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Topological defects in the left-right symmetric model and their relevance to cosmology
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It is shown that the minimal left-right symmetric model admits cosmic string and domain wall solutions. The
cosmic strings arise when theSU(2)R is broken and can either be destabilized at the electroweak scale or
remain stable through the subsequent breakdown toU(1)EM . The strings carry zero modes of the neutrino
fields. Two distinct domain wall configurations exist above the electroweak phase transition and disappear after
that. Their destabilization provides new sources of non-equilibrium effects below the electroweak scale which
is relevant to baryogenesis.@S0556-2821~99!02810-6#
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I. INTRODUCTION

Topological defects are regions of trapped energy den
which can be produced at the time of cosmological ph
transitions and survive after that if the topology of t
vacuum manifold of the theory is nontrivial. Typically, co
mological phase transitions occur when a gauge symmetr
a particle physics theory is spontaneously broken. In t
case, the cores of the topological defects formed are reg
in which the symmetry of the unbroken theory is restor
The defect formation and stability conditions are as follo
@1#. Consider the spontaneous symmetry breaking of a gr
G down to a subgroupH of G. Topological defects, arising
according to the Kibble mechanism@1# whenG breaks down
to H, are classified in terms of the homotopy groups of
vacuum manifoldG/H @1,2#. The relevant homotopy group
areP i(G/H),i 50,1,2. IfP i(G/H) is nontrivial, topological
defects can form. Fori 50,1 and 2, the defects are doma
walls, cosmic strings and monopoles respectively. We
typically interested in a scenario whereH breaks further to
K. If P i(G/K) is nontrivial, defects are possible in this se
ond stage of symmetry breakdown. Thus, ifP i(G/H) and
P i(G/K) ~for somei ) are both nontrivial, the defect forme
in the first stage persists in the second stage. If, on the o
hand,P i(G/K) is trivial, then the corresponding defect do
not exist in the second stage. Thus, the defects formed in
breaking ofG to H must be unstable whenH breaks toK.
Cosmic strings can explain large scale structure, anisotro
in cosmic microwave background radiation~CMBR!, and
part of the baryon asymmetry of the universe@3–7#. Global
monopoles can explain structure formation in the univer
Domain walls and local monopoles, on the other hand
they exist, are potentially problematic. They would domin
the energy density of the universe and overclose it@3,8–10#.

The problem of monopoles is especially serious since

*Email address: yajnik@niharika.phy.iitb.ernet.in
†Email address: hatem@ducos.ernet.in
‡Email address: debchou@mri.ernet.in
§Email address: sm@ducos.ernet.in
i Email address: am@ducos.ernet.in
0556-2821/99/59~10!/103508~9!/$15.00 59 1035
ty
e

of
at
ns
.

s
p

e

re

er

he

es

e.
if
e

is

generic to grand unification scenarios@9#. The popular solu-
tion based on the idea of inflation cannot be implemented
the minimal grand unified theories~GUTs!. Similarly, to
solve the domain wall problem@11#, we require inflation to
take place after the phase transition that causes the pro
tion of these defects. This is difficult to achieve in genera

Recently, a possible solution of the monopole proble
was suggested@12#, based on the possibility that unstab
domain walls sweep away the monopoles. The idea of s
metry nonrestoration at high temperatureT @13–15# provides
a simple way out of the domain wall problem@16,17#. Un-
fortunately, in case of the monopole problem, the situation
far from clear@18#. In a recent paper, Bajcet al. @19# show
that the monopole problem in grand unified theories as w
as the domain wall problem may be easily solved if the le
ton number asymmetry in the universe is large enough
spite of the fact that domain walls are undesirable obje
during their decay they can provide a departure from ther
equilibrium which is one of the conditions for baryogene
@20–22#.

Currently, several unification schemes are being inve
gated in detail, specially for their signatures in the plann
particle accelerators. Some of the unification schemes h
interesting consequences for cosmology. A rich variety
cosmic string solutions was demonstrated@23,24# in the con-
text of SO(10) unification and has received fresh attenti
@25#. Furthermore, as the non-viability of several models
electroweak baryogenesis is becoming apparent@26–29#, it
is interesting to search for new mechanisms for low-ene
baryogenesis in other unified models@7,30#.

