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Oscillons in the broken vacuum and global vortex annihilation
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In contrast to the complex ¢* model, vortex-antivortex collisions in the complex ¢° theory reveal a
resonant structure due to the existence of a remarkably stable, long-lived, large-amplitude oscillon in the
broken vacuum. Surprisingly, it persists despite the absence of a mass gap associated with the flat direction
in the broken vacuum. We demonstrate that its existence is related to a far-distance modification of the
potential, namely, the appearance of an unbroken (false or true) vacuum.
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I. MOTIVATION

Global strings [1,2] are hypothetical cosmic solitons that
are conjectured to play a distinguished role in the evolution
of the early Universe; e.g., they naturally appear in well-
motivated extensions of the Standard Model, where an
additional Peccei-Quinn U(1) symmetry is spontaneously
broken. Of course, a detailed understanding of the dynam-
ics of global strings is crucial for any application [3-9].
This especially concerns the realistic estimation of the relic
abundance of axions, i.e., one of the most promising dark
matter candidates [10,11].

A remarkable process in the evolution of the ensemble of
cosmic strings is the string-(anti)string collision, which, due
to possible annihilation, reduces the final number of the
strings, releasing their energy into radiation of dark matter
(and other) particles. Indeed, in models with the ¢*
potential, strings quickly annihilate, transferring all of the
energy to axionic radiation [3].

Such a direct annihilation of the axionic strings is closely
related to the nonexistence of any medium- or long-lived
intermediate states as, e.g., oscillons, in models with the
complex ¢* potential. Oscillons are nontopological, ulti-
mately unstable solitonlike excitations, which may have an
extremely long lifetime [12,13]; see also [14-20]. Although
still mysterious, their origin and properties can be related to
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Q balls [21], another class of nontopological solitons that
are stabilized by the conserved U(1) charge [22,23].

The nonexistence of oscillons in the complex ¢* theory
is not surprising. It agrees with the common expectation
that there are no oscillons in gapless theories, that is,
theories where there is no mass threshold in the small
perturbation problem [15]. The Mexican hat potential
possesses a flat direction, which leads to the appearance
of massless excitations, i.e., Goldstone modes. Any oscil-
lon, if generically perturbed, should immediately decay via
the emission of massless radiation."

The purpose of the current work is to investigate the
impact of the inclusion of higher-order self-interaction
terms on the outcome of the annihilation process and,
particularly, on the appearance of long-lived oscillons that
may change the overall budget of the produced radiation in
the axion sector (we neglect fermions). Importantly, the
generalizations considered here do not change the nature of
the broken vacuum. It still has an S' topology with a flat
direction and, as a consequence, a vanishing mass thresh-
old. What changes is the potential at a rather remote point
¢ = 0, where a local minimum or a new unbroken vacuum
can develop.

We will study this problem using a lower-dimensional
version of a decoupled axionic string, that is, global
vortices [26] in a theory with the ¢® potential. Although
this potential is not renormalizable, it is a low energy limit
of a renormalizable theory with an additional real-scalar
degree of freedom [22,27,28] and, therefore, still relevant in

'Oscillons in gapless models are known, but they exist in very
special fine-tuned theories; see [24,25].
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various cosmological setups; see, e.g., its application in the
erasure of vortices and monopoles [29,30].

We will show that, while the scattering of global vortices
in the ¢* theory is rather trivial, possessing only a direct
annihilation channel, the ¢° theory surprisingly exhibits a
very involved pattern of the vortex-antivortex (VAV)
collisions. This complexity is attributed to the unforeseen
emergence of long-lived “oscillons” within the ‘“broken
vacuum.”

II. GLOBAL VORTEX MODELS

We will consider the global vortices in (2 + 1) dimen-
sions defined by the following Lagrangian density:

1 N
£ =300~ V(¢

), (1)
where we assume a family of potentials [31]

VdD) = gy 2+ OPIIE =27 (@)

parametrized by v € [0, 00). The theory is invariant under
the U(1) global symmetry, ¢p — e'®¢, a € R. For all values
of v, the potential has a broken vacuum |¢| = v/2, with S!
topology. This provides the global vortices, which are
solutions of a static field equation arising from the ansatz

0= (e,

d? 1d 2
A L r-vin=0. @

and supplemented by topologically nontrivial boundary
conditions f(r = 0) =0, f(r = ) = /2. Here, we use
the usual polar coordinates r,0.n€Z is the winding
number (vorticity).

We will be mainly interested in the ¢°® potential (v = 0),
which has an additional pointlike unbroken vacuum at
¢ = 0. We will compare the results with the ¢* potential
(v = o), which has a local maximum at ¢ = 0. In Fig. 1,
we show the profile f of the unit charge vortices. The
vortices have infinite energy due to the large distance
logarithmic divergence, which cancels for VAV solutions.

As it was pointed out before, the broken vacuum has a
flat direction that leads to massless excitations along the
phase. This amounts to the existence of massless Goldstone
waves. In consequence, although the radial excitations are
still massive with m?, = 4, there is no mass gap in the two-
channel perturbation problem in the broken vacuum.
Hence, no oscillons are expected.

Obviously, the unbroken vacuum of the ¢° theory does
not have a flat direction. Thus, there is a mass threshold at
m2, = 1 and, also, oscillons.
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FIG. 1. Profiles of the unit charge vortices in the ¢* (blue curve)
and ¢° models (orange curve).

III. VORTEX-ANTIVORTEX COLLISIONS

Now, we investigate the head-on collision of the VAV
pair. In the initial state, the solitons are separated by
2d = 20 and boosted toward each other with initial velocity
vin €0, 0.95]. For numerical details, see Appendix A. Note
that the vortices have long-range tails and, therefore, the
initial state, even for relatively large separation, describes a
rather strongly perturbed VAV configuration, where the
vortices significantly attract each other. As a result,
particularities of the scattering depend on the initial
separation, see Appendix B.

