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Large lepton asymmetry from Q-balls
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We propose a scenario which can explain large lepton asymmetry and small baryon asymmetry simulta-
neously. Large lepton asymmetry is generated through the Affleck-@iBg mechanism and almost all the
produced lepton numbers are absorbed @iballs (L-balls). If the lifetime of theL-balls is longer than the
onset of electroweak phase transition but shorter than the epoch of big bang nucleosyB®isjghe large
lepton asymmetry in the-balls is protected from sphaleron effects. On the other hand, $neajhtive lepton
numbers are evaporated from théballs due to thermal effects, which are converted into the observed small
baryon asymmetry by virtue of sphaleron effects. Large and positive lepton asymmetry of electron type is often
requested from BBN. In our scenario by choosing an appropriate flat direction in the minimal supersymmetric
standard model, we can produce positive lepton asymmetry of the electron type but totally negative lepton

asymmetry.
DOI: 10.1103/PhysRevD.66.043516 PACS nunt§er98.80.Cq
[. INTRODUCTION sterile neutrinos. In order to explore the second condition,

one should note that the presence of large chemical potential

The success of big bang nucleosynthéBiBN) is one of  prevents restoration of electroweak symmé¢i§]. Based on
the most powerful pieces of evidence of standard big banghis fact, large lepton asymmetry compatible with small
cosmology[1]. Roughly speaking, the predicted primordial baryon asymmetry was discusgdd]. The third condition is
abundances of light element®, *He, “He, and’Li) coin-  discussed by March-Russedt al. [12]. The Affleck-Dine
cide with those inferred from observations for the baryon-to-mechanism produces positive lepton asymmetry of electron
photon ratiop~5x 10~ 1°. However, as observations are im- type but no total lepton asymmetry, thatlis,=—L ,>0 and
proved and their errors are reduced, a small discrepancy mady,=0 for some flat direction, which generates small baryon
appear[2]. Furthermore,, is also determined by observa- asymmetry due to thermal mass effects of sphaleron pro-
tions of small scale anisotropies of the cosmic microwavecesses.
background radiatiotCMB) [3—6], which may also cause In this paper we consider another possibility, which is
the small discrepancy. Of course, the discordance may bgomething like the combination ¢&) and(b). The Affleck-
completely removed as observations are further improveddine (AD) mechanism produces positive lepton asymmetry
However, it is also probable that such small discrepancies aref electron type but totally negative lepton asymmetry by
genuine and suggest additional physics in BBN. choosing an appropriate flat direction in the minimal super-

These discrepancies are often eliminated if predicted prisymmetric standard modéMSSM) [13]. As an example, we
mordial abundance ofHe is decreased. Such a decrease iddentify the “ejL,L 3" flat direction to be the AD field and
realized if there exists large and positive lepton asymmetrgonsider the Affleck-Dine leptogenesis. Here subscripts rep-
of electron type[7]. This is mainly because the excess of resent the generations. Theln,=—L,=—L,=—L;u>0
electron neutrinos shifts the chemical equilibrium betweeris realized. The shift of the chemical equilibrium between
protons and neutrons toward protons, which reduces the pre&eutrons and protons due to the positive chemical potential
dicted primordial abundance dHe. Note that this effect is of electron neutrinos affects the results of BBN dominantly,
much more effective than the corresponding speed-up effectyhile the speed-up effect caused by all the species of neutri-
that is, an increase of the Hubble expansion due to the pregos is relatively negligible. After the Affleck-Dine leptogen-
ence of the chemical potential, which makes the predicte@sis, the AD field experiences spatial instabilities and de-
primordial abundance ofHe increase. However, large and forms into nontopological solitongQ-balls (L-balls) [14—
positive lepton asymmetry of the electron type is incompat-16]. Then, almost all the produced lepton numbers are
ible with small baryon asymmetry if we take account of theabsorbed into the.-balls [16,17]. If the lifetime of such
sphaleron effects, which convert lepton asymmetry to baryoi.-balls is longer than the onset of electroweak phase transi-
asymmetry of the same order with the opposite $&jnThis  tion but shorter than the epoch of BBN, the large lepton
problem is evaded if one of the following three conditions isasymmetry is protected from sphaleron effects and later re-
satisfied, that is(@) lepton asymmetry is generated after elec-leased into the universe by the decay of thballs. On the
troweak phase transition but before BBM#) sphaleron pro- other hand, smalinegative lepton numbers are evaporated
cesses do not workic) positive lepton asymmetry of the from the L-balls due to thermal effects before the elec-
electron type is generated but no total lepton asymmetry isroweak phase transition, which are transformed into small
generated. baryon asymmetry through the sphaleron effect.

