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Cosmological domain walls from the breaking of S, flavor symmetry
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In this work, we delve into the often overlooked cosmological implications of the spontaneous breaking
of the non-Abelian discrete groups, specifically focusing on the formation of domain walls in the case of S,
flavor symmetry. In particular, we investigate three interesting breaking patterns of the S4 group and study
the structure of the domain walls in the broken phase for three possible residual symmetries. The
presentation of domain walls in the case of multiple vacua is usually complicated, which therefore implies
that most of the analyses only approximate their presentation. Here, we propose a subtle way to represent the
S, domain wall networks by presenting the vacua in each breaking pattern as vectors with their components
corresponding to their coordinates in the flavon space. Then, through the properties of the obtained vectors,
we find that the domain wall networks can be represented by Platonic or Archimedean solids where the
vertices represent the degenerate vacua while the edges correspond to the domain walls that separate them.
As an illustration, we propose a type-II seesaw model that is based on the S, flavor symmetry, and study its
phenomenological implications on the neutrino sector. To solve the domain wall problem within this toy
model, we consider an approach based on high-dimensional effective operators induced by gravity that

explicitly break the structure of the induced vacua favoring one vacuum over the others.
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I. INTRODUCTION

In the past two decades, non-Abelian discrete symmetries
have become more prominent in flavor model building. This
interest grew particularly following the observation of large
leptonic mixing angles from various neutrino oscillation
experiments (see Refs. [1-3] for updated global fits). Non-
Abelian discrete groups are increasingly employed to tackle
the flavor problem which is connected to the lack of a
mechanism within the Standard Model (SM) that explains
the mass hierarchies of the different fermions and their
mixing. Nevertheless, in order to achieve realistic predic-
tions for the fermion masses and mixing angles at low
energies, it is imperative to break the non-Abelian group due
to the fact that the charged leptons and the three massive
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neutrinos are inherently distinct in the symmetric phase of
the underlying flavor group. This breaking takes place when
scalar fields called flavons, which are singlets under the SM
gauge group, acquire nonzero vacuum expectation values
(VEVs) along specific directions within the flavon space.
On the other hand, the spontaneous symmetry breaking
(SSB) of discrete groups gives rise to multiple degenerate
vacua separated by surfacelike topological defects referred
to as domain walls (DWs) [4,5]. The number of the vacua
and DWs depends on the order of the broken group.
Generally, these multiple vacua can be understood as the
constituents of a topologically nontrivial vacuum manifold,
defined by disconnected points in space with the same
energy [6]. Once the field responsible for SSB stabilizes at
one of these points—no point is preferred over any other—it
cannot transition to any of the remaining points [7]. The
regions between the degenerate ground states represent the
DWs which, if proven to be stable, are disfavored by
cosmological observations. To illustrate why this is an issue,
notice that DWs are expected to enter a regime of dynamical
scaling such that the number of defects is constant per
Hubble horizon [8—10]. In this scaling regime, we have the
property H~! ~ L ~ R where H™! is the Hubble radius, L is
the distance between two neighboring walls and R is the
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wall curvature radius which is proportional to the cosmo-
logical expansion factor a(t). The energy density of DWs in
this regime scales as a~!, decreasing more slowly than
radiation and matter which scales as a~* and a™> respec-
tively [4—6]. As aresult, DWs could eventually dominate the
Universe at small redshift which is disfavored by the current
cosmological observations; this is known as the domain
wall problem [4]. Indeed, Zel’dovich, Kobzarev and Okun
pointed out that stable DWs would cause a fast expansion of
the Universe dramatically affecting the formation of gal-
axies and reducing the production rates of light elements
during primordial nucleosynthesis [4]. Moreover, the pres-
ence of the walls in the current Universe would create
unacceptable distortions in the cosmic microwave back-
ground (CMB) radiation that would violate the present
limits on its homogeneity and isotropy [7].

Many approaches have been suggested to deal with the
creation of DWs where the main idea is that they should
either be unstable or remain subdominant until the present
time. In particular, the energy scale associated with the SSB
of the discrete groups should be low enough so that the
energy density of the walls is a subdominant contribution to
the total energy density of the Universe [11,12]. This scale
is also restrained to be smaller that 1 MeV to prevent
creating undesirable large anisotropies in the CMB [4].
Besides, the walls may exhibit instability if they manifest
prior to the inflation era. However, below the inflationary
scale, the most known solution to the DW problem was
suggested by Zel’dovich et al. [4] where the DWs are
unstable by assuming that the discrete symmetry is not
exact. In other words, the introduction of explicit symmetry
breaking terms create energy gaps between true and false
vacua and in which case false vacua will fade before the
walls dominate the energy density of the Universe (see also
Refs. [5,6,13] for more details). The connection between
the DW problem and flavor models that lead to it is usually
overlooked in the literature. For instance, only the mecha-
nism of DW creation and some of the solutions have been
discussed in Refs. [14-21]. For instance, in Ref. [14] brief
discussions exploring the explicit symmetry breaking
solutions as well as a possibility that flat directions in
the scalar potential acquire very large VEVs during
inflation so that the DWs do not cause any problem is
applied in the framework of the minimal supersymmetric
standard model (MSSM) with an A, flavor group. Another
example employing the A, group is proposed in Ref. [15]
using a mechanism to stabilize the flavon potential with the
desired alignment structure solves the DW problem inde-
pendently of the scale of inflation. A similar approach is
applied in the context of a supersymmetric S, flavor
symmetry model in Ref. [16]. A different scenario is that
the discrete flavor group is considered as an exact sym-
metry at the classical level and only broken at the quantum
level by the QCD anomaly [22]. However, as demonstrated
in [18] using A4 and D, groups, QCD anomaly effects are

not enough to completely solve the DW problem since they
cannot remove all the vacuum degeneracy. One more
example with the alternating A4 group is proposed in
Ref. [20] in the context of the next-to-MSSM where the
problem is solved by considering the explicit breaking of
the discrete symmetry through the insertion of Planck-
suppressed operators induced by supergravity.

In this work, we investigate for the first time the
formation of DWs from the SSB of the flavor group S,
within a nonsupersymmetric framework. Here, we empha-
size on three S, breaking patterns that have been established
as phenomenologically plausible, ie., S; = Z, X Z,,
Sy — Z3, and S4 — Z,. Since for each of these patterns
S, is only partially broken, the number of degenerate vacua
is contingent upon the order of the broken subgroup of S,."
For the above S, breaking patterns, the broken subgroups
are given by the non-Abelian groups S3, X(8), and Ay,
respectively. Therefore, the transformations among the
vacua are characterized by non-Abelian structures making
the representation of the vacuum manifold even more
complicated. Here, we propose a subtle way to represent
the S, DW networks by using the properties of the flavon
space which is defined as a vector space that can accom-
modate all the dimensions of the S, irreducible representa-
tions.? After the SSB of S, the flavon field responsible for
the breaking, say €, can be represented by a vector where its
components correspond to its coordinates in the vector
space. The remaining vectors (vacua) are obtained easily by
applying the various elements of the broken subgroups of Sy
on (Q). Then, through the properties of the obtained
vectors, we find that the DW networks can be represented
by the Platonic or Archimedean solids where the vertices
represent the degenerate vacua while the edges represent the
domain walls. To address the DW problem and its possible
solution in the case of the S, flavor group, we propose a toy
model based on type-Il seesaw mechanism which we
confront to the recent neutrino data. The problem of
DWs in this toy model is solved by introducing effective
operators generated by gravity and suppressed by powers of
the Planck mass which simply means that the S4 symmetry
is not exact after all.

The rest of this paper is organized as follows. In Sec. II,
we start by identifying the S, breaking patterns consistent
with the neutrino oscillation data. Then, we determine the
breaking parts for each pattern, detailing properties crucial
for DW formation. Finally, we offer a geometric description
of DWs for each S, breaking pattern. In Sec. III, after

'In the context of Z,, Abelian groups, the vacuum manifold is
composed of n degenerate vacua. The higher the order of the
group, the greater the number of vacuum becomes leading to
nontrivial DW networks.

*This is a vector space of dimension six where the first three
components are reserved for S, triplets, the next two for Sy
doublets and the last for S, singlets.
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exploring some well-known solutions to the DW problem,
we build a toy model with S, flavor symmetry and examine
neutrino phenomenology as well as propose a possible
solution to the DW problem. We also qualitatively discuss
the gravitational waves (GWs) arising from DWs in this toy
model. We conclude in Sec. IV.

