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NUMERICAL STUDY OF QUANTIZED VORTEX INTERACTIONS
IN THE NONLINEAR SCHRODINGER EQUATION
ON BOUNDED DOMAINS*

WEIZHU BAOT AND QINGLIN TANGT

Abstract. In this paper, we study numerically quantized vortex dynamics and their interactions
in the two-dimensional (2D) nonlinear Schrédinger equation (NLSE) with a dimensionless parameter
€ > 0 proportional to the size of the vortex core on bounded domains under either a Dirichlet or a
homogeneous Neumann boundary condition (BC). We begin with a review of the reduced dynamical
laws for time evolution of quantized vortex centers and show how to solve these nonlinear ordinary
differential equations numerically. Then we outline some efficient and accurate numerical methods
for discretizing the NLSE on either a rectangle or a disk under either Dirichlet or homogeneous
Neumann boundary condition. Based on these efficient and accurate numerical methods for NLSE
and the reduced dynamical laws, we simulate quantized vortex interactions of NLSE with different
e and different initial setups including single vortex, vortex pair, vortex dipole, and vortex cluster,
compare them with those obtained from the corresponding reduced dynamical laws, and examine
the validity of the reduced dynamical laws. Finally, we investigate radiation and generation of sound
waves as well as their impact on vortex interactions in the NLSE dynamics.
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1. Introduction. Vortices are those waves that possess phase singularities (to-
pological defect) and rotational flows around the singular points. They arise in many
physical areas of different scales and in nature, ranging from liquid crystals and su-
perfluids to nonequilibrium patterns and cosmic strings [14, 37]. Quantized vortices
in two dimensions are those particle-like vortices whose centers are zeros of the order
parameter, possessing localized phase singularity with the topological charge (also
known as winding number, index, or circulation) being quantized. They have been
widely observed in many different physical systems, such as liquid Helium, type-II
superconductors, atomic gases, and nonlinear optics [1, 5, 13, 24, 31]. Quantized vor-
tices are key signatures of superconductivity and superfluidity. Their study remains
one of the most important and fundamental problems since they were predicted by
Lars Onsager in 1947 in connection with superfluid Helium.

In this paper, we consider and study numerically quantized vortex dynamics and
interactions in the two-dimensional (2D) nonlinear Schrédinger equation (NLSE), also
known as the Gross—Pitaevskii equation (GPE), which is a fundamental equation for
modeling and understanding superfluids [2, 16, 17, 19, 38]:

(L) 00706 1) = AU+ 5 (1= [, x €9, >0,

*Received by the editors January 18, 2013; accepted for publication (in revised form) January 2,
2014; published electronically April 1, 2014. This research was supported by Singapore A*STAR
SERC “Complex Systems” Research Programme grant 1224504056.

http://www.siam.org/journals/mms/12-2/90648.html

TDepartment of Mathematics and Center for Computational Science and Engineering, National
University of Singapore, Singapore 119076, Singapore (matbaowz@nus.edu.sg, http://www.math.
nus.edu.sg/~bao/; g0800880@nus.edu.sg).

411


http://www.siam.org/journals/mms/12-2/90648.html
mailto:matbaowz@nus.edu.sg
http://www.math.nus.edu.sg/~bao/
http://www.math.nus.edu.sg/~bao/
mailto:g0800880@nus.edu.sg

412 WEIZHU BAO AND QINGLIN TANG

with initial condition

(1.2) G(x,0) = vi(x),  xeQ,

and either a Dirichlet boundary condition (BC)

(1.3) VE(x, 1) = g(x) = ¥, x€0Q, t>0,
or a homogeneous Neumann BC

OYF(x,t)

(1.4) =

=0, xe€dQ, t>0.
Here, Q C R? is a simply connected and bounded domain, ¢ is time, x = (z,y) € R? is
the Cartesian coordinate vector, 1° := 1°(x, t) is a complex-valued function describing
the “order parameter” for a superfluid, w is a given real-valued function, ¢ and g
are given smooth and complex-valued functions satisfying the compatibility condition
P5(x) = g(x) for x € 9Q, n = (n1,n2) and n; = (—n9,n1) € R? satisfying |n| =
\/n? +n3 = 1 are the outward normal and tangent vectors along 92, respectively,
and € > 0 is a given dimensionless constant.

Denote the Gross—Pitaevskii (GP) or Ginzburg-Landau (GL) functional (“en-
ergy”) as [11, 18, 25]

15 ew= | Dwf(x,mu%z(|¢€(x,t)|2—1)2 dx = 6y (t) + Exu (1)

then it is easy to see that, for the NLSE (1.1) with either Dirichlet BC (1.3) or
homogeneous Neumann BC (1.4) for general domain €, or periodic BC when € is a
rectangle, the GP functional £°(¢) is conserved, i.e., £5(t) = £°(0) for t > 0.

Several analytical and numerical studies have dealt with quantized vortex states
of the NLSE (1.1) and their interactions in the whole space R? or on bounded domains
under different scalings with regard to the distances between different vortices. Based
on a formal analysis, Fetter [15] predicted that, to the leading order, the dynamics of
vortices in the NLSE (1.1) would be governed by the same law as that in the ideal
incompressible fluid. The same prediction was then given mathematically by Neu [31]
using the method of matched asymptotics. In Neu’s work [31], he found vortex states
of the NLSE (1.1) in the whole space R? with € = 1 for superfluidity and conjectured
the stability of these states under NLSE dynamics as an open problem [31]. Based on
his conjecture on the stability, he obtained formally the reduced dynamical laws gov-
erning the motion of the vortex centers under the assumption that these vortices are
distinct and well-separated; i.e., the reduced dynamical laws are asymptotically valid
when the distances between vortex centers become larger and larger [31]. Under this
scaling, the vortex core size is O(1). Based on the reduced dynamical law, which is
a set of ordinary differential equations (ODEs) for the vortex centers, one can obtain
that two vortices with opposite winding numbers (vortex dipole or vortex-antivortex)
move in parallel, while they rotate along a circle if they have the same winding num-
ber (vortex pair). However, these ODEs are correct only up to the leading order.
Corrections to this leading order approximation due to radiation and/or related ques-
tions when long-time dynamics of vortices is considered still remain an important open
problem. Using the method of effective action and geometric solvability, Ovichinnikov
and Sigal confirmed Neu’s approximation and derived some leading radiative correc-
tions [34, 35] based on the assumption that the vortices are well-separated, which was
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extended by Lange and Schroers [23] to the study of the dynamics of overlapping vor-
tices. Recently, by proposing efficient and accurate numerical methods for discretizing
the NLSE in the whole space, Zhang, Bao, and Du [43, 44] compared the dynamics
of quantized vortices from the reduced dynamical laws obtained by Neu with those
from the direct numerical simulation results of the NLSE under different parameters
and/or initial setups. They solved numerically Neu’s open problem on the stability
of vortex states under the NLSE dynamics: vortices with winding number m = +1
are dynamically stable and, respectively, |m| > 1 dynamically unstable [43, 44], which
agrees with those conclusions derived asymptotically by Ovchinnikov and Sigal [33].
In addition, they identified numerically different parameter regimes that the dynamics
and interactions of vortex centers obtained from the reduced dynamical laws agree
qualitatively and/or quantitatively as well as fail to agree with those obtained from
the NLSE dynamics [43, 44].

