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The chiral soliton lattice (CSL) is a lattice structure composed of domain walls aligned in parallel at
equal intervals, which is energetically stable in the presence of a background magnetic field and a finite
(baryon) chemical potential due to the topological term originated from the chiral anomaly. We study its
formation from the vacuum state, with describing the CSL as a layer of domain-wall disks surrounded by
the vortex or string loop, based on the Nambu-Goto-type effective theory. We show that the domain wall
nucleates via quantum tunneling when the magnetic field is strong enough. We evaluate its nucleation rate
and determine the critical magnetic field strength with which the nucleation rate is no longer exponentially
suppressed. We apply this analysis to the neutral pion in the two-flavor QCD as well as the axionlike
particles (ALPs) with a finite (baryon) chemical potential under an external magnetic field. In the former
case, even though the CSL state is more energetically stable than the vacuum state and the nucleation rate
becomes larger for a sufficiently strong magnetic field, it cannot be large enough so that the nucleation of
the domain walls is not exponentially suppressed and promoted, without suffering from the tachyonic
instability of the charged pion fluctuations. In the latter case, we confirm that the effective interaction of the
ALPs generically includes the topological term required for the CSL state to be energetically favored. We
show that the ALP CSL formation is promoted if the magnetic field strength and the chemical potential of

the system is slightly larger than the scale of the axion decay constant.

DOI: 10.1103/PhysRevD.106.096022

I. INTRODUCTION

The domain wall is a field configuration connecting two
vacua and is identified as a two-dimensional topological
defect. If the system has a periodic potential with (infinite)
degenerate vacua, which typically appears for the pseudo
Nambu-Goldstone bosons (pNGBs) associated with the
spontaneous breaking of a global U(1) symmetry, it allows
a stack of parallel domain walls, well known as the chiral
soliton lattice (CSL). This state universally appears from
condensed matter physics to high-energy physics. The CSL-
type magnetic structure has been originally studied in chiral
magnets [1] and experimentally observed [2] (see Ref. [3] for
review). In high energy physics, it has been shown, based on a

*thigaki@rk.phys.keio.ac.jp
"kohei.kamada @resceu.s.u-tokyo.ac.jp
*nishiken @post.kek.jp

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2022/106(9)/096022(14)

096022-1

low-energy effective theory that takes into account the chiral
anomaly [4,5], that the ground state of QCD at finite baryon
chemical potential pg under a sufficiently strong magnetic
field is the CSL of 7y meson [5-7] (see also Refs. [8—14] for
related works). As other examples, the rotation-induced CSL
[15-18], Floquet-engineered CSL [19], the CSL in QCD-like
theory [20,21], and the CSL-like pattern formation via
nonequilibrium process [22] have also been discussed.
There are three important elements in theories that have
the CSL state as the ground state, (i) a pNGB (referring to
¢) associated with the spontaneous breaking of a global
symmetry G, (ii) an explicit breaking of the symmetry G
which leads to a periodic cosine-type potential, and (iii) a
total derivative term of ¢.' With these ingredients, the low

'In the main text, we suppose that the origin of the total
derivative term is the chiral separation effect (CSE) [4,23-25],
but it does not always have to be the case. Depending on the
underlying physics of the system, the origin of the total derivative
term varies. For example, the chiral vortical effect [26-31]leads to a
rotational counterpart of the total derivative term discussed in
Refs. [15,16]. In chiral magnets, the total derivative term of the
magnon originates from the so-called Dzyaloshinskii-Moriya
(DM) interaction [32,33].
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energy effective theory for the pNGB becomes the Sine-
Gordon theory with the total derivative term. In the usual
Sine-Gordon theory, the domain wall interpolating between
the minima of the cosine-type potential appears. Such a
field configuration is topologically protected, but energeti-
cally unfavorable compared to the trivial vacuum state. The
total derivative term decreases the tension of the domain
wall, and it can be negative for a sufficiently large external
background field. Consequently, the domain wall is ener-
getically more favorable than the vacuum state.

A fact that a field configuration is energetically favorable
does not mean that such a configuration is formed instanta-
neously. Noting that the domain walls are topologically
stable, we expect that the CSL form with a nontrivial
dynamics associated with a change of topological numbers.
The first way to form the CSL that one can imagine would
be the Kibble-Zurek mechanism [34,35]. However, it
requires the symmetry restoration with, e.g., a high-temper-
ature environment and does not describe the defect for-
mation from the vacuum state. In order to see the CSL
formation at zero-temperature, we need to describe it as a
quantum tunneling, which we would like to explore in
the present paper.” Generally, it is difficult to calculate the
nucleation rate of topological defects starting from the
infinite dimensional quantum field theory. However, in
Ref. [37] a genius way to calculate it by describing the
system in terms of the Nambu-Goto (NG) theory so that the
problem becomes one-dimensional quantum mechanics has
been proposed. Although this method was originally
invented for the quantum creation of the topological defects
in the (quasi) de Sitter background, it has been noticed that
it can be useful for other phenomena such as the Schwinger
effect or the vacuum decay through the bubble nucleation
[38,39]. In this paper, with adopting this method, we
evaluate the single domain wall as well as the CSL
formation rate. Noting that the formation of a domain wall
spread to the spatial infinite would be unlikely to occur
from the viewpoint of causality, we describe the system as a
domain-wall disk surrounded by a vortex or string loop.
The dynamics of the domain-wall disk can be then
described by quantum mechanics for the radius of the
disk, R. We show that when the tension of the domain wall
is negative, the domain-wall disk with the radius R, [see
Eq. (2.34)] nucleates via quantum tunneling whose rate
depends on the external magnetic field strength as well as
the chemical potential of the system. We find that the
nucleation rate is exponentially suppressed below the
critical magnetic field amplitude B, [see Eq. (2.39)].
Therefore, we emphasize that, even when the CSL state
is more energetically favorable than the vacuum, the
formation of the domain wall is not promoted instanta-
neously as long as B < B,.

