PHYSICAL REVIEW D 106, 105024 (2022)

Zy-balls: Solitons from Zy-symmetric scalar field theory
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We discuss the conditions under which static, finite-energy, configurations of a complex scalar field ¢
with constant phase and spherically-symmetric norm exist in a potential of the form V(¢*¢, ¢V + ¢*V)
with N € Nand N > 2, i.e., a potential with a Z,-symmetry. Such configurations are called Z-balls. We
build explicit solutions in (3 + 1)-dimensions from a model mimicking effective field theories based on the
Polyakov loop in finite-temperature SU(N) Yang-Mills theory. We find Zy-balls for N = 3,4, 6, 8, 10, and
show that only static solutions with zero radial nodes exist for N odd, while solutions with radial nodes may

exist for N even.
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I. INTRODUCTION

Q-balls, originally introduced in [1], are nontopological
solitons with finite energy and size, typically obtained by
solving the equations of motion of a complex Klein-
Gordon field with U(1) invariance: £ = 1,,0"¢$d" " —
v(¢p*@) with n = diag(+ — ——).

The U(1) symmetry allows for the ansatz

(x) = f(r)e, (1.1)
with x the position 4-vector, r the radial coordinate and
® € R. Boundary conditions f(0) # 0 and f(r - c0) =0
are chosen. The equations of motion then reduce to

AF+ 02 =3 00(f) =0, (1.2)
This field equation allows for solitons called Q-balls in the
absence of coupling to gravity, see e.g., Refs. [1-0]
provided that a nonquadratic part is present in v. The
potential is often chosen to be of the form v(¢*¢h) =
m*¢* — Ay (p*P)? + Ag(¢p* @) with 14 and Ag > 0. Due to
the U(1) symmetry of the Lagrangian, Q-balls have a
charge O ~ w. The solitons are called boson star in the
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presence of gravity, see e.g., the review [7]. More general
solutions than (1.1) can be found in Minkowski spacetime
for U(1)-symmetric potentials:

(i) Spinning Q-balls: ¢(x) = f(r,0)e /¢ [4], where

(r,0, @) are the spherical coordinates.

(i) Multipolar solutions: ¢(x) = f(r, 0, @)e'™ [8].

(iii) Coupled Q-balls [9-11].

In the present paper we propose to break the con-
tinuous U(1) symmetry of potential v(¢*¢) by allowing
for terms depending on ¢" + ¢* with an integer number
N > 2, ie., by studying a complex scalar field theory
with Zy-symmetry. To our knowledge, the influence
of such a breaking of U(l) symmetry on the solutions
has been poorly studied in general, but it is worth quoting
the Montonen-Sarker-Trullinger-Bishop (MSTB) model
[12-16] in which the potential can be written under the
form (1 —¢*¢)* +5¢"p +5(¢* + ¢**) with k € R. The
solutions of this Z,-symmetric model have been well
studied in (I 4 1)-dimensions, including generaliza-
tions of the potential, see e.g., the recent work [17].
Here the potential under study will be of the form
V(g*d, N + ¢*V), and the field equations will be formu-
lated in (3 + 1)-dimensions. As argued in the next para-
graph, such a form may be of interest in the field on finite-
temperature gauge theories.

Solutions built from Z;-symmetric models have indeed
been studied in several works, see e.g., Refs. [18-22], in the
context of an effective model of SU(3) Yang-Mills theory at
nonzero temperature 7. In the latter case, the scalar field ¢
is identified with the mean value of the Polyakov loop,

. ryT -
defined as G(T,%) = (Pe?)” 0Dy with Ay the
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temporal component of the Yang-Mills field and (z, X) the
temporal and spatial coordinates, respectively. P is the path
ordering, g is the strong coupling constant and units where
h = ¢ = kg = 1 are used. The gauge group SU(N) may be
considered to better outline our motivations. On the one
hand, under gauge transformations belonging to the centre
of the gauge group, i.e., Zy, the Polyakov loop is multiplied
by an overall factor. The Zy symmetry of Yang-Mills
theory is therefore broken (present) if ¢ # 0 (= 0). On the
other hand, it is known that ¢ # 0 (= 0) above (below)
the deconfinement temperature 7. [23-25]. Hence, it has
been conjectured that the confinement/deconfinement
phase transition might be driven by the breaking of a
global Zy, symmetry [26,27]. In that framework, the shape
V(g*p, p" + ¢*V) should be typical of any effective model
of Yang-Mills theory based on the Polyakov loop [28]. It is
worth pointing out that such effective models are able to
accurately reproduce the Yang-Mills equation of state
provided potential parameters are temperature-dependent
and fitted on lattice QCD data [29,30]. Effective models are
still worthy of interest nowadays, e.g., in glueball dark
matter models [31,32] or in the phenomenology of ultra-
relativistic heavy ion collisions [33,34].