We remark here that Kevrekidis and his collaborators [8, 20, 28, 30, 36, 41, 42] re-
cently carried out some very interesting works on the dynamics and structure stability
of vortex clusters with several vortices in trapped Bose-Einstein condensates (BEC)
by studying the GPE with confinement potentials in the whole space R2?. Due to
the confinement potential and normalization condition, the situation there is different
from ours: (i) the profile of each single vortex is different—the density outside the
vortex core (with size at O(e)) is uniform with value 1 up to the domain boundary
in our case (cf. Figure 1) and it is zero outside the Thomas—Fermi radius in the BEC
setup due to the harmonic confinement potential; (ii) in the strong interaction regime,
i.e., 0 < e < 1, the density is almost 1 everywhere except the vortex core in our case,
while it is at O(y/€) in the BEC setup when the dimensionless interaction strength in
front of the cubic interaction is at O(1/e?) [4]; (iii) there is no new vortex generated
from the boundary during the dynamics due to the nonzero boundary condition in our
case, while there are new vortices generated from the boundary in the BEC setup [21]
due to the harmonic trapping potential. Thus the setups there are quite different
from that in this paper.

Inspired by Neu’s work, many researchers have published papers on the study of
the vortex states and dynamics governed by the NLSE (1.1) on a bounded domain
) C R? with the introduction of a small dimensionless parameter 0 < € < 1, which is
proportional to the core size of a vortex. Under this scaling, the core size of each vortex
is O(e) and the distances between vortex centers initially are O(1). Mironescu [29]
investigated stability of the vortices in (1.1) with (1.3) and showed that for fixed
winding number m, a vortex with |m| = 1 is always dynamically stable, while for
those of winding number |m| > 1, there exists a critical £, such that if ¢ > &5,
the vortex is stable; otherwise it is unstable. Mironescu’s results were then improved
by Lin [27] using the spectrum of a linearized operator. Subsequently, Lin and Xin
[25] studied the vortex dynamics on a bounded domain with either a Dirichlet or a
Neumann BC, which was further investigated by Jerrard and Spirn [18] using different
methods. In addition, Colliander and Jerrard [11, 12] studied the vortex structures
and dynamics on a torus under a periodic BC. In these studies, the authors derived
the reduced dynamical laws which govern the dynamics of vortex centers under the
NLSE dynamics when ¢ — 0 with fixed initial distances between different vortex
centers. They obtained that, to the leading order, the vortices move according to the
Kirchhoff law in the bounded domain case. However, these reduced dynamical laws
cannot indicate radiation and/or sound propagations created by highly corotating
or overlapping vortices. It remains a very fascinating and fundamental problem to
understand the vortex-sound interactions [10, 32] and how the sound waves modify
the motion of vortices [16].
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Very recently, the authors designed some efficient and accurate numerical methods
for studying vortex dynamics and interactions in the GL equation on bounded do-
mains with either a Dirichlet or a Neumann BC [6]. These numerical methods can be
extended and applied to study the rich and complicated phenomena related to vortex
dynamics in the NLSE (1.1) with either Dirichlet BC (1.3) or homogeneous Neumann
BC (1.4) on bounded domains. The main goals of this paper are (i) to present efficient
and accurate numerical methods for discretizing the reduced dynamical laws and the
NLSE (1.1) on bounded domains under different BCs, (ii) to understand numerically
how the BC and radiation, as well as geometry of the domain, affect vortex dynam-
ics and interactions, (iii) to study numerically the vortex interactions in the NLSE
dynamics and/or compare them with those from the reduced dynamical laws under
different initial setups and parameter regimes, and (iv) to identify cases where the
vortex dynamics and interactions from the reduced dynamical laws agree/disagree
qualitatively and/or quantitatively with those from the NLSE dynamics.

The rest of the paper is organized as follows. In section 2, we briefly review
the reduced dynamical laws of vortex interactions under the NLSE (1.1) with either a
Dirichlet or a homogeneous Neumann BC and present numerical methods to discretize
them. In section 3, efficient and accurate numerical methods are briefly outlined for
discretizing the NLSE on bounded domains with different BCs. In section 4, numerical
results are reported for vortex interactions of the NLSE under the Dirichlet BC, and
similar results for the NLSE under the homogeneous Neumann BC are reported in
section 5. Finally, some conclusions are drawn in section 6.

2. The reduced dynamical laws and their discretization. In this section,
we review two different forms of the reduced dynamical laws for the dynamics of vortex
centers in the NLSE (1.1) with either a Dirichlet or a homogeneous Neumann BC,
show their equivalence, and present efficient numerical methods to discretize them.

We assume that, in the initial data 1, there are exactly M isolated and distinct

vortices whose centers are located at x9 = (29, 4?), x3 = (29,49), ..., x%, = (2%,,4%,)
with winding numbers ni, no,...,n,,, respectively. The winding number of each
vortex can be chosen as either 1 or —1,1i.e., n; =1or —1for j =1,2,..., M. At time

t > 0, the M isolated and distinct vortex centers are located at x1(t) = (x1(t), y1(t)),
x2(t) = (22(t), y2(t)), - . ., and xpr(t) = (2ar(t), ynm(t)). Denote

X0 = (x9,x9,...,x%)), X =X (t) = (x1(t), x2(t), ..., xa(t)), t>0;
the renormalized energy associated with the M vortex centers is defined as [9, 24]

(21)  WX):=W(X@®)=- > amuhfx)-x(t)], t>0.
1<jAI<M

2.1. Under the Dirichlet BC. For the NLSE (1.1) with Dirichlet BC (1.3),
when ¢ — 0, two different forms of the reduced dynamical laws have been obtained
in the literature for the motion of the M vortex centers.

