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Generation of cosmological large lepton asymmetry from a rolling scalar field
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We propose a new scenario to simultaneously explain a large lepton asymmetry and a small baryon asym-
metry. We consider a rolling scalar field and its derivative coupling to the lepton number current. The presence
of an effective nonzero time derivative of the scalar field leads toCPTviolation so that the lepton asymmetry
can be generated even in thermal equilibrium as pointed out by Cohen and Kaplan. In this model, the lepton
asymmetry varies with time. In particular, we consider the case where it grows with time. The final lepton
asymmetry is determined by the decoupling of the lepton number violating interaction and can be as large as
order unity. On the other hand, if the decoupling takes place after the electroweak phase transition, a small
baryon asymmetry is obtained from the small lepton asymmetry at that time through sphaleron effects. We
construct a model in which a rolling scalar field is identified with a quintessence field.
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I. INTRODUCTION

The baryon number density dominates over the a
baryon number density in our Universe. The magnitude
the baryon asymmetry is mainly estimated by the two diff
ent methods. One is big bang nucleosynthesis~BBN!. By
comparing predicted primordial abundances of light e
ments~D, 3He,4He and 7Li) with those inferred from ob-
servations, the baryon-to-entropy rationB /s is estimated as
nB /s;(8210)310211 @1,2#. The other is observations o
small scale anisotropies of the cosmic microwave ba
ground~CMB! radiation@3–9#. The baryon-to-entropy ratio
inferred from recent results of the Wilkinson Microwave A
isotropy Probe~WMAP! roughly coincides with that inferred
from BBN. However, the detailed analysis shows that
best fit value of the effective number of neutrino speciesNn

is significantly smaller than 3.0@10#. Of course,Nn53.0 is
consistent at;2s and such discrepancies may be co
pletely removed after observations are improved and t
errors are reduced. However it is probable that such sm
discrepancies are genuine and suggest additional physi
BBN and the CMB.

An interesting possibility to eliminate such discrepanc
is the presence of a large and positive lepton asymmetr
electron type@11#. Roughly speaking, such an asymme
causes two effects on the predicted primordial abundanc
4He. The excess of electron neutrinos shifts the chem
equilibrium between protons and neutrons toward proto
which reduces the predicted primordial abundance of4He.
On the other hand, the excess of electron neutrinos
causes increase of the Hubble expansion, which makes
predicted primordial abundance of4He increase. In practice
the former effect overwhelms the latter so that the prese
of a large and positive electron type asymmetry decrease
predicted primordial abundance of4He, which often solves
the discrepancies as mentioned above. Furthermore, l
lepton asymmetries are useful to realize the cool dark ma
model of the large scale structure formation@12# and the relic
neutrino scenario of the extremely high energy cosmic r
@13#. However, it is very difficult for such a large lepto
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asymmetry to be compatible with a small baryon asymme
This is mainly because, if we take the sphaleron effects i
account, lepton asymmetry is converted into baryon asy
metry of the same order with the opposite sign@14#.

There are several ways to overcome this difficulty. O
possibility is to generate the large lepton asymmetry a
electroweak phase transition but before BBN, which may
realized through oscillations between active neutrinos
sterile neutrinos@15#. Another is to disable the sphalero
effects. It was pointed out that the presence of a large che
cal potential prevents restoration of the electroweak sym
try @16#. Based on this nonrestoration mechanism, the g
eration of a large lepton asymmetry compatible with t
small baryon asymmetry was discussed@17#. March-Russell
et al. discussed another possibility@18#. In their model, a
positive electron type asymmetry but no total lepton asy
metry, that is,Le52Lm.0 andLt50, is generated by the
Affleck-Dine mechanism for some flat direction@19#. Then,
the small positive baryon asymmetry is produced throu
thermal mass effects of sphaleron processes. Recently,
wasaki, Takahashi, and the present author discussed an
possibility @20#, in which a positive electron type asymmet
but negative total lepton asymmetry is produced by
Affleck-Dine mechanism and almost all the produced lep
numbers are absorbed into L-balls. A small amount of ne
tive lepton charges is evaporated from the L-balls due
thermal effects. These are converted into the observed s
baryon asymmetry by virtue of sphaleron effects. Howev
the remaining lepton charges are protected from sphale
effects and released into thermal plasmas by the deca
L-balls before BBN.

