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Transient domain walls and lepton asymmetry in the left-right symmetric model
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It is shown that the dynamics of domain walls in left-right symmetric models, separating respective regions
of unbrokenSU(2)L andSU(2)R in the early universe, can give rise to baryogenesis via leptogenesis. Neu-
trinos have a spatially varying complex mass matrix due toCP-violating scalar condensates in the domain
wall. The motion of the wall through the plasma generates a flux of lepton number across the wall which is
converted to a lepton asymmetry by helicity-flipping scatterings. Subsequent processing of the lepton excess by
sphalerons results in the observed baryon asymmetry, for a range of parameters in left-right symmetric models.
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I. INTRODUCTION

Explaining the observed baryon asymmetry of the U
verse within the framework of gauge theories and the s
dard big bang cosmology remains an open problem.
study has resulted in a deeper understanding of nonpertu
tive phenomena at finite temperature in gauge theories
cluding supersymmetric theories. Many of the particle ph
ics models and scenarios considered so far seem to re
unnatural extensions or very special choices of parame
for successful baryogenesis; prime among these are the
dard model~SM! and its minimal supersymmetric extensio
~MSSM!, using a first order phase transition@1–3#. Among
the alternative proposals are those which rely on the pres
of topological defects, viz., domain walls@4#, and cosmic
strings@5,6#. The latter are generic to many gauge theori
What makes them especially suited for baryogenesis is t
nonthermal nature soon after their formation. Unlike t
need for a first order phase transition which sets severe l
tations on the couplings and particle content of the mod
the existence of defects relies only on topological feature
the vacuum manifolds and permits nonthermal effects w
out fine-tuning.

Many special features arise when studying cosmolog
consequences of topological defects in any given ga
model. The left-right symmetric~L-R! model was studied in
the context of conventional baryogenesis mechanisms
@7,8# and in the context of the domain wall mediated mec
nism in @9#. A detailed study of the possible defects existi
in the L-R model was made in@10#. It was argued that the
domain wall configurations implied by the symmetry brea
ing pattern present possibilities for baryogenesis. In this
per we study the interaction of neutrinos which derive M
jorana masses from the scalar condensate which consti
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the domain wall. Many of the broad features encounter
e.g., asymmetric reflection and transmission of fermio
from moving domain walls, have appeared in the study
electroweak baryogenesis. In the diffusion-enhanced s
nario @2# driven by thick walls, the asymmetry diffusing i
front of the wall is equilibrated by high temperature spha
rons. In our mechanism this is replaced by helicity flippi
interactions in front of the wall which arise from the scal
condensate imparting a Majorana mass to the fermions.
parametric answer for the unprocessed lepton asymm
produced in this mechanism is therefore dominated by
Majorana mass parameterf in Eq. ~41!. The scalar conden
sate is absent behind the wall and therefore the asymm
that has streamed through persists.

At the completion of theL-R symmetry breaking transi

tion, a particular hyperchargeỸ5I R
32 1

2 (B2L) is demon-
strated to be spontaneously generated in the form of l
handed neutrinos. Due to the high-temperature electrow
sphalerons, which setB1L50, this will be converted into
an asymmetry of baryon minus lepton number (B2L). The
baryon asymmetry thus generated arises in addition to
from the well-known leptogenesis@11,12# mechanism due to
Majorana neutrinos. However, the two mechanisms const
the left-right model rather differently. The usual mechanis
requires theZR mass to be larger than the heavy neutri
mass@12–14#. The present mechanism constrains the para
eters of the Higgs sector for adequateCP violation, and the
Majorana Yukawa couplings as already pointed out. O
main result is the identification of broad ranges of these
rameters that ensure sufficient lepton asymmetry. Further
subsequent evolution of this asymmetry must successf
produce the abserved baryon asymmetry. This requirem
can be used to constrain the temperature scale of theL-R
phase transition, Eq.~48!, or alternatively, the light neutrino
mass, Eq.~50!.

In @15# and@16# the possibility ofB2L generated by any
mechanism being neutralized due to presence of heavy
jorana neutrino was considered. The bound first obtaine
@15# is 20MN*ATB2LM Pl with MN the mass scale of the
heavy Majorana neutrino andTB2L the temperature at which

ity,
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B2L originates. This is derived from lepton number dep
tion due to heavy neutrino mediated scattering processes
assumesTB2L.MN . It was argued in@16# that the require-
ment that the heavy neutrino decays occur only in out
equilibrium conditions places a more stringent bound. Us
the seesaw relation, it requires

mn&m* [4pg
*
1/2

GN
1/2

A2GF

;1023 eV, ~1!

whereGN is the Newton constant andGF is the Fermi con-
stant. Current neutrino data easily suggest a larger neu
mass. In this case it is argued that@16# one needs

TB2L&MN5
h2

2 S m*
mn

D 2

1017 GeV. ~2!

These considerations generically need a low scale forB2L
creation. Detailed investigations@17# of leptogenesis sce
narios, including lepton generation mixing, show that in s
eral specific unified models this can be achieved in the c
text of conventional leptogenesis. The present mechan
has the potential of meeting the requirement of low sc
B2L generation in a natural way, although detailed inve
gations remain to be carried out. We shall return to this po
in Sec. VI.

