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String-wall composites winding around a torus knot vacuum
in an axionlike model
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We study a simple axionlike model with a charged scalar ¢ and a double-charged scalar ¢ of global U(1)
symmetry. A particular feature of our model is that a vacuum manifold is a torus knot. We consider a
hierarchical symmetry-breaking scenario where ¢ first condenses, giving rise to cosmic {-strings, and the
subsequent condensation of ¢ leads to domain-wall formation spanning the {-strings. We find that the
formation of the walls undergoes two different regimes depending on the magnitude of an explicit breaking
term of the relative U(1) between { and ¢. One is the weakly interacting regime where the walls are
accompanied by another cosmic ¢ strings. The other is the strongly interacting regime where no additional
strings appear. In both regimes, neither a {-string, a ¢-string nor a wall alone is topological, but the
composite of an appropriate number of strings and walls as a whole is topologically stable, characterized by
the fundamental homotopy group of the torus knot. We confirm the formation and the structure of the
string-wall system by first-principle cosmological two-dimensional simulations. We find stable string-wall
composites at equilibrium, where the repulsive force between {-strings and the tension of walls balances,
and a novel reconnection of the string-wall composites.
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I. INTRODUCTION

Topological defects are universal outcomes of phase
transitions irrespective of the order of phase transition and
one of the gravitational wave sources in the early Universe
useful to probe high-energy physics [1]. Among a variety of
topological defects, hybrid defects, composed of two
different types of topological defects, e.g., strings bounded
by monopoles and walls bounded by strings [2-6], often
appear in SO(10) grand unification. It has been pointed out
that the hybrid defects give unique gravitational wave
signals [7,8]. In the context of condensed-matter physics,
walls bounded by strings are observed in superfluid *He [9].
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In this paper, we focus on and examine walls bounded by
strings on field theoretical ground. We find such a con-
figuration in high-energy physics as follows. One of the
examples is D-parity, a Z, symmetry under the charge
conjugation found in symmetry-breaking paths from grand
unified theory (GUT) to Standard Model (SM). In [2,3],
they pointed out that, in a symmetry-breaking path,

SO(10) — SU(4) x SU(2), x SU(2)g x D — G,

where Gg); is the gauge group of Standard Model, the
first symmetry-breaking produces strings and then the
second breaking produces domain walls (walls) spanning
the strings.' Another interesting example is the U(1)z_,
extension of the Standard Model. If gauged, U(1),_,
symmetry inevitably introduces right-handed neutrinos,

'In these paths including D-parity breaking, there is a problem
of the appearance of monopoles at the first symmetry breaking
and there is a necessity for some resolution of monopole
dominance at the late time. Inflation is a resolution for it and
recent works on cosmic strings suggest the replenishment of
strings after inflation [10].
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which are keys for producing neutrino masses and generating
baryon-antibaryon asymmetry through leptogenesis [11].
The Higgs field giving masses to right-handed neutrinos is
usually assigned U(1)z_; charge 2, leading to R-parity as the
remnant of U(1),_,. It was pointed out in [12] that if we
have, instead, a Higgs field charged 1 under U(1),_,,
R-parity breaks at the same time when the right-handed
neutrinos obtain their masses and the gravitino, unstable but
long-lived enough, becomes a dark matter candidate. In this
model, the breaking scale needs to be high enough to
accommodate leptogenesis. If we introduce both of the
Higgs fields, physics related to right-handed neutrinos
decouples from R-parity. This scenario seems attractive
since R-parity breaking-energy scale can be lowered, leaving
us a larger parameter space for the leptogenesis. This leads to
a symmetry-breaking path down to Standard Model,

Gsm x U(1)p_; = Gsy X Zy = Gy,

ensuring the appearance of walls bounded by strings. We can
understand these two examples in a unified way since, (1) in
the first example, D-parity is the charge conjugation sym-
metry which changes all the charges to the minus of the
original ones and, in the second example, the remnant
symmetry at the condensation of the double-charged field
is the charge conjugation symmetry of the single-charged
field, and (2) the breaking of the charge-conjugation sym-
metry results in the formation of the walls attached to the
strings in each example.

Testing these scenarios is difficult because very high
energy is required to probe them. We would like to probe
these scenarios through cosmological implications, e.g., the
gravitational wave signals emitted from the string-wall
systems after the formation in the early Universe. In this
paper, as a first step, we explore the configuration and the
dynamics of walls bounded by strings in the cosmological
context in a simplest model with global symmetry,

U(l) > Z, > 1,

where [ is a trivial group. The first symmetry breaking
leads to the string formation and the second breaking
causes the formation of walls with the boundary of the
strings previously formed. We realize this pattern by
incorporating two U(1) Higgs fields with different charges,
2 and 1 [13-15], similarly to the U(1)z_, models. We
describe the impact of the gauge field on the configuration
and the dynamics of the composite defects in another paper.
We emphasize that our target in the present paper is
qualitatively different from axionic domain walls examined
before in Refs. [16-24] in that the symmetry is not
explicitly broken but spontaneously broken at the latter
phase transition. This system has two complex scalar fields
rather than one complex scalar field in the axionic case and
has richer phenomena. It should be noted that our model is

thought to be safe from the domain-wall problems even for
N > 1 because of the appearance of the ends of the wall as
we see in this paper.

In Sec. II, we introduce our model, which includes two
interacting fields with different charges under a global U(1).
In Sec. I1I, we examine the vacuum structure at high energies
and at low energies and explain the vacuum manifold is a
torus knot in low energies. In Sec. IV, we describe that there
are two distinct regimes depending on the model parameters,
where the potential structure is qualitatively different.
Then, we explain nontopological defects found in our model
and topological string-walls as composites of nontopolog-
ical defects. We give examples of numerical solutions for
string-walls in the flat background. In Sec. V, we perform
cosmological simulations of our model and follow the
time evolution of the string-wall systems for the two
regimes. We also confirm the structure of the string-walls
meets the prediction of the theoretical analysis in Sec. IV.
Sections VI and VII are devoted to a summary and
discussion, respectively. In Appendix A, we show the mass
formula for the four independent states around the vacuum.
In Appendix B, we derive solutions for the walls in two
regimes in our model. In Appendix C, we explain how we
generate the initial condition for the numerical simulations.
In Appendix D, we show enlarged figures of the reconnec-
tion happening in numerical simulation.

The metric is mostly positive, (—, +, +, +) throughout
the present paper.

II. THE MODEL

We introduce two complex scalar fields, { and ¢, in the
Minkowski spacetime, g, = diag(—1,1,1,1), and define
the action as

S = /d4x\/ _g‘cscalar’ (1)

1 1
Locatar = — anz:*aug - angb*aﬂqs - V(C, ¢)’ (2)

with the potential
A A
V(€ ¢) = (€7 = 1) + (1o - v)?
m
+ 2+ 470, (3)
where m is a positive real parameter, determinin%
the strength of the interaction between the two fields.

We assume a hierarchical order

vy > max{v,, m}, (4)

2, .

Though m can be a complex number, we assume m is real and
m > 0 without loss of generality since the phase of m can be
absorbed into the phase of the ¢ field.
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throughout this paper. We consider that the typical values
are v; = 10'° GeV, v, = 10> GeV, and 4, = 1, = 1, sug-
gested by the NANOGrav recent result [8,25-31] and by
GUT motivation, though the numerical simulations are
performed for less hierarchical values for v, and v, because
of the limitation of computational resources.

The action given by (1)-(3) has been examined in
different contexts, [32-39]. The difference between our
work and these papers is whether there exists a hierarchy
between the two condensation scales of two fields. If there
is no hierarchy as in these papers, v; = v,, both of the
strings of £ and ¢ are formed at the same time, and the walls
connect them by the explicit U(1) breaking term in late
time. In contrast, if v; > v, as in our study, only the strings
of { are formed first, and the nontopological strings of ¢
attached to walls subsequently connect the strings of .

In the following sections, we discuss two regimes
depending on m, where the string-wall configuration is
qualitatively different. The case with large m has not been
discussed in the previous works and is motivated by GUTs
and (gauged) U(1),z_, models. We investigate the torus
knot vacuum structure and the string-wall configurations in
the torus coordinate on the field space. We also solve the
field equations and show that stable string-wall solu-
tions exist.

III. VACUUM STRUCTURE

A. Symmetry
The global symmetry in the absence of the third term of

(3)is U(1), x U(1),, which is explicitly broken to a mixed
U(1),,, symmetry [40,41] by the third term as
§ — e,
¢ — e, (5)

where 6 is a real parameter of the U(1),,;, transformation.
In addition, there is a discrete symmetry

C:(l.9) = (&7, 97). (6)

First, { condensates, and then, the expectation values of
and ¢ become

() =vi. () =0. (7)

The vacuum manifold at the higher energy scale is homeo-
morphic to S' whose fundamental homotopy group is

m(s) = Z. (®)

Note that it is parametrized by ¢ = v e*? with the U(1),;,
transformation parameter 6 € [0, 2z]. Hence, half-way of
the U(1),,, group manifold covers the full way of
the vacuum manifold S!'. Note also that U(1),,, is

spontaneously broken to H; = Z, with 8 = {0, z}, while
C remains unbroken. Hence, the fundamental homotopy
group can also be understood as

m(G/H) = m (U /22) =52 (9
where 1/2 means that the minimal unit is 7 instead of 2z
inside the U(1),,;, group manifold.

When the second condensation occurs {(|¢|) = v, at
lower energy, H; = Z, is spontaneously broken, so that
we obtain a sequence of the symmetry breaking,

G=U1)3H =231 (10)

The second spontaneous symmetry breaking (SSB) pro-
vides a discrete structure in the vacuum manifold at low
energies. However, the SSB as a whole is just U(1) — I,
and so, it is an issue how the vacuum manifold is structured.
We will see that the vacuum manifold is a torus knot in the
following subsections. On the other hand, the discrete
symmetry C remains unbroken in the vacuum at any stage.

Since the U(1),,;, of our model is expressed as (5), on
any segment of a contour staying in a vacuum on the
physical space, the following relation holds:

2dp = da, (11)

where we define

a=arg((),  p=arg(d). (12)

To evaluate a winding number, we choose a — /3, and the
winding number is defined as

wi= —

=5- f (da—dp). (13)

vac

on a contour C,,. staying in a vacuum on the physical
space. It can measure the winding since it behaves as

a=foa=-p+0 (14)

under (5).° The field configurations with a vacuum boun-
dary need to satisfy
w=n, (nez). (15)

B. Axionlike vacuum structure for a-constant surface

In order to figure out the structure of the low-energy
potential, let us rewrite the scalar potential, Eq. (3),

(PP -2 + @ +d7). (16)

There are also other combinations of & and f to extract 6.