II. BREAKING OF S, SYMMETRY
AND DOMAIN WALLS

In this section, we first specify the different S, symmetry
breaking patterns that are known to be phenomenologically
consistent with the neutrino oscillation data, and we define
some notations for the irreducible representations of S, as
well as its subgroups. Afterwards, we focus on identifying
the broken parts for each breaking pattern and describe
their properties relevant for the creation of domain walls.
Finally, we provide a geometric description of the DWs
generated for each S, breaking pattern.

A. Lepton residual symmetries from S,

The breaking of non-Abelian discrete groups G is an
essential part in the construction of flavor models to provide
realistic predictions for lepton mixing angles. This breaking
occurs when flavon fields acquire VEVs along specific
directions in flavon space. Typically, the breaking of the
flavor symmetry allows for the survival of different Abelian
residual symmetries G, which are subgroups of G ;. These
residual symmetries give rise to distinct mixing patterns that
can be explicitly derived by calculating the fermion mass
matrices. Hence, the phenomenological viability of the
fermion flavor structure is often assessed based on these
surviving residual symmetries after the breaking of the
underlying flavor group Gy. In this study, we examine the
formation of DWs assuming S, as our flavor group, which
breaks down into G, and G, associated to the charged
lepton and the neutrino sectors, respectively, and assuming
that neutrinos are Majorana particles.

Depending on the flavon VEV alignment, the residual
symmetry group corresponding to any one of the Sy
subgroups is illustrated in Fig. 1 where the residual
symmetry group could be non-Abelian {A4, D4, S3} or
Abelian {Z,,Z, X Z,,75,Z,}. The breaking of S, down
to one of its non-Abelian subgroups is excluded by current
data since it leads to two degenerate neutrino mass states.
For the case of Abelian subgroups, it is convenient to use the
fact that S, is isomorphic to G = (Z; X Z,)x(Z3xZ,),
where (Z, x Z,) refers to the Klein four-group denoted by
K, in what follows, while (Z3x Z,) is isomorphic to the
smallest non-Abelian group; the symmetric group Sj.
Consequently, we can perceive Sy as the semi-direct product
of K, and S35, denoted as S4 = K4 > S3. This group contains
24 elements generated by three generators denoted by S, 7,
and U. It is noteworthy, though, that only two generators are
required to define S, [23]. However, in order to highlight the

FIG. 1. Symmetry breaking patterns of S, discrete symmetry.

relationship between the alternating group A4 and Sy, it is
advantageous to choose the set of generators as S, 7, and U.
By doing so, it becomes evident that S and 7 alone can
generate the group A, [24]. Similarly, the two generators 7°
and U/ alone can generate the group S5 [25]. The S, group
consists of five conjugacy classes and therefore contains five
irreducible representations. These representations include
two singlets 1(; ;) (trivial) and 1’<1‘1’_1), one doublet
2(,_10)» and two triplets 3(_;o_;) and 32_1,0.1) with the
indices referring to the characters of the generators S, 7,
and U respectively; see the Table II. In addition, S, has 20
Abelian subgroups, which consist of nine Z, subgroups,
four Z; subgroups, three Z, subgroups, and four Klein-four
subgroups (K,). These symmetries can be expressed in
terms of the S, generators as provided in Eq. (A3) of the
Appendix.

Before going through the details of the S, breaking
schemes, we would like to make the following comments
relevant to the analysis of DWs formed under various S,
breaking patterns:

(1) In this study, we adopt the representation matrices
for the S; generators in the basis where 7 is
diagonal [see Eq. (A2) in the Appendix]. This
particular basis is commonly used in the literature
since it leads to a diagonal charged-lepton mass
matrix which remains invariant under G, = Z3T
generated by 7. Moreover, G, = Z, is ruled out
since it leads to values of the solar mixing angle
outside 30 range reported on by the authors of
Ref. [26] while G, is either K, or Z, [27]. Con-
sequently, Z, is discarded as a phenomenologically
viable residual group.

(i) One of our main interests is to search, for the first
time, for graphical representations of the DW net-
works created during SSB of the S group. Thus, we
discuss the number of degenerate vacua extracted
from the broken subgroups within each S, breaking
pattern. In order to clarify this point from the
beginning, consider the scenario of SSB of S, into
one of its four Z3 subgroups. In this case, the broken
part corresponds to K, x Z,, which is an order-8
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structure that also represents the number of degen-
erate vacua, regardless of the specific Z5’s, K,’s and
Z,’s subgroups of S, involved in this breaking
pattern. For this reason, choosing one of the four
Z3’s as the residual symmetry makes no difference
for the study of the DWs. The same reasoning
applies if the breaking pattern is into one of the
nine Z, subgroups and/or the four K, subgroups
of S4.

(iii)) The SSB of S symmetry breaking can occur via a
nontrivial S,-singlet, an S;-doublet, or an S,-triplet
whose VEVs preserve one of the subgroups of S,.
To simplify our discussion, we focus solely on the
scenario where a flavon field is designated to
transform as an S,-triplet. However, we will provide
additional comments whenever is necessary for the
other cases.

(iv) The basis mentioned in the first comment is par-
ticularly interesting and useful for model building.
However, in order to graphically represent the
components that have undergone SSB, and thus to
investigate the properties of DWs, we need to
express the obtained degenerate vacua in a three-
dimensional real basis. In this picture, 7 can be
represented by a diagonal 3 x 3 matrix with eigen-
values 1, w, and w® and its typical eigenvectors Xy
are respectively given by

Xy =x; 4+ x + x3,

xh = x| + @*x; + wxs,

Xy = x| + wx; + @’x3, (2.1)
with x|, x,, and x3 being the components of a

complex vector space that defines the system basis
for the triplet representation of Sy.

generator should be broken in order for K, to be
the only residual group.3 For this reason, we consider
that the third cyclic group Z, C G}- is generated by

T2ST which is the generator of one of the nine Z,
subgroups of S, [see Eq. (A3)]. By exhibiting this
breaking using the matrix representations of the
generators of S, shown in Eq. (A2), we find

S(@) = (@), U@)=(@).
T(@)# (@), TST®)#(@). (22)

It is clear from this equation that the only preserved
symmetry is K, = (Z‘2S X sz ) while the broken part is
given by the symmetric group S3 = Z7 % Z7°57 . In
the case of the S, doublet 2, _; ), it is not possible to

exclusively decompose S, into K‘{‘S’u}. This is due to

the fact that ZZTZST is always conserved, as 7°S7T
essentially represents a two-dimensional identity
matrix. Consequently, regardless of the direction of
any VEV, its application will yield an identical VEV
direction. On the other hand, it is not possible to use

the nontrivial singlet 1’(1’1’_1) for this breaking be-

cause it transforms oppositely under the S and U
generators [see Eq. (A2) in the Appendix for more
details]. It is important to emphasize that all the
details regarding the VEV alignments described
above depend on the choice of generators for all
the groups involved in G’f. For example, if we take a
different Z5 group in the breaking pattern S, — Z3
than Z7 we may need a different VEV structure for
the flavon triplet than the one chosen above to realize
this breaking.4 Therefore, for different choices of the
S4 subgroups we may end up with different scalar
sectors. However, this is completely model indepen-
dent when it comes to the geometrical interpretation
of the DWs created during each breaking pattern as
we mentioned in the second comment above.

B. Symmetry breaking patterns of S, (b) S4 — Z3: Let us take the isomorphic group to be

In view of the above, we will examine three breaking
patterns of S, that are phenomenologically viable. Our
study does not require the identification of the residual
group between G, and G,. Therefore, we do not specify
here the sector within which S, breaking takes place but
only later when we introduce the toy model that requires
the definition of the scale at which S; is broken.
References [26,28] explore all the possible combinations
of the pairs G, and G,. Let us now establish the S, breaking
patterns within the basis provided in Eq. (A2):

(a) S4 —» K,: Assuming that the residual K, symmetry is
generated by {S, U}, this breaking can be realized by

the S, triplet @' = 3’(_1’0.1) acquiring a VEV along the

G~ (25 x ZY) % (2T x ZI5T"), which means that the
residual symmetry in this case is given by Z3T. As a
result, this breaking can be realized by the S, triplet
® =3, acquiring a VEV along the direction
(@) = vg(1,0,0) [29]. By exhibiting this breaking
using the matrix representations of the generators of Sy
in Eq. (A2), we obtain
S(@) # (D),  U(D) # (D).