The first, which is widely used, has been derived formally and rigorously in the
literature; see, for instance, [9, 11, 22, 26] and references therein:

(2.2) x;(t) = —n;JVx; [W(X) + Wabe(X)], j=1,...,M, t>0,
with initial condition

(2.3) x;(0) = x! j=1,2,...,M.
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Here, J is a 2 x 2 symplectic matrix defined as

0 1
= (%)

and the renormalized energy Wip.(X) comes from the effect of the Dirichlet BC
associated with the M vortex centers X = X (¢) and is defined as [9, 24]

On, w(x)

d
2T %

M M
dec(X):—anR(xj;X)—F/ R(X;X)+anln|x—xj|
= 00

j=1

where, for any fixed X € QM R(x; X) is a harmonic function in x, i.e.,

(2.4) AR(x;X) =0, x € (),
with the Neumann BC
OR(x; X) 0
(2.5) B —3,,Lw(x)—%;nlln|x—xl|, x € 05

Using an identity in [9, eq. (51), p. 84],

M

Ve, [W(X) + Wape(X)] = =2n;Vy |Re X)+ Y mn|x—x ,

I=18&l#] o

xfx]

the reduced dynamical law (2.2) can be simplified, for 1 < j < M, to
M
i(t) —x(t

(2.6)  %(1) = 2] | VR (5 X) [mnyiy + > M X?( ) = xi(t) t>0.

o, o) —x(F |

The second form of the reduced dynamical law was obtained by Lin and Xin [25]
for1<j< M as

M
. x;(t) — x(t)
2. () =2 H (% X) s, s ,
(2.7) k() = 2J | JVH (x; X) |y ]<t>+l_%¢jmlxj(t)_xl(t)|2 t>0

where for any fixed X € QM H(x; X) is a harmonic function in x and satisfies the

BC

OH(x; X) 0 &
(2.8) “on, —3,,Lw(x)—%;nlln|x—xl|, x € 05

In the above two different forms of the reduced dynamical laws for the NLSE,
although the two harmonic functions R(x; X) and H (x; X) satisfy different BCs, they
are equivalent. In fact, they are both equivalent to the following reduced dynamical
law: For 1 <j < M,

M
o | x;(t) = ()
(2.9) Xj (t) =2J | JVxQ (x; X) |x:x,~(t) + l_%ﬁ nl|xj(t)——xl(t)|2 )
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where, for any fixed X € QM Q(x; X) is a harmonic function in x and satisfies the
Dirichlet BC

(2.10) Q(x; X) ZmG (x —x1), x € 01,

with the function 6 : R? — [0, 27) being defined as

(2.11) cos(0(x) = —,  sin(0(x)) = |y;| 0#x=(2,y) € R2.

LEMMA 2.1. For any fived X € QM| we have the identity
(2.12) JVQ (x;X) = VxR (x; X) = JVxH (x; X), x € (),

which immediately implies the equivalence of the three reduced dynamical laws (2.6),
(2.7), and (2.9).

Proof. For any fixed X € QM since @ is a harmonic function, there exists a
function ¢1(x) such that

JVxQ (% X) = Vei(x),  xe.
Thus, ¢1(x) satisfies the Laplace equation
(2.13) Ap1(x) = V- (JVxQ(x; X)) = Oyap1(X) = Fayipr(x) =0, x €,
with the Neumann BC
(2.14)  Onpr(x) = (JVxQ(x; X)) - n = VxQ(x; X) - ny = I, Q(x;X), x €.

Noting (2.10), we obtain for x € 9Q

Inp1(x) = On, w(x anLZnﬁX—Xl ——anln|x—xl|

Combining the above equality with (2.13), (2.4), and (2.5), we get
AR(x; X) —1(x)) =0, x € On (R(x;X) —¢1(x)) =0, x €.
Thus
R(x; X)) = ¢1(x) + constant, x € (),

which immediately implies the first equality in (2.12). The second equality in (2.12)
can be proved in a similar way, but we omit it here for brevity. O

2.2. Under the homogeneous Neumann BC. Similarly, for the NLSE (1.1)
with the homogeneous Neumann BC (1.4), when ¢ — 0, there are also two different
forms of the reduced dynamical laws for the motion of the M vortex centers.

Again, by introducing the renormalized energy Wy, which comes from the effect
of the homogeneous Neumann BC associated with the M vortex centers X = X(¢),

(2.15) Wabe(X an (x;; X
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where, for any fixed X € Q™. R(x; X) is a harmonic function in x and satisfies the
Dirichlet BC

M
(2.16) R(X;X):—Zmln|x—xl|, x € 09,

the first form has been derived formally and rigorously by several authors in the
literature [11, 18, 22] as

(2.17) X(t) = —n; Vs, [W(X) + Wine(X)],  G=1,...,M, t>0.

Using the identity

M
(218) Vi, [W(X) + Wabe(X)] = =20,V |R(x X)+ > mlnx—x||
1=18&I#j .
the above reduced dynamical laws collapse for 1 < j < M as
: x;(t) — xu(t)
2.1 =2 X s L t .
(B10) 50 =27 | Va0 K)o ’+l%%/”mxw—xmﬂ2’ .

Similarly, the second form of the reduced dynamical law was obtained by Lin and
Xin [25] for 1 < j < M as

.- (1) = xu(t)
(2.20)  X;(8) =27 [IVRQ (5 X) [amnyiry + Y Mt t>0,

o, "o —x(F |

where, for any fixed X € QM, Q(X; X)) is a harmonic function in x and satisfies the
Neumann BC

M
(2.21) ‘%Qgi__aiz (x—x;), xe€on.

Similarly to the proof of Lemma 2.1, we can establish the equivalence of the above
two different forms of the reduced dynamical laws.

LEMMA 2.2. The reduced dynamical laws (2.19) and (2.20) are equivalent.