116004-3



ETO, HIRAMATSU, SAITO, and SAKAKIHARA

PHYS. REV. D 108, 116004 (2023)

where we fixed || = v, and absorbed the phase a = arg ¢
by shifting the phase of ¢ as

b = pei/2, (17)

This is formally the same as a scalar potential of the
standard QCD axion model with N = 2 domain walls. The
potential has two discrete symmetries

Zy g~ Cip— - (18)
where C’ is given by a combination of C (¢ — ¢*) and Z,
(¢ — —). There are two vacua

2
b =Lity, Dy=op )l om,=22 (19)
m, 20,

Thus, Z, is spontaneously broken, whereas C' remains
unbroken. This is the reason why there exist two vacua.
Note that v, > ¥, since we assume v, > max(v,, m).

C. Torus-knot vacuum structure

As we will explain below, these vacua are not discrete but
are continuously connected. To illustrate the vacuum
manifold, let us parametrize the fields ¢ and ¢ as

{=we, ¢ = |ple”, (20)
with a, ff € [0, 2x]. We fixed |{| = v; and are left with three

variables |¢|, a, and B. Then, the potential, Eq. (3),
becomes

Va2 (g = 3+ molgeos (p-a). (21)

The potential minima are given by

|p| = 0, 2 —a = +nx. (22)
We found that the vacuum consists of the Z, discrete points,
Eq. (19), whereas it seems to be S! due to the condition
|¢| = ©,. Indeed, neither of them is the true vacuum
structure. To uncover the vacuum structure, let us introduce
new coordinate (X,Y,Z) by

X cosa cosacos f}
Y | =v| sina | +¢|| sinacosp |.  (23)
Z 0 sin

For a fixed ||, as shown in Fig. 1, (X, Y, Z) represents the
torus around the Z-axis with radii v, and |¢|,

(\/X2 Frio vl>2 72 = | (24)

FIG. 1. Field space mapped into the torus coordinate (X, Y, Z)
defined in Eq. (23) The major and minor radii are |{| = v, and
||, respectively. The toroidal and poloidal angles are a and f3,
respectively.

Inversely, we can write down

X +iY

VAT
d=VX2+Y -0, +iZ. (26)

{=u (25)

The condition (22) tells that the vacuum manifold is
embedded in the torus with radii v; and @2.4 Note that, since
v| > 1y, the torus does not intersect itself. The vacuum
corresponds to the points on the torus satisfying
2 —a = +x, which is represented as two open curves
parametrized by (a, ) = (t,t/2 + x) with 1€ [0, 27],

COS 1 COS (l + 5)
cos t 272

sint | + @, | sinzcos (%i%) . (27)

O o t T
sin (5 + 5)

-

X.(t) = v,

Note X, (27) # X, (0) but X, (27) = }_("jF(O). Hence, we
can smoothly connect the head of one curve and the tail of
the other curve to form one closed curve. As a result, we
can represent the vacuum manifold as

COS £ COS (1+E)
cos ¢ 202
X(t)=v, | sint | + %, sintcos(§+§) . (28)
0

*When m = 0, the vacuum manifold is the torus itself, which
has two independent S's.
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for t = [0, 4x]. When we vary ¢ from 0 to 2z, the a-cycle
(the toroidal S' with the major radius »,) winds once but
the -cycle (the poloidal S! with the minor radius #,) winds
only one-half. The remaining 2z rotation from ¢ = 2z to 4z
closes the curve and returns to the initial point. In total, the
a-cycle winds twice, and the f-cycle winds once. Hence,
the vacuum manifold is the torus knot, which we refer to
as TN(2, 1), winding around a torus 7 defined by radii,
|C| =1 and |¢| = T}Z’

X cosa cosacos f}
Y | =v | sina | +9,| sinacosp |. (29)
V4 0 sin f3

In Fig. 2, we show the vacuum manifolds at high
energies (~v;) and low energies (~?,). The green curve
corresponds to the vacuum manifold at high energies: the
S' with the radius v, (the torus at the limit of 7, < v,.) We
regard it as a doubly degenerate S' with t€[0,2z] and
[27, 4x], implying that the U(1),,,, charge of ¢ is two and
the Z, symmetry is unbroken. On the other hand, the red
curve corresponds to the TN(2, 1) that is the vacuum
manifold at the low energy. We can understand that it is
made by separating two degenerate S'’s so that they lie on
opposite points of the poloidal S'. This is nothing but the
spontaneous Z, breaking at the scale 7,.

Since a torus knot TN(2, 1) is homotopic to an S!, we
have a nontrivial fundamental group

7 (TN(2, 1)) = Z, (30)

which ensures the existence of global strings. However, the
fact that the minimal loop covering TN(2, 1) winds around

FIG. 2. The red curve corresponds to the vacuum manifold
TN(2, 1) which lies on the auxiliary torus with the major and
minor radii v; and 7, in the XYZ-space. The green curve shows
the vacuum manifold (doubly degenerate S' curves) before the
second SSB takes place.

the a-cycle twice and around the f-cycle once endows
interesting properties to the strings as we will see in the next
section.

We define nontopological auxiliary quantities as

e :%/Cda, (31)
() = - /C dp. (32)

where C is a closed curve or a section of a closed curve on
the physical space on which the fields do not need to lie
on the vacuum. When the fields lie on the vacuum, the
quantities need to satisfy

S

w=_"=n€Z, (33)

2
from Eq. (11), where n, = 7i,(Cyyc ), np := fig(Cyye), and w
is found to be the winding number for z;(TN(2, 1)).

IV. DEFECTS OF OUR MODEL

A. Two regimes

The kinds and length scales of the defects after
¢-condensation are different in two regimes divided by

m=m,, (34)
where m, is defined at Eq. (19). As we will see below, the

origin of the difference comes from the structure of the
potential, Eq. (16),

e R Ry

1. Weakly interacting regime

]

)

The potential barrier around the vacuum manifold
depends on the ratio m/m,. Let us first explain the case of
m<m, (D=~uv,). (35)
We call this regime the weakly interacting regime. The first
two terms in Eq. (3) dominate the potential, and we
approximately have |{| =wv; and |¢|= D, ~v,. This
means that the torus 7 lies deep in the bottom of the
high-potential barrier. Namely, the torus is an approximate
vacuum manifold.

Figure 3 shows what the scalar potential looks like. The
top panel of Fig. 3 is the contour plot of V(¢), which is
independent of a. The vacua are represented by the two red
dots, A and B. The potential along the angular direction of
¢ with the radius #, (the cyan and pink dashed curves)
remains close to being flat. More precisely, the curve with
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the quasilowest potential energy on a-constant surface
which is given by the radial minimum,

B = vz\/l —mﬂ*cos(zﬂ—a), (36)

i.e., it is not a true circle but an ellipse.5 The bottom
panel shows the global structure of the scalar potential.

a-constant surface of V(¢) looks V(¢) rotated by a/2
around the origin. Namely, when we rotate by « around the
Z-axis in XYZ-space, the potential rotates by «/2 along
the poloidal S'. Therefore, the potential rotates only by 7
when we go around the Z-axis once. Nevertheless, the
potential smoothly connected at a =0 since V(¢) is
symmetric under the rotation by z around the origin,
. V($) = V(ge ™) = V(-4).

The mass spectra consist of two heavy modes corre-
sponding to those changing |{| and |¢|, one exactly
massless mode corresponding to the flat direction along
TN(2, 1), and one light mode [quasi-Nambu-Goldstone
(NG) mode] corresponding to the direction orthogonal to
TN(2, 1) and tangential to the torus. Figure 4 shows the
effective potential on the torus by a color density plot.

2. Strongly interacting regime
We call the regime with

m > m, (37)

the strongly interacting regime, where the third term in
Eq. (3) is not so small. As a result, the potential barrier
on the torus 7 is higher than the potential energy at the
torus core and we can no longer regard the torus as an
approximate vacuum manifold. Figure 5 shows the scalar
potential in the strongly interacting regime. The top panel
of Fig. 5 is the contour plot of V(¢). The global structure is
similar to that in the weakly interacting regime as shown
in the bottom panel of Fig. 5. However, the poloidal S'
structure no longer exists.

B. Mass spectrum

We examine the mass spectrum appearing in this model.
There are four states, and they have different spectrum in
the two regimes. Here we show the typical values under the

5Strictly speaking, the approximate manifold is not 7 but a
slightly deformed torus with the major radius of || = v, and the
minor radius of |¢| defined by Eq. (36), depending on « and f.
Since this deformed torus cannot be defined for the strongly
interacting regime and it is nearly the same with 7 for weakly
interacting regime because ¥, =~ v,, we show and refer to 7
instead of the deformed torus even for weakly interacting regime
for simplicity.

Im|[¢]

FIG. 3. Top panel: potential energy on ¢-complex plane with
m = 0.02m, in the weakly interacting regime. Two minima are
located at f —a/2 = z/2 (Vacuum A) and —z/2 (Vacuum B).
The origin is the local maximum and two saddle points are
located at f — a/2 = 0 and z. Bottom panel: potential energy in
XYZ-space. The red curve is the vacuum manifold TN(2, 1). The
gray torus is 7. The cross sections are for different a: 0, /2, =,
and 37/2. The red curve represents the vacuum manifold. The
gray torus represents the torus 7. The cross-section for a =0
coincides with the top panel and that for @ = z rotates around the
torus core by z/2. All the dimensional quantities are normalized
by wv;. The parameters are chosen as (4;,4o, vy, 02, m) =
(1,1,1,1/2,1/400).

assumption of the energy scales examplified in Sec. II. The
full expression is shown in Appendix A.

For weakly interacting regime /i1 = m/m, < 1, we find a
massless NG boson and a quasi-NG boson with mgng =
2,/mu from the linear combination of arg { and arg ¢. In
addition, there exist two massive states with m; = /24, v,
and m, = \/21,v, from the linear combination of |{| and
|| Concretely,

16
m, = 5.0 x 10_4<10 GeV) < b2

2
eV, (38
v 102 GeV> 2oV, (38)
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muyv cos(28 — a)

l 0.050

£0.025

o
F_0.025

- -0.050

S

FIG. 4. The approximate effective potential energy
mv v} cos(2f — a) on the torus 7, defined at Eq. (29). Blue/
red color indicates low/high potential energy. The orange curve
corresponds to the vacuum manifold TN(2, 1). The parameter
combination is (4, 4y, vy, v, m) = (1,1,1,1/2,1/400).