As a particle physics model, we consider one of the m
attractive extensions of the standard electroweak mo
based on the gauge groupSU(2)L ^ SU(2)R^ U(1)B2L
@14,31#. Various models employing this gauge group a
possible, depending on which Higgs and fermion spectrum
chosen, and whether or not exact discrete left-right symm
is imposed. We are interested in the class of left-right sy
metric models described in@15,31,32#. Besides explaining
the observed parity violation of weak interactions at low e
ergies, these models also provide an explanation for
lightness of ordinary neutrinos, via the see-saw mechani

In this paper we investigate the minimal left-right sym
©1999 The American Physical Society08-1
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metric model for the presence of topological defect solutio
We begin with the phase in which only the first stage
symmetry breakingSU(2)R^ U(1)B2L→U(1)Y has oc-
curred. We show that the cosmic string solution exists in
high temperature phase of the theory where the electrow
symmetry is restored. These string defects may either be
stabilized at the electroweak phase transition or may acq
additional condensates and continue to enjoy topological
bility. We show that the strings possess zero-energy mo
of the right handed neutrino, and below the electrowe
scale, also those of the left handed neutrino. The model
admits at least two kind of domain wall solutions which a
stable only above the electroweak scale.

In Sec. II, we describe the minimal left-right symmetr
model. In Sec. III, we discuss the possibility of produci
cosmic strings and associated zero modes. In Sec. IV,
discuss the domain wall solutions. Finally, Sec. V conta
the conclusions and the cosmological consequences o
defects.

II. LEFT-RIGHT SYMMETRIC MODEL

We consider the minimalSU(2)L ^ SU(2)R^ U(1)B2L
model with a discrete left-right symmetry@15,32,33#. This
model is formulated so that parity is a spontaneously bro
symmetry: the Lagrangian is left-right symmetric but t
vacuum is not invariant under the parity transformatio
Thus the observed V-A structure of the weak interaction
only a low energy phenomenon, which should disapp
when one reaches energies of ordervR , where vR is the
vacuum expectation value of one of the Higgs fields.

According to left-right symmetric requirement, quarks~q!
and leptons (c) are placed in left and right doublets,

qL5S u

dD
L

[~ 1
2 ,0,13 !, qR5S u

dD
R

[~0,1
2 , 1

3 !,

cL5S ne

e D
L

[~ 1
2 ,0,21!, cR5S ne

e D
R

[~0,1
2 ,21!,

~1!

where the representation content with respect to the ga
group is explicitly given. Since the weak interactions o
served at low energies involve only the left handed helic
components, the electric charge formula can be written
left-right symmetric form as

Q5TL
31TR

31
B2L

2
, ~2!

whereTL
3 andTR

3 are the weak isospin represented byt3/2,
wheret3 is the Pauli matrix. Regarding the bosons, gau
vector bosons consist of two tripletsWL

m[(3,1,0),WR
m

[(1,3,0) and a singletBm[(1,1,0).
The Higgs sector of the model is dictated by two requi

ments, the choice of the symmetry breaking term and
desire to reproduce the phenomenologically observed l
masses of the known neutrinos via the see-saw mechan
Then the unique minimal set is
10350
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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!, ~3!

where the scalar fields have been written in a conven
representation using 232 matrices.

The potential energy of the Higgs fields cannot have
linear terms, This can be seen as follows. Since the trip
DL andDR have nonzeroB2L, these must always appear
the quadratic combinationsDL

†DL , DR
†DR , DL

†DR or
DR

†DL . These can never be combined with a single bidoub
F in such a way as to formSU(2)L and SU(2)R singlets.
However, quartic combinations of the form Tr(DL

†FDRF†)
are in general allowed by the left-right symmetry. Accordi
to these strict conditions, the most general form of the Hig
potential is~see@32#!

V5VF1VD1VFD , ~4!

with

VF52(
i , j

m i j
2 Tr~f i

†f j !1 (
i , j ,k,l

l i jkl Tr~f i
†f j !Tr~fk

†f l !

