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Abstract
We investigate numerically kink collisions in a 1 + 1 dimensional scalar field theory with multiple vacua.
The domain wall model we are interested in involves two scalar fields and a potential term built from an
asymmetric double well and (double) sine-Gordon potential together with an interaction term. Depending
on the initial kink setup and impact velocities, the model allows for a wide range of scattering behaviours.

Kinks can repel each other, annihilate, form true or false domain walls and reflect off each other.
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I. INTRODUCTION

Scattering of kink solutions in 1 + 1 dimensional field theories revealed a rich phenomenology.
Depending on the impact velocity, very different scattering outcomes can be observed in kink-
antikink collisions in ¢* [IH3] and ¢® [6, [7] models. There exist “windows” or velocity ranges
for which kink and antikink collide, reflect, recede to a finite separation, then return to collide
again before they escape to infinity. Such a velocity regime is called a two-bounce window, la-
beled by the number of reflections — the bounce number. Windows of higher bounce numbers
have been studied in the past. There also exist velocities for which the kink and antikink pair cap-
ture each other and form a long-lived, oscillatory bound state (an oscillon) which can persist for
thousands of oscillations before decaying to the vacuum. Numerical and analytical studies [2} 3]
of kink-antikink collisions in ¢* models showed that reflection and annhilation alternate result-
ing in a nested structure of “resonance windows”. Furthermore, novel types of interactions have
been found when studying multi-kink scattering in the presence potential wells and barriers [8] or

recently in the presence of boundaries [9, [10].

In this article, we are particularly interested in the dynamics of kink solutions in a model with
two scalar fields [[11]]. The 1+ 1 dimensional model recently introduced in Ref. [11] admits solitons
which interpolate between discrete vacua of different energy. The minima of lowest energy are
called true vacua and the minima of higher energy are identified with false vacua. Domain walls
connecting different vacua, true or false, are known to be important in cosmology, where they
have been discussed as a candidate to explain the dark energy of the Universe without recourse
to a non-vanishing cosmological constant [[12H15]]. For a detailed discussion of the cosmological
consequences of domain walls and other topological defects we refer the interested reader to the

review article [16].

When several such domain walls are present, domain wall collisions may occur. Domain wall
collisions in a single-field scalar theory with an asymmetric double well potential and hence with
vacua of different energies have for example been explored in Refs. [17H19]. When kink and
antikink are evolved in this model, they attract and undergo multiple collisions [17] radiating
away their energy. Ultimately, the kink-antikink pair decays to the true vacuum by radiation. Note
that this scattering behaviour differs from the one observed in a symmetric double well. In this
case, for suitably chosen initial velocities, the kinks are able to escape to infinity after colliding

with each other.



The domain wall model [11]] we are interested in is more complicated and allows for a wider
range of scattering behaviours since it involves two scalar fields and a potential term built from
an asymmetric double well and sine-Gordon potential together with an interaction term. The in-
clusion of a sine-Gordon potential is particularly interesting because sine-Gordon kinks can be
experimentally observed in a wide range of condensed matter systems. Examples include mag-
netic flux quanta in Josephson junctions of two superconductors [20, 21]], domain walls in two-
component Bose-Finstein condensates [22] and in two-band superconductors [23, 24], magnetic
bubbles in ferromagnets [25]], defects in superfluid Helium-3 [26], soliton excitations within DNA
chains [27H31]], ideal switches for weak signal detection [32] and thermodynamic excitations in
classical statistical mechanics [33]. Domain wall formation and their decay have also been studied
during chiral phase transition in QCD-like theories [34]. For a detailed discussion of topological
solitons in dense QCD and their phenomenological implications, we refer the interested reader to
the review article [|35]] and references therein.

Here, double-sine-Gordon systems [36, 37] — sine-Gordon models generalised by adding a
harmonic term to the ordinary sine-Gordon potential — are of particular interest in physical appli-
cations. For example, soliton creation in the A phase of superfluid Helium-3 can be modelled as
domain wall formation in the sine-Gordon model, whereas the dynamics in the B phase is gov-
erned by a double-sine-Gordon equation [38, [39]]. Double sine-Gordon equations also emerge in
the study of spin excitations in ferromagnetic chains [40] and can help to explain self-induced
transparency in dielectrics [41]]. Double sine-Gordon models have been used to simulate phase
transitions in K,SeO, and (NH,),BeF, crystals [42, 43]], to describe domain wall formation in fer-
roelectric crystals [44-46] and to model fluxon dynamics in Josephson junctions [47]. Moreover,
diffraction patterns of crystal surfaces have been successfully reproduced [48] by double-sine-
Gordon soliton-like atomic arrangements. Double-sine-Gordon models have also been proposed
[49]] to describe the quark-confinement mechanism.

Finally, another motivation for including a sine-Gordon type potential comes from the fact that
unlike kinks and antikinks in the double-well potential sine-Gordon kinks pass through each other
when colliding. Hence, the addition of a sine-Gordon potential term may not only result in the
fusion or fission of solitons but also give rise to elastic soliton scattering. Elastic properties are
relevant when for example modelling nuclear collisions by soliton scattering [S0, 51].

In the recent publication [11]], it was shown that combining an asymmetric double well potential

and double-sine-Gordon potential together with a nonlinear interaction potential which prevents
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double well kinks and sine-Gordon kinks from passing through each other (but whose specific
form is not crucial and other choices are possible [52]) can result in the formation of novel soliton
configurations, esp. false domain walls. False domain walls interpolate between distinct false
vacua, with true vacuum trapped in the core of the domain wall. Here, the double-sine Gordon
field acts as a shepherd field herding the solitons of the double well potential (the sheep) so that
they are bunched together.The shepherd field is unstable to quantum tunnelling to its true vacuum;
once this occurs, the sheep are released and will spread out to infinity. In Ref. [11], the amplitude
for such a decay has been calculated. In this article, we want to extend the analysis of Ref. [[11]
and explore numerically the collision phenomenology of soliton solutions in this model in detail.
The model investigated here may be artificial and not particularly realistic, but it does allow us to
study the effect of solitons on vacuum stability and the confinement of solitons in a simple 1+1

dimensional setting.

The interaction properties of double-sine-Gordon solitons have been investigated e.g. in
Refs. [37, 38, 53-56]. As for the ¢* potential case, there is a system of resonance windows
in the range of initial kink velocities. Note that collisions between sine-Gordon kinks have been
recently studied [S7] in a very similar setting [58]] to ours. In particular, the authors of Ref. [[57]]
carried out a systematic analysis of the scattering dynamics of kinks connecting true and false
vacuum minima in a system of three coupled long Josephson junctions. However, in their model
kinks interpolating between true and false vacuum states arise as solutions of a set of two coupled
sine-Gordon equations. Interactions of chiral domain walls with properties resembling those found
in our model have been analyzed in Refs. [59,160] in the nonlinear Schrodinger (NLS) equation
using variational methods and direct numerical simulations. The authors constructed “solitonic
bubbles”, i.e. stationary tightly bound states formed by stable and unstable domain walls. In par-
ticular, they found a (unstable) tightly bound soliton complex (compare Fig. 13 in Ref. [59]) that
bears some ressemblance to the domain walls considered in this article. Finally, there exists a vast
literature on kink interactions in multi-component NLS equations. For example pulse propagation
in nonlinear optical fibers can be described by a system of coupled NLS equations [61} 62]] and
scattering of bright solitons in Bose-Einstein condensates can be modelled by a system of two

coupled 2D NLS equations [63]].

In this article, our objective is to consider the dynamics of kinks connecting local potential
minima of different depths in a model built from an asymmetric double well and (double) sine-

Gordon potential together with an interaction term.
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This article is structured as follows. In section [ll, we briefly review some of the features of
the domain wall model introduced recently in Ref. [11]]. In section we present our numerical
results of various kink collisions and analyze in detail the observed scattering behaviour. Finally,
we summarize our conclusions in section[IV] In the appendix, we discuss a point-particle approx-
imation which can be used to mimic some of the features of the complicated scattering dynamics
in this model. Note that a point particle approximation very much similar to ours has been previ-
ously discussed in Salmi and Sutcliffe’s work [64] on skyrmion solutions in the lightly bound baby
Skyrme model. Their motivation for studying the dynamics of baby Skyrmions [65H67] is that it is
a toy model for Skyrmions [68,69], a soliton model for nuclear physics. Although our kink model
is completely unrelated to the Skyrme model, we find that similar particle approximations work
and hence our model reproduces features of the lightly bound [[70-73]] and conventional Skyrme
models. This gives us another motivation to study kink dynamics in this 1 + 1 dimensional field

theory.