The paper is organized as follows. Section II introduc
the main features of the left-right symmetric model, synth
sizing the conventions used by previous authors with
ones we follow. Section III discusses the microscopic mec
nism of lepton number violation in scattering near the d
main wall. It outlines the method that can be used for
tailed study of lepton number creation in this conte
Section IV demonstrates the existence of the conditions
quired for lepton number creation, in particular th
CP-violating nature of the wall profiles. Section V present
simplified version of the full theory to be studied and n
merical results justifying the general conclusions of the p
vious section. Section VI discusses the implications to c
mology. Overall conclusions are presented in the last sec

II. THE LEFT-RIGHT SYMMETRIC MODEL

For the purpose of model building, left-right symmetry
a broad category, with several possible implementations
this paper we shall adopt its more popular version which
desribed below. From the point of view of our mechanis
the discrete symmetry under exchange of theSU(2)R field
content of the model withSU(2)L field content is crucial.
The breakdown of this symmetry gives rise to domain wa
whose field configuration we study in detail. The most
egant version of the model consists of identical values of
two SU(2) gauge couplings in addition to a strict equality
certain scalar couplings in the Higgs potential. This m
seem like an artificial requirement, considering that the t
semisimple groups are independent, and there are no
namical hints why they must be exactly same to begin w
More importantly, if this requirement is imposed an unple
ant feature arises in the context of cosmology. Breakdown
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an exact discrete symmetry gives rise to stable domain w
and unless some mechanism removes them, they qui
come to dominate the energy density of the Universe, c
trary to observations. Thus departure from exact symmetr
in any case a phenomenologically desirable feature. Hap
the mechanism being proposed here works well so long
the departure from exact symmetry is small so that dom
walls indeed form as transient constructs. A quantitiative d
cussion of this is taken up in Sec. IV A.

We now recapitulate the minimalSU(2)L ^ SU(2)R
^ U(1)B2L model @18,19#. Parity is restored above an en
ergy scalevR , taken to be much higher than the electrowe
scale, by introducing theSU(2)R gauge symmetry which
breaks atvR . Accordingly, a right-handed heavy neutrin
species is added to each generation, and the gauge bo
consist of two tripletsWL

m[(3,1,0),WR
m[(1,3,0) and a sin-

glet Bm[(1,1,0). A left-right symmetric assignment o
gauge SU~2! charges to the fermions shows that the n
hypercharge needed to obtain the usual electric charge
rectly is exactlyB2L. It is appealing that in this model th
weak hypercharge is related to known conserved charge

The electric charge formula now assumes a left-right sy
metric form

Q5TL
31TR

31
B2L

2
, ~3!

whereTL
3 andTR

3 are the weak isospin represented byt3/2,
andt3 is the Pauli matrix.

The Higgs sector of the model is dictated by two cons
erations: the pattern of symmetry breaking and the sm
masses of the known neutrinos via the seesaw mechan
The minimal set to achieve these goals is

f5S f1
0 f1

1

f2
2 f2

0 D[~ 1
2 , 1

2 ,0!,

DL5S dL
1

A2
dL

11

dL
0

2
dL

1

A2

D [~1,0,2!,

DR5S dR
1

A2
dR

11

dR
0

2
dR

1

A2

D [~0,1,2!, ~4!

where the electric charge assignment of the component fi
has been displayed and the representation with respect t
gauge group is given in standard notation.

The minimal form of the Higgs potential needed to satis
the main phenomenological requirements can be found
@19#. This is however not the most general form. In@20# as
well as@21# the possibility of spontaneousCP violation was
considered. In this case the couplings are chosen to be
1-2
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yet the translation invariant minimum of the potential occu
for complex VEV’s ~vacuum expectation values!. The ab-
sence of explicitCP-violating couplings makes it easier t
accommodate phenomenological constraints onCP viola-
tion. In the cosmological context in which we treat th
theory, this motivation is not as compelling. Neverthele
the same simplifying assumption will be made here.
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Consider the potential parametrized as@40#

V5VF1VD1VFD , ~5!

with
VF52m1
2Trff†2m2

2~Trf̃f†1Trff̃†!1l1~Trff†!21l2$~Trf̃f†!21~Trf̃†f!2%1l3~Trf̃f†!~Trf̃†f!

1l4$Trf†f~Trf†f̃1Trf̃†f!%, ~6!

VD52m3
2Tr~DL

†DL1DR
†DR!1r1@~Tr~DL

†DL!!21~Tr~DR
†DR!!2#1r2@TrDL

†DL
†TrDLDL1TrDR

†DR
†TrDRDR#

1r3@Tr~DL
†DL!Tr~DR

†DR!#1r4@TrDLDLTrDR
†DR

†1TrDL
†DL

†TrDRDR#, ~7!

VFD5a1Trff†~TrDLDL
†1TrDRDR

† !1a2$Tr~f̃†f!Tr~DRDR
† !1Tr~f̃f†!Tr~DLDL

†!%1a2* $Tr~f̃f†!Tr~DRDR
† !

1Tr~f̃†f!Tr~DLDL
†!%1a3$Tr~ff†DLDL

†!1Tr~f†fDRDR
† !%1b1$Tr~fDRf†DL

†!1Tr~f†DLfDR
† !%

1b2$Tr~f̃DRf†DL
†!1Tr~f̃†DLfDR

† !%1b3$Tr~fDRf̃†DL
†!1Tr~f†DLf̃DR

† !%. ~8!
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All the parameters excepta2 in the above are required to b
real by imposing the discrete symmetry

DL↔DR , f↔f†, ~9!

simultaneously with the exchange of left-handed and rig
handed fermions. Finally,a2 is chosen to be real from th
requirement of spontaneousCP violation @20,21#.