The results for the ¢® model are shown in Fig. 2, upper
panel, where we present the time evolution of the energy
density at the origin as a function of v;,. We see the
characteristic chaotic resonant pattern in the final (actually,
long-lived intermediate) state formation where quick
annihilation scenarios occur with two, three, or more
bounces. After each collision, the vortices pass through
each other, Appendix C (blue regions with a few red lines).
We observe the formation of a long-lived, radially sym-
metric, oscillating structure, which corresponds to the
oscillon stage (red regions). See Fig. 3, where evolution
with v;, = 0 is shown. Of course, the energy divergence
implies that an infinitely separated vortex and antivortex
cannot exist in the final state.

Such a resonant structure is very well known in the
collisions of kinks [32-48], oscillons [49], QO balls [50], and
also local vortices [51-55]. It arises from the resonant
energy transfer mechanism generated by internal modes
hosted by scattered solitons [32-34] or by modes of
ephemeral excitations that appear as an intermediate stage
of evolution [50,56]. In the present work, this structure is
not a consequence of the global vortex modes (infinitely
many such modes, see Appendix D), but is instead due to
the oscillons.

It is instructive to compare this with VAV scatterings in
the ¢* model, where no resonant behavior or oscillon is
found. We only observe direct annihilation (after a few
bounces for very high v,); see Fig. 2, lower panel.
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FIG. 2. The VAV collision. Energy density at the origin as a
function of time for various values of the initial velocity vj,.
Upper: ¢® model. Lower: ¢* model.

To prove that an oscillon is formed, we analyze the field
at the origin. We clearly see that, after the initially
dramatic evolution, it quickly settles down to a remarkable
stable state where the field has only the real radially
symmetric component that performs radial breathinglike
oscillations; see Fig. 4, where we plot the real and

imaginary component of the field at the origin for
v, = 0. In fact, the real component does not oscillate
symmetrically around the broken vacuum. Additionally,
we also checked that the energy stored in the imaginary
part is quickly radiated, and this component of the field is
basically zero everywhere.

The frequency of the radial oscillations in Fig. 4 (upper
panel) is remarkably stable, @, = 1.863, which is, as
expected, below the mass threshold in the radial channel
of small excitations, my, = 2. It is also clearly visible that
the oscillon has some amplitude modulations, which arise
from the second (doubled) peak in the power spectrum
located at @y £ @poqs @moq = 0.132. There are also higher
harmonics. As proposed in [21], such a modulated large-
amplitude oscillon is a bound state of two unmodulated
oscillons.

However, it should be noted once again that this oscillon
lies in a broken vacuum that lacks a mass threshold due to
the existence of a massless Goldstone excitation along the
flat direction. Therefore, as one might expect, the oscillons
should not appear.

The resulting oscillon is a strong attractor in dynamics of
the complex ¢° theory, rather than a solution generated by
fine-tuned initial data. It is formed during extremely violent
processes where more than 80% of energy is radiated out;
see Fig. 5, the blue curve.

We found that the appearance of the large-amplitude
oscillon in the broken vacuum and, consequently, the
resonant structure in VAV collisions crucially depends
on the properties of the potential far away from this point.
It seems that the existence of a sufficiently deep (false or
true) unbroken vacuum at ¢ = 0 is a necessary condition.
This happens for v < 1, as can be seen in Fig. 6, where the
oscillon formation occurs until v = 0.75. For larger values
of v, we do not find any oscillons.

10

FIG. 3. Formation of a radially symmetric oscillon in the VAV collision in the ¢° model with v,, = 0 and 2d = 20.
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FIG. 4. The real (R) and imaginary () component of ¢ at the
origin in the VAV collision with v;, =0 and d = 20. Upper:
oscillon formation in the ¢ theory. Lower: absence of oscillon in
the complex ¢* theory.

IV. BROKEN VACUUM OSCILLON IN THE
COMPLEX ¢°® MODEL

We will show that the oscillon formed in the VAV
collisions is an embedded large-amplitude real ¢° oscillon,
which can be easily found in the real truncation of the ¢°
model starting from generic Gaussian initial data
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FIG.5. Evolution of the normalized energy enclosed in the disk
with radius R = d/2 for the VAV collision with v;, = 0 in the ¢°
(blue) and ¢* (green) models and for the perturbed Gaussian
initial data (orange).
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FIG. 6. The energy density at the origin for VAV collisions as a
function of time for various values of the parameter v in potential
(2). Here, vy, = 0.

Pt =0,r)=V2(1 — Ae"17"), (4)

Here, A and o denote the amplitude and width of the initial
pulse, respectively.

An approximate expression for oscillons in the real ¢°
model can be derived using the small-amplitude expansion
[57], see Appendix E. This is an unmodulated oscillon.
In our numerics, we find excited oscillons that possess
characteristic amplitude modulations.

In Fig. 7, we show the evolution of the field at the origin
generated from the Gaussian initial data (4) perturbed along
the imaginary direction. This is achieved by assuming a
nonzero time derivative of the field

2\/§r
o2

Vr

0,p(1=0,r) =3ie™" /" < 2v2 - A). (5)

6(2-A)

This form of the perturbation yields a vanishing U(1)
charge and therefore corresponds to the initial conditions
for the head-on VAV collisions. The field settles very
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FIG. 7. Embedded real ¢° (generated from the Gaussian data
with A =0.2 and ¢ =29) with a perturbation along the
imaginary component. The real and imaginary component of
¢ at the origin.
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FIG. 8. Power spectrum of the field at the origin: oscillon found
in the VAV collision with v;; = 0 and 2d = 20 (red line); the
embedded oscillon found from the perturbed Gaussian initial data
with A = 0.2 and 6 = 2.9 (blue dashed line).

quickly on the embedded real oscillon with the imaginary
component radiated out. The real component oscillates very
much as in the VAV case.