*See also Ref. [36] for the phenomenological study on the CSL
formation in the chiral magnets.

As concrete examples, we consider the following two
realistic physical systems to which the effective theory is
expected to be applied, namely, (i) the neutral pion in the
two-flavor quantum chromodynamics (QCD) and (ii) axion-
like particles (ALPs) [40-46] at a finite chemical potential
under an external magnetic field. In the former case, the
properties of the CSL composed of the 7, meson associated
with the spontaneous chiral symmetry breaking have been
studied in Ref. [6]. There it has been pointed out that a too
strong magnetic field causes a tachyonic instability of the
charged pion fluctuation, which determines the upper
bound of the magnetic field strength for the CSL. We
find that the pion domain-wall as well as the pion CSL
formation rate becomes larger for stronger magnetic fields,
but at the upper bound of the magnetic field strength
suggested by the stability against the charged pion fluc-
tuation the formation rate is still exponentially suppressed
even though the CSL state is more energetically favorable
than the QCD vacuum. In the latter case with an ALP, we
find for the first time that the total derivative term required
for the CSL appears in the effective field theory from the
Chiral Magnetic Effect (CME) [23,25] and the CSL is a
ground state for a sufficiently large external magnetic field.
Compared to the case of the neutral pion, we do not have to
worry about the instability of associated fields in the ALP
sector if they are sufficiently heavy, if any. As a result, there
will be no exponential suppression factor in the nucleation
rate if the magnetic field and the chemical potential is
slightly larger than the axion decay constant.

This paper is organized as follows. In the next section,
we review the CSL and describe it in terms of the NG-type
action. Then we estimate the formation rate of a single
domain-wall as well as the CSL. In Sec. III, we apply the
results of Sec. II to the physically well-motivated system,
that is, the neutral pion in the two-flavor QCD and the ALP.
Section IV is devoted for the conclusion and discussion.

II. NUCLEATION RATE OF THE CHIRAL
SOLITON LATTICE

This section considers the nucleation of the CSL. Since
the CSL is a topological defect, it is topologically distinct
with the trivial field configuration and can be generated by
the Kibble-Zurek mechanism [34,35] or through quantum
tunneling. Here we are interested in its nucleation at zero
temperature, we shall study the latter. While a quantum
field theoretic investigation is quite involved, here we adopt
a quantum mechanical approach where the CSL is
described by the Nambu-Goto-type action with a one
dimensional parameter, that is, the radius of the wall, as
has been first studied in Ref. [37] and also recently adopted
in Refs. [38,39]. In the following, we first review the nature
of the CSL and develop its description by the Nambu-Goto-
type action. Then we evaluate the nucleation rate for the
single disk and the CSL.
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A. Chiral soliton lattice (CSL)

We start with reviewing the CSL with a simple toy
model. We consider a system in the uniform background
magnetic field B with the spontaneous chiral symmetry
breaking whose low-energy dynamics can be described by
the effective field theory of pNGB ¢, which will be
identified as a neutral pion or an ALP. Hereafter we neglect
fields other than pNGB that may exist in theories of our
interest unless otherwise stated, since they are supposed not
to be directly associated with the CSL. For instance, we
focus on a situation in which they are much heavier than
pNGB. The effective Lagrangian of the pNGB up to the
leading order is that of the Sine-Gordon theory, given by

2
c=L 02+ Prrcosp -1+ 5B-vo 1)

where f and m are the decay constant and the mass of the
pNGB, respectively. The first term is the kinetic term, and the
second is the potential associated with the explicit chiral
symmetry breaking. The constant f2m? is an offset to zero
the energy of the vacuum at ¢ = 0. The third term is
introduced, for example, with the following reason. Here
we suppose a system with N; species of massless U(1)
charged Dirac fermions y; with their chemical potentials y
being coupled to the conversed charge j° = Zjvf w7
This system exhibits the so-called chiral separation effect
(CSE), where the axial vector currents js = Zf\,’ W vy, are
induced in the direction of the magnetic field as [4,23-25]

.
Js =558,

= (2.2)

where the gauge coupling is absorbed by the magnetic field.
We shall note that this transport phenomenon is related to the
chiral anomaly [25,31,47] and does not receive any renorm-
alization. Hence, the CSE appears independently of the
energy scale. In particular, in phases where the chiral
symmetry is spontaneously broken, the anomaly matching
condition tells that the CSE should be reproduced by the
effective interaction of the resultant pNGBs, such as the
mesons and axions, which leads to the third term in Eq. (2.1).
Note that under the chiral transformation y — ¢ %y the
NGB in the low energy effective theory transforms as
¢ — ¢+ 20.

Under the chiral rotation with a position-dependent
0 = 0(x), the action changes as 6S = [ d*x(d,0(x))js =
> [d*x(0,6¢)j5 from the Noether’s theorem. Thus, we
have S =1 [ d*x(0,¢)j5 in the low energy regime.

The effective Hamiltonian coming from Eq. (2.1) is now
given as,

L1007+ 07 + 0,0+ 0.0

(1 =eond) = LB

H

(2.3)

where we have set B = (0,0, B) without loss of generality.
In order to minimize the Hamiltonian, ¢ should not depend
on t, x, and y so that it becomes

f2

=7

u
(0. + fm*(1 = cos ¢) — L5 Bo.g. (24
Note that in the equation of motion,

2 = m?*sin ¢, (2.5)
the topological term does not appear. Its solution with the
boundary condition ¢(—o0) =0, ¢p(c0) =27 is the so-
called domain wall:

¢pw(mz) = 4 arctan[exp(mz)]. (2.6)
Substituting Eq. (2.6) into Eq. (2.4), the energy of this
single soliton per unit area in the x-y plane can be
calculated as

0 B
Epw = /_ dzH[¢ppw(z)] = 8mf? —/;—”-

o0

(2.7)

We can see that while the topological term does not appear
in the equation of motion, it appears in the energy. In the
absence of topological term, the energy of this single
domain wall is, of course, larger than the vacuum energy 0
(or the energy of the trivial configuration ¢ = 0). On the
other hand, as the magnetic field B increases and exceeds
the critical magnetic field,

(2.8)

the sign of £; changes from positive to negative. In such a
case, the domain wall is not only topologically stable but
also energetically favorable, which opens up the possibility
to form it as a quantum vacuum decay.

