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Large lepton asymmetry from Q-balls

M. Kawasaki, Fuminobu Takahashi, and Masahide Yamaguchi
Research Center for the Early Universe, University of Tokyo, Tokyo 113-0033, Japan

~Received 10 May 2002; published 19 August 2002!

We propose a scenario which can explain large lepton asymmetry and small baryon asymmetry simulta-
neously. Large lepton asymmetry is generated through the Affleck-Dine~AD! mechanism and almost all the
produced lepton numbers are absorbed intoQ-balls (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 nucleosynthesis~BBN!, the large
lepton asymmetry in theL-balls is protected from sphaleron effects. On the other hand, small~negative! lepton
numbers are evaporated from theL-balls 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.
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I. INTRODUCTION

The success of big bang nucleosynthesis~BBN! is one of
the most powerful pieces of evidence of standard big b
cosmology@1#. Roughly speaking, the predicted primordi
abundances of light elements~D, 3He, 4He, and7Li) coin-
cide with those inferred from observations for the baryon-
photon ratioh;5310210. However, as observations are im
proved and their errors are reduced, a small discrepancy
appear@2#. Furthermore,h is also determined by observa
tions of small scale anisotropies of the cosmic microwa
background radiation~CMB! @3–6#, which may also cause
the small discrepancy. Of course, the discordance may
completely removed as observations are further improv
However, it is also probable that such small discrepancies
genuine and suggest additional physics in BBN.

These discrepancies are often eliminated if predicted
mordial abundance of4He is decreased. Such a decrease
realized if there exists large and positive lepton asymme
of electron type@7#. This is mainly because the excess
electron neutrinos shifts the chemical equilibrium betwe
protons and neutrons toward protons, which reduces the
dicted primordial abundance of4He. Note that this effect is
much more effective than the corresponding speed-up ef
that is, an increase of the Hubble expansion due to the p
ence of the chemical potential, which makes the predic
primordial abundance of4He increase. However, large an
positive lepton asymmetry of the electron type is incomp
ible with small baryon asymmetry if we take account of t
sphaleron effects, which convert lepton asymmetry to bar
asymmetry of the same order with the opposite sign@8#. This
problem is evaded if one of the following three conditions
satisfied, that is,~a! lepton asymmetry is generated after ele
troweak phase transition but before BBN,~b! sphaleron pro-
cesses do not work,~c! positive lepton asymmetry of th
electron type is generated but no total lepton asymmetr
generated.

The first condition was discussed in the context of n
trino oscillations@9#. In this case, large lepton asymmetry
generated through oscillations between active neutrinos
0556-2821/2002/66~4!/043516~8!/$20.00 66 0435
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sterile neutrinos. In order to explore the second conditi
one should note that the presence of large chemical pote
prevents restoration of electroweak symmetry@10#. Based on
this fact, large lepton asymmetry compatible with sm
baryon asymmetry was discussed@11#. The third condition is
discussed by March-Russellet al. @12#. The Affleck-Dine
mechanism produces positive lepton asymmetry of elec
type but no total lepton asymmetry, that is,Le52Lm.0 and
Lt50 for some flat direction, which generates small bary
asymmetry due to thermal mass effects of sphaleron p
cesses.

In this paper we consider another possibility, which
something like the combination of~a! and ~b!. The Affleck-
Dine ~AD! mechanism produces positive lepton asymme
of electron type but totally negative lepton asymmetry
choosing an appropriate flat direction in the minimal sup
symmetric standard model~MSSM! @13#. As an example, we
identify the ‘‘e1

cL2L3’’ flat direction to be the AD field and
consider the Affleck-Dine leptogenesis. Here subscripts r
resent the generations. Then,Le52Lm52Lt52L total.0
is realized. The shift of the chemical equilibrium betwe
neutrons and protons due to the positive chemical poten
of electron neutrinos affects the results of BBN dominan
while the speed-up effect caused by all the species of ne
nos is relatively negligible. After the Affleck-Dine leptogen
esis, the AD field experiences spatial instabilities and
forms into nontopological solitons,Q-balls (L-balls! @14–
16#. Then, almost all the produced lepton numbers
absorbed into theL-balls @16,17#. If the lifetime of such
L-balls is longer than the onset of electroweak phase tra
tion but shorter than the epoch of BBN, the large lept
asymmetry is protected from sphaleron effects and later
leased into the universe by the decay of theL-balls. On the
other hand, small~negative! lepton numbers are evaporate
from the L-balls due to thermal effects before the ele
troweak phase transition, which are transformed into sm
baryon asymmetry through the sphaleron effect.