The similarity between the VAV oscillon and the
embedded modulated ¢° oscillon is particularly well visible
if we compare the power spectra, see Fig. 8. Within our
numerical accuracy, the fundamental frequency and the
frequency of the modulations are in both cases the same.
This fact reinforces the idea that the oscillon is a very strong
attractor in the evolution of the ¢°® model and, for this
reason, the field relaxes to it rapidly for a wide variety of
initial conditions. Furthermore, as is typical for oscillons,
the spectrum is Z, symmetric, i.e., invariant under ® — —a.

In contrast, the real ¢* oscillon [58] decays rapidly if it is
embedded in the complex version of the theory and
perturbed in an arbitrary way. The decay occurs mainly
via radiation in terms of massless Goldstone waves.

An oscillon also appears in the annihilation of local
vortices in the Abelian-Higgs model deep in the type-I
regime [59]. Note that, after the gauging, the model has a
nonzero mass threshold both in the matter and in the gauge
sector and therefore its existence is expected.

V. CONCLUSIONS

In the present work, we have found that the addition of a
higher-order nonlinear self-interaction term leads to an
amazingly complicated pattern in the annihilation process
of global vortices, as it was proved for a one-parametric
family of the ¢° theories. This effect is a consequence of the
surprising existence of an oscillon in the broken vacuum,
where, due to the flat direction and lack of the mass
threshold, no oscillons were expected.

Even more surprisingly, the existence of the broken
vacuum oscillon is strongly related to the behavior of
the potential far away from the broken vacuum around
which this nonperturbative excitation oscillates. Precisely

speaking, a sufficiently deep isolated local minimum, i.e.,
a “false vacuum” (e.g., at ¢ = 0), seems to be a necessary
condition. This structure of the vacua is a common feature
of the Standard Model extensions [60-63].

The existence or not of the long-lived oscillons in global
vortex models has a huge impact on the long-time evolution
of a multi-VAV ensemble, which is expected to appear
during a phase transition. It is clear that in the ¢° model
such a system will be dominated by oscillons, whereas in
the ¢* theory all the localized structures will annihilate into
radiation. This may have an important consequence for the
evolution of axionic strings and the medium- and even
large-time abundance of dark matter axions. Note that the
oscillons can probably also arise from the decay of the
global string loops.

The fate of the broken vacuum oscillons after quantiza-
tion is an open problem. However, despite previous work
[64], recently it has been shown that quantum oscillons do
exist [65]. Hence, they can potentially exist in higher-order
operator extensions of the usual Mexican hat potential.

Looking from a wider perspective, our research shows
that nonperturbative properties of the theory (potential) far
away from the broken vacuum where we live can signifi-
cantly modify the particle content and dynamics in our
Universe. Therefore, it would be very interesting to under-
stand how higher-order interaction terms modify dynamics
of other solitons based on the broken vacuum, e.g., local
vortices or monopoles.
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APPENDIX A: NUMERICAL SETUP

For the numerical integration, we used two different
methods, a finite-difference scheme and a fourth-order
Yoshida symplectic integrator [66], discretizing the field
equation in a box Q = [-L, L] x [-L, L]. Additionally, we
used fourth-order Mur boundary conditions as well as a
damping term to ensure that the radiation emitted during
the vortex/antivortex scattering does not propagate back to
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the center of the simulation box. Hence, the field equation
becomes

otp + 1 (x.y)o = V2~ 2L

P (A1)

Furthermore, in order to check numerical accuracy, we tried
two different dampings,

<2%)4, if max(|x[,[y]) > Lyamp-

}/(x’y> — L_ldz\mp
0, if max(|x[,[]) < lyamp-
(A2)
and
K(x,y), if max(|x[,[y]) > lsamp,
r(x,y) = . P (A3)
0, if max([x],[y]) < lgamp

being K(x,y)=1—(1—e *L)*)(1—¢a0-L)?) see [52].
In both cases, the damping term is nonzero only near the
boundaries of the simulation box.

For the finite-difference case, the field equation was
discretized using a fourth-order finite-difference scheme in
space and a second-order finite-difference scheme in time
so that the field equation can be written as

¢n+1 + ¢:z’j—1 _ 2¢;1J N (x )¢n+1
dr? PRI
_ i 2} + 4¢1 L 5¢71 4¢1+l STl ¢11+221
B dx2
" 4 S5¢" n.
+ _ ¢112 + ¢13] r_ ¢!] l/+1 _ ¢zi_724r1 B 2 aVG
2 —
dy 9Py ;

where the indices 7, j label the spatial grid points and n
labels the time step. At each time step, we compute the
value of ¢"+1 at every grid point.

The results presented in this article have been obtained
using a spatial grid spacing dx = dy = 0.1 and time
step dr = 0.01. Additionally, we chose [g,y, such that
the damping only affects the 10% of the boundary.
Nevertheless, we also checked for different steps and
spacings with no significant changes in the results.

As initial conditions for a colliding VAV pair separated
by a distance d, we use the Abrikosov ansatz,

Y)p-(r(x=d).y),  (A4)

$(x.y.0) = %m(y(x +d).

— L (rxmvdt+d) ) p_(y(xt vdi—d) ),

¢(x.y,dt) 7

(AS)

with v being the initial velocity.

