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Scattering of vortices with excited normal modes
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We consider head-on collisions at critical coupling of vortices modeled by the Abelian-Higgs model. We
investigate the two-vortex scattering, whereby the vortices are excited by the shape mode causing
fluctuations in the gauge-invariant quantities. When the vortices are excited with a sufficiently large
amplitude the moduli space approximation fails, and we observe an interesting behavior in which the
vortices can become trapped in a quasibound state with multiple bounces. We perform a detailed
investigation on the behavior of these excited vortices and sample a phase space of solutions. Interestingly,
we find a fractal structure dependent on the initial phase of the mode and velocity of the vortices.

DOI: 10.1103/PhysRevD.110.056050

I. INTRODUCTION

The Abelian-Higgs model [1] is a relativistic field theory
whose excitations in (2 + 1) dimensions take the form of
topologically stable solitons known as vortices. The field
theory consists of a complex scalar field ® coupled to a
U(1) gauge field A,. The static theory is equivalent to the
effective Ginzburg-Landau theory [2], describing a mag-
netic field penetrating a superconductor quantized by the
number of vortices. The dynamics of vortex solutions is
where these two theories diverge; the Abelian-Higgs model
exhibits second order dynamics with Lorentz invariance
[3-5], whereas the time dependent Ginzburg-Landau
model exhibits first order dynamics [6,7]. It is the former
second order dynamics that we will focus on in this paper.
Note that in (3 + 1) dimensions vortices appear as string-
like objects, coined cosmic strings, that, if they exist, may
be detected through the gravitational contribution to early
Universe cosmology [8].

Vortex scattering has been well studied for all values of
the single parameter A [3-5,9,10]. This parameter splits the
model into two types; type I (A < 1) where vortices exhibit
long-range attraction and type II (4 > 1) where vortices
repel at long range. In contrast, at critical coupling (4 = 1),
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there are no static long-range intervortex forces and the
N-vortex solutions can be represented by an unordered set
of dimension 2N or My = CV/S, where Sy is the set of
permutations. At critical coupling, the low energy second
order dynamics can then be approximated as free geodesic
motion on the moduli space M. This moduli space
naturally captures the most striking result, namely, that
vortices exhibit head on 90° scattering [11].

In this paper we will consider the second order dynamics
of vortices away from M y by exciting normal modes of the
individual vortices. We will demonstrate that vortices do
exhibit long-range forces at critical coupling when their
normal modes are excited. These long-range interactions
alternate between attractive and repulsive depending on the
phase of the excited normal mode. We will then consider
the effect of these excited modes on the scattering of
vortices.

Several studies have considered the effect of excited
normal modes on the scattering of solitons and antisolitons
in one dimension, coined wobbling kinks [12]. The
scattering of wobbling kink/antikinks (while exhibiting
strong attractive static forces) are shown to bounce off
each other depending on initial velocities and the ampli-
tudes of the excited mode. The number of bounces has also
been shown to be chaotic in nature.

The paper is organized as follows. Section II outlines the
Abelian-Higgs model. Section III discusses the excitation
of the shape mode. Section IV explores the numerical
techniques used in simulating vortex dynamics. Section V
discusses the results we find from scattering vortices with
excited shape modes. Finally, we conclude in Sec. VI with a
summary of the results, as well as proposing some future
ideas to be considered.

Published by the American Physical Society
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II. THE MODEL AND STATIC VORTEX
SOLUTIONS

The (2 + 1)-dimensional Abelian-Higgs model [1] is
described by the following Lagrangian:

A

I— 1
= — H — — w _ 21 d2)2
L Az {2DﬂCDD o 4f,wf 8(1 |®[%) }sz,

(2.1)

where ®@(t,x) is a complex scalar field called the Higgs
field. The U(1) gauge potential is denoted by A,(t, x),
which is a real one form where A, = (Aj,A,A,), and
D,=9,—iA, is the associated covariant derivative.
Moreover, we denote the 2-form field strength tensor as
Sw =0,A, —0,A,, where f, gives the local magnetic
field orthogonal to the plane. We will ensure that R?>*! has
the signature (4, —, —) throughout the paper. Finally, as a
gauged theory, (2.1) is invariant under the following gauge
transformation,

®(x) > e Md(x), A, = A, +0,a(x).  (22)
Note that we have rescaled the model to normalize all
parameters (e.g., the electric charge or vacuum expectation
value of the Higgs field) leaving a single parameter, the
mass of the Higgs field 4. The speed of light is also set to
¢ = 1. The static energy can then be written as

vio.a] = [ {D@00+ 5+ L0 - opy e
(2.3)

where B is the magnetic field, such that B = f}, =

Varying the Lagrangian with respect to the independent
fields (@, A), we obtain the resulting second order dynamic
nonlinear equations of motion,

A
DD~ (1~ 0P =0, (2.4)

0,/" +3 (BD*® — ®D®) = 0, (2.5)
For field configurations to have finite energy we require
that B— 0, D,® - 0, and |[®| — 1 as p — oo, where
p = |x|. This fixes the Higgs field on the boundary

D, = limP(x)

p—0

to take values on the unit circle such that @ :S, — S,
where S, is the circle on the boundary of R?. This map is
encapsulated by an integer degree or winding number

N € Z. This winding number defines the number of zeros
of the continuous Higgs field @ including multiplicity.
Since a given field configuration cannot be deformed from
one homotopy class into a different one by a continuous
deformation, the field configurations are separated into
infinitely many disjoint components, indexed by the integer
degree N. Therefore, the dynamic field equations must
preserve the integer degree N. Using the boundary con-
ditions above and Stokes’ theorem, we can write the total
magnetic flux in terms of the degree N, which is hence

quantized as
1
- =N.
3 [

We will interpret the degree N as counting the number of
vortices in the plane, the positions of which are taken to be
the zeroes of the Higgs field .

In this paper we are interested in the critically coupled
case (4 = 1) for which it can be shown that the static energy
is bounded below by the degree E[®, A] > z|N/|, called the
Bogomolny bound [13]. This inequality is saturated if and
only if the fields satisfy the Bogomolny equations,

(2.6)

1

This set of first order equations were studied in detail by
Taubes [11,14]. The moduli space My is defined as the
space of all possible vortex configurations of topological
charge N that satisfy Eq. (2.7) and thereby minimize the
energy functional. In fact, the moduli space is a manifold of
dimension 2N, and the kinetic energy induces a natural
metric on M [15]. When vortices have small velocities,
their scattering dynamics can be well approximated by
geodesic motion on the moduli space My [16]. The moduli
space metric needs to be evaluated numerically. However,
there are analytic results for vortices in hyperbolic
space [17,18].

The moduli space approximation correctly predicts that
two vortices that approach each other head-on will scatter at
right angles which we will confirm numerically in the
following section.

We first consider an axially symmetric static isolated
vortex of degree N at the origin using the following ansatz:

@ = f(p)eN?, (2.8)

(onAp’Aa) =(0,0,a9(p)),

where we chose the temporal gauge Ay = 0 and the radial
gauge A, = 0. By the principle of symmetric critically, this
configuration will also be a static solution of the full field
equation. The axially symmetric ansatz reduces the field
equations to

056050-2
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Frasf = (=) <5 =D =0 (29)

1
ag—;ag+(1—a9)f2:0. (2.10)

Regularity gives us the profiles at the origin f(0) = 0 and
a(0) = 0 while the boundary conditions above are now

limf(p) =1 and limay(p) =N.

p—0 p—0

The coupled system (2.9) and (2.10) is nonlinear and must
be solved numerically, which is done using gradient flow
with fourth order finite difference for derivatives to min-
imize the energy.

