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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 tt&U(2)g is broken and can either be destabilized at the electroweak scale or
remain stable through the subsequent breakdowd (tb)g), . 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 baryogenesisS0556-282(199)02810-4

PACS numbg(s): 98.80.Cq, 11.2%:d, 12.60.Cn, 14.80.Hv

I. INTRODUCTION generic to grand unification scenari®. The popular solu-
tion based on the idea of inflation cannot be implemented in
Topological defects are regions of trapped energy densitthe minimal grand unified theorie€GUTS). Similarly, to
which can be produced at the time of cosmological phaseolve the domain wall problerfl1], we require inflation to
transitions and survive after that if the topology of thetake place after the phase transition that causes the produc-
vacuum manifold of the theory is nontrivial. Typically, cos- tion of these defects. This is difficult to achieve in general.
mological phase transitions occur when a gauge symmetry of Recently, a possible solution of the monopole problem
a particle physics theory is spontaneously broken. In thalvas suggestefil2], based on the possibility that unstable
case, the cores of the topological defects formed are regiongomain walls sweep away the monopoles. The idea of sym-
in which the symmetry of the unbroken theory is restored metry nonrestoration at high temperatdirgl3—15 provides
The defect formation and stability conditions are as followsa simple way out of the domain wall probleff6,17. Un-
[1]. Consider the spontaneous symmetry breaking of a groufortunately, in case of the monopole problem, the situation is
G down to a subgroupi of G. Topological defects, arising far from clear[18]. In a recent paper, Bajet al. [19] show
according to the Kibble mechanigi] whenG breaks down  that the monopole problem in grand unified theories as well
to H, are classified in terms of the homotopy groups of theas the domain wall problem may be easily solved if the lep-
vacuum manifoldG/H [1,2]. The relevant homotopy groups ton number asymmetry in the universe is large enough. In
arell;(G/H),i=0,1,2. IfI;(G/H) is nontrivial, topological  spite of the fact that domain walls are undesirable objects,
defects can form. For=0,1 and 2, the defects are domain during their decay they can provide a departure from thermal
wallls, cosmic strings and monopoles respectively. We arequilibrium which is one of the conditions for baryogenesis
typically interested in a scenario wherebreaks further to  [20-22.
K. If II;(G/K) is nontrivial, defects are possible in this sec-  Currently, several unification schemes are being investi-
ond stage of symmetry breakdown. Thuslif(G/H) and gated in detail, specially for their signatures in the planned
IT;(G/K) (for somei) are both nontrivial, the defect formed particle accelerators. Some of the unification schemes have
in the first stage persists in the second stage. If, on the othémteresting consequences for cosmology. A rich variety of
hand,IT;(G/K) is trivial, then the corresponding defect does cosmic string solutions was demonstraf2a,24] in the con-
not exist in the second stage. Thus, the defects formed in thext of SO(10) unification and has received fresh attention
breaking ofG to H must be unstable wheH breaks toK. [25]. Furthermore, as the non-viability of several models for
Cosmic strings can explain large scale structure, anisotropiesectroweak baryogenesis is becoming appaf2ét-29, it
in cosmic microwave background radiatié@MBR), and s interesting to search for new mechanisms for low-energy
part of the baryon asymmetry of the univef8e-7]. Global  baryogenesis in other unified mod¢i30].
monopoles can explain structure formation in the universe. As a particle physics model, we consider one of the most
Domain walls and local monopoles, on the other hand, ifattractive extensions of the standard electroweak model,
they exist, are potentially problematic. They would dominatebased on the gauge groupU(2), @ SU(2)g®U(1)g_,
the energy density of the universe and overclo§8,8—10.  [14,31]. Various models employing this gauge group are
The problem of monopoles is especially serious since it ipossible, depending on which Higgs and fermion spectrum is
chosen, and whether or not exact discrete left-right symmetry
is imposed. We are interested in the class of left-right sym-

