced with
(3.2, ky is the wave number corresponding to the horizonsimilar energy density‘democracy rule”). Let us denote by
size at timey, i.e. ky=1/%. In effect, only modes whose N, the number of degrees of freedom in spin 0 and spin 1
wavelength is smaller than the horizon size can be thought d&lds charged under the gauge groups of the observable sec-
propagating as particles, and can be included in the energpr. Similarly, if Ay, denotes the total number of degrees of
density. For modes whose wavelength is larger than the hdreedom in spin 0, 1 and 2, i.e., that of the fields produced
rizon size, the definition of an energy density becomegravitationally, then the democracy rule implies that the frac-
gauge-dependent. Nevertheless, since we impBB§o to tion of energy density contained in radiatiGin the observ-
avoid infra-red divergence problems, the contribution fromable sector is Q,=N;/Ny. If the number of particles
the term in the absolute value in E@.2) is negligible for ~ charged under gauge group is much larger than the number
»>n,, and the density parameter reduces to that deduceef gauge singlets, we gé?,~1. However, in some string
above by heuristic arguments, up to the fudge factoj/d=. ~ models, the number of gauge singlets may actually exceed
At this point, one should note that some fiejgdand notably ~the number of charged states, and in this case, one would
the axionA, can actually haveP®'<0°® (see Table)l Again, ~ generically expect 0.0102, <1. Henceforth, to keep the dis-
to avoid infra-red problems, we shall impasgP'>0, thatis ~ cussion generic we shall explicit the dependencelon
—1/3< 5<0 [19]. For the particular case of the PBB dynam- _ All fields carry typical energfe~H,(a;/a), and the ra-

ics, it has been shown that the fields subject to particle prodiation number densitp, ~ € p./E. Gauge non-singlets in-
teract with cross section~ «?/E? and thus, thermalization

occurs when the interaction ralg=n,ocv=H (v~1 is the

3 o _ . relative velocity, i.e. at scale factoay,,
The fact that axion fields can have negative spectral slopes is not

a prerogative of the heterotic string model under study, in fact apn B H, 2

Copelandet al.[17] have shown that in the type IIB string model, —:ma>{l, 8(), 1g§a2(M_> } (3.3
with three axion fields, one of them at least must ha?8'<0, & s

which can pose serious problems for the PBB model. On the other

hand it has been shown recenfiy8] that with aSL(4 3R)-invariant For Q,~1, g;~10%, a=9gi/(4m)~10"3 and H;
effective action, there exists a region of parameter space where att Mg, thermalization occurs ir=9 e-foldings of the scale
the axions have’®'>0. factor atHy,~ 10 8H;. Let us observe that the value @fwe
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have used differs fronagr~1/20; this discrepancy, which Which is well above the bounds imposed by BBN on the
is linked to the difference between the string solle and ~ abundance of late decaying massive particles see[25].,
the grand unified theoryGUT) scale, is usually attributed to Indeed, let us contrast these estimates with the upper limits
threshold effects. Note also that the various gauge figlds  on Y., imposed by big bang nucleosynthesBBN) from
Vf‘L and Wz we introduced in the action, Eq2.3), can in  photon injection. When applied to the case of moduli and
principle have different gauge couplings depending on theravitinos whose lifetime~ 7*1M§Jm3, where m~ (100
compactification. For simplicity we assume a single couplingGeV) denotes the modulus or gravitino mass, apds a
constanta = g3/4m, which refers to thed,, field. fudge factor for the decay widthyt=1/4 in the case of the
Even before thermalization is achieved, one can define agravitino) these constraints becomi6,27: Y,,<10 '°
effective entropy density s=(4/3)p,/T,, where T,  for m=100 GeV, Y,<10 ** for m=300 GeV, andY,
= (30/m%) g, Yp}*is an effective temperature, with the  <5x 1073 for m=1 TeV* These bounds assume that the
number of degrees of freedom in the radiation after thermalgravitino-modulus decays into photons with a branching ra-
ization, i.e. including spin 1/2 fields that were not producedjq unity. Results weaker by-1—2 orders of magnitude

gravitationally but were re-created in scattering processegyoyid be obtained if the modulus-gravitino decays only into
This effective entropy will reduce to the standard entropy of

h e h lization h hi neutrinos, since high energy neutrinos produce an electro-
the ra?,'f‘t'g,? once thermalization has been achieved,sand y,agnetic shower by interacting with the cosmic neutrino
=0.29,°Q;"(H{M¢/g,)”9(as/a)”. Then, ifQ),=1, reheat-

e oL i background28]. Moreover, stringent constraints in the high
ing is complete once radiation has thermalizedUf<1,  aqq rangen=1 TeV would also be obtained if hadronic
reheating would only be achieved once the fields that CalMfecay is allowed29]. Thus a safe and generic limit 1,

the remainder of the energy density have decayed to radiaz 15~13 \hich corresponds to the celebrated limit on the
tlon._Such_process_es are constrained by big bang nUCIGOSyFEheating temperatufBy=< 10° GeV in standard inflationary
thesis, which requires that at temperatufess1 MeV, {;  gcenarios. When considering these limits and the above re-

=1 to within a few percent. Nevertheless, as we will argueg s for the PBB scenario, one realizes that entropy produc-

in the following subsections, it will be necessary to release 3ion to the level of at least-8— 10 orders of magnitude is

vast amount of entropy to dilute the dangerous relics pro'required.

duced. This entropy production may be viewed as a period of  \164yjj are also created in scattering processes of the ther-

secondary reheating. mal bath. The total amount of moduli present, at timgs

>y4, can be obtained by solving the Boltzmann equation
C. Dangerous relics with adequate production and destruction terms, With

Using the above results, one can determine the number Y as initial condition aty= 7;. This equation, when writ-

density of scalar fields with gravitational interactions presenten as a function of radiation temperattireeads

at the beginning of the radiation era and analyze their pos-

sible phenomenological consequences on BBN. In what fol-

lows, we will denote such scalar fields generically as moduli. dyy, 1

Moduli are produced gravitationally as argued above, and a7 12 aE,b YaYb0a+bm+c

one also expects them to be produced in scatterings of the

thermal bath at timey> ;. We will inspect each of these S

effects in turn, and discuss moduli and gravitinos. _2 YmYcOcimatb HT’ (3.9
1. Moduli

We adopt the generic notatiory=n;/s for the number-  where the superscripgton Y,, refers to moduli produced by
densityn; to entropy-densitys ratio of specieg; the entropy  scattering processes. In the above equatiyy, . denotes
density in radiation can be written as befae-gy“%p>*.  the number density to entropy density ratio of speaigsc,
Using Eq. (3.1) for p,, one can rewrite s and o,.p.ms+c IS the cross section of the proceas-b
~(27?) g3 H3(a, /a)°. Note the dependence on —m-+c. Generically,a andb are relativistic, in which case
N¥* which counts the number of degrees of freedom pro-Y,,=0.3f, [note that the first sum in Eq3.5) is over
duced gravitationally, namely those of spin 0 and 1. Becausé@egrees of freedom af andb]. Since we found previously
of supersymmetry, obviously;~g,/2, sinceg, accounts Yg~0.3[0,~Y,p ¢, Which corresponds to equilibrium with
for these latter and their supersymmetric partners. radiation, the Boltzmann equation implie&;/dT~0, i.e.