T(@) = (@),  TSTH®) # (). (2.3)

*The superscripts denote the generators for each Z, cyclic

direction (®') = vg(1,1,1)7. Here, we should be  group.

careful about the generator of the third Z, group

“The other choices for the breaking pattern S, — Z; are Z57

in G)—besides K, = (Z5 x Z¥)—given that its  Z7°, and Z57.
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(©)

It is clear from this equation that the only preserved
symmetry is Z7 while the broken part is given by
3(8) = (75 x ZY)» ZIST* which is isomorphic to the
dihedral D, group [30]. Notice by the way that if we
use the other Sy triplet 3’(_1’0’1> with the same VEV

structure, the Sy group will break down to Z4 x Z7
which is isomorphic to the symmetric S; group.
Consequently, the breaking pattern S, — Z7 is not
achieved with the triplet 3’(_1’0,” unless a different

VEV structure is chosen. We must stress out that the Sy
triplet ® = 3_; o _;) have to acquire a VEV along the
direction (®) = vy (—1,2,2)7 if we need to realize
the breaking pattern S, — Z; in the case where the
residual group is represented by Z$%. For the S,
doublet 2, _ ), there are no trivial VEV structures
that allows the preservation of the 7 or S7S gen-
erators, while the concluding remark for the S, singlet

1’(1,1._1) in the previous breaking scheme holds as well

for the S, breaking down to Zs.

S4 — Z,: let us denote the three Z, replicas in the
isomorphic group G’ = (Z, x Z,)%(Z3% Z,) by 7,
75, and Z$¥ where we take the latter as the residual
symmetry associated with the semidirect product
(Z3xZ,). Assuming that this breaking is induced
by the S, triplet ® =3_; o _;), the VEV alignment in
this case is given by (®) = v (2, —1,—1)7 as shown
in Ref. [29]. This can be easily exhibited using the
matrix representations of the generators of Sy, given in
Eq. (A2), as follows:

S(®) # (D).
7{0) # (@),

U{®@) # (@),

SU(D) = (D). (2.4)
It is clear from this equation that the only preserved
symmetry is Zzsu while the broken part is given by
7Y x Z$ % ZT which is isomorphic to the alternating
A, group. It is worth noticing that the use of the other
S, triplet 3’(_]‘0’1) while maintaining the same VEV
structure leads to the breakdown of the S, group into
its Z, subgroup generated by U/ where it is straight-
forward to verify that U/ (®) = (®). On the other hand,
thinking of Z‘zsu as one of the Z, groups in the Klein
four group leads to the broken part ZY¥ x Z$x Z7
which is a different group compared to Z4 x Z5 x Z7.
However, both of these groups have the same order,
thereby resulting in an equal number of degenerate
vacua, as mentioned in the second comment provided
above. We will now take a brief look at alternative
representations of flavons. If we examine the breaking
pattern S, — Z, via an S doublet 2, _; ), the
residual Z, symmetry generated by SU is no longer
a viable choice. This is because SU and U transform

in the same manner, leading to the same outcome
when applied to (®). However, if we designate the
residual symmetry as Z5, we can achieve this break-
ing pattern by adopting a VEV configuration as
(®) = v4(1,0)". Another possibility is to opt for
different Z, € G/f subgroups among the nine available
in S;. On the other hand, it is not possible to use the

nontrivial singlet 1’(1.1._” for this breaking because it

transforms in the same manner under S and 7
generators and thus the 7 generator will be always
preserved together with S. As a result, the nontrivial
singlet will inevitably cause the breakdown of S, to a
subgroup other than Z,.

C. DWs configuration

1. Introduction

To understand how DWs are positioned in flavon space,
it is advantageous to look for concrete visual representa-
tions. These representations aid in illustrating the outcomes
of symmetry breaking, ultimately facilitating the under-
standing of the connections among distinct regions that
interpolate between the various @ -vacua. In particular, we
are going to show that the use of networks or graphical
representations to present DWs arising from the SSB of the
S4 group can be useful to capture the properties of these
topological defect, such as their boundaries, intersections,
and connectivity. Moreover, these graphical representations
may also be interpreted as quiver diagrams in the flavon
space; denoted in what follows by (.

To establish a comprehensive framework for the S,
group’s flavon space, our approach involves envisioning
a six-dimensional vector space V capable of accommodat-
ing the various dimensions associated with S, irreducible
representations. Specifically, we represent this vector as
V = (x}. Xy, X3, X4, X5, X¢) € C®. As mentioned in the pre-
vious section, our primary focus lies on S, triplets, leading
us to conceive the flavon triplet @ in terms of the vector
space V components as’

D~Dix;, j=1,23. (2.5)
On the other hand, in order to use real graphical repre-
sentation for DWs, we need to find a real representation for
the flavon fields which are in general complex fields. We
can approach this by considering the splitting of the flavon

A more general scenario would be to consider a collective
flavon field F ~ F;x;, where F = (®,¢,0) with ¢ = @x;,
k = 4, 5 being a flavon doublet while 6 = ox; is a flavon singlet.
As a result, we can think of these x/s as the foundation of a vector
basis system in a flavon space ¢ where the first three directions (x;,
X,, Xx3) correspond to the S,-triplets, the subsequent two directions
(x4, x5) correspond to Sy-doublets and the last direction xg
corresponds to S,-singlets.

055048-5
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fields as well as the vector space V into real and imaginary
parts,

P,

where U; and R; are real 3D vectors that can be understood
as the constituents of x; as x; = (U, Ry)".....x3 =
(Us, R3)T. With this real representation, we can think
of the complex 3D expansion @ ~ ®;x; as a real six-

J
dimensional vector like,

®~ > [R(P)U; + ()R] ER. (27

For illustration, we demonstrated in the previous section that
the S, — K, symmetry breaking pattern can be achieved
through a flavon triplet @ which attains a VEV along the
direction (®') = vqy(1,1,1)7. This particular VEV can be
expressed in the real six-dimensional basis as

Expanding upon this, there exists another VEV direction
involving complex entries that corresponds to the S, — Ky
breaking pattern. We label this direction as (®”) =
ver (1,0, 0*)" where @ = —1/24iv/3/2 [29]. In this
case, (@") is represented in the real basis as

(@) = vg(1,0,—1/2,v/3/2,-1/2,-V/3/2)T.  (2.9)
From a geometric perspective, the VEV (@') responsible for
the breaking can be represented by a vector situated in one
of the real directions within the vector space (Uy, R;). The
components of this vector correspond to its coordinates
within that space. Then, the transformations applied to (®')
by the various elements of the S; group create a polygon in
the space defined by (U, R;). The number of vertices in the
polygon is equal to the number of degenerate vacua
resulting from the SSB of the S, group. For example, when
the S, group is completely broken, the VEV responsible for
this breaking, say (Q), splits into 24 vacua with the same
energy (Q);, =¢; with i = 1,...,24. Among these vacua,
one is just the VEV used to break Sy; say ¢, = (). The
remaining 23 vacua emerge through the application of the
S, group elements upon €. These transformations generate

(@) = 04(1.0.1,0.1.0)". (2.8) a polygon with the following 24 vertices
|
6 =(Q), =8¢, e=T5T%,, e =T°8T¢,, es=Ue, ¢ec=TlUe
e, =8Ue,, eg=TUe,, €9=S8TSUe;, €19g=8T>SUe,, €,=Te;, €1,=8T¢
€3 =1Se;, €4 =8TSe;, e€5=T%€, €4=8T%,, €7;=T>Se, ¢€3=S8TSe
€19=8TUe,, exy=TSUe,, € =T*SUe\, €3 =8TUe;, €3=T5TUe,, ey3=T>STUe,, (2.10)

where the elements of S, are provided in the Appendix. The
obtained polygonal graph can be interpreted as a DW quiver
observed from the flavon space ¢, where S, is completely
broken. On the other hand, we mentioned in the previous
section that the models that are phenomenologically viable
for explaining the observed flavor structure correspond to
partial breaking of S, down to one of its subgroups; Z,, Z3,
or K,. Therefore, the broken parts in each of these breaking
scenarios will yield a reduced number of vertices compared
to the scenario where S, is completely broken. In what
follows, we will examine each case independently, with the
aim of describing the DW properties by identifying the
polygonal graphs associated with each breaking pattern.

