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Entropy production by dilaton decay is studied in the model where the dilaton acquires a potential via
gaugino condensation in the hidden gauge group. Its effect on Affleck-Dine baryogenesis is investigated with
and without nonrenormalizable terms in the potential. It is shown that the baryon asymmetry produced by this
mechanism with higher-dimensional terms is diluted by the dilaton decay and can be regulated to the observed
value.
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I. INTRODUCTION and Dine[9]. However, the baryon-to-entropy ratio produced
by this mechanismmy, /s, is usually too large. So if we take

Many gauge-singlet scalar fields arise in effective four-into account the entropy production after the baryogenesis,
dimensional supergravity that could be derived from stringwe can expect that the additional entropy may dilute the
theories. Among them, the dilat@has a flat potential in all €xcessive baryon asymmetry to the observed value, as
orders in perturbation theofil]. Therefore some nonpertur- Pointed out in, e.g., Ref$10,11].
bative effects are expected to generate a potential whose !N this paper, we investigate whether dilution by dilaton
minimum corresponds to the vacuum expectation valugl€cay can regulate the large baryon asymmetry produced by
(VEV). The most promising mechanism of dilaton stabiliza-the Affleck-Dine mechanism to the observed value. The pa-

tion and supersymmetry breaking is gaugino condensation iR€" 1S organized as follows. In Secs. Il and Ill, we describe
the hidden gauge sectf2—5|. the potential and the dynamics of the dilaton. Then, in Sec.

In cosmological considerations, even if the dilaton ac-'V We estimate the baryon asymmetry generated by the

quires a potential through such nonperturbative effects, ther8ffleck-Dine mechanism, taking into account dilution by di-
are some difficulties in relaxing the dilaton to the correct!@ton decay. Section V is devoted to the conclusion. We take
minimum, as pointed out by Brustein and Steinhdiglp ~ Units with 87G=1.

Since the potential generated by multiple gaugino condensa-
tions is very steep in the small field-value region, the dilaton
would have large kinetic energy and overshoot the potential

maximum to run away to infinity. We consider the potential of the dilaton nonperturbatively

As a possible way to overcome this problem, Barreiroinduced by multiple gaugino condensates. In string models,
et al.[7] pointed out that the dilaton could slowly roll down the tree level Khler potential is given by

to its minimum with a little kinetic energy due to the large
Hubble friction if the background fluid dominated the cosmic
energy density. As a result, the dilaton could be trapped and K=—In(S+S*)—-3In(T+T*—|®|?), D
would oscillate around the minimum.

When the dilaton decays, however, the remaining energy
density is transformed to radiation. One may worry about avhereSis the dilaton,T is the modulus, and> represents
huge entropy production by the decay, because it could dilutsome chiral matter fieldgl2].
the initial baryon asymmetr§8]. Therefore, in order to ob-  The effective superpotential of the dilat¢p] generated
tain the observed baryon asymmetry, as required by, e.gby gaugino condensation is given by
nucleosynthesis, it is necessary to produce a larger asymme-
try than the one observed at the outset.

An attractive mechar)ism to produce large baryon asym- WZE Ay (T)e @S, )
metry in supersymmetric models was proposed by Affleck a

II. DILATON POTENTIAL
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Here, for theSU(N,) gauge group and the chiral matter in form field strength. Although we consider a model with two

M (N, + Wa) “quark” representationsg, and A, are given
by
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Then the modulusT has a potential minimum due to the
presence of the Dedekind functiof(T) [5]. Hereafter, we
assume the stabilization of the modullisat the potential

gaugino condensates, our following estimations would be al-
most unchanged in a single condensate model with nonper-
turbative Kdler correctiong 13,14, because the evolution
of the dilaton is determined only by the slope of the potential
in the regionS<S,,;;, and its mass.

On the other hand, the position of the local maximum of
the potential, RS, IS given by

In

ReSiax= RESmint

2) . (10)

Qp— g a;
For S<S,,i,, the potential7) can be approximated as
V(S)=2ReS Ve~ “22RS, (17)

where Vy=|a,A,|2. The potential(7) has a minimum at

minimum and concentrate on the evolution of the real part o5 . and a local maximum aS ., (>Sn). For S=S,

the dilaton field.

=S,in—1/(ay— a;), the approximate expression for the po-

Since at least two condensates are required to form thgantial (11) breaks down. Around the potential minimum
potential minimum, we consider a model with two conden-g . the potentia(7) becomes

sates. Then the indices of the gauge groupaarel,2, and
we take 16 o= ay.