Similarly, the number density of moduh,=p,/E, the production-destruction of moduli in scattering processes
with typical energyE,=H,(a;/a), hence from Eq(3.1) is negligible as compared t¢?,, and the finalY,~ Y .
nm=(1/2r?)H3(a, /a)°, and

(' -1
Ym=0.39,", (3.4 “Note that Holtmanret al. defineY,, with respect to the photon

) o number densityr,,, nots, and todays=7.0n,,; also, the constraints
where the superscrigton Y, refers to gravitational produc- quoted assumg=1; for y# 1, the mass estimates apply &/m,
tion. Forg,~10°—10°, Eq. (3.4) gives Y?~10"%—10"3,  instead ofm.
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2. Gravitinos gravitino production cross section should be smaller, since

It has been argued recenfl§0] that gravitinos should not ONlY channelsa+b— Wg,+c involving a,b of spin 0 or 1
be produced gravitationally in the PBB scenario, if the grav-Should contribute. However, we do not expect this uncer-
itino is effectively massless, i.e. if the superpotentiyy  t@inty to exceed an 9r3der of magnitu@@0-33. Further-
~0 in the DDI and FRW eras. During the DDI phase, onemore, we useda~10"" as before, corresponding 19,

indeed expectéW)=0 in a simple model. However, com- —0-1, and we neglected the running efbetweenMs and
pactification of internal dimensions during DDI or non- Mcur. However, it is easy to check that calculatiivg,

perturbative effects to stabilize the dilaton in FRW shouldWith parameters corresponding to the GUT scéteibble

lead to the appearance of a superpotential, which woul§c@/€Heur, couplingg, and agyr), one would obtain the
break the above condition, and result in gravitino productionS@Me result as above. This is because the higher cross section

Unfortunately, the magnitude of this mass term is verydt the GUT scal& > agyr, compensates for the smaller

model-dependent and one cannot really determine thElubble sca!eHGUT. Overall, we estimate the_uncertalnty in

amount of gravitinos produced gravitationally. However, itthe calculation off3,, to be<1 order of magnitude, and the

should be noted that if one gravitino is produced per moddinal Yz, exceeds by far the bounds imposed by BBN, simi-
around the branch change frequency, corresponding to satl@rly to moduli.
ration of Fermi-Dirac statistics, one would fint/§,

~0.3fg, per helicity state as in the case of moduli.

In any case, gravitinos are produced in scatterings of the Finally, it is important to mention that the PBB scenario
thermal bath, in the same fashion as moduli and the Boltzalso suffers from the usual monopole problem due to GUT
mann equatiori3.5) can be used substituting— 3/2 etc. If  symmetry breakingsee also Ref[37]). Assuming thatp
Y9,~0.34g, per helicity state, corresponding to equilibrium, monopoles form per horizon volume (47/3)H:® at GUT
then as beforaY;,/dT~0. However if, as advocated in symmetry breaking, one finds that the density parameter in
Ref.[18], gravitinos are not produced gravitationally in the monopoles today is
PBB scenario, theiY§,,= 0, and an estimate of5, is given

3. Monopoles

3
by integrating the Boltzmann equation, neglecting annihila- 2 1 My Tc 12
tion and co-annihilation channels. This neglect is justified as Qyh*~10"p 6 4 roo
: s 9 justit 101 GeV/ | 10" GeV,
long as the final valu&';,<1/g,, i.e. as long as equilibrium (3.8
is not reached. Thus one obtains, using the Boltzmann equa-
tion for gravitinos, the simple resyl80—32 whereT¢~0.50¥HY?ml? is the critical temperature of the

phase transitionm,, is the monopole mass, ariddenotes

the Hubble constant today in units of 100 km/s/Mpc. Na-
ively, one expectp~1/8 by counting the number of field
orientations per horizon volume that would give rise to
evaluated at the end of the PBB phase, wHetis the grav-  monopoles. However if the radius of nucleated bubbles at
itino production rate and/, denotes the number density to coalescence is much smaller than the horizon volume, one
entropy density ratio in species For the particle content of could actually obtairpp>1 [38].

the MSSM, the gravitino total production cross section is

r
Y30~ Ya (3.6

S (o= 250a/mg; [33,26] (see alsd34] for finite-temperature IV. ENTROPY PRODUCTION AND BARYOGENESIS
contribution to the gravitino production cross secjjoand . o ]
therefore, integration of the Boltzmann equati@ssuming The previous section indicated the need for a major
radiation dominatiorax 7) gives source of entropy production in PBB models without an in-
termediate phase of dynamics. This is a stringent require-
a1zl H1 12 ment, but, as we discuss below, sufficient entropy can be
Y3,=100g, 797?07 4( M_s) (3.7 produced to solve the moduli-gravitino-monopole problems.

Furthermore, as we argue in Sec. IV B, this provides a natu-
For g;~10"%, a=g2/(4m)~10"%, Q,=1, g,~1C? ral framework for implementing baryogenesis in the PBB

—10°® andH;~Myg, one thus finds$,~107—10"%; this ~ SCENaro-

justifies our neglect of the annihilation channels in the Boltz- o _

mann equation. In any case, the destruction terms would en- A. Sources of entropy and dilution of dangerous relics

sure thatY;, would never exceed its equilibrium value, so  The late decay of non-relativistic matter is a simple way

that Ya,~min[Y5,+Y%,,1/9,] is a good approximation to to generate entropy. Consider in addition to the radiation

the final abundance of gravitinos, independently of the valudackground the presence of matter with an equation of state

of Y§,. p;=wp; andw<1/3. Let us denote the value of the scale
It should be noted that E¢3.7) evaluates the number of factor at the time the energy densjty is equal to the radia-

gravitinos produced before radiation has thermaligege tion density, pg, by agom corresponding to a Hubble scale

Eq. (3.3)], at the Hubble scalel,. Moreover, if fermions are  Hgyom. FOr a>agom, the Universe will be dominated by,

not produced gravitationally, then the only charged non-until its decay atag, corresponding to a Hubble scatg,.

singlets present at scatg; are those of spin 0 and 1, and the To show the explicit dependence on the scale factor, let us
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write Po= g*dorTZO/aA where O+ dom denotes the number of The dynamiCS of a scalar field in its potential in the ex-
degrees of freedom @y, and p;=py /a3 * Y. Then at panding Universe are well known: the field is overdamped,
om .

~ _ and remains frozen to its initial valug, as long asH
agom We have,g, gompo=p1aaoe ™ . Assuming instanta- %o g

d denot th d tv of radiati >m)% For H=m,, the field oscillates with an amplitude
neous decay, we can denote the energy density of radia 1005312 Providedyo=mp,, the field comes to dominate the

produced in the decay by, =g.rup2/a* Whered,ry de-  energy density after having started oscillating; if, as before,
notes the number of degrees of freedom at reheating angomination occurs at Hubble scalés,m, then for Hgyom

O.rup2= prap WY <H=m,, the amplitude ofy=H%* since the Universe is
If we call s, the entropy density contained jny at agy, still radiation dominated; foH <H 4o, its amplitudexH. If
then sy= %0, dompe /a3y Similarly, the entropy in the ra- We denote bya, the value of the scale factor when oscilla-
diation produced by the decay is tions begin, then the oscillations dominate aty,y,

=(mpi/x0)? a, . The field decays wheH~TI", , wherel’, is
1= 20 rups A, = tgla e S LA the decay width of; as before, we wrlthRH r, Assum—
ing that y has gravitational interactiond; yX 3/MP|,

3Q%Hgf/élompma_g(w1)/4/8[3 Stwr1)ia] where v, is a fudge factor, we find that's decay atagy

=y, 2’3()(0/mp,)2’ (m,/Mp)~*?a, . Inserting these expres-
If we assume that the entropy release is large, we can writgions foray,,, andagy into Eq. (4 1) with w=0, we get

1/4 [3—9(w+1)/4]

arn m,

As= ——=_—= —x
1P GeV

So So

-1

S;—Sy S .