Although there is no known analytic solution, we can
study the asymptotic form of the solutions for both p ~ 0
and p — oo. First, we will consider f and a, near the origin,
which admits the expansion f(p) = p"F(p?) and
ag(p) = p*G(p?), where F and G are power series in p?
with a nonzero coefficient for the leading term. Hence, we
can write any general cylindrically symmetric solution of
degree N in the form

@ = (x) + ixy)VF(x} + x3),

0
—0,G(x] +x3) |,
0 G(xt +x3)

A, = (Ag. AL Ay) = (2.11)

where F(p?) and G(p?) are now nonlinear functions across
the whole space but can be expanded as a power series near
zero. This reduces the field equations to

8p°F" + 16F' —

P2F3 + F(1 = 20°G? +4G) =0, (2.12)

4p°G" + 8G' + F*(1 — p*G) = 0. (2.13)

To consider the tails of the solutions, we linearize the
system (2.9) and (2.10) around the vacuum (f, a) = (1, N)
that produces a decoupled system of two ordinary differ-

ential equations that yield the solution

FO)~1=5LKo(VIp).  aglp)~N=2-pKi(p).  (2.14)

We can now understand the long-range static intervortex
forces by assuming that a vortex at long range acts as a
point source [19], each with an associated scalar charge ¢
and magnetic dipole moment m. These point sources must
satisfy the linear differential equations with solutions given
in (2.14). This leads to the linear interaction energy of two
well separated point sources as

En(R) = = 5= Ko(VAR) + 7~ Ko(R).

5 (2.15)

where R is the separation. The key result is that the
contribution from the Higgs field interaction is negative
while the magnetic contribution is positive. Hence, for
A <1 the Higgs field dominates at long range causing
vortices to attract, while for 4 > 1 the magnetic field
dominates at long-range causing vortices to repel [19].
However, we will focus on the critically coupled case
(4 = 1), where the contributions from the Higgs field and
magnetic field cancel each other with ¢ = m, leading to no
long-range interaction between static vortices.

III. NORMAL MODES

In this section we will study the normal modes for an
N =1 vortex. This was first studied for several values of 4
by Goodband and Hindmarsh in [20], and we will take a
similar approach here. Recently, these modes have been
studied in more detail using different methods for 4 = 1
[21,22] and all A [23]. To proceed we consider perturbations
of the fields (®, A) around the background of a static vortex
solution, and hence consider the quantities,
r=A—di(x), (3.1
where (®,(x), a5 (x)) is the static solution of (2.4) and (2.5)
for given 1. Hence, the system is close to the static vortex
precisely when the perturbations ¥ and y* are small. This
gives a correction to the action of the form

S = S(®,.a") +€*S, + O(e%), (3.2)

where € is an arbitrary constant such that ¢ <« 1, and

/ EDEAx,

5 ( ) ()( ezwt X e—zwl lIJelwt \_I_le—lwt)7

(3.3)
where ¢ is a vector of the perturbations, @ is the angular
frequency of the linear mode, and ¢ denotes time. Note that
the linear action term vanishes because (®, A,) is a solution
of (2.4) and (2.5), and as € is small we can neglect all terms
higher than quadratic, leaving only linear corrections to the
equations of motion. We have also expanded the gauge
field in terms of the total angular momentum state such that

l__sin(G) __l N _
== ap) = -3 af +5)
, cos(6) 1

(3.4)

where
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ia )

ia )
+ — 6‘(:0) 6_19,
P P

Qg

(3.5)

and ag(p) is a radial profile function found by solving
(2.10). (Ag,A,,Ay) = (Ag,0,ay(p)), where we chose the
radial gauge A, = 0. The perturbation on the gauge field y*
behaves the same. Then the total fields are

Moreover, the Lorenz gauge d,A* = 0 is satisfied by this
gauge condition. The Lorenz gauge is chosen for the full
field theory dynamics because we found it to be the most
suitable gauge choice for numerical simulations in Sec. IV.

With the above ansatz, we obtain the eigenvalue equation
from D by separating the time derivatives,

A B B X+ A+
D(x) =D, (x) +eP(x)e™™,  Bx) =D, (x)+eP(x)e, pa pa
D =’ , (3.9)
(3.6) v v
: ¥ ¥
AT(x) = ai (x) + g (x)e™™,
A™(x) = a; (x) + ex (x)e'™". (3.7)  Where
In order to set up the eigenvalue problem for the Dy 0 A B
perturbations, we seek to remove the linear derivative 0 D, C E
. . . ID — ,
terms by choosing the background gauge condition [24], LG E B D, V,
01" — (Y&, — DY) = 0. (3.8) C A V, Dy
This gauge choice removes the gauge degrees of freedom.  and
|
. _ oo )
D2:_A_l(a;-+as)ax+(a;__ag-)ay+§<2|q)s| _1)+a;- s
A
Dy = —-A+i(af + a5)0, — (af —a7)o, —|—§(2|<I>s|2 -1)
A =i0,®; +0,®, + Day, B = —id,®; — 0,®, + D,a;,
C =i0,®; - 0,®, + Dyay, E = —id, @ + 0,®; + Day,
A Y S —
=0 -2, V,=-®72 2, 3.10
1 2 s K 2 K ( )

The perturbations are given by [20]

W ZS N+k€’ P — Zs—k
Z+=Zi“k(!’) i(k= :_Z,a i(k+1)0

k

—zN k6‘ (3'11)

(3.12)

where N is the topological charge, and k € Z is the wave
number.

Substituting the ansatz (3.11) for the perturbations, (3.5)
for af and (2.8) for ®,, we can reduce the eigenvalue

problem (3.9) to a one-dimensional problem. For the case

of this paper, we are only interested in the N =1, k=0
linear mode, in which case sy = 57, and a = a’,. Hence,
for N =1 and k = 0, the ansatz (3.11) simplifies to

w1 (x) = cos(6) so(p). (3.13)
wa(x) = sin(0) s0(p). (3.14)
21(x) = —sin(6) a(p). (3.15)
12(x) = cos(0) ao(p). (3.16)

Hence, the eigenvalue problem (3.9) becomes

056050-4
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_(a/,,, + [l)ap) +f+

2 (ag—1)

where we have eigenfunctions of the form &= (o,
Qy, S, So), and the system (3.9) has decoupled into two
copies of Eq. (3.17).

We now employ a central second order finite-difference
scheme to discretize the system of coupled ordinary
differential equations (3.17), and write the eigenvalue
problem as a 2 x 2 block matrix, with entries of size
M x M. We then use MATLAB to find the eigenvalues of
the block matrix. Boundary conditions are discussed in
[21]. We find that for N = 1, we have only one normal
mode, denoted the shape mode, as it is a radially symmetric
mode that causes fluctuations in gauge-invariant quantities.
We find that the mode has the frequency @® = 0.77747 and
plot the eigenfunctions in Fig. 1. We have normalized the
eigenfunctions using the L, norm,

2 / " (@) + o) pdo=1.  (3.18)
0

IV. NONLINEAR NUMERICAL METHODS

We seek dynamic solutions of the equations of motion
(2.4) and (2.5), which we find by numerically evolving the
equations of motion from an initial condition of well
separated Lorentz boosted vortices. We discretize the fields
on a regular grid of n; x n, lattice sites with spacing & > 0,
where the discretized configuration space is the manifold
C = (C x R¥)Mm o R, We approximate the first and

0.2
50

0.15

0.1}
0.05
0

0 5 10 15
p
FIG. 1. Plot of the solutions to (3.17), normalized using the L,

norm (3.18), for the N = 1 vortex shape mode. Here a(p) and
so(p) are the radial profile functions of the gauge field and the
Higgs field, respectively.

z,,—f(ae—l)

—(a,,p+})ap) +50Gf = 1)+ s (ag—1)

(3.17)

(2)-+(2)

second order spatial derivatives using central fourth order
finite difference operators, yielding a discrete approxima-
tion L 4, to the functional L[®, A] in (2.1). We then evolved
the discretized fields using a second order Leapfrog method
with time step df = 0.01. Typical values used were n; =
n, =601 and h = 0.1.