The first condition was discussed in the context of neu- In our scenario we consider the Affleck-Dine mechanism
trino oscillations[9]. In this case, large lepton asymmetry is and the subseque@-ball formation in the gauge-mediated
generated through oscillations between active neutrinos anglipersymmetrySUSY) breaking model. This is mainly be-
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cause in the gravity-mediated SUSY breaking model, the enwhich directly couple with the AD field. This contribution to
ergy per unit charge dp-balls is large enough to produce the the effective potential is given by

lightest supersymmetric particlgbSP9 so that they will

overclose the universe. Therefore, we do not consider the |®|?

gravity-mediated SUSY breaking model. Since we assume VP ~c ofT! log—-, (©)

that the AD field starts oscillating from the gravitational T

scale to produce large lepton asymmetry, the produced 5 .
Q-balls are “new”[18] or “delayed’-type [17], depending where|c|~1, andaw=gwl477 r_epregents the gauge coupllng
on the sign of the coefficient of the one-loop correction to theconstant of the weak interaction since we consigférl. di-
effective potential. However, since the decay processes of tH€ction. Though the sign af depends on flat directions, it is
new typeQ-balls are not completed before BBN, our sce-irrelevant to our dlslcussmn. since we assume that the zero-
nario does not apply for them. Thus, we concentrate orfeémperature potential domlnates.over the thermall effects.
delayed-type Q-balls in gauge-mediated SUSY breaking Note tha_taW shoulld be replaced withg for those flat direc-
models. tions which contain squarks.

The rest of the paper is as follows. In Sec. Il we briefly ~ The lepton number is usually created just after the AD
review the Affleck-Dine mechanism and properties offield starts coherent rotation in the potential, and its number
Q-balls. In Sec. Ill we discuss our mechanism to generatélensityn, is estimated as
large lepton asymmetry compatible with small baryon asym- )
metry. Section IV is devoted to discussion and conclusions. NL(tosd) = e @ Py, 4

Il. AFFLECK-DINE MECHANISM AND ~ O-BALL wheree(=<1) is the ellipticity parameter, which represents
FORMATION the strongness of fthﬁ term, andw ar}d bosc are the ang_ular
velocity and amplitude of the AD field at the beginning of
In this section we briefly review the Affleck-Dine mecha- the oscillation(rotation in its effective potential.
nism and properties of-balls. In MSSM, there exist flat Actually, however, the AD field experiences spatial insta-
directions, along which there are no classical potentials irbilities during its coherent oscillation, and deforms into non-
the supersymmetric limit. Since flat directions consist oftopological solitons calle®@-balls[14—16. When the zero-
squarks and/or sleptons, they carry baryon and/or leptotemperature potentiaVy,,qe dominates at the onset of
numbers, and can be identified as the Affleck-D{#d) coherent oscillation of the AD field, the gauge-mediation
field. In the following discussion, we adopt the®LL" di- type Q-balls are formed. Their mad¥l, and sizeRy are
rection as the AD field. In this case the AD field carries onlygiven by[22]
the lepton number.
These flat directions are lifted by supersymme8ySY) Mo~MeQ¥%  Ro~Mg QY (5)
breaking effects. In the gauge-mediated SUSY breaking
model, the potential of a flat direction is parabolic at theFrom the numerical simulation§16,17, the produced
origin, and almost flat beyond the messenger scal&-balls absorb almost all the charges carried by the AD field

[14,17,19, and the typical charge is estimated[43]
m5|®|? (|®|<My), Bosc)?
5 Q=p M (6)
VgaugeN | | () F

4
S

® 2
Iog—) (|®|>My),
M with B~6x 1074,

There are also other cases wh¥ig,, dominates the po-
tential at the onset of coherent oscillation of the AD field. If
the coefficient of the one-loop correctidhis negative, the
- ) ; gravity-mediation typeQ-balls (“new” type) are produced
by gravity-mediated SUSY breaking effe¢20], [18]. On the other hand, K is positive,Q-balls do not form