Our work is structured as follows. In Sec. II we discuss
the existence of static, spherically-symmetric, solitons with
finite energy in generic Zy-symmetric potentials. Such
solitons are called “Zy-balls" in the following. Then in
Sec. III we propose a model mimicking features of Yang-
Mills theory above deconfinement temperature. Numerical
solutions are constructed for several values of N in Sec. IV.
After a discussion of solutions going beyond Zy-balls in
Sec. V, concluding comments, including a remark on
solutions’ instability, are given in Sec. VL.

II. Zy-BALLS: DEFINITION AND EXISTENCE

As proposed in the Introduction, let us consider a
complex Klein-Gordon field ¢ with Zy-symmetric poten-
tial V(¢*¢, d" + ¢™), such that N € N and N > 2. The
Lagrangian reads

L =0,p0"¢p* = V(¢p*p, " + ¢*V). (2.1)
Using a polar decomposition of the complex field, i.e.,
¢ = fe', the equations of motion can be set in the form

Of - £0,60"8 + VIO f + VODN cos(N8) f¥~! = 0,
(

2.2a)
06+ 20,05 — VODN sin(Ns) V! =0,  (2.2b)
with V10 =9, V(a,2fN cos(Né))|,p and yo. —

aav(f21 a)|a:2fN cos(N§)*

Setting 6 = ZNLI‘ with k € Z, i.e.,

¢ =d(x) = f(x)e™ with kez, feR, (2.3)

reduces Eqgs. (2.2) to a single equation for f, reading

Of + V0 f 4 yODN -1 =0, (2.4)
We define the Zy-ball ansatz as a solution with spherical
symmetry, that is

iZ/tk

¢ = i(r) = f(r)e’v, (2.5)

with 7 the radial coordinate. The conditions for a localized,
regular, solution imply the following boundary conditions

—mr

- 0.

FO)=fo>0, f(0)=0, f(r—o0)n~"

r

(2.6)

m is the mass term in the Lagrangian: V(¢*¢, ¢~ + ¢*V) ~
m?¢* ¢ in a power expansion in ¢. The constraint f, > 0 is

necessary to avoid the trivial solution f(r) =0 and
Eq. (2.4) with the ansatz (2.5) reads

Vi +%f’ —0;U(f) =0, with U(f) = %V(fz, 2fN).
(2.7)

By comparison with Eq. (1.2), one sees that the Zy-ball
equation (2.7) is equivalent to that of a Q-ball with @ = 0
and potential U(f). According to the study [4], @ =0
Q-balls, hence Zy-balls in our study, may exist if

U(f)
7 )<o. (2.8)

2
U"(0) >0 and mfm(

In the Zy-ball case, no continuum of solutions (para-
metrized by ) is possible, basically because the phase of
¢ is “locked”, see Eq. (2.3). This phase-locking also
forbids spinning Zy-balls, whose phase should be propor-
tional to e€”?. For the same reason, multipole solutions as
those studied in [8] are not expected. The best that can be
found beyond the ground state is a discrete set of solutions
distinguished by the phase k =0, ..., N — 1 in (2.3) and, if
radially excited states exist, by the number of nodes of the
scalar field.