In our scenario we consider the Affleck-Dine mechani
and the subsequentQ-ball formation in the gauge-mediate
supersymmetry~SUSY! breaking model. This is mainly be
©2002 The American Physical Society16-1
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cause in the gravity-mediated SUSY breaking model, the
ergy per unit charge ofQ-balls is large enough to produce th
lightest supersymmetric particles~LSPs! so that they will
overclose the universe. Therefore, we do not consider
gravity-mediated SUSY breaking model. Since we assu
that the AD field starts oscillating from the gravitation
scale to produce large lepton asymmetry, the produ
Q-balls are ‘‘new’’ @18# or ‘‘delayed’’-type @17#, depending
on the sign of the coefficient of the one-loop correction to
effective potential. However, since the decay processes o
new typeQ-balls are not completed before BBN, our sc
nario does not apply for them. Thus, we concentrate
delayed-typeQ-balls in gauge-mediated SUSY breakin
models.

The rest of the paper is as follows. In Sec. II we brie
review the Affleck-Dine mechanism and properties
Q-balls. In Sec. III we discuss our mechanism to gener
large lepton asymmetry compatible with small baryon asy
metry. Section IV is devoted to discussion and conclusio

II. AFFLECK-DINE MECHANISM AND Q-BALL
FORMATION

In this section we briefly review the Affleck-Dine mech
nism and properties ofQ-balls. In MSSM, there exist fla
directions, along which there are no classical potentials
the supersymmetric limit. Since flat directions consist
squarks and/or sleptons, they carry baryon and/or lep
numbers, and can be identified as the Affleck-Dine~AD!
field. In the following discussion, we adopt the ‘‘ecLL ’’ di-
rection as the AD field. In this case the AD field carries on
the lepton number.

These flat directions are lifted by supersymmetry~SUSY!
breaking effects. In the gauge-mediated SUSY break
model, the potential of a flat direction is parabolic at t
origin, and almost flat beyond the messenger sc
@14,17,19#,

Vgauge;H mf
2 uFu2 ~ uFu!MS!,

MF
4S log

uFu2

MS
2 D 2

~ uFu@MS!,
~1!

wheremf is a soft breaking mass;O(1 TeV), MF is the
SUSY breaking scale, andMS is the messenger mass scal

Since gravity always exists, flat directions are also lift
by gravity-mediated SUSY breaking effects@20#,

Vgrav.m3/2
2 F11K logS uFu2

M2 D G uFu2, ~2!

whereK is the numerical coefficient of the one-loop corre
tions andM is the gravitational scale (.2.431018 GeV).
This term can be dominant only at high energy scales
cause of small gravitino mass&O(1 GeV).

There is also the thermal effect on the potential, wh
appears at two-loop order as pointed out in Ref.@21#. This
effect comes from the fact that the running of the gau
couplingg(T) is modified by integrating out heavy particle
04351
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which directly couple with the AD field. This contribution t
the effective potential is given by

VT
(2);c aw

2T4 log
uFu2

T2
, ~3!

whereucu;1, andaw[gw
2 /4p represents the gauge couplin

constant of the weak interaction since we considerecLL di-
rection. Though the sign ofc depends on flat directions, it i
irrelevant to our discussion since we assume that the z
temperature potential dominates over the thermal effe
Note thataw should be replaced withas for those flat direc-
tions which contain squarks.

The lepton number is usually created just after the A
field starts coherent rotation in the potential, and its num
densitynL is estimated as

nL~ tosc!.«vfosc
2 , ~4!

where«(&1) is the ellipticity parameter, which represen
the strongness of theA term, andv andfosc are the angular
velocity and amplitude of the AD field at the beginning
the oscillation~rotation! in its effective potential.

Actually, however, the AD field experiences spatial ins
bilities during its coherent oscillation, and deforms into no
topological solitons calledQ-balls @14–16#. When the zero-
temperature potentialVgauge dominates at the onset o
coherent oscillation of the AD field, the gauge-mediati
type Q-balls are formed. Their massMQ and sizeRQ are
given by @22#

MQ;MFQ3/4, RQ;MF
21Q1/4. ~5!