1 (
i , j ,k,l

l i jkl8 Tr~f i
†f jfk

†f l !, ~5!

VD52m2 Tr~DL
†DL1DR

†DR!1r1@„Tr~DL
†DL!…2

1„Tr~DR
†DR!…2#1r2@Tr~DL

†DLDL
†DL!

1Tr~DR
†DRDR

†DR!#1r3@Tr~DL
†DL!Tr~DR

†DR!#

1r4@Tr~DL
†DL

†!Tr~DLDL!1Tr~DR
†DR

† !Tr~DRDR!#,

~6!

VFD5(
i , j

a i j Tr~f i
†f j !Tr~DL

†DL1DR
†DR!

1(
i , j

b i j Tr@f if j
†DL

†DL1f i
†f jDR

†DR#

1(
i , j

@g i j Tr~DL
†f iDRf j

†!1H.c.#. ~7!
8-2
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Note that, as a consequence of the discrete left-right sym
try, all terms in the potential are self-conjugate, except
a i j ; thereforea i j is the only parameter which may be com
plex. Since we will not discuss theCP violation aspect of
the generation of baryon asymmetry, we assumea i j to be
real. It can be shown@33# that, without fine tuning,g i j terms
spoil the seesaw mechanism by inducing a direct Major
mass term for the left-handed neutrino. Therefore, we
g i j 50 in our calculations. This choice will also avoid th
unwanted presence of large flavor changing neutral curr
~FCNC!.

Moreover, only the neutral components of the sca
fields, f1

0 ,f2
0 ,dL

0 ,dR
0 , can acquire vacuum expectation va

ues ~VEVs! without violating electric charge. IfDL or DR
acquire a vacuum expectation value~VEV!, then B2L is
necessarily broken, and if^DL&Þ^DR&, parity breakdown is
also ensured. Thus the following VEVs are sufficient f
achieving the correct pattern of symmetry breaking:

F5S k 0

0 k̃
D , DL,R5S 0 0

vL,R 0D , ~8!

wherek,k̃,vL andvR are taken to be real, and phenomen
logically the hierarchyk!vR ,vL!k̃ is required.

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
@32#

LY5hqq̄LfqR1h̃qq̄Lf̃qR1hl c̄LfcR1h̃l c̄Lf̃cR

1 f ~cL
TC21t2DLcL1cR

TC21t2DRcR!1H.c. ~9!

The Majorana mass terms allowed for the neutrinos ar
source of lepton number violation as well asCP violation.
The couplings are also important for studying fermion
zero-modes of cosmic strings.

III. COSMIC STRINGS AND FERMION ZERO MODES

In this section we discuss the cosmic string sectors oc
ring in this theory. In the following we use the notationX
5(1/2)(B2L). Consider first a pureSU(2) theory with two
real triplet scalars which break the symmetry. A cosm
string sector exists in this breakdown because the stab
group of the VEV isZ2. The Z2 arises because theSU(2)
element2I , negative of the identity, leaves invariant th
VEV of the triplets@10#.

Consider next the breakdown ofSU(2)R3U(1)B2L due
to DR . The scalar fieldDR is complex and can be param
etrized as

DR5~rW1 isW !•tW , ~10!

whererW andsW are 3-dimensional real vectors andta are the
Pauli matrices. The VEV forDR in Eq. ~8! implies that^rW&
5(1,0,0) and̂ sW&5(0,21,0), in the usual 3-dimensional ba
sis. If SU(2)R alone were present, a cosmic string sec
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would exist in this breakdown as discussed above. Fo
nately, the inclusion ofU(1)B2L does not change this con
clusion. To show this, suppose the cosmic string ansatz is
up as usual by a path inSU(2)R connectingI to 2I by a 2p
rotation generated by a broken generator. We may try
unwind this using the surviving gauge symmetryU(1)Y .
But a 2p rotation generated byY5TR

31X also leads to a 2p
winding in theU(1)B2L space. Thus the unshrinkable pa
persists. This reasoning also shows that theZ expected from
the breakdown ofU(1)B2L group by itself does not persis
due to the presence of theSU(2)R . Rotation by the unbro-
ken generatorY identifies distinct sectors labelled byZ
modulo theZ2 which survives theSU(2)R breakdown@34#.