In order to compare the solution of the reduced dynamical laws (2.6) or (2.9)
and (2.19) or (2.20) with those from the NLSE under a Dirichlet or a homogeneous
Neumann BC, respectively, the ODEs (2.6) or (2.9) and (2.19) or (2.20) are discretized
by the standard second order leap-frop method or fourth order Runge—Kutta method.
For each fixed X € QM when the domain () is a rectangle, the Laplace equation (2.4)
with BC (2.5) or (2.10) or (2.16) or (2.21) is discretized by the standard second order
finite difference method, and, respectively, when the domain 2 is a disk, they are
discretized in the f-direction via the Fourier pseudospectral method and in the r-
direction via the finite element method (FEM) with (r,#) the polar coordinates. For
details, we refer the reader to [6] but omit them here for brevity.
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3. Numerical methods. In this section, we outline briefly some efficient and ac-
curate numerical methods for discretizing the NLSE (1.1) in either a rectangle or a disk
with initial condition (1.2) and either a Dirichlet or a homogeneous Neumann BC. The
key ideas in our numerical methods are based on (i) applying a time-splitting method,
which has been widely used for nonlinear partial differential equations (PDEs) [40]
to decouple the nonlinearity in the NLSE [5, 7, 43], and (ii) adapting a proper finite
difference method and/or FEM to discretize a free Schrodinger equation [5, 6].

Let 7 := At > 0 be the time step size, and denote t, = nr for n > 0. For
n=0,1,..., from time t = t, to t = t,,41, the NLSE (1.1) is solved in two splitting
steps. One first solves

1
(3.1) 10 (x,t) = 5—2(1 — [ P)e, x€eQ, t>t,,
for the time step of length 7, followed by solving
(3.2) 100° (x,t) = AY°, x €N, t>t,,

for the same time step. The discretization of (3.2) will be outlined later. For ¢ €
[tn,tn+1], we can easily obtain the following ODE for p(x,t) = [4°(x, t)|*:

(3.3) Op(x,t) =0, t>t,, x€Q,
which implies that
(3.4) p(x,t) = p(x,tn), t>t,, xefll

Plugging (3.4) into (3.1), we can integrate it exactly to get

(3.5)  YP(x,t) =9 (x,t,) exp _Elz(l — (X, )P (E —tn) |, t>tn, x €.

We remark here that, in practice, we always use the second order Strang splitting
[40]; that is, from time ¢ = t,, to t = t,, 11, (i) evolve (3.1) for half time step 7/2 with
initial data given at t = t,,; (ii) evolve (3.2) for one step 7 starting with the new data;
and (iii) evolve (3.1) for half time step 7/2 again with the newer data.

When Q = [a,b]x[c, d] is a rectangular domain, we denote h, = 2% and h, = 92<,
with NV and L being two even positive integers as the mesh sizes in the x-direction
and the y-direction, respectively. Similarly to the discretization of the gradient flow
with constant coefficient [6], when the Dirichlet BC (1.3) is used for (3.2), it can be
discretized by using the fourth order compact finite difference discretization for spatial
derivatives followed by a Crank—Nicolson finite difference (CNFD) scheme for tempo-
ral derivatives [6], and when homogeneous Neumann BC (1.4) is used for (3.2), it can
be discretized by using cosine spectral discretization for spatial derivatives followed by
integrating in time ezactly [6]. The details are omitted here for brevity. Combining
the CNFD and cosine pseudospectral discretization for Dirichlet and homogeneous
Neumann BCs, respectively, with the second order Strang splitting, we can obtain
time-splitting Crank—Nicolson finite difference (TSCNFD) and time-splitting cosine
pseudospectral (TSCP) discretizations for the NLSE (1.1) on a rectangle with Dirich-
let BC (1.3) and homogeneous Neumann BC (1.4), respectively. Both TSCNFD and
TSCP discretizations are unconditionally stable, second order in time, and have mem-
ory cost O(NL) and computational cost O (NLIn(NL)) per time step. In addition,
TSCNFD is fourth order in space and TSCP is spectral order in space.



QUANTIZED VORTEX IN NLSE ON BOUNDED DOMAINS 419

When Q = {x | |x| < R} := Bg(0) is a disk with R > 0 a fixed constant,
similarly to the discretization of the GPE with an angular momentum rotation [3, 5,
43] and/or the gradient flow with constant coefficient [6], it is natural to adopt the
polar coordinate (r,0) in the numerical discretization by using the standard Fourier
pseudospectral method in the f-direction [39], FEM in the r-direction, and the Crank—
Nicolson method in time [3, 5, 43]. Again, the details are omitted here for brevity.

4. Numerical results under Dirichlet BC. In this section, we report numer-
ical results for vortex interactions of the NLSE (1.1) under Dirichlet BC (1.3) and
compare them with those obtained from the reduced dynamical laws (2.6) with (2.3).
We study how the dimensionless parameter ¢, initial setup, boundary value, and ge-
ometry of the domain () affect the dynamics and interactions of vortices. For a given
bounded domain €, the NLSE (1.1) is unchanged by the rescaling x — dx, t — d>t,
and € — de with d the diameter of ). Thus without lose of generality, hereafter,
without specification, we always assume that the diameter of 2 is O(1). The initial
condition v¥§ in (1.2) is chosen as

M
(4.1) V(%) = vy, y) = O[] or, (x = %)), x=(z,9) €,

j=1

where M > 0 is the total number of vortices in the initial data, h(x) is a real-valued
harmonic function corresponding to phase in-painting at ¢ = 0, 6(x) is defined in
(2.11), and for j =1,2,...,M, n; =1 or —1, and xg = (x?,y?) € Q are the winding
number and initial location of the jth vortex, respectively. In addition,

ny () = Fo(x)) €™, x = (z,y) € Q.
Here, f¢(r) is chosen as

_ 1, r> Ry = 0.25,
(42) / (”:{ fi(r), 0<r< Ro,

where f is the solution of the following problem:

{1 d <di) —i+€i2(1—(f5(7“))2)] fi@) =0, 0<r <R,

rdr r?
with the Dirichlet BC
[r=0)=0,  fi(r=Ro) =1
The solution f¢ of the above problem is computed numerically, and we depict the
function f¢(r) in Figure 1 with different e. Thus in the initial data (4.1), there are

exactly M distinct vortices with core size at O(e) under a phase in-painting h(x).
The function ¢ in the Dirichlet BC (1.3) is chosen as

(4.3) g(x) = e/ hCITELy mifGe—xD)) x € 90,

so that it is compatible with 9§ at t = 0.
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s e=1/25
;! - — — e=1/50
— — &=1/100

o
(o) 0.25 0.5
r

Fi1G. 1. Plot of the function f€(r) in (4.2) with different €.