From the numerical simulations@16,17#, the produced
Q-balls absorb almost all the charges carried by the AD fi
and the typical charge is estimated as@17#

Q.bS fosc

MF
D 4

~6!

with b'631024.
There are also other cases whereVgrav dominates the po-

tential at the onset of coherent oscillation of the AD field.
the coefficient of the one-loop correctionK is negative, the
gravity-mediation typeQ-balls ~‘‘new’’ type ! are produced
@18#. On the other hand, ifK is positive,Q-balls do not form
until the AD field leaves theVgrav dominant region. Later it
enters theVgauge dominant region and experiences instab
ties so that the gauge-mediation typeQ-balls are produced
~delayed-typeQ-balls! @17#.

In our scenario described in the next section, the AD fi
starts to oscillate from the gravitational scale, i.e.,fosc5M ,
which leads to the formation of new or ‘‘delayed’’-typ
Q-balls. However, our scenario does not work for new ty
Q-balls because the producedQ-balls are large and do no
decay before BBN. Hence, we concentrate on the delay
type Q-balls below. Since the sign ofK is in general indefi-
nite and dependent on the model of the messenger sect
6-2
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gauge-mediated SUSY breaking models, we assume thatK is
positive and delayed-typeQ-balls are formed.

When the AD field starts to oscillate in theVgrav domi-
nant region, whereHosc;v;m3/2, the lepton number is
produced asnL.«m3/2fosc

2 . Since the delayed-typeQ-balls
are formed only after the AD field enters theVgauge domi-
nant region for positiveK, the charge ofQ-ball is given by

Q;bS feq

MF
D 4

;bS MF

m3/2
D 4

~7!

with feq;MF
2/m3/2. Here the subscript ‘‘eq’’ denotes

value when the gauge- and the gravity-mediation potent
become equal. Thus the delayed-typeQ-balls are formed at
Heq;MF

2/M .
As we mentioned above,Q-balls absorb almost all the

charges carried by the AD field. If we adopt theecLL direc-
tion, all the lepton charges are confined in theQ-balls,
namely, L-balls. Consequently, we must take out lept
charge from theL-balls through the evaporation, diffusion
and their decay. Part of the evaporated lepton charge is tr
formed into baryon charge by the sphaleron process, wh
accounts for the present baryon asymmetry.

In the case ofL-balls, they decay into leptons such
neutrinos via gaugino exchanges. The decay rate ofQ-balls
is bounded as@23#

UdQ

dt U &
v3A

192p2
, ~8!

whereA is a surface area of theQ-ball. ForL-balls, the decay
rate is estimated as a value of the order of the upper lim

According to Refs.@17,24,25#, we evaluate the evapora
tion rate ofL-balls, which is given by@24#

zevap[
dQ

dt
52k~mQ2mplasma!T

24pRQ
2 ,

.24pkmQT2RQ
2 for mQ@mplasma, ~9!

wheremQ and mplasmaare chemical potentials of theQ-ball
and plasma, and the coefficientk&1 includes statistical and
other numerical factors. The chemical potential of theQ-ball
is given asmQ.v since the energy of thef particle inside
the Q-ball is v. At T*mf , large numbers of the scalar pa
ticles building upQ-balls are in the plasma, which implie
k;1. On the other hand, atT&mf , the evaporation from
Q-balls is suppressed by the Boltzmann factor. In the cas
L-balls, the main process of the evaporation isff→ l l
through W-ino or B-ino exchange, which yieldsk
;aw

2T2/mf
2 at T&mf .

However, if the charge transport is not effective enou
the evaporated lepton charges in the ‘‘atmosphere’’ of
L-ball will establish chemical equilibrium there. In this cas
the dissipation of the charge is determined by the diffusi
The diffusion rate is estimated as@25#,
04351
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zdiff[
dQ

dt
524pDRQmQT2

.24pDT2, ~10!

where the diffusion constantD of relativistic sleptons and
leptons in a hot plasma is given byD.a/T with a;20
@26,27#. In short, the time scale of the charge transportat
is determined by the evaporation rate whenuzevapu,uzdiffu,
and by the diffusion rate whenuzevapu.uzdiffu.

The amount of the evaporated charges can be estim
by integrating Eqs.~9! and~10! in the course of the evolution
of the universe. When the AD field starts to oscillate at t
gravitational scale, its oscillation energy is comparable to
total energy of the universe. Therefore, the energy of
universe will be dominated by the AD condensate orQ-balls
soon after the reheating and the universe continues to
matter dominated. The thermal history of the universe
rather involved because radiation comes from both decay
an inflaton andQ-balls. However, in fact, we have only t
consider two cases where the cosmic temperature decre
monotonically.