The potentialV for scalar components in supergravity is

given by
V=e"[(K™1!;D;W(D;W)* —3|W|?], (5)
where
IW 9K
DiW: —+ —.W, (6)
FLONET0

Kil=’K/a®'a®% , the inverse K1) is defined by
(K™Y Kly=48, andi=S,T,®. In the regionaReS>1,
the potential Eq(5) can be rewritten as

V(S)=eX(K™1)% agW|?
=(S+S*)|alA1|2e_“1(s+S*)

as A\, 2

X[1+ 1e*("‘2*’)‘1)S . @)

ay

In this potential the imaginary part &has a minimum at

Imsmin:l—- 8

wheren is an integer. So we assume $mImS,;, and con-

centrate on the behavior of Bdnereafter. Then we find that

the potential minimum R®,,, is given by

V(S)=|a1Ay|?e” 2 1%nin( ay— ary)*(ReS— Resmin)z-( .
1

However, one can see from the'ldar potential(1) that
the variable R& does not have a canonical kinetic term.
Therefore we introduce the canonically normalized variable

¢ as

In ReS. (13

1
=7

IIl. STABILIZATION MECHANISM FOR THE DILATON

Here, after reviewing the mechanism for dilaton stabiliza-
tion proposed by Barreiret al. [7], we estimate the relic
energy density of the dilaton and the amount of entropy den-
sity produced by its decay. We will consider the situation that
the universe after inflation contains the dilat¢rand a fluid
with the equation of statp=(y—1)p, wherey is a con-
stant. For exampley=4/3 for radiation ory=1 for nonrel-
ativistic matter. The latter includes an oscillating inflaton
field or/and the Affleck-DindAD) condensatebp -

In the spatially flat Robertson-Walker space-time,

ds?=—dt?+a(t)%dx?, (14)
with the scale factoa(t), the Friedmann equations and the
field equation for¢ read

. 1 .
1 ap A, H=—5(p+p+¢?), (15)
= T nl === 2
REnin az—all (al Al). ®
_ . . dV(¢)

We assume R®,,=2 to reproduce a phenomenologically ¢=—3Hp— , (16)
viable value of the gauge coupling constant of the grand dé
unified theory[5]. The negative vacuum energy at the mini- L L
mum of the potential is assumed to be canceled by some 2_ — )
mechanism such as a vacuum expectation value of three- = 3P Zd) +V(¢)}’ 7
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whereH=a/a is the Hubble parameter and the overdot de- 0 3 10 15
notes time differentiation. We define the new variables N [T T 3

¢ VWV(é) 18 n :

NTRERNCTI i i

and the number oé-folds N=In(a).
Then the equations of motion can be rewritten as

I~

X

/ 394V 5.3 2 2_\2
X'=—3x— \/;Ty +§x[2x +y(1—x—y9)],

(19
39,V 3 r 7
y,=\/;%X)/"‘EY[2X2+’)/(1_X2_)/2)], (20) 0 oo b b b 0
0 5 10 15
s N (=In[a(t)/a,,])
H’=—§H[2x +y(1-x—y9)], (21

FIG. 1. Evolution of ReS as a function oiN for various initial

where the prime denotes a derivative with respecitdn conditions withS,,,=2 in the case ofy=4/3. We set the initial
lues of the velocity and the Hubble expansion rate as

terms of these variables, the Friedmann equation becomé - - .

x2+y?+pl/(3H?)=1. We see thax® and y? are, respec- ngeS/dt|070 andHo=1, respectively.

tively, the ratios of the kinetic and potential energy densities . L

of the dilaton to the total energy density. We consider the>c@ling solution is small enough, as already showri7ih
case of the universe dominated by the background fluid, sghus we can write the solution as

the inequalitiex?,y?<1 hold. Then Eq(21) can easily be

ion i 3 1 4V 2a,\?
solved and the solution is ReS=£N+ a—ln o O) (3H2 reN), @8
H= Hoe—syN/z_ (22) 2 2 Y)Yy 0
Next we introduce another new variable, where
dReS 2 (3 1 [ 4V [2a,)|2
Xs= X. (23 Sl 2 N S o[22
S~ T de €(N) azln(zazN azln 2=7)73M, (29

Then Egs(19) and(20) can be rewritten, respectively, as
denotes the deviation from the scaling solution; we fidd

, 3 \F dReS|? | =¢(N)"<1.
Xs= = 3Xst 5 ¥Xst 2a; 5( do ) y, (@4 Figure 1 depicts the time evolution of Beas a function
of N for various initial values of the dilaton field amplitude.
3 3 As is seen there, if the dilaton relaxes to the scaling solution
y'=-2a, \/;Xsy+ 57 (25 before reachinds,, its energy is small enough to prevent
overshooting. Attractor behavior in a different situation has
where we have used the relatien2a;V=dV/dReS. Now  been studied irf16]. The Hubble parameter &= Sy, is
we examine the stationary points in the above equationgstimated as
Fromy’=0, we find