228
2,04
1.80

[

Im[¢)

1.32
1.08
0.84
0.60
0.36
0.12

a=0
a=3m/2

FIG. 5. Top panel: potential energy on ¢-complex plane with
m = 2m, in the strongly interacting regime. Two minima are
located at f — /2 = z/2 (Vacuum A) and —z/2 (Vacuum B) and
a saddle point is located at the origin. Bottom panel: potential
energy in XYZ-space. See the caption of Fig. 3. All the dimen-
sional quantities are normalized by v,. The cross sections for
different o overlap each other at Z-axis since the map defined by
(23) into XYZ-space is only well-defined within |¢| < v;. The
parameters are chosen as (41,45, vy, v,,m) = (1,1,1,1/2,1/4).

and the masses are evaluated as

1/2
1 ) GeV

quG =14 x 102ﬁ’ll/2 (m

1/2
<1.4x102< l ) GeV, (39)

10! Gev

and

my = 1.4 x 10'° GeV ~ v,,
m, = 1.4 x 10> GeV ~ v,. (40)

For strongly interacting regime 71 > 1, there exist one
NG boson and three massive modes. The first radial
massive mode has the mass m; = /21, (40) as well.
The radial second massive mode m, and angular massive
mode mj3 has the mass 2,/mv, [the expression in (39)].
These masses satisfy

Uy

=my> 14 x10?( ———
M = <1016 GeV

1/2
> GeV. (41)

C. Defects

1. Topological and nontopological &-strings

In high energies, the vacuum manifold is just S' in
a-direction, and therefore, there exist strings winding
around a-cycle, which we call {-strings. These all are
stable in high energy above #,. As seen in the previous
section, the vacuum manifold in low energies is TN(2, 1),
and thus, {-strings with even n, can smoothly wrap around
the vacuum. Therefore, such {-strings are topological and
stable even in low energies. However, the SSB at 7,
destabilizes {-strings with odd n,. From now on, we focus
on the {-strings with n, = 41, which are important both
cosmologically and numerically. When we go on the
vacuum by 2z for a-cycle, the initial point and the end
point are different by z for f-cycle. Therefore, one has to
escape once from TN(2, 1) and come back to TN(2, 1). To
minimize the gradient energy cost, the escape is forced
to be in the range with a slight change in the a-direction,
namely, it is constrained on approximately a-constant
surface. The behaviour during leaving from TN(2, 1) is
different for the weakly interacting regime and for the
strongly interacting regime. For the former, the configura-
tion goes around the f-cycle by £z to avoid the torus core
with high energy. The approximate path is shown by the
cyan/pink dashed curve in Fig. 3. For the latter, it goes near
the torus core, where the energy density is lower than that
of the torus surface. The approximate path is shown by the
green dashed curve in Fig. 5. On the approximately
a-constant surface, the initial point and the end point on
TN(2, 1) look two discrete vacua as a result of the
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spontaneous breaking of Z,. (See the top panels of Figs. 3
and 5.) Therefore, the escape from TN(2, 1) for {-strings
corresponds to a domain-wall solution connecting these
two vacua. Namely, each {-string with n, = 41 is inevi-
tably attached to a wall.®

Since the meaning of n, = £1 is not obvious in the
previous paragraph, we give a more precise definition of the
winding of {-strings along a-cycle. Let us consider a contour
surrounding a ¢-string from far away in the physical space,
C¢. In high energies, the fields can be in the vacuum at any
points on C¢, and thus, n, = 7i,(C®) = +1. However, as we
mentioned, in low energies, all the points on C¢ cannot be in
the vacuum. Fields on a section of C¢ need to be away from
the vacuum and the other part of C¢ can be in the vacuum. We
name them ng and ciac, respectively. Cé = ng U Cgac.
Now, i, (C?) is not a topological value, but is still an integer
number, 7i,(C¢) = +1, because of the single valuedness of
¢-field. In low energies, though n, cannot be defined
as a topological number for an isolated {-string with
fi,(C%) = £1, we refer to n,, instead of 7i,(C*) for simplic-
ity. As we will see in Sec. IVC4, a pair of them is
topological.

2. Nontopological domain walls

As previously mentioned, an approximately a-constant
surface of the effective potential has two discrete vacua as
an outcome of the spontaneous breaking of Z,, and there
exist domain-wall solutions connecting these two vacua.

For the weakly interacting regime, a wall solution
corresponds to one of the orbits connecting two vacua
along a half of St of p-cycle, i.e., near the surface of the
torus 7. (The orbits are shown in Fig. 3 by the cyan and
pink dashed curves.) We evaluate the width and the tension
as (see Appendix B for the derivation),

weak _
Sow™ ~ (24/[mlvy)7", (42)

and

V) = 4, /muv 3. (43)

Since the domain-wall solution is described by arg¢ =
f — a/2, the quantity f — a/2 or its twice 2 — a is useful
to identify walls in numerical simulation. For the strongly
interacting regime, a domain-wall solution corresponds to
the orbits connecting two vacua through the torus core.
(The orbits are shown in Fig. 5 by the green dashed curve.)
As calculated in Appendix B, we find the domain-wall
solution in the infinite plane limit (without a string
boundary) and evaluate the wall width as

®Each ¢-string with an odd winding number |n,| > 1 is also
attached to a wall from the same reason.

Sow"™ ~ (v 172) ", (44)

and the wall tension as

2V2
olstrong) — _\! V3. (45)

Since the wall solution is described by Im¢ and Re¢gp = 0,
the quantity |¢| = |¢| is useful to identify domain walls
in numerical simulation. By comparing these quantities
Eqgs. (42)-(45), we can see that the domain walls are less
massive and broader for the weakly interacting regime,
which will be confirmed numerically in the next section.

The walls are not topologically stable since the orbits
connecting the vacua A and B can be continuously
contracted to a single point through the vacuum manifold.
Nevertheless, we expect that the wall is sufficiently
metastable since an intermediate state (for example a curve
connecting A’ and B in Fig. 3) clearly needs a large
gradient-energy cost.

For the weakly interacting regime, it looks that there are
two different wall solutions corresponding to the cyan and
pink dashed curves in the top panel of Fig. 3. However,
these are topologically indistinguishable. We can move a
cyan dashed curve by 7 along a-cycle with no energy cost,
and, after we move it, it lies on the pink dashed curve.
When we map a path with a direction crossing a wall on
the physical space to the field space, we can specify the
direction on the field space, i.e., if argg;ﬁ =p—a/2 is
increasing (B — A for the cyan dashed curve) or decreas-
ing (A — B for the cyan dashed curve). The direction does
not change even if we move the cyan/pink dashed curve by
# along a-cycle. Therefore, there are two kinds of walls,
one of which has an increasing phase (75 > 0) and the other
has a decreasing phase (ii; < 0). Even for the strongly
interacting regime, the orbit does not straightly go through
the torus core but it just passes near the torus core because
of the gradient energy cost and p-phase advances not
discontinuously but continuously, i.e., it earns a finite 7.

To reduce the energy cost, one of the kinds of the walls is
chosen when a {-string is attached to a wall. A {-string with
n, = 1 is attached to a wall with ﬁﬁ(ng) = —1/2, since
ig(Cac) = fig(Cac)/2 = 1/2. Similarly, one with n, = —1
is attached to a wall with ﬁﬂ(ng) = 1/2. (See Fig. 6.)
For the weakly interacting regime, the other choices make
a loss in the potential energy since the orbit surrounds the
torus core. For the strongly interacting regime, the other
choices make a loss in the gradient energy. We note that the

walls are not only terminated by the {-strings but also form
closed walls.

3. Nontopological ¢-string

For the weakly interacting regime, there exist a different
type of strings from (-strings, strings winding around
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FIG. 6. (a)/(b) schematically describes the configuration of a

w = 1/w = 0 string-wall for the weakly interacting regime. Blue
plus/cross mark represents {-string with n,, = 1/—1, respectively.
Red rectangle/triangle mark represents ¢-string with 7i; = —1/1,
respectively. The colors show the value of 2 — a: the white color
shows 7 mod 2z corresponding to the vacuum, the black color
shows 0 mod 2z, corresponding to the center of the wall, i.e., the
top of the bump on the torus, the green color shows z/2 mod 2,
and the orange color shows —z/2 mod 2z. We can see the
direction of the phase from the order of these colors. (The color
choices are the same as those used in Fig. 13.) For the strongly
interacting regime, ¢-strings are not confined and are extended
along the wall.

p-cycle, which we call ¢-strings, in low energies below 52.7
This is because the torus core has high potential energy
~J,v3 and the bumps on the torus 7, which has the
potential energy maximal on the torus surface,

|¢|:UZ,/1—mﬁzyz, 26—a=0 mod2z, (46)

carry a lower energy ~muv;v3. To reduce the gradient
energy, ¢-strings wind around p-cycle on approximately
a-constant surface of the torus. Again, we focus on the
strings with the minimal winding, 7i5(C?) = +1, where C?
is a contour surrounding a ¢-string. The ¢-stings climb
over the bumps twice. We can divide the contour into two
pieces, e.g., for a ¢-string with ﬁﬂ(C‘ﬁ) =1, a path is from
vacuum A to vacuum B and the other is from B to A, (pink
and cyan dashed curves in Fig. 3, respectively.) These
are nothing but nontopological domain walls found in
Sec. IV C 2.® Therefore, ¢-strings are inevitably attached to
two domain walls. One can see each ¢-string is attached to
the same kind of the domain walls; for 7i5(C?) = 1, both of

the domain walls attached carry ﬁ,;(Cﬂ'w) =1/2, and for
fis(C?) = —1, both carry ﬁﬁ(wa) =—1/2

7 ¢-strings have no corresponding defects in high energies.

The ¢-string can be regarded as a daughter wall inside a mother
wall associated with the sequential SSB Z, x C' — C' — I where
the second SSB takes place only inside the mother wall [42].

TABLEIL  Alistof i1, and 74 for {-strings, walls, ¢-strings. Ciis a
closed contour surrounding each defect. C,,. is the sum of sections
of C where the fields are in vacuum, and Cy,, is the sum of the rest
sections of C where the fields are away from vacuum and the path
crosses a wall. C = Cy,e U Cay,. 7ig(Cay,) for ¢p-strings is doubled
because each ¢-string is accompanied by two walls.