Within the highly relativistic regime, v;, > 0.85, the
lattice resolution could be insufficient. Nevertheless, we
expect that, qualitatively, the results will not change.

APPENDIX B: OSCILLON FROM THE VAV PAIR

The VAV configuration (A4), (AS)can be treated as a
family of initial profiles parametrized by the parameter d.
Depending on its value, we have a more or less separated
VAV npair, that is, an initial pulse with larger or smaller
energy, depending on whether d grows or decreases.

In Fig. 9, we show the resulting time evolution of the
energy density at the origin for different values of the initial
velocity for small 2d = 15 and large separation 2d = 40.
In both cases, regimes with the creation of oscillons (red
regions) are clearly visible. Again, they are chaotically
separated by bounce windows that end up in an oscillon or
in annihilation to the vacuum.

Importantly, for a large set of the values of the initial
parameters (d or v;,), we basically find the same modulated

120 10t
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-~ 60
40 107!
20 £
0 1072
10!
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107!
1072

FIG. 9. Energy density at the origin as a function of time for
various values of the initial velocity v;, for initial separation
2d = 15 (upper) and 2d = 40 (lower).
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oscillon with the same w, and @,,,q, Which shows that this
solution is an extraordinarily strong attractor in the dynam-
ics of the complex ¢° model.

Another observation is that once the energy stored in the
initial configuration decreases below a critical value we do
not find the oscillon. On the one hand, such initial data have
too little energy to find the large-amplitude modulated
oscillon. On the other hand, it shows that small oscillons do
not exist in the complex ¢° extension.

APPENDIX C: BOUNCE WINDOWS

Here, we show that in bounce windows, where the
vortices are temporary recreated after the collision, they
interchange their positions. Thus, we observe passing
through scatterings rather than backscattering. To illustrate
this, we plot the phase of the complex field in the plane
in Fig. 10.

It is clearly visible that initially we have the antivortex on
the right-hand side and the vortex on the left-hand side.
After the first collision, the vortices go through each other.
The same happens after the second collision. The third
collision ends up in a direct annihilation.

The passing through scenario is a feature of both ¢* and
¢° models. This is in agreement with the VAV scatterings in
the Abelian Higgs model with the large value of the
coupling constant 4. Here, for sufficiently high velocities,
the vortices do not annihilate, but pass through each
other [51].

t=14.8 Arg(¢)

20 -10 0 10 20 -20 -10 0 10 20

FIG. 10. Phase of the field of a three bounce solution in the
VAV collision in the ¢* model before the first collision (¢ = 0.2),
after the first collision (r = 14.8, 51.4), and after the second
collision (t = 145.8). The third collision ends up in a direct
annihilation. Here, 2d = 20 and v;, = 0.95.

APPENDIX D: MODES OF THE
GLOBAL ¢° VORTEX

The structure of the modes of the unit charge ¢° vortex is
qualitatively very similar to the case of the ¢* theory [67].
Let us consider the simplest radial perturbation of the unit
charge ¢°® vortex

d(r,0) = f(r)e? + n(r)e cos wt, (D1)
where 7 is a small perturbation. After inserting it into the

equation of motion and keeping only the linear terms in 7,
we arrive at the following eigenvalue problem:

1d dn r 15, " o,
rdr(rdr)+<r2+4f 6f—|—1>77—(ur], (DZ)

where the 1/r? core in the Schrodinger potential comes
from the nonzero winding number, and w is the frequency
of the eigenmode. Introducing a new function y, such that
w = +/rn, we can rewrite the equation as a one-dimensional
Schrodinger problem

2

v
—a2 T Ve = 0y, (D3)
where the effective potential
3 15
Veff(f)=_2+—f4—6f2+1- (D4)
4r 4

The asymptotic behavior of the vortex profile for r — oo is

2
1) -vi-Liory. 03)
Hence, the potential in the spectral problem has the
following asymptotic form:

33
Veff(r) =4 - m + 0(1"_2).

(Do)
The appearance of a long-range r~2 tail in the spectral
problem potential results in infinitely many bound states
accumulating at the mass threshold [67].

We found the five lowest modes. They have frequencies
o, = 0.535, w, =1.696, w; =1.978, w, = 1.998, and
ws = 1.999, which do not correspond to the fundamental
frequency of the oscillon.

Importantly, during collisions, we do not observe sig-
nificant excitation of these modes. In particular, between
the first and second bounce, in two-bounce collisions, we
did not measure frequencies, which would correspond to
the internal oscillations of the single vortex. Thus, the
resonant structure is certainly not triggered by these modes
but, as claimed in the paper, by the oscillon.
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We should remember that, contrary to the modes of local
vortices [68—71], the modes of global vortices are Feshbach
resonances [72]. These are modes in a multichannel
spectral problem, where each channel has a different mass
threshold. Then, the mode can be a bound mode in one
channel (with the frequency w below the mass threshold),
whereas, in another channel, it can have an unbounded
scatteringlike component (@ is above the mass threshold of
this channel). Here, the second channel is the phase of the
complex field, where there is no mass threshold at all.

The half-bound excitation is known to be quite stable,
with a slow decay into the radiative component. Hence, such
a resonance may have a rather significant impact on the
dynamics of solitons, see, e.g., [73,51]. Interestingly, they
are the modes of the Bogomol’nyi-Prasad-Sommerfeld
‘t Hooft-Polyakov monopole [74,75].