26(2 2V0

3 H. . =—\——=e" azsminztf.l (30)
X= 52_12 (26) min 3 (2—7y)y min
On the other hand, fror,=0 we see that from Eqgs.(22) and(28). On the other hand, as is seen from

Eq. (7), the mass of the dilaton in vacuum is given by

2_3(2—7)7(dReS)2
Y 2 2ay? | de |

Except for the factord ReS/d¢) ~2, Egs.(26) and(27) rep-  We therefore findny=Hp,, so the dilaton begins to oscil-
resent the scaling solution for a scalar field with exponentialate immediately when it approaches the potential minimum.
potential [15]. In spite of the presence of the factor Since the mass of the gravitino is given by,
(dReS/d¢) 2, we can verify that the deviation from the =A,e “2Smin, the mass of the dilaton is

(27) My=2(ap— a;) Ve~ *2Smin, (31)

103515-3



DOLGOV et al. PHYSICAL REVIEW D 67, 103515(2003

10 11 12 13 14 15 10 11 12 13 14 15
1.3 \\Il\lIIIIIIIl\IIIIIII\IIIlII 1.3 1.3 I\\III|\IIIII\{IIIIII\IIIIIII'II 1.3
A | \ 7743 % % \or=1 ]
_ \\ \ \-‘-\ \ - o \‘ \ \ \ B
_.:'-.. \\ \ A \ - - \\ ~\ \\ \ =
1.2 50\ \ Y \ 1.2 12k 4V 0\ Y X —1.2
5 A | \ ] s R \\ § \ ]
S RGN LY SR U U U U
s - Bk \ \\ 3 s Ly N \ \ A
1.1 N \ — 1.1 RE I S A N \ 11
- ""-.‘ \ \'\ 7] " \ \ \\ .\A 7]
L 1 \ \ \\ i AN \ \ \
C1erah2\o s ] 0,45 °0.4 20.35 Ks 0.5 0.2\
1 IIII|II}'-II\AII\IIIIIIII\'IIIIIII 1 1 IIIIr"-llI\IIIIIIIIII\'\IIIIIII.I‘
10 11 12 13 14 15 10 11 12 13 14 15
oy oy
FIG. 2. Energy density of the dilaton at the beginning of the FIG. 3. Same as Fig. 2 except for=1.
oscillations for various model parameters. The number associated
with each contour line represents the valuepgf normalized by
10" “p. Here we adopty=4/3. 42
s= 55 9T (34
) 90
My= a1 M3/
2 whereg, ~ 107 is the effective number of relativistic degrees
~ (1% Msr | [ @1 of freedom. By using Eq33), we find that the entropy den-
(10° TeV) (32 o
1 TeVv/\ 10 sity increases by the factor
When the dilatonS approaches the critical poirg;,, the T py T 1072 GeV
single exponential approximatiaidl) breaks down and the A=— ? = 107 Gev T
scaling behavior terminates. Then the energy density of the b tmin b
dilaton is estimated as
<P¢/P|Hmi}]> 35
1. X| ——— 35
=5 ¢V  =3HX(X’+y?) 10
tmin tmin to the moment of the dilaton decay when
3( y)z (dReS)Z( 2—)/) 3
==l p 1+ —— T 3 —21 my
2\2 d 2 H=Tp=my=(10 " GeV)| ———| . (36
“ ¢ Y Mt o 10 Tev
~103p( 2 z(i 2 for y=4/3. (33 Where
Pl'a,] \ReS Y= .
. . . 3211 My
Indeed, the numerical calculation gives a close vapye Tp=my"=(10"" GeV) 17 Tev (37)

=10 *p at the beginning of the oscillation. After that, the
dilaton begins to oscillate and the energy density decreasgs ine reheating temperature after decay of the dilaton.
asa(t) 2 until it decays.