175 S1 (9 RH (n]> o W (4.3
PI

Adom

—3/4 —~ 2,.,—112
Ordom Q7" As=10" Yx (

where we have sd, 4om= 200, andg, gy= 10.
We can also express the entropy change in terms of the Inthe above, we chose to select a gravitational decay time
Hubble parameter usingHiu/H gom 2= (agom/arn) > scale for they field, as it represents the most efficient source

so that of entropy, andy is therefore the coherent mode of a hidden
sector scalar or modulus. In principle it is possible to obtain
A :( g*RH)lm( Hdom) [4_3(1+W)]/[2(1+W)]Q*3/4 Lnorte_ en;cropy pr<t)ductio_n ianbs 10° GeV. However, the re-
9 dom Hen rooe eating temperature, given by
4.2 3

J«RH

T,ri=0.6 GeVy}? (4.9

—-1/4
X

Note that we included explicitly irsgm a factor of Q¥4 10 ) (106 GeV
which accounts for the fact that the FRW era may be driven
by relativistic fields, but not by radiatiofmeaning gauge "Should not be lower thar-10 Mev forlllgBN to proceed
fields of the observable seciolWe also assume that the unaffected, which requires ,=6x 10", GeV[25]. Fur-
dilaton is fixed to its present value, at the latest by the timdhermore gravitinos are re-createdyrdecay to the level of.
of domination. 3/2—10 13(m3/2/1 TEV)Z(m /106 GEV) 3/2, so that one

Depending on the equation of state, the exporeght should |mposem)(>105 10° GeV [35]. Finally, if R parity
—3(1+w)]/[2(1+w)] takes values from 1/2 fow=0  holds, one needs to achielggry=1 GeV for annihilations
(non-relativistic matterto — + % for w— — 1 (cosmological  of lightest supersymmetric particl¢sSP9 to take place ef-
constank, which is what effectively happens in standard in-ficiently enough to reduce its abundance to cosmologically
flation. Entropy can also be produced in first order phaseicceptable levelg36]. Overall, it seems thahs~ 102 rep-
transitions, albeit to a modest level, generally not more thamesents, within an order of magnitude, the largest entropy

~1 order of magnitud¢46]. production that is compatible with cosmological bounds for a
In the following, we will be interested in the case of displaced oscnlatmg modulus
domination and decay of oscillations of a classical scalar If at time 7;, Y,,~0.3g; %, the final abundance of moduli

field x in its potentialV(x). In the present scenario we will is given by
assume that initially the fielgy is displaced from its low-
energy minimum by an amouiyy~ M g~ mp,. This assump-

tion is reasonable so long as the energy scales we are con-
sidering are much larger than the mass of the scalar field. If
we stick with canonical kinetic terms for the moduli during where we assumed, for simplicitg, =200 for the number

the PBB phase and we appeal to no-scale supergravity modf degrees of freedom in the radiation bath at time and

els to describe the particle content at the beginning of th&), represents as before the fraction of energy density stored
radiation era, the flat directions corresponding to the modulin particles charged under gauge groups. For higherthe

are still preserved, at least at tree lef#T]. When supersym-  numerical prefactor is further reduced as,200) 1. We
metry breaking occurs the moduli will get a mass and wefound in the previous section that the abundance of graviti-
assume that the potential takes the simple foffx)  nos produced gravitationally and in scattering processes does
:mf(xz/z. not exceed the abundance of moduli, and therefore the above

My

Y ~2X10_15 1/2 N, S
10° GeV

(&)_ZQ?M’ (45)

Mp
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estimate provides an upper limit to the final abundance ofnum: the so-called quantum version of the moduli problem
gravitinos. As for the monopole density parameter today, it i§43,22. In the PBB scenario, since the spectrum of the fluc-
given by tuations of a scalar field is very steep at very large wave-
lengths(spectral slope 3), its amplitude is small enough not
to regenerate, at a quantum level, the zero-mode moduli
problem.

Enhanced symmetry on the ground state manifold would
va not apply to the dilatof41], and in this respect one could
Q7. (4.6) wonder whether the dilaton could not play the role of jhe

field above, while other moduli would be fixed to their low-
This result was already obtained in RE87], which studied energy minimum for the above reason. Since the dilaton
the dilution of the monopole abundance through moduli osdrives the DDI phase with its kinetic energy, and since it is
cillations and decay. not expected to lie exactly at the minimum of its low-energy

Therefore, an initial valuee,~ mp, appears sufficient to potential at the end of DDI, this possibility seems rather
solve the moduli-gravitino problem of the PBB scenario, andnatural in the framework of the PBB scenario. Furthermore,
marginally sufficient with regards to the monopole problem.it should be noted that indeed, in some realizations of
If xo~ 10 GeV, it is still possible to dilute the moduli and gaugino condensation, the dilaton acquires a mass as high as
gravitinos down to acceptable levels,~10"23, but not ~10° GeV[42].
monopoles. It should be pointed out, however, that the num- Finally, another solution to the cosmological moduli prob-
ber p of monopoles produced per horizon volume is uncerdem involves thermal inflatiof44], or more generally a sec-
tain, and furthermore, that annihilations of monopoles withondary short stage of inflation at a low scale. Indeed if this
antimonopoles have been neglected in the above calcul@eriod of inflation takes place at a scéle<mg,, the effec-
tions. As a matter of fact, in various patterns of symmetrytive potential of the modulus during inflation will correspond
breaking, it appears that the monopoles are tied by cosmi® its low-energy potentiali.e., in the vacuum of broken
strings, in which case annihilation of monopoles and anti-supersymmetny and the modulus will be attracted exponen-
monopoles would be highly efficient, leading to a scalingtially fast to its minimum.
regime with one monopole per horizon voluraeall times
[38,39. In this latter case, there would be no monopole prob-
lem at all. .

It should also be noted that we did not mention the pos- 1he above source of entropy comes with a bonus, namely
sible moduli problem associated with the coherent mode oP&yogenesis can be implemented in a natural way via the
those moduli whose mass10 TeV, even though we consid- Affleck-Dine (AD) mechanism[45]. As already discussed
ered entropy production due to one such coherent mode with00Ve, the string model we are implementing has many flat
mass~ 10° GeV. As is well known, an initial displacement directions. Generically, in these vacua, the scalar quarks and
of ordermg, from the low-energy minimum of these moduli Ieptonsf have non-zero expectatlon_valqes and can be associ-
potentials would lead to a cosmological catastrophe: a re@t€d with a baryon number ar@Pp violating operators. Su-
heating temperatures1 keV and an enormous post-BBN Persymmetry breaking lifts the flat directions providing a
entropy productior= 106 [40]. Once the modulus starts os- Mass to the condensate made of squarks and sleptons, the so

cillating, it behaves as a condensate of zero momentum paf@lleéd AD condensate. When the expansion rate of the Uni-
ticles with abundancen,,/s~ 107(m/100 GeV)—llz(XO/ verse is of the order of the mass of the AD field, this field
$ starts to oscillate coherently along the flat directions carrying

mp)2Q; ¥, wherem, xo, Q, ands denote respectively the :
mass, initial vev and radiation fraction of energy densitythe baryon number. Finally, the subsequent decay of the AD
condensate generates the baryon asymmetry.

when the modulus starts its oscillations, and the entropy con= As it will b ful for th b t di . i
tained in radiation. Hence, the above source of entropy ca% S it will be usetul Tor the subsequent discussion, we wi

not reduce sufficiently the abundance of these moduli, unle rlegly Xlg“ne QOW this mﬁg“@”'sm worl\</3. Let us der%e by
Xo=10 *mp,. Unfortunately there is no well accepted rea- the condensate, ant, Its mass. \We assume t

son why at high energy, i.e. after the branch change, theds Initidlly displaced by an amounb,, from its low-energy
moduli should lie close to their low-energy minimum, and potential, for reasons similar to those previously discussed.

this problem affects all cosmological models, not only theThezenergy density stored in the condensate is simply

PBB scenario. Nevertheless, if the string vacuum is a point mg®2. &'’s begin to oscillate whefi ~m,, ata=a, and

of enhanced symmetry, one would indeed expect the modufome  to 5 dominate the expansion whem=agom

to lie close to their low-energy minima at high energy scales— (Mpi/ Po)“aq . After oscillations begin the amplitude of
[41]. In this respect, there is an interesting difference bethe oscillations decreases as®2 The decay width of the
tween the PBB scenario and the standard inflationary modcondensate can be written Bg ~ yomg/®?, whered is the

els. In effect, in this latter class of models, even if the cohertime-dependent amplitude @b, and ® <mg at decay;yq

ent mode is not displaced at the classical level, the~ a4 is a fudge factor. Thus the condensates decay when
generation of quantum fluctuations on large wavelengths wila=age= (P35 /m2 y2°mi%a, . This is true so long as the
generate an effective zero-mode on the scale of the horizodniverse is dominated b$ oscillations at the time of their

at the end of inflation, displaced from its low-energy mini- decay, thus requiring thab,> m}p’emg’,‘s.