Consider next the breakdown of the model to electrom
netism. If the only additional field wereDL , the residual
symmetry would beZ23Z2 by a simple extension of the
previous arguments. Specifically, theZ23Z2 elements are
(I ,I ),(2I ,I ),(I ,2I ),(2I ,2I ) in an obvious notation. How-
ever, the VEV of the bidoubletF @Eq. ~8!# is invariant only
under (I ,I ),(2I ,2I ). The Z2 consisting of these two ele
ments is therefore a discrete symmetry of the low tempe
ture theory. In the following we set up ansatze for the cosm
strings both in the high temperature and low temperat
phases exploiting theZ2 relevant to each phase.

Let an infinite long string be oriented along thez axis and
let u be the angle in thex-y plane. We construct a ma
U`(u) from the infinitely large circle, (S1)`, in the x-y
plane into some one-parameterU(1) subgroup of the paren
group generated by a broken generatorK. Consider first the
high temperature phase. SinceTR

3 and X are the diagonal
generators of the parent group andY is preserved, the or-
thogonal combinationỸ5TR

32X is a good choice forK.
Consider the general map given by

U`~u;p!5eipỸu5S eipu/2 0

0 e2 ipu/2D + e2 ipuX, ~11!

wherep is a real parameter to be determined. The notatio+

is to keep distinct theU(1)B2L which is multiplicative from
the SU(2)R whose action is adjoint. SinceSU(2)R acts on
DR by similarity transformation, the resulting general sca
field ansatz is

DR~`,u;p!5S 0 0

vRe2 i2pu 0D . ~12!

The minimal value ofupu required to make the ansatz singl
valued is 1/2. Notice that both the values61/2 ofp belong to
the same topological sector. Forp511/2, a rotation byp
generated byY deforms the path to be entirely inSU(2)R ,
connectingI to 2I . For p521/2, the same is done by aY
rotation by 2p. For p51, U`(u) winds once around
U(1)B2L and is a 2p rotation inSU(2)R . This path can be
deformed byU(1)Y to be a purely 4p rotation in SU(2)R
and thus it is trivial. By extending this reasoning to the v
ues p561,62, . . . , all such maps can be reduced to t
trivial sector. Similarly, all the paths withp563/2,
65/2, . . . can bereduced either to thep511/2 or p
8-3
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521/2 path. Finally, p511/2 is distinguished fromp
521/2 only by the sense of winding. Rotation byp about
any axis in thex2y plane makes them physically indistin
guishable.

The ansatz forp51/2 can be extended to finite values
the radial coordinater as follows:

DR~r ,u!5S 0 0

vRe2 iu 0D f R~r !, ~13!

where f R(r ) is a real function ofr satisfying f R(0)50 and
f R(r )→1 asr→`. This completes the ansatz for the sca
field.

The ansatze for the gauge fields forr→` can be obtained
from the generic formula

Am52
i

g
U`]mU†`, ~14!

whereAm represents the gauge field,g is the gauge coupling
constant andU` is given by Eq.~11!. Accordingly, for p
51/2,

WRu
3 ~`,u!5

TR
3

2rg
, Bu~`,u!5

X

2rg8
, ~15!

whereg andg8 are the gauge couplings. At finite values
the radial coordinater, Eq. ~15! should be replaced by

WRu
3 ~r ,u!5

TR
3

2rg
„12hR~r !…, Bu~r ,u!5

X

2rg8
„12hB~r !….

~16!

The real functionshi(r ) satisfy the following boundary con
ditions: hi(0)51 andhi(r )→0 asr→`,i 5R,B.

After subsequent symmetry breaking, the above mapp
U`(u) @i.e., the map of Eq.~11! with p51/2# does not suf-
fice to signal the nontrivial sector. The low temperatu
VEVs of the (1,0,1) fieldDL and the (1/2,1/2,0) fieldf are
respectively@see Eq.~8!#

DL5S 0 0

vL 0D , f5S k 0

0 k̃
D . ~17!