In Fig. 2, we present the energy density of the dilaton in a

universe filled by they=4/3 background fluid at the begin- V. AFFLECK-DINE BARYOGENESIS

ning of the oscillation regime for various model parameters The Affleck-Dine mechanism is an efficient mechanism of

a; anda,. The values along the contour lines represent thebaryogenesis in supersymmetric modgsl7]. In fact, it is
energy density , in units of 10 %p. The case withy=1is  too efficient and the baryon asymmetry produaggs, is in

depicted in Fig. 3, where we find a smaller energy density ofjeneral too large. However, additional entropy release by the
the dilaton by a factor of-3. These figures are drawn in the dilaton decay may significantly dilute the baryon asymmetry

two-parameter space, although the potential contains four p&10,11], and we examine this possibility here.
rameters as seen from E@). The other two have been fixed It is known that Q-ball formation occurs for many
by settingmg;,=1 TeV andS,,;,=2 [5]. Affleck-Dine flat directiond17-19. WhetherQ balls form

The decay of the dilaton produces huge entropy. If weor not depends on the shape of the radiative correction to the
assume that the background fluid is radiation with4/3, at  flat direction[19,20. In this paper we estimate the baryon
the timet=t,,, its temperature i§ ~ 10" GeV and the en- asymmetry providing that the Affleck-Dine field does not
tropy density is lead toQ-ball formation. For instance, one example is a flat
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direction with large mixtures of top squarks in the case ofevaporation, repeating the arguments of Refl]. Let us

light gaugino masses; another is tHgL direction[20]. assume that the condensate evaporated immediately when
H=T5p, producing a plasma of relativistic particles with
A. Original Affleck-Dine mechanism temperaturel o,p and chemical potentigkap. The tempera-

ture can be estimated @sp=pxs and sinceT ,p>m,p the

First, we investigate the originally proposed Affleck-Dine chemical potential is given by

mechanism with a flat potential up t,p~1 [9]. We con-
sider the situation that there are the dilaton and the Affleck-

Dine condensate in a radiation dominated universe. As men-

tioned above, at the momeht=m,, the dilaton begins to Np

oscillate with initial energy density,~10"“p,,, wherep,, Kap= o~ KPap>Map,
is the energy density of the background radiation. Then, on AD

the other hand, the AD condensate is expected to take a large

expectation valueg,p~1, above which its potential blows ]
up exponentially. if « is not very small. On the other hand, the chemical po-

The amplitude of the AD field and its energy density re-tential of the bosons cannot exceed their mass. This means
main constant while the Hubble parameter is larger thahat instantaneous evaporation of the condensate is impos-
Map, Wherem, is the mass of the AD condensate. OneSible. The process of evaporation proceeds rather slowly with
should keep in mind, however, that although the energy der@N almost constant temperature of the created relativistic
sity pap remains constant the baryon number density deblasma. During the process of e\{aporayon the energy denglty
creases as a? if baryonic charge is conserved. So if baryon ©f the latter was small in comparison with the energy density
charge is accumulated in “kinetic” motion of the phase of of the con_densate, except for the final stage when the con-
éap it will decrease as #f. If, on the other hand, the AD densate disappeared. ,
field is frozen at the slope of a non-spherically-symmetric __| "€ cosmological baryon number density and energy den-
potential then the baryonic charge of the AD field is notSities are given by the equilibrium expressions
conserved and aftét <mj,p both radial and angular degrees
of freedom will be “defrosted” and the baryonic charge may

(40

be large. Nbror 2N{NeBg o 1(=. 1

As we noted above, whed=mg, (=m,p), the AD field 3 -, (Gt Tt —Zf dnn exe—) -1
begins to oscillate. Its energy density at that moment be- 67 2m=Jo €
comes comparable to that of the radiation, while the energy 1
density of the dilaton is estimated as - W +B. (42

m l/2p
p¢|H—m3/2:<m_;2) p_¢ P«/|H:m3,2210 3py|H=m3/2
e (38) pim:#g* +z2Nf(N°+l)W2[1+ @(ﬁ)i E(E)A
T4 30 8 15 7 7\

for the initial energy densityp,= 10*4py and m, 1 (= 1 1
=10°m,p. After that the universe becomes dominated by + ﬁfo dnn’e exple— &) —1 + exp(e+§)—1}

the oscillating AD condensate and enters into the approxi-
mately matter dominated reginisee below.

The energy density of the condensate and its baryon num-
ber density are given, respectively, by the expressions