The fact that the single domain wall is more stable than
the vacuum state ¢ = O tells that the ground state of the
system at B > Bpyw would be a parallel stack of this domain
walls. Since the wall-wall interaction would generate a
positive energy, there should be an appropriate distance
between the walls to minimize the energy. The configura-
tion of such a state, called the chiral soliton lattice (CSL), is
determined as follows. One of the general solutions of
Eq. (2.5) that satisfies ¢(0) = —x is given as
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/¢/2+ﬂ/2 J0 1 _zm (2 9>
0 V1-2sin29 k '

Note that both sides of the equation above are zero when
¢ = —m and z = 0, and the solution is a function of zm/k,
with k(0 < k < 1) being the parameter that characterizes
the solution. In terms of the Jacobi’s amplitude function
am, it is rewritten as

0(5) ) ()

Equivalently, ¢ is also given by the Jacobi’s elliptic

function:
cos 14’) o =sn o k
2"k )) k)

In the equations above, it has been assumed that d,¢p > 0
and uB > (0 without a loss of generality, such that
uBo.¢p > 0.* Note that the parameter k is now identified
as the elliptic modulus. Using the complete elliptic integral
of the first kind K(k), the periodicity of this solution is
given by

(2.10)

(2.11)

2kK ™ 1
l= k (k>, where 2K (k) = | df————,
m 0 1 — k*sin’0

(2.12)

with shifts of A¢ = 27 and Az = [, which corresponds to
the distance between the walls. The minimization of the
energy of each wall with period / = /(k) per unit area in the
xy plane,

(k)/
EcsL = /_l ' 2dZH[¢k(Z)]

1(k)/2

= 4mf> [2E_£k)+ (k—%)K(k)] —’g,

(2.13)
optimizes the free parameter k for given parameters, u, B,
m, f. The optimal condition is given by [6]

E(k)  uB
Tk 16amf?’ (2.14)

where E(k) is the complete elliptic integral of the second
kind, which determines the elliptic modulus for the CSL,
k = kcst, and hence the wall distance / for given param-
eters, u, B, m, f. Note that its left-hand side is bounded
from below as E(k)/k > 1(0 < k < 1). Not the vacuum
solution but the CSL is the ground state if Eq. (2.14) has a

*Instead, a solution is given by 3 (P () + 7) = —am(¥2, k)
when 0,¢p < 0 and uB < 0.

solution for 0 < k < 1, and hence the critical magnetic field
strength for the CSL to be the ground state, Bg; , is equal to
Eq. (2.8),

16zmf?
Best = Bpw = P

(2.15)

In a large magnetic field limit of B >> Bcg (k — 0), in
which pNGB mass is neglected, the solution minimizing
the Hamiltonian is given by

uBz

$(z) = ey

(2.16)

Then, the period reads

871'3f2
uB

[~

(2.17)

B. Nambu-Goto action for the wall-string system

We have reviewed that the ground state of the Sine-
Gordon theory becomes the CSL state due to the topo-
logical term. This suggests that the CSL with finite
topological numbers can be formed from the vacuum state.
Here, we argue the domain wall formation through the
quantum-mechanical tunneling. It is easy to imagine that
not the infinite domain wall in x-y plane is generated
instantaneously but a disklike domain wall with a finite size
surrounded by a vortex or a string loop [48-50], as shown
in Fig. 1, is generated first and eventually expands. Such a
system can be formed through spontaneous breaking of the
chiral symmetry in the QCD [48-50] or a that of U(1)pg in
models with ALPs [51-53]. Infinite dimensional quantum
field theoretic approach on the formation of such a field
configuration is quite involved, and hence we adopt the
thin-wall approximation so that the field configuration can
be described by one-dimensional Nambu-Goto-like action
as has been studied in Refs. [37-39]. In this subsection, we

FIG. 1. Schematic picture of the domain wall disc with the
string on the edge. The blue part corresponds to the domain wall,
the red the string. The parameter € parametrizes the string on the
edge of the wall.
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construct this one-dimensional effective action for the wall-
string system.
Here we consider the wall-string system in the
Minkowski background,
ds? = N dxtdx” = —dr? +dQ;, (2.18)
where dQ; is the line element on the three-dimensional
Euclidean space. The Nambu-Goto like effective action

[54] of the domain-wall disk surrounded by an edge can be
divided into the wall (void) part and string (edge) part as

S = Syan + Sstring

_ —0/ d3C\/dethab—T/ e\ [~ dety,y,  (2.19)
w ow

where ¢ and T are the wall and string tensions, &, and 7,4
are the induced metrics on the three-dimensional world
volume for the wall and two-dimensional world sheet for
the string, respectively.

Let us first investigate the former, the wall action. The
induced metric on the wall is given by

oX* 0X*

0—4’“0—4”’ (2.20)

ab = Mw

where X*({) is the three-dimensional world volume of the
domain wall embedded in the bulk spacetime, WV, with {¢
(a =0, 1, 2) being the coordinate covering W. Here ¢¥ is
chosen to be timelike whereas (!> are chosen to be
spacelike. Since we are interested in the disklike configu-
ration where the wall is perpendicular to the z axis while
rotational symmetric in the x-y plane, it is natural to take
the coordinate on the wall to be {¢“} = {z,x,0} and the
trajectory to be {X*} = {t({), r(£),0({), z = z}. Fixing
the gauge as 7 = t, y = r, and 6 = O, the induced metric is
given as

hy, = diag(1,—1,—r?), (2.21)
where we have taken the cylindrical coordinate system for the
background Minkowski metric, ds*> = dt* — dr?> — r*d6*—
dz*. The tension of the wall is calculated by integrating the
energy density along the z-axis. For the single domain wall
solution Eq. (2.6), we obtain

o= / dzH = 8mf? —/;—f:. (2.22)