*Email address: yajnik@niharika.phy.iitb.ernet.in metric models described ifl5,31,33. Besides explaining
"Email address: hatem@ducos.ernet.in the observed parity violation of weak interactions at low en-
*Email address: debchou@mri.ernet.in ergies, these models also provide an explanation for the
SEmail address: sm@ducos.ernet.in lightness of ordinary neutrinos, via the see-saw mechanism.
'Email address: am@ducos.ernet.in In this paper we investigate the minimal left-right sym-
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metric model for the presence of topological defect solutions. g &)

We begin with the phase in which only the first stage of <I>:( - O)E(%,%,O),

symmetry breakingSU(2)g®U(1)s_, —U(1)y has oc- b2 P2

curred. We show that the cosmic string solution exists in the

high temperature phase of the theory where the electroweak S i

symmetry is restored. These string defects may either be de- E 5.

stabilized at the electroweak phase transition or may acquire A, = =(1,0,2

additional condensates and continue to enjoy topological sta- - PN e

bility. We show that the strings possess zero-energy modes 58 ——

of the right handed neutrino, and below the electroweak V2

scale, also those of the left handed neutrino. The model also

admits at least two kind of domain wall solutions which are S .

stable only above the electroweak scale. E Or

In Sec. Il, we describe the minimal left-right symmetric Aoe =(0,1,2 &)

. ey . R y Ly )

model. In Sec. lll, we discuss the possibility of producing n

cosmic strings and associated zero modes. In Sec. IV, we Sr ——

discuss the domain wall solutions. Finally, Sec. V contains V2

the conclusions and the cosmological consequences of the

defects. where the scalar fields have been written in a convenient

representation using»22 matrices.
Il. LEET-RIGHT SYMMETRIC MODEL The potential energy of the Higgs fields cannot have tri-

linear terms, This can be seen as follows. Since the triplets
We consider the minimaBU(2), ® SU(2)r®@U(1)s-. A, andAg have nonzer®—L, these must always appear in
model with a discrete left-right symmetff15,32,33. This  the quadratic combinationsA[AL, ATRAR: AIAR or
model is formulated so that parity is a spontaneously broke fA, | These can never be combined with a single bidoublet
symmetry: the Lagrangian is left-right symmetric but the g in such a way as to fornsU(2), and SU(2)x singlets.
vacuum is not invariant under the parity tr"_‘”Sformatio'"';However, quartic combinations of the form ]SrI(DARd)T)
Thus the observed V-A structure of the weak interactions ISyre in general allowed by the left-right symmetry. According

only a low energy phenomenon, which should disappea, yhese strict conditions, the most general form of the Higgs
when one reaches energies of ordey, wherevy is the potential is(see[32])

vacuum expectation value of one of the Higgs fields.
According to left-right symmetric requirement, quakks

and leptons ¢) are placed in left and right doublets, V=VotVstVas, @

with

u
QL:(d) E(%,O,%), QR:
L
V(p= _izj Mﬁ Tr( ¢IT¢])+ )\ijkl Tr((ﬁr(ﬁJ)Tr(d)ld)l)

v ikl

e
e e

IJIL:(Ve) E(%,O,_l), l//R:(
; (1) +i,j%,l Niki Tr(¢?¢j i), (5

where the representation content with respect to the gauge 5 . N N 5
group is explicitly given. Since the weak interactions ob- Va=—u Tr(ALA +AgAR)+ps[(TF(ALA))
served at low energies involve only the left handed helicity + 2 + +
components, the electric charge formula can be written in a +(Tr(ARAR) T+ pa TI(AALAA)

left-right symmetric form as +TrARARARAR) T+ pa[ Tr(ATA ) TH(ARAR)]
+pal THATAD TH(A LA + Tr(ARAR TH(ARAR)],
(6)

3, 3, B~
Q=T +Tx+ — (2
WhereTf and T% are the weak isospin represented 6Y2,
where 7° is the Pauli matrix. Regarding the bosons, gauge + + t

’ Vor= G Tr(d ) Tr(A) A +ARA

vector bosons consist of two tripletsv“=(3,1,0) WX *a % iy THAi $)THALAL+ARAR)
=(1,3,0) and a singleB#=(1,1,0).