+pc, (42)

o 2 _ 5 where 7=p/T is the dimensionless momentume
PAD=MapPap: Nb=KMApPap, (39 =7+ mA2 o/ T?, andé= up/T and £q=uq/T are the di-
mensionless chemical potentials of the AD field and the
where k=n,/n,p<1 is a numerical coefficient andl,p is  quarks, respectivelyNs=6 andN.=3 are the numbers of
the number density of the AD field. flavors and colors and the factor 2 came from counting spin
The rate of evaporation of the condensate, given by thetates,B;=1/3 is the baryonic charge of quarks while the
decay width of the AD field into fermiong; ,p=Cm,p with  baryonic charge of the AD field is assumed to be 1, Bpd
C=0.1-0.01, is quite large. When the Hubble parameterandp are the baryon number density and energy density of
becomes smaller thaFi,p, thermal equilibrium will be es- the condensate normalized 6 and T*, respectively. The
tablished rather soon. However, the condensate will evapdirst term inpy includes the energy density of light particles
rate very slowly and disappear much laf&l1]. The low with zero charge asymmetry amy is the number of their
evaporation rate is related to the large baryonic charge anspecies. The second term includes the contribution from lep-
relatively small energy density of the condensate. Below wdons with the same chemical potential as the quarks—it is
will find the temperature and the moment of the condensatgiven by (N.+1).
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For definiteness, let us assume that the AD field decays pp:70T4, (49)
into the channelppp—3q+1 and, taking into account that
the sum of baryonic and leptonic charges is consetved, n,=1.7573 (50)
thatB—L=0, we find
for k=0.1.
MAD We see that a large baryon asymmetry prevents fast con-
Hg= ="y (43 densate evaporation, although the interaction rate could be
much larger than the expansion rate. From E®) or Eq.

Before complete evaporation of the condensate, the chemicgl’o) and the baryon number conservation

potential of the AD field remains constant and equal to its 3

maximum allowed valuen,p. Thus the only unknowns in Np= KMap 2ap (baplr—m. )2, (51)
these expressions are the temperature and the amplitude of a(t) AD
the field in the condensate. According to E89), from Egs. .
(41) and (42) we obtain we find
3
B. T Bev|_  Map 2
PR (44) ao, g (dablH=m,p) (52)
¢AD|H* 2
The same relation was true for the initial valuesmg]‘tot/T3 16({ ‘mAD) ~10°3 for k=1, (53)
and py/ T4, Assuming that the ratio, 1ot/ prot remains the Map '
same during almost the whole process of evaporation, al- = bapliem. |2
though it is not exactly so, we can excludg, Ny (o, pc, 5{—“'3) ~3x10% for k=0.1,(54)
andp,y; from expression$41) and(42) and find one equation Map

that permits us to calculate the plasma temperature in the
presence of an evaporating condensate as a function of tf§1€réaap anda,, are the value of the scale factor at the

baryonic charge fraction in the initial condensateWe find ~ momentH=mj,p and that at the evaporation of the AD field,
respectively. Then at the evaporation the Hubble parameter

and the baryon-to-entropy ratio are respectively given by

20 for k=1, (45)
Mao/T=15 for k=0.1. (46) 2x10°% GeV for k=1,
_ Hevz(pp/3)l/2:[5>< 102 Gev for xk=01, OO
An exact solution of the problem demands a much more
con(;plicattecfhstudy m;th'e evo;ﬁionf; the irller?r)]/ dens:ty ac- N { 1 for k=1, (56)
'figa :)r:‘qch: bafy:r?izet:;?a?r’ge dens(ify is éétgrr;?nedebsvtﬁ: con- S ley (004 for «=0.1, (57

servation of baryonic charge, which is assumed to be true at

the stage under consideration, and thyg,cca~%. The tem-  from Egs.(47), (48), (49), and(50).

perature of plasma found in this way would not be much NOw we have to calculate the ratio of the baryon asym-

different from the approximate expressions presented abov&€lry to the entropy of the plasma after thermalization of the
Using the above-calculated plasma temperatdf® we products of dilaton decay. Initially, at the moment of evapo-

find that at the moment of condensate evaporatishen ration of the AD condensate the energy density of the dilaton

uap=Map) the cosmological energy and baryon numberlS roughly 10°% with respect to the energy density of the

densities of the created relativistic plasma are given by ~ Plasma. The latter is dominated by the chemical potential
u=map>T. When the universe expands by the factor

pAD/p¢|evE Aeql Aev= 10° the dilaton starts to dominate and

_ 4
pp=1000T", 7 the relativistic expansion regime turns into the matter domi-
nated one aa=a.,. At the moment of dilaton decay, the
np="50T" (48 energy density of the dilaton becomes larger than the energy
density of the plasma formed by the evaporation of the AD
for k=1, and condensate by the factag/aeq= (Heq/Ha)#%, Whereay and

Hg are the scale factor and the Hubble parameter at the time
of the dilaton decay. Keeping in mind thaH,,
10ne may wonder if this assumption is inappropriate because th& (8eq/@ey)*Hey=10"°Hg,, We obtain the dilution factor by
baryon asymmetry created in this channel would be washed out bglilaton decay as
anomalous electroweak proces§2g]. As will be seen later, how-

ever, we can avoid this difficulty because in most cases of our Py 3/ Hevag,v e Py Hey vz
interest the AD condensate evaporates at a lower temperature when A=|— = > =— .l (58
these anomalous processes are no longer effective. PAD ¢ | Haagq PAaplg,\ Md