III. LARGE LEPTON ASYMMETRY FROM L-BALL

In this section we give a detailed explanation of our s
nario. Our goal is to generate small baryon asymmetry
positive large lepton asymmetry of the electron type sim
taneously. In general, however, this is difficult to accompl
because the chemical equilibrium induced by the sphale
transition forces the baryon and the lepton asymmetries to
of the same order with opposite sign@8#. Hence we must ge
over two problems:~i! how to protect large lepton asymme
try from being converted to baryon asymmetry by the spha
ron process, and~ii ! how to reconcile the opposite sign o
baryon and lepton asymmetries.

We show that these two obstacles can be evaded by
sidering the Affleck-Dine leptogenesis and the subsequ
L-ball formation using theecLL direction. First of all, we
give the outline of our scenario and the solution to the pr
lem ~i!. Large lepton asymmetry can be generated if theA
terms, which make the AD field rotate in the effective pote
tial, originate from some Ka¨hler potential with vanishing su
perpotential. Then the AD field starts to oscillate with lar
initial amplitude fosc.M and ellipticity «.1. As spatial
instabilities grow, delayed-typeL-balls are formed and ab
sorb almost all charges carried by the AD field. It is essen
to our scenario that the lepton asymmetry confined in
L-balls is kept from the sphaleron process. However, a sm
part of lepton charges confined in theL-balls are evaporated
due to thermal effects. Thus, lepton charges evaporated
the electroweak phase transition (T*TC;300 GeV)DQew
are partly converted to baryon asymmetry through
sphaleron process, which explains the present small ba
asymmetry. On the other hand, large lepton asymme
comes out through the decay of the remnantL-balls after the
electroweak phase transition, which must be completed
fore BBN. Thus the small ratioDQew /Q is the source of
hierarchy between the baryon and the lepton asymmetrie
6-3
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Next we give a solution to the problem~ii !, that is, the
sign of the lepton asymmetry. What we want to generat
positive baryon asymmetry and positive lepton asymmetry
electron type. However, the sphaleron process converts p
tive lepton asymmetry into negative baryon asymmetry.
surmount this problem, we adopt thee1

cL2L3 direction as the
AD field, which leadsLe52Lm52Lt52L total.0. Thus
the positive lepton asymmetry of the electron type is gen
ated, whilst total lepton asymmetry is necessarily negativ
order to have positive baryon asymmetry through the sph
ron transition. At the epoch of BBN, charged leptons exc
electrons have already disappeared through decay and
hilation processes. Also, because of the charge neutralit
the universe, lepton asymmetry stored in electrons are c
parable to baryon asymmetry, which is rather small. Th
there can exist large lepton asymmetry only in the neutr
sector. For later use, we define the degeneracy parametj l
as the ratio of the chemical potential to the neutrino tempe
ture. The presence of chemical potentials speed up the
verse, which leads to an increase in then/p ratio. However,
its effect is negligible in comparison with the effect of th
shift of chemical equilibrium between protons and neutro
due to the chemical potential of the electron neutrino in
case ofujne

u5ujnm
u5ujnt

u.
Now we give a quantitative estimate for our scenario.

assume that the zero-temperature potential dominates,
Vgauge@VT

(2) , at the formation of the delayed-typeL-balls
with H;Heq :

aw
2Teq

4 ,MF
4 , ~11!

whereTeq is the temperature of the universe just before
delayed typeL-balls are formed. As shown below, this co
straint is automatically satisfied for the cases we conside

The delayed-typeL-balls must decay before BBN,

tQ5S 1

Q UdQ

dt U D
21

&1 sec, ~12!

which leads to the constraint

m3/2

10 MeV
*S MF

10 TeVD
4/5

. ~13!

Here Eq.~8! is used. In order to estimate the baryon and
lepton to entropy ratio, it is necessary to evaluate the entr
production by the decay of theL-balls. The decay tempera
ture of theL-balls,Td , is given by

Td5S 90

p2g*
D 1/4

AM
MFQ25/4

48p

.1.3 MeVS MF

10 TeVD
22S m3/2

10 MeVD 5/2

, ~14!

where g* 510.75 counts the total number of effective
massless degrees of freedom.