Cc Cvac de
T P P iy
{-string +1 0 +1 +1 0 Fl
Wall 0 +1
¢-string 0 +1 0 0 0 +1x2

We summarize the values of 7, and iy for each non-
topological defect in Table I.

4. Topological string-walls

To make {-strings topological in low energies, they need
to be paired with each other. {-strings can be paired by
attaching the ends of the walls emanating from the
{-strings. Obviously, (-strings with the opposite 72,(C)
can be paired, which unwinds around the vacuum manifold
TN(2, 1). Such a pair is topologically trivial, which does
not carry a winding number defined by U(1),,i, w = 0. In
addition, ¢-strings with the same 7i,(C) can also be paired,
which winds around TN(2, 1) once. Such a pair is
topologically nontrivial, which carries w = 4+1. A pair of
¢-strings with 71,(C) = 1 earn 7i5(Cy,) = 1/2 x 2, result-
ing in ng =1 for a closed curve surrounding both of the
strings in the physical space. This means the existence of a
¢-string on the wall connecting the {-strings for the weakly
interacting regime. Namely, two {-strings with n, = 1(—1)
connected by a ¢-string with 75 = 1(—1) is topological.
In addition, any number of a composite of ¢-strings with
opposite 7iz (connected by walls with each other) can be
inserted on the wall connecting the {-strings since it does
not change w. From the observation of 75, when it is
embedded in the wall, a ¢-string with 7i; = 1 needs to be
the neighborhood of {-string with n, = 1 and/or ¢-string
with /iy = —1, and vice versa. (See Fig. 6.) For the strongly
interacting regime, ¢-strings do not exist and the {-strings
are connected just by the walls. In other words, a wall can
be understood as an extended object of a ¢-string by the
strong interaction between the fields.

We perform a numerical simulation of a string-wall for
the weakly interacting regime using a standard relaxation
method. A w = 1 string-wall is stable and seems to have a
configuration where the repulsive force between {-strings
and the attractive force of the walls balances. However, the
distance between the strings of the balance is large because
the wall tension is weak. In Figs. 7 and 8, we show aw = 1
string-wall with one ¢-string. The {-strings go away from
each other because the repulsive force wins the attractive
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FIG. 7. A nonequilibrium w = 1 string-wall numerically found
forA, =4, = 1, v, = 1/2,and m = 1/400 in v, unit, which is in
the weak interaction regime. The top-left (-right) panel show —|{]|
(—|¢|) near the string-wall. We see that the ¢-string is confined. In
the middle panels, we show the phases of { and ¢ by the vector
plots of (Re¢, Im¢). The contours C, and C, surround one of the
{-strings at the end of the walls. C; surrounds the ¢ string
connecting two {-strings through the wall. C4 surrounds all the
ingredients of the w = 1 string-wall. The bottom panels show the
image of the contour C; into XYZ-space, showing the field
values, (a, |¢ covers the torus
knot vacuum manifold (shown by a red curve) once, supporting
that the string-wall is topological and w = 1. The gray torus is 7 .
The gray tone indicates the potential value at each point on the
torus: the black/white color shows the lowest/highest energy. The
bottom-left (-right) is from the top (front) view of the torus.

force at this distance between the {-strings. In Fig. 7, the
top panel shows ¢-string is confined and the walls are faint
as expected analytically. We also show arg{ = a and
arg ¢ = f in the middle panels. In the bottom panel, we
map the field values along a contour C; surrounding the
string-wall into XY Z-space. We can see that the string-wall
wraps around the vacuum manifold once and is topological.

We perform a similar numerical simulation for a string-
wall in the strongly interacting regime. A w = 1 string-wall
is topologically stable and has an equilibrium configuration

FIG. 8. The top/middle/bottom panels show the image of the
contour C,/C3/Cy in Fig. 7 into XYZ-space. See the caption of
Fig. 7 for the detailed explanation. In the right panels, we can see
that the fields pass near the surface of the torus 7 for the walls.
The sum of the images of C,, Cs, and C, approximately coincides
with the image of C,, shown in the bottom panels of Fig. 7.

where the repulsive force between (-strings and the
attractive force from the wall tension becomes equal and
balances. This equilibrium configuration is shown in
Figs. 9 and 10. The top-right panel of Fig. 9 shows that
there exists a single point where |¢| = 0 is reached as a
result of ny = 1.

w = 0 string-walls are unstable and shrink to vanish since
they are topologically trivial. We revisit these features of
string-walls in cosmological simulations in the next sectlon

We compare the length scales included in string- -walls.”
We consider the weakly interacting regime first. After
{-condensation, ¢-strings have a normal core size of
strings as

8¢ ~ (VA1) (47)

°This estimation is field-value-based and does not correspond
to the length scales seen in energy-density-based plots.
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FIG. 9. An equilibrium w = 1 string-wall numerically found
forAy =4 =wv, =1, v, =1/2, and m = 1/4 in v, unit, which
is in the strongly interaction regime. See the caption of Fig. 7 for
the detailed explanation. We see that the ¢-string is extended
between the two {-strings. We again find that the image of C,
covers the torus knot vacuum manifold (shown by a red curve)
once, supporting that the string-wall is topological and w = 1. We
note that the gray torus is 7.

After ¢-condensation, ¢-strings are formed and have a
length scale of (See Appendix B)

'Y ~ (\/200,) 7, (48)

which is smaller than the wall thickness (42) Therefore,
there is a hierarchy between the length scales for string-
walls as

5, < 8y < aha. (49)

In the weak interaction limit, m — 0, the wall thickness
becomes much larger than the string core sizes,

34 < s (50)

FIG. 10. The top/middle/bottom panels show the image of the
contour C,/C3/Cy in Fig. 9 into XYZ-space. See the caption of
Fig. 7 for the detailed explanation. In the right panels, we can see
that the fields pass near the torus core for the walls, shown by
dashed lines. The sum of the images of C,, C;, and Cy4
approximately coincides with the image of C,, shown in the
bottom panels of Fig. 9.

For the strongly interacting regime, {-strings have a length
scale of (47) and walls have that of (44). Therefore,

5, < shmone), (51)

If m < vy, these length scales become comparable.10

V. COSMOLOGICAL SIMULATION

To confirm the structure of the defects discussed above,
we perform the field-theoretic simulations in the expanding
Universe.

"More precisely, because of the strong interaction between the
fields, the backreaction from ¢ affects {-strings. In that case, the
{-string core size becomes smaller than estimated by (47)

because |{| =7, =v, /1+/112;'2'z%and|¢| =uy, /1 + i’z";gl.InFing

and 10, m/v, ~ 1/4 is not small and we use the precise values
shown here for the vacuum manifold in Figs. 9 and 10.
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For a cosmological setup, we add the finite temperature
effect to the potential,

e

A
AV(E ) =C TP+ 2T 0F (52)
The first phase transition occurs at
T, = \/§711, (53)

with (|¢|) = 0, and the second phase transition occurs at
T, = V3. (54)

We note that the temperature of the second phase transition
depends on the strength of the interaction. In the expanding
Universe, the metric is given as

ds* = a(t)*(=dt* + dx?). (55)

The equations of motion found from (1) with the finite
temperature effect (52) are

C+2HE - 80,0,¢

— - (WeeP = o+ g7+ 5 7). (56)
and
b+ 2Hep — 70,0,

=—f@mmﬁﬂ@+hmw+%ﬂ@, (57)

where the dot denotes the time derivative in the conformal
time and H := a/a is the conformal Hubble parameter.

We use a two-dimensional comoving box with periodic
boundaries for the simulation and impose a thermal
initial condition (for details, see Appendix C). We choose
the initial time so that the background temperature is
T;, = 2T;. We employ the leap-frog method for the time
evolution and the second-order central finite differences for
the spatial derivatives. To identify {-strings and ¢-strings,
we use the algorithm developed by Ref. [43]. We choose
the following model parameters:

M=Ah=1, v, = 3.556 x 10'® [GeV], (58)
and v, and m are left as control parameters. We normalize
all the dimensional quantities by v, in the following. Then,
the first phase transition occurs at ¢; := 3.33, corresponding

to T, :=1.73. We summarize the control parameters in
Table II.

TABLE II. Parameters used in the numerical simulations.
m > m, and m < m, correspond to the strongly and weakly
interacting regimes, respectively, where we defined m, at
Eq. (19). T, is the temperature of the second phase transition,
1, is the time when the second phase transition occurs, N is the
number of grid points, L is the length of the square domain,

N, is the total number of the time steps. N'™) and N'I™ are the
numbers of horizons included in the simulation domain at the
initial time and at the final time, respectively. All the dimensional
quantities are normalized by v;.

Run v, m/m, T, t, N L N, N N
101 2 0300 193 20482 82.62 9826 49.5% 2.00?
2 05 2 150 3.85 10242 5842 4827 35.02 2.002
305 002 0875 6.60 10242 58.42 4827 35.0> 2.00°

A. Time evolution

In Figs. 11(a)-11(c), we show the time evolution of ¢ in
Run 1, in the range of the strongly interacting regime. We
choose a relatively small v,, i.e., we assume a relatively
large hierarchy between v and v, to clearly distinguish the
two phase transitions. The plus and cross symbols in
Figs. 11(a)-11(c) indicate the location of {-strings with
n, =1 and n, = —1, respectively.

In Fig. 11(a), we can find {-strings with n, = +1 are
formed after the first phase transition. On the other hand, ¢
still fluctuates around || =0 since the second phase
transition does not occur yet. Note that 7, = 19.3 for Run
1. In Fig. 11(b), the second phase transition has occurred,
and walls are formed. We can find that there are {-strings at
the ends of walls and closed walls. The former structure is
very close to that shown in Fig. 9. In Fig. 11(c), we show
the field configurations at a late time. We can clearly
observe arbitrary combinations of {-strings with n, = £1
connected by walls, i.e., w = 0, &1 string-walls introduce in
Sec. IV C 4. The reconnection of the walls and the merger of
the {-strings with different n,, reduce their numbers as time
goes on. For instance, string-wall bends around (x,y) =
(60, 60) were two string-walls, which are connected by the
merger of {-strings with different n,. A string-wall around
(x,y) = (60,25) was cut off from the longer string-wall
extending between (x,y) = (60,25) and (x,y) = (60, 60)
by the reconnection of the string-walls, corresponding to
Fig. 14. Later, we will explain the reconnection process in
the weakly interacting regime in detail.