II. THE MODEL
We consider the model [[11] of two real scalar fields ¢ and ¢ defined by the Lagrangian density

L= (040" + 0,00'¢) - V(Y ¢), (1)

N | =

where V (¢, ¢) is a scalar potential given by

V(. 8) = VW) + Veld) + Vaslwr.0) = Vo, @
with the individual potential terms
Vo) = a< sin’(n4) + € sin2(7r¢/2)> , 3)
Vow) =@+ (W -ar + ), @
and the interaction potential
W -aP(w+aP+é)
(Ve@) - vo1/2) 472

Vs, ) = A (5)

The model (T]) admits kink-type soliton solutions. For vanishing asymmetry parameters (&, =

€, = 0) and vanishing coupling constant A, there are essentially two different types of solitons: ¢
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is a sine-Gordon field and the ¢ field describes kink solutions connecting the two different vacua
Yyae = *a of the double-well potential. Switching on the asymmetry parameters €, and ¢, gives
rise to a set of discrete vacua of different energy.

In Ref. [11], we considered the special case of domain walls interpolating between two distinct
false vacua, with true vacuum in the core of the domain wall. Such “false” domain walls can be
constructed by trapping the solitons of the ¢ field, which we call sheep, within the solitons of the
¥ field, the shepherd. The sheep field ¢ is in its false vacuum outside the domain wall and in its
true vacuum inside the domain wall. These sheep are prevented from spreading out to infinity
by the shepherd field . The ¢ field is in its true vacuum outside the domain wall, but in its
false vacuum inside the domain wall. For non-zero coupling constant A, the interaction potential
Vye(, @) provides an energy barrier which prevents ¢ solitons from passing through the ¢ solitons.
For numerical calculations, we introduce in a small, non-zero parameter y to ensure that the
contribution to the energy of the interaction term remains finite. We refer the interested reader
to Ref. [11] for a detailed discussion of “false” domain walls in model (I)) and their decay via
quantum tunnelling.

In this article, we want to focus on the dynamics of domain walls interpolating between the

distinct discrete vacua of model (I). We choose the following set of parameters:
=05, =05, y=001, a=1, =1, =001, A=0.1. (6)

For the parameter choice (6)), the density plots of the full scalar potential (2 in Fig. [I] visualize
the complicated vacuum structure of the model. The true minima of V (¢, ¢) occur at even integers
¢ = 2k for any integer k, while the false vacua correspond to odd integers ¢ = 2k + 1. Note that due
to the non-zero coupling A the  field takes the vacuum value ¢ = —0.7593 at even integers ¢ = 2k
and ¢ = —0.7552 at odd integers ¢ = 2k + 1. True and false vacua are separated by insurmountable
potential barriers indicated by the white coloured regions in Fig.|1|(b). Note that there also occur
vacua at {y = 0.6396,¢ = 2k} and {yy = 0.6463, ¢ = 2k + 1}. However all these vacua are raised
in energy and hence they are false vacua.

Throughout this paper, kinks interpolating from false vacuum to true vacuum, e.g. ¢ = -1 —
¢ = 0, as x goes from minus to plus infinity are labelled by A and kinks passing from true vacuum
to false vacuum, e.g. ¢ = 0 — ¢ = +1, are denoted by B. Kinks in the reverse direction are called
A and B, respectively. That is, A interpolates from false vacuum to true vacuum ¢ = +1 — ¢ = 0,

whereas B passes from true vacuum to false vacuum ¢ = 0 — ¢ = —1. Hence in our notation,
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FIG. 1. (a), (b) Surface plots for two different viewing angles and (c) contour plot of the full scalar po-
tential (2) for the parameter choice (), but with y set to 0.1 for illustrative purposes. Here, the true (T)
vacua correspond to {¢y = —0.7593,¢ = 2k}, while false vacua (F) occur at {y = —-0.7552,¢ = 2k + 1}.
The white regions in the contour plot indicate the insurmountable energy barriers separating true and false
vacua. The green and red arrows illustrate the kinks we call of type A and B, respectively. Note that the
vacua at {¢y = 0.6396, ¢ = 2k} and {y = 0.6463, ¢ = 2k + 1} (see (b)) are all raised in energy and hence they

are false vacua.

A and A connect true to false vacua and B and B link false to true vacua, see Fig. |1| (b). We
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display in Fig. 2] examples of kinks labelled by A and B, respectively. To obtain solutions such
as those shown in Fig. [2, we first apply a numerical relaxation method. We construct minimal
energy solutions in the model (1)) by solving the gradient flow equations with a crude initial guess
(a straight line approximation for the sheep field ¢ and an approximation in terms of hyperbolic
tangents for the shepherd field ¢). The field equations have been given explicitly in Ref. [11]. The
boundary conditions for kinks of type A and B are chosen as stated above. Due to the imbalance in
vacuum energies, the A or B kink will move away from the origin during the relaxation process in
order to extend the region of true vacuum. We restore the kink’s position to the centre by locating
the maximum of the shepherd field ¢ and shifting the kink so that this is located at the origin,
compare Fig.[2]

Due to the different asymptotic vacuum energy values as x — +oo, it is not immediately obvious
how to calculate the energy of an A or B kink. Here, to allow the reader to reproduce our results,
we briefly explain our approach. For A and B kinks on a spatial grid with 4001 points and spacing
dx = 0.01 we subtract the true vacuum energy at the one side and the false vacuum energy at the
other side using a Heaviside step function. This results in the kink mass 3.116. We checked that
the kink mass is not significantly affected by different grid sizes and spacings.

We create suitable initial conditions for our scattering simulations of soliton solutions in model
by sticking together kinks of two different types positioned at x = —20 and x = +20 respec-
tively. In the following, we label each kink combination by XY, where X stands for the chosen
kink type at the left hand side (negative direction of the x-axis) and Y specifies the kink type at the
right hand side (positive direction of the x-axis). Note that due to the structure of false and true
vacua not all combinations of kinks of types A, B, A and B are allowed. We summarize all of the
possible combinations in Table [l We use cross symbols whenever the structure of false and true
vacua excludes a given combination.

We set up our initial conditions by linking either two true or two false vacua. For example, an
AB configuration can be created by sticking together a kink of type A, e.g. ¢ = -1 — ¢ = 0, with
one of type B, namely ¢ = 0 — ¢ = +1. A configuration of type BA can be constructed by linking
a soliton of type B, e.g. ¢ = 0 — ¢ = +1 with one of type A, given by ¢ = +1 — ¢ = +2. For
each combination, we include in Table |I| whether the solitons repel or attract when they are well-
separated and initially at rest. Solitons with regions of true vacuum in between feel a repulsive
force and will accelerate away from each other leaving behind them true vacuum. Solitons with

false vacuum in between them attract one another.
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FIG. 2. Examples of kink configurations we denote by (a) A and (b) B, respectively. Here, the graph
displayed in red represents the shepherd field ¢ and the blue graph is called the sheep field ¢. Recall that in
our convention a kink of type A interpolates from false vacuum {yy = —0.7552, ¢ = 2k + 1} to true vacuum
{y = =0.7593, ¢ = 2k} as x goes from minus to plus infinity, see Fig. (a). Kinks passing from true to false

vacuum as x increases are denoted by B, see Fig. (b).

III. SCATTERING

In this section we present and discuss the results of our numerical simulations into the scattering
behaviour of the solitons introduced above. We consider combinations of the type AB, BA, BA,
and AB. Other combinations, e.g. AB, are omitted from our discussions because their scattering
behaviour is equivalent to those already in our list, and so would not provide any new information.
Videos of our kink simulations have been added as supplementary material to this article and we
urge the reader to view them. In the appendix, we discuss a point-particle approximation which

reproduces some of the scattering outcomes observed in this section.