Radially excited Zy-balls may exist but not necessarily.
The classical particle analogy sheds light on their existence.
We recall indeed that Eq. (2.7) can be interpreted as
Newton’s equation for a particle whose position if f and
for which r plays the role of time in the potential —U(f).
This particle experiences a friction term % f'. The interested
reader will find a detailed description of this classical
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FIG. 1. Mechanical analogy in (3 + 1)-dimensions for Zy-balls
with the ansatz (2.5) and the effective potential (2.7). Typical
plots corresponding to N even (sold line) and odd (dashed line)
are shown, and arrows indicate the trajectory of the equivalent
classical particle. More precisely, the case N even is obtained by
plotting (4.4) and the case N odd is obtained by plotting (4.3),
with the horizontal axis in units of / and the vertical axis in units
of m?I?/2.

analogy for Q-balls, Q-holes, and Q-bulges in Ref. [6].
Figure 1 shows typical classical trajectories in effective
potentials with different N. When N is even, U(f) =
U(—f): Radially excited states a priori exist since the
particle may oscillate between the two maxima before
reaching f = 0. When N is odd, U(f) may have no definite
parity, and potentials can be found where the particle
cannot reach an equilibrium position in f = 0. In this case,
radially excited states will not exist. In [21] for example,
only a solution with zero node was found for a Z;-
symmetric potential. It is worth mentioning that potentials
with shapes similar to the presented odd-N case are also
found in some hairy black hole models [35].

Having in mind Eq. (2.7) and effective potentials of the
shape given in Fig. 1, it can be noted the Z, — ball equation
is—mutatis mutandis—similar to the bounce equation of
Coleman [36,37]. The bounce is a classical solution in four-
dimensional Euclidean space extrapolating between two
inequivalent vacua of a potential; the matching between our
equation and the bounce equation can be made by replacing
2/r by 3/r and by replacing r by p = /7> + r?, 7 being the
Euclidean time and p being the radial coordinate in four-
dimensional spherical coordinates. After fixation of the
complex field phase in Zy —ball case, the physical
interpretation of f and of the Coleman bounce are obvi-
ously similar.

All the Zy-symmetric potentials reducing to the same
effective potential on the real axis will have the same radial
profiles. As an example we consider the N = 4 potential

V=mip =S¢t (@) (29)

and the N = 6 potential

V= h -y $ 4 (). (210)
Both are equivalent to a standard U(1)-symmetric potential
m> ¢ — y(¢p*P)* + (¢*¢)* on the real axis. The latter
potential may admit @ = 0 Q-balls; the effective potential
reads U(f) = m*f? —yf* + £, and criterion (2.8) states
that @ = 0 Q-balls, hence Z,-balls and Zg-balls, exist
for y> > 4m?.

In the following, solitons will be further characterized by
their mass M and mean radius (R)

M:4n/°°edr, e(r)= 2+ U(f),  (2.11)

0

(R) = %, M; = /oofz(r)rzﬂdr. (2.12)
0 0

In the above equations ¢(r) is the local energy density.

III. THE MODEL

SU(N) Yang-Mills theories at finite temperature are
fields where Zy-symmetric effective theories seem particu-
larly relevant. We therefore propose a potential mimicking
key features of such effective theories and numerically
solve the field equation for the latter potential. We
previously made a proposal of U(1)-symmetric potential
focusing on the N — oo limit of Yang-Mills theories [38];
here we propose a potential relevant for finite values, i.e.,
N > 3. We refer the reader to the aforementioned MSTB
model in the case N = 2.

The potential under study will be the Zy-symmetric
power-law potential

V(. 9" + ™)
2
=2 |70 = (L) mIP N (g + )

(ml)*=2V

ﬁ(N(l +8) =g )N,

with m, .1 € R,

+

N eN, N > 3.

(3.1)
m has the dimension of energy and f, [ are dimensionless.
According to Eq. (2.7), it corresponds to the effective
potential

m2
U(f) =5 | £ =21 + By p

(ml)4_2N

oy W) - D

(3.2)

The latter potential is such that:
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(i f=0 is a local minimum: U(0)=U'(0) =0
and U"(0) = m*> > 0,
() f=ml is a global minimum: U(ml) = %ﬂ
# <0, U'(ml) = 0 and U"(ml) = m*(N —2)
(N(1+28) =2) > 0;

(iti) miny.o(2) = m2p UMM g

Hence, it admits Z-balls according to the criterion (2.8).