Now we turn to an account of the total evaporated cha
DQ, and the evaporated charge at temperatures above
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electroweak phase transition,DQew . In fact we have only to
consider the following two cases. In the other cases, the t
perature during the presence ofL-balls does not exceedTC

so that the evaporated lepton numbers are not converted
baryon numbers.

First we consider the case that the delayed-typeL-balls
are formed before the reheating and decay after that~case A!.
This is realized if the following two conditions are satisfie

FIG. 1. The allowed region form3/2, MF , andTRH , where our
scenario succeeds and the baryon to entropy ratio satisfies the
lowing bounds: 10211&nB /s&10210. Note that there does not exis
any upper bound onTRH from the gravitino problem@28,19#, since
the L-balls dominate the universe and their decay temperatur
rather low. The two separate allowed regions roughly correspon
the cases A and B discussed in the text.
6-4
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LARGE LEPTON ASYMMETRY FROMQ-BALLS PHYSICAL REVIEW D 66, 043516 ~2002!
MF.TRH , ~15!

TRH.Td . ~16!

Then the temperature at theL-ball formation is given by
Teq5AMFTRH, which automatically satisfies the requir
ment~11!. The temperature of the universe is approximat
given as

T.5
~TRH

2 MH !1/4 for TRH,T,

~TRH
21M2H2!1/3 for Tp,T,TRH ,

~Td
2MH !1/4 for Td,T,Tp ,

AHM for T,Td ,

~17!
th

s
b

04351
y

whereTp[(TRHTd
4)1/5 denotes the temperature when the

diation derived from the decay of theL-balls dominate over
those derived from the inflaton. Note that the cosmic te
perature decreases monotonically in this case. The cond
that the chemical equilibrium induced by the sphaleron tr
sition are well established is given by

Teq5AMFTRH.TC . ~18!

With the use of Eq.~17!, the evaporation rate with respect
the temperature is estimated as
S dQ

dTD
evap

.

¦

4p
TRH

2 M

MFT3
Q1/4 for mf ,TRH,T,Teq ,

4paw
2

TRH
2 M

mf
2 MFT

Q1/4 for TRH,T,mf ,Teq ,

4p
M

MFATTRH

Q1/4 for mf ,Tp,T,TRH ,

4paw
2 MT3/2

mf
2 MFTRH

1/2
Q1/4 for Tp,T,mf ,TRH ,

4p
Td

2M

MFT3
Q1/4 for mf ,Td,T,Tp ,

4paw
2

Td
2M

mf
2 MFT

Q1/4 for Td,T,mf ,Tp .

~19!
ases
On the other hand, the diffusion rate with respect to
temperature is given by

S dQ

dTD
di f f

.5
4pa

TRH
2 M

T4
for TRH,T,Teq ,

4pa
M

TRH
1/2T3/2

for Tp,T,TRH ,

4pa
Td

2M

T4
for Td,T,Tp .

~20!

By integrating Eqs.~19! and ~20!, the evaporated charge
DQ andDQew are found to be the same order, and given
e

y

DQ.DQew

.5
4pa

3

TRH
2 M

mf
3

for TRH,mf,Teq ,

8pa
M

AmfTRH

for Tp,mf,TRH ,

4pa

3

Td
2M

mf
3

for Td,mf,Tp ,

~21!

where we have usedTC;mf .
Next we consider the case where delayed-typeL-balls are

formed after the reheating and the temperature decre
monotonically~case B!. This is realized if the following con-
ditions are satisfied:
6-5
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TRH.MF , ~22!

MF.~TRH
2 Td

3!1/5. ~23!

Then the temperature at theQ-ball formation is given by
Teq5(MF

4/TRH)1/3, which again satisfies the requireme
~11!. Though the time evolution of the cosmic temperature
the same as case A, the requirement for the sphaleron pro
to work now reads

Teq5~MF
4/TRH!1/3.TC . ~24!

The evaporated chargesDQ and DQew can be estimated
similarly and given by
,

lu

t
ar

04351
s
ess

DQ.DQew

.5 8pa
M

AmfTRH

for Tp,mf,Teq ,

4pa

3

Td
2M

mf
3

for Td,mf,Tp .

~25!