Our numerical simulations use a finite difference leapfrog method. We choose the timestep
At = 0.002 and the grid spacing Ax = 0.01 throughout, and typically work with grids of 20,001
or 40,001 points. Near the boundary, we apply a damping method in each timestep by updating

¢ and i to approach zero exponentially. This reduces radiation and reflection from the boundary.
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TABLE 1. For each combination of kinks, we state whether the solitons repel or attract when they are
well-separated and initially at rest. Here, the first column specifies the kink type at the left hand side
(negative direction of the x-axis) and the first row gives the kink type at the right hand side (positive

direction of the x-axis). The symbol “X” is used whenever a particular combination is excluded.

Left \ Right A B B A
A X repulsive repulsive X
B attractive X X attractive
B attractive X X attractive
A X repulsive repulsive X

Initial conditions are created by boosting two solitons towards each other, by applying a Lorentz
transformation. We give one kink the initial velocity v and calculate the initial velocity of the other

kink accordingly to remain in the centre of mass frame.

A. AB scattering

As a first example of kink scattering in model (I)), we investigate numerically the collision of
a kink of type A with one of type B. Suitable initial conditions for this scattering process can be
created by attaching a domain wall of type B, e.g. ¢ = 0 — ¢ = +1, to one of type A, namely
¢ = —1 = ¢ = 0. At the beginning of our simulation, solitons A and B are widely separated and
are moving towards each other with an initial velocity v; see Fig. [3(a) for a snapshot of the field
configuration before the collision takes place.

We carry out simulations for a wide range of initial velocities 0 < v < 0.9. Fig. {] shows final
versus initial velocity of the AB kink pair, where the final velocity is calculated as the kink in
the positive x-axis passes the point x = 50. In our simulations, we observe three very different
scattering outcomes: for velocities less than or equal to 0.476, we find that kinks A and B always
repel each other and will accelerate away from each other leaving behind them true vacuum. This
is reflected in Fig. [(a). For 0 < v < 0.476, there is a velocity regime, where the final velocity is
always significantly higher than the initial kink velocities. Within this velocity regime, the final

velocity increases with initial velocity.
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FIG. 3. For kink collisions of type AB, we display snapshots of the field configuration for two choices of
initial velocity: (a)-(d) For v = 0.7, the A and B kinks form a false domain wall [11], that is the ¢ field
interpolates between distinct false vacua, with true vacuum in the core of the domain wall. (e)-(h) For
v = 0.8, kinks A and B escape to infinity after reflecting off each other with three bounces in the shepherd

field. The corresponding contour plots are given in Fig. [6]

For velocities greater than the critical velocity v = 0.476, the mutual repulsion is overcome
and two different types of behaviour are observed: (i) formation of a false domain wall and (ii)
eventual escape back to infinity. Case (i) is shown in the snapshots in Fig. [3(a)-(d) taken at four
different times during the scattering process for v = 0.7. The AB pair becomes trapped and
oscillates several times, radiating away its energy, before settling into a false domain wall [11]]. In
this final soliton state, the sheep field ¢ is in the false vacuum outside the domain wall, but passes
through the true vacuum inside the domain wall. The ¢ field in this configuration cannot separate
to infinity because it is trapped by the shepherd field ¥ which is in its true vacuum outside the
domain wall, but in its false vacuum inside the domain wall. In Fig. 4(a), the outgoing velocity
is plotted to be zero whenever a false domain wall is formed. Case (ii) is shown in the snapshots

plotted in Fig.[3|(e)-(h) for v = 0.8. Here, the kinks are in an escape resonance. Rather than settling
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FIG. 4. (a) The final velocity after a AB collision as a function of the initial velocity. When the outgoing
velocity is plotted to be zero, a false (classically stable) domain wall is formed. Note that false domain walls

are created in certain windows in the initial velocity. (b) Zoomed version of the three-bounce window.

into a false domain wall, kinks A and B bounce off each other three times and then, escape back
to infinity. The three-bounce collision is clearly visible when plotting the shepherd field (0, ¢) at
the center-of-mass versus time ¢, see Fig. [5(b) for the initial kink velocity v = 0.750. Each bounce
is represented by a large spike in the shepherd field after which the kinks reflect, recede and then

return to bounce off each other again. After the third bounce, kinks A and B escape back to infinity.

Note that the change from forming a bound state to reflection does not happen at just one
critical value of the initial velocity. Typically, there are bands of initial velocity at which domain
wall formation occurs, while at other values of the initial velocity the kink pair escapes back to
infinity after bouncing off each other three times. This band structure for velocities greater than the
critical velocity v = 0.476 is visible in Fig. (a): For initial velocities v € [0.707,0.801], kinks
A and B are in an escape resonance (see Fig. fb) for a zoomed plot of the escape band), while
for the velocity ranges [0.477,0.706] and [0.802,0.9] domain walls are formed. In Fig. [5(a), we
display the number of bounces as a function of initial kink velocity. Here, the number of bounces
is measured as the number of times the shepherd field i oscillates at the origin before the kinks

escape back to infinity. With the velocity being accurate up to three significant figures, we count
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three bounces for all AB collisions with initial velocities v € [0.707,0.801].
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FIG. 5. We display for a AB collision: (a) Number of bounces vs initial velocity. Here, the bounce number
measures the number of times the shepherd field ¢ oscillates at the origin before the kinks separate. (b)
Shepherd field (0, ) at the center-of-mass versus time ¢ for the initial velocity v = 0.750. The three-bounce

collison is clearly visible. For reasons of clarity, time is divided by 100.

As a summary, we track the positions of the solitons in AB collisions by plotting the maxima
of the energy density of the sheep field ¢. In Fig.[6] we include contour plots of the energy density
of the sheep field ¢ for three choices of initial velocity. From rest, the kinks A and B repel, see

Fig.[6(a). Here, the kink’s trajectory can be well approximated by a function of the form
x(t) = %tz + ¢t + ¢3 + cqexp (—cst) (7

where ¢y, ¢, ¢3, ¢4, ¢5 are taken to be fitting parameters. We compare in Fig. [6[a) the kink’s tra-
jectory obtained from full field simulations with the function (/) with the best fit parameter values
c1 = —0.001, ¢, = 1.346, ¢z = —122.821, ¢4 = 142.979 and ¢5; = 0.0096. For small 7 and short
distances, the forces between kinks fall off exponentially fast with the potential being of the form
exp (—mL), where m is a mass parameter and L denotes the separation between kinks. For larger
t and hence larger kink separations, the dominating force between kinks is due to the imbalance

in vacuum energies. The A and B kink are pushed apart from each other by the pressure of the
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true vacuum in between them. The force is constant which gives rise to orbits parabolic in time.
For velocities v € [0.477,0.706] and v € [0.802,0.9], the A and B kinks capture each other and
form a metastable domain wall configuration [[11]]. In the following, we call this type of behaviour
“sticking”. In Fig. [6[b), we display the position plot of such a scattering process for v = 0.7. For
v = 0.7, we find that the kinks form an excited false domain wall at time ¢ = 20 (For reasons of
clarity, in the figures time is divided by 100.). During each oscillation energy is radiated away so
that after a few oscillations the kink pair settles into a false domain wall. In Fig.[6(c), we show the
position plot for v = 0.8. Here, kinks A and B are in an escape resonance. Kinks A and B bounce
off from each other at = 14.6, 15.8, 17.1 and subsequently escape back to infinity. Recall that this
type of scattering process is observed for all initial velocities v € [0.707,0.801].

Note that the appearance of escape bands for kink-antikink collisions in the double well case
and in similar models has been explained in the literature [2} 6] by an energy transfer between the
translational and vibrational modes of the individual solitons. In the first collision energy is trans-
ferred to the vibrational modes, so that below a certain velocity the solitons do not have enough
kinetic energy to escape their mutual attraction. Hence, they attract again and collide another time.
After two or three or more kink-antikink collisions enough energy could be transferred back from
the vibrational modes to the translational modes, allowing the solitons to escape back to infinity.