The shape of potential (3.1) has the generic features of
Polyakov-loop effective models of SU(N) Yang-Mills
theory at finite temperature [28]. In our potential, / can
be related to the nonzero average norm of the Polyakov
loop at a given temperature 7 > T, showing the breaking
of Zy-symmetry and deconfinement. In this picture, f/m is
the norm of the Polyakov loop. Note that if # goes to
a small but negative value, the absolute minimum
becomes f = 0. The case f <0 would correspond to
T < T.. A U(l)-symmetric potential similar to (3.1), i.e.,
V(g*p, (¢*p)N/?), has been investigated in [39], where
analytical formulas for solitons in (1 + 1)-dimensions have
been found. The replacement N — n + 2 transforms our
potential into that of [39].

It is known that the pressure of Yang-Mills matter is
given by p = —min(V), V being the considered effective
potential. In our case,

X
X

m*l?> N -2
= —min(U) = —f——. 3.3
p=-min(V) =——f~— (3.3)
The value of m* can be matched with the typical pressure
scale, that is the Stefan-Boltzmann pressure for a gas of
massless gluons. The equality

2(N* -1
m* = psp -1 5 )T4 (3.4)

leads to the pressure

N-=-2

] 12B. (3.5)

P = PsB

As shown by lattice simulations, p < pgp for T 2 T, In the
limit T — +o00, p = psp [40] and [ — 1 by definition. It
can be concluded that the “physical” values for f are
bounded in the range

2N - 1)

0<p< ,
<Py

(3.6)

or 0 < f <4 at most, the maximal upper bound being
reached when N = 3.

The functions /(T), #(T) could be found by fitting the
Polyakov loop and pressure computed in lattice QCD, see
e.g., Refs. [41] but it is out of the scope of our paper, where
we aim at a general discussion of Zy-balls.

IV. NUMERICAL RESULTS

We first perform the scalings

f = mlf,

so that Eq. (2.7) becomes

FIE2S =+ (NS = (N ) = D =0
(4.2)

pand N are the remaining parameters. Boundary conditions
(2.6) are searched for. The three boundary conditions
exceed the two conditions associated with the second-
order field equation. The possibility to get nontrivial
solutions will then consist to fine-tune one of the coupling
constants (in our case f) in function of the control para-
meter f,. A numerical resolution of Eq. (4.2) can then be
performed. We use a collocation method for boundary-
value ordinary differential equations, equipped with an
adaptive mesh-selection procedure [42].

The Z;-ball is displayed in Fig. 2 for various values of
p € [0,4] according to the upper bound (3.6). We notice
that f(0) > 1 when f — 0: In this case the effective
potential is proportional to f2(1 — f)?, namely with two
degenerate minima in f =0 and f = 1. The more j is
small, the more the mean radius is large. At f = 0.5, M =
1.6 and (R) = 2.7. The typical energy scale associated with
Yang-Mills theory is the deconfinement temperature, 7. ~
0.3 GeV [43]. Setting T = 0.3 GeV and N =3 in (3.4)
leads to m =345 MeV and to M ~0.552 GeV and
(R) ~7.83 GeV~! = 1.54fm. The latter radius is of the
same order of magnitude than the profile found in [22] with
a potential containing the same powers of ¢, and the mass is
typical of what is observed in [21] for temperatures
between 1.1 and 1.2 T.. The effective potential reads,
for N = 3 and with the rescaled parameters,

m*I? 24 3p

UN:B(f):T f2—2(1+/3)f3+Tf4 . (43)

No solution with radial node was found, in agreement with
the picture of Fig. 1: The shape of the effective potential
when f < 0 makes impossible for the soliton to reach a
zero value at infinity.

Z4-balls are displayed in Fig. 3 for various values of f.
As for N = 3, we notice that f(0) — 1 when  — 0: In this
case the effective potential is proportional to f2(1 — f2),
again with two degenerate minimain f = O and f = 1. The
mass and mean radius have similar trends as in the N =3
case for the state with zero node. This time, a solution with
one radial node has been found. The effective potential
reads, for N = 4 and with the rescaled parameters,
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FIG. 2. Left panel: Z5-ball profile computed from Eq. (4.2) with N = 3, # = 0.2 (black lines) or # = 2.0 (red lines). The profile f is
displayed (solid lines) as well as its derivative (dashed lines). Right panel: Mass (red line), mean radius (blue line) and value at origin
(black line) of the Z3-ball for various values of f.f, r and M are expressed in units of ml, 1/m and m respectively.
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FIG. 3.