Finally we estimate the baryon~lepton! to entropy ratio,
using the results derived above. The baryon to entropy r
is then given by
nB

s
5

8

23

m3/2M
2

2p2

45
g* Td

3

p2

90
g* Td

4

m3/2
2

DQew

Q
5

2

23

Td

m3/2

DQew

Q
,

;5 4310211S mf

1 TeVD 23S m3/2

1 GeVD
11/2S TRH

10 GeVD
2S MF

106 GeV
D 26

for TRH,mf,Teq ~case A!,

3310211S mf

1 TeVD 21/2S m3/2

1 GeVD
11/2S TRH

107 GeV
D 21/2S MF

33106 GeV
D 26

for Tp,mf,Teq ~case B!,

~26!
on
ive
d in

me-
at
se-

om-
me-
ted
ro-

ton
ly a

on-
where we have used Eqs.~7!, ~14!, ~21!, and ~25!. Also we
have assumed the maximalCP violation. In the same way
the lepton number to entropy ratio is given by

nL

s
52

Td

4m3/2

;20.013S m3/2

1 GeVD
3/2S MF

53105 GeV
D 22

, ~27!

which yields@7#

jne
.2103

nL

s
;0.13S m3/2

1 GeVD
3/2S MF

53105 GeV
D 22

.

~28!

The allowed regions form3/2, MF , andTRH is shown in
Fig. 1, where the baryon to entropy ratio takes the va
required from BBN,

10211&
nB

s
&10210. ~29!

Here we adopt a rather loose constraint because of
uncertainCP phase. As can be seen from Fig. 1, there
two allowed regions: ~i! m3/2;0.121 GeV, MF;105

2106 GeV, and TRH;12103 GeV, ~ii ! m3/2;0.1
e

he
e

21 GeV, MF;106 GeV, and TRH;1062109 GeV.
Roughly speaking, the regions~i! and ~ii ! correspond to
cases A and B, respectively.

Also we plot the contours of the degeneracy of electr
neutrinos in Fig. 2, which shows that the large and posit
lepton asymmetry of the electron type can be generate
our scenario. For reference, the present constraint ofjne

by
the analyses of BBN and CMB data is given by@29#,

20.01&jne
&0.22. ~30!

Thus, our scenario can generate both small baryon asym
try and positive large lepton asymmetry of electron type
the same time by virtue of the AD leptogenesis and sub
quently formedL-balls.

IV. DISCUSSION AND CONCLUSIONS

In this paper we have proposed a scenario which acc
modates small baryon asymmetry and large lepton asym
try simultaneously. The large lepton asymmetry is genera
through the Affleck-Dine mechanism and almost all the p
duced lepton charges are absorbed intoL-balls which are
formed subsequently. Thus, most of the produced lep
numbers do not suffer from the sphaleron process. On
small fraction evaporated from theL-balls due to thermal
effects is converted into baryon asymmetry, which is resp
sible for the present baryon asymmetry.
6-6
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As a concrete example, we consider positive large lep
asymmetry of the electron type. The excess of electron n
trinos shifts the chemical equilibrium between protons a
neutrons toward protons so that the predicted primor

FIG. 2. The contours of the electron neutrino degeneracy
shown. The trapeziform area represents the allowed region w
our scenario works and the baryon to entropy ratio satisfies
bounds: 10211&nB /s&10210. The contours representjne

50.005,
0.01, 0.02, 0.06, 0.1 from top to bottom.
er

s.
i-

s.
s,

04351
n
u-
d
l

abundance of4He is decreased, which often gives a soluti
to the discrepancy of BBN itself or that between BBN a
CMB. However, the sphaleron process converts lepton as
metry into baryon asymmetry with the opposite sign. To c
cumvent this problem, we identify thee1

cL2L3 flat direction
to be the AD field. Then the Affleck-Dine leptogenesis c
generate positive lepton asymmetry of the electron type
totally negative lepton asymmetry, which is converted in
positive baryon asymmetry. Of course, one should notice
by use of another flat direction such ase2

cL1L3, we can ob-
tain negative lepton asymmetry of the electron type and a
total negative lepton asymmetry.

Recently, it was pointed out that complete or partial eq
librium between all active neutrinos may be accomplish
through neutrino oscillations in the presence of neutr
chemical potentials, depending on neutrino oscillation
rameters@30#. In the case of partial equilibrium, our scenar
needs no change. Only complete equilibrium can spoil
scenario. Even if neutrino oscillation parameters lead
complete equilibrium, our scenario may still work since it
possible that theL-balls decay just before BBN and the com
plete equilibration cannot be attained, which needs furt
investigation.
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