Note that the tension is negative at B > Bpw = Bcgy.. Since
we consider the case where the disk radius can change with
time, the domain of r is given as 0 < r < R(r). Con-
sequently, we get the Nambu-Goto-like action for the
domain-wall disk as

R(7) 2r
Syl = =0 / Bey/deth,, = —o / dr / dr / dor
w 0 0

= —ﬂd/dTR(‘L')z. (2.23)

Similarly to the wall part, the induced metric on the
string worldsheet is given by

OX* 0X
Yap = Nw a—éja@ ’ (224)
where X* = X#(&) describes the two-dimensional string
worldsheet 0}V with the radius R embedded in the bulk
spacetime as shown in Fig. 1 so that we can take
X0} = {1(8). R(1(£)), ©(8). 2 = 2}, with & (@ =0, 1)
being the coordinate covering the oW, {&} = {z,0}. We
gauge-fix the coordinates as 7 = ¢ and § = ©®, and empha-
size that R is a dynamical and depends on #: R = R(t) =
R(z) on the V. Then, its explicit form is calculated as

Vop = diag(1 — R*,—R?), (2.25)

or

ds? = (1 — R?)dz? — R%d6?,

worldsheet —

(2.26)

where the dot represents the derivative with respect to .
The string action is proportional to the worldsheet area:

Sqring =—T / drd@/=y =—2xT / dtRV1-R*  (2.27)

where the string tension evaluated at far from the string
core, T, is the summation of the potential energy and the
gradient energy of the radial direction of the symmetry
breaking field or the order parameter and is calculated as
[55,56]

R
T ~27 x2f*xIn—<,

c

(2.28)

where R and r, ~ f~! are cutoff length and string core size,
respectively. Here we have only taken into account the
classical contribution from the radial direction of the sym-
metry breaking field that does not couple to the magnetic
field. Thus we regard that the string tension is independent of
the magnetic field throughout this paper. Once we take into
account light matter fields charged under the U(1) gauge
theory, however, there can arise a magnetic-field-dependent
contribution to the string tension through, e.g., the fermion
zero modes, but it is UV model-dependent. Since the
classical part would generally dominate over the whole
contribution in the tension, we expect that our analysis
would be valid, even if the string tension is affected by the
magnetic field, depending on the detail of the model.

096022-5
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The potential energy stored inside of the core is estimated as
of order f2, whereas the gradient energy gives the logarithmic
factor. A naive choice of R, would be the disk radius Ry.
However, in the wall-string system the field configuration
around the string is nontrivial and different from the string
without being attached to a wall, and hence careful numerical
study is needed for the estimate for the cutoff length or the
gradient energy. Instead, here we take R, as a parameter
independent of the disk radius Ry throughout this paper,
leaving its precise determination for future study. In Ref. [57],
the authors have numerically shown 7" ~ f?* ~ const., inde-
pendent of the disk radius as well as the magnetic field
strength, at a distance from a domain wall disk bounded by a
string loop. That is because unlike the strings without being
attached to a wall, the field configuration appears to expo-
nentially come close to that of the vacuum, in which there
exists no solitons, as being away from such a disk, regardless
of the value of the wall radius. In this case, one length scale
that could be related to the string configuration is the thickness
of the wall, ry, ~ 1/m. Hence another plausible estimate for
R, would be the thickness of the wall, r,, which is
independent of Ry, but careful investigations are needed to
confirm this ansatz.*

C. Calculation of the decay rate

Now we are ready to evaluate the quantum mechanical
disk nucleation rate with the help of the Nambu-Goto-like
effective action. As we have discussed the field configu-
rations for the single domain-wall disk and the CSL-like
disk layer are different, we need carefully to take care of the
difference. We will first examine the single disk nucleation
and then discuss the CSL formation.

1. Nucleation of a single domain
wall disk from the vacuum

First we consider the tunneling process where a single
wall is created from the vacuum. From the discussion in the
|

. {%[—1+\/1+2€G/T] (e >
)

(e <0)

[1—+/142e0/T]

where we have taken ¢ < 0, which corresponds to take
B > Bpyw. The structure of the potential tells that the disk
radius R can change classically at0 < R < Ry and R > R,.
If the initial disk radius is at 0 < R < R, it can expand up
to R = R, and then recollapses to R = 0. On the other
hand, for the initial condition R > R,, the disk radius
expands toward infinity.

Although the classical dynamics is forbidden in the
range R| < R < R,, the domain wall disk can nucleate by

*We thank M. Eto and M. Nitta for pointing out this fact.

0)

previous section, the dynamics of a single domain-wall disk
is described by one-dimensional quantum mechanics of the
disk radius R(r) with the effective action,

Sot = Swan + Sstring = _”/ dT(ZTR V11— R? + GRZ).
(2.29)

In order to study the dynamics of this domain wall system,
it is convenient to use the conserved energy,

E=pR-L, (2.30)

where the Lagrangian L can be read from the action S,

L = —n(2TRV1 — R* 4 6R?), and p is the momentum
conjugate to R,

_ 0L _ 2aTRR
PToRVitR

The conservation law can be rewritten as the following form,

(2.31)

2
R+ [% - 1} =R>+2V(R)=0, (2.32)

(e—57)
where we have introduced ¢ = E/(22T). The first and
second terms can be identified as the kinetic and potential
terms of R(t), respectively. Note that V(R) diverges for ¢ >
0 at R = Ry, = \/2¢T /o with R; < Ry, < R, and hence
nucleation rate is expected to be highly suppressed. We can
see that for T > —2ec or T?> > —c¢E/x this potential has a
potential barrier between R = 0 and oo as shown in Fig. 2.
Note that for ¢ < 0, the barrier height is finite and hence it is
possible for the quantum tunneling to happen. By solving
V(R) > 0 we find the starting and endpoints, R, and R, as