Left panel: Z4-balls profiles computed from Eq. (4.2) with N = 4 and = 3. The profile with 0 node and its derivative are

displayed (solid lines) as well as the profile with 1 node (dashed lines). Right panel: Mass (blue line), mean radius (red line) and value at
origin (black line) of the Z,-ball for various values of f4.f, r and M are expressed in units of ml, 1/m and m respectively.
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FIG. 4. Zy-balls profiles computed from Eq. (4.2) with = 2
for N =4 (black), N =6 (blue), N =8 (red) and N =10
(purple). The profiles with zero nodes are displayed (solid lines)
as well as the local energy density (dashed lines). f, r, and € are
expressed in units of ml, 1/m, and m?, respectively.
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U =" |2 =200+t + 257

6
3 el 44
A comparison with Fig. 1 shows that the parity of U(f)
indeed allows for radially excited states. We searched for
solutions with two radial nodes but did not find any.
The evolution of the zero-node Zy-balls versus N is
displayed in Fig. 4. It can be seen that the plateau of the
soliton is larger at larger N, with an energy density more

peaked around its maximal and minimal values.

V. FURTHER SOLUTIONS:
NONCONSTANT PHASE

All solutions discussed so far trivialize Eq. (2.2b) and the
question to deform the Z, balls by means of a nonconstant
phase §(x) raises naturally. As a first step in this direction, it
is instructive to study the linearized version of Eq. (2.2b)
for a radial phase, i.e., for §(r). With the potential (3.1) it
reduces to
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5+ 2(% +£> 8 = (1+p)N?*5fN-2 = 0.

f

(5.1)

Using the asymptotic decay (2.6) of f(r) in rescaled units where m = 1, the dominant terms in the asymptotic region

reduces to

8§ =28 =0-6(r— +o0) =8y + 5,e*.

(5.2)

On the other hand the solutions of Eq. (5.1) can be expanded around the origin

é(r) :3()(1—1— B

where &, is an arbitrary constant. Note that only the
presence of the last term in (5.1), which in due to the
U(1)-breaking term, leads to the condition (5.3) and allows
for a nonconstant and regular ¢ at the origin. The U(1)
symmetry is recovered for f = —1 and only allows for a
constant o.

Our numerical integration gave strong evidence that
solutions of Eq. (5.1) extrapolating between the behaviors
(5.3) and (5.2) exist for generic values of N and f3. Solutions
of the full system (2.2), if they exist, would be specific to
the Z symmetry of the potential and will be addressed in a
forthcoming paper.

VI. CONCLUDING COMMENTS

We have shown that spherically-symmetric solitons
with finite energy may exist in a complex Klein-Gordon
model with Zy-symmetric potential. The existence of such
Zy-balls in potential V(¢p*¢,p" + ¢*) is guaranteed
provided that Q-balls with zero charge exist in the potential
V(g*$,2(pp*)¥/?). As an illustration, we have built
solutions in a potential inspired by finite-temperature
SU(N) Yang-Mills theory. We found solitons with zero
radial node for all values of N, and states with one radial
node for even N. In the latter case indeed, the parity of the
potential allows for radially excited states.

Our solutions escape Derrick’s nonexistence argument
[44] because our effective potential is nonpositive definite
for some values of the scalar field. However, the scaling
argument of Derrick leads to an instability. The unstable
mode under scaling of the radial variable can be isolated by
perturbating our solution, say f,, according to f(r) =
fo(r) +n(r) and examining the quadratic term in 5 of
the perturbated energy. It turns out that 5(r) = f{(r)
constitutes an unstable mode with eigenvalue w = -2,

N (1+pA)f5 r2+N2(1 +A)f6 (N (1+ B) + (6N — 20)f,f"(0))

250 r4> +o0(r%), (5.3)

|

independently of N and f. Keeping in mind the inter-
pretation of Zy-balls as possible “plasma bubbles” of
deconfined Yang-Mills matter, their instability against
fluctuations must not be regarded as unphysical. An
illustration of bubble instability is given in [22], where
profiles similar to our Z; — balls are first obtained with
an effective potential fitted on quark-gluon plasma
lattice QCD equation of state. Then, the time evolution
of a set of such bubbles, with randomly chosen initial
phase, initially spatially separated, is computed. It is
shown that bubbles tend to disappear at the confinement-
deconfinement phase transition while Z5-walls and strings
appear. Even though the single-bubble case is not
separately investigated in [22], the instability of one
single bubble is clearly numerically demonstrated since
there is no extra bubble-bubble interaction that could
generate instability but only superposition principle
between different bubbles.