The ansatz for the VEV’s of the scalar fields has be
discussed extensively in the literature. After accounting
phases that can be eliminated by global symmetries and
redefinitions@20#, only two independent phases remain. W
choose them for convenience as follows in the transla
invariant VEV’s:

f5S k1eia 0

0 k2
D , DL5S 0 0

vLeiu 0D , DR5S 0 0

vR 0D ,

~10!

where all the other parameters are taken to be real. Phen
enologically the hierarchyvL!k1 ,k2 , !vR is required. This
separates the electroweak scale from the L-R symm
breaking scale. It has been argued@21# that this is possible to
achieve for natural values of the above parameter set w
also obtaining~1! spontaneousCP violation, ~2! mixing of
WR ,ZR with their SU(2)L counterparts which is unobserv
able at accessible energies, and~3! suppression of flavor
changing neutral currents.

Fermion masses are obtained from Yukawa couplings
quarks and leptons with the Higgs bosons. For one gen
tion of quarksq and leptonsc, the couplings are given by
@19#
t-

n
r
ld

n

m-

ry

ile

f
a-

LY5hqq̄LfqR1h̃qq̄Lf̃qR1hl c̄LfcR1h̃l c̄Lf̃cR

1 f ~cL
TC21t2DLcL1cR

TC21t2DRcR!1H.c. ~11!

whereC is the charge-conjugation matrix (cc5Cc̄T). Neu-
trino mass terms resulting from the above parametrization
the scalar VEV’s are

Ln-mass5 n̄L~hlk1eia1h̃lk2!nR1$ f nL
Ts2vLeiunL

1 f nR
Ts2vRnR1H.c.%. ~12!

The Majorana mass terms allowed for the neutrinos ar
source of lepton number violation, while theCP violation
needed for leptogenesis results from the phasea in the Dirac
mass term.

III. LEPTOGENESIS MECHANISM

Sources ofCP violation as well as existence of out-o
equilibrium conditions have been major challenges for re
izing low energy baryogenesis. The presence of moving
pological defects in unified theories is a novel source of o
of-equilibrium conditions. In Ref.@10# it was shown that in
the L-R model, at the first stage of gauge symmetry bre
ing, domain walls can form, which separate phases of bro
SU(2)R andSU(2)L . The disappearance of the unstable d
mains with unbrokenSU(2)R provides a preferred direction
for the motion of the domain walls. This can satisfy th
out-of-thermal-equilibrium requirement for leptogenesis.

Consider the interaction of neutrinos from the L-R wa
which is encroaching on the energetically disfavored pha
The left-handed neutrinos,nL , are massive in this domain
1-3



T

d

r
e

m
he

th
f

r i
fo
es
rc
r
k

ar
lls
b
p
s
m

l

a

in

ts
c
a

lish

o-

ght

ig-

As
lds
d to

h
-R

ra-
sity

a
r-
e
up-
the
n
e

cit
a-
the
r-
ot

act
de-
par-
d by
ifi-
ge
n
eri-
R
f a
n,
kind
r-

f a

he

ture

CLINE, YAJNIK, NAYAK, AND RABIKUMAR PHYSICAL REVIEW D 66, 065001 ~2002!
whereas they are massless in the phase behind the wall.
can be seen from the Majorana mass termhMDLnL

c̄nL , and
the fact that̂ DL& has a kink-like profile, being zero behin
the wall andO(vR) in front of it.

To get leptogenesis, one needs an asymmetry in the
flection and transmission coefficients from the wall betwe
nL and its CP conjugate (nL

c). This can happen if a
CP-violating condensate exists in the wall. This comes fro
the Dirac mass terms as discussed in Sec. IV B. Then t
will be a preference for transmission of, say,nL . The corre-
sponding excess of antineutrinos (nL

c) reflected in front of
the wall will quickly equilibrate withnL due to helicity-
flipping scatterings, whose amplitude is proportional to
large Majorana mass. However the transmitted excess onL
survives because it is not coupled to itsCP conjugate in the
region behind the wall, wherêDL&50.

A quantitative analysis of this effect can be made eithe
the framework of quantum mechanical reflection, valid
domain walls which are narrow compared to the particl
thermal de Broglie wavelengths, or using the classical fo
method@22–24#, which gives the dominant contribution fo
walls with larger widths. We adopt the latter here. The thic
ness of the wall depends on the shape of the effective qu
potential and we shall here treat the case of thick wa
Further, we assume that the potential energy difference
tween the two kinds of vacua is small, for example su
pressed by Planck scale effects. In this case the pres
difference across the phase boundary is expected to be s
leading to slowly moving walls.

In Refs. @22–24#, it is shown that the classica
CP-violating force of the condensate on a fermion~in our
case a neutrino! with momentum componentpx perpendicu-
lar to the wall is

F56sgn~px!
1

2E2
„mn

2~x!a8~x!…8. ~13!

The sign depends on whether the particle isnL or nL
c , mn

2(x)
is the position-dependent mass,E the energy anda is the
spatially varyingCP-violating phase. One can then derive
diffusion equation for the chemical potentialmL of thenL as
seen in the wall rest frame:

2DnmL92vwmL81u~x!GhfmL5S~x!. ~14!

Here Dn is the neutrino diffusion coefficient,vw is the ve-
locity of the wall, taken to be moving in the1x direction,
Ghf is the rate of helicity flipping interactions taking place
front of the wall@hence the step functionu(x)#, andS is the
source term, given by

S~x!52
vwDn

^vW 2&
^vxF~x!&8, ~15!

where vW is the neutrino velocity and the angular bracke
indicate thermal averages. The net lepton number excess
then be calculated from the chemical potential resulting
the solution of Eq.~14!.
06500
his

e-
n

re

e

n
r
’
e

-
tic
.
e-
-
ure
all,

an
s

In order to use this formalism it is necessary to estab
the presence of a position-dependent phasea. This is what
we turn to in the following discussion of the nature of d
main walls in the L-R model.