103515-6
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Thus for k=1 the dilution factor is only 14, while fok mal effects are negligible. WheH ~mg,, the low-energy

=0.11itis 70. supersymmetry breaking terms appear and the potential for
Finally, we find that the baryon asymmetry after dilatonthe AD field becomes

decay is given by

Amg,diap
n, nyl 1 V(¢ap) =Map| dapl>+ —s THc
—=2 2=0.1-0.001. (59 M

S S evA

Thus in this model the dilution of the asymmetry originally ' (63

produced from the decay of the AD field is not sufficient.
where A is a constant of order unity, and the ratio of the

B. Affleck-Dine mechanism with nonrenormalizable potential energy density of the AD fielgp to that of the inflatorp,
As we have seen, additional entropy production due to thé 9IVen by

dilaton decay is too small to dilute the baryon asymmetry Mao M~ 3) 2/(0-2)

generated in the original Affleck-Dine scenario. Therefore it @:( 312 ) , (64)

is necessary to suppress the generated baryon asymmetry. P A

The presence of nonrenormalizable terms can reduce the ex- . - .

pectation value of the AD field during inflation. As a result, YP to numerical coefflClents depending on C2: andA. For

the magnitude of the baryon asymmetry can be suppresse%amgée’ the typical value forn=4 is pap/p|

Hence we introduce the following nonrenormalizable term in™ 10 (M/)‘.)' .

the superpotential to lift the Affleck-Dine flat direction as a L€t us first assume that the inflaton decayed Ht

cure to regulate the baryon asymmeft®s,24: =Map (=Mgp) with the decay ratd’; =mup and after that
the universe was dominated by radiation. Note that the cor-

A responding reheating temperature =T, =\Map
W= ﬁ@lm (60)  =10'" GeV. Then the evaporation of the AD condensate into
nM relativistic plasma would be different from the evaporation

into cold plasma considered in the previous subsection. Due

whereM is some large mass scale. _ _ to the interaction with the plasma the products of the evapo-
The potential for the AD field in the inflaton dominated ration acquire a much larger temperature than in the case of
stage reads evaporation into vacuum. Since the energy density of the
condensate is negligible in comparison with the total energy
) ) CoAMH @R p density of the plasma, the temperature of the latter drops in

V(dap)=—C1H? pap|*+ W“" c. the usual wayT1/a, in contrast to the previously consid-

ered case wherm=const. Since the temperature of the

| bap|2"2 plasma is high,T>m,p, the baryon number density is,

, (61) =B.T3+CgT?u whereCg~1 is a constant coefficienj
<m,p is the value of the chemical potential, and we have

_ _ neglected terms of the order pf. Sincenyxa™3, the ratio
wherec, andc, are constants of order unity. The first and of ey t0 @pp IS

second terms are soft terms which arise from the supersym-

metry breaking effect due to the vacuum energy of the infla- Mol m
—'""AD

ton. The minimum of the potential is reached at v (65)
aap mADTé
HMn*3 1/(n—2)
|¢AD|2( N (62) Map | (101 GeV|2/M
= —| for n=4
1 Tev/\ Tg \
During inflation, the AD field takes the expectation value (66)

|dapl=(HinM"3/\)Y(=2) whereH;. is the Hubble pa- e

rameter during inflation. After inflation, it also traces the [cOmpare to Eq(52)]. Here we took for the |n|£|al value of

instantaneous minimum, E¢62), until the potential is modi- the baryonic charge densityy|—m, = kMapdap With «

fied and the field becomes unstable there. The AD field starts'1. Forn=4, a,/asp becomes of order 10, and we find

oscillation when its effective mass becomes larger than théhat the condensate will evaporate soon.

Hubble parameter. There are three possible contributions to To be more precise, however, we must take into account

trigger this oscillation: the low-energy supersymmetry breakthat the interaction rate of the condensatel'igr=(0.1—

ing terms, the thermal mass term from the one-loop effec0.01)m,p and the evaporation cannot start beféteI" 5 .

[25], and the thermal effect at two-loop orde6]. At that moment the plasma temperature is smaller by the
First we consider the case that the low-energy supersynfactor (map/I"sp)?=10°—10* and the baryon number den-

metry breaking terms are most important and that these thesity of the condensate is smaller byn{ /T sp)®. Corre-
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spondingly, the redshift of the end of evaporation should be T4 2/(n-2)
shifted by a factor thap /T ap)? With respect to the begin- o ZzaTﬁ — H(=H/=2) (77)
ning of evaporation, and this means that it will remain the | paol M

same with respect to the initial momedt=m,p.