APPENDIX E: SMALL OSCILLONS IN THE
REAL ¢° MODEL

A small-amplitude symmetric oscillon in the ¢ =0
vacuum in the ¢°® model has been found in [76].
Repeating this procedure [57], the first-order approxima-
tion to the asymmetric oscillon in the ¢ = v/2 vacuum

reads
D(t,r) = \/E+2\;ES(2F) cos(\/4—€2t), (El)
where the profile function S(r) obeys
d*s(r) 1dS(r) 3
- - - E2
a2 i ar S+ =0 (E2)

and A = 6. € is the expansion parameter, which is assumed
to be small. The numerical solution of the master
equation (E2) is presented in [57]. In particular,
S(0) = 2.206.

If we apply this approximation to the frequency of the
Feshbach oscillon, we find € = \/4 — @j ~ 0.786. This
allows us to compute the amplitude of the oscillations
A® =~ 40.35. This crudely agrees with the amplitude at the
minimum of the modulations. At maximum, the observed
amplitude is much larger. Of course, the small-amplitude
approximation does not capture the amplitude modulations
at all.

[1] M. B. Hindmarsh and T. W. B. Kibble, Cosmic strings, Rep.
Prog. Phys. 58, 477 (1995).

[2] A. Vilenkin and E.P.S. Shellard, Cosmic Strings and
Other Topological Defects (Cambridge University Press,
Cambridge, England, 2000).

[3] E.P.S. Shellard, Cosmic string interactions, Nucl. Phys.
B283, 624 (1987).

[4] Masahide Yamaguchi, M. Kawasaki, and Jun’ichi
Yokoyama, Evolution of axionic strings and spectrum of
axions radiated from them, Phys. Rev. Lett. 82, 4578 (1999).

[5] Masahiro Kawasaki, Toyokazu Sekiguchi, Masahide
Yamaguchi, and Jun’ichi Yokoyama, Long-term dynamics
of cosmological axion strings, Prog. Theor. Exp. Phys.
2018, 091E01 (2018).

[6] Mark Hindmarsh, Joanes Lizarraga, Asier Lopez-Eiguren,
and Jon Urrestilla, Scaling density of axion strings, Phys.
Rev. Lett. 124, 021301 (2020).

[7] Marco Gorghetto, Edward Hardy, and Giovanni Villadoro,
More axions from strings, SciPost Phys. 10, 050 (2021).

[8] Mark Hindmarsh, Joanes Lizarraga, Asier Lopez-Eiguren,
and Jon Urrestilla, Approach to scaling in axion string
networks, Phys. Rev. D 103, 103534 (2021).

[9] Jose J. Blanco-Pillado, Daniel Jiménez-Aguilar, Jose M.
Queiruga, and Jon Urrestilla, Parametric resonances in
axionic cosmic strings, J. Cosmol. Astropart. Phys. 04
(2023) 043.

[10] John Preskill, Mark B. Wise, and Frank Wilczek, Cosmol-
ogy of the invisible axion, Phys. Lett. 120B, 127 (1983).

[11] L. F. Abbott and P. Sikivie, A cosmological bound on the
invisible axion, Phys. Lett. 120B, 133 (1983).

[12] I. L. Bogolyubsky and V.G. Makhankov, On the pulsed
soliton lifetime in two classical relativistic theory models,
JETP Lett. 24, 12 (1976).

[13] Marcelo Gleiser, Pseudostable bubbles, Phys. Rev. D 49,
2978 (1994).

[14] Mustafa A. Amin and David Shirokoff, Flat-top oscillons in
an expanding universe, Phys. Rev. D 81, 085045 (2010).

[15] Mustafa A. Amin, Richard Easther, Hal Finkel, Raphael
Flauger, and Mark P. Hertzberg, Oscillons after inflation,
Phys. Rev. Lett. 108, 241302 (2012).

[16] Hong-Yi Zhang, Mustafa A. Amin, Edmund J. Copeland,
Paul M. Saffin, and Kaloian D. Lozanov, Classical decay
rates of oscillons, J. Cosmol. Astropart. Phys. 07 (2020)
055.

[17] Jan Olle, Oriol Pujolas, and Fabrizio Rompineve, Recipes
for oscillon longevity, J. Cosmol. Astropart. Phys. 09 (2021)
015.

[18] Fabio van Dissel, Oriol Pujolas, and Evangelos 1.
Sfakianakis, Oscillon spectroscopy, J. High Energy Phys.
07 (2023) 194.

[19] Siyao Li, Masahide Yamaguchi, and Ying-li Zhang, Decay
and lifetime of oscillons coupled to an external scalar field:
Insights from instability band analysis, J. Cosmol. Astro-
part. Phys. 12 (2025) 028.

[20] Shuang-Yong Zhou, Non-topological solitons, and quasi-
solitons, Rep. Prog. Phys. 88, 046901 (2025).

065023-8


https://doi.org/10.1088/0034-4885/58/5/001
https://doi.org/10.1088/0034-4885/58/5/001
https://doi.org/10.1016/0550-3213(87)90290-2
https://doi.org/10.1016/0550-3213(87)90290-2
https://doi.org/10.1103/PhysRevLett.82.4578
https://doi.org/10.1093/ptep/pty098
https://doi.org/10.1093/ptep/pty098
https://doi.org/10.1103/PhysRevLett.124.021301
https://doi.org/10.1103/PhysRevLett.124.021301
https://doi.org/10.21468/SciPostPhys.10.2.050
https://doi.org/10.1103/PhysRevD.103.103534
https://doi.org/10.1088/1475-7516/2023/04/043
https://doi.org/10.1088/1475-7516/2023/04/043
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1103/PhysRevD.49.2978
https://doi.org/10.1103/PhysRevD.49.2978
https://doi.org/10.1103/PhysRevD.81.085045
https://doi.org/10.1103/PhysRevLett.108.241302
https://doi.org/10.1088/1475-7516/2020/07/055
https://doi.org/10.1088/1475-7516/2020/07/055
https://doi.org/10.1088/1475-7516/2021/09/015
https://doi.org/10.1088/1475-7516/2021/09/015
https://doi.org/10.1007/JHEP07(2023)194
https://doi.org/10.1007/JHEP07(2023)194
https://doi.org/10.1088/1475-7516/2025/12/028
https://doi.org/10.1088/1475-7516/2025/12/028
https://doi.org/10.1088/1361-6633/adc69e

OSCILLONS IN THE BROKEN VACUUM AND GLOBAL VORTEX ...