These fields are not invariant under the action ofU`(2p).
However, one may think of this curveU`(u) as a projection
to the subspaceSU(2)R^ U(1)B2L of the more genera
curve

Ũ`~u!5exp$ i ~TL
31TR

32X!u/2%. ~18!

It can be easily shown that the above mapping (p51/2),
Ũ`(u), leavesDR(`,u) to be as in Eq.~12! and givesu
dependence to theDL VEV as follows:

DL~`,u!5S 0 0

e2 iuvL 0D . ~19!
10350
r

g

Since theF VEV is diagonal, it remains invariant under th
action of the mapping in Eq.~18!. The reason for the topo
logical stability of this sector is thatŨ`(2p) belongs to
(2I ,2I ) sector. TheAnsätze for gauge fields in the low
temperature phase can be derived from Eq.~18!. These are
given by Eq.~16! and an additional real functionhL(r ) for
the W3

L field.
An important conclusion of the discussion so far is th

this model predicts cosmic strings to exist at the pres
epoch. At earlier epochs, their dynamics may be treated
methods that have now become standard@10#. An important
point emerges from our analysis. The VEV of the bidoub
field F dictates that ifDL VEV lies in the nontrivial sector,
so must the VEV ofDR . If the VEV of DL is not in the
topological sector of ansatz~19!, the string formed previ-
ously is destabilized. Hence no string can exist witho
SU(2)R magnetic flux in its core. This is essential for es
mating the abundance of such strings at any epoch. Fur
their string tension is dominated by the scalevR .

There is an additional use of the pathU`(u;p) identified
in Eq. ~11!. If we choosep51/4 rather than 1/2, we obtain
DR(`,0)52DR(`,2p). We show in the next section tha
such configurations can be the boundaries of domain wa
Such domain walls separate regions with opposite signs
the VEV of DR .

The cosmic strings also carry fermion zero-modes. T
equation governing a fermion fieldc in the background of a
vortex has the form

iD” c1
d

dc̄
LY50, ~20!

whereLY is given by Eq.~9!, D” 5gmDm and the background
gauge fields have to be substituted in the covariant deriva
Dm .

The charged fermions do not couple to theDL ,DR , and
sincef VEV remains trivial as in Eq.~8!, we find for the
quarks and the leptons

g0]ocF1g i
„] i1 iQ̃F~Abg! i…cF2mFcF50, ~21!

whereF is a label for the fermionic species,mF is the fer-
mionic mass derived from coupling tof, Abg is the back-
ground gauge field andQ̃F is the value of (TL

31TR
32X)

charge of the fermion. The presence of the mass term
cludes the possibility of zero mode solutions at low tempe
tures. Above the electroweak scale, thef VEV disappears
and Q̃ has to be replaced byỸ. The condition for existence
of zero-energy normalizable solutions is thatuỸu.1 @35#.
The number of zero modes is then equal to the largest inte
less thatuỸu. TheỸ charge of the left handed leptons and t
left handed quarks is 1/2 and21/6 respectively. For the righ
handed fermionsuR ,dR andeR it is 1/3,22/3 and 0 respec-
tively. All of these fermions do not possess zero-ene
modes coupled to cosmic strings.

For the left and right handed neutrinos,NL and NR , the
equations of motion are

]0NL1t i
„] i1 iQ̃L~Abg! i…NL2 f vLe2 iuNL50,
8-4
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]0NR1t i
„] i1 iQ̃R~Abg! i…NR2 f vRe2 iuNR50,

~22!

where f was introduced in Eq.~9! and, vL and vR are the
VEVs of DL and DR fields respectively. The existence an
number of zero-modes is determined by theu-dependent sca
lar coupling. Ifu windsm times around the unit circle, ther
are m zero modes. Accordingly, both the neutrinos pos
solitary zero modes. At higher temperatures,^DL&50 and
the existence of theNL zero-modes is determined by theỸ
charge. This however is 1/2 and no zero modes result.

IV. DOMAIN WALLS

The minimal left-right symmetric model possesses m
than one kind of domain wall~DW! solutions. A solution for
which the nonzero component ofDR is proportional to
tanh(ax),x50 being the plane of the DW, is readily obtaine
This solution hasDL5f̃5f50 and is therefore trivial. A
different, nontrivial solution also exists, as can be seen
considering the full scalar potentialV(DL ,DR ,f,f̃) @see Eq.
~4!#.