T
, R, =—[-1—-+/1+2¢0/T],
o

(2.33)

[
the quantum tunneling through the potential barrier. The
tunneling probability from R =R, to R =R, can be
evaluated as follows [58]. By performing a Wick rotation,
T — —itg, we obtain the Euclidean action,

Se[R] == / dry <2TR 1+ (j—R>2+oR2>. (2.34)

TE

The bounce solution for the Euclidean action satisfies the
conservation law with the flipped potential as

096022-6
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04 r

02r

K oot

-02r

—04F}

FIG. 2. Left panel: typical shape of the potential V(R) as a function of R is shown in the solid red line (¢/T = —0.9 and ¢ = 0.3). For
6 < 0 the barrier height is finite. The black dotted one represents the line for V(R = 0). V(R) is positive in the blue region at
R, < R < R,, in which region classical dynamics is forbidden. Right panel: e-dependence of the shape of the potential V(R) for
o/T = —0.9 is shown. The potential barrier tends to be higher for smaller ¢, while the width of barrier AR = R, — Ry ~ Ry ~ —2T /o is

insensitive to €.

(d—R)2 _2V(R) =0,

2.
dTE ( 35)

with the boundary condition V(R;) = V(R,;) = 0. With
this solution, we can evaluate the bounce action. Since we
are interested in the domain-wall disk nucleation from the
nothing, we take the limit ¢ — 40 so that

2T
pr

Rl — O, R2 — (236)

As for the sign of a small ¢, note that the conserved energy
is approximately given by the rest energy of a contribution
of the string tension plus the wall tension, E ~2zRT+
nR%*6 = |o|7R(R, — R), when the kinetic energy (expan-
sion of the radius) is small. As long as we focus on the
tunneling process between R =0 and R =R,, E x¢€ is
necessarily positive because the positive string tension
dominates over the conserved energy in the range of such
asmall R. (A large wall with R > R, cancels also the kinetic
energy such that £ « ¢ = 0 owing to the negative tension.)
See Fig. 2 to show this tendency. Note that the zero initial
radius of the domain-wall disk means that there was no
domain wall at all. By solving the bounce equation fore — 0
and changing the variables from the Euclidean time 7 to the
disk radius R, the bounce action is evaluated as

R 1627°
B_2x2ﬂT/ zdRy/Rz—(aR2/2T)2:3”_2,
0 o

where the factor 2 comes from the bounce trajectory,
R:0 - R, —» 0. We can see that the tunneling action B
remains finite in the limit of € — 0. Consequently, the
nucleation rate P that the domain-wall disk with the radius
R = R, = —2T /o nucleates is given by

(2.37)

P Ae™B = Ae162T/30" (2.38)

where the prefactor A counts for the effects of quantum
fluctuation around the bounce solution [37,58,59].

While the domain-wall disk nucleation rate is exponen-
tially suppressed for B > 1, it is unsuppressed for B < 1.
Noting that T ~4zxf*In(R./r.) and ¢ ~8mf> — uB/2x,
we find that for a sufficiently large magnetic field,

B>B - 16zmf? <(ln(RC/rC))3/2 4ﬂ2f+

p V3 m 1>(> Bow),

(2.39)

the nucleation rate is unsuppressed, which is the main result
of the present paper.

The prefactor A can, in principle, be calculated by
evaluating the quantum fluctuations around the saddle point
solution, but the calculation is rather involved in practice.
Instead here we resort to the dimensional analysis. The
action of the domain-wall disk bounded by the string has
the time transitional symmetry, and hence the wall pro-
duction can happen anytime. The zero mode corresponding
to the time-translation symmetry gives a contribution
T+/B/(2r) to A. As with time translational symmetry,

the action also has the spatial translational symmetry so that
the wall disk production can occur anywhere. Thus there

appears a contribution of V(y/B/(2x))? in A. Taking into
account the characteristic length scale of the domain-wall
disk, Ry = R, = |2T /5|, we estimate A as

B\? 1

Before proceeding, let us comment on the assumption
we have made. In the above discussion, we have assumed
that the system is well described by the domain-wall disk
surrounded by the string. In other words, we have assumed
that the thickness of the wall r,, and the radius of the string

(2.40)
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r. are infinitely thin. The former is evaluated as ry, ~ 1/m
while the latter is evaluated as r. ~ 1/f. The thin-wall/
string approximation is valid if they are smaller than the
disk radius Ry. Noting that Ry = 27T/|o|, the conditions
read

e 1f

Ry 2x4xf n(Re/re)/(8mf2[1 — B/Bpw|)

m B
2 fIn(Ro/r) <BDw B 1) <l (241)
Iy 1/m
Ry~ 2x4zf7In(R./r.)/ (8mf>[1 = B/Bpy])
! B 1 1 2.42
~ 2R,/ r,) (BDW B ) < (242)

With estimating the logarithmic factor with the cutoff
length for the string to be of order of the unity, we find
that the thin-wall approximation is valid for the magnetic
field strength slightly larger than Bpy. Strictly speaking,
the wall disk nucleation rate evaluated in the above cannot
be used for much larger magnetic fields. In particular, the
critical magnetic field for the bubble nucleation B,
[Eq. (2.39)] is likely much larger than Bpy (for example,
B.~ (f/m)Bpw > Bpy for f>m). However, in
Ref. [39] where the three-dimensional bubble domain wall
formation is studied with a Lorentzian formalism, the
exponential suppression factor of the nucleation rate for
a bubble with a larger radius is turned out to be the same to
that for the critical bubble. This is understood that the
classical expansion after the quantum tunneling to the
critical bubble is evaluated in a completely quantum
mechanical way. We expect the same argument follows
so that our estimate of the bounce action for the critical disk
(with Ry = R,) gives that for the disk with larger radius,
where the thin-wall approximation is better. Moreover, we
do not expect that the nucleation rate for the disk wall with
the radius smaller than the wall thickness is much more
enhanced than the estimate in the above, since the action of
the field configuration of such thick wall disk would be the
same order to the thin-wall approximation. Therefore we
expect that the bounce action Eq. (2.37) gives a good
estimate for the suppression factor for the total wall disk
nucleation rate even for the thin-wall approximation is not
good for Ry = R..