2. DWs for S4 — K, breaking

As outlined above, the breaking pattern S, — K, can be
realized by the flavon triplet @' = 3’<_1 o1) acquiring a VEV

along the direction (®') = vg(1,1,1)7. The Klein four

group we have chosen for this study is K4 = Z‘2S X ZZ{ and
thus, this breaking can be expressed using G’f as follows:

(@)

78 x 74 % 7T x 77T K, (2.11)

where the broken part is given by Z7 xZZ°S7 which is
isomorphic to the symmetric group S3. The order of S; is
six which means that the initial S, invariant vacuum gets
now split into six vacua with the same energy (®'); = ¢!
withi =1, ...,6. These six vacua are positioned within the
flavon space ¢ and collectively establish the vertices of a
Platonic solid known as a regular octahedron as depicted in
Fig. 2. One of the vertices defining the octahedron is the
K,- invariant vacuum used for the S, — K, breaking;
¢ = (@'). To derive the remaining five ¢ vacua, we act
@ 7T>ST
2

upon ¢} with the generators of Z7 as follows:
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@5

FIG. 2. A regular octahedron viewed from the flavon space .
The six vertices represent the six degenerate vacua, while the
edges that connect them stand for domain walls.

oy =), oh=Teg,
oy =T\, ¢y =TSTq,,

¢s =T(T*ST)¢|,  wg=TT’ST)¢;. (2.12)

In the complex three-dimensional space C?, these trans-
formations lead to

1 1
Prga=Fve | 1|, @h 5 = Fvg o* |,

1 0]

1

Wy =t | ® (2.13)

In the real vector basis, we have to use real variables, so
the dimensions of the above vectors has to be doubled

C? ~R® Applying the same procedure outlined in
Egs. (2.8) and (2.9), we find

Ph4 = Foo (1 0

#hs =+ (1 0

10 1 o)T,
172 32 —1j2 V32),

172 V32 -2 —32),
(2.14)

@6 = T0g (1 0

where the modulus of each vector is given by v/3v4,. These
vectors satisfy a constraint such that >, ¢ ¢! = 0, defining
a regular octahedron with six vertices, twelve edges, and
eight faces. We need to emphasize that each vertex
(vacuum state) of an octahedron has exactly four adjacent

vertices (connected by edges), and thus the DWs form
between these adjacent vertices. For example, in Fig. 2, the
vertex corresponding to the state ¢} has four adjacent
vertices denoted by ¢), @5, ¢/, and ¢j. Whereas the vertex
corresponding to the vacuum state ¢ positioned along the
diagonal is not adjacent. Moreover, moving along the
diagonal ¢ ¢/, involves passing through the octahedron’s
center, where the S, group remains unbroken (vgy — 0),
and thus no DWs are present. Notably, the broken part in
this pattern corresponds to the non-Abelian group Ss.
Therefore, we need to consider transformations of the
entire S3 group. Since the transition along the diagonal
covers a larger distance in the flavon space compared to
transitions between adjacent vertices [see Eq. (II.15)], the
shift between ¢} and ¢/, can be achieved in four different
ways, for example, through all the adjacent vertices to ¢.
For instance, we can have a transition through ¢y. This can
be realized using transformations such as ¢ = 787 ¢
and then ¢, = T ¢, = T>ST ¢/ Proving the properties of
the octahedron using the six vacua in Eq. (2.14) is a
straightforward task. To illustrate this, let us consider the
fact that all the edges of an octahedron possess equal
lengths. By examining the right triangular face defined by
vertices ¢, ¢, and ¢} as depicted in Fig. 2, we can deduce
that d), = d); = dyy = V6vgy, where d), = ||¢h — @],
dy5 = ||¢s — ¢}|| and dy; = ||y — @5]|. Furthermore, all
the diagonals within an octahedron share the same length.
This fact becomes evident when we calculate the lengths of
the three diagonals converging at the center of the
octahedron. Thus, following the notations in Fig. 2, we
find that

di, = dys = dys = 2\ 30y, (2.15)

where d\, = ||, — ¢'|l, dys = |5 —@h]| and di =

llps — @5l

3. DWs for S4 — Z3 breaking

As mentioned in the previous subsection, the breaking
pattern S, — Z5 is realized by the flavon triplet @ acquiring
its VEV along the direction (@) = v4,(1,0,0)7 and can be

expressed using G = 75 x 78 %71 >4Z27‘ST2 as follows:

()
78 x 240 2T 0 787 ) 77

(2.16)
where the broken part is given by Zg = (Z5 x Z¥) ZZTSTZ.
The order of Xg is eight which means that the initial S,
invariant vacuum gets now split into eight vacua with the
same energy (@), = ¢; with i = 1, ..., 8. These vacua are
situated within the flavon space ¢ and collectively establish
the vertices of a regular cube, as depicted in Fig. 3. The
process of determining the coordinates of these eight vacua
is straightforward. We know that one of them is just the
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Ps @7

P1

Pe

FIG. 3. A regular cube viewed from the flavon space {. The
eight vertices represent the eight degenerate vacua, while the
edges that connect them stand for domain walls.

Z7 -invariant vacuum used for the breaking of S, down to
ZT denoted by ¢, = (®). To derive the remaining seven @,
vacua, we act upon ¢; with the generators of Xg by using
the representation matrices of the S, generators provided in
Eq. (A2) as follows:

$1 = <q>> ¢, = Sy,

@3 = SU(TST?) gy, = S(18T%)¢1,

s = Uy, s = SU@,

QY7 = TSTz(pl, = U(TSTz)gol (217)

This is expressed explicitly in the complex three-dimen-
sional space C? as follows:

p15==vg| 0|, fﬂzﬁ—i%p 2|,
0
1 -1
(p37—:tl%b 27 |, 4048—:t%b 2w (2.18)
—2m 20

Being associated with Xg, these vacua are related to each
other by (Z5 x ZY4 )><IZ§FST2 transformations. Applying the
same procedure outlined in Egs. (2.8) and (2.9), we find the
following expressions for the direction in R®:

(pls—:h)@(l 0000 o)
Gre = "3?’( 10202 O)T,
U;(l 01 V31 —f)T,

¢4,g:i%®(—1 0 -1 V3 -1 —\@)T, (2.19)

where the modulus of each vector is given by Rog. These
vectors satisfy a constraint such that > ;_g ¢; = 0, defining
a cube with eight vertices, 12 edges, and six faces. The
diagonals of this cube converge at a unique point known as
the center of symmetry, also referred to as the barycenter (or
the core of the cube) of its eight vertices where the complete
S; symmetry is manifest. Notably, it is straightforward to
prove that connecting these eight vertices creates a cube, as
confirmed by verifying that the 12 edges interconnecting the
eight vertices in Fig. 3 are all of equal length. This equality
can be easily calculated by fixing one vertex at a time. Given
that we know that each vertex in a cube is connected to
three edges, consider ¢; in Fig. 3; it is connected via
three edges to @3, @g, and ¢@g. As a result, we find that

diz=dg=dig= \/%Uq:, where d3 = ||(/’3
llos — || and dyg = |5 — @1

-1, dig =

4. DWs for S4 — Z, breaking

As described previously, the breaking pattern S, — Z,
can be realized by the flavon triplet ® = 3_; ; _) acquiring
a VEV along the direction (®) = vg(2,—1,—1)". This
breaking can be expressed using G} as follows:

Z§ x Z¥x ZT % z534 < zY, (2.20)
where the broken part is given by Z5 x ZYxZ7 which is
isomorphic to the alternating A, group of order 12.
Therefore, the initial S, invariant vacuum gets now split
into twelve vacua with same energy (@), = ¢; with
i=1,...,12. These vacua are located within the flavon
space ¢ and collectively establish the vertices of an
Archimedean solid known as cuboctahedron as depicted
in Fig. 4. One of the vertices defining this solid is the Z5Y-
invariant vacuum which we denote as ¢, = (®). As in the
previous cases, we act upon ¢; with the generators of
75 x Z¥x ZT to derive the remaining twelve ¢, vacua,

or=(@), $=Th, ¢:=T¢,

s =TST?hy, s =ST’Sh1, ¢ = SIS,

b1 =Upy,  ¢s=TUp, Po=TU,

b0 =T8T Uy, ¢ =ST*SUPy, b1 = STSUH;.
(2.21)
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In the complex three-dimensional space C3, these transformations lead to

2 2 2
$r7=2Fve| -1 |, $rs = Tvo -’ |, b9 =Fvo| —@ |,
-1 - —w?
0 0 0
baro = Fvo| @ -0 |, $s.11 = tvg =11, $o12 = tvp | @ —1 (2.22)
-0’ + w -1 o® -1
Applying the same procedure outlined in Egs. (2.8) and (2.9), we find
bir=405(2 0 =1 0 =1 0)". dos=tv(2 0 172 V32 172 ~V32)",
¢3,9:i0¢<2 0 1/2 —V/3/2 1/2 \/5/2>T7 ¢4,10:i17<1>(0 00 —/30 \/g)r
T T
b5 =F00(0 0 3/2 —V3/2 =3/2 V3/2)".  den=40s(0 0 ~3/2 V32 -3/2 —32).  (223)

where the modulus of each vector is given by v/6vg. These
vectors satisfy a constraint such that ), ,, ¢; = 0, defin-
ing a regular cuboctahedron with 12 vertices, 24 edges, and
14 faces (six square faces and eight triangular faces). The
properties of the regular cuboctahedron are easily verified
through the real vectors in Eq. (2.23). For example, we
know that all the edges in this Fig. (4) are of equal length
which we can verify by calculating, for instance, the
distances between the edges of the square face
¢|¢3¢4¢5 where we find that d]3 = d34 = d45 = d5| =
V6vg where d;; = || — ;.