We assume that theAnsatzfunctionsL(x),R(x), f (x) and
f̃ (x) are the nonzero components ofDL ,DR ,f and f̃ re-
spectively. By minimizing the energy, the equations of m
tion governing the wall configurations are

L9~x!5
]V

]L~x!
, R9~x!5

]V

]R~x!
,

f 9~x!5
]V

] f ~x!
, f̃ 9~x!5

]V

] f̃ ~x!
, ~23!

where the prime means the derivative with respect tox. The
boundary conditions, asx→6`, are

L~x!→6vL ,

R~x!→6vR ,

f ~x!→6k,

f̃ ~x!→6k̃. ~24!

A. Left-right domain wall solutions

At the tree level the Lagrangian is symmetric under
exchangeDL↔DR , reflecting the hypothesis of left-righ
symmetry. The vacuum values for these two Higgs fields
vL andvR @see Eqs.~8! and~24!#. It can be shown@32# that
the triplet part of the potential, defined in Eq.~6!, takes the
form

V~DL ,DR!52m2~DL
21DR

2 !1~r11r2!~DL
41DR

4 !

1r3DL
2DR

2 . ~25!

Upon parameterizingDL5v sina andDR5v cosa, Eq. ~25!
reads
10350
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V~v,a!52m2v21v4S r11r21
1

4
b sin2~2a! D , ~26!

whereb5r322(r11r2).
The points (v,a)5(v0 ,0) and (v0 ,p/2) with v0

5Am2/2(r11r2) are the minima, and
@A2m2/„r312(r11r2)…,p/4# a saddle point, providedb
.0. Electroweak phenomenology dictates that the latter c
dition be valid.

It is reasonable to assume that the effective potential c
tinues to enjoy the above discrete symmetry, since the s
loop corrections enter for both the fields. This means
symmetry is broken spontaneously at the left-right break
scale, providing requisite topological conditions for the ex
tence of domain walls. As the universe cools from the le
right symmetric phase, there are causally disconnected
gions that select eithera50 or a5p/2. Thus the VEVs are
functions of position and the two kinds of regions are se
rated by domain walls.

We further define

s~x!5AR~x!21L~x!2, j~x!5tan21
L~x!

R~x!
. ~27!

Then the equations of motion take the form

d2s

dx2
522m2s14s3F ~r11r2!1

1

4
b sin2 2j G

2sS dj

dxD
2

,

d

dx S s2
dj

dxD5
1

2
s4b sin4j. ~28!

The boundary conditions appropriate to the DW are

s~x!→v0 as x→6`,

j~x!→0 as x→2`,

j~x!→p/2 as x→1`, ~29!

or alternatively,

R~x!→v0 , L~x!→0 as x→2`,

R~x!→0, L~x!→v0 as x→1`. ~30!

In particular, forr356(r11r2), one finds an exact solution

R~x!5
v0

2
@12tanh~mx!#, L~x!5

v0

2
@11tanh~mx!#.

~31!

In terms ofs(x) andj(x) the exact solution is

s~x!5
v0

A2
A11tanh2~mx!, j~x!5tan21F11tanh~mx!

12tanh~mx!G .
~32!
8-5
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If b is very small, then we get the approximate solution

s2~x!5
m2

2~r11r2!
,

j~x!5tan21@exp$mxA2b/~r11r2!%#. ~33!

We have found a numerical solution for the domain w
configurationss(x) andj(x) by minimizing the energy for
different values of the parameters in the potential Eq.~26!.
Figure 1 shows the numerical result for the domain walls
r11r250.1, r350.9, m251 andb50.7. Figure 2 shows
the results forr11r250.05, r350.6, m251 and b50.5.
Figure 3 shows the result forr11r250.2, r350.5, m251
andb50.1. As we can see from the figures, asb decreases

FIG. 1. Domain wall solutions forr11r250.1, r350.9, m2

51 andb50.7. The solid line is thej(x) field while the dashed
line is thes(x) field.