As an outlook, we mention that more general solutions
that those originating in the Zy-ball ansatz we proposed
may a priori be found to solve (2.2). Kink solutions have
indeed been shown to exist in MSTB model (Z,-symmetry)
in (1 4+ 1)-dimensions since the pioneering works [12—15].
The case N = 3 has been recently studied [19] with the
construction of bounce solutions in a Zs;-symmetric
Polyakov-Nambu-Jona-Lasino model in (3 4 1)-dimen-
sions, i.e., where the Polyakov loop is coupled to a quark
matter field. In that spirit, we hope to build solutions of the
field equations (2.2) with position-dependent phase § for
arbitrary N in future works.

ACKNOWLEDGMENTS

We thank Professor Lukacs Arpad for his comments
about the instability of our solutions.

105024-6



Zy-BALLS: SOLITONS FROM Zy-SYMMETRIC SCALAR ...

PHYS. REV. D 106, 105024 (2022)

[1] S.R. Coleman, Q-balls, Nucl. Phys. B262, 263 (1985);
B269, 744(A) (1986).

[2] T.D. Lee and Y. Pang, Nontopological solitons, Phys. Rep.
221, 251 (1992).

[3] A. Kusenko, Small Q balls, Phys. Lett. B 404, 285 (1997).

[4] M. S. Volkov and E. Wohnert, Spinning Q balls, Phys. Rev.
D 66, 085003 (2002).

[5] E. Nugaev, A. Shkerin, and M. Smolyakov, Q-holes, J. High
Energy Phys. 12 (2016) 032.

[6] E. Y. Nugaev and A. Shkerin, Review of nontopological
solitons in theories with U(1)-symmetry, J. Exp. Theor.
Phys. 130, 301 (2020).

[7] E. E. Schunck and E. W. Mielke, General relativistic boson
stars, Classical Quantum Gravity 20, R301 (2003).

[8] C. A.R. Herdeiro, J. Kunz, 1. Perapechka, E. Radu, and Y.
Shnir, Multipolar boson stars: Macroscopic Bose-Einstein
condensates akin to hydrogen orbitals, Phys. Lett. B 812,
136027 (2021).

[9] M. Alcubierre, J. Barranco, A. Bernal, J. C. Degollado, A.
Diez-Tejedor, M. Megevand, D. Nunez, and O. Sarbach, #-
boson stars, Classical Quantum Gravity 35, 19LTO1 (2018).

[10] Y. Brihaye, T. Caebergs, B. Hartmann, and M. Minkov,
Symmetry breaking in (gravitating) scalar field models
describing interacting boson stars and Q-balls, Phys. Rev.
D 80, 064014 (2009).

[11] V. Loiko, I. Perapechka, and Y. Shnir, Q-balls without a
potential, Phys. Rev. D 98, 045018 (2018).

[12] C. Montonen, On solitons with an Abelian charge in scalar
field theories. 1. Classical theory and Bohr-Sommerfeld
quantization, Nucl. Phys. B112, 349 (1976).

[13] K. Subbaswamy and S. Trullinger, Intriguing properties of
kinks in a simple model with a two-component field,
Physica (Amsterdam) 2D, 379 (1981).

[14] S. Sarker, S. Trullinger, and A. Bishop, Solitary-wave
solution for a complex one-dimensional field, Phys. Lett.
59A, 255 (1976).

[15] R. Rajaraman, Solitons of Coupled Scalar Field Theories in
Two-dimensions, Phys. Rev. Lett. 42, 200 (1979).

[16] A. Alonso-Izquierdo, Kink dynamics in the MSTB model,
Phys. Scr. 94, 085302 (2019).

[17] S. Mandal, Solitons in a class of interacting scalar field
theories without SO(2) invariance, Int. J. Mod. Phys. A 36,
2150076 (2021).