The Higgs sector of the model is dictated by two require- + CTH A ATATA + T b ATA
ments, the choice of the symmetry breaking term and the % By TLAGIALALT & diArAR]
desire to reproduce the phenomenologically observed light
masses of the known neutrinos via the see-saw mechanism. +2 [y Tr(AT</>-AR¢T)+ H.cl. )
Then the unique minimal set is 7 LR
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Note that, as a consequence of the discrete left-right symmavould exist in this breakdown as discussed above. Fortu-
try, all terms in the potential are self-conjugate, except fomately, the inclusion ofJ(1)z_, does not change this con-
ajj ; thereforeq;; is the only parameter which may be com- clusion. To show this, suppose the cosmic string ansatz is set
plex. Since we will not discuss th€P violation aspect of up as usual by a path BU(2)g connecting to — | by a 27
the generation of baryon asymmetry, we assugjeto be  rotation generated by a broken generator. We may try to
real. It can be showf83] that, without fine tuningy;; terms  unwind this using the surviving gauge symmetdy(1)y .
spoil the seesaw mechanism by inducing a direct Majoran8ut a 27 rotation generated by= T3+ X also leads to a #
mass term for the left-handed neutrino. Therefore, we selinding in theU(1)g_, space. Thus the unshrinkable path
%;=0 in our calculations. This choice will also avoid the persists. This reasoning also shows thatZtexpected from
unwanted presence of large flavor changing neutral currentsie breakdown ofJ(1)g_, group by itself does not persist
(FCNO). due to the presence of tf&U(2)g. Rotation by the unbro-
Moreover, only the neutral components of the scalalken generatorY identifies distinct sectors labelled b¥
fields, ¢, 43,60,6%, can acquire vacuum expectation val- modulo theZ, which survives thesU(2)g breakdown[34].

ues (VEVs) without violating electric charge. 1A, or Ag
acquire a vacuum expectation val(¢EV), thenB—L is
necessarily broken, and {AA ) #(AR), parity breakdown is

Consider next the breakdown of the model to electromag-
netism. If the only additional field werd , the residual
symmetry would beZ,XZ, by a simple extension of the

also ensured. Thus the following VEVs are sufficient forprevious arguments. Specifically, thexZ, elements are

achieving the correct pattern of symmetry breaking: (LD, (=1,0,0,=1,(=1,=1) in an obvious notation. How-
ever, the VEV of the bidoubleb [Eq. (8)] is invariant only
k 0 0 O under (,1),(—1,—1). The Z, consisting of these two ele-
o= A ALgr= v r 0 ®) ments is therefore a discrete symmetry of the low tempera-

ture theory. In the following we set up ansatze for the cosmic
~ strings both in the high temperature and low temperature
where,k,v, andvg are taken to be real, and phenomeno- -
) ) ~ _ phases exploiting th&, relevant to each phase.
logically the hierarchyc<vg,v <« is required. _ Let an infinite long string be oriented along thexis and
Fermion masses are obtained from Yukawa couplings Ofgt g pe the angle in thex-y plane. We construct a map
quarks and leptons with the Higgs bosqns. For one genergy=(g) from the infinitely large circle, $1)”, in the x-y
tion of quarksq and leptonsy, the couplings are given by piane into some one-parametd€1) subgroup of the parent
[32] group generated by a broken generdforConsider first the
high temperature phase. Siniﬂf(,iie and X are the diagonal
generators of the parent group aNds preserved, the or-

thogonal combinatioY=T3—X is a good choice foiK.
Consider the general map given by

The Majorana mass terms allowed for the neutrinos are a
source of lepton number violation as well @ violation.

The couplings are also important for studying fermionic
zero-modes of cosmic strings.