FIG. 2. Domain wall solutions forr11r250.05, r350.6, m2

51 andb50.5. The solid line is thej(x) field while the dashed
line is thes(x) field.
10350
l

r

the solution approaches the approximate solution given
Eq. ~33!. These results are confirmed by solving Eqs.~28!
numerically.

At the electroweak scale, the effective potential does
respect left-right symmetry due to the nature of thef self
coupling. One finds thatvLvR;k2. Upon choosingk;vEW
with vEW denoting the electroweak scale,vL is driven to be
tiny. The Z2 guaranteeing the topological stability of th
walls now disappears. Energy minimization requires that
walls disintegrate.

There is a possibility that the left-right symmetry is n
exact due to effects of a higher unification scale. In that ca
the R breaking minimum should be energetically prefer
by small amounts before the electroweak phase transit
This will cause the domain walls to move around till th
regions with the L breaking false vacuum have been c
verted to the true vacuum. Some fraction of the walls wo
then disappear before the electroweak scale is reached.
fate of the surviving walls is the same as that discussed in
previous paragraph. Further consequences are discuss
the next section.

B. Domain wall solutions with f condensate

In order to have the observed near-maximal parity vio
tion at low energies, we must havek!vR . Also, to avoid
fine tuning in the potential we must havek̃50. But vL!k̃,
so we shall setvL50 @36#. So we are left with only two
fieldsDR andf. The fieldDR admits a domain wall solution
where the fieldf develops a condensate in the core of t
domain wall. The potential in Eq.~4! is simplified to

V~f,D!5lC4f42mk
2C2f21rDR

42m2DR
21aC2f2DR

2 ,

~34!

where l5l11l18 , mk
25m11

2 1m22
2 , r5r11r2 , a5a11

1a221b11 andC5k/vR @see Eq.~4!#. Since the potential of
Eq. ~34! is invariant under the discrete symmetryDR↔

FIG. 3. Domain wall solutions forr11r250.2, r350.5, m2

51 andb50.1. The solid line is thej(x) field while the dashed
line is thes(x) field.
8-6
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2DR, domain walls are formed when this symmetry is spo
taneously broken by fieldDR acquiring a nonzero vacuum
expectation valuevR . At the electroweak scale thef field
acquires a VEVk and forms a condensate inside the dom
wall. We use, as before, the ansatz functionsR(x) and f (x)
for the nonzero components of the fieldsDR andf respec-
tively, where the boundary condition isR(x)→6vR as x
→6`. We choose the origin ofx such thatR(0)50. We
have minimized the energy for different values of the para
eters in the potential Eq.~34!. Figure 4 shows the numerica
results for the DW profile forr50.5, l50.01, a5mk

2

50.4, vR51.0 andC50.01 while Fig. 5 shows the result
for r50.3,l50.1, a5mk

250.3, vR51.28 andC50.01. Fi-
nally, Fig. 6 shows the results forr51.0, l50.01, a5mk

2

50.0.01, vR50.7 andC50.01.
It is interesting to consider the ultimate fate of these d

main walls. As we have shown in Sec. III, if onlySU(2)R is

FIG. 4. Domain wall solutions forr50.5, l50.01, a5mk
2

50.4, vR51.0 andC50.01. The solid line is theR(x) field while
the dashed line is thef (x) field.

FIG. 5. Domain wall solutions forr50.3, l50.1, a5mk
2

50.3, vR51.28 andC50.01. The solid line is theR(x) field while
the dashed line is thef (x) field.
10350
-

n

-

-

broken, then a topologically unstable cosmic string may
formed withDR(`,0)52DR(`,2p). Since the DW has the
boundary conditionR(x)→6vR„56DR(`,0)… as x→6`,
these unstable strings will be the boundary of the DW. T
dynamics of the cosmological networks of string-bound
walls has been studied@37#. The walls eventually shrink via
surface tension, string intercommutation and nucleation
new string loops. Thus they never dominate the energy d
sity of the universe, and can have interesting cosmolog
effects while they last.