[18] J. Jin and H. Mao, Nontopological soliton in the Polyakov
quark meson model, Phys. Rev. C 93, 015202 (2016).

[19] M. Biswal, S. Digal, and P. S. Saumia, Z; metastable states
in PNJL model, Phys. Rev. D 102, 074020 (2020).

[20] J. Kannika, C. Herold, A. Limphirat, C. Kobdaj, and Y. Yan,
Dynamical formation of center domains in quark-gluon
plasma, Phys. Rev. C 95, 034903 (2017).

[21] Y. Brihaye and F. Buisseret, Gravitating bubbles of gluon
plasma above deconfinement temperature, Symmetry 12,
1668 (2020).

[22] U.S. Gupta, R. K. Mohapatra, A. M. Srivastava, and V. K.
Tiwari, Simulation of Z(3) walls and string production via
bubble nucleation in a quark-hadron transition, Phys. Rev. D
82, 074020 (2010).

[23] L. Susskind, Lattice models of quark confinement at high
temperature, Phys. Rev. D 20, 2610 (1979).

[24] N. Weiss, The Wilson line in finite temperature gauge
theories, Phys. Rev. D 25, 2667 (1982).

[25] C. Korthals-Altes, A. Kovner, and M. A. Stephanov, Spatial
’t Hooft loop, hot QCD and Z(N) domain walls, Phys. Lett.
B 469, 205 (1999).

[26] L. G. Yaffe and B. Svetitsky, First order phase transition in
the SU(3) gauge theory at finite temperature, Phys. Rev. D
26, 963 (1982).

[27] B. Svetitsky and L. G. Yaffe, Critical behavior at finite
temperature confinement transitions, Nucl. Phys. B210, 423
(1982).

[28] F. Sannino, Higher representations: Confinement and large
N, Phys. Rev. D 72, 125006 (2005).

[29] C. Ratti, M. A. Thaler, and W. Weise, Phases of QCD:
Lattice thermodynamics and a field theoretical model, Phys.
Rev. D 73, 014019 (20006).

[30] C. Ratti, S. Roessner, M. A. Thaler, and W. Weise, Thermo-
dynamics of the PNJL model, Eur. Phys. J. C 49, 213
(2007).

[31] J. Halverson, B. D. Nelson, and F. Ruehle, String theory and
the dark glueball problem, Phys. Rev. D 95, 043527 (2017).

[32] P. Carenza, R. Pasechnik, G. Salinas, and Z.-W. Wang,
Glueball dark matter revisited, arXiv:2207.13716.

[33] O. Scavenius, A. Dumitru, and A.D. Jackson, Explosive
Decomposition in Ultrarelativistic Heavy Ion Collision,
Phys. Rev. Lett. 87, 182302 (2001).

[34] E. S. Fraga and G. Krein, Can dissipation prevent explosive
decomposition in high-energy heavy ion collisions?, Phys.
Lett. B 614, 181 (2005).

[35] S.S. Gubser, Phase transitions near black hole horizons,
Classical Quantum Gravity 22, 5121 (2005).

[36] S.R. Coleman, The fate of the false vacuum. 1. Semi-
classical theory, Phys. Rev. D 15, 2929 (1977); 16, 1248(E)
(1977).

[37] S.R. Coleman and F. De Luccia, Gravitational effects on
and of vacuum decay, Phys. Rev. D 21, 3305 (1980).

[38] Y. Brihaye and F. Buisseret, Q-ball formation at the
deconfinement temperature in large-N. QCD, Phys. Rev.
D 87, 014020 (2013).

[39] D. Bazeia, M. A. Marques, and R. Menezes, Exact sol-
utions, energy and charge of stable Q-balls, Eur. Phys. J. C
76, 241 (2016).

[40] S. Borsanyi, G. Endrodi, Z. Fodor, S.D. Katz, and K. K.
Szabo, Precision SU(3) lattice thermodynamics for a large
temperature range, J. High Energy Phys. 07 (2012) 056.

[41] M. Panero, Thermodynamics of the QCD plasma and the
large-N limit, Phys. Rev. Lett. 103, 232001 (2009).

[42] U. Ascher, J. Christiansen, and R. Russell, A collocation
solver for mixed order systems of boundary value problems,
Math. Comput. 33, 659 (1979).