Ly=h9q, par+hiq dag+h'y ye+n'v dyr
+f([CTrA g+ YRC I ARyR) +H.C. (9)

eip 612 0

u=(e; P)zeip?az( —ipa/z)"eipaxy (11

0 e

wherep is a real parameter to be determined. The notation
is to keep distinct th&J(1)g_, which is multiplicative from
the SU(2)r whose action is adjoint. Sinc8U(2)g acts on

_ In this section we discuss the cosmic string sectors occury _ by similarity transformation, the resulting general scalar
ring in this theory. In the following we use the notatidh  fa|d ansatz is

=(1/2)(B—L). Consider first a pur&U(2) theory with two
The minimal value ofp| required to make the ansatz single-

real triplet scalars which break the symmetry. A cosmic
string sector exists in this breakdown because the stability

valued is 1/2. Notice that both the value4/2 of p belong to
the same topological sector. Fpe= +1/2, a rotation by

group of the VEV isZ,. The Z, arises because thgU(2)

element—1I, negative of the identity, leaves invariant the
generated by deforms the path to be entirely BU(2)g,
connectingl to —I. For p=—1/2, the same is done by¥

VEV of the triplets[10].
Consider next the breakdown 8U(2)gxU(1)g_, due
rotation by —#. For p=1, U*(6) winds once around
U(1l)g_, and is a 2r rotation inSU(2)g. This path can be

to Ar. The scalar fieldAg is complex and can be param-
etrized as

- - . . deformed byU(1)y to be a purely 4r rotation inSU(2)g
wherer ands are 3-dimensional real vectors amgare the o4 s it is trivial. By extending this reasoning to the val-

Pauli matrices. The VEV folg in Eq. (8) implies that(r)  uesp==1,+2,..., all such maps can be reduced to the
=(1,0,0) and's)=(0,—1,0), in the usual 3-dimensional ba- trivial sector. Similarly, all the paths withp==3/2,
sis. If SU(2)g alone were present, a cosmic string sector=5/2,... can bereduced either to thep=+1/2 or p

IIl. COSMIC STRINGS AND FERMION ZERO MODES

0

AR(oo,e;p)=(U “i2p0 (12

r€
Ag=(r+is)-r,

(10
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=—1/2 path. Finally,p=+1/2 is distinguished fromp Since the® VEV is diagonal, it remains invariant under the
=—1/2 only by the sense of winding. Rotation myabout  action of the mapping in Eq18). The reason for the topo-

any axis in thex—y plane makes them physically indistin- logical stability of this sector is tha”(2) belongs to

guishable. (—1,—1) sector. TheAnsdze for gauge fields in the low
The ansatz fop=1/2 can be extended to finite values of temperature phase can be derived from @®). These are
the radial coordinate as follows: given by Eq.(16) and an additional real function, (r) for
the W3, field.
0 0 An important conclusion of the discussion so far is that
AR(r’a):(vReiﬁ 0 fr(r), (13 this model predicts cosmic strings to exist at the present

epoch. At earlier epochs, their dynamics may be treated by

wherefg(r) is a real function of satisfyingfz(0)=0 and  Methods that have now become standa@. An important
fr(r)—1 asr—oo. This completes the ansatz for the scalarPoint emerges from our analysis. The VEV of the bidoublet

field. field ®@ dictates that ifA, VEV lies in the nontrivial sector,
The ansatze for the gauge fields ferc can be obtained SO must the VEV ofAg. If the VEV of A, is not in the
from the generic formula topological sector of ansatd9), the string formed previ-

ously is destabilized. Hence no string can exist without
P . SU(2)g magnetic flux in its core. This is essential for esti-
A,=—-U%9,U", (14 mating the abundance of such strings at any epoch. Further,
g o2 e ;
their string tension is dominated by the scale.

whereA,, represents the gauge fiefglis the gauge coupling _ There is an additional use of the pai (6;p) identified
constant andJ” is given by Eq.(11). Accordingly, forp  in Ed. (11). If we choosep=1/4 rather than 1/2, we obtain

=1/2, AR(,0)= —Ag(«,27). We show in the next section that
such configurations can be the boundaries of domain walls.
ng X Such domain walls separate regions with opposite signs for
W3, (,0)==—, By(®,0)=—, (15)  the VEV of Ag.
2rg 2rg’ i atri :
g The cosmic strings also carry fermion zero-modes. The

equation governing a fermion field in the background of a

whereg andg’ are the gauge couplings. At finite values of \,qtex has the form

the radial coordinate, Eq. (15) should be replaced by

= X Dyt —L,=0, @0
wge(r,a)zﬁ(l—hR(r)), Bg(r,e)zy(l—hB(r)). oy
J (169  WhereLy is given by Eq(9), D= y*D , and the background
gauge fields have to be substituted in the covariant derivative