To get a better understanding of the “wobbling” effect seen in AB kink collisions for initial
velocities v € [0.477,0.706] and v € [0.802,0.9], we want to work out in the following oscillation
spectra for AB domain walls. We time evolve two different AB domain walls: (a) a fully relaxed
AB domain wall (with x € [-40,40] and Ax = 0.01) initially squeezed by 0.05% and (b) the
“wobbling” domain wall produced in an AB collision for initial kink velocity 0.7. In (b), we
take as initial configuration the “wobbling” AB domain wall displayed in Fig. [3| (d). Both initial
configurations are time evolved for 5 X 10° time steps with Az = 0.002. In each time step, we
measure at xy = 0 (inside the soliton core) the deviation from the static kink solution by recording
#,(t, xo = 0). To find the frequency components, we compute the fast fourier transform |¢,(w, xo =
0)| of the recorded data using the MATLAB built-in function fft. All model parameters are chosen
as in @ In Fig. (7, we display ¢,(x = 0, ) versus ¢ and the resulting power spectra |¢,(w, xo = 0)|.
We confirm that the fluctuations are governed by a set of discrete frequencies with the dominating
frequency found at w = 0.7.

The frequency components observed in the full numerical time evolution can be compared to

the shape oscillations obtained in the small perturbation approximation, that is for small fluctua-
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FIG. 6. For kink collisions of type AB and for three choices of initial velocity v, we display contour plots
of the energy density from the sheep field ¢. We illustrate three different types of behaviour: (a) From rest,
the AB pair repels and the trajectory is well described by a function of the form (7)) (shown as red dashed
line). (b) For v = 0.7, A and B kink capture each other and form a metastable domain wall configuration
[L1]. In the following, we describe this type of behaviour as “sticking”. (c) For v = 0.8, kink A and B are
in an escape resonance, that is A and B kink reflect off each other, with three bounces in the shepherd field,

and subsequently escape to infinity. For reasons of clarity, time is divided by 100.

tions ¢ = ¢o(x) + dp(x, 1) and ¥ = Yo(x) + SY(x, t) around the static AB kink soliton. Here, ¢y and
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FIG. 7. ¢,(x = 0,1) versus ¢ and corresponding power spectra |¢,(w, xg

w when time evolving a false AB domain wall (a) initially squeezed by 0.05% and (b) produced in an AB
collision for initial kink velocity 0.7. In (b), we take as initial configuration the “wobbling” AB domain wall

displayed in Fig.[3|(d). Each initial configuration is time-evolved over 5 x 10° time steps with Az = 0.002.
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o denote sheep and shepherd field of the static AB domain wall and d¢ and 6y are the associated
fluctuation fields. Expanding the equation of motion for the sheep field ¢ up to first order in ¢

results in the following linear equation for small oscillations 6¢

56 = 60" — B (2 cos (271¢) + %cos (n¢)) 56, )

where we neglected the contribution coming from the nonlinear coupling potential V4. Sub-
stituting the ansatz 6¢(x, ) = cos wtdg(x) into the fluctuation equation yields a Schrodinger
equation

d2
—p&b + Qeff(x) = W69, 9
X

with effective potential
Ouii(x) = B (2 cos (2n¢) + % cos (7r¢)> . (10)

The perturbation is required to vanish at spatial infinity for all ¢, hence we impose the boundary
conditions d¢p(+o0) = 0. We solve the Schrodinger equation (9)) on the spatial interval [-25, 25]
with the SLEIGN2 code [74]]. We display in Fig. [§] the effective potential (10 together with the
first few numerically calculated eigenfrequencies. In particular, we find w; = 0.58, w, = 0.64

and ws = 0.71.
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FIG. 8. Effective potential Q.g with first few oscillation frequencies w? for AB domain wall: (a) Qeg

displayed for x € [-40, 40] ; (b) Zoom.
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B. BA scattering

The next scattering process to investigate is the collision of a kink of type B with one of type
A. A configuration of type BA can be found in Fig.[9(a). Here, the B sheep field interpolates from
the true vacuum at ¢ = 0 to the false vacuum at ¢ = +1. The A sheep field is then attached to

this false vacuum and connects it with the true vacuum at ¢ = +2. Hence, the initial soliton setup

—_— ¢ —_— ¢
— 200y

-1.0 -1 ~1. -1

-5 -10 -5 0 5 10 15 -5 -10 -5 0 5 10 15 -15  -10 -5 0 5 10 15 -15  -10 -5 0 5 10 15

(a) (b) (©) (d)
FIG. 9. For kink collisions of type BA, we display snapshots of the field configuration for the initial velocity

v = 0.8: A and B kinks form a “true” domain wall, that is the ¢ field interpolates between distinct true vacua.

is attractive with true vacua outside and with false vacuum in between. This setup results for all
initial kink velocities 0 < v < 0.9 in the same scattering outcome, that is the creation of a true
domain wall interpolating between the two distinct true vacua ¢ = 0 and ¢ = +2.

In Fig. [9((a)-(d), we plot snapshots of the field configuration for the initial velocity v = 0.8.
The kinks accelerate towards each other converting false vacuum to true vacuum. They form an

excited bound state which settles into a true domain wall after a few oscillations.

C. BA scattering

Recall that in our notation, BA is the combination of a kink interpolating from true vacuum to
false vacuum with one interpolating from false vacuum to true vacuum in the reverse direction. In
the following, we attach a B sheep field interpolating from ¢ = 0 — ¢ = +1 to an A sheep field
interpolating from ¢ = +1 — ¢ = 0. The initial field configuration is displayed in Fig.[10]a).

Configurations of the type BA, like those of type BA, have true vacua outside and false vacuum
in between. Thus the solitons will attract one another from rest. Due to the attraction between the

solitons, and the kink-antikink like nature of the configuration, the final result of any BA scattering
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is the formation of an oscillon that slowly radiates away energy and ultimately annihilates to the
true vacuum. However, we observe that depending on the initial velocity v given to the solitons,
this may be achieved in different ways. In some cases, the solitons first reflect from one another
and travel apart, before they are drawn back together and collide again. This second collision may
result in either the creation of an oscillon, or a repetition of the reflection behaviour. Note that
kink-antikink scatterings in which oscillons are formed have been observed before in a wide range
of scalar field theories, see e.g. [4},5,[17,75]]. During each oscillation, some of an oscillon’s energy
is radiated away, so it will eventually decay. However, the oscillon will persist for a very long time

before this occurs.
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FIG. 10. We display snapshots of the field configuration during a BA scattering with initial velocity v = 0.8.
During their first collision, the kinks reflect off one another and separate. Then they collide once more,

forming an oscillon that will ultimately decay to the true vacuum.

Snapshots of the field configuration during a BA scattering with initial velocity v = 0.8 are
shown in Fig. The sheep field ¢ is displayed in blue, and the shepherd field ¢ is shown in
red. This choice of initial velocity results in two kink collisions. The first collision is seen in
Fig. [I0(b). During this collision there are three bounces in the shepherd field at the origin before
the solitons separate and travel apart. Fig.[I0(c) shows the solitons excited by their collision, and
well separated by a region of false vacuum. Following this, the solitons attract and collide once
more. An oscillon is formed which will ultimately annihilate to the true vacuum. This can be seen
in Fig.[10[(d).