My,
10'¢ GeV

Tc
10" GeV

X
10° GeV

2__ 1/2]
QMh —Olp’yX (

B. Baryogenesis
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The baryon number stored in the condensate oscillations-H,/m, (a, is the value of the scale factor whets begin
is given by to oscillate, giving: a;/agem=my x5/Hy“m3. An analo-
3 gous equation can be written fdr and we see that provided

a7 Me< 10° GeV(m,/10° GeV)(xo/Po)*, x will dominate the
energy density befor® (ag,>aj},) and this condition is

satisfied for most values of the parameters we are interested

nB: 6)\4,m;,1(1>SCD2= 6)\(pm(;1q)g

agp
a

where\4 is an effective B-violating quartic coupling. The

in. Moreover,® decays beforg.. Therefore, sincee domi-
entropy produced sult/)fe%}ient to the decay of the AD Conder?fates the evolution befork, and sincey decays afte, the

sates is roughls=g,gypg . SO that the produced baryon- ynia| entropy produced remains the same as in @)
to-entropy ratio Is above and is sufficient for solving the moduli and gravitino
3/ 2 16 problems of the PBB scenario.
291/46)\@_20(% Pl) We will assume that they field dominates the energy
*RH Mg\ Mo ' density beforeb begins to oscillate ag, ; we will relax this
(4.9  assumption further below. This condition is true as long as

My <m,(xo/Mp)*, which for mg~10° GeV andm, ~10°

wheree is a CP-violating phase. As entropy is produced in Gev, givesy,>10"mp, which is quite reasonable in our
the AD condensate decay, the abundance of moduli angdyntext. Thus we can relata, and ag through a, /ag

gravitinos produced at the end of the PBB era will be diluted._ (Mg /m,)%%(xo/mp) 22 In this case, we can rewrite the
Using Eq.(4.1) above, one can easily show thes is given  paryon number stored in the condensate oscillations in terms

502
N _ _1a€M0Po

T YxRH 5/2
S mg

a9
Agap

b
y ofa, as
1/4 2
_[ 9xrH —1/6¢y —3/4 ®o
AS_(g*dom) Yo Ll miBm23’ 49 agp)? m2x5 (a,\3
v nBzf)\tbm%lq)‘Ol(?) =eNo®g— EX

and is only O(10f) for mgy~100 GeV; the corresponding »Mpy a1
reheating temperature is (4.11

5/6
&\) . (4.10 As before, we will consider the gravitational decay yoto
100 Ge proceed with a rat€’, = y,m3/M,. x's decay atagy, when

Thus we see that unfortunately, the entropy produced in thel=T", or when @, /agy)®= y2m’x, ’mp*/(87)2. Subse-

decay of the squark-slepton condensate cannot by itself pratuent to decay, the Universe reheatagt@HTéH=pX(aRH)

duce the required source of entropy. =m)2()(§(a)(/aRH)3 and the entropy density is just
As one can easily see from E(.8), the Affleck-Dine  (4/3)p, /Tgy. Thus the baryon to entropy ratio is easily de-

scenario of baryogenesis tends to produce too large a baryesrmined to bd47]

asymmetry, withng/s~O(1) if the AD condensate domi-

nates the evolution when it decays. One possibility to reduce

Tre=10° GeVg aflys®

the baryon asymmetry that is of interest in the present con- n HAm?3?

. . . B 12, —1/4_ 0" 'x
text, is the late entropy production, as pointed ouf46— ?:0-16)\q>7x R T (4.12
48]. Moreover, it turns out that in the cosmological scenario Pl

envisaged here, the Affleck-Dine scenario seems to be the

only model of baryogenesis capable of producing the re- . . : 2 2 2
quired baryon asymmetry. Indeed, sinds=10' is re- FOr an effective quartic couplingg~my/(Po+My), cor-

quired, and since BBN indicates a baryon asymmegys 'esponding to superheavy gaugino exchange of mégs
~(4-T7)x 10" if baryogenesis takes place before entropy©ne finds
production, one needs to achiemg/s~O(1) initially, and

only the Affleck-Dine mechanism seems capable of such a 1 2
Ng _ Mg @,
feat. B _ 4__1pf e >0
s se e ) (&)
Let us now consider the combined effect of an AD con- S 100 Ge Mpy
densate and the late decay of a moduli field. Sincg 92 g2
~ (100 GeV}, the x field above will start oscillating before My 0 .13
®. In the PBB scenario with no intermediate phase, the value 10° GeV <D§+ MX’

of the Hubble parameter at the end of the PBB phade;is

~Mg at a=a,; and it is much larger than the value bff

when xy would start to oscillate, which happens ldt~-m,  and we assumed, gy= 10 for simplicity.

~10° GeV. Hence, beforg starts to oscillate the Universe If the ® field starts to oscillate before the field domi-

is in a radiation dominated era. nates, i.e. ifyoc<<10~'mp, then the right-hand sid&kHS) of
As before, one can determine the epochyadomination  Eq. (4.13 should be multiplied by g, /m, ) ¥%(xo/mep) ~2.

(at scale factorage,) by settingp,=p,, using (a)(/al)2 The baryon to entropy ratio in this case is
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EN 5 __1/2)
S =2x10 €Yy 10 1F Gav

Mo —1/2%2£—2 ®2
100 Ge Mp/ {Mpy)  dZ+MZ

(4.19

g*RH) _1/4( m)(

X

Both values ohg/s obtained, Eqs(4.13 and(4.14), are too
large, but as discussed in Rg47], it is likely to be reduced
through various mechanisms. For instance, if baryon numbe
violation is Planck suppressed, tham,~m3/m3;, which
would reduce the above asymmetry &fy<mp,. Further-
more, under certain conditions, non-renormalizable interac-
tions may reduce the initial vev of the condensate down to FIG. 1. The contours delimit the values of the smallest spectral
possibly My~ 10'® GeV, and the baryon asymmetry would slope mip(n}") as a function of the parametefsand 6, defined in
be reduced by=2—3 orders of magnitudé¢47]. Finally  Egs.(2.9), (2.10. The dashed line separates the regions in which
sphaleron processing of the baryon asymmetry in the eleither the model-independent axidnor the axionB,;, dominates.
troweak phase transition can also lead to reductiongdf,
by as much as=6 orders of magnitude. Therefore, it seemswheren}P is the spectral slope for fluctuations that exited the
reasonable to conclude that a baryon asymmetry of the rigifiorizon during DDI and reentered during the “dual-dilaton*
order of magnitude can be produced in the Affleck-Dineintermediate era. We again imposed a low wave number cut-
mechanism in this scenario. off k, corresponding to the horizon size, but it will not play
Let us now discuss the implications of the presence of an role for > 7,, sincen?D'>0 as before for all fields. The
intermediate phase between DDI and FRW on the abovehtegrated energy density can be written as
conclusions. As we shall see, one of the main features is that
the “democracy rule” of gravitational particle production no N
longer necessarily applies in the presence of an intermediate pi(m)= _JH‘S1
phase, and the distribution of energy density among the vari- 272
ous components may be drastically altered. In some cases,
this will imply that gravitinos and moduli can be more easily
diluted in entropy production.

.25 -0.

.10 -0.