In Figs. 12(a)-12(c), we show the case of Run 2, again in
the range of the strongly interacting regime. To see the time
evolution of the string-wall system for a longer time after
the wall formation, we choose a relatively large v,, i.e., we
assume a relatively small hierarchy between v; and v,. All
panels are the field configurations after the second phase
transition (z, = 3.85).

Long after the second phase transition, the numbers of
{-strings and the walls are further reduced and the walls are
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(a) t = 17.51 (b) t = 31.38 (c) t = 41.28
FIG. 11. [Run 1] Time evolution of the absolute value of ¢-field on x-y space domain in the strongly interacting regime. The largest

value of the color bar is |¢p| = ©, = 0.17v,. Plus/cross signs indicate the centers of {-strings with n, = 1/—1, penetrating x-y plane in
z-direction. Walls are connecting not only pairs of {-strings with different n, but also pairs of {-strings with the same n,. All the

dimensional quantities are normalized by v;.
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(a) n = 14.04 (b) n =20.92 (¢) p=27.79
FIG. 12. [Run 2] Time evolution of the absolute value of ¢-field in strongly interacting regime after the formation of walls. See the

caption of Fig. 11. The largest value of the color bar is |¢| = 7, = 0.87v;. Walls pull {-strings to closer and stretch straight. w = 0
string-walls vanish, while a w = %1 string-walls do not vanish and twirl each other. All the dimensional quantities are normalized by v;.

more straightened by their tension. One of the reasons for
the decrease in the number is that w = 0 string-walls, walls
with two {-strings with different n, attached, vanish after
their shrinking, as we can see, e.g., around (x,y)=
(23,20) in Figs. 12(b) and 12(c). In contrast, w = +1
string-walls, walls with two {-strings with the same n,,
survive after their shrinking and the {-strings revolve
around each other, as we see it around (x,y) = (2,7) in
Figs. 12(a)-12(c). That is because the w = +1 string-walls
are topologically stable, as discussed in Sec. IV C4 and
shown numerically in Figs. 9 and 10.

In Figs. 13(a)-13(c), we show the case of Run 3,
corresponding to the weakly interacting regime. In this
regime, the angle, 2 — a, is more useful to specify a
wall than the absolute value, |¢|, as we explained in
Sec. IV C2. The black region indicates 23 —a=0mod 2z,

corresponding to the bumps on the torus Eq. (46), i.e., the
center of the walls.

We eliminate the earlier frames since, qualitatively, the
behavior of the string-wall system looks the same as in the
strongly interacting regime. All the frames shown in Fig. 13
are after the second phase transition. There are w =0
string-walls and w = =1 string-walls, again consistent with
the explanation in Sec. IV C4. In contrast to Run 1 and
Run 2, the walls are more diffuse and their tension is
weaker. As a result, their straightening and shrinking are
much slower. Two disconnected string-walls with the ends
of ¢-strings around (x,y) = (50,5) in Fig. 13(a) become
one connected string-wall in Fig. 13(b) by the merger of
{-strings with different n,. The same can also be seen
around (x,y) = (5,10) in Fig. 13(a), which merges in
Fig. 13(b). Similarly, ¢-strings with different 7i; merge with
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[Run 3] Time evolution of the relative argument, 28 — a, in the weakly interacting regime. See Fig. 6 for the meaning of the

colors. The black color shows the center of the walls. The white color (including noisy dots) corresponds to the vacuum. Plus/Cross signs
indicate centers of {-strings with n, = 1/—1, penetrating x-y plane along z-axis. Rectangle/triangle represents ¢-string with /i, = —1/1.
The width of the {-strings is smaller than these plus/cross symbols. Walls are connecting not only pairs of {-strings with different n,, but
also pairs of {-strings with the same n,,. The width of walls is much larger than that of ¢-strings as evaluated at Sec. IV C 4, and thus, the
walls look pinched at the location where ¢-strings exist. Walls are more diffuse than those in the strongly interacting regime. The small
noisy dots between strings are numerical artifacts coming from the discontinuity of the arguments of the fields. All the dimensional

quantities are normalized by v;.

each other on walls, which are observed around (x,y) =
(5,35) from Figs. 13(a) to 13(b), and around (x,y) =
(20,15) and (28, 8) from Figs. 13(b) to 13(c). We also
find ripples in the bulk, which are remnants of the
annihilation of {-strings with different n,, seen, e.g.,
around (x,y) = (5,10), (5, 30) and (50, 5) between
Figs. 13(a) and 13(b). Collisions of ¢-strings with different
fiy also result in the generation of ripples as seen, e.g.,
around (x,y) = (35,5), (28, 8) and (20, 15) between
Figs. 13(b) and 13(c).

In addition, we observe reconnection around (x,y) =
(20, 40) from Figs. 13(b) and 13(c)."" See Fig. 20 for the
snapshots between these frames and Fig. 14 for the
schematic diagram. Another reconnection happens around
(x,y) = (35,30) from Figs. 13(b) to 13(c). See Fig. 21 for
the snapshots between these frames and Fig. 15 for the
schematic diagram. According to the frames between
Figs. 13(b) and 13(c), it seems that this reconnection is
triggered by the attractive force between the {-strings with
different n,, and the walls themselves interact and recon-
nect with each other. It should be noted that the former type
of reconnection changes not the string-wall number but
the distribution of the wall length, while the latter type
reduces the string-wall number by one and forms a
longer wall. Reconnection between w =1 string-wall
and w = —1 string-wall reduces the total number of

"It somewhat looks a three-way branch at the place, but it is
impossible to form one in our double-charged model. In the
triple-charged model, where we have two scalar fields and one of
these has a global charge three times as large as the other, three-
way branches appear.

w = %1 string-walls in equilibrium (between the wall
tension and the repulsive force between {-strings) at the
late time, while that between w = 0 string-walls increases
the total number. If either type of reconnection happens for
the same string-wall, it can form a loop, (though the former
type possibly does not form a loop.) Therefore, the
reconnection processes can advance the loop formation

Wall 1 Wall 1

FIG. 14. The top panel is a schematic diagram to explain the
reconnection happening around (x,y) = (20,40) in Fig. 13. In
the left panel, two walls are approaching each other and one wall
is ended by a {-string with n, = 1 represented by “+.” Then,
Wall 1 is broken in the middle and the string is rejoined to the left
end, and the right rest part of Wall 1 is rejoined to Wall 2 as shown
in the right panel. The bottom panel shows another possible
reconnection if Wall 2 approaches Wall 1 from the opposite
direction (The color pattern of Wall 1 is upside down).

Wall 2
Wall 2
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FIG. 15. Schematic diagram to explain the reconnection hap-
pening around (x, y) = (35,30) in Fig. 13. From Figs. 13(b) and
13(c), two string-walls are approaching each other, and the walls
are reconnected. The {-strings with different n, are connected by
a short wall, approach each other and ought to be annihilated. On
the right-hand side, the rest parts of the string-walls are connected
and become a longer string-wall. The blue plus/minus signs
represent {-strings with n, = 1/—1.

and decay of the defects. These are more complicated in
three-dimensional space and three-dimensional simulation
is required to determine if the distributions of walls and
strings approach the scaling law.
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" 3 4 5 6 7 8 9 10 °
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FIG. 16.

B. Structure of string-wall system

In this subsection, we see the structure of the string-walls
more in detail. We focus on a w = 1 string-wall found in
Run 2 in the strongly interacting regime and show the
energy density, the absolute value of ¢, that of £, and the
argument of ¢, f, in Fig. 16. The corresponding time
evolution has been shown in Figs. 12(a)-12(c).

The wall is sharper compared to thatin Fig. 17 because the
energy difference between the vacuum and the torus core is
higher than that between the vacuum and the bump on the
torus for the weakly interacting regime. (See Fig. 5.) The top-
left panel shows the absolute value of ¢-field, |¢|, as in
Figs. 11 and 12. The top-right panel shows the relative energy
density to the vacuum energy density. The bottom-left panel
shows the absolute value of {-field, |{|. By comparing these
two panels, we see the wall width and the core width of
{-strings at the end of the walls are comparable to each other
as we saw in Eq. (51) in Sec. IV C 2. The bottom-right panel
shows the argument of ¢-field, f. We see that  quickly
advances by 7 when crossing the wall because ¢-field passes

155 : : : : : : 0.14
55 1 0.12
145 4
l | 0.1
135L Al 0.08
13 . 0.06
125, _ 00s
12 _
15[ 4 s
11 0
3 4 5 6 7 8 9 0,
155 prs
15
145 /2
14
135 0
13
125
12 —7'[/2
15
" 4 5 6 7 8 9 10 5 "
p

[Run 2] A w = 1 string-wall located around (x, y) = (7,13) at# = 19.54v7!. Top-left: absolute value of ¢-field, |¢|. The red

area corresponds to the center of walls and the white area corresponds to the vacuum. The largest value of the color bar is

|¢| = 9, = 0.87v,. The indicated length is twice of the wall-width length scale 5%{;’ ne) /a = 0.14v7". Top-right: energy density. The
maximum value of the color bar is the relative energy density at the torus core to the vacuum energy density, 0.1411‘1‘. Bottom-left:
absolute value of ¢-field, |¢|. The maximum value of the color bar is |{| = v;. The indicated length is twice of the {-string width length
scale 6, /a = 0.085v7". The width of {-strings located at the ends of walls is comparable with the wall width. Bottom-right: argument of
¢-field. The ¢-argument continuously advances by z around an end of a wall. The ¢-argument almost discontinuously changes by z
when crossing a wall. The small noisy dots emanating from one of the {-strings are numerical artifacts coming from the discontinuity of
the arguments of the fields. All the dimensional quantities are normalized by »; in these panels.
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[Run 3] A w = —1 string-wall located around (x, y) = (11,50) at # = 23.67v7". Top-left: twice of the ¢-argument subtracted

by the {-argument, 25 — a. The black area corresponds to the center of walls, i.e., 0 mod 2z and the white area corresponds to the vacuum,

i.e., # mod 2z. The indicated length is twice as large as the wall width, 58?\,31() /Ja = 0.701)1‘1. The color change from green to orange
through black indicates the direction on the torus in XY Z-space. Top-middle: the absolute value of ¢-field. The white region corresponds to
the field value at the vacuum, |¢p| = ©, = 0.50v, and the red region corresponds to |¢p| = 0. The large red dot corresponds to a ¢-string
with ng = —1. The indicated length is twice of the ¢-string width length scale, 6((;"%]() /a = 0.14v7". Top-right: energy density. The
maximum value is the relative energy density at the torus core to the vacuum energy density, 0.0160{. Bottom-middle: absolute value of
{-field. The white region corresponds to the vacuum, |{| = v}, and the blue region corresponds to || = 0. The blue large dots around
(x,y) = (8,44) and (13, 56) corresponds to {-strings with n, = —1. The indicated length is twice of the {-string width length scale,
dc/a= 0.070111‘1. Bottom-right: argument of ¢-field. The ¢-argument continuously advances by 2z around a ¢-string. The ¢-argument
continuously changes by 7 when crossing a wall. In the top-left and the bottom-right panels, the small noisy dots are numerical artifacts
coming from the discontinuity of the arguments of the fields. All the dimensional quantities are normalized by v;.

near the torus core (the origin on a-constant surface) in XY Z-
space, predicted in Sec. IV C 2. Furthermore, ¢-argument
advances by 7 when going around a {-string as shown in
Table I since (11) holds in a vacuum.