The kink collisions and oscillon are most clearly seen in the shepherd field ¥/(x, ¢). In Fig. [T}
we plot the shepherd field y/(0, ) at the origin as a function of ¢ for three different choices of initial

velocity where the solitons collide once, twice and three times respectively. The simplest case is
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FIG. 11. The shepherd field (0, f) as a function of time ¢ during BA scattering for four choices of initial
velocity v. For reasons of clarity, time is divided by 100. (a) v = 0: from rest, the solitons experience an
attractive force that draws them together. An oscillon is formed after their first and only collision. This will
ultimately decay to the true vacuum. (b) v = 0.355: the solitons reflect off each other once, then collide
again and capture each other to form an oscillon. (c) v = 0.606: the solitons reflect off each other two times,
before a final collision in which they form an oscillon. (d) v = 0.808: the solitons reflect off each other
twice, with two bounces during the second collision. Finally they annihilate by forming an oscillon.
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illustrated in Fig. [[Tj(a). Here the solitons capture each other during their first and only collision
at t+ = 65 (for reasons of clarity, time is divided by 100). They form an oscillon, which is seen
for r > 105 as a long-lived series of oscillations in the ¢ field. Fig. [[T(b) corresponds to initial
velocity v = 0.355. During the first collision of the solitons, near r = 40, there are four bounces
in the shepherd field, before it returns to its false vacuum value. The solitons collide again at
t = 57, and this results in the formation of an oscillon at around ¢ = 90. In Fig. [T1{c), the initial
velocity is v = 0.606. The solitons first collide at = 22, with the shepherd field bouncing three
times before returning to its false vacuum value. The solitons remain separated for some time,
before they collide again near + = 165. During this second collision there are four bounces in
the shepherd field. The final soliton collision takes place at + = 187, and an oscillon is seen for
t > 220 . Another two reflection collision is seen in Fig. [[T(d), corresponding to initial velocity
v = 0.808. The solitons collide for the first time at ¢ = 13, during which we count three bounces.
Their second collision occurs at = 212. This collision is unusual, as it features only two bounces
and the false vacuum is attained in between bounces. Previously we had only observed windows
of three bounces or more, and the false vacuum was only attained after the period of bouncing was

complete.

Fig. 12| summarises the different scattering behaviours that we have observed for initial veloc-
ities in the range 0 < v < 0.9. It displays the number of bounces in the shepherd field (0, ¢) at
the origin as a function of initial velocity v. Where no bounces have been counted, the solitons
immediately annihilated, without reflecting away from one another. In all other cases, we find that
the solitons reflect away from each other either one or two times before a final collision in which
they annihilate by forming an oscillon which decays to the true vacuum. Prior to the formation
of the oscillon, we consider the solitons to have reflected oftf one another if the shepherd field
(0, 1) takes its false vacuum value after a period of oscillations. We count the number of bounces
during the reflections in the same way as we did for those AB collisions in which bouncing oc-
curred. The number of bounces during the first reflection are shown in red, and if there was a
second reflection, then the number of bounces during the second reflection are shown in blue. For
the first reflection, we find windows of three, four, five or eight bounces. Of these windows, we
only observe a second reflection for particular initial velocities within the three bounce window
v € [0.585,0.822]. During the second collision, there are two unusual two bounce reflections for
v = 0.808 and v = 0.820. The windows for the other values exhibit the more familiar three or four

bounce signatures. There is a fractal structure in which windows of the reflection behaviour are
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FIG. 12. Number of bounces as a function of initial velocity v for a BA collisions. Here, the bounce number
measures the number of times the shepherd field oscillates at the origin before the kinks separate. If no
bounces are counted, then the solitons annihilate during their first collision, otherwise we colour in red the
number of bounces during the first soliton collision, and in blue the number of bounces during the second

collision of the solitons.

separated by regions in which the solitons annihilate. Note that our initial velocity windows are
only accurate to three significant figures, and we expect that, were we to investigate with greater

resolution, other windows with two or more reflections could be found.

The positions of the solitons during the scattering process can be understood from the maxima
of the energy density of the sheep field ¢. In Fig.[13] we display contour plots of the sheep energy
density for three choices of initial velocity: (a) v = 0, (b) v = 0.355, and (c) v = 0.606, with the
locations of the soliton collisions indicated in the figures. In Fig.[I3[a), we see the solitons attract
from rest and collide once, resulting in the formation of an oscillon which ultimately decays to the
true vacuum. The oscillon is more clearly seen in Fig.[TT|(a), but the contour plot allows us to track
the positions of the solitons away from the origin throughout the process. Up to the first collision

point, the parabolic kink orbit in Fig. [[3](a) is well described by Eq. (7) with the best fit parameter
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FIG. 13. Contour plots of energy density for the sheep field ¢ during BA interactions with three different
choices of initial velocity v. The locations of the soliton collisions are indicated on the plot, and for reasons
of clarity, time is divided by 100. (a) v = 0: From rest the solitons attract and annihilate. Up to the first
collision, the kink’s trajectory is well described by a function of the form (/) (shown as red dashed line).
(b) v = 0.355: the solitons reflect off each other in their initial collision, then collide again and annihilate.

(c) v = 0.606: the solitons reflect off each other twice, before a final collision in which they annihilate.

values ¢; = —0.008, ¢, = —0.017, ¢ = 20.106 (and ¢4 and c5 set to zero).

Fig. [I3|b) shows a scattering in which there are two collisions. During the first collision, the
solitons reflect off each other. However, they do not travel far before the attractive force draws

them back together for a second collision, which creates an oscillon. The first collision takes place
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near t = 40, and the second is at t = 57 (for clarity, time is divided by 100). This can be compared
with Fig. [T1[b), which uses the same initial velocity. Finally, Fig. [[3(c) presents a scattering in
which the solitons collide and reflect off one another twice before a final collision in which they
form an oscillon that decays to the true vacuum. We see that after the first collision, the solitons
travel quite far apart before the attraction between them pulls them back together for a second
collision. The final collision takes place near ¢ = 180, ultimately resulting in the annihilation of
the solitons. This figure can be compared with Fig. [[T|c), which uses the same choice of initial

velocity, to see how the locations of the collisions correspond to the bounces in the shepherd field.

D. AB scattering

Finally we consider scattering processes of the type AB, where we attach a kink interpolating
from false vacuum to true vacuum to one interpolating from true vacuum to false vacuum in the
reverse direction. In our simulations, we choose that the A sheep field ¢ interpolates from ¢ =
—1 — ¢ = 0, and the B sheep field interpolates from ¢ = 0 — ¢ = —1. This initial setup of the
solitons is shown in Fig. [I4(a).

Note that any AB configuration has the region of true vacuum in between the kinks. Therefore
the solitons will repel from rest. To overcome this repulsion and create soliton collisions, we boost
the kinks towards each other with a given initial velocity. We carry out simulations over the range
of initial velocities 0 < v < 0.9. Fig. displays the final kink velocity as a function of the
initial velocity, where final velocity is measured as the kink in the positive x-axis passes x = 50.
Similarly to the AB scatterings discussed earlier, we observe three different scattering outcomes.
Firstly, for velocities 0 < v < 0.476, the kinks cannot overcome their repulsion and will escape to
infinity without ever colliding. Fig.[I5[a) shows that final velocity is always significantly higher
than the corresponding initial velocity in this regime.

For velocities greater than the critical velocity v = 0.476, there are two possible outcomes: (i)
the solitons capture each other and form an oscillon which ultimately decays to the false vacuum,
or (i1) the solitons reflect and recede from each other, escaping to infinity. Case (i), henceforth
referred to as annihilation, is illustrated by the snapshots in Fig. [[4(a)-(d), which correspond to
the initial velocity v = 0.7. The AB pair collide and trap each other, as seen in (b) and (c).
Ultimately the configuration annihilates to the false vacuum, shown in (d). In Fig. [I5] the final

velocity is plotted to be zero whenever the kinks annihilate. Case (ii), which we will refer to as
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FIG. 14. Snapshots of the field configuration during AB scatterings for two choices of initial velocity v.
(a)-(d) v = 0.7: the kinks collide and capture each other, forming an oscillon which ultimately decays to
the false vacuum. (e)-(h) v = 0.8: the solitons reflect off each other. After three bounces in the shepherd

field, the excited solitons separate and travel apart to infinity.

escape, is shown by the snapshots in Fig. [I4[e)-(h), where the initial velocity is v = 0.8. The kinks
collide and separate, seen in (f) and (g). After three bounces in the shepherd field, the excited

solitons travel apart to infinity, which is shown in (h).

In the region v > 0.476, Fig[15]a) shows that a fractal structure emerges in which there are sev-
eral distinct windows of the escape behaviour separated by regions of annihilation. This is similar
to the kind of fractal structure observed in other soliton models [2, 4, [76-78]. In Fig. @a), we
increment the initial velocity by 1073, and we expect that with greater resolution, more windows
would be observed. Fig. [I5(b) zooms in on the interval v € [0.876,0.88], with initial velocity
incremented by 10~*. This clarifies that there are at least two windows in this interval, though in

Fig.[I5(a) there appeared to be only one.