V. CONCLUSIONS

From the point of view of a predictable baryogenesis,
left-right symmetric model enjoys the advantage that the
mordial value of theB2L number is naturally zero, being
the value of an Abelian gauge charge. The topological
fects studied here can play a significant role in baryogen
through leptogenesis.

In the context of left-right symmetric models, mech
nisms for electroweak baryogenesis that do not rely on to
logical defects have been investigated recently@38,39#. It has
been shown that the parameters in the potential, for the m
mal model considered here, require unnatural fine tuning
provide sufficient CP violation to expalin the observed
baryon asymmetry.

It has been shown recently that spontaneousCP violation
can occur in the minimal left-right symmetric model consi
ered here@40#. However, baryogenesis with only spontan
ous breakdown ofCP presents severe cosmological pro
lems, due to the formation of domain walls as a result of
breaking of a discrete symmetry. Moreover, in order to g
erate baryon asymmetry, the scale of the spontaneousCP
violation and the scale at which the baryogenesis takes p
must be different@41#; otherwise, an equal amount of matt
and anti-matter is generated. In the minimal left-right sy
metric model with spontaneousCP violation, both scales co-
incide and therefore electroweak baryogenesis is not feas

FIG. 6. Domain wall solutions forr51.0, l50.01, a5mk
2

50.01, vR50.7 andC50.01. The solid line is theR(x) field while
the dashed line is thef (x) field.
8-7
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Defect-mediated leptogenesis mechanisms also need
hancedCP violation. For the present purpose we note th
the s field @38# does not alter the topological consideratio
presented above since it is a gauge singlet and its main f
tion is to bias the potential of the fieldf. The coupling ofs
to both DL and DR may be assumed to be identical due
left-right symmetry. Then the domain walls present very
teresting prospects. Their interaction with other particles
the pre-electroweak scale plasma can result in leptogen
A model-independent possibility of this kind was consider
in @7#. More specific considerations also appear in@42# and
@43#. It is likely that the model is descended from a gra
unified theory. For this or for some other reason there m
be a small asymmetry between the L-preferring a
R-preferring minima even above the electroweak scale. If
energy density difference is suppressed by powers of
GUT mass, the walls are still expected to be present l
enough to bring about requisite leptogenesis.

The case of exact left-right symmetry leads to dom
walls that are stable above the electroweak symmetry br
ing scale. In this case the regions trapped in^D&L;vR
vacuum will become suddenly destabilized as thef acquires
a VEV. The destabilization can generate large amounts
entropy and the domains should reheat to some tempera
TH greater thanvEW but less thanvR . The possibility for
baryogenesis from situations with large departure from th
mal equilibrium was considered by Weinberg@13#. It was
argued that in such situations the asymmetry gener
should be determined by the ratio of time constants gove
ing baryon number violation and entropy generation resp
tively. In the present case we expect leptogenesis from
degeneration of̂DL& due to the Majorana-like Yukawa cou
pling mentioned in Sec. II. The generated lepton asymm
can then convert to baryon asymmetry through the e
troweak anomaly. This possibility will be studied separate
. B

en

.

r
e,

.
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We have also shown that the model admits DW solutio
if we impose the phenomenological hierarchyvL!k̃,k
!vR , and avoid fine tuning in the potential. The fields
this case areDR andf. Domain walls are formed when th
DR field acquires a non-zero VEV. At the electroweak sc
thef field acquires a VEVk and forms a condensate insid
the domain wall. Since these domain walls are formed at
same scale as the unstable cosmic strings, the uns
strings will be the boundary of the DW. These DW solutio
are unstable: they will shrink and disappear.

The cosmic strings demonstrated above can play sev
nontrivial roles in the early universe. They can provide si
for electroweak baryogenesis as proposed in@7#. It has also
been proposed that the fermion zero modes they posses
result in leptogenesis@30#. Equally interesting is the proces
of disintegration of the unstable strings below the ele
troweak scale. The decay should proceed by appearanc
gaps in the string length with formation of monopoles at t
ends of the resulting segments. The free segments
shrink, realizing the scenario of@44#.

The left-right symmetric model considered here provid
a concrete setting for all of the above scenarios. Several
features that have been demonstrated can alter the scen
qualitatively and merit further study.
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