PHYS. REV. D 114, 065023 (2026)

[21] F. Blaschke, T. Romanczukiewicz, K. Stawinska, and A.
Wereszczyfiski, Oscillons from Q-balls through renormal-
ization, Phys. Rev. Lett. 134, 081601 (2025).

[22] R. Friedberg, T. D. Lee, and A. Sirlin, A class of scalar-field
soliton solutions in three space dimensions, Phys. Rev. D
13, 2739 (1976).

[23] Sidney R. Coleman, Q-balls, Nucl. Phys. B262, 263 (1985);
Q-balls, B269, 744(E) (1986).

[24] P. Dorey, T. Romanczukiewicz, Y. Shnir, and A.
Wereszczynski, Oscillons in gapless theories, Phys. Rev.
D 109, 085017 (2024).

[25] Fabio van Dissel and Oriol Pujolas, Soft oscillons, J. High
Energy Phys. 08 (2025) 123.

[26] Nicholas Manton and Paul Sutcliffe, Topological solitons
(Cambridge University Press, Cambridge, England, 2004).

[27] G.R. Dvali and Mikhail A. Shifman, Domain walls in
strongly coupled theories, Phys. Lett. B 396, 64 (1997); 407,
452(E) (1997).

[28] Gia Dvali and Alexander Vilenkin, Solitonic D-branes and
brane annihilation, Phys. Rev. D 67, 046002 (2003).

[29] Gia Dvali and Juan Sebastidan Valbuena-Bermudez, Erasure
of strings and vortices, Phys. Rev. D 107, 035001 (2023).

[30] Maximilian Bachmaier, Gia Dvali, and Juan Sebastian
Valbuena-Bermudez, Radiation emission during the erasure
of magnetic monopoles, Phys. Rev. D 108, 103501 (2023).

[31] N. H. Christ and T. D. Lee, Quantum expansion of soliton
solutions, Phys. Rev. D 12, 1606 (1975).

[32] T. Sugiyama, Kink-Antikink collisions in the two-dimen-
sional ¢* model, Prog. Theor. Phys. 61, 1550 (1979).

[33] David K. Campbell, Jonathan F. Schonfeld, and Charles A.
Wingate, Resonance structure in kink-antikink interactions
in ¢* theory, Physica D (Amsterdam) 9, 1 (1983).

[34] N.S. Manton, K. Oles, T. Romanczukiewicz, and A.
Wereszczynski, Collective coordinate model of kink-
antikink collisions in ¢* theory, Phys. Rev. Lett. 127,
071601 (2021).

[35] Roy H. Goodman and Richard Haberman, Chaotic scatter-
ing and the n-bounce resonance in solitary-wave inter-
actions, Phys. Rev. Lett. 98, 104103 (2007).

[36] I. Takyi and H. Weigel, Collective coordinates in one-
dimensional soliton models revisited, Phys. Rev. D 94,
085008 (2016).

[37] Ivan C. Christov, Robert J. Decker, A. Demirkaya, Vakhid
A. Gani, P.G. Kevrekidis, Avinash Khare, and Avadh
Saxena, Kink-kink and kink-antikink interactions with
long-range tails, Phys. Rev. Lett. 122, 171601 (2019).

[38] A. Alonso Izquierdo, L. M. Nieto, and J. Queiroga-Nunes,
Scattering between wobbling kinks, Phys. Rev. D 103,
045003 (2021).

[39] Patrick Dorey and Tomasz Romanczukiewicz, Resonant
kink-antikink scattering through quasinormal modes, Phys.
Lett. B 779, 117 (2018).

[40] Filip Blaschke, Ondrej Nicolas KarpiSek, and Lukas Rafaj,
Mechanization of a scalar field theory in 1 + 1 dimensions:
Bogomol’nyi-Prasad-Sommerfeld mechanical kinks and
their scattering, Phys. Rev. E 108, 044203 (2023).

[41] Dionisio Bazeia, Jodo G.F. Campos, and Azadeh
Mohammadi, Resonance mediated by fermions in kink-
antikink collisions, J. High Energy Phys. 12 (2022) 085.

[42] Mainak Mukhopadhyay and Tanmay Vachaspati, Reso-
nance structures in kink-antikink scattering in a quantum
vacuum, Phys. Rev. D 107, 116017 (2023).

[43] Aliakbar Moradi Marjaneh, Azam Ghaani, and Kurosh
Javidan, Kink scattering in deformed @6 model, Phys.
Rev. E 110, 064205 (2024).

[44] F.M. Hahne and P. Klimas, Kink-antikink collisions in
hyper-massive models, J. High Energy Phys. 10 (2024) 162.

[45] Carlos E.S. Santos, Jodo G.F. Campos, and Azadeh
Mohammadi, On the localized and delocalized modes in
kink-antikink interactions: A toy model, J. High Energy
Phys. 01 (2025) 035.

[46] Ondrej Nicolas KarpiSek, Lukas Rafaj, and Filip Blaschke,
Scattering of kinks in coreless potentials, Prog. Theor. Exp.
Phys. 2024, 113A01 (2024).