The windows of escape behaviour can be classified by the number of bounces in the shepherd

field y at the origin before the solitons separate and escape to infinity. Fig.[I6]shows the number
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FIG. 15. (a) The final velocity vg, after an AB collision as a function of the initial velocity v. When the
final velocity vq, is plotted to be zero, we observe the kinks capture each other, forming an oscillon that

ultimately decays to the false vacuum. (b) The same figure zoomed into the region [0.876, 0.88] to highlight

two windows that are not visible in (a).

of bounces in ¥(0,7) as a function of the initial velocity over the interval where these windows
appear. We have observed only windows of three bounces or more, with the three bounce window
being by far the longest. For v > 0.866, the windows are of a much shorter length. In this region,
we expect to see more windows emerge if data is taken with a greater resolution. The shortest
window is that with 8 bounces, which is the largest number of bounces that we have seen. It is
structured as a group of six bounces, with two further bounces occurring after some time. This is
unusual compared to the other scattering events, in which all of the bounces in the shepherd field

happened close together.

To compare the paths taken by the solitons during AB scattering events resulting in annihilation
or escape, contour plots of the energy density for the sheep field ¢ with two choices of initial
velocity are contrasted in Fig. In Fig.[17)(a), where v = 0.7, the collision of the solitons results
in the formation of an oscillon at # = 80 (for clarity, time is divided by 100). This gradually loses
energy, and ultimately annihilates to the false vacuum. The escape behaviour is seen in Fig. [[7(b),

where v = (0.8. Here the solitons reflect off each other, and once separated they travel apart and
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FIG. 16. Number of bounces as a function of initial velocity v for collisions of type AB. Here, the bounce
number measures the number of times the shepherd field i oscillates at the origin before the solitons sepa-

rate. If no bounces are counted, then the solitons do not separate, but annihilate to the false vacuum.

escape to infinity.

IV. CONCLUSIONS

We have investigated kink collisions in a 1 + 1 dimensional scalar field theory with multiple
vacua. We summarize in Table [[I| the different scattering behaviours observed for AB, BA, BA and
AB kink collisions: repulsion, annhilation, formation of a true or false domain wall (“sticking”)
and reflecting off each other. Here, the tick symbol indicates that the respective behaviour is
observed, whereas the cross symbol denotes that the respective behaviour is not exhibited.

Whenever there is true vacuum in between the kink pair (see AB, AB), the kinks are found to
be repulsive up to a critical value of the initial velocity at which they can overcome their mutual
repulsion. Kink configurations with false vacuum in between (see BA, BA) feel an attractive force
and always capture each other after colliding.

In AB collisons, we observe “sticking” and reflection velocity regimes. In the sticking velocity
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FIG. 17. Contour plots of energy density for the sheep field ¢ during AB interactions with two different
choices of initial velocity v. We indicate the locations of the collisions in the plots. For reasons of clarity,
time is divided by 100. (a) v = 0.7: the solitons collide and form an oscillon which decays to the false
vacuum. (b) v = 0.8: the solitons collide and reflect off each other. Once they have separated, the solitons

travel apart and escape to infinity.

regimes, false domain walls [[11]] are formed, whereas for velocities within the reflection regime
the kinks reflect off each other and then escape back to infinity. Within the reflection regime, there
are always three bounces counted in the shepherd field before the kinks escape. The appearance
of these escape bands in which the two kinks ultimately escape back to infinity has been related in

similar kink models to an energy exchange between translational and vibrational modes [2, 6]].

For BA collisions, we find for all initial velocities the same scattering outcome, the formation

of a true domain wall.

Scattering processes of the type AB exhibit three different types of behaviour: repulsion at
low initial velocities, annhilation and reflecting off each other with subsequent escape back to
infinity. Recall that the annihilation does not occur immediately. The AB pair forms an oscillon

which eventually decays to the true vacuum. Furthermore, we find regions of initial velocities or
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TABLE II. Summary of the different scattering behaviours observed for AB, BA, BA and AB kink collisions:
repulsion, annhilation, formation of a true or false domain wall (“sticking”) and reflecting off each other.
Here, the symbol “/” indicates that the respective behaviour is observed, whereas “X” denotes that the

respective behaviour is not exhibited.

Repel Annihilate Stick Reflection
AB X
BA| X X X
BA| X X
AB X

windows for which reflection and annhilation alternate. Note that the final kink velocity versus
initial velocity graph has a fractal structure [4]. When we zoom into the initial kink velocity near
to an interface between e.g. a three-bounce window and an annihilation window one sees the
appearance of more four-bounce and annihilation windows.

The final scattering outcome of any BA collision is the formation of an oscillon that radiates
away energy and ultimately annihilates to the true vacuum. Note that there are two very different
ways in which an oscillon can be formed. The BA kinks first reflect from one another and travel
apart, before they are drawn back together and collide again. Depending on the initial velocity,
the second collision results in either annhilation of the kink pair or in a number of bounces in the
shepherd field. When refining the resolution, we expect to find other windows with two or more
reflections.

Note that for the specific parameter choice (0)), in all the scattering events we have examined so
far the scattered kinks never pass through each other. Even when choosing the coupling constants
so that the model approaches the sine-Gordon model, the kinks do not pass through each other.

For example, scattering A and B kinks in model (1)) with parameters
a=1, p=005, y=001, a=1, =01, =0, a2=00I. (11)

results in an oscillon in the shepherd field which prevents the sheep fields from passing through
each other, see Fig.[I8] Note that recently it has been found that monopoles and antimonopoles
prefer to annihilate rather than scatter [79]. Possible lines of further investigation could be the

study of multi-kink solutions and their scattering behaviour.
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FIG. 18. Example of a AB kink collision with coupling constants chosen closer to the ones of the sine-
Gordon model. We display snapshots of the field configuration for the initial velocity v = 0.8: An oscillon

in the shepherd field is formed preventing the sheep fields to annihilate or to pass through each other.
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Appendix A: Point Particle Approximation

In this appendix, we discuss a toy model which mimics some of the features of the scattering

of our kinks. Let m be the reduced mass of A and B kinks, and let r(¢) be their relative position at
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time ¢. We try to model the sheep scattering using a point particle approximation with equation of

motion
. 2 2a —br . —cr
mi = 2mg (tanh’(r) — f) + —e™” — die™, (A1)
r

where m, g, a, b, ¢, d, f are constants. Here, the first term in (A1) allows for the existence of
metastable bound state, while the second term acts as a contact interaction term preventing A and
B kinks from passing through each other. To allow for radiation, we add a friction term of the form

dire™". We solve (A1) subject to the conditions
r(0) =2, #0) =y, (A2)

so that the points start at positions +1, and where v, is used to specify the initial velocity. The

signs of a and g are used to determine which type of configuration we study.
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FIG. 19. (a) The potential V() used to mimic AB scattering. (b) Solutions x(¢) in red and x,(#) in blue, for

initial velocity vg = 0. (c) Solutions x(¢) and x;(#) for vo = —1.5. (d) Solutions x;(#) and x,(¢) for vg = =2.

By choosing @ > 0 and g > 0, we can replicate the three scattering outcomes of the AB

configuration. For example, set the parameters to be

m=1, g=1, a=0.1, b=5 ¢=3, d=1, f=21 (A3)
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The corresponding potential V(r) is displayed in Fig.[I9(a). It has one minimum, which is located
near the origin. For different values of the initial velocity vy, we observe different scattering
outcomes. In Fig[19(b), we show the solutions x; () and x,(¢) for vy = 0, where these are related
to the solution of (AI) by r(f) = x(¢) — x»(f). This mimics the behaviour of the AB kinks for low
initial velocities, where they cannot overcome their repulsion, and separate to infinity. Fig[I9(c)
displays the solutions for initial velocity vy = —1.5. Here we see the formation of a metastable
bound state, akin to the formation of a false domain wall in the AB “sticking” behaviour. Finally,

in Fig. [19(d), we take initial velocity vo = —2, and observe the points reflect off each other and

2 1
15 x 05 [\NW\MMMNW
20 40 60 80 100
0.5 os \N\/\A/\MW
0

\1/2 3 4 1
_05 r —XI—XZ

(a) b)

separate to infinity.