To summarize, our strategy for representing DW net-
works in a real Euclidean space has led to the derivation of
Platonic and Archimedean solids. In this visual framework,
the vertices represent the degenerate vacua corresponding
to each S, breaking pattern, while the edges represent

FIG. 4. A regular cuboctahedron viewed from the flavon space
¢. The twelve vertices represent the twelve degenerate vacua,
while the edges that connect them stand for domain walls.

the DWs. Consequently, these graphical depictions not only
enhance our intuitive comprehension of the vacuum struc-
ture but also facilitate the accurate determination of the
number of DWs associated with each S4 breaking pattern.
Notably, examining transformations among the degenerate
vacua for each S, breaking pattern reveals that no DWs
emerge between the diagonals of the provided Platonic and
Archimedean solids. On the other hand, to investigate the
characteristics of these DWs, an examination of the scalar
potential associated with the scalars responsible for Sy
breaking is necessary. An essential component of this
involves estimating the dimensions, including both the
width and the surface area, of these DWs using a spacetime
framework; see Sec. VA of Ref. [20] for the case of
A, group.

III. A RESOLUTION FOR THE DW PROBLEM
WITHIN A NEUTRINO TOY MODEL

In this section, we begin by reviewing some viable
solutions to the DW problem and we use one of these
solutions within a toy model that incorporates the S, flavor
symmetry. Then, we analyze the neutrino phenomenology
in this model, comment on the solution using high-
dimensional operators and at the end we qualitatively
discuss the GWs arising from DWs in this case.

A. Neutrino phenomenology

We illustrate the DW problem and its solution using a toy
model that is based on the type-II seesaw mechanism with an
S, flavor symmetry. In this study, we will focus solely on the
neutrino sector and ignore the charged lepton sector. This is
due to the fact that in minimal flavor models, the flavon
fields cannot be used simultaneously in the neutrino and
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TABLE 1. SU(2), and S, transformations of the particle
content of the model.

Fields L H A (o} o p
SU(2), 2 2 3 1 1 1
Sy 3 1 1 3 2 1’

charged lepton sectors while preserving the correct vacuum
alignment [31,32]. Consequently, these two sectors are
decoupled from each other, including the scalar potentials
of the flavons used in both sectors. Usually, this is achieved
by acquiring additional Z, symmetries to control the model
Lagrangian and prevent unwanted couplings. The particle
content in this toy model consists of L;; = (v, i )7,
H=(¢",¢°)",and A = (A*F, A+, A®)T with L;;, H, and
A being the lepton doublet, Higgs doublet and scalar triplet
with hypercharges —1, 1, and 2, respectively. The scalar
triplet is responsible for the generation of small neutrino
masses through the type-II seesaw mechanism. In addition,
we extend the particle content of the SM with three gauge
singlet flavon fields (®, o, p) to achieve the SSB of the S,
symmetry and ensure a trimaximal mixing for the neutrino
mass matrix. The transformations of these fields under
SU(2), x S, are summarized in Table I. By using these
field transformations, the most general Lagrangian invariant
under SU(2); x U(1)y x S, is given by

o /- P
‘o (L;‘LiazALjL)cb +% (L,‘»'LiazALjL)a

L
A

j'/’ Jc s
+2 (L,.szAL.,-L)p Y He, (3.1)
where A is a cutoff scale, i, j are generation indices, and
Aops 44, and 4, are independent parameters associated with
the flavon fields @, o, and p, respectively. The S, breaking to
one of its Z, subgroups is realized when the flavon fields
acquire VEVs along the directions

(@) =ve(1. 11T,
(o) = 0,(1,0)7,
(p) =v,. (3.2)

Using the S, tensor product rules given in the Appendix, we
obtain the following neutrino mass matrix:

2a+b —-a-c —a

—a+b |,
—a —a+b 2a-c

m,=v| —a—-c 2a (3.3)

where a, b, ¢ are parameters that can be expressed in terms
of the flavon VEVs and 4;,

AopVe
= N b
TN

A0, AsVs
=1 c== (3.4)
In order to account for CP violation in the neutrino sector, it
is necessary for the parameter ¢ to be a complex valued
parameter, i.e., ¢ — |c|e’?, where ¢, is a CP violating
phase. In the case where ¢ =0, m, exhibits the y—7
symmetry [33—-37] which yields to a tribimaximal mixing
matrix (TBM) [38], known for its conservation of CP
symmetry. Therefore, the presence of the parameter ¢ breaks
this 4 — 7 symmetry giving rise to a neutrino mass matrix
characterized by the magic symmetry [39]. This term alludes
to the intriguing property that the sum of elements within
any row or column of m, remains constant and that m,, is
diagonalized by the well-known trimaximal mixing matrix
(Urm,) which is expressed in terms of an arbitrary angle 6
and a phase n which will be related to the neutrino oscillation
parameters. Since the parameter ¢ is responsible for small
deviations from the TBM texture, the modulus of ¢ must
satisfy: |c| < a, b. Accordingly, by diagonalizing m, we
find the following eigenvalues valid up to corrections of
order O(|c|?)

Imy| = va\/(3a + b)(3a+ b + |c|cos ¢,),

[my| = va\/b* = 2b|c| cos ¢,

|ms| = vA\/(S’a —b)(3a—b—|c|cosg,.).

(3.5)

The diagonalization of m, by Ury, induces relations
between the model parameters {a, b, |c|,¢.} and the tri-
maximal mixing parameters ¢ and # which are found to be

|c|\/9aPcos2p, + bsin’ep,

tan 20 =
V3a(b + |c| cos ¢.)

b
tany = gtanqbc. (3.6)

From Eq. (3.5), we derive the expressions for the solar and
atmospheric mass-squared differences,
Am3; = =3v3(|c|cos p.(a + b) + a(3a + 2b)),

Am3, = —6via(|c|cos ¢ + 2b). (3.7)

The neutrino mixing angles are expressed in the case of TM,
with respect to @ and # as follows:

1
. 29 — ,
Y = 3 it e
2
. 2 9 — ,
S Gl 3sin% @
1 3sin 260
sin? 03 = = V3sin cos 7. (3.8)

2 2(3-—sin?6)
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Left: prediction for the absolute neutrino masses and their sum Zm; as a function of m,. Middle: my as a function of m; where
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lines represent the future sensitivities on m4 from HOLMES and Project 8 Collaborations. Right: |mgy as a function of m, where the

horizontal dashed lines represent the limits on |r4| from current and future Ovff decay experiments.

Moreover, by matching the expression of the Jarlskog
parameter from the PDG standard parametrization [40],
and its expression derived from the trimaximal mixing
matrix Jcp = (1/64/3)sin20siny, we can establish a
relationship between 7, the Dirac CP phase and the
atmospheric angle that will be used as a constraint in our
numerical calculations

8in 20,3 sin §¢p = sin7. (3.9)

There are three different sources that can be used to probe
the absolute values of neutrino-mass eigenvalues: (1) the
sum of the three active neutrino masses from cosmological
observations Y, m; = m; + m, + ms3; (2) direct determi-
nation of the neutrino mass by measuring the energy
spectrum of the electrons produced in the -decay of nuclei
which allows to get information on the effective electron
antineutrino mass defined by my; = (3, m?|U,;[*)"/?,
where U,; are the elements of the first row of the neutrino
mixing matrix (the current limit from tritium beta decay is
given by the KATRIN project, which aims at a detection of
my with a sensitivity of 0.2 eV [41]); (3) the search for
neutrinoless double beta decay (Ovff) processes whose
decay amplitude is proportional to the effective Majorana

0.00049 < m; [eV] < 0.02866,
0.05884 5 m; [eV] $0.11607,

The predicted upper bound value of ) m; is close to the
result of the Planck Collaboration [42], while the lower
bound (~0.06 eV) requires further studies in future cosmo-
logical data and may be tested in the future by experiments
such as CORE + BAO aiming to reach a 0.062 eV sensi-
tivity [43]. For my, the obtained values are far from the