0 -0.15 -0 5 0.00
0

-0.30 -0

IP

ko) M
”(k—l)

A. Particle content and reheating

4
aS
a n>n1. (5.3

From Eq.(5.3) we obtain that at timeg> 74, the energy
density is dominated by the field with the most negative
spectral sIopen}P, and the democracy rule does not apply,

The dual-dilaton era is characterized by two wave num-unless aIIn}P>0. The spectral slopes of the various fields
bersk; and kg that correspond to the horizon size at thedepend in a non-trivial way on the dynamics of the internal
branch change between the “dual-dilaton” intermediatedimensions during DDI and during the “dual-dilaton” inter-
phase and FRW, and between DDI and the “dual-dilaton” mediate erdsee Table)l Since details can be found in Ref.
era, respectively. During the intermediate phé&®, modes [14], we will simply restate the relevant results, but extend
re-enter the horizofisince wavelengthsca(z) do not in-  the analysis to the case with dynamical internal dimensions
crease as fast as the horizon dizte'=a?/a’], and therefore during the IP, i.e 8+ 1/43.
k,<ks. As a consequence, one still expects to produce In Fig. 1, we show a contour plot of the smallest spectral
roughly one particle per mode at the highest wave numbeslope mir,a(n}P) in the parameter spa@e- 6; we recall thats
ks, since it exited and re-entered simultaneously at tyjwe  and # characterize the evolution of external dimensions dur-
We will also assuméds~Mg, sinceHg correspond to the ing DDI and the IP respectivelysee Eqs(2.8),(2.10]. The
maximal value of the Hubble scale. At timeg>7,, one dashed line separates the areas which refers to the model-
finds an expression similar to E@.1) for the energy density independent axiod, and to the axiorB,, associated to the
of specieg: internal components @ ,,,. The spectral slope of these lat-

ter depend sensitively on the evolution of the 6 internal di-

n nP mensions during DDI and IP, and in Fig. 1, we chose to
kKM [ ke\ M ; : . . : .
_> (_) ky<k<k, show the case in which 2 internal dimensions compactify
Ky Ks isotropically. In the following, we will examine the various

(6.)  cases in whicha dimensions compactify isotropically, and
the other 6-a are stabilized during DDI and IP. We find that
4f o\l the following two possibilities arise.
_) ky<k<ks, (5.2) (1) If | 8|~1/3 andé is close to its maximal value, which
Ks corresponds to saturation of the Kasner constraint(£§),

V. DUAL-DILATON INTERMEDIATE PHASE

DDI
dp; Ni afas)? |

HY| 2

a

as

a

4
s

./\fj H
272
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i.e. stabilized internal dimensions, then the smallest slope iblote that this number can actually be of order IAFf is
negative, and is carried by. In this case, the model-
independent axion carries all the energy densityyaty;. T Y
However, when one assumes that compactification is anisgvould be similar to a sudden branch change, S'g§@
tropic, i.e.a dimensions compactify isotropically and-&  =|71/7s would be of order unity, and the results of previ-
are stabilized during both DDI and IP one obtains a slightlyous sections apply. We thus assuf2e<1 in what follows.
different picture. In some cases, as the one shown in Fig. I[o be definite, let us takg,= 1071, 9=1/\/3 (correspond-
the minimal slope is everywhere negative, and the bulk ofng to stabilized internal dimensions during)I®e find,
the energy density is carried by eith&ror B,,, axions, de- varying é in the range (G 1/3),

pending on the value of and 6.

IP,
.. / .
sufficiently large as compared g)l“f‘ 4 however, this case

(2) If the smallest spectral slope is positive, meani'r}l%] E~10‘7—10‘3 Q,~N(1074-10%), (5.7
>0 for all j, then all fields roughly share the same energy s
density at timen> 7. This case is therefore very similar to

; ; ~10-3
that envisaged in Sec. I, i.e. for a sudden branch changéfyh”e posingg;~10"" we get

Notably, one findsY,,~0.3/g, as previously, and entropy Hy
production as before may be considered to eliminate this —~102°-10"8, Q,~MN;(102-1079. (5.9
problem. We will thus ignore this case in the following, and s

rather concentrate on caéb, assuming that one of the ax-
ions dominate the energy density at time.

In the following, we denote generically a4 the axion
field that carries the energy density at timgs »,, and
when necessary we will specify whethdris A or B,,. The
fraction of energy density contained in spedies

In contrast to the scenario with no intermediate phase,
when a dual-dilaton intermediate era is present, reheating
cannot be provided by gauge non-singlets, because at
>n, they generically carry a small amount of enerdy; (
<1), as discussed above. Let us then investigate the possi-
bility of reheating via the axion fields present in our PBB

P P model. Reheating may proceed if the axion can recreate ra-

71 71 iati i i i i

Q=N 14| 2 - (5.4) diation by scattering or conversions with photons, that is
s s through the processe$+ A— v+ y and A+ y— A+ y. The

interaction rate of the latter channel is strongly suppressed
where we usedt; /ks= 7,/ 7,. One can derive a relation be- relative to the rate of the former, since the radiation number
tween the duration of the “dual-dilaton” pha$®,/»s and  density is small. The interaction term betweghand the

the coupling constarg, at time », from the criticality con-  gauge fields is of the form4/M’)FF. The mass scalbd!’

dition p 4~p., which gives =Mp, for the model-independent axiok, but M’ can be
different for theB,, axions, as it then depends on the com-
7 EA~ 5.5 pactification[49]. Indeed, as shown in the action, EG.5),
s ~ 0 ' the coupling ofB,;, to WW or VV, depends on the expecta-
tion values of the internal moduli.
where the exponente ,=(26—1)/(1—6)+ n'j’/g and is The cross section fall— A scattering thus is of the form
negative in the region of the parameter space whife0. ~ o~EZ/M’*, where the typical axion energyE,
To derive Eq.(5.5 we useda(7)e|7|?1 ¢, Ho|y| 11 ¢ ~Hj(ay/a), with H; possibly much smaller thall ¢ for a
and  gx|y|G0-DR0E-0) Eq 5 3)' and dual-dilaton intermediate phase. Finally, the axion energy
, . 3, c

— (3/87)g; 2H2M2 at = ;. If A is the model-independent 9ENSIty is given byp ;= (3/8m)g, *HiMS(a; /a)*, so that
axion A, n';=4/(1— 5)_49/(1_ 0)' while if A is a Bab the interaction rate for Scatterlng gives

axion,n'N=4—4|B,/(1— 8)— &,/(1— 0)|, whereg, andé&, Fax 3 L Hi\ (M| a3

parametrize the evolution of the internal scale factor during T ggl v\ a (5.9

DDI and the “dual-dilaton” phase, respectivelgy is tied to s Pl

6 by the Kasner constraint, E(.9), and similarly for¢, as Therefore scattering by the model-independent axion can-
a function of ¢ (see R%f-[14])- Therefore Eq(5.4) can be  not provide reheating, as one normally expebts<Ms.
re-written asQ;=N;gi4 [ 1+g, " '], It is difficult o However, if M'/Mp)=gi*(H1/MJ)"? thenB,,— By ax-

give quantitative estimates for the total fraction of energylOn Scattering will produce radiation and reheat the Universe.
density carried by radiation, since the various components of !f @xion scattering is ineffective, reheating may still occur
radiation have different spectral slopes, and some of therfirough axion decay, provided the axion mass is large
can be negativésee Table)l In the following, we thus as- enough to avoid problems associated with too low a reheat-
sume that radiation can be considered, on average, as ot temperature. A typical axion lifetime is,~M'%/m%,
species with number of degrees of freeddvii~g,/2 (as Wherem,~A3/MpM’ is the axion masgneglecting fudge

before, with a positive spectral slope, which implies factorg [49], andA denotes the highest scale at which gauge
interactions to which4 couples become strong. In particular,