The real functiongy(r) satisfy the following boundary con- D, .
ditions: h;(0)=1 andh;(r)—0 asr—«,i=R,B. The charged fermions do not couple to the,Ar, and

After subsequent symmetry breaking, the above mappingince ¢ VEV remains trivial as in Eq(8), we find for the
u~(0) [i.e., the map of Eq(1l) with p=1/2] does not suf- quarks and the leptons
fice to signal the nontrivial sector. The low temperature 0 . =
VEVs of the (1,0,1) field\, and the (1/2,1/2,0) fielg are Y dotbet ¥ (9 +iQr(Apg) ) hr—Meifp=0, (21

respectively{see Eq/(8)] whereF is a label for the fermionic species): is the fer-

0 0 (K 0) mionic mass derived from coupling , A, is the back-

0 (17)  ground gauge field an@g is the value of T7+T3—X)
UL

charge of the fermion. The presence of the mass term pre-
) ) _ ) cludes the possibility of zero mode solutions at low tempera-
These fields are not invariant under the action6(2m).  tures. Above the electroweak scale, theVEV disappears
However, one may think of this curié™(6) as a projection andQ has to be replaced by. The condition for existence
to the subspac&SU(2)g®U(1)g_, of the more general : ) e
curve of zero-energy normalizable solutions is tHy>1 [35].
The number of zero modes is then equal to the largest integer

U”(0)=expli(TE+T3—X) 6/2}. (18  lessthafY|. TheY charge of the left handed leptons and the

left handed quarks is 1/2 and1/6 respectively. For the right

It can be easily shown that the above mappimg=(/2), handed fermionsig,dg anQeR it is 1/3,—2/3 and 0 respec-
U”(0), leavesA(,0) to be as in Eq(12) and givesd tively. All of these fermions do not possess zero-energy

) modes coupled to cosmic strings.
dependence to tha, VEV as follows: For the left and right handed neutrind$, andNg, the

0 equations of motion are
) 19

. ¢=

0 «

o

AL(wle):

e_iGUL 0 ' é’ONL-I—Ti(ﬁi+i6L(Abg)i)NL—vaefigNL=0,
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P01 i) . _ —i6 — 1
ol PO IR Aeg M fume TR V(v,@)= ~ p?o?+v¥| prtpot 7 Bsi(2a) |, (26)

wheref was introduced in Eq(9) and,v_ andvr are the  whereg=p;—2(p1+ p,).
VEVs of A| and Ag, fields respectively. The existence and  The points ,a)=(vo,0) and @g,7/2) with vy

number of zero-modes is determined by thdependent sca-  — \/,2/2(p, + p,) are the minima, and

lar coupling. If @ Windsmtimes around the unit circle, there [V2u2l(ps+2(p1+ py)), /4] a saddle point, provideg
are m zero modes. Accordingly, both the neutrinos posses.  Electroweak phenomenology dictates that the latter con-
solitary zero modes. At higher temperatur¢s, )=0 and ition be valid.
the existence of thél_ zero-modes is determined by the It is reasonable to assume that the effective potential con-
charge. This however is 1/2 and no zero modes result.  tinues to enjoy the above discrete symmetry, since the same
loop corrections enter for both the fields. This means the
IV. DOMAIN WALLS symmetry is broken spontaneously at the left-right breaking
. . . scale, providing requisite topological conditions for the exis-
The minimal left-right symmetric model possesses Morgence of domain walls. As the universe cools from the left-
than one kind of domain wa(DW) solutions. A solution for right symmetric phase, there are causally disconnected re-

which the nonzero component dfg is proportional 10 ginng that select either=0 or a= /2. Thus the VEVs are
tanh@x),x=0 being the plane of the DW, is readily obtained. {nctions of position and the two kinds of regions are sepa-