In this paper, we discuss another possibility, in which
spontaneous leptogenesis mechanism proposed by C
and Kaplan is used@21#. We consider a real scalar field
which slow rolls like a quintessence field and couples deri
tively to the lepton number current. The presence of an
fective nonzero time derivative of the scalar field leads
CPTviolation so that the lepton asymmetry can be genera
even in thermal equilibrium@22#. The produced lepton asym
metry varies with time according to the dynamics of t
©2003 The American Physical Society07-1
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rolling scalar field. Then, the final lepton asymmetry is d
termined by the decoupling of the lepton number violati
interaction and it can be as large as order unity. On the o
hand, in the case that the lepton asymmetry grows with ti
it can be small at the electroweak phase transition, whic
converted into the observed small baryon asymmetry. I
similar way to@20#, we can generate a positive electron ty
asymmetry but a negative total lepton asymmetry accord
to the coupling constants. Thus, a large positive electron t
asymmetry and the small positive baryon asymmetry are
alized simultaneously.

In the next section, after reviewing the spontaneo
baryo/leptogenesis mechanism proposed by Cohen and
plan, we explain our scenario to produce the desired as
metries. In Sec. III, we give a model as an example, in wh
a real rolling scalar field is identified with a quintessen
field. Several authors have already discussed similar
narios, in which only the present small baryon asymmetr
explained by a Nambu-Goldstone boson@23#, a quintessence
field @24,25#, and an inflaton in warm inflation@26#, with
their derivative couplings to a baryon current or a lept
current.

II. SPONTANEOUS LEPTOGENESIS AND LARGE
LEPTON ASYMMETRY

First of all, we introduce the derivative coupling of a re
rolling scalar fieldf with the lepton number currentJi

m ,

Leff5(
i

ci

M
f ~f!]mfJi

m , ~1!

where i denotes the generation,ci are coupling constants
f (f) is a function off, andM is the cutoff scale, which is
set to be the reduced Plank massMG;1018 GeV in this pa-
per. Assuming thatf is homogeneous,

Leff5(
i

ci

M
f ~f!ḟnL

i 5(
i

m i~ t !nL
i , ~2!

where the effective time-dependent chemical potentialm i(t)
is given by

m i~ t ![
ci

M
f ~f!ḟ. ~3!

As pointed out by Cohen and Kaplan, this interaction
ducesCPT violation if the time derivativeḟ is effectively
nonzero, which generates the lepton asymmetry even
state of thermal equilibrium. Then, in thermal equilibrium
the lepton asymmetrynL

i , for m i,T, is given by

nL
i 5

g

6
T3H m i

T
1OF S m i

T D 3G J , ~4!

whereg represents the number of degrees of freedom of
fields corresponding tonL . Since the entropy densitys is
given bys5(2p/45)g* T3 with g* the total number of de-
06350
-

er
e,
is
a

g
e

e-

s
a-
-

h

e-
is

l

-

a

e

grees of freedom for the relativistic particles, the ratio b
tween the lepton number density and the entropy densit
given by

nL
i

s
.

15

4p2

g

g*

m i

T
5

15

4p2

g

g*

ci

MT
f ~f!ḟ. ~5!

The above generation mechanism is effective as long
the lepton number violating interaction is in thermal equili
rium. Thus, the final lepton asymmetry is determined by
decoupling temperatureTD of the lepton number violating
interaction. Such a lepton number violating interaction w
the low decoupling temperature can be obtained in the c
text of the Zee model@27# or the triplet Higgs boson with its
lepton number not equal to two. However, we do not spec
the lepton number violating interaction in this paper. Inste
for our purpose, we have only to demand that the decoup
of the lepton number violating interaction takes place af
the electroweak phase transition.

If c1 is positive but the total sum ofci is negative, posi-
tive electron type asymmetry but negative total lepton asy
metry is realized. Depending on the values of the scalar fi
f and its time derivativeḟ, the absolute magnitude of th
lepton asymmetry can be as large as order unity. On the o
hand, the lepton asymmetry at the electroweak phase tra
tion can be as small as the order of 10210 according to the
dynamics of the scalar field. Then, a part of the lepton asy
metry at that time is converted into the baryon asymme
through the sphaleron processes, which can be estimate
@14#

h5
nB

s
.2

8

23 (
i

nL
i

s UTEW

52c
30

23p2

g

g*

1

MT
f ~f!ḟU

TEW

, ~6!

wherec5( ici , TEW represents the temperature at the el
troweak phase transition, and we have assumed the stan
model with two Higgs doublets and three generations. Th
the large positive electron type asymmetry and the sm
positive baryon asymmetry are obtained.