Fig. 17 shows snapshots of a w = —1 string-wall found
in Run 3 in the weakly interacting regime. The top-right
panel shows the relative energy density. The wall is less
sharp and has less energy compared to Fig. 16 because the
two vacua on a-constant surface are separated only by low

local maxima away from the torus core in XYZ-space.
(Fig. 3.) The top-middle panel shows the absolute value of
¢-field. We can see a ¢-string, where ¢-field surrounds the
torus core in XYZ-space. As expected in Sec. IV C 2, it is
hard to see the wall in this plot in contrast to the case of the
strongly interacting regime. The top-left panel shows the
relative argument, 25 — a. The center of the walls is located
at 2 —a =0 mod 2z, while the vacuum is located at
2 —a =7 mod 2z. We see that the string-wall includes
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¢-string on the wall between the two {-strings. The wall
width is much larger than the width of ¢-strings in field-
value-based view as we saw in Eq. (50) in Sec. IV C 4, and
thus, the wall look pinched at the location of ¢-string. The
bottom-right panel shows the argument of ¢-field, 5. We
see the phase gradually advances by # when crossing the
wall because ¢-field does not need to pass the torus core but
can pass the surface of the torus away from the torus core
along f-cycle in XYZ-space (See Fig. 3.) Furthermore,
advances by —2z when going around the ¢-string.

VI. SUMMARY

The condensation of integer multiple charged fields
under the same continuous symmetry easily leads to a
discrete symmetry. If the fields condensate in order, it can
lead to a sequence of the symmetry-breakings with inter-
mediate discrete symmetries. Such examples are found in
SO(10) grand unified theories and in the promotion of
U(1)g_, symmetry. One of the features of the symmetry-
breaking chains is to give a type of hybrid defect, string-
wall configuration, which is possibly a source of the
primordial gravitational waves.

As a simplest model, we incorporated two scalar fields
to form one global U(1) symmetry where one scalar field
has the double charge of the other one. By assuming the
condensation energy scale of the double-charged field is
higher than that of the single-charged field, U(1) breaks
into the trivial group through the intermediate symmetry
Z,, leading to a string-wall system. The importance of the
gauge field will be discussed in another publication.

By analytical consideration, we clarified the vacuum
structure of this model in low energies is a torus knot
winding around a torus. We found that the string-wall
configurations are very different in two distinct regimes,
the strongly interacting regime and the weakly interacting
regime. These two regimes are distinguished by the
strength of the interaction between the two fields, {-field
(double-charged field) and ¢-field (single-charged field). In
the strongly interacting regime, ¢-strings do not exist, and
either a pair of {-strings with different n, or those with the
same n, are connected by a wall. In the weakly interacting
regime, ¢-strings do exist, and a pair of {-strings with the
same n, need to be connected to a ¢-string by walls, though
a pair of {-strings with different n, can be connected by a
wall. It is notable that the structure of wall solutions is very
different between the two regimes. We found the wall
solutions in both regimes and explained the walls are
thinner and sharper, and have more energy in the strongly
interacting regime. These differences in the existence of
¢-strings and in the structure of walls originate in the
difference in the potential structures. The potential in the
strongly interacting regime does not admit ¢-string because
of the absence of S' structure along arg ¢-direction. The
largeness of the energy difference between the vacuum and
the torus core leads to walls with high energy and the

passage near the torus core leads to an almost discontinuous
change of the argument of ¢-field, resulting in the sharp-
ness of the walls. In the weakly interacting regime, since S’
structure along arg ¢-direction approximately remains,
¢-strings exist. The bumps on the S' yields two walls
around a ¢-string and the farness of these bumps on the
torus surface away from the torus core results in the gradual
change of arg ¢ and contributes to the faintness of the walls.
We also compared the width of {-strings, ¢-strings, and
walls in both regimes.

We confirmed our analytical predictions through two-
dimensional cosmological simulations. We observed that
the {-strings with different n, are connected by walls and
are finally annihilated. In addition, we observed that the
{-strings with the same n,, are connected by walls and form
a bound state with w =+1. We also found a novel
reconnection of string-walls in our model.

VII. DISCUSSION

If {-field is not a field but a constant, our model is
reduced to the axion model with N = 2, whereas if ¢-field
is not a field but a constant, our model is reduced to the
axion model with N = 1. Therefore, our model can be
considered as an extension of the axion model. It is
remarkable that our model is expected to be safe from
the domain-wall problem unlike usual N > 2 axionic
models. The reason is that each wall is ended by {-strings
except for closed walls in our model. Suppose that we
consider ¢-field as the axion. ¢-string is connected to two
walls (as in N = 2 axion model) but each wall is ended by
a {-string in the weakly interacting regime. Also in the
strongly interacting regime, a wall is ended by two
{-strings. Since the domain-wall problem for N > 2 axion
models originates in the fact that the walls do not have “the
ends,” it is natural to expect that our model is free from the
domain-wall problem. Therefore, our model suggests that
the promotion of the coefficient of the axion potential term
to a field can be a possible way to avoid the domain-wall
problem found in the N = 2 axion model. Our model can
be generalized to the cases with N >3 by hiring {-field
with the charge of an arbitrary integer multiple of that of
¢-field, leading to the sequence of U(1) » Zy — I.

It is known that some solitons have knot structures in the
physical space. It is remarkable, however, the solitons
found in our simple model with two differently charged
fields have the torus-knot structure in the field space (see
Fig. 18). Of course, our soliton mapped into the physical
space can be either unknotted or knotted irrespective of the
vacuum structure. Including other cases with (I, n) = (3, 1)
and (3, 2), where [ is the global charge for {-field and n
is that for ¢-field, the vacuum structure is found to be
TN(/,n). We note that the strongly interacting regime
exists only approximately for (I,n) = (3,1) and (3, 2)
because the Hessian at the torus core in the field space
cannot be negative.
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(Ln) =@2,1)

3.1

(3.2)

FIG. 18. Vacuum structure for (,n) = (2,1),(3,1) and (3, 2).
The radii and the angles are explained at Fig. 1. The color on the
surface represents the potential energy, where pink color means
higher potential energy than green color. The black line corre-
sponds to the vacuum manifold in each model. (/,n) = (2,1)
(top-left panel) is the model that we have been discussing in this
paper and the vacuum manifold is TN(2, 1). Similarly, the
vacuum manifold for (/,n) = (3, 1) model (top-right panel) and
(I,n) = (3,2) model (bottom panel) are TN(3,1) and TN(3,2),
respectively. The latter is called a trefoil knot.

In three-dimensional space, the string-wall configura-
tions seen in our simulations are expected to have richer
structures. One string-wall can look a cylinder made of a
“ribbon” of a wall with two ends of {-strings. (See Fig. 19.)
Another is expected to look a Moebius strip with one end of
a {-string. In addition, it would be interesting to examine
how they evolve in three-dimensional simulations; if a
cylinder becomes thinner because of the wall tension or it
becomes longer because of the repulsive force between the
two {-strings. A Moebius strip will involve more compli-
cated processes.

A model with differently charged two scalar fields
was discussed in [40,41]. In these works, they have a
U(1)gauge X U(1) giobar Symmetry, where U(1)ggpy is an
accidental symmetry appearing because they do not have
interaction terms like those proportional to m in our model.
Unlike our model, with the accidental symmetry, they do
not find any wall solutions.

Another important topic is whether this system has the
scaling property. The scaling property of string-wall networks
can be an important issue to judge if it does not disagree with
the observational necessary condition that both strings and
walls should not overdominate the Universe. Since walls in
our model are nontopological, w = 0 string-walls vanish and
w = =1 string-walls remain as two bound strings which are
regarded as effectively n, = £2 strings at the late time, the

Cylinder

Moebius strip

FIG. 19. String-wall configurations and the evolution in the
three-dimensional physical space. The yellow strips are walls.
The blue curves are {-strings and the red curves are ¢-strings.
The blue triangle indicates the directions of the a-cycle.

energy density of the defects seems to behave as normal
strings with higher winding numbers. Our results are the first
step toward the three-dimensional simulation for the quanti-
tative estimation of the correlation length of the string-wall
network. The gauge field blocks the long-range force between
the defects beyond the Compton length. Therefore, the
simulation including the gauge field in the three-dimensional
box is necessary and is left for a future study.