Natural boundary conditions (detailed in Appendix B)
have been imposed to allow the phase to wind around the
boundary as the fields evolve. Moreover, since we use a
large amplitude in exciting the vortices, the dynamical
solution exhibit radiation. Therefore, we have implemented
damping boundary conditions near the boundary. We
subtract the first order time derivatives of the fields
orthogonal to the gauge orbit, multiplied by a function,
K(x) from the equations of motion. K(x) has boundary
conditions K(0) = 0 and K(o0) = 1, and is of the form

K(x) = 1= (1= elbul=07) (1= ealial=2?) a1
where x? is the location of the boundary. The constant & is
chosen so that the damping boundary conditions only use
10% of the boundary. Although the natural boundary
conditions should allow for the radiation to pass through
the boundary, some is reflected. The damping boundary
conditions ensure that most of the radiation is absorbed so
that it is not reflected back towards the bulk, affecting the
behavior of the mode in which we are interested. Note that
the damping boundary conditions are not perfect and not all
radiation is absorbed. To provide numerically accurate
results, we altered the boundary conditions for a lattice
of size 601 x 601 by varying the constant e, so that the
solution not only matches that of a solution found in a
lattice of size 2001 x 2001, whereby the grid is sufficiently
large that the radiation takes a long time to return to the
system but also fine-tuned the boundary conditions by
choosing the best a so that there is as little radiation as
possible.

During the development of the numerics, we considered
other gauge choices motivated by work on vortex scattering
[3,5,25,26]. Namely the temporal gauge Ay = 0, which can
be achieved either by using a gauge transformation to
impose this condition after the boost or by imposing A; = 0
via a gauge transformation before a Lorentz boost. This
gauge choice however is not compatible with the natural
boundary conditions, as the temporal gauge provides no
equation for the derivatives of the gauge field on the
boundary. Hence, we chose the Lorenz gauge d,A* = 0, as
it is compatible with the natural boundary conditions
(detailed in Appendix B). Note that we can check the
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numerics for a static vortex by checking that the gauge
invariant quantities remain consistent no matter the gauge
choice.

We chose a second-order symplectic integrator, namely
the leapfrog method, to dynamically evolve the equations
of motion. A symplectic integrator preserves geometric
quantities such as the magnetic flux. This provides advan-
tages in maintaining stability and accuracy during large
integration times. The method is also of second order. As
such, it is more efficient in terms of computational
resources, which is essential in our case due to the volume
of results.

The fourth order Runge-Kutta method generally offers
higher accuracy. However it is more computationally
taxing, making it less suitable in our specific case. An
artifact of the simplicity of the Leapfrog method is that it is

|

more easily implemented compared to higher order meth-
ods such as RK4 and the Yoshida-Leapfrog method. To
confirm that the Leapfrog method provides suitable accu-
racy, we also simulated solutions using the named higher
order methods and found that the general structure of the
phase space was the same. Even though individual simu-
lations varied due to the chaotic nature of the solutions, as
well as the differences in the integration techniques.
Moreover, we tracked gauge-invariant quantities such as
total energy and magnetic flux, and tracked the separation
of the zeros of the Higgs field to ensure that the methods
were consistent with each other.

We now explore a single vortex solution to the static
equations of motion with excited shape mode. We can
hence generalize an initial configuration for the vortex
fields when the shape mode is excited:

P1(t.x1,3) = R((r + i)Y F(3 + 23) + ey (x) cos (@1 — 0(0)),
$a(t.x1.22) = Z((x1 + ix2)V)F(x] + x3) + ez (x) cos (o1 — 6(0)),

Aﬂ<t, xl,xz) =

—x,G(x? + x3) + ey, (x) cos (wt — 5(0)) |,

0
(4.2)

1 G(x +33) + ea(x) cos (w - o(0))

where ¢(0) is the initial phase of the mode, v;, y; are the
perturbations, F and G are the solutions of (2.12) and
(2.13), respectively, @ is the angular frequency and e is the
magnitude of the perturbation.

We can now simulate a single vortex of degree N, with
excited shape mode. We can hence study the amplitude of
the N = 1 excitation over time, by calculating the amplitude
of the static potential energy, see Fig. 2. Figure 2 shows how
the amplitude of the excitation changes with time. Note that
the energy is conserved. However the damping boundary

0.5

0.4

Amplitude

0 1000 2000

|

conditions remove radiation from the system, hence the
energy is allowed to decrease. The solid black line indicates
the choice of € used for the majority of our results. We denote
the initial amplitude of the excitation A(0), where

A0) = % (ew)?. (4.3)

We can see that there is an exponential decay by taking a
logarithm of the amplitude, see Fig. 3, whereby for e < 0.7,

€
0.1 0.575
0.125 0.6
0.15 0.625
0.175 0.65
0.2 0.675
0.225 0.7
0.25 0.725
0.275 0.75
0.3 0.775
0.325 0.8
0.35 0.825
0.375 0.85
0.4 0.875
0.425 0.925
0.45 0.95
0.475 0.975
0.5 1
0.525 we——(.9
0.55
3000 4000 5000
Time

FIG.2. Change in amplitude of the N = 1 vortex shape mode against time, where the amplitude is the magnitude of the fluctuations in
the static potential energy. The black line with ¢ = 0.9 corresponding to A(0) = 0.317 is our default initial amplitude in Sec. V.
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0 1000 2000

FIG. 3.

3000 4000 5000

Time

Log-plot of the amplitude of the N = 1 shape mode against time, to show the exponential decay of the excitation. The black

line with € = 0.9 corresponding to A(0) = 0.317 is our default initial amplitude in Sec. V.

the resulting curves are straight lines. Initially, we see that,
for larger ¢, the amplitude of the shape mode decays faster.
However, changing the initial amplitude is the same as
shifting through time, see Fig. 2, whereby we can shift along
the time axis such that all different initial amplitudes can be
considered as a decayed amplitude along the same curve.
Figure 2 gives us a range of suitable amplitudes for the
excitation of the shape mode to scatter excited vortices. To
simulate scattering, we must first impose an initial velocity
for the vortex configuration so that the vortex moves. We
then boost the vortex using a Lorentz transformation.
Our coordinates transform as ¥ = AX where

y —yv 0 y yv O
A=|—yv v O, Al=]yv y 0], (44
0 0 1 0 01

and y = ﬁ is the Lorentz factor. Consequentially, the

Higgs field and gauge field then transform as

O(x) > D(x) =D(Ax), A, (x)>A,(x) =AA, (A x).
(4.5)

Hence, we have an initial configuration for our two-
dimensional dynamical numerics, detailing an axially
symmetric vortex with an initial velocity and an excited
shape mode.

d1(t,x1,x7) = R((y(x) + v1) + ixy)V)F(r*(x; + v1)* + x3) + ey (%) cos (wy (1 + vx;) — 6(0)),

Ga(t.x1,x2) = T((r () + v1) + ixg)V)F(r* (xy + 01)? +23) + eya(%) cos (wp (1 + vx,) = 0(0)).