III. QUINTESSENTIAL BARYO ÕLEPTOGENESIS MODEL

In this section, as an example, we consider the cas
which the real scalar field is identified with a quintessen
field. Though a lot of quintessence models are proposed@28–
36#, we take a k-essence model@35,36#, in which the quin-
tessence field can naturally have the derivative coupling
the lepton current.

One of the candidates to realize the k-essence model is
gauge-neutral massless scalar fields present in string the
The low-energy effective actionSeff has the following form
@37#:
7-2
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Seff5
1

6k2E d4xAĝH 2Bg~f!R̂2Bf
(0)~f!~¹̂f!2

1a8Fc1Bf
(1)~f!~¹̂f!4

1(
i

c2
( i )c i D̂c i G1•••J , ~7!

wherek58pG/3, f is the dilaton or the moduli, andc i are
the leptons, respectively.Bj (f) are the coupling functions
and could take the complicated forms in the strong coup
regime. In the Einstein frame wheregmn5Bg(f)ĝmn , the
effective action becomes

Seff5E d4xAgF2
R

6k2
1p~f,¹f!G ~8!

with

p~f,¹f!5pf~f,¹f!1pd~f,¹f!. ~9!

The function pf(f,¹f) depends on onlyf and X
[(¹f)2/2, and is given by

pf~f,X!5K~f!X1L~f!X2 ~10!

with

K~f!5
1

6k2 F3
Bg8

2~f!

Bg
2~f!

22
Bf

(0)~f!

Bg~f! G ,

L~f!5
2a8

3k2
c1Bf

(1)~f!. ~11!

On the other hand, the functionpd(f,¹f) is given by

pd~f,¹f!5(
i

M i~f!]mfJi
m ~12!

with

Mi~f!5
a8

4k2
c2

( i )
Bg8~f!

Bg
5/2~f!

. ~13!

The above derivative coupling to the lepton current is o
tained after integration by parts and the prime denotesd/df.

More phenomenologically, the above Lagrangian can
obtained by imposing a real scalar fieldf on the shift sym-
metry as proposed in@38,39#,

f→f1CMG , ~14!

with C is a dimensionless parameter. Then, the Lagrang
depends on only]mf so thatf can naturally have the de
rivative coupling to the lepton current. The functionsK(f),
L(f), and Mi(f) may be associated with the breaking
such a symmetry.
06350
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After redefining the scalar fieldf such that

fnew5Ef

df
L~f!1/2

uK~f!u1/2
Ms

2 , ~15!

the functionp(f,¹f) has a simple form,

p~f,¹f!5g~f!S 2X1
X2

Ms
4D 1(

i
hi~f!]mfJi

m ~16!

with

g~f!5
K2~f!

L~f!

1

Ms
4

hi~f!5
uK~f!u1/2

L1/2~f!

Mi~f!

Ms
2

. ~17!

Here the subscriptsnew are omitted and the constantMs
with the dimension one is introduced to give the new fieldf
a correct dimension. Thus, the quintessence fieldf can have
the derivative coupling to the lepton current as given in
previous section after replacinghi(f) by ci f (f)/M .

In @35#, it is shown that, during the matter or radiatio
dominated epoch, the scaling solution exists for the funct
g(f) with the form of the inverse power lawg(f)
5(f/Ms)

2aMs
4 . So, we adopt such a function as the for

of g(f). Then, the scaling solution is given by1

f5jMs
2t, ḟ5jMs

2 , ~18!

where the coefficientj5A2(12wQ)/(123wQ), and wQ
5rQ /pQ is the equation of state for the quintessence fi
and is given by

wQ5
~11wB!a

2
21. ~19!

HerewB is the equation of state for the background matter
radiation. Requiring thatwQ,0 during the matter dominate
epoch, the exponenta is constrained asa,2.

In order to fix the parameterMs , we require that the
energy density of the quintessence field starts to domin
the energy density of the Universe recently and obeys
scaling solution until recently, which gives@35#

Ms;10(43a248)/(42a)GeV. ~20!