@2 until the AD field leaves th&/,,, dominant region. Later it
_) D2, (2)  enters theVauge dominant region and experiences instabili-
M? ties so that the gauge-mediation tyQeballs are produced
(delayed-typeQ-balls) [17].
whereK is the numerical coefficient of the one-loop correc-  In our scenario described in the next section, the AD field
tions andM is the gravitational scale=(2.4x10'® GeV). starts to oscillate from the gravitational scale, ig,s.=M,

This term can be dominant only at high energy scales bewhich leads to the formation of new or “delayed”-type
cause of small gravitino massO(1 GeV). Q-balls. However, our scenario does not work for new type
There is also the thermal effect on the potential, whichQ-balls because the produc€tballs are large and do not
appears at two-loop order as pointed out in R2fl]. This  decay before BBN. Hence, we concentrate on the delayed-

effect comes from the fact that the running of the gaugeype Q-balls below. Since the sign &€ is in general indefi-
couplingg(T) is modified by integrating out heavy particles nite and dependent on the model of the messenger sector in

wherem, is a soft breaking mass O(1 TeV), M¢ is the
SUSY breaking scale, and g is the messenger mass scale.
Since gravity always exists, flat directions are also lifted

Vgravz m%/z 1+Klog
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gauge-mediated SUSY breaking models, we assumetisat dQ

positive and delayed-typ®-balls are formed. fait= gy = ~ 47D RomgT?
When the AD field starts to oscillate in thé,,, domi-

nant region, whereH 3.~ w~mg;,, the lepton number is

produced asnL:sm3,2¢§SC. Since the delayed-typ@-balls

are formed only after the AD field enters thga,ge dOmi-  \here the diffusion constar®d of relativistic sleptons and
nant region for positivék, the charge ofQ-ball is given by leptons in a hot plasma is given Hy~a/T with a~20
[26,27. In short, the time scale of the charge transportation
beq” is determined by the evaporation rate wheg,.J<|Zqi.
Q~p Mg ~B ™ and by the diffusion rate Whejd eyad > | Zit| -
The amount of the evaporated charges can be estimated
by integrating Eqs(9) and(10) in the course of the evolution
gf the universe. When the AD field starts to oscillate at the
gravitational scale, its oscillation energy is comparable to the
total energy of the universe. Therefore, the energy of the
universe will be dominated by the AD condensatéeballs
soon after the reheating and the universe continues to be
matter dominated. The thermal history of the universe is
rather involved because radiation comes from both decays of
an inflaton andQ-balls. However, in fact, we have only to
consider two cases where the cosmic temperature decreases
ﬁﬁonotonically.

=—47DT?, (10)

Mg \4

Mg3/2

with ¢eq~M§/m3,2. Here the subscript “eq” denotes a
value when the gauge- and the gravity-mediation potential
become equal. Thus the delayed-ty@éalls are formed at
Heq~ME/M.

As we mentioned aboveR-balls absorb almost all the
charges carried by the AD field. If we adopt téd.L direc-
tion, all the lepton charges are confined in tQeballs,
namely, L-balls. Consequently, we must take out lepton
charge from theL-balls through the evaporation, diffusion,
and their decay. Part of the evaporated lepton charge is tran
formed into baryon charge by the sphaleron process, whic
accounts for the present baryon asymmetry.

In the case ofL-balls, they decay into leptons such as Il LARGE LEPTON ASYMMETRY FROM  L-BALL
neutrinos via gaugino exchanges. The decay ratQ-balls In this section we give a detailed explanation of our sce-
is bounded a$23] nario. Our goal is to generate small baryon asymmetry and