FIG. 20. (a) The potential V(r) used to mimic BA scattering. (b) Solutions x;(¢) in red and x,(¢) in blue for

vo = —1.

To model the BA configuration, we take a > 0 and g < 0. For example,
m=1, g=-1, a=0.1, b=5 ¢=3, d=1, f:%. (A4)

We display the corresponding potential V(r) in Fig.[20(a). It has one minimum, located near r = 1.
When solving the equation of motion (AT)), the result is always the formation of a bound state. This
is also true of the BA configurations, which will ultimately form a true domain wall regardless of
the initial velocity. Fig.[20(b) shows the solutions x;(f) and x,() obtained from the initial velocity
vo = —1, which form a bound state over time.

To try and model AB scattering, we choose a < 0 and g > 0. For example, we fix the parameters

to be
m=1, g=1, a=-01, b=5 c=3, d=1, f=1 (AS)

The corresponding potential V(r) is displayed in Fig. 21(a). It has one maximum, located near

r = 1. There are two different types of behaviour. Firstly, the points can repel and separate to
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FIG. 21. (a) The potential V(r) used to mimic AB scattering. (b) Solutions x;(¢) in red and x,(¢) in blue, for

vo = 0. (c) Solutions x;(¢) and x(¢) for vo = —1.5.

infinity, as shown in Fig. 21|(b) for initial velocity vo = 0. They can also hit the singularity at
r = 0, at which point we cannot evaluate the solution any further. We take this to correspond to the
annihilation behaviour of the AB kinks, and an example of this type of solution, for initial velocity
vo = —1.5 is given in Fig. 21]c). Note that there is one behaviour type that we cannot recapture
with this model. The AB kinks can reflect off each other and then separate to infinity, but we do
not see this in the point particle model.

Finally, when we take a < 0 and g < 0, we mimic the BA scattering. We choose the parameters
m=1, g=-1, a=-4, b=5 c¢=3 d=1, f:%. (A6)

Fig. 22]a) displays the corresponding potential V(r). Note that if the parameters are chosen dif-
ferently, an extra minimum may appear in the potential. We deliberately avoid this as it would
allow for bound state solutions, and this is not an outcome for the BA configuration. In the point
particle approximation with these parameter values, the only outcome is that the solutions hit the
singularity at r = 0, beyond which we cannot evaluate them any further. As an example, Fig.[22|b)
presents the solutions for initial velocity vy = 0. The BA kinks do all eventually annihilate, how-
ever for certain choices of initial velocity, they can reflect off each other one or two times before
annihilating. We are unable to see this behaviour in the toy model.

To summarise, for the AB and BA configurations, we are able to successfully replicate all of
the kink trajectories in this toy model. However, for the AB and BA configurations, we are unable
to see the reflection behaviour in the point particle approximation, and can only replicate the
repelling and annihilating behaviours. In a point particle model, we are also unable to capture

phenomena such as the oscillon, and the bounces in the shepherd field. Possible adjustments to
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FIG. 22. (a) The potential V(r) used to mimic BA scattering. (b) Solutions x;(¢) in red and x, () in blue, for

V():O.

the toy model could include implementing a different friction term. For example, using a friction

term such as —% c ~, we can force solutions in the AB and BA cases to grind to a halt before hitting

the singularity.

[1] M. Moshir, Nucl. Phys. B185, 318 (1981).
[2] D. K. Campbell, J. F. Schonfeld, and C. A. Wingate, Physica 9D, 1 (1983).
[3] T.I. Belova and A. E. Kudryavtsev, Physica D32, 18 (1988).
[4] P. Anninos, S. Oliveira, and R. A. Matzner, Phys. Rev. D44, 1147 (1991).
[5] A.Halavanau, T. Romanczukiewicz, and Ya. Shnir, Phys. Rev. D86, 085027 (2012).
[6] P. Dorey, K. Mersh, T. Romanczukiewicz, and Ya. Shnir, Phys. Rev. Lett. 107, 091602 (2011).
[7]1 H. Weigel, Proceedings, Physics and Mathematics of Nonlinear Phenomena (PMNP 2013), J. Phys.
Conf. Ser. 482, 012045 (2014).
[8] S. W. Goatham, L. E. Mannering, R. Hann, and S. Krusch, /Acta Phys. Polon. B42, 2087 (2011).
[9] P. Dorey, A. Halavanau, J. Mercer, T. Romanczukiewicz, and Ya. Shnir, (2015), arXiv:hep-
th/1508.02329.
[10] R. Arthur, P. Dorey, and R. Parini, J. Phys. A49, 165205 (2016).
[11] M. Haberichter, R. MacKenzie, M. B. Paranjape, and Y. Ung, J. Math. Phys. 57, 042303 (2016).
[12] R. A. Battye, M. Bucher, and D. Spergel, (1999), arXiv:astro-ph/9908047.
[13] R. A. Battye and A. Moss, Phys. Rev. D74, 023528 (2006).
[14] R. A. Battye and J. A. Pearson, Phys. Rev. D82, 125001 (2010).

34


http://dx.doi.org/10.1016/0550-3213(81)90320-5
http://dx.doi.org/10.1103/PhysRevD.44.1147
http://dx.doi.org/ 10.1103/PhysRevD.86.085027
http://dx.doi.org/10.1103/PhysRevLett.107.091602
http://dx.doi.org/10.1088/1742-6596/482/1/012045
http://dx.doi.org/10.1088/1742-6596/482/1/012045
http://dx.doi.org/10.5506/APhysPolB.42.2087
http://arxiv.org/abs/hep-th/1508.02329
http://arxiv.org/abs/hep-th/1508.02329
http://arxiv.org/abs/astro-ph/9908047
http://dx.doi.org/10.1103/PhysRevD.74.023528
http://dx.doi.org/10.1103/PhysRevD.82.125001

[15] R. A. Battye, J. A. Pearson, and A. Moss, Phys. Rev. D84, 125032 (2011).

[16] A. Vilenkin, Phys. Rept. 121, 263 (1985).

[17] J. Braden, J. R. Bond, and L. Mersini-Houghton, JCAP 1503, 007 (2015).

[18] J. Braden, J. R. Bond, and L. Mersini-Houghton, JCAP 1508, 048 (2015).

[19] J.R.Bond, J. Braden, and L. Mersini-Houghton, JCAP 1509, 004 (2015).

[20] A. Ustinov, Physica D 123, 315 (1998).

[21] G. Fiore, G. Guerriero, A. Maio, and E. Mazziotti, Meccanica 50, 1989 (2015).

[22] D.T. Son and M. A. Stephanov, Phys. Rev. A65, 063621 (2002).

[23] Y. Tanaka, Phys. Rev. Lett. 88, 017002 (2001).

[24] A. Gurevich and V. M. Vinokur, Phys. Rev. Lett. 90, 047004 (2003).

[25] A. P. Malozemoff and J. C. Slonczewski, Magnetic domain walls in bubble materials, Appl. Solid
State Sci. (Academic Press, New York, NY, 1979).

[26] G. E. Volovik, The Universe in a Helium Droplet (Clarendon Press ; Oxford University Press, 2003).

[27] S. Englander, N. Kallenbach, J. Krumhansl, and S. Litwin, Proc. Natl. Acad. Sci. USA 77, 7222
(1980).

[28] M. Salerno, Phys. Rev. A44, 5292 (1991).

[29] L. V. Yakushevich, A. V. Savin, and L. I. Manevitch, Phys. Rev. E66, 016614 (2002).

[30] L. V. Yakushevich, DNA Dynamics in Nonlinear Physics of DNA (Wiley-VCH Verlag, Weinheim,
2004).

[31] S. Cuenda, A. Sanchez, and N. R. Quintero, Physica D 223, 214 (2006).

[32] R. Khomeriki and J. Leon, Phys. Rev. E71, 056620 (2005).

[33] J. Timonen, M. Stirland, D. J. Pilling, Y. Cheng, and R. K. Bullough, Phys. Rev. Lett. 56, 2233 (1986).

[34] M. Eto, Y. Hirono, and M. Nitta, PTEP 2014, 033B01 (2014).