0.00834 < m, [eV] < 0.02986,
0.00889 < my [eV] < 0.03001,

neutrino mass defined as |mgs| = | >; U%m;|. There are
many ongoing and upcoming experiments which aim to
achieve a sensitivity up to 0.01 eV for |mg|. In the context
of the trimaximal mixing, U,; in m4 and |m;y| are replaced
by the elements of the first row of Ury, while the masses m;
are as given in Eq. (3.5). For mg, two additional phases are
introduced and the full mixing matrix can be written as
Urm,Up where Up = diag(1, /2, ¢/®1/2) with a,; and
az; being two extra Majorana phases. Since the recent
results from NuFiT Collaboration show a mild preference
for the normal neutrino mass hierarchy [1], we will perform
a brief numerical analysis of neutrino masses in the case
where m; < m, < ms. By taking into account the 36 C.L.
of the oscillation parameters from Ref. [1], and the upper
bound on the sum of neutrino masses from the latest Planck
data Y m; < 0.12 eV at 95% C.L. [42], we show in Fig. 5
the three neutrino masses and their sum (left panel), my
(middle panel), and || (right panel) as a function of the
lightest neutrino mass m;. Here, we assume that the angle 0
is allowed to vary in the range [0, z/2], and the phases 7, ¢,
a1, and a3 are randomly varied in the range [0, 27z] while
the parameters a, b, and ¢ are varied in the range [—1, 1].
From Fig. 5, the predicted regions for m;_; 53, > ; m;, my
and |mygy| are as follows:

0.04941 < ms [eV] < 0.05754,

0.00099 < [my| [eV] <0.02438.  (3.10)

forthcoming f-decay experiment sensitivities [44—47], and
thus require experiments with improved sensitivities around
0.02 eV. For [mgg|, the horizontal dashed lines in Fig. 5
show that the model values are below the current sensitivities
for some of the ongoing Ovfff decay experiments while the
anticipated sensitivities of the next-generation experiments
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such as GERDA Phase II [48] and nEXO [49] will cover our
model predictions on |n4|. Moreover, it is clear from the
mass expressions in Eq. (3.5) that the tiny neutrino masses

constraint the parameter v,, which has been determined to
fall within the range of 0.01803 < v, [eV] < 0.04997.

B. Solution to the DW problem

1. Exploring the DW problem and potential remedies

As outlined above, DWs are sheetlike topological
defects that emerge as a result of the SSB of discrete
groups. These two-dimensional structures remain stable
when the vacuum manifold, defined by the scalar potential
of the theory, is topologically nontrivial. This nontriviality
manifests as isolated points corresponding to distinct
degenerate ground states within the theory. In the classic
example of SSB of the discrete Z, symmetry driven by a
real scalar field transforming as ¢ — —¢, the potential has
two degenerate vacua at ¢ = Fv. Thus, the associated
manifold is restricted to only two points. In our toy model
where S, breaks down to Z,, the manifold is made of
twelve disconnected vacua given by the quotient group
S4/Z, which corresponds to the broken part V,x Z; as
discussed in Sec. II. Once the scalar field settle into one of
these possible ground states representing a point within the
vacuum manifold, depicted graphically as the cuboctahe-
dron in Fig. 4, it becomes impossible to transition to
another point within the manifold. The transitional regions
between these degenerate ground states are what we refer
to as DWs.

In order to understand why stable DWs are problematic,
it is essential to comprehend the cosmological implications
of the SSB of a discrete group. According to the standard
cosmological model, the initial state of the Universe is a
state of local thermal equilibrium at extremely high
temperature. Typically, spontaneously broken symmetries
are restored at this high temperature. However, as the
Universe goes through cosmic expansion and gradually
cools over time, a crucial phase transition takes place when
the temperature falls below a critical threshold leading to
the SSB of the discrete symmetry. The issue arises from the
fact that distinct regions with a characteristic size of
approximately the Hubble radius H~' become causally
disconnected. After the symmetry is broken, these regions
will be situated in different vacua, separated by DWs. A
comprehensive study of the cosmological evolution of a
Universe containing these DWs was first performed by
Zel’dovich, Kobzarev, and Okun [4], where they con-
cluded that the contribution of stable DWs to the energy
density of the Universe would rapidly surpass the con-
tribution from radiation, causing a rapid expansion of the
Universe that would leave less time for the formation of
galaxies and subsequently impact the production rates
during big bang nucleosynthesis. Indeed, the energy
density of DWs can be expressed as

Pow = opw/R, (3.11)
where R represents the typical size of the DWs, and opw
denotes the surface energy density of the walls. The
parameter R is directly proportional to the scale factor a,
and thus the energy density of domain walls scales as a™!,
which is significantly lower than the scaling of radiation a*
or matter a~>. This means that as time progresses, the energy
density of DWs decreases at a slower rate than that of matter
or radiation. Eventually, regardless of their initial abun-
dance, their presence at late times would make them the
dominant contributors to the total energy density of the
Universe. This has profound cosmological implications that
conflicts observational data, notably leaving significant
imprints in the CMB radiation. To elaborate this point,
recall that the CMB exhibits an incredibly precise black-
body radiation [50], and any deviation from this spectrum,
referred to as CMB spectral distortions, holds invaluable
information about the physics of the early Universe.
Specifically, the primordial fluctuations of matter density,
that will later form large-scale structures we observe today,
leave imprints in the form of temperature anisotropies in the
CMB. Nevertheless, these temperature fluctuations are very
small, with the CMB spectrum maintaining remarkable
uniformity up to about 1 part in 10°, usually expressed as

— <1073, (3.12)
T

where 0T denotes the temperature deviation in a given
region of the sky, and 7" denotes the mean temperature of the
CMB. With these cosmic evolution facts in mind, a notable
challenge that arises with the existence of stable DWs within
the observable Universe is that they would introduce addi-
tional distortions, or excessive anisotropies, in contrast to
the CMB anisotropies that we observe today. This issue
emerges particularly in cases where the symmetry breaking
scale is around v, 2 1 MeV as shown in Ref. [4]. This
bound is estimated by equating the density fluctuation
Sppw/ppw of a DW to the temperature fluctuation in the
CMB, 6T /T, which are approximately equal at the surface
of the last scattering (postrecombination) when the DW
spans across the present observable horizon [6]. The density
fluctuation for a DW located between two degenerate vacua
is estimated to be

épﬂN 1090 % (D—‘/’>3,

3.13
PDwW Planck ( )

where Mp = 1.2 x 10! GeV is the Planck mass.
Consequently, the constraint Sppyw/ppw ~ 6T /T <1073
establishes a lower limit on v,; v, 2 1 MeV under which
stable DWs pose significant cosmological challenges.
Conversely, these DWs do not present any issues if the
gravitational redshift of the walls remain well below the
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detectable threshold for anisotropy constraints, 57 /7T <107,
This implies that the energy scale of the phase transition that
generates these DWs must be limited to values smaller
than 1 MeV.

Considering the strict constraint imposed on the scale of
the SSB mentioned above, different approaches have been
proposed in the literature to address the DW issue. These
approaches revolve around the concept of unstable DWs
that experience early decay, implying their existence for
only a brief period of time [7]. The most famous approach is
inflation [51], which is a valid solution provided that the
DWs formed prior to the end of inflation, causing them to
expand beyond our current observable horizon. In simpler
terms, this implies that the discrete symmetry must have
already broken before the onset of inflation (the phase
transition must occur before the inflation). Consequently,
inflation will cause these DWs to expand and disappear
from our observable Universe, eliminating the associated
problem. A second approach for addressing the DW
problem assumes that the discrete symmetry connecting
the vacuum states as approximate symmetry. This suggests
the existence of an explicit symmetry breaking term, which
would result in the eventual collapse of the DWs during
early cosmic times [6]. It was shown in Refs. [4,5] that this
can be achieved by introducing a biased potential that can
effectively lift the degeneracy among the vacua. This allows
one of the vacuum states to attain a slightly lower energy
density than the others, ultimately establishing its domi-
nance in the Universe as the true vacuum. Typically, this
symmetry breaking term is introduced by hand, although in
principle, the soundness of this solution depends on whether
explicit breaking naturally arises from some underlying
physics [52]. Indeed, it was shown in Refs. [12,53] that this
explicit breaking term can be achieved by taking into
account Planck scale gravitational effects. This is realized
via the introduction of higher-dimensional operators,
denoted as

1

0,.4+Hec. (3.14)

n
M Planck

which are suppressed by powers of the Planck mass Mpj,,cx
in the scalar potential leading to a preference for one of the
vacua over the others. In fact, it is widely believed that all
global symmetries are expected to be explicitly broken by
quantum gravitational effects, and yet may play an impor-
tant role in particle physics and cosmology. These general
expectations are supported by theoretical calculations illus-
trating the explicit breaking of global symmetries by sources
such as black holes [54]. In addition, it has been shown that
certain concrete theories of quantum gravity do not admit
exact global symmetries, including holography [55] and
string theory [56]. The same concept is applicable to our S,
toy model, which features twelve degenerate vacua. By

introducing a slight bias in favor of one vacuum state over
the others, we effectively resolve the DW problem.