IV. DOMAIN WALLS

A. The left-right breaking phase transition

The fundamental L-R symmetry of the model, Eq.~9!,
implies that the gauge forces visible at low energies mi
have been theSU(2)R rather than theSU(2)L with corre-
sponding different hypercharge remnant of theU(1)B2L . In
the early Universe when the symmetry breaking is first s
naled, eitherDL or DR could acquire a VEV. In mutually
uncorrelated horizon volumes, this choice is random.
such we expect a domain structure with either of these fie
possessing a VEV in each domain. These may be referre
as L-l ike if they lead to observed phenomenology~with V
2A currents!, andR-l ike , if DR has remained zero. Suc
domains will be separated by domain walls, dubbed L
walls in @10#.

The walls must disappear; otherwise they would cont
dict standard cosmology by dominating the energy den
very soon after their formation. This must occur in such
way as to eliminate theR-like regions. What biases the su
vival of the L-like regions cannot be predicted within th
model. We will assume that there are small corrections s
pressed by a grand unification scale mass, which favor
L-like regions slightly. A time asymmetry, due to the motio
of the walls into theR-like regions, arises as a result. Th
L-R walls necessarily convert theR-like regions intoL-like
ones and disappear by mutual collisions.

This can get implemented in two ways. One is expli
deviations from exact symmetry in the tree level Higgs L
grangian. An alternative is that the gauge couplings of
two SU(2)’s are notidentical. In this case the thermal pe
turbative corrections to the Higgs field free energy will n
be symmetric and the domain walls will be unstable.

A possible reason for such small deviations from ex
discrete symmetry could be that the model is actually
scended from another unified model, and the small de
tures from exact symmetry are due to terms suppresse
the ratio of L-R breaking scale to the scale of higher un
cation. If the higher unification is in a conventional gau
group likeSO(10), it may not constitute a good explanatio
since the breaking of such symmetry groups does not gen
cally result in a low energy model with close-to-exact L-
symmetry. It is however possible that the unification is o
different type, for instance supergravity or string unificatio
wherein mechanisms as yet not understood impose the
of symmetry required, while permitting small energy diffe
ences in the free energies of theL-like versusR-like phases.
A study of disappearance of domain walls in the context o
supersymmetric model has been made in@25# and a study of
the effectiveness of the mechancism in@26#.

The breakdown of the L-R symmetry is described by t
VEVs of two scalarsDL , DR . The form of the potential
~6!–~8! has been shown to have generic zero tempera
vacua which are eitherR-like or L-like. Let the difference in
1-4
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vacuum energy densities due to departure from exactL-R
symmetry bedUL2R such thatL-like vacuum is favored. If
this difference is purely in the scalar self-couplings, it
determined directly by the GUT scale mechanism and w
not be altered at finite temperature. On the other hand, if
gauge couplings differ due to these suppressed grand un
theory ~GUT! effects, the corresponding thermal correctio
will thereby acquire differences, producing a correct
dUL2R

T at finite temperature. The condition for the formatio
of the unstable domains can now be obtained as follows
the phase transition is second order, its dynamics may
considered to have terminated after the Ginzburg temp
ture TG is reached, which is given by@27#

~Tc2TG!

Tc
.l ~16!

whereTc is the critical temperature andl the effective quar-
tic coupling. The correlation length at this temperature
estimated to bejG.1/(lTc). For the walls to form, the fluc-
tuations that can convert the false vacuum to the true
must be suppressed before the Ginzburg temperatur
reached. Thus the energy excess available within a corr
tion volume must be substantially less than the ene
needed to overcome the barrier set byTc2TG , i.e.,

dUL2R
T jG

3 !Tc2TG ~17!

or

dUL2R
T !l4Tc

4.l2VT
4 ~18!

where we took the temperture-dependent VEVVT to be
;l1/2Tc . This bound is easily satisfied if the GUT scale
much higher than theL2R scale, as is expected.

B. Wall profiles and CP violating condensate

In order for nontrivial effects to be mediated by the wal
the fermion species of interest should get a space-depen
mass from the wall. Furthermore, theCP-violating phasea
should also possess a nonvanishing gradient in the wall i
rior. We study the minimization of the total energy function
of the scalar sector with this in mind.

The minimization conditions for the various VEV’s intro
duced above are given in the Appendix, assuming tran
tional invariance. The presence of walls breaks this inv
ance, requiring derivative terms to be added in
minimization conditions.

We demonstrate that there are sizeable domains in
parameter space for which a position-depende
CP-violating condensate results. In order to simplify t
analysis we assumek15k2[k. The range of the paramete
values for which such minima would be phenomenologica
viable have been studied, e.g., in@21#. The analysis can be
repeated for other cases along similar lines. Let the L-R w
be located in they-z plane atx50. Its equation of motion is
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k̈2k91S da

dxD 2

k1~2m1
222m2

2cosa1DmT
2!k

1S a21
1

4
a31

1

2
a1D ~vL

21vR
2 !k

1
1

2
$b1cos~a2u!1b3cosu1b2cos~2a2u!%vLvRk

1$l11l2~114cos 2a!1l314l4cosa%k350. ~19!