—yvxy (P (x1 + v1)? + 33) + yvey, (¥) cos (wy (t + vx;) — 0(0))

Aﬂ(t’xleZ) =

=y (2 (x1 + v)* 4+ x3) + vey (%) cos (wy (1 + vxy) = 0(0))

y(x1 + v1)G(r?(x) + vt)? + x3) + ex2(X) cos (wy(t + vx;) — 5(0))

For large initial amplitudes, the nonlinear terms in (3.2)
become significant, and we observe that the energy is phase
dependant, varying up to order O(e?) for a 7z shift.

It is outlined in Appendix A how to excite the same
mode using a Derrick’s scaling. We find that the mode
excitation can be well approximated by a scaling of the
fields. However, this allows less freedom in the choice of

the initial phase. To alter the phase using the Derrick’s
method, we must evolve the vortex in time to numerically
change the initial phase of the mode, which results in a
small decay in the energy. Using the method by which we
alter the phase in the Derrick’s approximation, we can also
alter the phase the same way for the linearization. By
changing the phase this way, the amplitude of the shape
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mode decays by approximately le —4, which is signifi-
cantly less than the contribution to the energy of the higher
order terms in the linearization. Because of this, we will
show in Sec. V the phase space plot for both methods.
The initial field configurations (4.6) are solutions to
the dynamic equations of motion (2.4) and (2.5) and can be
used to simulate a single degree N vortex with excited
shape mode. We seek to study the scattering of these
excited degree N =1 vortices; hence we must create
multivortex field configurations that are also solutions to
the equations of motion (2.4) and (2.5). The Abikrosov
ansatz [27] allows us to find field configurations detailing
well-separated Lorentz boosted vortices with excited shape
modes. The Abikrosov ansatz for a given vortex solution

(@(t.x).A,(1.x)) is

d=J[ex-d). A, =) A(x-d). (47

where d; are the positions of the vortex centers. The
approximation works well when the vortices are well
separated from each other, such that the separation is much
larger that the vortex core size, namely, 2d; > 1.

To confirm that our numerics are working correctly, we
can simulate the scattering of vortices at critical coupling,
using the configuration (4.6), and setting the perturbations
to zero. We can then track the zeros of the condensate to
plot the separation for a set of initial velocities. In the
moduli space approximation, the trajectories are indepen-
dent of the initial velocity. This leads us to rescale our
trajectories as t — v;,¢, where vy, is the initial velocity of
the vortices. Figure 4 shows the scattering of two vortices
of multiplicity one, with varied initial velocities. As
expected, the trajectories initially lie on the same curve

until #~ 8. For small velocities v;, < 0.3, our numerics
match the expected behavior from the moduli space
approximation (dotted line) whereby they travel with
constant velocity and scatter at 90°. For larger velocities,
the numerics deviates significantly from the moduli space
approximation which is only valid for small velocities. For
velocities close to 1, the trajectories show new kinds of
behavior, which goes beyond the scope of this paper.

V. SCATTERING OF EXCITED VORTICES

In this section, we study the scattering behavior of two
N =1 critically coupled vortices with excited shape
modes. The excitation leads to an interesting scattering
behavior dependent on initial velocity, as well as amplitude
and phase of the shape mode. We look at snapshots of a
numerical simulation which show the scattering of the
excited vortices. We also plot different vortex trajectories,
where we vary the initial phase of the shape mode.
Furthermore, we show a plot summarizing a sampling of
scattering outcomes for a fixed amplitude, where we vary
the initial velocity and the phase of the shape mode. We
then discuss how this summary is different if we change the
initial amplitude of the shape mode. Finally, we give a brief
discussion regarding changing the relative phase of the
shape mode between the two vortices.

For all simulations discussed in this section, the vortices
are located at d; = 410, where d; is defined in (4.7). This
separation was chosen so that the vortices are initially well
separated so that the forces between them can be neglected.
Unless stated otherwise, we consider solutions for a fixed
initial amplitude A(0) =0.317. This corresponds to
€ =0.9, where € is the magnitude of the perturbation,
defined in (3.6). The initial amplitude is calculated from e,
see Eq. (4.3). We choose a sufficiently large initial

Separation

—0.9 |
Geodesic
Motion

15 20 25

time x velocity

FIG. 4. Separation of the zeros of the Higgs field (interpreted as the vortex position) of two vortices scattering at various initial
velocities against time. Here the time is rescaled by the velocity such that ¢ — v;,¢, where v;, is the initial velocity of the vortices.
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Heat plots of the energy density, showing snapshots through time of an excited vortex scattering, with initial phase

0(0) = 2.2612, initial velocity v;, = 0.01, and initial separation d = 20. The black dots indicate the zeros of the Higgs field. This figure
shows how the vortices accelerate towards each other and then scatter at 90°. The vortices then slow before accelerating towards each
other and scattering at 90° again, which repeats many times. (a) r = 0, (b) t = 270, (c¢) t = 280, (d) t = 300, (e) r = 360, (f) r = 370,

(g) t =400, (h) r = 450.

amplitude A(0) such that there is enough energy in the
shape mode for a considerable amount of interesting
behavior in the excited-scattering process. We label the
initial phase of the shape mode by ¢(0) € [0, 2x), defined
in (4.6). Unless stated otherwise, the two vortices are in
phase with each other. We denote the initial velocity of the
vortices by vj,.

First, we show snapshots of a simulation for a two-vortex
scattering with excited shape modes in Fig. 5. The initial
phase of the shape mode for each vortex is 6(0) = 2.2612,
and v;, = 0.01. We display the energy density as a heat plot
and overlay the zeros of the Higgs field as black dots. We
can see that the energy density fluctuates as a result of the
excited shape mode. At critical coupling, there are no static
forces between vortices, and vortices scatter at right angles
in agreement with the moduli space approximation. We
find that this is no longer the case for excited vortices. We
refer to this multibounce behavior as a quasibound state.

For a fuller picture of the two-vortex scattering, we can
track the zeros of the Higgs field, as seen in Fig. 6. We plot
the separation of the zeros for a set of solutions to show the
trajectories of the vortices as a function of time. We have
only varied the initial phase o(0) for fixed velocity
vin = 0.06725. The solid red line shows the separation,
d, of the zeros of the Higgs field of the two vortices with
excited shape mode, and the solid blue line shows is the
amplitude of the excitation. The dashed red line shows the

separation of two vortices with the same initial configu-
ration, but no excitation. The dashed blue line indicates the
amplitude of a single vortex with the same mode excitation.

First, let us discuss the excited vortex scattering in
general. We can see that the trajectories of the vortices
with excited shape modes is different to that with no
excitation. Initially, there is no deviation between the
trajectories of the vortices with or without excitation.
There is also no curvature in the trajectories before d ~ 17,
showing that the vortices travel at a constant velocity
initially. This is because the length scale of the mode is
approximately the same as the size of the vortices, which
fall off exponentially at approximately [ = 8.5(d = 2I),
see Fig. 1.

For d < 17, the trajectory of the excited vortices begins
to deviate from that of the standard scattering. We observe
an increasing slope in the trajectory of the excited vortices,
and the excited vortices also collide sooner than with no
excitation. We can hence see that the vortices begin to
accelerate towards each other within this region. This
interaction is similar to the behavior of vortices in type I
superconductors, where vortices are attractive.