[35] M. Eto, Y. Hirono, M. Nitta, and S. Yasui, PTEP 2014, 012DO01 (2014).

[36] C. A. Popov, Wave Motion 42, 309 (2005).

[37] N. Riazi and A. R. Gharaati, Int. J. Theor. Phys. 37, 1081 (1998).

[38] J. Shiefman and P. Kumar, Phys. Scripta 20, 435 (1979).

[39] K. Maki and P. Kumar, Phys. Rev. B14, 118 (1976).

[40] K. M. Leung, Phys. Rev. B27, 2877 (1983).

[41] S. Duckworth, R. Bullough, P. Caudrey, and J. Gibbon, Phys. Lett. A57, 19 (1976).

[42] O.Hudak, J. Phys. C 16, 2641 (1983).

35


http://dx.doi.org/10.1103/PhysRevD.84.125032
http://dx.doi.org/10.1016/0370-1573(85)90033-X
http://dx.doi.org/10.1088/1475-7516/2015/03/007
http://dx.doi.org/10.1088/1475-7516/2015/08/048
http://dx.doi.org/10.1088/1475-7516/2015/09/004
http://dx.doi.org/10.1103/PhysRevA.65.063621
http://dx.doi.org/10.1103/PhysRevLett.88.017002
http://link.aps.org/doi/10.1103/PhysRevLett.90.047004
http://dx.doi.org/10.1103/PhysRevA.44.5292
http://dx.doi.org/10.1093/ptep/ptu013
http://dx.doi.org/ 10.1093/ptep/ptt095
http://dx.doi.org/10.1023/A:1018827704764
http://dx.doi.org/10.1103/PhysRevB.14.118
http://dx.doi.org/http://dx.doi.org/10.1016/0375-9601(76)90439-4
http://stacks.iop.org/0022-3719/16/i=14/a=009

[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]

[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]

[66]
[67]

[68]
[69]
[70]

O. Hudak, J. Phys. C 16, 2659 (1983).

E. Magyari, Phys. Rev. B29, 7082 (1984).

J. Pouget and G. A. Maugin, Phys. Rev. B30, 5306 (1984).

J. Pouget and G. A. Maugin, Phys. Rev. B31, 4633 (1985).

N. Hatakenaka, H. Takayanagi, Y. Kasai, and S. Tanda, Physica B 284, 563 (2000).

M. El-Batanouny, S. Burdick, K. M. Martini, and P. Stancioff, Phys. Rev. Lett. 58, 2762 (1987).

T. Uchiyama, Phys. Rev. D14, 3520 (1976).

N. S. Manton, Math. Methods Appl. Sci. 35, 1188 (2012), |arXiv:1106.1298 [hep-th].

D. Foster and N. S. Manton, Nucl. Phys. B899, 513 (2015), arXiv:1505.06843 [nucl-th].

. Dupuis, Y. Gobeil, R. MacKenzie, L. Marleau, M. B. Paranjape, and Y. Ung, [Phys. Rev. D92, 025031
(2015), [arXiv:1506.05091 [hep-th].

D. K. Campbell, M. Peyrard, and P. Sodano, Physica 19D, 165 (1986).

V. A. Gani and A. E. Kudryavtsev, Phys. Rev. E60, 3305 (1999).

M. Peyravi, A. Montakhab, N. Riazi, and A. Gharaati, Eur. Phys. J. B72, 269 (2009).

S. P. Popov, Comput. Math. Math. Phys. 54, 1876 (2014).

S. P. Yukon and B. A. Malomed, J. Math. Phys. 56, 091509 (2015).

S. P. Yukon and N. C. H. Lin, IEEE Transactions on Magnetics 27, 2736 (1991).

L. V. Barashenkov, S. R. Woodford, and E. V. Zemlyanaya, Phys. Rev. E 75, 026604 (2007).

I. V. Barashenkov and S. R. Woodford, Phys. Rev. E 75, 026605 (2007).

B. Crosignani and P. D. Porto, Opt. Lett. 6, 329 (1981).

B. Crosignani, A. Cutolo, and P. D. Porto, J. Opt. Soc. Am. 72, 1136 (1982).

R. Nath, P. Pedri, and L. Santos, Phys. Rev. A 76, 013606 (2007).

P. Salmi and P. Sutcliffe, JHEP 01, 145 (2016), arXiv:1511.03482 [hep-th].

B. M. A. G. Piette, B. J. Schroers, and W. J. Zakrzewski, |Z. Phys. C65, 165 (1995), arXiv:hep-
th/9406160 [hep-th].

D. Foster, |[Nonlinearity 23, 465 (2010), larXiv:0904.3846 [hep-th].

J. Ashcroft, M. Haberichter, and S. Krusch, Phys. Rev. D91, 105032 (2015), larXiv:1504.02459 [hep-
th].

T. H. R. Skyrme, Proc. Roy. Soc. Lond. A260, 127 (1961).

T. H. R. Skyrme, Nucl. Phys. 31, 556 (1962).

M. Gillard, D. Harland, and M. Speight, Nucl. Phys. B895, 272 (2015), |arXiv:1501.05455 [hep-th].

36


http://dx.doi.org/10.1103/PhysRevB.29.7082
http://dx.doi.org/10.1103/PhysRevB.30.5306
http://dx.doi.org/10.1103/PhysRevB.31.4633
http://dx.doi.org/http://dx.doi.org/10.1016/S0921-4526(99)02186-9
http://dx.doi.org/10.1103/PhysRevLett.58.2762
http://dx.doi.org/10.1103/PhysRevD.14.3520
http://dx.doi.org/10.1002/mma.2512
http://arxiv.org/abs/1106.1298
http://dx.doi.org/10.1016/j.nuclphysb.2015.08.012
http://arxiv.org/abs/1505.06843
http://dx.doi.org/ 10.1103/PhysRevD.92.025031
http://dx.doi.org/ 10.1103/PhysRevD.92.025031
http://arxiv.org/abs/1506.05091
http://dx.doi.org/10.1134/S0965542514120112
http://dx.doi.org/10.1109/20.133778
http://dx.doi.org/10.1007/JHEP01(2016)145
http://arxiv.org/abs/1511.03482
http://dx.doi.org/10.1007/BF01571317
http://arxiv.org/abs/hep-th/9406160
http://arxiv.org/abs/hep-th/9406160
http://dx.doi.org/10.1088/0951-7715/23/3/001
http://arxiv.org/abs/0904.3846
http://dx.doi.org/10.1103/PhysRevD.91.105032
http://arxiv.org/abs/1504.02459
http://arxiv.org/abs/1504.02459
http://dx.doi.org/10.1016/0029-5582(62)90775-7
http://dx.doi.org/10.1016/j.nuclphysb.2015.04.005
http://arxiv.org/abs/1501.05455

[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]

S. B. Gudnason, Phys. Rev. D93, 065048 (2016), arXiv:1601.05024 [hep-th].

S. B. Gudnason and M. Nitta, (2016), arXiv:1606.02981 [hep-ph].

P. Salmi and P. Sutcliffe, J. Phys. A48, 035401 (2015), jarXiv:1409.8176 [hep-th].
P. B. Bailey, W. N. Everitt, and A. Zettl, ACM Trans. Math. Softw. 27, 143 (2001).
V. A. Gani, V. Lensky, and M. A. Lizunova, JHEP 08, 147 (2015).

M. Peyrard and D. K. Campbell, Physica 9D, 33 (1983).

R. H. Goodman and R. Haberman, STAM J. Appl. Dyn. Sys. 4, 1195 (2005).

R. H. Goodman and R. Haberman, Phys. Rev. Lett. 98, 104103 (2007).

T. Vachaspati, Phys. Rev. D93, 045008 (2016).

37


http://dx.doi.org/10.1103/PhysRevD.93.065048
http://arxiv.org/abs/1601.05024
http://arxiv.org/abs/1606.02981
http://dx.doi.org/10.1088/1751-8113/48/3/035401
http://arxiv.org/abs/1409.8176
http://dx.doi.org/10.1145/383738.383739
http://dx.doi.org/10.1007/JHEP08(2015)147
http://dx.doi.org/10.1103/PhysRevLett.98.104103