In addition, in the following sections, we mainly consider the following six different
modes of the phase in-painting h(x):

e Mode 0: h(x) = 0. Mode 1: h(x) =z +y.
e Mode 2: h(x) =z —y. Mode 3: h(x) = 2% — y*.
e Mode 4: h(x) = 22 — y* + 2zy. Mode 5: h(x) = 2% — y* — 2xy.
To simplify our presentation, for j = 1,2,..., M, hereafter we let x5(t) and

x;(t) be the jth vortex center in the NLSE dynamics and the corresponding reduced
dynamical laws, respectively, and denote dj(t) = [x5(t) — xj(¢)| as their difference.
Furthermore, in the presentation of the figures, the initial location of a vortex with
winding number +1, —1 and the location where two vortices merge are marked as
“47 “o” and “o”, respectively. Finally, in our computations, if not specified, we
take Q = [~1,1]* in (1.1), mesh sizes h, = h, = 75, and time step 7 = 1075, The
NLSE (1.1) with (1.3), (1.2), and (4.1) is solved by the method TSCNFD presented
in section 3.

4.1. Single vortex. Here we present numerical results of the motion of a single
quantized vortex in the NLSE (1.1) dynamics and the corresponding reduced dynam-
ics; i.e., we take M = 1, ny = 1 in (4.1). To study how the initial phase shift h(x)
and initial location of the vortex x{ affect the motion of the vortex and to understand
the validity of the reduced dynamical law, we consider the following 11 cases:

e Cases I-1II: x§ = (0,0), and h(x) is chosen as Mode 1, 2, and 3, respectively.
e Cases IV-VIIL: x{ = (0.1,0), and h(x) is chosen as Mode 1, 2, 3, 4, and 5,
respectively.
o Cases IX-XI: x? = (0.1,0.1), and h(x) is chosen as Mode 3, 4, and 5, respec-
tively.
Moreover, to study the effect of domain geometry, we consider €2 of three types: Type
I, a square Q = [—1,1]; Type II, a rectangle = [—1,1] x [-0.65,0.65]; and Type
III, a unit disk © = B1(0). Thus we also study the following four additional cases:
e Cases XII-XIII: x¥ = (0,0), h(x) =  + y, and Q is chosen as Type II and
II1, respectively.
e Cases XIV-XV: x{ = (0.1,0), h(x) = 2> — y?, and Q is chosen as Type II
and III, respectively.

Figure 2 depicts the trajectory of the vortex center when € = ﬁ in (1.1) for Cases
I-VI and dj with different € for Cases I, V, and VI. Figure 3 shows the trajectory of
the vortex center when e = Z; in (1.1) for Cases VI-XI, while Figure 4 shows that for
Cases XII-XVII when € = 55 in (1.1). From Figures 2-4 and additional numerical
experiments (not shown here for brevity), we can draw the following conclusions:
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F1G. 2. Trajectory of the vortex center in NLSE under Dirichlet BC' when € = 4—10 for Cases
I-VI (from left to right and then from top to bottom in the top two rows), and d for different € for

Cases 1, V, and VI (from left to right in bottom row) in section 4.1.
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Fia. 3. Trajectory of the vortex center in NLSE dynamics under Dirichlet BC when € = &

1

(solid line) and from the reduced dynamical laws (dashed line) for Cases VI-XI (from left to right

and then from top to bottom) in section 4.1.

(i) When h(x) = 0, the vortex center does not move, and this is similar to the

case in the whole space.
(ii) When h(x) =

(x + by)(z — ¥) with b # 0, the vortex does not move if

x9 = (0,0), while it does move if x{ # (0, 0) (cf. Figure 2, Cases III and VI for b = 1).
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Fic. 4. Trajectory of the vortex center in the NLSE under the Dirichlet BC when € = % for
Cases 1, XII, XIII, VI, XIV, and XV (from left to right and then from top to bottom) in section 4.1.

(iii) When h(x) # 0 and h(x) # (x + by)(x — ¥) with b # 0, in general, the
vortex center does move. For the NLSE dynamics, there exists a critical value e,
depending on h(x), x{, and Q such that if € < e., the vortex will move periodically
in a closed loop (cf. Figure 2); otherwise its trajectory will not be a closed loop. This
differs significantly from the situation in the reduced dynamics, where the trajectory
is always periodic (cf. Figure 3, dashed line). Thus the reduced dynamical laws fail
qualitatively when ¢ > e.. It should be an interesting problem to find out how this
critical value depends on h(x), x¢, and the geometry of (2.

(iv) In general, the initial location, the geometry of the domain, and the boundary
value will all affect the motion of the vortex (cf. Figure 4).

(v) When ¢ — 0, the dynamics of the vortex center under the NLSE dynamics
converges uniformly in time to that of the vortex center under the reduced dynamics
(cf. Figure 2, bottom row). This verifies numerically the validation of the reduced
dynamical laws.

4.2. Vortex pair. Here we present numerical results of the interactions of a
vortex pair under the NLSE (1.1) dynamics and its corresponding reduced dynamical
laws; i.e., we take M =2, ny = na = 1, xJ = —x9 = (dp,0) with 0 < dy < 1 (i.e., the
two vortices are initially located symmetrically on the z-axis), h(x) = 0 in (4.1), and
€= % in (1.1). Figure 5 depicts the trajectory of the vortex pair and time evolution
of £5(t), &5, (1), x5 (¢), x5(¢), and df(t) for different dy.

From Figure 5 and additional numerical results (not shown here for brevity), we
can draw the following conclusions for the interaction of a vortex pair under NLSE
dynamics (1.1) with a Dirichlet BC:

(i) The total energy is conserved numerically very well during the dynamics.

(ii) The initial locations of the two vortices affect significantly the motion of the
vortex pair. If the vortex pair is symmetric initially, then they move periodically and
their trajectories are symmetric, i.e., x5(t) = —x5(¢) for ¢ > 0. Furthermore, for both
the reduced dynamical law and NLSE dynamics, there exist critical values, say d..
and d¢, respectively, such that if dy < df, (or do < dZ in the NLSE dynamics), the two
vortices will rotate with each other and move along a circle-like trajectory; otherwise,
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F1G. 5. Trajectory of the vortex pair (left column), time evolution of x5(t) and x§(t) (second
column), E°(t) and EZ, (t) (third column), and di(t) (last column) for do = 0.1 (top row) and
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Fia. 6. Critical value dS for the interaction of a vortex pair of the NLSE (1.1) under the
Dirichlet BC with h(x) = 0 in (4.1) for different € in section 4.2.

they will move along a crescent-like trajectory (cf. Figure 5). We find numerically the
critical values df, ~ 0.4923 and d, for 0 < € < 1, which are depicted in Figure 6. From
these values, we obtain numerically the following relation for d and d::

ds = dl +2.11*%8, 0<e<l.