2. Simultaneously generated domain walls and effects of
background domain walls

Next we examine how the CSL forms. When multiple
domain walls are simultaneously created from the vacuum
and the CSL system is formed (see Fig. 3), a wall feels the
existence of the neighboring walls, and hence a nucleation
rate of one of the walls would be affected. In order to take
this effect into account, let us focus on a single wall which

-

Creation <@
Vacuum =) <>
<>

<>

FIG. 3. Schematic picture for the simultaneous nucleation of
the domain walls at the interval [ is shown. We note that / is the
lattice space that minimizes the energy density of the domain
wall [6].

constitutes the CSL and consider its tunneling process. The
critical difference to the single disk formation from the
vacuum studied in Sec. II C 1 is the wall tension, because
the wall feels the repulsive force originated from the other
background walls. Let us recall that the wall tension for the
domain wall layer [Eq. (2.10)] is given by Eq. (2.13),

& = Ecs = dmf> [ZET(k) + (k - %)K(k)] - ’g, (2.43)

and the minimization condition that optimizes the param-
eter k = kcgp, is given by (2.14). We note that 6 < 6 < 0 is
satisfied.” This is because repulsive forces working
between the walls increases the tension and hence an
isolated wall is energetically more favorable. By replacing
the wall tension o by & in Eq. (2.38), we obtain the wall disk
nucleation rate, which is suppressed by the exponential
factor e~5(%), where B(&) = 162T3/35>. Strictly speaking,
this rate is those for a single disk nucleated at the deficit of the
CSL with a distance of 2/(kcsy ), we suppose it gives a good
approximation for the CSL (with a finite boundary being
surrounded by strings) formation rate itself. The B-depend-
ence of B is shown in Fig. 4. Note that the production of the
domain wall is promoted when B 3 1 is satisfied. Supposing
that In(R./r.) is order of the unity, we find that a single wall
disk is easily nucleated for B = (10-20)Bpy while a fast
CSL formation requires relatively larger magnetic fields,
B > 10°Bpy. This is because the amplitude of the wall
tension is smaller for the CSL than that of the single disk,
which is energetically less favored. One may think that the
nucleation rate would not be so suppressed compared to the

SThe derivative of o—& with respect to uB is
—E(k)/(4zK(k)) <0 and limg_z 6 —6 = 0. Then, we get
o < 6. Even though the amplitude of & is smaller than o, the
number density of the wall in z-direction is larger, the total energy
density in the whole space is smaller for the CSL state.
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1000¢
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FIG. 4. The B-dependence of the bounce action B for the single
disk (red line) and the CSL (blue line) is shown. Since |5]| is
smaller than |o]|, the bounce action for the single disk is smaller
than that for the CSL. The black dotted line shows
B/(In(R./r.))> = 1. We emphasize that the point where it
interacts with the solid lines gives a critical magnetic field where
the nucleation rate is no longer exponentially suppressed.

one from the vacuum until the domain wall separation
becomes comparable to the one for the CSL state.
However, the nucleation rate strongly depends on the
(absolute value of) domain wall tension. Since the interaction
between the domain wall is always repulsive due to the
gradient energy of the ¢ field, and hence the domain wall
tension itself increases as we decrease the lattice separation £
with staying negative for B > Bpy. Note that even though
the CSL state has larger tension, it is energetically favored,
since the number density of the walls in z-direction is larger.
As we have discussed in the previous subsection, for such
strong magnetic fields, the thin-wall approximation does not
hold for the disk with the critical radius R = R, = 27/|5]|.
However, the CSL with the infinite radius are formed through
the expansion of the one with a finite radius, for which the
thin-wall approximation holds at some point. Since the
suppression factor of the nucleation rate of the wall disk
with larger radius is expected to be the same, as has been
studied in Ref. [39], the estimate read from Fig. 4 would be
appropriate to evaluate the disk/CSL formation rate.
Before concluding this section, let us discuss how the
system evolves as a whole. Once a single domain-wall disk
forms quantum mechanically with a rate o e 5, it
expands classically because the potential V(R) monoton-
ically decreases at R > R,. If another disk has been created
in the same x-y plane, the disks will eventually collide and
merge each other. If B(c) < 1, the single wall production
rate in a x-y plane is large and the radius of the domain wall
becomes effectively infinite in the x-y plane quickly. If it is
also the case with 5(5) < 1, the domain wall formation in
the z direction is not suppressed in spite of the repulsive
force of the background walls [60] so that the CSL forms
quickly with infinite in the x-y direction in a similar way to
the ordinary liquid/gas transition (in 2-dimension). On the

other hand, if B(s) < 1 < B(5), the completion of the CSL
formation takes time while infinite domain walls with a
relatively large distances are formed relatively quickly
through the merger of the disks in the same x-y plane.
Even in the presence of disks, the nucleation rate in the
same x-y plane is not suppressed compared to the one from
the vacuum and they will merge relatively quickly to form
the domain wall with an infinite radius. On the other hand,
due to the repulsive force between walls in the z-direction,
the nucleated domain walls are hard to merge into other
walls along z-direction. Therefore, the bubble collision
along z-direction is expected to be rare and hence the phase
transition from the vacuum to the CSL is harder than that
from the vacuum to a wall which is infinitely distant to
other walls both in z- and x-y direction.

III. IMPLICATION FOR PHYSICAL
SPECIFIC SYSTEMS

The discussions in the previous section is based on a
simple toy model only with a pNGB, which catches up the
basic physics. Once we consider more realistic models, some
of the details are different, such as the definition of x and s,
while quantitative arguments are possible. In this section, we
take the neutral pion in QCD and axions in the early Universe
as examples and discuss their phenomenology.