The temperature correction to the mass-squared term (DmT
2)

is displayed explicitly. The remaining parameters are a
mildly temperature-dependent but this is a small effect. T
background fieldsvL , vR have solutions of the formDT„1
6tanh(x/Dw)…, with upper and lower signs being for L and
respectively.DT is the temperature-dependent VEV which
possible for either ofL or R fields. This value is of the orde
of the temperatureT relevant to the epoch immediately afte
the L-R breaking phase transition.Dw is the wall width, of
the orderDT

21l21/2, l here standing for the generic quart
coupling in the effective Hamiltonian for thevL and vR
fields. The nonderivative terms of this equation can be sc
matically written as

m2k1A~vL
21vR

2 !k1BvLvRk1Lk350. ~20!

We are assumingm2.0 so that at the epoch in question,k
50 in the absence of walls. This potential has two minim

k50 or k5k(0)[2
1

L
„m21A~vL

21vR
2 !1BvLvR….

~21!

We want kÞ0 at the origin andk50 asymptotically. The
latter is achieved if

]2V

]k2 U
k50

5m21ADT
2.0. ~22!

At the origin the nontrivial valuek(0) becomes

k(0)
2 →

x→0

2
1

L
„m21~2A1B!v (0)

2
…, ~23!

where v (0)>
1
2 DT is the common value ofvL , vR at the

origin. Thus

]2V

]k2 uk5k(0)
52Lk(0)

2 522„m21~2A1B!v (0)
2
….0. ~24!

Comparing Eqs.~22! and ~24!, both conditions are satisfie
provided the effective coefficientB becomes sufficiently
negative.

We can now proceed to determine a sufficient condit
for a position-dependent nontrivial solution. We have alrea
restricted ourselves to the caseuk1u5k2. We assume that the
fates of the separate parts Im(k1) and Re(k1) are the same,
i.e., if one of them is nontrivial, both would be so. So w
focus on the condition fork to be nontrivial. If the nontrivial
1-5
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solution is energetically favorable, the trivial solution shou
be unstable. Thus consider the linearized equation for
fluctuationdk about the solutionk50. The desired time de
pendence of the solution is

dk;eekt3~spatial part! ~25!

with real parameterek.0 for instability of the fluctuation.
Then

2dk91„m21A~vL
21vR

2 !1BvLvR…dk52ek
2dk. ~26!

We compare this with the Schro¨dinger equation for a bound
state wave function

2c9~x!1V~x!c~x!5Ec~x!. ~27!

Our V(x) has the form of an attractive potential; it a
proaches a positive constant valueV0 asymptotically, and
V0,0 near the origin due to Eq.~24!. In the Schro¨dinger
equation above, for a bound state,E,0 if V(x)→0 asymp-
totically. In the present case, due to the positive cons
value of V(x) asymptotically, bound states may exist ev
for E.0. However our stability analysis demandsE,0,
since we wantek to be real. If we ensure that theE;0
solution has at least one node then there will be a lo
energy solution with no nodes, the required unstable fluc
tion. In the WKB approximation this condition amounts to

E
a

b
A2V~x!dx>

3p

2
~28!

wherea and b are the zeros ofV(x). Equations~22!, ~24!
and ~28! constitute one set of sufficient conditions on t
parameter space for aCP violating condensate to occu
within the width of the domain wall. They provide the rang
to be explored if a full numerical solution were to be a
tempted.

V. EFFECTIVE HAMILTONIAN

In this section we numerically study an effective Ham
tonian for the likelihood of generating aCP violating con-
densate. In a suggestive notation we choose three fieldsL, R
andK representing the VEVs ofDL , DR and the electroweak
Higgs boson respectively. The energy per unit area of
wall configuration can be taken to be

H5E dxH 1

2 UL8U21
1

4
r1ULU2~ uLu2M !21

1

2
~R8!2

1
1

4
r1R2~R2M !21r3ULU2R21

1

2 UK8U2

1
1

4
l~ uKu21m2!21a1UKU2~ uLu21R2!

1b1UKU2~ReL !R1b2UKURe~KL !R1b3Re~K2L !RJ
~29!
06500
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whereL andK are complex andR is real.M represents the
left-right breaking mass scale andm the electroweak break
ing mass scale, both including the appropriate finite tempe
ture corrections. Thusm2 is positive. Likewise the other pa
rameters are determined by the parameters of the orig
lagrangian. The equations we get after rescaling the fields
M are

d2L1

dx2
5r1L1

3S 12
1

2AL1
21L2

2D
1L1F r1S 1

2
1L2

22AL1
21L2

22
L2

2

2AL1
21L2

2D
12r3R212a~K1

21K2
2!G1R@b1~K1

21K2
2!

1b2K1AK1
21K2

21b3~K1
22K2

2!#

d2L2

dx2
5r1L2

3S 12
1

2AL1
21L2

2D 1L2F r1S 1

2
1L1

2

2AL1
21L2

22
L1

2

AL1
21L2

2D 12r3R2

12a~K1
21K2

2!G2R@b2K2AK1
21K2

2

12b3K1K2#

d2Rdx25RFr1RS R2
3

2D1
r1

2
12r3~L1

21L2
2!12a~K1

2

1K2
2!G1b1L1~K1

21K2
2!1b2AK1

21K2
2~K1L1

2K2L2!

d2K1

dx2
5K1FlXK1

21K2
21S m

M D 2C12a~L1
21L2

21R2!

12~b11b3!RL1G1K1

b2~K1L12K2L2!

AK1
21K2

2

1b2RL1AK1
21K2

222b3RL2K2

d2K2

dx2
5K2FlXK1

21K2
21S m

M D 2C12a~L1
21L2

21R2!

12~b12b3!L1RG1K2

b2~K1L12K2L2!