This solution hasA| = ¢=¢=0 and is therefore trivial. A rated by domain walls.
different, nontrivial solution also exists, as can be seen by We further define

considering the full scalar potent(A, ,Ar, ¢, ¢) [see Eq. Lx)
@] — JROOZEF L ()2 —ta
We assume that th&nsatzfunctionsL (x),R(x),f(x) and e()=VRO)THLX% - €09 =tan R(x)" (@

f(x) are the nonzero components Af ,Ag,¢ and ¢ re-
spectively. By minimizing the energy, the equations of mo-
tion governing the wall configurations are

Then the equations of motion take the form

dzo'__z 5 2o 1 o
L" x)——aV R x)—_’?v e emotao (p1tp2)+ 4 Bsin’ 2¢
Y d_x) ,
N o v
£ =—, H - ' 23
W TR P g e 1,
d_X(" dx| ~27 Bsine. 28

where the prime means the derivative with respect tdhe

boundary conditions, as— *», are The boundary conditions appropriate to the DW are

L(X)— v, g(X)—vg as X—*w,

R(X)— *vRg, £x)—0 as x— —o,

f(xX)—*«, EX)— 2 as x—+o, (29
T(x)— +x. (24)  or alternatively,

R(X)—vg, L(X)—0 asx——oo,
A. Left-right domain wall solutions

At the tree level the Lagrangian is symmetric under the R(X)—0, L(X)—vo asx—+. (30)
exchangeA, < Ag, reflecting the hypothesis of left-right
symmetry. The vacuum values for these two Higgs fields ar
v, anduvg [see Egs(8) and(24)]. It can be showii32] that o o
the triplet part of the potential, defined in E@), takes the R(x)=Z[1-tani(ux)],  L(X)=—5[1+tanfux)].
form

én particular, forp;=6(p,+ p,), one finds an exact solution

(39)
_ 2, A2 4, A4
V(AL AR) = — (AT +AR) +(pa+p2) (Al +AR) In terms ofa(x) and £(x) the exact solution is
+psAfAR. (25 vo 1+tanh ux)
. , o(X)= —=J1+tanif(ux), &x)=tanm ——x--"—|.
Upon parameterizing | =v sina andAr=v cosa, Eq. (25) J2 1—tanh(ux)
reads (32
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o i
up
05 _
10 5 0 5 10
X X
FIG. 1. Domain wall solutions fop;+p,=0.1, p3=0.9, u? FIG. 3. Domain wall solutions fop;+p,=0.2, p3=0.5, u?
=1 andB=0.7. The solid line is th&(x) field while the dashed =1 andg=0.1. The solid line is the&(x) field while the dashed
line is theo(x) field. line is thea(x) field.

If B is very small, then we get the approximate solution  the solution approaches the approximate solution given by
Eqg. (33). These results are confirmed by solving E(28)

2 numerically.
a?(x) = ’u—, At the electroweak scale, the effective potential does not
2(p1tp2) respect left-right symmetry due to the nature of theself
coupling. One finds thai, vg~ . Upon choosingc~uv gy
£(x)=tan Lexp{ ux\28/(p1+po)}]. (33  with vgy denoting the electroweak scatg, is driven to be

tiny. The Z, guaranteeing the topological stability of the
walls now disappears. Energy minimization requires that the

We have found a numerical solution for the domain wall o
walls disintegrate.

configurationso(x) and ¢(x) by minimizing the energy for There is a possibility that the left-right symmetry is not

different values of the parameters in the potential ). . N

. ; : exact due to effects of a higher unification scale. In that case,
Figure 1 shows the numerical result for the domain walls for,[he R breakina minimum should be eneraetically preferred
p1+p2=0.1, p3=0.9, u?=1 andB=0.7. Figure 2 shows g g yp

! - 2 = by small amounts before the electroweak phase transition.

g}eurrzsglfh;?,cgltﬁgzr;ig?’ pi_ O'SOMZ —1:a0ngﬂ—2(i.51. This will cause the domain walls to move around till the

9 QT p2=0.c, p3=1.0, f regions with the L breaking false vacuum have been con-
and3=0.1. As we can see from the figures, @islecreases, verted to the true vacuum. Some fraction of the walls would
then disappear before the electroweak scale is reached. The
fate of the surviving walls is the same as that discussed in the
______ : 1 previous paragraph. Further consequences are discussed in
1 the next section.