(iii) For any fixed dp, the dynamics of the two vortex centers under the NLSE
dynamics converges uniformly in time to that of the two vortex centers under the
reduced dynamical laws (cf. Figure 5) when ¢ — 0. However, for fixed ¢, the reduced
dynamical law fails qualitatively to describe the motion of vortices if d), < dy < dE.

4.3. Vortex dipole. Here we present numerical results of the interactions of a
vortex dipole under the NLSE (1.1) dynamics and its corresponding reduced dynam-
ical laws; i.e., we take M = 2, h(x) =0, ny = —n2 = —1, x3 = —x{ = (dp,0) in (4.1)
with dyp = 0.5, and e = o in (1.1). Figure 7 depicts contour plots of |¢°(z,t)| at
different times, trajectory of the vortex dipole, and time evolution of x5 (¢), x5(t), and
d5(t). From Figure 7 and additional numerical results (not shown here for brevity),
we can draw the following conclusions:

(i) The total energy is conserved numerically very well during the dynamics.

(ii) The vortex dipole under the NLSE dynamics moves upward symmetrically
with respect to the y-axis, and finally the two vortices in the vortex dipole merge with
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F1G. 7. Contour plots of |¢°(x,t)| at different times (top two rows), trajectory of x5(t) and
x5(t) in the NLSE dynamics (bottom left) and of x7(t) and x5(t) in reduced dynamics (bottom,
second plot), and time evolution of x5(t) and x5(t) (bottom, third plot) and d5(t) (bottom right) for
the dynamics of a vortex dipole in section 4.3.

each other and they are annihilated somewhere near the top boundary simultaneously.
The distance between the merging place and the boundary is O(e) when ¢ is small.
After merging, new waves will be created and reflected by the top boundary. The new
waves will then move back into the domain and be reflected back into the domain again
when they hit the left, right, and bottom boundaries (cf. Figure 7). Moreover, the
two vortices in the vortex dipole in the NLSE dynamics will always merge in some
place near the top boundary for all dy (cf. Figure 7, bottom left). However, in the
reduced dynamics, the two vortices never merge inside €2 (cf. Figure 7 bottom, second
plot). Hence, the reduced dynamical law fails qualitatively when the vortex dipole is
near the boundary.

(iii) When € — 0, the dynamics of the two vortex centers under the NLSE dynam-
ics converges uniformly to that of the two vortex centers under the reduced dynamical
laws (cf. Figure 7) before the two vortices merge with each other or are near the bound-
ary. Again, this verifies numerically the validation of the reduced dynamical laws in
this case. In fact, based on our extensive numerical experiments, the motion of the
two vortex centers from the reduced dynamical laws agrees with that of the two vor-
tices from the NLSE dynamics qualitatively when 0 < € < 1 and quantitatively when
0 < e < 1 when the two vortices are not too close to the boundary.

4.4. Vortex cluster. Here we present numerical studies on the dynamics of
vortex clusters in the NLSE (1.1) with Dirichlet BC (1.3); i.e., we choose the initial
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F1G. 8. Trajectory of the vortex x5 (solid line), x5 (dashed-dotted line), and x5 (dashed line)
(first and third rows) and their corresponding time evolution (second and fourth rows) for Case
I (top two rows) and Case II (bottom two rows) for small time (left column), intermediate time
(middle column), and large time (right column) with € = % and do = 0.25 in section 4.4.

data (1.2) as (4.1) and study the following four cases:

Case . M =3,n1 =ng =n3 =1, xy = —x3 = (do, 0), and xJ = (0,0).

Case I. M =3, ny = —ng =n3 = 1, x{ = —xY = (do, 0), and x3 = (0,0).

Case IIl. M =4, ny = nyg = —ng = —ng = 1, x} = —x9 = (dy,0), and
Xg = —Xg = (O,dg) with 0 < dy,ds < 1.

CaseIV. Q = B5(0), M =9,n1 =ng = --- = ng = 1, and the nine vortex centers

are initially located on the 3 x 3 uniform mesh points for the rectangle [—dy, do]? with
0<dy<1.

Figure 8 depicts the trajectory and time evolution of x5 (t), x5(t), and x5(¢) in the
NLSE dynamics for Cases I and II. Figure 9 shows contour plots of |¢¢| at different
times in the NLSE dynamics for Case III, and Figure 10 depicts contour plots of
—|¢®|, as well as slice plots of |¢°(z,0,t)|, showing sound wave propagation of the
NLSE dynamics in Case IV. Based on Figures 8-10 and additional computations (not
shown here for brevity), we can draw the following conclusions:

(i) For Case I, the middle vortex (initially at the origin) will not move, while the
other two vortices rotate clockwise around the origin for some time. This dynamics
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da = 0.25 (middle two rows); di = 0.25, da = 0.55 (bottom two rows) in section 4.4.
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Fic. 10. Contour plots of —|=(x,t)| (left) and slice plots of |¢°(x,0,t)| (right) at different
times showing sound wave propagation under the NLSE dynamics of a vortex cluster in Case IV

with dg = 0.5 and € = % in section 4.4.

agrees very well with the NLSE dynamics in the whole plane [43, 44]. After some time,
the above symmetric structure is broken due to boundary effect and numerical errors;
i.e., the middle vortex will begin to move toward one of the other two vortices and
form a pair of vortices, then the two vortices in the pair will rotate with each other
and the vortex pair will rotate with the leftover single vortex for a while. Then this
pair will separate and one of them will form a new vortex pair with the single vortex,
while the other becomes a new single vortex rotating with them. This process will
be repeated tautologically like three dancers exchanging their partners alternatively.
The dynamical pattern after the symmetric structure breaking depends highly on the
mesh size and time step chosen.

(ii) For Case II, similarly to Case I, the middle vortex (initially at the origin) will
not move, while the other two vortices rotate counterclockwise around the origin for
some time. This dynamics agrees very well with the NLSE dynamics in the whole
plane [43, 44]. After some time, again the above symmetric structure is broken due
to boundary effect and numerical errors; i.e., the middle vortex will begin to move
toward one of the other two vortices and form a vortex dipole which will move nearly
parallel to the boundary and merge near the boundary. Sound waves will be created
and reflected back into the domain and will drive the leftover vortex in the domain
to move (cf. Figure 8). Again the dynamical pattern after the symmetric structure
breaking depends highly on the mesh size and time step chosen. From section 4.1, we
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know that a single vortex in the NLSE with h(x) = 0 does not move, and hence this
example illustrates clearly the vortex-sound interactions which cannot be predicted
by the reduced dynamical laws since they are valid only before annihilation and when
€ is very small.