AK1
21K2

2

2b2RL2AK1
21K2

222b3RL2K1 .
In addition to the above we need the expression
1-6
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]2V

]uKu2
52a1~ uLu21R2!12b1RL1

12b2R~L1cosa2L2sina!

12b3R~L1cos 2a2L2sin 2a!1l~3K21m2!

~30!

for studying stability issues. This shows that to ensureK
50 asymptotically~no EW breaking at L-R scale! we need

2a11lS m

M D 2

.0.

To obtainKÞ0 in the core of the wall, we again use Eq.~30!
with the values ofR andL1 in the core estimated to be 0.5
This suggests the requirement

lK252lS m

M D 2

2
1

2
~2a11b11b21b3!.0.

This has to be revised in view of the actual values ofR and

FIG. 1. L, R andK values for given choice ofr3 , a1 andb1, in
M units;x values inM 21 units. Values of parameters not shown a
unity.
06500
L1 due to backreaction of theK fields, but serves as a goo
indicator to the required range of values.

The second equation clearly suggests takingb ’s negative.
In particularb1 can beO(1) and negative, which will ensure
the required instability of theK50 vacuum inside the wal
core. Two examples of numerical solutions are shown
Figs. 1 and 2. Parameters other than those displayed
taken to be unity. The shape of theK profiles is of the form
of the sech function, as expected for lowest linear pertur
tion in a tanh background. The numerical study indicates
field profiles are sensitive to the parameters governing
Yukawa couplings, but they have no appreciable variat
with respect to the ratio of the mass scales (m/N)2.

VI. IMPLICATIONS FOR COSMOLOGY

We are now in a position to use the formalism of Eq
~13!–~15! to estimate the lepton asymmetry generated. T
asymmetry in local number density is given by

DnL[nL~x!2n̄L~x!5
1

6
mL~x!T2 ~31!

wheremL satisfies the diffusion equation~14!. The general
form of the solution to this equation is

FIG. 2. Same as in Fig. 1, but for a different choice ofb1.
m~x!55 B1el1x1B2el2x1BE
2`

x

dy@el1(x2y)2el2(x2y)#S~y!, x,0,

A1er1x1A2er2x1AE
2`

x

dy @er1(x2y)2er2(x2y)#S~y!, x.0,

~32!
where

l150, l252
vw

D
, r652

vw

2D
6AS vw

D D 2

1
Ghf

D
~33!
B5
1

D~l22l1!
52vw

21 ,

A5
1

D~r22r1!
52~vw

2 14GhfD !21/2. ~34!
1-7
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The integration constantsA6 and B6 are chosen so tha
m(x) and its derivative are continuous atx50, and m is
finite asx→6`. In particular, we are interested in the lim
iting value m05 limx→2`m(x)5B1 , since this is relevan
deep within theL-like phase and represents the uniform le
ton asymmetry filling the universe long after the wall h
passed by. It is given by

m05
1

vw
E

2`

0

dyS 11
r1

r2
evwy/DDS~y!2

1

r2DE
0

`

e2r1yS~y!.

~35!

We note that in the limitvw→0, the above expression i
finite for a generic sourceS(y). But since our source van
ishes whenvw50, we get no lepton asymmetry in that limi
which is in accord with Sakharov’s out-of-equilibrium re
quirement. We can also verify that no lepton asymme
arises when lepton violating interactions are turned off. F
us, this means settingGhf50, in which case we obtainm0

5vw
21*2`

` S(y)dy. The integral vanishes if the source itse
does not violate global lepton number conservation, so
check also succeeds. The third necessary ingredient,CP vio-
lation, is contained within the sourceS(y), since this de-
pends on the neutrino masses having complex phases w
vary within the domain wall.

Now we proceed to estimate the chemical potentialm0
which quantifies the generated lepton asymmetry. This
quires the thermal averages@28#

^vW 2&5
3xn12

xn
213xn12

>1; xn[
mn

2~x!

T2 ~36!

K uvxu
E2 L >

a2bxn

T2 ; a>0.24; b>0.65. ~37!

The first approximation~36! is good for relativistic neutrinos
with xn&0.1, and the second one~37! is an approximation to
the function given in@28# which is adequate for our estimat
By taking ^vW 2&>1 we can simplify the expression form0
since the sourceS(y) becomes a total derivative. Integratin
by parts,

m0>
vw

T2

r1

r2
F E

2`

0

evwy/D1E
0

`

e2r1yG
3S S a2b

mn
2

T2 D ~mn
2a8!8Ddy. ~38!

Since the wall is much thinner than the diffusion scalesD/vw
and 1/r1 , it is a good approximation to neglect these in t
integral ~setting evwy/D and e2r1y to 1!. We will use the
ansatzmn

2(y)5MN
2 h2(y), h(y)5 1

2 „11tanh(y/Dw)…, for the
real part of the neutrino mass, while for the phase, in acc
dance with the profiles found in the previous section, we t
a(y)5Im„L(y)…/Re„L(y)…, with Im„L(y)…5a0Dwh8(y).
Here MN is the large value of the neutrino Majorana ma
neutrino, acquired by the left~right! -handed neutrino in the
06500
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R-like (L-like! phase. We have performed the integral n
merically to obtain the analytic result

DnL>0.08vw

a0

Dw

MN
4

T2
. ~39!

This is the raw value of the lepton number generated by
mechanism. One would like to express this as a ratiohL of
lepton number to entropy as is standard to do with bary
number. Using the expression for the entropy densityS
52p2g* T3/45 of g* relativistic degrees of freedom, we ge

hL
raw>0.01vw

a0

g*

MN
4

T5Dw

. ~40!