i — r—T—T—7—T—r—T—17

~ -

N 7 ] B. Domain wall solutions with ¢ condensate

i \ / ] In order to have the observed near-maximal parity viola-
2r N4 . tion at low energies, we must have<vg. Also, to avoid

fine tuning in the potential we must hawe=0. Butv, <x,

so we shall seb; =0 [36]. So we are left with only two
fieldsAg and ¢. The fieldAr admits a domain wall solution
where the field$ develops a condensate in the core of the
domain wall. The potential in Eq4) is simplified to

g0

V(¢,0)=\C*¢*— u2C?¢%+ pAg— p®Agj+ aC?$?AR,
(34

FIG. 2. Domain wall solutions fop,+ p,=0.05, p;=0.6, x>  Where A=\ ;+\j, pa= piit 3y, p=p1tpz, a=ay
=1 andB=0.5. The solid line is th&(x) field while the dashed + a,,+ 811 andC= «/vg [see Eq(4)]. Since the potential of
line is thea(x) field. Eqg. (34) is invariant under the discrete symmetfyg—
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05—

05—

< € of 1

05 B

05— -
15 . . . . 1 . . L L L . . . . -1.0_ . . . . 1 . . L L L .
-0.75 -0.25 0.25 0.75 -0.75 -0.25 0.25 0.75
X X

FIG. 4. Domain wall solutions fop=0.5, A=0.01, af=,u,i FIG. 6. Domain wall solutions fop=1.0, A\=0.01, az,ui
=0.4, vg=1.0 andC=0.01. The solid line is th&(x) field while =0.01, vg=0.7 andC=0.01. The solid line is th&(x) field while
the dashed line is th&(x) field. the dashed line is th§(x) field.

—Ag, domain walls are formed when this symmetry is spon-broken, then a topologically unstable cosmic string may be
taneously broken by fieldr acquiring a nonzero vacuum formed with Ag(%,0)= — Ag(%,27). Since the DW has the
expectation valuei. At the electroweak scale the field  boundary conditiorR(x) — *vg(= *+ Ag(,0)) asx— *+ o,
acquires a VEVk and forms a condensate inside the domainthese unstable strings will be the boundary of the DW. The
wall. We use, as before, the ansatz functi®{g) andf(x) dynamics of the cosmological networks of string-bounded
for the nonzero components of the fieldg and ¢ respec- walls has been studig®7]. The walls eventually shrink via
tively, where the boundary condition R(xX)— *vg asx  surface tension, string intercommutation and nucleation of
— * oo, We choose the origin af such thatR(0)=0. We  new string loops. Thus they never dominate the energy den-
have minimized the energy for different values of the paramsity of the universe, and can have interesting cosmological
eters in the potential Eq34). Figure 4 shows the numerical effects while they last.
results for the DW profile forp=0.5, A=0.01, a=pu?2
=0.4, vg=1.0 andC=0.01 while Fig. 5 shows the results
for p=0.3A=0.1, a=u%=0.3, vg=1.28 andC=0.01. Fi-
nally, Fig. 6 shows the results far=1.0, A=0.01, a=,ui From the point of view of a predictable baryogenesis, the
=0.0.01,vg=0.7 andC=0.01. left-right symmetric model enjoys the advantage that the pri-
It is interesting to consider the ultimate fate of these do-mordial value of theB—L number is naturally zero, being
main walls. As we have shown in Sec. llI, if onBU(2)gis  the value of an Abelian gauge charge. The topological de-
fects studied here can play a significant role in baryogenesis
B 77— 77— through leptogenesis.

- 1 In the context of left-right symmetric models, mecha-
nisms for electroweak baryogenesis that do not rely on topo-
logical defects have been investigated recef&8;,39. It has
been shown that the parameters in the potential, for the mini-
mal model considered here, require unnatural fine tuning to
provide sufficient CP violation to expalin the observed
baryon asymmetry.