positive large lepton asymmetry of the electron type simul-
dQ w3A taneously. In general, however, this is difficult to accomplish
dat S@, (8) because the chemical equilibrium induced by the sphaleron
transition forces the baryon and the lepton asymmetries to be
. of the same order with opposite sif8]. Hence we must get
wher_eA is a surface area of th@-ball. ForL-balls, the decay_ over two problems(i) how to protect large lepton asymme-
rate is est_lmated as a value of the order of the upper limit. try from being converted to baryon asymmetry by the sphale-
~ According to Refs[17,24,29, we evaluate the evapora- yon process, andi) how to reconcile the opposite sign of
tion rate ofL-balls, which is given by24] baryon and lepton asymmetries.
We show that these two obstacles can be evaded by con-
dQ ’ " sidering the Affleck-Dine leptogenesis and the subsequent
gevapEEZ_"(:“Q_:“plasmﬂ— 47Ry, L-ball formation using thee°LL direction. First of all, we
give the outline of our scenario and the solution to the prob-
lem (i). Large lepton asymmetry can be generated if Ahe
terms, which make the AD field rotate in the effective poten-
tial, originate from some Kiaer potential with vanishing su-
where uq and ppasma@re chemical potentials of th@-ball  perpotential. Then the AD field starts to oscillate with large
and plasma, and the coefficients 1 includes statistical and injtial amplitude ¢,sc=M and ellipticity e=1. As spatial
other numerical factors. The chemical potential of @all  instabilities grow, delayed-type-balls are formed and ab-
is given asuq=w since the energy of the particle inside  sorb almost all charges carried by the AD field. It is essential
the Q-ball is w. At T=m,,, large numbers of the scalar par- to our scenario that the lepton asymmetry confined in the
ticles building upQ-balls are in the plasma, which implies L-balls is kept from the sphaleron process. However, a small
k~1. On the other hand, a&i=m,, the evaporation from part of lepton charges confined in theballs are evaporated
Q-balls is suppressed by the Boltzmann factor. In the case alue to thermal effects. Thus, lepton charges evaporated until

:_47TK/'LQT2R(23 for MQ> Mplasma 9

L-balls, the main process of the evaporationdg—Il  the electroweak phase transitioh%Tc~300 GeV)AQ,
through W-ino or B-ino exchange, which vyieldsk  are partly converted to baryon asymmetry through the
~a§vT2/mfb atT=m,. sphaleron process, which explains the present small baryon

However, if the charge transport is not effective enoughasymmetry. On the other hand, large lepton asymmetry
the evaporated lepton charges in the “atmosphere” of thecomes out through the decay of the remnaitialls after the
L-ball will establish chemical equilibrium there. In this case, electroweak phase transition, which must be completed be-
the dissipation of the charge is determined by the diffusionfore BBN. Thus the small ratid Q,,,/Q is the source of
The diffusion rate is estimated §25], hierarchy between the baryon and the lepton asymmetries.
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Next we give a solution to the problefii), that is, the 1o g
sign of the lepton asymmetry. What we want to generate is i
positive baryon asymmetry and positive lepton asymmetry of g
electron type. However, the sphaleron process converts pos 1=
tive lepton asymmetry into negative baryon asymmetry. To i
surmount this problem, we adopt tefL,L 5 direction as the £
AD field, which leadsL.=—L,=—L,=—Lw>0. Thus 100 ¢
the positive lepton asymmetry of the electron type is gener-_, , .[
ated, whilst total lepton asymmetry is necessarily negative in g
order to have positive baryon asymmetry through the sphale3 10t
ron transition. At the epoch of BBN, charged leptons except &
electrons have already disappeared through decay and anr 3
hilation processes. Also, because of the charge neutrality o~ 10*f
the universe, lepton asymmetry stored in electrons are com i
parable to baryon asymmetry, which is rather small. Thus, 3
there can exist large lepton asymmetry only in the neutrino 1o ¢
sector. For later use, we define the degeneracy paraeter i
as the ratio of the chemical potential to the neutrino tempera- g
ture. The presence of chemical potentials speed up the uni 1021 —
verse, which leads to an increase in thig ratio. However, (a)
its effect is negligible in comparison with the effect of the
shift of chemical equilibrium between protons and neutrons ;g _
due to the chemical potential of the electron neutrino in the :
case ofl¢,|=[¢, |=[&, |

Now we give a quantitative estimate for our scenario. We = 10s&
assume that the zero-temperature potential dominates, i.e g
Vgauge> V¥, at the formation of the delayed-typeballs g
with H~Hgg: 100 ¢

10° %—
107 %—
10° %—
108 %—

10t

10% & E

abTa<ME, (12)

[GeV]

whereT is the temperature of the universe just before the . ¢ ]
delayed typd_-balls are formed. As shown below, this con- & 10°¢ ) 3

straint is automatically satisfied for the cases we consider. el o igggggﬁa ]
The delayed-typé-balls must decay before BBN, e ’g§§§§§§§§§§§ §§§§§§§
o b Al ]
: - :
1 dQ -1 RIS g £
o=\ glat =<1 sec, (12 3 E
1o~ .
which leads to the constraint L N L
405 (b)10 104 108 108 107
m M M, [GeV
52 F 13 ¢ [GeV]
10 MeV |10 TeV