A. QCD

Let us first apply our result to that in 2-flavor QCD at the
finite baryon chemical potential g under the external
magnetic field, where the low energy effective theory is
described by the neutral and charged pions. In this case, the
relevant effective action for the CSL is described by
Eq. (2.1) just by replacing y with pp, ¢ with the neutral
pion z, f with the pion decay constant f,, and m with the
pion mass m,. From the same discussion in Sec. Il A, the
CSL of the neutral pion becomes the ground state for
the magnetic field larger than the critical magnetic field,
Bl [Eq. (2.15)],

167zm,, f ,2,
HB .

BY, = (3.1)

On the other hand, as pointed out in Ref. [6], the charged
pion fluctuations around the CSL state are tachyonic when
the magnetic field strength is sufficiently large, B > Bgi,
with

mz

Bgic :?(2—k2+2 1-k*+kY, (3.2)

where k is the elliptic modulus satisfying the following
condition [see Eq. (2.14)]:
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E(k) _ upBgic
kK 16am, 2

(3.3)

Equation (3.3) determines & as a function of up and Bgj.
Solving Eq. (3.2) with this k, we can determine the u
dependence of Bgi. It has been shown that By, < Bgic
for the parameter space of the interest [6], and hence the
neutral pion CSL can exist stably for the magnetic fields in
this range.

The question is now whether the CSL can form quickly
via nucleation in this range of the magnetic fields. The
critical magnetic field for the single wall disk formation
(2.39) can be applied into this case by the replacement
m—m, and f — f:

167m,12 | (In(Ry/ro))*/2 42 f
HB \/§ my

Figure 5 show these critical magnetic field strength as a
function of pg, together with the lines B = 1 GeV? and
up = 1 GeV, which indicates the upper bound of the validity
of the effective theory described by pions [61,62]. Here we
take the physical values f, ~ 93 MeV and m, ~ 140 MeV.
We can see that Be® > Byr is always satisfied. Moreover, in
the parameter space with up <1 GeV where the pion
effective theory is valid, Bghe > By, is always satisfied.
This suggests that for the parameter space of the interest,

30
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151

10 \\
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B =

+1. (34

%
@]
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00}
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up/MeV
FIG. 5. The critical magnetic fields for the state, BE‘ZSL (blue),

for the BEC, Bgﬁc (green), and for the single disk nucleation, Bz’
(red) are shown as functions of yp. The region below the blue line
indicates the parameter space where the ground state is the QCD
vacuum. The area between the blue and green line is the
parameter space where the 7z, CSL state is the ground state,
while in the region above the green line the CSL state is unstable
and the ground state becomes 7. BEC state. In the region above
the red line, the nucleation of the domain walls is promoted
promptly without the exponential suppression. We emphasize,
however, this region lies above the green line, where the CSL is
no longer the vacuum state, as well as the black dotted line
(B =1 GeV?and uy = 1 GeV), which indicates the boundary of
the region where the chiral perturbation theory is valid.

Bl < B < BgicwithB < 1 GeVZandug < 1 GeV,even
the single wall disk nucleation rate, and consequently that for
the CSL, is exponentially suppressed, as long as our Nambu-
Goto like effective description gives a good estimate for the
nucleation rate. We conclude that in order for the CSL to form
quickly in the QCD system, we need a mechanism other than
the topological defect formation through the quantum
tunneling.

B. Axionlike particle

Next we consider an axonlike particle (ALP) denoted as
a [40,42,46,63-65], which is a pseudo-Nambu-Goldstone
boson associated with a global U(1) symmetry breaking
and is often predicted in the low-energy effective field
theory of the string compactifications [40-45]. Hence,
ALPs are considered not only to be candidates of dark
sector but also to show imprints of quantum gravity. It is
characterized by the mass m,,, and axion decay constant f,,
which is also described by the effective potential

V(a) = m2f? (1 — cos —> (3.5)

fa

with a canonical kinetic term, and the effective interactions
to the SM sector,

g v zR
E =) —32Y CY ”UY” + Z a a WIRO-MWiR
X .
- Zf_J (aﬂa)W}LG”WjL’ (3.6)
j a

where gy is the hypergauge coupling constant, Y, is the
hypercharge gauge field strength, and w;; and 1//]L are
the right- and left-handed Weyl fermions, respectlvely The
coefficients Cy and Xz, are determined by the UV
physics. Note that the last two terms are the axion-fermion
current coupling with

Jir = l//;'rRUMl//iRv ]I;L = W-]I:Laﬂllij- (3.7)
Let us consider the case where the system has a uniform
background hypermagnetic field By and the chemical
potentials for each fermions, p;g/; . In this case, the chiral
magnetic effect induces the fermion current,

. Hir/L
. — 1)%ir/L
Jir/L = ( ) 272

(4i9v)By. (3:8)

where 4,z =0 and 4; = 1, respectively, and ¢; is the
hypercharge of the fermion y;, which leads to the topo-
logical term,

®Here we do not take into account the electroweak symmetry
breaking, but the same discussion applies to the system with the
spontaneously broken electroweak symmetry.
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a
‘Ceff - <ZX1qululR + ZXquj/’th>BY ( )
a
(3.9)
Then with a similar discussion in Sec. I, we can see that the

axion CSL also forms, whose properties can be read off
with the replacement,

¢—’E

B py =29y <ZXiR%'MiR + ZXJ'L%',“J‘L)- (3.10)
i J

B_>By,

Consequently, the same properties to the CSL formed by
neutral pion in the QCD, including the formation
rate, hold.’