It has been shown recently that spontaneG®sviolation
can occur in the minimal left-right symmetric model consid-
ered herg40]. However, baryogenesis with only spontane-
ous breakdown ofCP presents severe cosmological prob-
lems, due to the formation of domain walls as a result of the

- breaking of a discrete symmetry. Moreover, in order to gen-
A L erate baryon asymmetry, the scale of the spontan€Ris

-0.75 -0.25 0.25 0.78 . . . .

X violation and the scale at which the baryogenesis takes place
must be differenf41]; otherwise, an equal amount of matter

FIG. 5. Domain wall solutions forp=0.3, A=0.1, a=u? and anti-matter is generated. In the minimal left-right sym-
=0.3, vg=1.28 andC=0.01. The solid line is th&(x) field while ~ metric model with spontaneo@P violation, both scales co-
the dashed line is th&(x) field. incide and therefore electroweak baryogenesis is not feasible.

V. CONCLUSIONS

05—

R.f
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Defect-mediated leptogenesis mechanisms also need en- We have also shown that the model admits DW solutions
hancedCP violation. For the present purpose we note thatif we impose the phenomenological hierarchy <k, «
the o field [38] does not alter the topological considerations<<vg, and avoid fine tuning in the potential. The fields in
presented above since it is a gauge singlet and its main funéhis case aré\g and ¢. Domain walls are formed when the
tion is to bias the potential of the field. The coupling ofr A field acquires a non-zero VEV. At the electroweak scale
to both A, and Ag may be assumed to be identical due tothe ¢ field acquires a VEVk and forms a condensate inside
left-right symmetry. Then the domain walls present very in-the domain wall. Since these domain walls are formed at the
teresting prospects. Their interaction with other particles irs@me scale as the unstable cosmic strings, the unstable
the pre-electroweak scale plasma can result in leptogenesflfings will be the boundary of the DW. These DW solutions

A model-independent possibility of this kind was considered®'€ Unstable: they will shrink and disappear.
in [7]. More specific considerations also appeaf4é] and The cosmic strings demonstrated above can play several

[43]. It is likely that the model is descended from a grandnontrivial roles in the early universe. They can provide sites

unified theory. For this or for some other reason there mayjP" lectroweak baryogenesis as proposefl7in It has also
be a small asymmetry between the L-preferring and€en proposed that the fermion zero modes they possess can

R-preferring minima even above the electroweak scale. If théesu!t _in Iepto_genesi@SO]. Equally inter_esting Is the process
paf disintegration of the unstable strings below the elec-

energy density difference is suppressed by powers of t 8
GUT mass, the walls are still expected to be present |On%roweak scale. The decay should proceed by appearance of

enough to bring about requisite leptogenesis. aps in the string length with formation of monopoles at the

The case of exact left-right symmetry leads to domain€nds of the resulting segments. The free segments then
hrink, realizing the scenario ¢44].

walls that are stable above the electroweak symmetry break:
y y The left-right symmetric model considered here provides

ing scale. In this case the regions trapped{in), ~v ; .
9 g pped(i) ~vg a concrete setting for all of the above scenarios. Several new

vacuum will become suddenly destabilized as ¢ghacquires X
a VEV. The destabilization can generate large amounts Of‘eatures that have been demonstrated can alter the scenarios
géjalitatively and merit further study.

entropy and the domains should reheat to some temperatu
Ty greater tharvgy but less tharvg. The possibility for
baryogenesis from situations with large departure from ther-

mal equilibrium was considered by Weinbdrg3]. It was This work was started at the 5th workshop on High En-
argued that in such situations the asymmetry generateergy Physics PhenomenologyHEPP-5 which was held in
should be determined by the ratio of time constants governtUCAA, Pune, India and supported by S. N. Bose National
ing baryon number violation and entropy generation respecCenter for Basic Science, Calcutta, India and Tata Institute
tively. In the present case we expect leptogenesis from thef Fundamental Research, Mumbai, India. One of the authors
degeneration ofA| ) due to the Majorana-like Yukawa cou- (H.W.) thanks the University Grants Commission, New
pling mentioned in Sec. Il. The generated lepton asymmetrelhi, for financial support. The research of U.A.Y. is sup-
can then convert to baryon asymmetry through the elecported in part by a Department of Science and Technology
troweak anomaly. This possibility will be studied separately.grant.
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