The gravitational wave signature of string-wall systems
will give a test of our model. Since the formation of strings
with higher windings requires higher energy, most of the
population is supposed to be dominated by strings connected
by walls, as supported by our simulation. The gravitational
wave spectrum from string-wall systems was evaluated in [8]
in Nambu-Goto description. This work suggests that if the
energy density of the walls is larger than the string energy
density at the wall formation, there is a bump-like feature at
high frequency region in the gravitational wave spectrum.
This situation occurs if the energy scales of the first phase
transition and the second phase transition are close. Even if
the energy scales are apart from each other as indicated by
NANOGrav recent result [25-29], the slope of the spectrum
is different from the standard string spectrum in low
frequency region [8,30,31]. The string-wall spectrum pre-
dicted by Nambu-Goto description fits the NANOGrav
result well [30,31]. In our model, string-walls behave as
strings with the winding number £2 at the late time, and
therefore, there may be an additional component at low
frequency region of gravitational wave spectrum in addition
to the string-wall spectrum predicted by [8]. We will leave
the examination in the field-theoretical simulation based on
our model as a future work.
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We note a few comments from other observational point
of view. Though there exists a massless mode in our model
as an outcome of the symmetry breaking, in the guaged
theories by which we are motivated, the massless mode will
be eaten by a gauge field and becomes massive as the
longitudinal mode of the gauge field. In addition, the other
energy scales we assume are high enough. Therefore,
our (gauged) model does not contain dark radiation and
meets the current observation of cosmic microwave back-
ground, e.g., no deviation from the standard N.; will be
seen. To avoid the particle decay into Standard Model
particles (photons), the interaction of these fields and
Standard Model needs to be small enough. Quasi-
Nambu-Goldston boson mgng ~ 10> GeV and the second
radial mode m, > mgyg can be dark matter candidates.
Emission of such particles from string-walls will contribute
enough to the dark matter abundance since the energy
scales of the formation of the walls and collapse of the
string-walls are not far from those in a single-axion model
in [44]. For the concrete predictions require further analy-
ses and numerical simulations.
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APPENDIX A: MASS SPECTRUM

We find the mass spectrum of our model. The vacuum
solution is |{| = v; and Eq. (22) under the hierarchy (4).
There are four states; two radial modes, 6|¢| and §|¢|, and
two angular modes, v;0a and v,8f. There are no mixing
between the radial modes and the angular modes. By
diagonalizing the mass matrix for the radial modes, we
obtain

V8m3vy + 4dym? (v + 13) + 4dymv, (v3 — 410}) + Ay (A,07 — A,03)?

m3, =2mv; + A v} + Lo} £

where the plus sign for m7 and the minus sign for m3 in

the right-hand side. Under the hierarchy, m7 = 24,v7. In
the limit m = m/m, < 1, m3 = 2Av3. In opposite limit,
i > 1, m3 = 4mv;. Similarly, by the diagonalization of
the mass matrix for the angular modes, we find a mode with

2 2
m3 :m<4vl +2+ﬂ—m>, (A2)
2

Uy

and a massless mode. Under the hierarchy, m; = 4muv;.
The massless mode is nothing but the NG boson along the
flat direction on the torus (the torus knot). The massive
mode with mj3 is understood as the quasi-NG boson
orthogonal to the torus knot on the torus in the weakly
interacting regime. We note m, = ms in the weakly
interacting regime.

APPENDIX B: FIELD CONFIGURATIONS

1. Domain-wall solution

We find wall solutions in our model. We note that these
walls are transient objects because the temporal Z, as a
center of U(1) is not stable.

To find a solution describing the wall, we consider
a-constant surface in XYZ-space, namely, ¢ plane, where
the wall has the minimal energy.

Th . (AD

For the weakly interacting regime, the lowest energy
path between the two vacua is along the half circle with a
radius v, on (]b-plane.]2 The energy density is reduced to

E@) =5 3(0,0)7 + mui3eos(2),  (BI)

where we assume a planer wall located at x = 0 in three-

dimensional space and ¢ = arg(¢). The variation gives

—0,0,¢ — 2mv; sin(2¢p) = 0, (B2)
which becomes
—0:0:@ + sin(p) = 0, (B3)
by defining
X =2\/muvx, (B4)
p=2p+m. (B5)

This equation is a well-known sine-Gordon equation
solved by

@ = 4arctan(e”), (B6)

"“More precisely, it is along the ellipse described by Eq. (36).
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and thus,

@ = 2arctan(e>V"'¥) F g, (B7)
which has arange of 6¢p € [-7z/2, z/2] and 6¢p € [=/2,37/2).
The former corresponds to the cyan dashed curve and the
latter corresponds to the pink dashed curve in Fig. 3.
Therefore, the wall width is

weak _
S ~ (24/mlvy) 7. (BS)

By integrating the energy density with this solution, we
obtain the wall tension

c= / dx(E(¢) — E(+ivy)) = 4/mvv3.  (BY9)

For the strongly interacting regime, the lowest energy
path between the two vacua is along the imaginary axis on
¢-plane. The energy density is written as

E@) =3 0 + 2@ =37 - o} (BI0)

NSH

where we assume a planer wall located at x = 0 in three-
dimensional space and ¢; = Im¢. The variation with
respect to ¢; gives

~0.0,; + o] = 1203y = 0. (B11)
which is reduced to
—050x¢; + by — ¢ =0, (B12)
by defining
X = Vai,x, (B13)
¢ = % (B14)
This equation has the solution,
¢; = tanh <i> : (B15)
V2
and thus,
br =1, tanh( /1}2% x>. (B16)
Therefore, the wall width is
Spwe ~ (Vo). (B17)

By integrating the energy density with the solution, we
obtain the wall tension

o= /_°° dx(E(¢) — E(+iDy)) —2\3—@@7;;. (B18)

(5]

2. ¢-string solution
Let us focus on a ¢-string,
=y, (B19)
and

¢ = g(r)e™®,

where [ is an integer. The field equation of the ¢-field is

(B20)

d*q ldg P? s o
i T 29T hg(g* = v3)
—2muv;gcos(210) = 0. (B21)
In the weakly interacting regime, the last term in the right-
hand side of (B21) can be neglected. Then, the approximate

solution to (B21) becomes

i-slo ()]

From the observation, we find the string core size is

o~ (VIava) .

Since the walls in the strongly interacting regime can be
thought as extended ¢-strings between (-strings, it is
natural that (B17) and (B23) coincide with each other in
the saturated limit (34).

(B22)

(B23)

APPENDIX C: INITIAL CONDITIONS

We explain the initial conditions used in our cosmo-
logical numerical simulation. We rescale the field variables
in Egs. (56) and (57) as

- o ¢ - a2 (Cl)
Then, we absorb constants as
(=Cl=Vhi.  ¢—d=Vhi  (C2)

We normalize the fields and the spacetime by +/4,v; and
obtain

2

. N s ,  1a’T?
Z=5"DiD;Z ~ (2|2~ a?) + aMP,®" + =7 ).
Uy

(C3)
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and

© = 6YD;D;P — <<I><|<I>|2 - a2P1R> +2aM* P, Z®*
2

P] a2T2
— oD, C4
+3P2 v? ) (C4)
where
- - P
=02, ¢ =[50, (C5)
P,
1 1 Uy 2
Pi=——, Pr=—, M=—, R=(-— C6
r Tl vy (Ul) (C6)

We adopt finite temperature initial distribution for

Z;=(ReZ,ImZ) and find

d3k ng .
Z(xZ =5 Zk lk'(X—Y)’ C7
@20 =3 [ G ()
/ / &’k ik-(x-y)
(Zi(x)Z;(y)) = &;; W”kwke . (C8)
and
(Zi(x)Z;(y)) =0, (€9)
where
1
e = ewk/T -1 ’ (CIO)
o = /K> + m2, (C11)
meg 18 the effective masses of Z,
1
mi =m% = -1+ =T (C12)

3 ini?

and T;,; is the temperature when the initial conditions are
set in v unit. In the momentum space, Eqgs. (C7)—(C9) are
reduced to

(Z:(K)Z;(K)) = £ (27)*6*(k + k)3, (C13)
Wi
(Z(K)Z;(K)) = nyan(2m)38% (k + K')&;;, (C14)
and
(Z;(k)Z;(K')) = 0. (C15)

When we discretize them in a finite spacetime (replacing
the delta functions with dimensionless delta function as
5(k) — &, x (L/(27))?), we obtain

(Z;) =0, (Z;) =0, (C16)
(12:) = o0, (C17)

and
(Z4[?) = nyeo, L3 (C18)

We generate the initial condition by the Gaussian distri-
bution with the average, (C16), and the deviations, (C17)
and (C18). We similarly generate the initial condition for @
with

1 P
2= (-R4+5T2, ) =L, C19
me ( +3 1m> P2 ( )
APPENDIX D: RECONNECTION
OF STRING WALLS
We show the time-lapse snapshots interpolating

Figs. 13(b) and 13(c). We focus on the string walls
undergoing the reconnection.
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FIG. 21. Enlarged figures of the string walls around (x,y) =
(35,30) in Fig. 13 undergoing a reconnection. The schematic
diagram is shown by Fig. 15. The time range is from ¢t = 27.51 to
t = 28.94, between Figs. 13(b) (r = 25.04) and 13(c) (t = 29.17).

FIG. 20. Enlarged figures of the string walls around (x,y) =
(20,40) in Fig. 13 undergoing a reconnection. The schematic
diagram is shown by Fig. 14. The time range is from ¢t = 26.69 to
t = 28.53, between Figs. 13(b) (t = 25.04) and 13(c) (t = 29.17).

116004-22



STRING-WALL COMPOSITES WINDING AROUND A TORUS ...

PHYS. REV. D 108, 116004 (2023)

[1] P. Auclair et al., Probing the gravitational wave background
from cosmic strings with LISA, J. Cosmol. Astropart. Phys.
04 (2020) 034.

[2] T. W.B. Kibble, G. Lazarides, and Q. Shafi, Strings in
SO(10), Phys. Lett. 113B, 237 (1982).

[3] T. Kibble, G. Lazarides, and Q. Shafi, Walls bounded by
strings, Phys. Rev. D 26, 435 (1982).

[4] A.E. Everett and A. Vilenkin, Left-right symmetric theories
and vacuum domain walls and strings, Nucl. Phys. B207, 43
(1982).

[5] J. Preskill, Vortices and monopoles, in Les Houches School
of Theoretical Physics: Architecture of Fundamental Inter-
actions at Short Distances, CALT-68-1287 (Elsevier,
Amsterdam, 1987), p. 235.

[6] X. Martin and A. Vilenkin, Gravitational wave background
from hybrid topological defects, Phys. Rev. Lett. 77, 2879
(1996).

[7] E.J. Chun and L. Velasco-Sevilla, Tracking down the route
to the SM with inflation and gravitational waves, Phys. Rev.
D 106, 035008 (2022).

[8] D. L. Dunsky, A. Ghoshal, H. Murayama, Y. Sakakihara, and
G. White, GUTs, hybrid topological defects, and gravita-
tional waves, Phys. Rev. D 106, 075030 (2022).

[9] J.T. Mékinen, V. V. Dmitriev, J. Nissinen, J. Rysti, G.E.
Volovik, A.N. Yudin, K. Zhang, and V.B. Eltsov, Half-
quantum vortices and walls bounded by strings in the
polar-distorted phases of topological superfluid *He, Nat.
Commun. 10, 237 (2019).