[43] B. Lucini, M. Teper, and U. Wenger, Properties of the
deconfining phase transition in SU(N) gauge theories,
J. High Energy Phys. 02 (2005) 033.

[44] G.H. Derrick, Comments on nonlinear wave equations as
models for elementary particles, J. Math. Phys. (N.Y.) 5,
1252 (1964).

105024-7


https://doi.org/10.1016/0550-3213(85)90286-X
https://doi.org/10.1016/0370-1573(92)90064-7
https://doi.org/10.1016/0370-1573(92)90064-7
https://doi.org/10.1016/S0370-2693(97)00582-0
https://doi.org/10.1103/PhysRevD.66.085003
https://doi.org/10.1103/PhysRevD.66.085003
https://doi.org/10.1007/JHEP12(2016)032
https://doi.org/10.1007/JHEP12(2016)032
https://doi.org/10.1134/S1063776120020077
https://doi.org/10.1134/S1063776120020077
https://doi.org/10.1088/0264-9381/20/20/201
https://doi.org/10.1016/j.physletb.2020.136027
https://doi.org/10.1016/j.physletb.2020.136027
https://doi.org/10.1088/1361-6382/aadcb6
https://doi.org/10.1103/PhysRevD.80.064014
https://doi.org/10.1103/PhysRevD.80.064014
https://doi.org/10.1103/PhysRevD.98.045018
https://doi.org/10.1016/0550-3213(76)90537-X
https://doi.org/10.1016/0167-2789(81)90016-6
https://doi.org/10.1016/0375-9601(76)90784-2
https://doi.org/10.1016/0375-9601(76)90784-2
https://doi.org/10.1103/PhysRevLett.42.200
https://doi.org/10.1088/1402-4896/ab1184
https://doi.org/10.1142/S0217751X21500767
https://doi.org/10.1142/S0217751X21500767
https://doi.org/10.1103/PhysRevC.93.015202
https://doi.org/10.1103/PhysRevD.102.074020
https://doi.org/10.1103/PhysRevC.95.034903
https://doi.org/10.3390/sym12101668
https://doi.org/10.3390/sym12101668
https://doi.org/10.1103/PhysRevD.82.074020
https://doi.org/10.1103/PhysRevD.82.074020
https://doi.org/10.1103/PhysRevD.20.2610
https://doi.org/10.1103/PhysRevD.25.2667
https://doi.org/10.1016/S0370-2693(99)01242-3
https://doi.org/10.1016/S0370-2693(99)01242-3
https://doi.org/10.1103/PhysRevD.26.963
https://doi.org/10.1103/PhysRevD.26.963
https://doi.org/10.1016/0550-3213(82)90172-9
https://doi.org/10.1016/0550-3213(82)90172-9
https://doi.org/10.1103/PhysRevD.72.125006
https://doi.org/10.1103/PhysRevD.73.014019
https://doi.org/10.1103/PhysRevD.73.014019
https://doi.org/10.1140/epjc/s10052-006-0065-x
https://doi.org/10.1140/epjc/s10052-006-0065-x
https://doi.org/10.1103/PhysRevD.95.043527
https://arXiv.org/abs/2207.13716
https://doi.org/10.1103/PhysRevLett.87.182302
https://doi.org/10.1016/j.physletb.2005.03.079
https://doi.org/10.1016/j.physletb.2005.03.079
https://doi.org/10.1088/0264-9381/22/23/013
https://doi.org/10.1103/PhysRevD.15.2929
https://doi.org/10.1103/PhysRevD.16.1248
https://doi.org/10.1103/PhysRevD.16.1248
https://doi.org/10.1103/PhysRevD.21.3305
https://doi.org/10.1103/PhysRevD.87.014020
https://doi.org/10.1103/PhysRevD.87.014020
https://doi.org/10.1140/epjc/s10052-016-4059-z
https://doi.org/10.1140/epjc/s10052-016-4059-z
https://doi.org/10.1007/JHEP07(2012)056
https://doi.org/10.1103/PhysRevLett.103.232001
https://doi.org/10.1090/S0025-5718-1979-0521281-7
https://doi.org/10.1088/1126-6708/2005/02/033
https://doi.org/10.1063/1.1704233
https://doi.org/10.1063/1.1704233