We can see in Figs. 6(a), 6(b), and 6(f) scattering
solutions where the vortices only scatter once. More than
this, we can see in Figs. 6(a) and 6(f) that the exit velocity
Vout 18 greater than the initial velocity v;,. We hence observe
behaviors of type II superconductors, as the vortices move
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FIG. 6. Tracking of separation of the vortices with time, plotted in red. Blue indicates the amplitude of the excitation per vortex. We
show six plots, with different initial phases, and fixed initial velocity »;, = 0.06725. The dashed red line indicates the standard scattering
process with no excitation but with the same initial velocity. The dashed blue line indicates the amplitude of the excitation in the absence

of the scattering. (a) 6(0) = 0. (b) 6(0) = L£ (¢c) 6(0) =

apart from each other at a velocity greater than that initially
configured.

We can conjecture that this attraction and repulsion is the
result of the changing length scales of the vortex as it
wobbles. We discussed in Appendix A that the interaction
energy fluctuates between positive and negative but is
mainly negative. We also see that the scalar interaction
fluctuates with a magnitude higher than that of the
magnetic interaction. Since the interaction energy is mainly
negative, see Fig. 11, we can conjecture that the mode
excitation results in an attraction where the scalar inter-
action dominates; however, since the interaction energy
also fluctuates to positive, the mode excitation also pro-
duces a repulsive interaction, where the magnetic inter-
action dominates. This shows that geodesic motion is not
the correct approximation for excited vortex scattering, as it
does not explain attraction due to excitation.

In all tracking plots, the amplitude of the excitation drops
after the vortices collide. We can see that this is aresult of the

L (d) o(0) =

]77r (e) 0.(0) 5/! (f) (0) 257z

collision as this is a deviation from the dashed blue line. This
is because energy from the mode is transferred to the kinetic
energy of the vortex. After the excited vortices scatter, the
amplitude increases slightly, suggesting that kinetic energy
from the vortices is transferred back to the excitation. If there
is more energy in the excitation, then the vortices become
more attractive, and hence we observe that they scatter again.
Near the end of the simulation, we can see that the amplitude
of the excitation has decreased significantly, especially for
Figs. 6(c) and 6(d). It is possible that there is not enough
energy left in the excitation, as it radiates energy due to the
fast decay of the amplitude. This means that not enough
energy can be transferred to the kinetic energy, and hence the
vortices escape.

There are some slight fluctuations in the amplitude after
the vortices collide. We believe this fluctuation to be a
result of the Doppler effect as radiation is emitted from the
vortices as they travel, which we have reproduced by
studying the Doppler effect.
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FIG. 7. Phase space of excited vortex scattering solutions. We show solutions for different initial velocity and initial phase for fixed
€ = 0.9. The dark blue space indicates solutions that only have one bounce, i.e., the vortices scatter only once, which is the normal
behavior for vortices at critical coupling. The number of bounces is represented as a heat plot for the color of each simulation, shown by
the color bar. The data are plotted three times along the y axis since the phase coordinate is cyclic, allowing us to get a clearer picture of
the behavior of the phase space. (a) Initial phase altered by the ansatz (4.6). (b) Initial phase altered numerically using a displacement

shift and evolving through time.

Figures 6(c)-6(e) display a quasibound state, where we
have multiple bounces. Figure 6(e) shows a 2-bounce
scattering solution, Fig. 6(c) shows a 4-bounce solution,
and Fig. 6(d) shows a 13-bounce solution. We can see from
the trajectories that the size of the bounce windows
increases with time. This could be argued to be a result
of the decay of the mode. As the mode decays, it loses
energy, resulting in a reduced attractive quality as time
progresses. This behavior is expected as it is observed with
kinks that we initially have noticeably short bounces that
become longer as the simulation evolves [12].

Next, we study a phase space of solutions to help identify
any patterns in the behavior of the excited two-vortex
scattering. We find solutions for a range of initial phases
and initial velocities and hence generate a phase space of

solutions, detailing the number of bounces as the number of
times the vortices scatter through each other.

Figure 7(b) shows a sample of solutions for a set
of initial phases o(0)€[0,27), and initial velocities
vin €10.01,0.13]. The number of bounces is indicated by
the color. The y axis has been extended to be in the
range [0, 67).

We observe in Fig. 7(b) regions of solutions that have
multibounce scattering. We also observe in between these
regions sets of solutions that only scatter once. We find a
fractal structure of multibounce solutions. We see that the
lines of solutions that have multibounces also have a
curvature, rather than a fixed slope. This is quite intuitive,
as we have a series of lines of decreasing gradient; however,
we can clearly see that the lines curve. This means that
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FIG. 8. A higher resolution plot of the phase space plot. We plot
the highlighted region of Fig. 7(b) but using a smaller step in vy,,.

changing the initial phase of the mode is equivalent to
changing the initial velocity, up to a critical value where the
initial velocity dominates the interaction of the vortices,
and they always escape. We can see that this critical
velocity is around the region of v;, = 0.13. However, this
is only a rough approximation. Extending the phase space
in the y direction also allows us to see more easily that for
any given initial velocity below the critical region, you can
always choose an initial phase such that the vortices scatter
more than once.

For low velocities, the resolution of the phase space is
too small to reveal the full structure of the phase space;
hence the presence of the parabola in the parameter space of
solutions Fig. 7(b) is a result of the resolution of the data.
We can observe Fig. 8 to show that the fractal structure of
repeated lines is observed for small velocities, but due to
the increasing slope of this pattern at low velocities, it is
hard to capture the pattern at low velocities as the lines
become more vertical and narrow, meaning that it is easy to
miss when scanning the parameter space.

We can hence see that the whole phase space shows a
fractal structure of regions with multiple bounces, ranging
from 2 to 30 bounces. The number of bounces does not
appear to have any correlation to the phase space at large,
but it could be argued that the resolution of the diagram is
too low to give a definitive answer. We now turn to the
question of why this fractal pattern appears. We can
surmise that this is a result of the phase of the shape mode
altering the state of the interaction for different velocities.
We see that, periodically, there are these dark blue regions
(solutions that only scatter once) and then thin slices of
solutions with multiple bounces, increasing in width and
decreasing in slope as the initial velocity increases.
Furthermore, these factors appear to be constant for each
region with respect to the phase.

As stated above in Sec. IV, we can alter the phase of the
mode in two separate ways. We can see the phase space of
solutions for both these methods in Figs. 7(a) and 7(b).
Figure 7(b) shows solutions where the initial phase of the
shape mode has been changed by shifting the initial vortex
position d;, and numerically evolve to alter the initial phase,
and Fig. 7(a) shows solutions where the initial phase is
changed using the ansatz (4.6).

Due to the dependence of the energy on ¢ in the ansatz
(4.6), which is maximal at a z shift, we can see in the
Fig. 7(a) that the pattern of the results deviates most at this
value, showing that the difference between these plots is an
artifact of this phase dependence on the energy. We can
hence assume that the plots should be identical, except that
we have this deviation because the method used.