[47] S. Navarro-Obregén and J. M. Queiruga, Perturbed non-
linear dynamics and decay of sphalerons on circles, Physica
D (Amsterdam) 481, 134805 (2025).

[48] Lukas Rafaj, Ondrej Nicolas Karpisek, and Filip Blaschke,
Scattering of kinks in Frankensteinian potentials: Kinks as
bubbles of exotic mass and phase transitions in oscillon
production, arXiv:2603.04101.

[49] F. Blaschke, T. Romanczukiewicz, K. Stawinska, and A.
Wereszczyfiski, Amplitude modulations and resonant decay
of excited oscillons, Phys. Rev. E 110, 014203 (2024).

[50] D. Canillas Martinez, P. Dorey, T. Romanczukiewicz, Paul
M. Saffin, K. Slawinska, and A. Wereszczynski, Oscillons
and bubbles in Q-ball dynamics, J. High Energy Phys. 12
(2025) 154.

[51] M. Bachmaier and A. Wereszczynski, Resonance phenom-
ena in vortex-antivortex collisions, Phys. Lett. B 875,
140324 (2026).

[52] Steffen Krusch, Morgan Rees, and Thomas Winyard,
Scattering of vortices with excited normal modes, Phys.
Rev. D 110, 056050 (2024).

[53] A. Alonso Izquierdo, N.S. Manton, J. Mateos Guilarte,
and A. Wereszczynski, Collective coordinate models for
2-vortex shape mode dynamics, Phys. Rev. D 110, 085006
(2024).

[54] A. Alonso-Izquierdo, N.S. Manton, J. Mateos Guilarte,
M. Rees, and A. Wereszczynski, Dynamics of excited BPS
3-vortices, Phys. Rev. D 111, 105021 (2025).

[55] A. Alonso Izquierdo, M. Bachmaier, and A. Wereszczynski,
From BPS geodesics to mode-driven dynamics in the
scattering of multiple BPS vortices, Phys. Rev. D 114,
015015 (2026).

[56] C. Adam, D. Ciurla, K. Oles, T. Romanczukiewicz, and A.
Wereszczynski, Sphalerons and resonance phenomenon in
kink-antikink collisions, Phys. Rev. D 104, 105022 (2021).

[57] Gyula Fodor, Peter Forgacs, Zalan Horvath, and Arpad
Lukacs, Small amplitude quasi-breathers, and oscillons,
Phys. Rev. D 78, 025003 (2008).

[58] Petja Salmi and Mark Hindmarsh, Radiation and relaxation
of oscillons, Phys. Rev. D 85, 085033 (2012).

[59] Marcelo Gleiser and Joel Thorarinson, A phase transition in
U(1) configuration space: Oscillons as remnants of vortex-
antivortex annihilation, Phys. Rev. D 76, 041701(R) (2007).

[60] J.R. Espinosa and M. Quiros, The electroweak phase
transition with a singlet, Phys. Lett. B 305, 98 (1993).

065023-9


https://doi.org/10.1103/PhysRevLett.134.081601
https://doi.org/10.1103/PhysRevD.13.2739
https://doi.org/10.1103/PhysRevD.13.2739
https://doi.org/10.1016/0550-3213(85)90286-X
https://doi.org/10.1016/0550-3213(86)90520-1
https://doi.org/10.1103/PhysRevD.109.085017
https://doi.org/10.1103/PhysRevD.109.085017
https://doi.org/10.1007/JHEP08(2025)123
https://doi.org/10.1007/JHEP08(2025)123
https://doi.org/10.1016/S0370-2693(97)00131-7
https://doi.org/10.1016/S0370-2693(97)00808-3
https://doi.org/10.1016/S0370-2693(97)00808-3
https://doi.org/10.1103/PhysRevD.67.046002
https://doi.org/10.1103/PhysRevD.107.035001
https://doi.org/10.1103/PhysRevD.108.103501
https://doi.org/10.1103/PhysRevD.12.1606
https://doi.org/10.1143/PTP.61.1550
https://doi.org/10.1016/0167-2789(83)90289-0
https://doi.org/10.1103/PhysRevLett.127.071601
https://doi.org/10.1103/PhysRevLett.127.071601
https://doi.org/10.1103/PhysRevLett.98.104103
https://doi.org/10.1103/PhysRevD.94.085008
https://doi.org/10.1103/PhysRevD.94.085008
https://doi.org/10.1103/PhysRevLett.122.171601
https://doi.org/10.1103/PhysRevD.103.045003
https://doi.org/10.1103/PhysRevD.103.045003
https://doi.org/10.1016/j.physletb.2018.02.003
https://doi.org/10.1016/j.physletb.2018.02.003
https://doi.org/10.1103/PhysRevE.108.044203
https://doi.org/10.1007/JHEP12(2022)085
https://doi.org/10.1103/PhysRevD.107.116017
https://doi.org/10.1103/PhysRevE.110.064205
https://doi.org/10.1103/PhysRevE.110.064205
https://doi.org/10.1007/JHEP10(2024)162
https://doi.org/10.1007/JHEP01(2025)035
https://doi.org/10.1007/JHEP01(2025)035
https://doi.org/10.1093/ptep/ptae151
https://doi.org/10.1093/ptep/ptae151
https://doi.org/10.1016/j.physd.2025.134805
https://doi.org/10.1016/j.physd.2025.134805
https://arXiv.org/abs/2603.04101
https://doi.org/10.1103/PhysRevE.110.014203
https://doi.org/10.1007/JHEP12(2025)154
https://doi.org/10.1007/JHEP12(2025)154
https://doi.org/10.1016/j.physletb.2026.140324
https://doi.org/10.1016/j.physletb.2026.140324
https://doi.org/10.1103/PhysRevD.110.056050
https://doi.org/10.1103/PhysRevD.110.056050
https://doi.org/10.1103/PhysRevD.110.085006
https://doi.org/10.1103/PhysRevD.110.085006
https://doi.org/10.1103/PhysRevD.111.105021
https://doi.org/10.1103/rpzh-fx62
https://doi.org/10.1103/rpzh-fx62
https://doi.org/10.1103/PhysRevD.104.105022
https://doi.org/10.1103/PhysRevD.78.025003
https://doi.org/10.1103/PhysRevD.85.085033
https://doi.org/10.1103/PhysRevD.76.041701
https://doi.org/10.1016/0370-2693(93)91111-Y