As we have already noted, for=4 the condensate de-
cays quickly and the baryon number density produced in th
decay is diluted by the plasma created by the inflaton deca y

Comparing it with Eq.(69), when the AD field begins to
%scillate at=t,s, we find that the Hubble parameter is given

as 2/n
Hos=(aTR) ("2 —— (72)
e Tk pPap 9( Tr (1 TeV(M) M
S Map P 10" Gev/ | Map A 5 From now on we concentrate on the case6, for which
€7 o\ T 43 1/3
whereTg, is the reheating temperature of the inflaton and we Hoe=1 Te\/( — R — (73
used the estimate of E@64). The result does not depend 10 10° Gev/ | M

upon the moment of decay of the AD condensate, since it . . . .
energy density remains subdominant. If an additional diluﬁ—hus we find that the AD field beglr; to OSC'"ate_ldt
tion by the dilaton and early oscillation by the thermal effect="AD due t0 the thermal terg 'TRz.l GeV for M _.1
[25] are operative, the baryon asymmetry become eve(jlnd 'fTRZj'OG GeV forM=10"7. During thg early oscilla-
smaller than the observed one and the4 model cannot |O" driven by the thermal term, the amplitude of the AD
explain the observed baryon asymmetry. Hence we mudi€ld decreases as

consider the flat direction with>4.

Hereafter, we study AD fields witm>4 including the |pap(t)|=|daplt
thermal effect. For AD fields witln>4, the relevant thermal
effect comes from the running of the gauge coupling con
stant[26] rather than the thermal plasma effé@5]. The
potential for the AD field in the inflaton dominated stage

o/
: (74)

0S

‘where a,s denotes the scale factor at the beginning of the
oscillation. The analytical derivation of E¢74) is shown in
the Appendix, and we have confirmed this result by numeri-

reads cal calculation. It also agrees with the analysi§dd]. Using
P Egs.(62), (70), and(74), we obtain the ratio of the amplitude
AD of the AD field to the temperature of the plasma as
V(¢AD):(_ClH2+miD)|¢AD|2+aT4|n(—2) P P
T 3\ L4 15/8
) ) |¢anl [ M os 75
CoAH Am B
2AHépp n 320 A0 tHC T T%)\ a(t)
nMn73 nMn73 . - -
We consider the evaporation rate of the AD field. The con-
| pap|?" 2 dition that the particles coupled to the AD field are light
+ |)\|2W, (68)  enough to exist to the same extent as radiation reads

h|pap|<T, whereh is the corresponding coupling constant.
Following[25] let us adopt the scattering rate of the AD field
T'~h*T in this situation as the rate of its evaporation. Esti-
matingh|¢p|/T andI" at the reheating time, we find

h 10*2 5/6 M3 2/3
102)( a ) (T)

(76)

where the second term is the thermal effect at two-loop or
der, which is pointed out ifi26], and « denotes the gauge
coupling.

If the effective mass of the AD field becomes comparableh| bao|
to the Hubble parameter when it is larger than the low-———
energy supersymmetry breaking scale,

13
Tr

10'¢ GeV

— 1

th

=H? (>m}p), (69 ~ and

4
o
|¢7AD|2 4
I h* (10 GeV|[ h
then the AD field undergoes early oscillation by the thermal Ho TR Ta : w

— 2
effect. During the stage dominated by the oscillating inflaton 10

(t<tm), the temperature of the plasma behaves as Equation (76) shows that the particles coupled to the AD
field are thermally excited and populated well before the re-

a(tm) /2104 (70 heating time for any reheating temperatidig< 10'® GeV,

a(t) R ' while we find that the AD condensate can evaporate around

the typical reheating time from Eq77).

From Egs.(62) and(70), the effective mass term of the AD The baryon number density for the AD fiethhp is given

field is rewritten as by

3/8

R
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ne=—i x 4 % ’ 78 dilaton decays, it can decay into gravitinos through their
b A(Saoda0= PaoPap) 79 mass term, and this process could lead to overproduction of
whereq is the baryonic charge for the AD field. gravitinos. The constraint derived [28] to avoid the over-
The baryon number density bt=H is estimated as production ism,=100 TeV. The mass of the dilaton, Eq.
(32), in the model considered here is in the allowed region.
= 4qm3/2| AgS _ 4qomg,(HegM?) 12
Moltos™ 33 M(Adap)| =3 N ' V. CONCLUSION
> (79) In this paper, we have studied Affleck-Dine baryogenesis