We now discuss other initial amplitudes of the excitation.
Take, for example, ¢ = 0.5, i.e., A(0) =0.097. For this
initial amplitude, the mode decays extremely slowly, hence
nonlinear effects are smaller. We find that, for small
velocities, the vortices escape after one bounce. Hence,
we can assume that for this amplitude, the scattering is
dominated by the velocity, and the mode excitation causes
little interaction between the vortices as they scatter. This
gives further evidence to the proposition that the vortices
escape the bound state due to the decay of the excitation, as
if the amplitude is too small initially; they do not bounce
more than once. Therefore, we examine one more initial
amplitude between these two values already discussed and
take ¢ = 0.75, such that A(0) ~ 0.219, which also decays
slowly. We can see in Fig. 2 that this choice of ¢
corresponds to an initial amplitude of approximately 60%
of the previous amplitude discussed, where ¢ = 0.9 and
A(0) =0.317.

We see in Fig. 9 that we have the same fractal structure
dominating the phase space. There are some key
differences between the phase space of solutions with
€ =0.9 and ¢ =0.75. First, we observe in Fig. 9 that
there are only one bounce windows after an initial velocity
of v;, = 0.055. This suggests that the interaction imposed
by the mode is weaker than the strength of the initial
velocity, further supporting the conjecture that the mode
requires a certain amount of energy to dominate the
interaction. We further see that the fractal lines are narrower
in Fig. 9 than in Fig. 7(b). However, they are significantly
closer together, which could suggest that this set of
solutions is just a scaled set of solutions compared to
Fig. 7(b). Note that, for small velocities, the line pattern is
harder to see. This is due to the resolution of the phase
space. With higher resolution, this part of the diagram
would appear to fit the pattern of the rest of the data.

We now briefly explore the scattering of vortices where
the excitations for each vortex are out of phase with each
other. Consider the two-vortex scattering with initial
velocity »;, = 0.01, and initial amplitude of the mode
A(0) = 0.317. We have stated previously that we do not
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FIG. 9. Parameter solution space detailing the space of solutions computed using a second order Leapfrog method for time evolution.
We show solutions for different initial velocity and initial phase for fixed ¢ = 0.75. The dark blue space indicates solutions that only
have one bounce, i.e., the vortices scatter only once, which is the normal behavior for vortices at critical coupling. The number of
bounces is represented as a heat plot for the color of each simulation, shown by the color bar. The data are plotted three times along the y
axis since the phase coordinate is cyclic, allowing us to get a clearer picture of the behavior of the phase space.

get any bounce windows when the vortices are in phase; However with a relative phase between the shape modes
however, we observe some interesting behavior when we  per vortex of ¢ = z. The colors indicate the velocities. Dark
consider a relative phase of ¢ = 7. blue corresponds to a velocity of v;, = 0.01 and orange

Figure 10 shows the separation of the zeros of the Higgs  corresponds to an initial velocity of »;, = 0.1, with the
field for two-vortex scattering with an excited shape mode. colors in between interpolating between these values with a
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FIG. 10. Separation of the zeros of two vortices with initial velocity v;, = [0.01, 0.1] and initial magnitude of the perturbation ¢ = 0.9.
The vortices are out of phase in terms of the shape mode by ¢ = 7.
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step of vge, = 0.01. For small velocities we see a clear
repulsion between the vortices, as they do not scatter. We
can see from the slope of the separation that the vortices
slow down when they become close and then repel, as we
can see the change in direction of the lines. We can see that
the faster the velocity, the closer the vortices come together
before repelling, suggesting that the repulsion is not
dependant on the velocity, but fighting against it. This
figure illustrates behaviors of type II superconductors,
which is where vortices are repulsive.

Although not presented here, we find that with a relative
phase of 6 = 7 this mode is highly attractive, with solutions
with up to 50 bounces. This is intriguing, as we previously
only observed one-bounce windows with this initial ampli-
tude. This implies that the behavior of these vortices is
highly dependent on the phase of the mode, since breaking
the symmetry drastically alters the results, as seen in
Fig. 10, where the vortices repel. More research will be
conducted on this out-of-phase scattering to try and under-
stand the effect of breaking the symmetry of the mode.

VI. CONCLUSIONS AND FUTURE WORK

In this paper we have provided a detailed outline of how
to develop the numerics for Abelian-Higgs vortices in
(2 + 1) dimensions. We further showed how to excite the
vortex shape mode that causes fluctuations in the gauge-
invariant quantities. We discussed extensive results that
explore the scattering of the excited vortices.

Interestingly, we found that excitation of the shape mode
leads to the scattering exhibiting behavior of both type I and
type II superconductors. When both vortices are in phase,
the attractive properties dominate for most initial phases.
We have provided numerical and analytical evidence of the
nature of the attractive and repulsive properties of the
mode. We then sampled a phase space of solutions and
found a fractal structure dependent on the initial phase of
the shape mode and initial velocity of the vortices. We
found that the number of bounces a solution exhibits shows
signs of chaotic behavior and depends sensitively on the
initial setup of the scattering.

An important result of this paper is that geodesic flow is
not a valid approximation for vortex scattering with excited
shape modes, as it does not explain attraction due to
excitation. During the production of this paper, models
were developed in [28] to explain the motion of vortices
with excited shape mode, whereby geodesic flow on M is
modified by a potential. Interestingly, a fractal pattern is
also found in [28], whereby multiple bounces in two-vortex
collisions are observed, which is in complete agreement
with the result presented in this paper.

This paper opens many avenues for future work. We are
planning to study the dynamics of vortices of higher

multiplicity, specifically, multivortex scattering at critical
coupling. This has many possibilities because higher
degree vortices also have more normal modes to excite.
We also consider scattering excited vortices with a nonzero
impact parameter. Initial calculations show that the vortices
can orbit each other. Remarkably, we can further study the
same two-vortex scattering with excited shape mode briefly
discussed in this paper, namely where the vortices are z out
of phase. This is work in preparation [29], and we find
spectral walls in the Abelian-Higgs model.
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APPENDIX A: DERRICK’S SCALE
APPROXIMATION

This section seeks to show that the shape mode can be
well approximated by a Derrick’s scaling of the fields. First,
we show the initial construction used to excite the mode
this way. We apply Derrick’s scaling argument and consider
a spatial rescaling of the form

X px =X, (Al)
where u is the Derrick’s scaling factor. The Higgs field ®
scales as

D = P(ux). (A2)
We are working in a gauge theory; hence we require that
both terms of the covariant derivative D j<~I> scale consis-
tently. Since

0;® = p(9;®)(ux), (A3)
we impose that the gauge potential A, scales as
A, = nA, (ux). (A4)

It is important to perform the Derrick’s scaling on the fields
before applying the Lorentz transformation, and the result-
ing initial condition is as follows:
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B (1, x1.x5) = (r(ux;, + v1) + ipwx))VF(y? (ux, + vt)? + p?x3),

~ ~ ~ ~

Amu(t’xl’XZ) = (AO’AlyAZ) =

Hence we have an initial configuration for our two-
dimensional dynamical numerics, detailing a axially sym-
metric vortex with an initial velocity and a Derrick mode
excitation.

As stated above, we find the frequency of the shape
mode to be @}, = 0.777476. By studying the potential
energy of the Derrick’s scaled solution, we find a frequency
of the approximated mode to be wj, ., = 0.770076,

Ny, G (y? (uxy + v1)* + px3)

—Nyu?x,G(y* (ux; + vt)* + u?x3) ) (AS)
Nyu(px, + 00)G(r? (pxy + v1)> + p?x3)
[
Let
. X, +ix
D(x) = eNf(p) == o 2 £(p). (A9)
0
A=|TFap) |, (A10)
;—%aa(/’)

which is within 1% of the frequency found through the
linearization of the full field theory. This gives us evidence
that Derrick’s scaling the solution is indeed a good
approximation to the shape mode.