[10] Y. Cui, M. Lewicki, and D. E. Morrissey, Gravitational wave
bursts as harbingers of cosmic strings diluted by inflation,
Phys. Rev. Lett. 125, 211302 (2020).

[11] W. Buchmuller, R.D. Peccei, and T. Yanagida, Lepto-
genesis as the origin of matter, Annu. Rev. Nucl. Part.
Sci. 55, 311 (2005).

[12] W. Buchmuller, L. Covi, K. Hamaguchi, A. Ibarra, and T.
Yanagida, Gravitino dark matter in R-parity breaking vacua,
J. High Energy Phys. 03 (2007) 037.

[13] L. M. Krauss and F. Wilczek, Discrete gauge symmetry in
continuum theories, Phys. Rev. Lett. 62, 1221 (1989).

[14] L.E. Ibanez and G.G. Ross, Discrete gauge symmetry
anomalies, Phys. Lett. B 260, 291 (1991).

[15] S.P. Martin, Some simple criteria for gauged R-parity, Phys.
Rev. D 46, R2769 (1992).

[16] T. Vachaspati and A. Vilenkin, Formation and evolution of
cosmic strings, Phys. Rev. D 30, 2036 (1984).

[17] B.S. Ryden, W. H. Press, and D. N. Spergel, The evolution
of networks of domain walls and cosmic strings, Astrophys.
J. 357, 293 (1990).

[18] R. A. Battye and E. P. S. Shellard, Axion string constraints,
Phys. Rev. Lett. 73, 2954 (1994); 76, 2203(E) (1996).

[19] M. Y. Khlopov, A.S. Sakharov, and D.D. Sokoloff, The
nonlinear modulation of the density distribution in standard
axionic CDM and its cosmological impact, Nucl. Phys. B,
Proc. Suppl. 72, 105 (1999).

[20] T. Hiramatsu, M. Kawasaki, and K. Saikawa, Evolution of
string-wall networks and axionic domain wall problem,
J. Cosmol. Astropart. Phys. 08 (2011) 030.

[21] T. Hiramatsu, M. Kawasaki, K. Saikawa, and T. Sekiguchi,
Axion cosmology with long-lived domain walls, J. Cosmol.
Astropart. Phys. 01 (2013) 001.

[22] L. Fleury and G.D. Moore, Axion dark matter: Strings
and their cores, J. Cosmol. Astropart. Phys. 01 (2016)
004.

[23] M. Buschmann, J. W. Foster, and B. R. Safdi, Early-universe
simulations of the cosmological axion, Phys. Rev. Lett. 124,
161103 (2020).

[24] M. Buschmann, J. W. Foster, A. Hook, A. Peterson, D. E.
Willcox, W. Zhang, and B. R. Safdi, Dark matter from axion
strings with adaptive mesh refinement, Nat. Commun. 13,
1049 (2022).

[25] G. Agazie et al. (NANOGrav Collaboration), The NANO-
Grav 15 yr data set: Evidence for a gravitational-wave
background, Astrophys. J. Lett. 951, L8 (2023).

[26] G. Agazie et al. (NANOGrav Collaboration), The NANO-
Grav 15 yr data set: Detector characterization and noise
budget, Astrophys. J. Lett. 951, L10 (2023).

[27] A. Afzal et al. (NANOGrav Collaboration), The NANO-
Grav 15 yr data set: Search for signals from new physics,
Astrophys. J. Lett. 951, L11 (2023).

[28] G. Agazie et al. (NANOGrav Collaboration), The NANO-
Grav 15 yr data set: Constraints on supermassive black
hole binaries from the gravitational-wave background,
Astrophys. J. Lett. 952, 1.37 (2023).

[29] A.D. Johnson et al. (NANOGrav Collaboration), The
NANOGrayv 15-year gravitational-wave background analy-
sis pipeline, arXiv:2306.16223.

[30] R. Maji, W.-I. Park, and Q. Shafi, Gravitational waves
from walls bounded by strings in SO(10) model of pseudo-
Goldstone dark matter, Phys. Lett. B 845, 138127
(2023).

[31] G. Lazarides, R. Maji, and Q. Shafi, Superheavy quasi-
stable strings and walls bounded by strings in the light of
NANOGrav 15 year data, arXiv:2306.17788.

[32] J.LE. Kim, H.P. Nilles, and M. Peloso, Completing
natural inflation, J. Cosmol. Astropart. Phys. 01 (2005)
005.

[33] K. Choi, H. Kim, and S. Yun, Natural inflation with
multiple sub-Planckian axions, Phys. Rev. D 90, 023545
(2014).

[34] K. Choi and S. H. Im, Realizing the relaxion from multiple
axions and its UV completion with high scale supersym-
metry, J. High Energy Phys. 01 (2016) 149.

[35] D.E. Kaplan and R. Rattazzi, Large field excursions and
approximate discrete symmetries from a clockwork axion,
Phys. Rev. D 93, 085007 (2016).

[36] T. Higaki, K. S. Jeong, N. Kitajima, T. Sekiguchi, and F.
Takahashi, Topological defects and nano-Hz gravitational
waves in aligned axion models, J. High Energy Phys. 08
(2016) 044.

[37] A.J. Long, Cosmological aspects of the clockwork axion,
J. High Energy Phys. 07 (2018) 066.

[38] P. Agrawal, J. Fan, and M. Reece, Clockwork axions in
cosmology: Is chromonatural inflation chrononatural?,
J. High Energy Phys. 10 (2018) 193.

[39] F. Takahashi and W. Yin, Kilobyte cosmic birefringence
from ALP domain walls, J. Cosmol. Astropart. Phys. 04
(2021) 007.

[40] T. Hiramatsu, M. Ibe, and M. Suzuki, New type of string
solutions with long range forces, J. High Energy Phys. 02
(2020) 058.

116004-23


https://doi.org/10.1088/1475-7516/2020/04/034
https://doi.org/10.1088/1475-7516/2020/04/034
https://doi.org/10.1016/0370-2693(82)90829-2
https://doi.org/10.1103/PhysRevD.26.435
https://doi.org/10.1016/0550-3213(82)90135-3
https://doi.org/10.1016/0550-3213(82)90135-3
https://doi.org/10.1103/PhysRevLett.77.2879
https://doi.org/10.1103/PhysRevLett.77.2879
https://doi.org/10.1103/PhysRevD.106.035008
https://doi.org/10.1103/PhysRevD.106.035008
https://doi.org/10.1103/PhysRevD.106.075030
https://doi.org/10.1038/s41467-018-08204-8
https://doi.org/10.1038/s41467-018-08204-8
https://doi.org/10.1103/PhysRevLett.125.211302
https://doi.org/10.1146/annurev.nucl.55.090704.151558
https://doi.org/10.1146/annurev.nucl.55.090704.151558
https://doi.org/10.1088/1126-6708/2007/03/037
https://doi.org/10.1103/PhysRevLett.62.1221
https://doi.org/10.1016/0370-2693(91)91614-2
https://doi.org/10.1103/PhysRevD.46.R2769
https://doi.org/10.1103/PhysRevD.46.R2769
https://doi.org/10.1103/PhysRevD.30.2036
https://doi.org/10.1086/168919
https://doi.org/10.1086/168919
https://doi.org/10.1103/PhysRevLett.73.2954
https://doi.org/10.1103/PhysRevLett.76.2203
https://doi.org/10.1016/S0920-5632(98)00511-8
https://doi.org/10.1016/S0920-5632(98)00511-8
https://doi.org/10.1088/1475-7516/2011/08/030
https://doi.org/10.1088/1475-7516/2013/01/001
https://doi.org/10.1088/1475-7516/2013/01/001
https://doi.org/10.1088/1475-7516/2016/01/004
https://doi.org/10.1088/1475-7516/2016/01/004
https://doi.org/10.1103/PhysRevLett.124.161103
https://doi.org/10.1103/PhysRevLett.124.161103
https://doi.org/10.1038/s41467-022-28669-y
https://doi.org/10.1038/s41467-022-28669-y
https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.3847/2041-8213/acda88
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.3847/2041-8213/ace18b
https://arXiv.org/abs/2306.16223
https://doi.org/10.1016/j.physletb.2023.138127
https://doi.org/10.1016/j.physletb.2023.138127
https://arXiv.org/abs/2306.17788
https://doi.org/10.1088/1475-7516/2005/01/005
https://doi.org/10.1088/1475-7516/2005/01/005
https://doi.org/10.1103/PhysRevD.90.023545
https://doi.org/10.1103/PhysRevD.90.023545
https://doi.org/10.1007/JHEP01(2016)149
https://doi.org/10.1103/PhysRevD.93.085007
https://doi.org/10.1007/JHEP08(2016)044
https://doi.org/10.1007/JHEP08(2016)044
https://doi.org/10.1007/JHEP07(2018)066
https://doi.org/10.1007/JHEP10(2018)193
https://doi.org/10.1088/1475-7516/2021/04/007
https://doi.org/10.1088/1475-7516/2021/04/007
https://doi.org/10.1007/JHEP02(2020)058
https://doi.org/10.1007/JHEP02(2020)058

ETO, HIRAMATSU, SAITO, and SAKAKIHARA

PHYS. REV. D 108, 116004 (2023)

[41] T. Hiramatsu, M. Ibe, and M. Suzuki, Cosmic string in
Abelian-Higgs model with enhanced symmetry—Implication
to the axion domain-wall problem, J. High Energy Phys. 09
(2020) 054.

[42] M. Eto, Y. Hamada, and M. Nitta, Composite topological
solitons consisting of domain walls, strings, and monopoles
in O(N) models, J. High Energy Phys. 08 (2023) 150.

[43] M. Yamaguchi and J. Yokoyama, Quantitative evolution of
global strings from the Lagrangian view point, Phys. Rev. D
67, 103514 (2003).

[44] T. Hiramatsu, M. Kawasaki, K. Saikawa, and T. Sekiguchi,
Production of dark matter axions from collapse of
string-wall systems, Phys. Rev. D 85, 105020 (2012); 86,
089902(E) (2012).

116004-24


https://doi.org/10.1007/JHEP09(2020)054
https://doi.org/10.1007/JHEP09(2020)054
https://doi.org/10.1007/JHEP08(2023)150
https://doi.org/10.1103/PhysRevD.67.103514
https://doi.org/10.1103/PhysRevD.67.103514
https://doi.org/10.1103/PhysRevD.85.105020
https://doi.org/10.1103/PhysRevD.86.089902
https://doi.org/10.1103/PhysRevD.86.089902