0~ A"/ 5.6 for A~10 GeV, corresponding to phenomenologically fa-
r=Neg " : vored scales of gaugino condensation in a hidden sector,
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my~ 10°(M'/0.0MMp) ! GeV and T4~ 3X 10 8s(M'/ never operative d<1) and that because of high-curvature
0.0IMp)°, and the reheating temperature iBzy~10  corrections the Hubble-parameter makes a bounce around its
GeVg,Ai(M’/0.0IMp) ~%2 In the following subsections, maxim_al value at the string scale. If we impose that the di-
we will discuss the implications of this on the moduli and laton field reaches the present value at the end of the PBB
gravitino problems. era, unless we assume either an extremely low decreasing of
the coupling during the IP or a very short intermediate phase
(which would give forY3,, roughly the same value as in the
) ) scenario with no-intermediate phasee are forced to limit

The estimate of the abundandg, of moduli produced {5 the region of parameter space where 1/3. Having re-
gravitationally can be obtained using the same methods agyicted ourselves to the case described by(Ed.2), we find
for the no-intermediate p'ha}se case. One actually finds thg st the exponenk takes values betweern2 and~9 de-
same resultf,~0.3,. This is due to the fact that the spec- nending on the evolution of internal dimensions, and there-
fcral sI(_)pe of the energy distribution of moduli and radlatlonfore’ Ya~1074—-10"1° for g;~0.1, g, ~100. For aniso-
is positive for allk momenta(see Table), and therefore the tropic compactification, in some region of the parameter

number density of mOdU“nmN(ZW)fgleglz(a./as)fsv space, one finds even higher valuesxoffor which there
where we used Eq(5.1), and nn~pn/En, With En  would be no gravitino problem at all. One thus finds that in
~Hy(a/ag) ~* the typical moduli energy. One can also ex- the presence of a dual-dilaton phase, the gravitino is generi-
press the entropy density~g;*p?’* in a similar way, and  cally less efficiently produceépossibly much lessthan in
obtain the above result for, . the no-intermediate phase case. This can be understood in
Just as in the no-intermediate phase case, one does nik following way. If 9>1/3, the string coupling grows dur-
expect gravitinos to be produced gravitationally in the dualing IP, so that the cross secti@,=g* is very small at the
dilaton phase if they are effectively massless. However, eveBeginning of the dual-dilaton phase, and gravitino production
if radiation has not thermalized, they can be produced byakes place at Hubble scaté;. However, unlike the no-
scattering during the dual-dilaton phase. Since the string countermediate phase case, here one genericallyHhasH
pling (hence the production cross secli@volves with time M., and therefore gravitino production is inefficient. Fi-

during dual-dilaton phase, it is more convenient to write thenally, the small number density of radiation quafitecall
Boltzmann equation in terms of conformal time, which when() <1) also hampers gravitino production in this case.

disregarding annihilations channels gives

B. Dangerous relics

dYg/z C. Sources of entropy and baryogenesis

W:EtotsaYi: Ns< 7, (5.10

Due to the overproduction of moduland possibly grav-
itinos), entropy production is still necessary in the present
where we recall that the scale factor | 7|? (1% during the  scenario. Entropy production is also necessary if the axion
IP, sxa~3, and3,~500g*/M2, and as beforé/,~0.3g,  cannot reheat the Universe, e.g. if its coupling to the gauge
denotes the ratio of number density to entropy density ofields is too weak, and its mass too small. However, there are
radiation quanta per helicity state. Usingg®  several possible sources of entropy production, as we now

| 9| G¢=1/(1=9 during the IP, one easily obtains as beforediscuss.

Y5,=Y.I'/H, with T ~3,.,,Y,s the gravitino production rate, If the axion field dominates the energy density at the be-
and the right hand side should be evaluated at timéf ¢  ginning of the radiation era and it reheats the Universe
>1/3, and at timeyy if 6<1/3. through scattering or decay, reheating is accompanied by en-

Thus, using Eus/H) , ~700579Y*0¥(H, /M) Y2 and  tropy production to the level ohs~(p4/p;)¥, wherep

: " dp, denote the energy density contained in the axion and
Eq. (5.6), one finally obtains andp, O . el S
a.(5.6 y in radiation at reheating. If the axion is still relativistic at that

- Ho\ Y2 time, i.e. if it reheats the Universe through scattering at high
Y3~ 69, 1QT(M—) , (5.1 energy scale, thens~Q > where(, is defined as before
s at time »,. The moduli abundance would be reducedvtp
with ~0.39;10%* and to obtainY,,<10 '3 one needsQ,
P <10~ 13._ One can che(_:k that such a low va!ue(b,f cannot
0>1/3 K=o 1 + 3ny, (5.12) be obtained fOI‘. realistic values vymz 10 2% in the param-
' 2 2e41-0) 4ey’ ' eter space defined b§ and 6, using the results so far ob-
tained for the axioiB,,, (recall that the axiom\ cannot reheat
5 1 3n'f{ 1-36 by scattering For example, in the case of the axiBg, with
0<1/3: k= 2 2e,1-0) + be, + eA1-0) only 2 internal dimensions compactified and the other 4 sta-

(5.13 bilized, the smallest value df}, for g;=10"2 is actually
Q,~1078, with A;~100, which would implyY,,~10"" at
Let us first observe that, i»<1/3 the couplingg de- the end of reheating and entropy production is still neces-
creases in time during the [Bee Eq(2.9)]. In the scenario  sary. Moreover, note thdd,~10 © also corresponds tel,
under investigation, i.e. with a dual-dilaton intermediate~10 M, henceM’/Mp~10 8, which is a rather strong
phase, it is assumed that quantum string-loop effects anequirement orM’. Nevertheless, one should recall at this
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stage that the domination and decay of an Affleck-Dine flabefore and radiation domination occurs befgrelominates.
direction would lead to further entropy productiaks’ All estimates made in Sec. Ill can thus be directly applied to
~10° [see EQ.(4.9]. Thus one could actually dilute the the present case. It is interesting to note that here, one ge-
moduli and gravitinos down to acceptable levels with annerically has,<1 (the “radiation dominated” era is
Affleck-Dine condensate onlyno y modulug. This would  driven by .A), and therefore entropy production is more ef-
however produce too large a baryon asymmetny/s ficient by a factoer3’4~1O— 10°, for N;~100 andg,
~0O(1), unless theCP violation parameter is very small ~0.001-0.1. The amount of moduli present gtdecay is
and/or electroweak baryon number erasure is very efficienthus further reduced by this factor. The monopole abundance
[47]. today is also reduced by a factér, *~2—100 [see Eq.

Let us now consider the alternate case, in which the axion4.6)]. Baryogenesis can be implemented as before via the
acquires a large mass, and later decays to radiation. Entropffleck-Dine mechanism, and the baryon asymmetry is
production then results from the decay of the axion oscillagiven by Eq.(4.14.
tions around the minimum of its potential, whose generic |n fact, if 1, <10 ®, entropy production to the level of
form [49] is V(A)~(AS/MB)[1—cos(A/F)], with F  As=10° would be sufficient to dilute the moduli and grav-
~M’'/? the axion decay constant. The axion VEA§ isin itinos to acceptable levels, and such entropy could be pro-
fact generically displaced by-M'/# from its true mini-  vided by the Affleck-Dine condensate, in the absence of any
mum, and its coherent oscillations and decay will producey modulus. It should be noted, however, that such low values
entropy. Using the results of Sec. Ill, one can easily obtainof (), only arise wherg;<10 2.

) . _3 As a conclusion, when eithek or B,,, axions dominate
As~107 ﬁ M’ A _34 the energy density at the end of a dual-dilaton intermediate
B M’/ (0.0IMp/ | 104 GeV ro phase, there are various natural sources of entropy: axion

(5.14  scattering, axion decay, or domination and the decay of a
modulus or an Affleck-Dine condensate. Since one generi-
cally hasQ), <1, entropy production is more efficient than in
the absence of an intermediate phase, and both moduli and
monopoles can be diluted down to low levels. In some cases,
the Affleck-Dine condensate provides enough entropy by it-
self to solve the moduli-gravitino problem, although one then
fas to cope with a very large baryon asymmetry from the
decay of the condensate.