We can calculate the two-dimensional norm of the
perturbation for both methods to model how well the
Derrick’s scaling approximates the mode

f,g) = /f -g d’x, (A6)

where f and g are vectors of the Higgs field and gauge
fields for the Derrick’s scale perturbation, and the lineari-
zation perturbation respectively, such that

f = (xy). @a(x.y). 71(x ). 72(x. )", (A7)

g = 1 (x,2) v (0 9). 01 (6 ) (). (A8)
The Derrick’s scale mode approximation is a particularly
good approximation to the linearization, agreeing up to
95% for small perturbations. As the perturbation grows
larger, we see that the scale approximation begins to
become a less accurate approximation. However, we still
see for significantly high p, that the approximation covers
91% of the linearization, which is still considerably
accurate. This gives us confidence that the scale approxi-
mation is a suitable method for exciting the mode.

It has been shown in [20] how to find the linear vortex
modes for all coupling 1. Moreover, it is illustrated in [22]
how to find the linear modes for critically coupled vortices,
using a super-symmetry trick to reduce the dimensionality
of the spectral problem. The implementation of a Derrick's
scaling to excite the shape mode is a convenient approxi-
mation that can be used to easily excite the radially
symmetric shape mode for all A and for all degree N.

By approximating the shape mode by a Derrick’s
scaling, we also begin to gain an understanding of the
properties of interaction of the mode. We can begin to study
the long-range interaction of these excited vortices.

where p is the radial coordinate such that p = \/x} + x3,
and f(p) and ay(p) are profile functions, such that

flp) =p"F(p?), (Al1)

ag(p) = P*G(p?). (Al12)
We can linearize these profile functions near infinity, as
shown in [30,31], such that we get the following decaying
solutions with asymptotic expressions for |p| > 1,

F(p) %1 =L Kol(Vip). (A13)
ao(p) &N = 7K (p). (A14)

where K (p) and K (p) are modified Bessel functions, with
leading exponential term \/zzﬂe‘f’ for large p.

We find the coefficients ¢ and m using numerical
techniques. Furthermore, we can find these coefficients
as the vortex wobbles, and track the changes in the
coefficient to show how the Derrick mode excitation
provides an interactive force.

The interaction energy can be calculated as follows:

q° m

Ein(s) = = 5= Ko(V2s) + = Ko(s).

Al5S
2w 2w ( )

We can interpret the interaction energy as follows. The ¢
term in the interaction energy is negative, hence the length
scale associated with the scalar field produces an attraction.
Additionally, the m term is positive; hence the length scale
associated with the magnetic field produces a repulsion.
Thus, when the interaction energy is positive, the magnetic
field dominates the interaction, and the vortices exhibit a
repulsive force, whereas when the interaction energy is
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FIG. 11.

negative, the scalar field dominates the interaction, and the
vortices exhibit an attractive force.

If we now consider the spatial rescaling (A1), then for
p> 1, Egs. (A13) and (A14) rescale as

£(0) = Flo) = f(up) % 1 =L Ko(up). (AL)
ao(p) = dy(p) = ag(up) ~ 1 = 3-pK, (up).  (AL7)

If we consider the magnetic field, then we have that

l day(p)
p Op

B— ;u 0dy(p)

B:

El

El

L
%

_;% " (WK (up) + HpK (up)),

L

o 1Ko (up) + Ko"(ﬂﬂ))

m
= ﬂzz—KO(ﬂP)- (A18)
T

Hence, the interaction energy at critical coupling becomes

2

2
q m
= _ZKO(/‘R> + 1 5= Ko(uR),

E. (R
1nt< ) 2”

(A19)
where R is the separation between two vortices.
Therefore, we see that when u < 1 the magnetic inter-
action i1s weaker, and hence there will be an attraction.
Moreover, when p > 1, the magnetic interaction is
stronger, and hence there will be a repulsion between
the vortices. It is important to note that we have also
developed the numerics to excite the shape mode by a

Time

Plot to show the interaction energy for a two-vortex system pinned at d; = %8, with initial amplitude of the mode A = 0.006,
corresponding to € = 0.125 and Derrick’s scale factor 4 = 0.93.

Derrick’s scaling of the fields. Indeed, using a Derrick’s
scaling to excite the mode is only an approximation, and
hence there is more radiation in the system when the
excitation is carried out this way. However, it is much easier
numerically to include a mode excitation of this form.

We can compare this with the numerically calcula-
ted interaction energy, such that Ej, = V,(®,A,) -
2V, (@,A,), where V, is the potential energy of a two-
vortex system, where the vortices have been pinned at
fixed positions of d; = £8, and V is the potential energy
of a single vortex. We have calculated this interaction
energy for the shape mode discussed but have also
calculated the interaction energy for the same mode excited
instead with a Derrick’s scaling, with approximately the
same initial amplitude of the mode.

We can see in Fig. 11 that the fluctuations in the
interaction energy are more stable where the mode has
been excited using the linearization techniques; however,
the interaction energy calculated from the Derrick mode
excitation is still a really good approximation to that of the
linearization, showing further that this mode can be
accurately modeled by a Derrick scaling.

We show the phase space of solutions for a mode
excitation of this form Fig. 12 shows that we can observe
the same behavior as in Fig. 7, showing that using a
Derrick’s scaling to excite the mode is a good enough
approximation.

APPENDIX B: BOUNDARY CONDITIONS

We impose natural boundary conditions [32], so that
radiation may leave the system by passing through the
boundary. We denote the dynamical fields collectively as
£, a=0,...,5, consisting of the real and imaginary
components of @, as well as the three components of
the vector gauge potential. We take the variation of the
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FIG. 12. Phase space of scattering solutions. We show solutions for different initial velocity and initial phase for fixed Derrick factor
1 = 0.7. The dark blue space indicates solutions that only have one bounce; i.e., the vortices scatter only once, which is the normal
behavior for vortices at critical coupling. The number of bounces is represented as a heat plot for the color of each simulation, shown by
the color bar. The data are plotted three times along the y axis since the phase coordinate is cyclic, allowing us to get a clearer picture of

the behavior of the phase space.

energy functional with respect to &£,, so that the energy
varies as

5E:A<%”"<%))‘S€“+AQ( <giy>> O

(B1)

where Q is the finite domain that we perform our
simulations on, and 0Q is the boundary of the domain.
Furthermore, the divergence theorem has been used such
that the flux of the variation of E through the boundary
curve 0Q is the same as the surface integral of the
divergence of the variation of E across the entire region
Q. It should be noted that n is the inward pointing normal to
0Q. We require that 6F = 0 be such that &, satisfies the
Euler-Lagrange equations in Q. Henceforth, we have the
boundary conditions:

=0 (B2)

on the boundary 0Q. First, we consider the boundary
= +o0. For the energy (2.3), the boundary condition
(B2) reduces to

1 iy + A1\ _
(0) (o + ) =0 2 = =t

1¢2 1¢1 o o
< > (52452 A2¢1> —0= A=A
1 0 A2—62A
(0) ( >:0:>01A2:0yA1
1 aoA1 — 0,4,

We must also consider the boundary x, = o0
<0> < 0191 +A1¢z)
1 Orpy + Arhy
<0> | ( 2 — Ay )
1 02y — Arghy

0
<1> ' <01A2 0A )

0 0pA, — 0,A
< >< 0 20 2 0>:0:>62A0200A2.