D. CANILLAS MARTINEZ et al.

PHYS. REV. D 114, 065023 (2026)

[61] Stefano Profumo, Michael J. Ramsey-Musolf, and Gabe
Shaughnessy, Singlet Higgs phenomenology and the
electroweak phase transition, J. High Energy Phys. 08
(2007) 010.

[62] Gowri Kurup and Maxim Perelstein, Dynamics of electro-
weak phase transition in singlet-scalar extension of the
standard model, Phys. Rev. D 96, 015036 (2017).

[63] Marek Lewicki, Marco Merchand, and Mateusz Zych,
Electroweak bubble wall expansion: Gravitational waves
and baryogenesis in standard model-like thermal plasma,
J. High Energy Phys. 02 (2022) 017.

[64] Mark P. Hertzberg, Quantum radiation of oscillons, Phys.
Rev. D 82, 045022 (2010).

[65] Jarah Evslin, Katarzyna Slawinska, Tomasz
Romarnczukiewicz, and Andrzej Wereszczynski, Quantum
oscillons are long-lived, arXiv:2512.17193.

[66] H. Yoshida, Construction of higher order symplectic inte-
grators, Phys. Lett. A 150, 262 (1990).

[67] Jose J. Blanco-Pillado, Daniel Jiménez-Aguilar, Jose M.
Queiruga, and Jon Urrestilla, Internal excitations of global
vortices, J. Cosmol. Astropart. Phys. 10 (2021) 047.

[68] Michael Goodband and Mark Hindmarsh, Bound states and
instabilities of vortices, Phys. Rev. D 52, 4621 (1995).

[69] A. Alonso-Izquierdo, W. Garcia Fuertes, and J. Mateos
Guilarte, A note on BPS vortex bound states, Phys. Lett. B
753, 29 (2016).

[70] A. Alonso-Izquierdo and D. Miguelez-Caballero,
Dissecting normal modes of vibration on vortices in
Ginzburg-Landau superconductors, Phys. Rev. D 110,
125026 (2024).

[71] Nora Gavrea, Derek Harland, and Martin Speight, Shape
modes of CP! vortices, arXiv:2603.21343.

[72] Herman Feshbach, Unified theory of nuclear reactions,
Ann. Phys. (N.Y.) 5, 357 (1958).

[73] Alberto Garcia Martin-Caro, Jose Queiruga, and Andrzej
Wereszczynski, Feshbach resonances and dynamics of BPS
solitons, Phys. Rev. D 111, 096002 (2025).

[74] Peter Forgacs and Mikhail S. Volkov, Resonant excitations
of the ’t Hooft-Polyakov monopole, Phys. Rev. Lett. 92,
151802 (2004).

[75] Katie M Russell and Bernd J Schroers, On resonances and
bound states of the 't Hooft-Polyakov monopole, Phys. Rev.
D 83, 065004 (2011).

[76] Gyula Fodor, Peter Forgacs, Zalan Horvath, and Mark
Mezei, Radiation of scalar oscillons in 2 and 3 dimensions,
Phys. Lett. B 674, 319 (2009).

065023-10


https://doi.org/10.1088/1126-6708/2007/08/010
https://doi.org/10.1088/1126-6708/2007/08/010
https://doi.org/10.1103/PhysRevD.96.015036
https://doi.org/10.1007/JHEP02(2022)017
https://doi.org/10.1103/PhysRevD.82.045022
https://doi.org/10.1103/PhysRevD.82.045022
https://arXiv.org/abs/2512.17193
https://doi.org/10.1016/0375-9601(90)90092-3
https://doi.org/10.1088/1475-7516/2021/10/047
https://doi.org/10.1103/PhysRevD.52.4621
https://doi.org/10.1016/j.physletb.2015.11.070
https://doi.org/10.1016/j.physletb.2015.11.070
https://doi.org/10.1103/PhysRevD.110.125026
https://doi.org/10.1103/PhysRevD.110.125026
https://arXiv.org/abs/2603.21343
https://doi.org/10.1016/0003-4916(58)90007-1
https://doi.org/10.1103/PhysRevD.111.096002
https://doi.org/10.1103/PhysRevLett.92.151802
https://doi.org/10.1103/PhysRevLett.92.151802
https://doi.org/10.1103/PhysRevD.83.065004
https://doi.org/10.1103/PhysRevD.83.065004
https://doi.org/10.1016/j.physletb.2009.03.054

	Oscillons in the broken vacuum and global vortex annihilation
	I. MOTIVATION
	II. GLOBAL VORTEX MODELS
	III. VORTEX-ANTIVORTEX COLLISIONS
	IV. BROKEN VACUUM OSCILLON IN THE COMPLEX ϕ6 MODEL
	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: NUMERICAL SETUP
	APPENDIX B: OSCILLON FROM THE VAV PAIR
	APPENDIX C: BOUNCE WINDOWS
	APPENDIX D: MODES OF THE GLOBAL ϕ6 VORTEX
	APPENDIX E: SMALL OSCILLONS IN THE REAL ϕ6 MODEL
	References