The amount of entropy produced is only marginally suf-
ficient, but it depends in a sensitive way dnand(}, . For
smaller values of the gaugino condensation scale, fsay
~fewx 10" GeV, and, say),<10 2, reasonable values of
As=10'" may be achieved. Note that baryogenesis can b
implemented in the very same way as in Sec. lll in this
context.

One should recognize that the above estimates remain . .,
somehow qualitative, since they make particular assumptions VI "STRING” INTERMEDIATE PHASE
on the axion couplings, and therefore on the compactification AND BLACK HOLES

process, whereas we assumed a simple toroidal compactifi- pyring the string era, modes exit and do not re-enter the

cation. Nevertheless, our aim here is to show that there existorizon. Therefore<k;, and one expects to produce one

various possibilities to generate entropy to the level requiredgarticle per mode ak; since it exits the horizon and re-
Even if axions cannot reheat the Universe through scatenters at the same absolute value of conformal time.

tering or decay, one may still consider the mechanism dis- However, the situation here is more delicate than in the

cussed in Sec. lll, where a modultthe dilaton? of mass  case of the dual-dilaton phase. Indeed, a mode that exits the
~10° GeV reheats through the decay of its coherent oscillahorizon at conformal timeyey, With 7.,<0 in the present

tions. The discussion is similar to that of Sec. Ill, up to thescenario, will re-enter at timey,e=| 76y (if 7ex< 71, i.€. if

fact that there may be no radiation dominated era precedingye mode exits well before the end of the “string” phase
the x dominated era, iH;=Hgom (Hqom denotes as before Thjs means that at time,, which is supposed to mark the
the Hubble scale at whicly comes to dominate the energy start of the FRW regime, only those modes with wave num-
density, i.e. if the dual-dilaton era ends gs dominates. per ~k,, i.e. the highest frequencies, have re-entered. The
However, as we now argue, this does not happen, and onfiodes that exited the horizon at the beginning of the
always hasH;>H goy. Following the discussion of Sec. Il “string” phase (wave numberkg) will re-enter later, pos-

to calculateH gom, usinga=H " in the IP era, one finds: sjply much later, at conformal timeye>| 7,|. One can re-

H dor~ M, [ (87/3) (91xo/M¢) 17*7?), whereg, is the value it the energy density, E43.1), in this scenario, at timey
of the string coupling at Hubble scal¢y,,, which marks ith 71<n<|n4, which gives

the end of IP. In the absence of temodulus, the transition
to the radiation dominated era would take place Hat N a,
~H.g, Y47 [see Eq.(5.5)]. We consider that in either P,‘(’?)Z—ZHEl - [1- m<n<|7nd,

sd1 20 a
case, the value of the string coupling at the end of the IP, i.e. 6.1)
at Hgyom Or atH4, should be close to its present value. One
then must determine whether or nég,=H, and it can be and as before, we imposed a low wave number cutoff at the
checked that for nearly all values of tde- 6 parameters, we horizon size~1/7. In the case of the “string” phase, inspec-
have indeedH,,<H;. The dual-dilaton phase thus ends tion of Table | reveals that the model-independent axion has

4 —nlP

7

083513-13



BUONANNO, LEMOINE, AND OLIVE PHYSICAL REVIEW D 62 083513

the most negative slope —2¢ ({>0), and its energy den- the reheating temperaturelgy~0.6 GeVH(|7d)/10’

sity pa~(Nal2m?)Hial| nl n1]?/a*. At time #,, only  GeV]®2 Even though this entropy production may be suffi-
modes with wave numbek; have re-entered, so within the ciently large to dilute the moduli created gravitationally dur-
horizon, all fields share roughly the same energy densitying the DDI and “string” phases, the same moduli are also
However, as time goes beyongh, the axion will quickly  part of the Hawking radiation of the evaporating black holes.
come to dominate the energy density. Assuming the dilatofhe number density to entropy density ratio of moduli and
field is fixed for > 7, sinceH2xp,, andH=a'/a?, itis  gravitinos presenafter evaporation in fact readgbl] Yo,

. . . . —9 \/ 1/2 H

straightforward to derive thaix 71*¢. In this case, wity ~ ~10 [H(|7])/10" GeV]"™ assumingy,~200 at evapora-
>0, the dynamics is driven by the axion fluctuations. This istion- Clearly, black hole evaporation eliminates one moduli

inconsistent since the gravitational amplification of theseﬁg%b:srgéézggggoduce another, and further entropy produc-
fluctuations, in particular the spectral slope of the axion, ) : . .
P P b Consider then a modulug as introduced in Sec. IVA,

were calculated assuming that the fluctuations would re-enter

. L . with massm,. The amount of entropy produced by is
- X
gi%r';n]%?t;]aedggg ?:Crgpifngr?r’]:tn&i\fﬁ? 20: Tﬁee)c(g;ees given in Eq.(4.3). However, if black holes have not evapo-
" _rated by the timey would dominate(if black holes were

This inconsistency reflects the breakdown of the perturbaébsen); the RHS of Eq.(4.3 should be multiplied by

tive approach used to calculate the amplification of aXIOH_Hev/HdonQUZ, where HdomNmX(XO/mPI)4 corresponds to

fluctuations. In effect, the calculation assumes that the qua Hubble scale at whick would dominate in the absence

tum fluctuations can be treated as a perturbation on a fixecsle . 5
classical background, whereas in the present case, one sho E black holes. UsingHe,~10° GeV[H(|nd)/2x 10°

3 ; - ; }
consider their back-reaction effect on the background spac%:r}gg i,sand assuminge=Haom, the final moduli abun
time. Moreover, since the axion field is assumed not to par-

ticipate to the dynamics, its classical VEV is zero, and the m 312 H(|7d) -1
energy density stored in axion jsa~(98A)?, where 5A Y, ~10"Y7 1/2( X 7s 34
represents the fluctuation in the axion field. One should ¥110° Gev 2X10%° GeV '
therefore include back-reaction up to second order in the (6.2

fluctuations, in order to derive the dynamics of the era be-h ford. — 1017 GeV ided the ohase in which black
tween timesy, and| 4|, and such an intricate calculation is €N¢®, 101~ eV, provided the phase in which blac

well beyond the scope of the present paper. Note, howevel0/€s dominate doeslnot last too Iong,_|.1123/m|54>< 10%,
nH(| 7s)=4x10" GeV andY,,<10 3

that the above inconsistency does not arise for conformdf® . ; .
times 7> 7/, sincen®®'>0 for allj, and radiation domina- To summarize, black hole reheating of the PBB scenario,

j . . . _
tion should be a valid approximation. as er}wsaged in _Re[50], does not solve the moduli prot_)
rhem; it also requires another source of entropy production,

We thus consider, as an alternative, that black holes for d th ilati dd f1 aul Id b
on all scales comprised betwelepandk,. This is a possible angd the osciiations an o e_ca),/, of themodulus would be
ufficient, provided the “string” phase does not last more

outcome of the above dynamics, as black holes genericall "8 efolds of th le factor. In thi b ;
form copiously when relative overdensities of order unity an-~gc e-folds ot the scale factor. In this case, baryogenesis
could also be implemented as in Sec. IV B.