0= 0,1 = Ay,

0 = 0,0, = Arhy,

0 = 61A2 — 62A1

) (B4)

Furthermore, we are working in a discretized version of a
continuous theory, so we must also discretize our boundary
conditions, which give us equations for ghost points, which
are temporary points that exist past the boundary. These
allow us to calculate the first and second degree finite
difference derivatives on the boundary.

These boundary conditions can be summarized
such that the covariate derivative tends to zero normal to
the boundary at infinity, as well as the magnetic
field, i.e.,

n(v—lA)d)anDl(D:OOnaQ,

culA =VxA=B=0o0ndQ, (BS)

where the gauge potential A is a four component 1-form,
with the z dependence set to zero.

We must impose a further constraint on the boundary
such that the first order time derivative of the electric
potential A goes to 0 on 022, i.e., dyAy = 0. This constraint
is necessary for numerical stability.

056050-17



KRUSCH, REES, and WINYARD

PHYS. REV. D 110, 056050 (2024)

[1] Peter W. Higgs, Spontaneous symmetry breakdown without
massless bosons, Phys. Rev. 145, 1156 (1966).

[2] V.L. Ginzburg, L. D. Landau, M. A. Leontovich, and V. A.
Fok, On the theory of superconductivity, J. Exp. Theor.
Phys. 20, 1064 (1950).

[3] KIM Moriarty, Eric Myers, and Claudio Rebbi, Dynamical
interactions of cosmic strings and flux vortices in super-
conductors, Phys. Lett. B 207, 411 (1988).

[4] Eric Myers, Claudio Rebbi, and Richard Strilka, Study of
the interaction and scattering of vortices in the Abelian
Higgs (or Ginzburg-Landau) model, Phys. Rev. D 45, 1355
(1992).

[5] EPS Shellard and P.J. Ruback, Vortex scattering in two
dimensions, Phys. Lett. B 209, 262 (1988).

[6] Alan T. Dorsey, Vortex motion and the Hall effect in Type-II
superconductors: A time-dependent Ginzburg-Landau
theory approach, Phys. Rev. B 46, 8376 (1992).

[7]1 N.S. Manton, First order vortex dynamics, Ann. Phys.
(N.Y.) 256, 114 (1997).

[8] Alexander Vilenkin, Cosmic strings and domain walls,
Phys. Rep. 121, 263 (1985).

[9] Jennifer Ashcroft and Steffen Krusch, Vortices and mag-
netic impurities, Phys. Rev. D 101, 025004 (2020).

[10] Alexander Cockburn, Steffen Krusch, and Abera A.
Muhamed, Dynamics of vortices with magnetic impurities,
J. Math. Phys. (N.Y.) 58, 063509 (2017).

[11] Clifford Henry Taubes, Arbitrary N: Vortex solutions to the
first order Landau-Ginzburg equations, Commun. Math.
Phys. 72, 277 (1980).

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

[13] E. B. Bogomol’Nyi, The stability of classical solutions, Sov.
J. Nucl. Phys. 24, 449 (1976).

[14] Clifford Henry Taubes, On the equivalence of the first and
second order equations for gauge theories, Commun. Math.
Phys. 75, 207 (1980).

[15] T. M. Samols, Vortex scattering, Commun. Math. Phys. 145,
149 (1992).

[16] D. Stuart, Dynamics of Abelian Higgs vortices in the near
Bogomolny regime, Commun. Math. Phys. 159, 51 (1994).

[17] I. A. B. Strachan, Low velocity scattering of vortices in a
modified Abelian Higgs model, J. Math. Phys. (N.Y.) 33,
102 (1992).

[18] S. Krusch and J. M. Speight, Exact moduli space metrics for
hyperbolic vortex polygons, J. Math. Phys. (N.Y.) 51,
022304 (2010).

[19] J. M. Speight, Static intervortex forces, Phys. Rev. D 55,
3830 (1997).

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

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

[22] A. Alonso-Izquierdo, W. Garcia Fuertes, N. S. Manton, and
J. Mateos Guilarte, Spectral flow of vortex shape modes
over the BPS 2-vortex moduli space, J. High Energy Phys.
01 (2024) 020.

[23] J. M. Speight and T. Winyard, Static short range intervortex
forces (to be published).

[24] Ta-Pei Cheng and Ling-Fong Li, Gauge Theory of Elemen-
tary Particle Physics (Oxford University Press, Oxford, UK,
1984).

[25] Jennifer Ashcroft, Topological Solitons and Their Dynam-
ics (University of Kent, United Kingdom, 2017).

[26] Richard A. Matzner, Interaction of U(l) cosmic
strings: Numerical intercommutation, Comput. Phys. 2, 51
(1988).

[27] Alexei A. Abrikosov, On the magnetic properties of super-
conductors of the second group, Sov. Phys.-JETP 5, 1174
(1957).

[28] A. Alonso-Izquierdo, N.S. Manton, J. Mateos Guilarte,
and A. Wereszczynski, Collective coordinate models for
2-vortex shape mode dynamics, arXiv:2405.20249.

[29] A. Alonso Izquierdo, J. Mateos Guillarte, M. Rees, and
A. Wereszczyniski, Spectral wall in collisions of excited
Abelian Higgs vortices, Phys. Rev. D 110, 065004
(2024).

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

[31] N. S. Manton and J. M. Speight, Asymptotic interactions of
critically coupled vortices, Commun. Math. Phys. 236, 535
(2003).

[32] Martin Speight, Thomas Winyard, and Egor Babaev, Chiral
p-wave superconductors have complex coherence and
magnetic field penetration lengths, Phys. Rev. B 100,
174514 (2019).

056050-18


https://doi.org/10.1103/PhysRev.145.1156
https://doi.org/10.1016/0370-2693(88)90674-0
https://doi.org/10.1103/PhysRevD.45.1355
https://doi.org/10.1103/PhysRevD.45.1355
https://doi.org/10.1016/0370-2693(88)90944-6
https://doi.org/10.1103/PhysRevB.46.8376
https://doi.org/10.1006/aphy.1997.5672
https://doi.org/10.1006/aphy.1997.5672
https://doi.org/10.1016/0370-1573(85)90033-X
https://doi.org/10.1103/PhysRevD.101.025004
https://doi.org/10.1063/1.4984980
https://doi.org/10.1007/BF01197552
https://doi.org/10.1007/BF01197552
https://doi.org/10.1103/PhysRevD.103.045003
https://doi.org/10.1103/PhysRevD.103.045003
https://doi.org/10.1007/BF01212709
https://doi.org/10.1007/BF01212709
https://doi.org/10.1007/BF02099284
https://doi.org/10.1007/BF02099284
https://doi.org/10.1007/BF02100485
https://doi.org/10.1063/1.529949
https://doi.org/10.1063/1.529949
https://doi.org/10.1063/1.3277189
https://doi.org/10.1063/1.3277189
https://doi.org/10.1103/PhysRevD.55.3830
https://doi.org/10.1103/PhysRevD.55.3830
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/10.1007/JHEP01(2024)020
https://doi.org/10.1007/JHEP01(2024)020
https://doi.org/10.1063/1.168306
https://doi.org/10.1063/1.168306
https://arXiv.org/abs/2405.20249
https://doi.org/10.1103/PhysRevD.110.065004
https://doi.org/10.1103/PhysRevD.110.065004
https://doi.org/10.1007/s00220-003-0842-4
https://doi.org/10.1007/s00220-003-0842-4
https://doi.org/10.1103/PhysRevB.100.174514
https://doi.org/10.1103/PhysRevB.100.174514