FIG. 1. The allowed region famz;,, Mg, andTgy, where our

Here Eq.(8) is used. In order to estimate the baryon and theScenario succeeds and the baryon to entropy ratio satisfies the fol-
. o P . 11, — 10 i
lepton to entropy ratio, it is necessary to evaluate the entropl{PWing bounds: 10™"<ng/s=10" . Note that there does not exist

production by the decay of the-balls. The decay tempera- 2nY upper bound ofiip,, from the gravitino problenf28,19, since
ture of theL-balls, T4, is given by the L-balls dominate the universe and their decay temperature is

rather low. The two separate allowed regions roughly correspond to

L 90 MW the cases A and B discussed in the text.
4\ 729, 48

electroweak phase transitiohQ,,,. In fact we have only to
Me |\~ 5/2 consider the following two cases. In the other cases, the tem-
=1.3 Me , (14 perature during the presence loballs does not exceell:
10 TeV V .
so that the evaporated lepton numbers are not converted into
where g, =10.75 counts the total number of effectively baryon numbers.
massless degrees of freedom. First we consider the case that the delayed-typealls

Now we turn to an account of the total evaporated charge2re formed before the reheating and decay after(tzete A.
AQ, and the evaporated charge at temperatures above tAdis is realized if the following two conditions are satisfied:

M3
10 Me
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Me>Tgry, (15) WhereTpE(TRHTﬁ) 5 denotes the temperature when the ra-
diation derived from the decay of theballs dominate over
Tru>Ty- (16)  those derived from the inflaton. Note that the cosmic tem-

Then the t " t tHeball f tion is ai b perature decreases monotonically in this case. The condition
en the lemperature a all formation 1S given By iyt the chemical equilibrium induced by the sphaleron tran-

Teq= VMeTgry, Which automatically _satlsflt_es the require- giion are well established is given by

ment(11). The temperature of the universe is approximately

given as
(T MH)Y4  for Try<T, Teq= VMETry>Te . (18
(TREM2HZ)Y3 for T,<T<Tgy,
T= 2 14 17)
(TgMH) for Tq<T<T, With the use of Eq(17), the evaporation rate with respect to
VvHM for T<Ty, the temperature is estimated as
( T2uM
4 ———QYA for my, Tru<T<Teq,
MFT3Q ¢ eq
TZuM
477&'5\, 1a fOI’ TRH<T<m¢1Teq:
mMeT
47TLQ1/4 fOI’ m¢,Tp<T<TRH,
dQ < MeVTTry
a7t/ MT32 (19
evap 2 1/4
47Tawﬁ fOI’ Tp<T<m¢,TRH,
oMEeTRH
im
14 for m,, Ty<T<T,,
MFT3Q ¢ p
, TiM
47mW2—Q1’4 for Ty<T<m,,Tp,.
\ sMeT
|
On the other hand, the diffusion rate with respect to the AQ=AQ.,
temperature is given by p
47a TauM
e for Try<my<Teq,
3 m?/)
r477;,1T$“*M for Try<T<T M
RH eq =( 8ra———= for T,<my<Tgy, (21)
My TRy
dQ M 2
_= = - 47ra TgM
(dT) =\ 4ma—p for To<T<Tgrw. (20 ama a7 for Ty<m,<T,,
diff TriT 3 m:; ¢ p
\
TiM
477ad—4 for Ty<T<T,.
\ T where we have usefic~m,.

Next we consider the case where delayed-tyg®alls are
formed after the reheating and the temperature decreases
By integrating Eqs.(19) and (20), the evaporated charges monotonically(case B. This is realized if the following con-
AQ andAQ.,, are found to be the same order, and given byditions are satisfied:
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Try>MEg, (22 AQ=AQey
> 2 3 1/5. M
Me>(TruTq) (23 gma—— for T,<my<Teq,
Then the temperature at th@-ball formation is given by _ My TRy (25)
Teq= (ME/Trp) ™3 which again satisfies the requirement 4ma TAM

(12). Though the time evolution of the cosmic temperature is 3 .3 for Tq<my<Ty,.

the same as case A, the requirement for the sphaleron process
to work now reads

— 4 1/3
Teq=(Me/Tri) > Te. (24 Finally we estimate the baryoflepton to entropy ratio,
The evaporated chargesQ and AQ.,, can be estimated using the results derived above. The baryon to entropy ratio
similarly and given by is then given by