(iii) For Case III, the four vortices form two vortex dipoles when ¢ is small. Then
the two dipoles move outward in opposite directions, and finally the two vortices in
each vortex dipole merge and are annihilated at some place near the boundary. If
d1 = do, the two vortex dipoles move symmetrically with respect to the line y = x and
the two vortices in each dipole merge some place near the top-right and bottom-left
corners, respectively; if dy > ds, they move to the top boundary and the bottom
boundary, respectively, and again the two vortices in each dipole merge with each
other when they are close to the boundary; and if d; < ds, they move to the left
boundary and the right boundary, respectively, and again the two vortices in each
dipole merge with each other when they are close to the boundary. New waves are
created after the two vortices in each dipole merge with each other and are reflected
back into the domain when they hit the boundary (cf. Figure 9).

(iv) For Case IV, vortex (initially at the origin) does not move due to symmetry,
while the other eight vortices rotate clockwise and move along two circular trajectories
(cf. Figure 10). During the dynamics, sound waves are generated and they propagate
outward, and are reflected back into the domain when they hit the boundary. The
distances between the one centered at the origin and the other eight vortices increase
when sound waves are radiated outward; on the other hand, they decrease and be-
come even smaller than their initial distances when sound waves are reflected by the
boundary and move back into the domain (cf. Figure 10). This example clearly shows
the impact of sound waves on the dynamics of vortices.

Similarly to the case in BEC setups [20, 28, 36, 42|, the symmetric structure near
t = 0 in Cases I and II for three vortices is dynamically unstable; i.e., symmetric
structure breaking will happen very quickly if we perturb the location of either the
central vortex or one of the side vortices a little bit. To show this, we perturb the
initial locations of some vortices in Case I to the following:

Type 1. Asymmetric perturbation: x3 from (0,0) — (4,0) with § > 0.

Type II. Asymmetric perturbation: x9 from (do,0) — (do — 4, 0) with ¢ > 0.

Type III. Symmetric perturbation: x? from (dp,0) — (dy — 6,0) and x3 from
(—do, 0) — (—d() + 4, 0) with 0 > 0.

Figure 11 depicts the trajectory of x5(t), x5(¢), and x5(¢) as well as d5(t) := [x5(¢t)]
for the above three perturbations. From this figure and additional computations
(not shown here for brevity), we see that the symmetric structure is dynamically
stable under a symmetric perturbation, and it is dynamically unstable under a small
asymmetric perturbation. For more stability analysis of vortex clusters, we refer the
reader to [8, 20, 28, 30, 36, 41, 42] and references therein.

4.5. Radiation and sound wave. Here we study numerically how the radiation
and sound waves affect the dynamics of quantized vortices in the NLSE dynamics
under the Dirichlet BC. To this end, we consider two types of perturbation.

Type I: Perturbation on the initial data; i.e., we take the initial data (1.2) as

(44)  9°(x,0) = YF(x) = Y5 (x) + de U0 1y — (1) € Q,

where 1§ is given as in (4.1) with h(x) =0, M =2, n; = nz = 1, and x{ = —xJ =

(0.1,0); i.e., we perturb the initial data for studying the interactions of a vortex pair
by a Gaussian function with amplitude . Then we take 6 = ¢ and let € go to 0 and
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F1a. 12. Time evolution of d(l;’s(t) for nonperturbed initial data (left) and perturbed initial data
(right) in section 4.5.

solve the NLSE (1.1) with initial condition (4.4) for the vortex centers xJ(¢) and
x3%(t) and compare them with those from the reduced dynamical law. We denote
d?"s(t) = |x§’6(t) —a’;(t)| for j = 1,2 as the error. Figure 12 depicts time evolution of
d‘f’s(t) for the case when § = ¢, i.e., small perturbation, and the case when § = 0, i.e.,
no perturbation. From this figure, we can see that the dynamics of the two vortex
centers under the NLSE dynamics converges to that of the two vortex centers obtained
from the reduced dynamical law when £ — 0 without perturbation (cf. Figure 12, left).
On the contrary, the two vortex centers under the NLSE dynamics do not converge to
those obtained from the reduced dynamical law when € — 0 with small perturbation
(cf. Figure 12, right). This clearly demonstrates radiation and sound wave effects on
vortices in the NLSE dynamics with the Dirichlet BC.

Type II: Perturbation by an external potential; i.e., we replace the uniform
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F1a. 13. Surface plots of —|1°(x,t)| (left) and slice plots of |¢°(x,0,t)| (right) at different times
showing sound wave propagation under the NLSE dynamics in a disk with € = % and a perturbation
in the potential in section 4.5.

potential in (1.1) by a nonuniform potential and solve the NLSE

(4.5) 10 (%, 1) = Ay® + 6—12(1 —W(x,t) — [°]?)yF, xe, t>0,
with

[ —sin(2t)?, t€[0,0.5],
(4.6) W(x,t) = { 0, t> 05, x € Q.

The initial data is chosen as (4.1) with M = 1, ny = 1, x§ = (0,0), Q = B5(0), and
€= %. In fact, the perturbation is introduced when ¢ € [0,0.5] and is removed after
t = 0.5. Figure 13 illustrates surface plots of —|¢°| and slice plots of ¢°(x,0,t) at
different times showing sound wave propagation. From Figure 13, we can see that
the perturbed vortex configuration rotates and radiates sound waves. This agrees
well with some former prediction in the whole plane, for example, in Lange and
Schroers [23] for the case M = 2. The waves will be reflected back into the domain
when they hit the boundary and then be absorbed by the vortex core. Then the
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F1G. 14. Trajectory of the vortex center when € = 3%

the motion of a single vortex in NLSE under the homogeneous Newmann BC with x] = (0.35,0.4)
(left two figures) or x§ = (0,0.2) (right two figures) in (5.1) in section 5.1.

and time evolution of d§ for different e for

vortex core will radiate new waves and the process is repeated tautologically. This
process explicitly illustrates the radiation in the NLSE dynamics.

Remark 4.1. Based on this example and other numerical results (not shown here
for brevity), we can conclude that the vortex with winding number m = +1 is dynam-
ically stable under the NLSE dynamics in a bounded domain with a perturbation in
the initial data and/or external potential. Meanwhile, we also found numerically that
the vortex with winding number m = 2 and ¢ = % is also dynamically stable under
a perturbation in the external potential. Actually, Mironescu [29] indicated that for
a vortex with winding number |m| > 1, there exists a critical value £, such that if
€ < g, the vortex is unstable; otherwise the vortex is stable. It was also numerically
observed that a vortex with |m| > 1 is unstable under a perturbation in the potential
but stable under a perturbation in the initial data in the whole plane case [43]. Hence,
it would be an interesting problem to investigate numerically how the stability of a
vortex depends on its winding number, value of ¢, and strength and/or type of the
perturbation under the NLSE dynamics on bounded domains.