Then, the value of the quintessence field at BBN is given

fBBN;1062a/(42a)GeV. ~21!

Now, we discuss the spontaneous leptogenesis induce
the quintessence fieldf. To make the discussion concret

1It can be easily shown that the modification of the equation
motion for f due to the presence of the derivative coupling
negligible in our context.
7-3
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we seta50.9 as an example. In this case,Ms;1023 GeV.
The discussion applies to the other cases in the same
except the dependence on the parameters. Then, we as
that f (f) has the following form:

f ~f!5S fM5

~f1M !4Ms
2D 1/2

. ~22!

Such a coupling function may be obtained by the extens
of the shift symmetry introduced in@38,39#. This function
f (f) is roughly classified into two regions,

f ~f!.5 S fM

Ms
2 D 1/2

, for f&M

S M5

f3Ms
2D 1/2

, for f*M .

~23!

For M5MG.1018 GeV, we can use the second region f
the functionf (f) at least until BBN.

Using Eq.~5!, the lepton asymmetry is estimated as

nL
i

s
;

ci

MGT
f ~f!ḟ;ci S Ms

T D 2

}T22. ~24!

By inserting TEW;100 GeV andMs;1023 GeV into the
above equation, the total lepton asymmetry at the e
troweak phase transition is given by

nL

s U
T5TEW

;c10210. ~25!

A part of the lepton asymmetry is changed into the bary
asymmetry through the sphaleron effects@14#. Thus, taking
c5( ici52O(1), thepresent baryon asymmetry is given b

nB

s
;10210. ~26!

On the other hand, if the decoupling temperatureTD of
the lepton number violating interaction is nearly equal
lower thanTBBN;1 MeV, the lepton asymmetry at BBN i
given by

nL
i

s
U

T5TBBN

;ci . ~27!

Taking c15O(1), the electron type asymmetry become
positive and of order unity at BBN.

Finally, we must check the present constraint on the
rivative coupling given in Eq.~1! with those from laboratory
experiments. For the time component, the coefficientm(t0)
is constrained asum(t0)u&10225 GeV @40#. Here t0 is the
present age of the Universe. In our model,m(t0) is given by
06350
ay
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um~ t0!u;
ucu
M S M5

f0
3Ms

2D 1/2

;10232 GeV!10225 GeV ~28!

for ucu5O(1) andM5MG .

IV. DISCUSSION AND CONCLUSIONS

In this paper, we considered the large lepton asymme
from a rolling scalar field. Considering the derivative co
pling of the scalar field to the lepton number current, t
presence of an effective nonzero time derivative of the sc
field leads toCPT violation, which generates the lepto
asymmetry even in thermal equilibrium. This lepton asy
metry changes with time. So, depending on the dynamic
the scalar field, it is possible that the lepton asymmetry
small at the electroweak phase transition but large at BBN
part of the lepton asymmetry is converted into the bary
asymmetry with the opposite sign through sphaleron effe
We pointed out that by choosing the sign of the coupli
constants properly, a large positive lepton asymmetry
electron type and a small positive baryon asymmetry can
realized simultaneously.

As an example, we considered the real rolling scalar fie
which realizes the k-essence model. By considering the s
ing solution, we showed that this model manifests just su
asymmetries. However, the coupling function to the lep
number current is a bit complicated. This is mainly becau
the time derivative of the scaling solution is a constant ir
spective of cosmic time. If we abandon the scaling soluti
there may be evolution of the quintessence field, in which
magnitude of the time derivative of the quintessence field
BBN is much larger than that at the electroweak phase tr
sition. For such evolution, the model may work, in which t
coupling to the lepton number current is simple, that
f (f)[1. Such a possibility will be considered in a furth
publication.

Finally, we comment on the recent discussion of neutr
oscillations around BBN. It was pointed out that complete
partial equilibrium between all active neutrinos may be a
complished through neutrino oscillations in the presence
neutrino chemical potentials, depending on neutrino osci
tion parameters@41#. In case of partial equilibrium, we nee
not change our scenario. Complete equilibrium may spoil
scenario. In that case, if we choose the coupling constanci
asc152c252c3 for some symmetry reason, our scena
still works. In such a case, no mixing takes place becaus
the cancellation, as pointed out in@41#.
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