Let us consider whether this result can naturally be of
same order as the observed baryon asymmetry. LetDT @as
introduced above, Eq.~19!# denote the temperature
dependent VEV acquired by theDR in the phase of interest
Experience with the electroweak theory shows thatDT /T is
determined by the ratio of gauge and Higgs couplings, an
typically smaller than unity. Iff is the Yukawa coupling de-
termining the Majorana mass, thenMN5 f DT . Moreover, the
inverse wall widthDw

21 is Aleff DT , whereleff is the effec-
tive quartic self-coupling of theD fields. This is assumed to
be small, since we have taken the wall to be thick. Theref
we can reexpress Eq.~40! as

hL
raw>0.01vw

a0

g*
S DT

T D 5

f 4 Aleff . ~41!

With g* '102, this raw lepton asymmetry is close tohB
>10211, the desirable value for final baryon asymmetry, p
vided that

S DT

T D 5

f 4Aleff'1027. ~42!

Even if DT /T;O(1) and Aleff;1, this can be achieved
with a reasonable value for the Majorana Yukawa coupl
f 3'1022 of the heaviest~third generation! sterile neutrino.
Ignoring further evolution of the lepton asymmetry for th
moment, one could turn this around to derive a lower bou
on f, assuming that the present mechanism was respon
for baryogenesis. If all the Majorana neutrinos are ligh
than'1022vR , then it produces too small a lepton asymm
try to be significant.

After the domain walls have disappeared, the lep
asymmetry undergoes further processing by several inte
tions. First the electroweak sphalerons will redistribute t
asymmetry partially into baryonic form. This is the mech
nism by which we get baryon asymmetry from the wall ge
erated lepton asymmetry. The standard chemical equilibr
calculation@29# gives

DnB5
28

79
DnB2L52

28

51
DnL ~43!
1-8
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assuming the minimal Higgs and flavor content of the st
dard model.

However the presence of heavy Majorana neutrinos g
rise to processes that can deplete the lepton asymmetry
erated. Such processes were considered in a model inde
dent way in @12,15,16#, referred to in Sec. I. The presen
model differs from classic GUT scenarios in that the te
peratureTB2L5TLR when the lepton asymmetry is create
can be less than or comparable to the heavy neutrino m
MN . The two processes of importance are the decay of
heavy neutrino with rateGD and heavy neutrino-mediate
scattering processes with rateGS . The latter class of pro-
cesses in the context of the present model is shown in Fig
The rates are given roughly by

GD;
h2MN

2

16p~4T21MN
2 !1/2

GS;
h4

13p3

T3

~9T21MN
2 !

. ~44!

These expressions correctly interpolate between the high
low temperature limits which can be inferred from Eq
~3.1!, ~3.8!, ~A15!, ~A16! of Ref. @12#, using the Boltzmann
approximationK1(x);e2x/x in the thermal average of th
scattering cross section.@The factor 13 in Eq.~44! is really
96z(3)/9.#

Let us first consider the case when the decays do
deplete the generated lepton asymmetry at all. This happ
if the lightest of the heavy Majorana neutrinos hasMN1
.TLR , so that the decays do not occur because of Bo
mann suppression. This limit tends to make the initial lep
asymmetryhL large, possiblyO(1) from Eq.~40!. However
the lepton-violating scattering processes will dilute this
the factor 102dL[exp(2*tLR

t0 GSdt) where tLR is the time of

the LR-breaking phase transition andt0 is the present. At the
same time, sphalerons will keep the baryon and lepton as
metries in the same proportion@29# until the electroweak
phase transition, at which time the sphalerons go out of e
librium. The corresponding depletion factor for baryons,
written in terms of an integral with respect to temperature

102dB[expS 2E
TEW

TminGS

H

dT

T D ;

Tmin[min~TLR , Tsph! ~45!

where Tsph;1012 GeV is the maximum temperature belo
which sphalerons are in equilibrium. Evaluating the integ
gives the baryon depletion exponent

FIG. 3. TheN mediated processes violatingL.
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dB>3A 10

13p4ln10Ag*

h4
M PlTmin

MN
2

~46!

where g* is the average number of relativistic degrees
freedom, and we are assuming thatMN1.Tmin . Equation
~46! can be solved for the Yukawa couplingh which gives
the Dirac mass term for the neutrino: h4

&3200dB(MN
2 /TminM Pl) where we have takeng* 5110 for

definiteness. SincedB should be no greater than about 10
avoid too much dilution of the baryon asymmetry, this can
further transformed into an upper limit on the light neutrin
masses using the seesaw relationmn5(hv)2/MN wherev is
the Higgs boson VEV,v5174 GeV:

mn&
180v2

ATminM Pl
S dB

10D
1/2

. ~47!

If the heaviest neutrino mass is 1 eV, for example, the te
perature of theLR phase transition~if it is smaller than
Tsph), being also the temperature at which most of theB2L
is generated, is predicted to be

TB2L5TLR&1013GeV3S eV

mn
D 2

3S dB

10D . ~48!

The previous discussion of dilution by lepton-violatin
scattering assumed the heavy neutrinosN had massesMN
.TLR so that the decay processes could be neglected. If
are in the opposite regime,MN,TLR , the decays and in-
verse decays ofN will dominate over scattering for the epoc
of temperaturesT.MN . For lower temperatures, the deca
rate is exponentially suppressed by the Boltzmann fac
e2MN /T. We can roughly estimate the dilution due to deca
as

dB5
1

ln 10
E

M

Tmin
~GD /H !dT/T

>
3A10

96p2Ag* ln 10
h2

M Pl

MN

;431024
mnM Pl

v2
~49!

in the limit that MN!Tmin . Again requiring thatdB,10
gives the bound on the heaviest neutrino mass

mn,0.3 eV3S dB

10D . ~50!