re-enter the horizon. At late timeg>| 74|, the Universe will
be dominated by those black holes that have not evaporated
yet. The lifetime of a black holey,,cM3,0H. *, whereM,;, VII. DISCUSSIONS AND CONCLUSIONS
denotes the black hole mass, and corresponds to the massyye find that pre-big-bang cosmological models inevitably
within the horizon at the time of formation at Hubble scaleface 3 severe gravitino-moduli problem, as they predict a
H; . Therefore the Universe will be dominated by those blackyumber density to entropy density ratio of gravitationally
holes that formed last, i.e. on scalg, and will reheat with  produced moduli at the beginning of the radiation era of the
the evaporation of those black holes. The Hubble scalgyqer ofY,,~0.3/y,, whereg, counts the number of degrees
H(|76) ~Ha| 75/ 71|~ if the era between times;; and  of freedom in the radiation bath at that time. These models
|7 is matter dominatedblack hole domination Then  glso predict a similar amount of gravitinos, albeit somewhat
Mo~ 4mmp[H(| 7/)/mp] * (which corresponds to the smaller if gravitinos are not produced gravitationally during
mass within the horizon at that timend the evaporation dilaton driven inflation, yet far in excess of the BBN bounds
time scale of those black holes reafg~ m;ll(Mbh/mp|)3 Yimap=1013
~(4m)3mp'[H(| 7¢])/mp)] 3, so that the black holes evapo-  Late entropy production, to the level dfs=10°— 102
rate and reheat the Universe at a Hubble schlg, depending on the details of the transition between the pre-
~(47) 2H( 9 )[H(| )/ mpy]?. big-bang inflationary era and the radiation phase, is thus
Such reheating by black hole evaporation was envisagethandatory in the scenarios we have investigated. For the
in Ref. [50] in the context of the PBB scenario. Note that it simplest pre-big-bang model in which the transition is sud-
is accompanied by entropy production, to the levelAsf  den, the amount of entropy needediis=10% and this is a
~(per!pr)¥* wherepgy andp, denote the energy densities strong requirement. However, sufficient entropy can be pro-
contained in black holes and in radiation at the time ofduced by the domination and decay of the zero-mode of a
evaporation. This entropy production can be rewritten asnodulus field with mass-10° GeV, initially displaced from
As~10g}20 3 H(| 74)/10" GeV] ¥4 H,;/My*? and the minimum of its potential by an amouMg. The Uni-
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verse will start the FRW radiation era with a temperaturenot suffer from the microphysical processes inside the hori-
Tru~1 GeV[see Eq.(4.4)]. Moreover, the dilaton, which zon, i.e. they are not diluted by entropy production. More
drives the pre-big-bang dynamics, could also play the role ofjuantitatively, the density perturbatiaip,/p. in the axion
this modulus, as several scenarios of gaugino condensatidi¢ld relative to the total energy density, can be written as a
predict a dilaton mass 10° GeV, and since it can be generi- function of comoving wave numbdxrandDgonformal timey,
cally displaced from its present value at the end of the preas[8]: dpa/pc~(kn)?(H1/Mp)?(k/ky)"a", for modes out-
big-bang inflation. Furthermore, this vast amount of entropyside of the horizon, i.ek<1/7, and wheren®”' denotes the

produced helps set the Affleck-Dine mechanism of baryoaxion spectral index of density fluctuations. Clearly, when

genesis in a natural framework, as it reduces efficiently thghe mode re-enters the horizon, ile=1/7, for n2°'~0

baryon asymmetry created in the decay of the baryon numbggcale invariant spectrumthe density perturbation is inde-
carrying flat direction. Fmally, |t_ may also solve the usqal pendent of any entropy production. Note however that a
monopole problem associated with GUT symmetry breakingnearly flat spectrum of axion fluctuations corresponds to a
although this depends sensitively on the details of monopolgegion of parameter space in which the necessary amount of
formation at the GUT phase transition. entropy release is large, of ordas~ 10,

We also examined variants of the pre-big-bang model in  Therefore, if perturbations of thg field, which is the
which an intermediate phase of dynamics motivated by physmodulus responsible for entropy production, do not carry
ics at high curvature takes place between the pre—blg—ban‘gow(_}r on large scales, i.eP?'>0, as would be the case jf
. . . . 1 " X 1
inflationary phase and the radiation era. In the case of thgare the dilaton for instance, the scenario envisaged by Dur-
so-called dual-dilaton intermediate phase, one finds that thgy; et a1, [8] for the axion seeds remains unaffected. In this
moduli-gravitino problem is still present, and entropy pro-gramework, the pre-big-bang predicts non-Gaussian isocur-
duction is still necessary. However the problem of entropyayre perturbations with a well defined signature in the
production is relieved by the small fraction of energy densityg 4 angular scale cosmic microwave background anisotro-

contained in radiation at the beginping of the radia'tion era.ll ies. However, if the perturbationy carry power on large
effect, the energy density is generically contained in an ax'o%cales, adiabatic perturbations would be produced on these
field, either the model-independent axiémr internal axions  goajes aty decay, since it dominates the evolution at that
Bap associated with the compactified componentsBof.  ime The study conducted in RéfL4] seems to indicate that

One can show that several natural sources of entropy may,e oniy fields in pre-big-bang models that are liable to carry
alleviate or solve the moduli-gravitino problem, notably thepower on large scales are the axioh®r B, . In this con-
ab-

entropy produced in axion rehfzgting via scattelip@vided oy the domination and decay of an axion, as considered in
the axion decay constafit=10""Mp), or that produced in - goc A could lead to a novel scenario of generation of

oscillations and decay of the zero mode of the dominatinqjensity perturbations in pre-big-bang models. One should

. . . _3 .
axion, if the axion decay constant10 "Mp and its poten-  cicyate carefully and examine the exact shape of the spec-
tial is generated by gaugino condensation in a hidden sectf,m of metric fluctuations and their statistics, as it is known

~ 3 i e .
at scaleA ~fewx 10"° GeV. In some regions of parameter ynat axionic fluctuations are generally damped on large
space(which parametrizes the evolution of internal and ex-gcgles due to the periodic nature of the poterjal.
ternal dimensions the amount of entropy needed to reduce  gcqiars generically carry steep blue fluctuations spectra in

the moduli-gravitino_ pr_oblem is sufficiently smaIIA(s_ pre-big-bang models, hence neither the modufusor the
~10F) that the domination and decay of an Affleck-Dine ffieck-Dine condensatd envisaged in Sec. IV are liable to
condensate can produce both the entropy and the baryafioqce long wavelength fluctuations at their decay. This is
asymmetry of the Universe. In this case the hot big bangiy some contrast to standard inflationary models, in which

which marks the beginning of the FRW radiation era, takeghe decay of the Affleck-Dine field produces isocurvature
place at a temperatufBg~ 10° GeV [see_ Eq.(4.1()]. long wavelengths fluctuations.

In the case of the so-called "string” intermediate phase,  on, similar grounds, one does not expect that the spectrum
one is at present unable to specify the dynamics of the ergt gjectromagnetic fields on the scale of the Galaxy should
that follows the string phasesee Sec. VL However, as we e giluted by entropy production, as these fluctuations were
have arg_ued, it is likely that microscopic black holes would,tside of the horizon at the time at which entropy was re-
form copiously. Black hole domination and decay produce§eased. However, one expects that the relic gravitational
entropy, which would dilute the moduli or gravitinos pro- yave background will be at least partly affected by the en-
duced during the dilaton-driven and string phases, bufopy releasd53,50. Whether this dilution affects the sto-
moduli and gravitinos are also re-created in the Hawking:pastic gravitational background in the range of frequencies
radiation of the evaporating black holes. Here again, theréyich the upcoming experiment, Laser Inteferometric Gravi-
fore, further entropy production is necessary, and the decayiional Wave ObservatorfLIGO), Virgo and Laser Inter-

of a heavy modulus can produce sufficient entropy.  ferometer Space Antenr&ISA), are sensible deserves fur-
At this stage we would like to comment on the implica- ipar investigation.

tion of entropy production on the various predictions of the
pre-big-bang models. First of all the entropy production will
not affect in any way the axion seeds of large scale structure
considered by Durregt al. [8]. In effect, as long as the axion We wish to thank Les Houches Summer Schbbé Pri-
perturbations lie outside the horizon, they are frozen, and dmordial Universe where this work was initiated. We would
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