71_2

o 4
e 8 myM? 909 19AQ,, 2 Ty AQq,

S8 g, Q 2Bmy Q
45 g* d
m - m 11/2 T M -6
- : = - for Try<m,<T case
0 (1 TEV) (1 GeV) (10 GeV) 10° Gev RHSMy<Teq (CASE A,
- - - (26)
m -12 m 1 T 1/2 M 6
3% 10—11( ¢ ) ( 3/2 ) RH E for Tp<m¢<Teq (Case B'
1 Tev 1 GeVl |10’ Gev 3x10° GeV

where we have used Eq), (14), (21), and(25). Also we  —1 GeV, Me~10° GeV, and Try~10°P—10° GeV.
have assumed the maxim@lIP violation. In the same way, Roughly speaking, the region$) and (ii) correspond to

the lepton number to entropy ratio is given by cases A and B, respectively.
Also we plot the contours of the degeneracy of electron
n. Ty neutrinos in Fig. 2, which shows that the large and positive
s 4mg, lepton asymmetry of the electron type can be generated in

our scenario. For reference, the present constrairgtueoby

-2
~ .0 le( Mgz )3/2 Me ) 27) the analyses of BBN and CMB data is given 28],
1 GeV] \5x10° Gev| '
—0.01=¢, =0.22. (30)
which yields[7]
Thus, our scenario can generate both small baryon asymme-
n. mg, |32 Mg —2 try and pos_itive Iarge lepton asymmetry of ele_ctron type at
&= T 10X~ 0.1X| == 7 the same time by virtue of the AD leptogenesis and subse-
5x10* GeV quently formedL-balls.

(28)

The allowed regions foms,, Mg, andTgy is shown in IV. DISCUSSION AND CONCLUSIONS

Fig. '1, where the baryon to entropy ratio takes the value |, his paper we have proposed a scenario which accom-
required from BBN, modates small baryon asymmetry and large lepton asymme-
try simultaneously. The large lepton asymmetry is generated
through the Affleck-Dine mechanism and almost all the pro-
duced lepton charges are absorbed ibtballs which are
formed subsequently. Thus, most of the produced lepton
Here we adopt a rather loose constraint because of theumbers do not suffer from the sphaleron process. Only a
uncertainCP phase. As can be seen from Fig. 1, there aresmall fraction evaporated from thie-balls due to thermal
two allowed regions: (i) mg,~0.1-1 GeV, M~10° effects is converted into baryon asymmetry, which is respon-
—10° GeV, and Try~1-10° GeV, (i) my,~0.1 sible for the present baryon asymmetry.

n
10 1< ?B <1010, (29
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107 . —————

10¢

M, [GeV]

108

104 L I ool
10-2 107

mg [GeV]

I
100

FIG. 2. The contours of the electron neutrino degeneracy ar
shown. The trapeziform area represents the allowed region whe
our scenario works and the baryon to entropy ratio satisfies th
bounds: 10''<ng/s<10"'° The contours represex, =0.005,
0.01, 0.02, 0.06, 0.1 from top to bottom.
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abundance ofHe is decreased, which often gives a solution
to the discrepancy of BBN itself or that between BBN and
CMB. However, the sphaleron process converts lepton asym-
metry into baryon asymmetry with the opposite sign. To cir-
cumvent this problem, we identify thefL,L 5 flat direction

to be the AD field. Then the Affleck-Dine leptogenesis can
generate positive lepton asymmetry of the electron type but
totally negative lepton asymmetry, which is converted into
positive baryon asymmetry. Of course, one should notice that
by use of another flat direction such @4 ,L3, we can ob-
tain negative lepton asymmetry of the electron type and also
total negative lepton asymmetry.

Recently, it was pointed out that complete or partial equi-
librium between all active neutrinos may be accomplished
through neutrino oscillations in the presence of neutrino
chemical potentials, depending on neutrino oscillation pa-
rameterg 30]. In the case of partial equilibrium, our scenario
needs no change. Only complete equilibrium can spoil our
scenario. Even if neutrino oscillation parameters lead to
complete equilibrium, our scenario may still work since it is
gossible that thé&-balls decay just before BBN and the com-
r%Iete equilibration cannot be attained, which needs further
jenvestigation.
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