) ) ) in the framework of string cosmology. In string models, the
where § is the effective relativeCP phase. The baryon-to- gjjaton is ubiquitous and does not have any potential pertur-
entropy ratio at the reheating time is estimated as batively. We adopted a nonperturbatively induced potential
of the dilaton via gaugino condensation in the hidden gauge

Ny _3TrNy _ Q5m3/zh( H05M3>1/2 (80  Sector. Then we set phenomenologically desired values for
s |, 4 p, 3\ Hgs N ' the gravitino mass and the VEV of the dilaton.
i os An attractive mechanism to stabilize the dilaton at the
Since the dilution factor by dilaton decay is given by desired minimum was proposed by Barregbal. [7]. They

did not estimate the energy density of the oscillating dilaton.

Th p¢’/p'|tmin It is estimated in the presented paper, where we have found
A= — | (81 P = 10 %p atH= m, . This energy transforms into radiation

10'Tp\ 10 after the decay of the dilaton before nucleosynthesis because

the masan,=~10? TeV is sufficiently high.
i We have discussed cosmological baryogenesis in this
y model. In the above-mentioned cosmological history with

from Egs.(80) and(81) we obtain the final baryon asymme-

n, ny| 1 entropy production, Affleck-Dine baryogenesis might be the
S-S A only workable mechanism for baryogenesis. We have inves-
S S, tigated the Affleck-Dine baryogenesis with and without non-
o a2 renormalizable terms. We have shown that, while the original

~10 85 Ma/2 M To Affleck-Dine scenario produces too much baryon asymmetry

N q Hos A 10! GeVv even if there is the dilution by the dilaton decay, the model
with n=6 nonrenormalizable terms can lead to an appropri-

y (1 Tev) 12[ p ¢/p||tmin -t @) ate baryon asymmetry.
Mgy, 104
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In this appendix, we derive Ed74). Although a similar

3/2
@210, ligs M ) ( To discussion can be found in the literat(iz9], we derive it for
s 10" 2\ 10! GeVv completeness.
We consider the evolution of the AD field after the begin-
1 TeV\ 2 p¢/p||tmin - ning of oscillation induced by the thermal effect at the two-
X —~— ) 0% (83 loop level. Then the AD field obeys the equation of motion
This expression implies that the cutoff scale should be éap+3H ¢AD+aT—4:O. (A1)
around the grand unified theorGUT) scale of 102 or drp

10% GeV for inflation models with a low reheating tempera-

ture Tg=10° GeV. Furthermore, we find that the final By decomposingp,p into

baryon asymmetry is independent of the reheating tempera-

ture of inflation within this range. dap=|dap|e '=De'’, (A2)
In the present model, the supersymmetry breaking is

caused by thdé= term of the dilaton. Therefore, when the Eq. (Al) is reduced to the following equations:
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. .. T4 On the other hand, multiplying EGA6) by @, we obtain
@+3H®—92q>+a6=0, (A3)

L (padd) —p2—m? 2 i T*=0. (A8

(a%69?)=0. (A4) o PaP) Pt ) g TeT =0 (A8

The second equatiofA4) is interpreted as the conservation
of the angular momentum, which corresponds to the baryo
number density, and is rewritten as

rﬁiy taking the time average over the time scale of the cosmic
expansion, we obtain the cosmic virial theorem

) . A |° ags |3 ) a,. | o?
0@220(1)2 0s | _ 2 0S ’ A5 2 2 0S 0 _ 4
el ) %\a(t) (45) P A g2 =T (A9)

where® represents the initial amplitude of the AD field and
m means the initial angular velocity of the orderrof, for

n=6. By eIiminatingé in Egs.(A3) and(A4), we obtain

where(- - -) denotes the time average. Moreover, since the
second term, which represents the centrifugal force, becomes
efficient only aroundb~0, Eq.(A9) can be rewritten as

4 4

b+ 3HD — m?| o [ Lo P+ T——o A6 P2 4
™ a0 |\ @ ag =0 (AB) (D2 =(aT*. (A10)
Multiplied by & and usingT*ca~32 Eq. (A6) yields From Egs.(A7) and(A10), we obtain
52 2| Bos 6(1)3 4 P2 _ _2__5’
at d“+m a() &‘FQ/T In? dt 1+In S| = 4H (A11)
a0s |2 PG| 3 2 Since we knowTxa~ %8, we find
=—6H| P2+ m? —| —|-=HaT*In— :
a(t)y) @2 2 2
docg™ Y4 (A12)
3 4 A7
FgHal AD for =T,
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