2. Solving the DW problem within our toy model

In the toy model outlined above, the S, flavor symmetry
is broken into one of the Z, subgroups of S, with the
broken part denoted as K,x Z; C S;. This breaking is
realized by one of the flavons listed in Table I. As a result,
DWs form, and expand between the boundaries of twelve
degenerate vacua ¢;,_; 1, which are distinguished by the
transformation of the broken part K, Z; as detailed in
Sec. I1 C 4. These DWs pose a challenge when the scale of
the symmetry breaking associated with their formation falls
below the inflationary scale which is approximately
10'6 GeV [57-59]. In our toy model, there is no inherent
constraint preventing the VEVs of the flavons {®, , p} to
fall below the inflationary scale threshold. Let us verify this
by getting an estimate on the S, breaking scale using, as an
example, the expression of |m,| given in Eq. (3.5). The
upper bound of this mass, |m,|~ 0.0298 eV, is given in
Eq. (3.10) and is obtained for

vp ~0.047 eV,
|c| ~0.198,

b ~0.827,

cos . = 0.875. (3.15)

From the expressions of |c| = ’1”% and b= l’f”, and
assuming for simplicity that the Yukawa couplings are
of order O(1), it is clear that when considering the VEV of
flavons p and ¢ around the TeV scale, A will always remain
below the inflationary scale. Therefore, we assert that the
DWs created during S, symmetry breaking are inconsistent
with the standard cosmology [60], and must be prevented.

For this purpose, we adopt the second approach men-
tioned above and we break explicitly the K4xZ5 subgroup
of S, at a high energy scale by using one of the possible
Planck-suppressed operators within our toy model. The
leading higher-dimensional terms induced by gravity and
respecting gauge invariance are of dimension five, thus they
are suppressed by one power of Mpy - It is worth noting
that due to the substantial suppression of these operators,
the model remains unchanged at lower energy scales.

There exist several five-dimensional operators capable of
explicitly breaking the S, flavor group. However, it is not
necessary to enumerate or employ all of them. As stated in
Ref. [60], even the tiny higher-dimensional symmetry-
breaking terms, constrained by powers of the Planck mass,
may suffice to address the DW problem. Given our primary
focus on S, flavon triplets, we shall employ the flavon
triplet @ ~ 3. During the SSB of the S, group, this triplet
creates DWs that are located on the boundaries of the
twelve degenerate vacua as described in Eq. (2.22) and
depicted in Fig. 4. Therefore, the leading contribution of @
in the effective scalar potential may be expressed as
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&5

AV = [(@7@)3(@T®)3]3 (7);y +Hoc.]. (3.16)

M Planck

where &5 is a positive dimensionless parameter that char-
acterizes the effective bias. Since this term transforms as a
nontrivial S, singlet it breaks explicitly the S, group. When
the flavon triplet obtains its VEV, (®) = (vg, 0¢, )", the
resulting contribution from AV, becomes sufficient to lift
the degeneracy among the twelve degenerate vacua
¢i—1.._12- In such a scenario, the energy-density difference

.....

between these vacua can be approximated as

50

Vbias ~ (317)

bl
M Planck

where vg represents the scale of spontaneous symmetry
breaking of the S, group. Therefore, to estimate the amount
of symmetry breaking, it is necessary to determine the
values of the bias coefficient e5. Assuming that this
coefficient is real, the general condition for the elimination
of DWs, taking into account the operator mentioned in
Eq. (3.16) can be expressed as follows [60]:

Vo
&5 > < ) .
M Planck

As previously discussed, there is no inherent constraint
preventing SSB of S, from occurring at scales lower than
that of inflation. In fact, as the scale of symmetry breaking
decreases, the possibility of creating an energy gap among
the degenerate vacua becomes increasingly plausible [61].
The minimum size of symmetry breaking depends on both
&5 and vg. For instance, if we consider vg to be around the
TeV scale, it is sufficient to require that &5 > 10~!7 in order
to favor one of the vacuum states over the others. Moreover,
by using Eq. (II1.39) and assuming that v ~ O(1) TeV, a
quantitative estimate of the minimum symmetry breaking
size required to solve the DW problem can be written as

(3.18)

02
—2 _~ 1072 (GeV)*.
Planck

Vbias > 10_]7 (GCV)3

Therefore, the nonrenormalizable operator given in
Eq. (3.15) gives rise to an extremely small contribution
in the low-energy regime and hence will have negligible
effect on e.g., the neutrino sector.

3. Gravitational waves from DWs

The dimension-five operator in Eq. (3.16) induces a slight
bias among degenerate minima, ultimately favoring one true
vacuum state. Over time, this bias becomes dynamically
significant, accelerating each wall towards its adjacent
higher-energy vacuum and driving the evolution of the
DWs towards their eventual annihilation. The dynamics of
these walls can be fully understood if two underlying forces

are determined. The first one is the surface tension (p7)
caused by the curvature and is proportional to the energy
per unit area; py ~ opw/R. This force acts as a surface
pressure that straightens the curved walls up to the horizon
scale. The second force is the volume pressure which
shrinks the false vacuum domains leading to the collapse
of DWs and is approximately scaling as py ~ vT* [62],
where v is the velocity of the DWs. This force is equal to
the differences in energy density of the vacua and thus may
be expressed also as py ~ Vi = (€503)/Mpjanek- These
two forces compete, and the dynamics of the walls is
profoundly influenced by the magnitude of the bias [7].
DWs annihilate when the pressure py, becomes compa-
rable to the tension force p;. This annihilation process is
remarkably energetic, resulting in the emission of stochas-
tic GWs which retain various information on the physics of
the early Universe [61,63—67]. The time of annihilation
t.nn and the corresponding temperature T, are given by

Opw

~_—2W
ann — ’
vbias

t

10 \UV4/V. o=l \1/2
Tann:3x107< ) (b‘“"DW> TeV. (3.19)

9 (Tann) 1 TeV

where g, (T,,,) is the effective number of degrees of
freedom at t,,,. In most realistic cases, (10/g,)'/* is of
order one. Using the expression of Vi, in Eq. (3.17), we
have

~ GDWM Planck
Tann = 35
&5 1)(1)

evd o=l M=l 1/2
T =3 % 107 <”’+evplk> TeV.  (3.20)

Once the tension force becomes dominant, DWs will enter
the scaling regime in which the typical length scales are
given by the Hubble radius H~! as mentioned previously.
This is the so-called scaling solution, for which the energy
density of the DWs evolves as ppw = Aopw/t where A is
a dimensionless numerical factor called the area parameter
which takes an almost constant value [67].6 In this scaling
regime, the peak amplitude of the stochastic GWs spec-
trum at the present time 7, can be expressed as [67,71]

®The scaling properties of DWs have been verified through
several numerical [67] and analytical [68] techniques. For
instance, using numerical simulations in a model with two
degenerate vacua (Z,-invariant scalar potential), it has been
found that the parameter A approximates to A ~0.8 +0.1. In
models with N > 2 degenerate vacua, this parameter is usually
estimated based on the Z, example and its value increases
proportionally with N [69,70]. In Ref. [71], the value of A
was estimated as A ~ 0.8 x (3/2) in a model with three degen-
erate vacua (i.e., Z; invariant NMSSM).
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10.75 \ /3
Qawh(10) [pea = 5.2 X 107206, A* ( )

g*(Tann)
% OpwW 4 1MCV4 2

1 TCV3 Vbias ’

where é,, 1is an efficiency parameter determined in
numerical simulations to be equal to &g, ~0.7 [67].

Beyond the peak, the amplitude of GWs spectrum induced
by collapsing DWs is given by

(3.21)

(75)" 7 < foent

f peak

Qawh? = Qawh? | pea X (3.22)
f];eak ’ f> fpeak’
where the peak frequency is found to be
1 TeV3\ 1/2
Flt0) pea = 3.99 x 10719 x A71/2 x ( e )
Opw
Viiae 1/2
x (%) Hz (3.23)
1 MeV

It is clear from Egs. (3.21) and (3.23) that both the
amplitude and the peak frequency of the GWs depend on
two parameters; opy and V.. Since both opw and Vi,
depend on the scale of the SSB of S, symmetry (vg), the
spectrum of Qgwh? can be used to constrain the SSB of S,
within this model. It is worth noting that the same scale (v)
controls some of the neutrino predictions. Therefore,
detailed analyses will shed some lights on the connections
between flavor symmetries, neutrino mass and the DW
problem through GWs.