It is interesting that this value is compatible with, and n
very far from, the value implied by atmospheric neutrin
observations.

VII. CONCLUSION

We have shown that a hitherto unexplored mechan
exists in the left-right symmetric model for generation of t
observed baryon asymmetry of the Universe. The idea
reminiscent of electroweak baryogenesis, but here the
tion of domain walls withCP-violating reflections of neutri-
1-9
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nos during the LR-breaking phase transition creates a la
lepton asymmetry, which is subsequently reprocessed
sphalerons into the baryon asymmetry. Unlike electrow
baryogenesis, there is no suppression byaW

4 , since the
sphalerons are in equilibrium and they have sufficient time
equilibrate the baryon and lepton numbers. Rather, the
swer is determined to a large extent byf 4 @see Eq.~41!#
because asymmetry production is determined by the hel
flipping interactions. There are no natural smallness requ
ments on this parameter, although through see-saw formu
is constrained by the observed light neutrino mass. Furt
more there are no strong constraints on theCP violating
phases since they appear in the interactions of the he
right handed neutrino.

It is possible to generate the observed baryon asymm
for a range of parameters of the model. We have studie
few limiting cases to demonstrate the intrinsic potential
this scenario for producing the observed baryon asymme
One extreme possibility is that we could start with the r
value of the lepton asymmetry~41! being of order 10210 by
virtue of a small Majorana Yukawa coupling, Eq.~42!, while
the heaviest left-handed neutrino mass satisfies the bo
~48!, ~50! ~evaluated atdB;1) which guarantee that there
no subsequent dilution of the asymmetry by lepton-violat
interactions. The other limiting case is to initially create
asymmetry ofO(1), by taking large Majorana Yukawa cou
plings; the asymmetry is subsequently diluted to the requ
level by saturating the bounds~48!, ~50!, which make refer-
ence to the heaviest left-handed neutrino mass.

An interesting application of this mechanism is the pos
bility to generate a large lepton number as suggested in@30#
and considered in the context of new observations in cosm
ogy e.g. in@31–35#, notably the microwave anisotropy prob
~MAP! and Planck experiments to measure the cosmic
crowave background~CMB! fluctuations. In the simples
model with just one lepton generation, we cannot creat
large lepton asymmetry without also making the bary
asymmetry too large. But consider a model with a cert
combination of lepton numbers conserved, such asLe
1Lm . This would be the case if the Majorana mass ma
had the form (M0

0M). Then the leptogenesis mechanism wou
create equal and opposite amounts ofLe and Lm . Since
sphalerons separately conserve1

3 B2Le and 1
3 B2Lm , the

combination 2
3 B2Le2Lm would remain conserved at a

times, so that the resulting baryon asymmetry would be z
even if uLeu anduLmu separately were large. By adding a ve
small breaking of theLe1Lm symmetry, one could generat
the observed baryon asymmetry simlutaneously with la
lepton asymmetries@36#. In addition to its imprint on the
CMB, such an effect could have other observable con
quences as observations relevant to nucleosynthesis are
proved@37–39#.
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APPENDIX: MINIMIZATION CONDITIONS FOR WALL
PROFILES

These conditions for finding the wall profiles were used
Sec. IV B:

dV

dvL
5

1

2
$a1k1

2vL1a1k2
2vL1a3k2

2vL22m3
2vL12r1vL

3

1r3vLvR
214a2k1k2vLcos~a!1b1k1k2vRcos~a2u!

1b2k1
2vRcos~2a2u!1b3k2

2vRcos~u!% ~A1!

dV

dvR
5

1

2
$a1k1

2vR1a1k2
2vR1a3k2

2vR22m3
2vR1r3vL

2vR

12r1vR
314a2k1k2vRcos~a!1b1k1k2vLcos~a2u!

1b2k1
2vLcos~2a2u!1b3k2

2vLcos~u!% ~A2!

dV

du
52

1

2
vLvR$2b1k1k2sin~a2u!2b2k1

2sin~2a2u!

1b3k2
2sinu% ~A3!

dV

dk2
5l1~k1

2k21k2
3!12l3k1

2k22m1
2k21

1

2
a1k2vL

2

1
1

2
a3k2vL

21
1

2
a1k2vR

21
1

2
a3k2vR

21k1
3l4cosa

13k1k2
2l4cosa22k1m2

2cosa1a2k1vL
2cosa

1a2k1vR
2cosa14k1

2k2la2cos2a

1
1

2
b1k1vLvRcos~a2u!1b3k2vLvRcosu ~A4!

dV

dk1
5k1

3l11k1k2
2l112k1k2

2l32k1m1
21

1

2
a1k1vL

2

1
1

2
a1k1vR

213k1
2k2l4cos~a!1k2

3l4cos~a!

22k2m2
2cos~a!1a2k2vL

2cos~a!1a2k2vR
2cos~a!

14k1k2
2l2cos~2a!1

1

2
b1k2vLvRcos~a2u!

1b2k1vLvRcos~2a2u! ~A5!

dV

da
52l4k1k2~k1

21k2
2!sina12k1k2m2

2sina

2a2k1k2~vL
21vR

2 !sin~a!24k1
2k2

2l2sin 2a

2
1

2
b1k1k2vLvRsin~a2u!2b2k1

2vLvRsin~2a2u!.

~A6!
1-10
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