The differences to the case of the CSL formed by pion in
QCD are, (i) we can freely take the axion mass and decay
constant, (ii) we do not have to worry about the tachyonic
instability due to the charged pion fluctuation, and (iii) the
cutoff scale of the theory would be the Planck scale M, or
the string scale M. In the case m, < f, < M., which is
often considered in conventional models or large volume
scenario [41,45,66,67], the critical magnetic field strength
for the single domain wall formation in Eq. (2.39) leads

647%f3
py

By~

(3.11)

Then we identify that for sufficiently large uy, the critical
magnetic field strength is well below the cutoff scale
squared so that it seems that the CSL can easily form.
However, this gives By ~ L—‘;BDW > Bpw = Bcsr, which
makes the thin-wall approximation worse. See Eqs. (2.8)
and (2.42). On the other hand, if we consider a heavy ALP
and take m, < f, < M, the critical magnetic field
strength is still approximated by Eq. (3.11), with being
smaller than the cutoff scale, while not much larger than the
critical magnetic field for the CSL B,y 2 Bcg; . In this case,
the thin-wall approximation is relatively good.

One might wonder that the ALP CSL can form in cos-
mology. Noting that at high temperature, 7 > 10° GeV,
when several Yukawa interactions become ineffective, there
are many approximate conserved charges within the SM [68—
71], one can in principle have large chemical potential,
uy ~ T, without suffering from the baryon overproduction.
Then with our estimate in the above, we might expect the
axion CSL formationatT ~ f, > m, > 10° GeV if we have
strong magnetic fields B ~ T2. However, the formation rate
for the CSL estimated in the above is the one at zero

"We have supposed that a/f, — a/f, + 6 under U(1)pq by
an appropriate choice of chiral fermion charge.

temperature. In order to investigate the possibility of the
formation of the axion CSL in the cosmic history, we need to
develop its thermal formation rate, which is left for
future study.

IV. CONCLUSION AND DISCUSSION

The ground state of the sine-Gordon theory with the
background fermion chemical potential and magnetic
fields, whose effect is implemented by the total derivative
term (2.1) is not the vacuum state (¢p = 0), but the CSL
state, for sufficiently large magnetic field, B > Bcg;, [6].
However, it has not been clear how the vacuum state
changes to the CSL one. In this work, we tackled this
problem for the first time, in the best of our knowledge, by
adopting the Nambu-Goto like effective action for the
string-domain wall disk system in the sine-Gordon theory
with the topological term (2.1). The transition of the state
from the vacuum to the CSL is described by the quantum
mechanical tunneling of the radius of a domain-wall disk
surrounded by a string loop from R; = 0 to Ry # 0, which
is a similar approach to the studies in Refs. [37-39]. In this
description, for B > B(g;. the wall tension becomes neg-
ative due to the topological term. Since the effective
potential of the wall-disk radius R has the potential barrier
between R = 0 and R — oo, because of the combination of
the negative wall tension and the positive string tension, a
domain wall-disk with a finite radius can be formed not
classically but through the quantum tunneling. In Sec. II C,
we evaluated the nucleation rate of a single wall disk from
the vacuum state as well as from the environment where the
CSL has almost been formed, in terms of the bounce action
Eq. (2.37), which is the main result of the present paper. We
regard that the latter represents the rate for the complete
formation of the CSL. Due to the repulsive force acting
between the walls, which reduces the absolute value of the
wall tension, the bounce action for the disk nucleation in
the environment where the CSL has almost been formed is
found to be larger than that from the vacuum, and hence the
nucleation rate is more suppressed. With these estimates,
we determined the critical magnetic field for the disk
nucleation where the exponential suppression becomes
absent, B~ O(1). Note that the thin-wall approximation
is turned out likely to be violated for the disk with the
critical radius for such large magnetic field strength.
However, we expect that it gives a good estimate for the
disk nucleation from the discussion in Ref. [39], where the
exponential suppression factor for the larger radius is
turned to be equal to that for the critical radius in the case
of the three-dimensional bubble nucleation. There it has
been identified as the whole quantum estimate of the rate
for the quantum tunneling followed by the classical
expansion.

Since our analysis is based on the sine-Gordon theory
with the total derivative term, the results in Sec. II C can be
applied to systems described by the same Lagrangian as
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Eq. (2.1). In Sec. Il A, we apply our analysis into 2-flavor
QCD at finite baryon chemical potential under an external
magnetic field. We found that within the scope of the low
energy effective theory, the formation of a single domain-
wall disk from the vacuum is exponentially suppressed,
x ¢ B, B> 1. Therefore, even when the CSL is more
stable than the vacuum state at B > Bg;, the vacuum state
cannot be transformed into the CSL one quickly. However,
there may be loopholes in the above discussion. As we have
explained in the above, the thin-wall approximation for the
validity of the Nambu-Goto action is not a good approxi-
mation for the disk with a critical radius, R,. For example,
substituting f, ~ 93 MeV, m, ~ 140 MeV and B = 2Bpy
for Egs. (2.41) and (2.41), the ratios of the vortex size r, as
well as the wall thickness r,, to critical disk radius Ry = R,
are evaluated as

Te L05. oo,

4.1
R, R, (4.1)

where we have approximated the logarithmic factor to be
unity. Apparently, it is not sufficiently smaller than 1.
Therefore, the Nambu-Goto type effective action may not
be applicable in the CSL of QCD. Note that this argu-
ments also follows for the ALP CSL. The other potential
loophole is the effects of the charged pions. We have
considered the quantum nucleation of the topological
soliton with the topological number 7;(U(1))~Z so
far. Although the charged pions acquire masses by the
Landau quantization, sufficiently heavy to be neglected,
the actual configuration space of the mesons (z, 74) is

SU(2) instead of U(1). Hence, while we expect that the
charged pions do not show nontrivial field configuration
during the disk formation process due to their heavy mass,
we do not exclude the possibility that the wall disk is
formed continuously from the QCD vacuum due to
71(SU(2)) ~ 0 when we include the degrees of freedom
of the charged mesons. We leave more detailed inves-
tigation in future study. Note that in the case of ALPs,
which is studied in Sec. III B, we have considered a single
ALP and it is assumed that there exist no associated light
charged field in the theory. If this is the case in the string
theory, loopholes would not apply. However, in general
there may have to exist associated fields, e.g., lots of
ALPs, in string theory owing to the swampland con-
straints restricting the moduli space [72,73].
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Note added—While completing this paper, we learned
another study on the formation of the chiral soliton lattice
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