Our primary goal in this paper is to discuss the theoretical
and geometric aspects of the DW problem arising from the
spontaneous breaking of the S, flavor symmetry into its
potential residual symmetries. While we have outlined the
subtleties of GWs using parameters from our toy model,
more involved analyzes of GW probes of DWs within
models based on non-Abelian discrete groups necessitate
further investigations of the wall network that relies in part
on dedicated Monte Carlo simulations which we leave for a
future work.

IV. SUMMARY AND CONCLUSIONS

In this work, we have studied the formation of cosmic
DWs from the SSB of the S, discrete group. This breaking
occurs when gauge singlet flavon fields acquire VEVs
giving rise to multiple distinct degenerate vacua separated
by energy barriers which establish a network of DWs. These
non-Abelian discrete groups are widely used in flavor model
building, primarily because of their ability to give predic-
tions that are in good agreement with neutrino oscillation
data. In these models, a crucial point is that there are distinct
preserved residual symmetries in the neutrino and charged

lepton sectors after the SSB. This distinction arises from the
fact that the flavon configurations that predict specific
fermion mass structures exhibit different VEV directions
in both sectors. Consequently, the number of vacua is
contingent upon both the order of the residual symmetry and
the order of the underlying flavor group. In the case of the S,
flavor symmetry, we have investigated three possible break-
ing patterns that are phenomenologically viable: S, — Ky,
Sy — Z3, and S, — Z,. The associated broken subgroups
are given by the non-Abelian groups S5 ~S,/Kj4,
>(8)~S8,/Zs, and A4~ S,/Z,, respectively. Therefore,
the number of vacua for each breaking pattern is given
by the order of S3, X(8), and A4, namely 6, 8, and 12
respectively. The challenges associated with presenting
DWs in cases of multiple vacua have been addressed
through a novel approach where we have depicted the S,
DW networks by representing each breaking pattern’s
multiple vacua as vertices. Each vertex is expressed through
vector coordinates in flavon space. The resulting outcome
consists of Archimedean or Platonic solids, created by
connecting vertices that represent degenerate vacua with
edges that symbolize DWs. This provides a clear visuali-
zation of the intricate network structure.

On the other hand, we addressed the challenge of stable
DWs by introducing an S, toy model wherein neutrino
masses are generated through the type-1I seesaw mecha-
nism. After the SSB of gauge and flavor symmetries, the
resulting neutrino mass matrix exhibits a magic symmetry,
and it is diagonalized by the trimaximal mixing matrix
known to align with neutrino oscillation data. Moreover, we
find that the obtained predictions concerning the sum of the
three active neutrino masses »_ m;, and the effective
Majorana mass mgy can be probed by future experiments.
The breaking pattern in this toy model is given by S, — Z,,
which gives rise to twelve degenerate vacua, and to resolve
the DW problem, we have adopted the approach of explicit
symmetry breaking through the introduction of a Planck-
suppressed operator induced by gravity into the scalar
potential. This explicit breaking induces a bias among
the twelve degenerate vacua, parameterized as esv3,, where
vg 1s the scale of the SSB of the S, group. Lifting the
degeneracy of the multiple minima of the scalar potential
while favoring one true vacuum state is obtained by putting
constraints on the dimensionless coefficient €5 that charac-
terized the bias where we find that for v ~ O(1) TeV, it is
sufficient to require &5 > 107!7 in order to drive the
evolution of the walls towards their annihilation.

An interesting outcome of the annihilation of DWs is the
production of GWs, offering a potential avenue for probing
these models through ongoing and planned GW experi-
ments. However, accurately describing gravitational wave
emission in models based on non-Abelian discrete groups
necessitates a thorough examination of the parameters
influencing the evolution of the formed walls. This involves
undertaking dedicated numerical simulations, presenting a
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complex scenario in contrast to the well-established
examples found in literature with Z, symmetry. A thoro-
ugh examination of this topic is reserved for future
investigations.
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APPENDIX: THE S; GROUP

The flavor group S, is the permutation group of
four distinct objects. It contains 24 elements which can
be generated by three generators 7, S, and U satisfying
S?=T3=U>=(8T)> = (SU)*> = (TU)* = (STU)* = I.
Through the standard relation connecting the number of
elements with the dimension of the irreducible represen-
tations of S,—24 = 124+1%+2%+324+3?—we deduce that
S, contains five real irreducible representations where we
have two singlets 1 (trivial) and 1’, one doublet 2, and two
triplets 3 and 3. The character table of S4 is shown in

TABLE II. Characters of the irreducible representations of the
S4 group.

Classes X1 V44 X2 X3 X3
C 1 1 2 3 3

Cs 1 1 2 -1 -1
Ce 1 -1 0 -1 1

Cy 1 1 -1 0 0

Cy 1 -1 0 1 -1

Table II where the index in C; indicates the number of
elements in each conjugacy class which are given explic-
itly as follows:

C, ={1}, Cs :{S,TSTz,TZST},

Ce = {U,TU,SU, T2U,S8TSU, STZSM},

Cy ={7,87,17S,S57S, 72,872,728, S’TZS},

Cy = {8TU, 18U, T2SU, ST U, TST*U, ’2'2877/{}. (A1)
The representation matrices for the S, generators 7, S,

and U in the basis where 7 is diagonal are of the following
form for the five different representations:

loy: S=1 T=1 U=1,
U, S=1 T=1 U=-1
2010 5:(1 0) T:(w 0
L 0 1 0 o
12 2
3101 5:% 2 -1 2
2 -1
-1 2
3’(_1’0’”: S:% -1 2 T=
2 1

1 0 0 1 00
0 @ 0 U=-|0 0 1],

0 0 o 01 0

1 0 0 1 00

0 «* 0 U= 001), (A2)
0 0 o 01 0

where o is the cube root of unity: @ = ¢>/3. There are 30 subgroups of S, twenty of which are Abelian groups. These
are nine Z,, four Zs, three Z,, and four Klein four group K, ~ Z, X Z, generated by

Zy: 8§, I8T* T°ST U, SU, TU, T*U,STSU, ST>*SU,

Z,:T,8T, TS, STS,
Z,:ST*U, TSU, TST?U,

Ky:{S, TST?} {S.U}, {IST?, T2U} . {T*ST ., T},

(A3)

Let us now provide the Kronecker products among the irreducible representations of the S, group. The products between

two representations are presented as follows:
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1® R =R, 111 =1, 1'®2=2, 11®3=23, 1'®3 =3,
2R2=101" 62, 2R03=2Q03 =373,
33=33=1020373, 33 =123 73, (A4)
where R stands for any irreducible representation of S,. In the following we list the Clebsch-Gordan coefficients using the
notations a~1, o ~1, (B1,)7, (r1.72)" ~2, (ay,a2,a3)", (b1, by, b3)T ~3, (ci,c2.¢3)7,(dy,dy,d3)T ~3'. For a
singlet multiplied with a doublet or a triplet we have
1Q2=(ap.ap,)", 1'Q®2=(dp,—dp)". 1Q® 3 = (aa,,aay, aas)",

1®3=(da,day,da3)T, 1® 3 = (acy,acy, ac3)T, 1®3 = (dc,dcy,de3)l. (A5)

For a doublet coupled to a doublet we have

p 4 Py
2@2= ( e (" = (Brr2 +Bari)r + (Biva = Pori)r + 2 (A6)
P 72 Biri/2
and for a doublet multiplied with a triplet
5 a pra, + praz pra, — praz
1
2@3= (ﬁ ) Q| a | =| b hat+pa | +| paz—pra |
>
as pra; + pras /) 5 pra; —pras ) 3
P C picy = Pacs Bicy + pacs
2®3'—< 1)® | = | Bics = Pac + | Bics +Pacy | . (A7)
>
3 Prer —Prca ) 3 picr +prca ) 3

For the products 3 ® 3 and 3® 3’ (with a;, b; to be replaced by c¢;, d;) we get

ap b,
a by + arb, + asb
3®3= Zj ® Zz = (@bt aabs ¥ asba)y + (albz + ayby + azbs )2
a,b; — azb, 2a,b; — ayby — azb,
+ | aiby —asby | + | 2azb3 —a by, —ab; | (A8)
azby —abs ) 5 2a,b, —a1bs —aszby J 3

while the Clebsch-Gordan coefficients for the product 3 ® 3’ read

a Cq
a|cs + aCy + ascq
3®3/ = 612 ® C2 = (Cl]Cl +Cl2C3+Cl302>lr+ (
—a1Cy — A€ —azC3 /2
as C3
2a1C1 — apC3 — azCy a,C3 — aszCy
+ | 2ascs3—ajco —are; | 4+ | ajcn —aze; | . (A9)
2ayc5 —ajcy3 —azcy ) 3 ascp —aycy ) y
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