5. Numerical results under Neumann BC. In this section, we report numer-
ical results for vortex interactions of the NLSE (1.1) under the homogeneous Neumann
BC (1.4) and compare them with those obtained from the reduced dynamical laws
(2.19) with (2.3). The initial condition 1§ in (1.2) is chosen as

M
(5.1) U5(x) = v5(z,y) = e [ o5, (x—x)),  x=(z,9) €,
j=1

where h,,(x) is a harmonic function satisfying the Neumann BC

) ? <

— 0
a_nh"(x) =% ;nlﬂ(x —x;), x €N
In fact, the choice of h,(x) is such that ¢§ satisfies the homogeneous Neumann BC
(1.4). The NLSE (1.1) with (1.4), (1.2), and (5.1) is solved by the TSCP method
presented in section 3.

5.1. Single vortex. Here we present numerical results of the motion of a single
quantized vortex under the NLSE (1.1) dynamics and its corresponding reduced dy-
namical laws, i.e., we take M = 1 and n; = 1 in (5.1). Figure 14 depicts trajectory
of the vortex center for different x} in (5.1) when & = 5 in (1.1) and df for different
. From Figure 14 and additional numerical results (not shown here for brevity), we

can see the following:
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F1G. 15. Trajectory of the vortex pair (left), time evolution of % and EF,, (second figure), x5 (t)
and x5(t) (third figure), and di(t) (right) in the NLSE dynamics under homogeneous Neumann BC

L and dy = 0.5 in section 5.2.

with € = 33

(i) If x§ = (0,0), the vortex will not move for all times; otherwise, the vortex will
move, and its initial location x{ does not affect its motion qualitatively. Actually, it
moves periodically in a circle-like trajectory centered at the origin when |x{| is small,
and, respectively, a square-like trajectory when |x9| = O(1), which clearly shows the
effect of the boundary. This is quite different from the situation in bounded domains
with the Dirichlet BC where the motion of a single vortex depends significantly on
its initial location for some h(x). It is also quite different from the situation in the
whole space where a single vortex does not move at all under the initial condition
(5.1) when Q = R2.

(ii) As € — 0, the dynamics of the vortex center under the NLSE dynamics
converges uniformly in time to that of the vortex center under the reduced dynamical
laws. In fact, based on our extensive numerical experiments, the motion of the vortex
center from the reduced dynamical laws agrees with that of the vortex centers from
the NLSE dynamics qualitatively when 0 < £ < 1 and quantitatively when 0 < ¢ < 1.

5.2. Vortex pair. Here we present numerical results of the interactions of a
vortex pair under the NLSE (1.1) dynamics and its corresponding reduced dynamical
laws; i.e., we take M = 2, n; = ny = 1, and x§ = —x9 = (dp,0) with 0 < dyp < 1
in (5.1). Figure 15 depicts the trajectory of the vortex pair, time evolution of £%(¢),
Egn (1), xi(t), x5(t), and d5(t) when e = &5 in (1.1) and do = 0.5 in (5.1).

From Figure 15 and additional numerical results (not shown here for brevity),
we can draw the following conclusions for the interactions of a vortex pair under the
NLSE dynamics (1.1) with the homogeneous Neumann BC:

(i) The total energy is conserved numerically very well during the dynamics.

(ii) The two vortices in the vortex pair move periodically along a circle-like trajec-
tory centered at the origin when dy is small, and, respectively, a square-like trajectory
when dy = O(1), which clearly show the effect of the boundary. In addition, the tra-
jectories are symmetric.

(iii) When £ — 0, the dynamics of the two vortex centers under the NLSE dy-
namics converges uniformly in time to that of two vortex centers under the reduced
dynamical laws. This verifies numerically the validation of the reduced dynamical
laws in this case. In fact, based on our extensive numerical experiments, the motion
of the two vortex centers from the reduced dynamical laws agrees with with that of
the two vortex centers from the NLSE dynamics qualitatively when 0 < ¢ < 1 and
quantitatively when 0 < ¢ < 1.

5.3. Vortex dipole. Here we present numerical results of the interactions of a
vortex dipole under the NLSE (1.1) dynamics and its corresponding reduced dynam-
ical laws; i.e., we take M =2, ny = —ng = —1, x3 = —x! = (do, 0) with different do,
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F1G. 16. Trajectory and time evolution of x5 (t) and x§(t) for do = 0.25 (top left two figures),
do = 0.7 (top right two figures), and do = 0.1 (bottom left two figures), and time evolution of dj(t)
for do = 0.25 and do = 0.7 (bottom right two figures) in section 5.3.

and ¢ = % in (1.1). Figure 16 depicts the trajectory of the vortex dipole, and time
evolution of x5 (t), x5(t), and d5(t).

From Figure 16 and additional numerical results (not shown here for brevity), we
can draw the following conclusions for the interactions of a vortex dipole under the
NLSE dynamics (1.1) with the homogeneous Neumann BC:

(i) The total energy is conserved numerically very well during the dynamics.

(ii) The pattern of the motion of the two vortices depends on their initial locations.

(iii) The two vortices will move symmetrically (and periodically if they are well
separated) with respect to the y-axis. Moreover, there exists a critical value d}, = d =
d. for 0 < € < 1, which is found numerically as d. = 0.5, such that if initially dy < d.,
the two vortices will move first upward toward the top boundary, then turn outward to
the side boundary, and finally move counterclockwise and clockwise, respectively (cf.
Figure 16). While if dg > d., then they will move first downward toward the bottom
boundary, then turn inward to the domain, and finally move counterclockwise and
clockwise, respectively (cf. Figure 16). Certainly, when dy = 0.5, the vortex dipole
does not move due to symmetry. . A

(iv) For fixed 0 < € < 1, there exists another critical value dZ satisfying lim._, d =
0 such that if dy < 02@, the two vortices in the dipole under the NLSE dynamics will
merge at a finite time 7, depending on ¢ and dy (cf. Figure 16). However, the two
vortices in the dipole from the reduced dynamical laws never merge at finite time.
Hence, the reduced dynamical laws fail qualitatively if 0 < do < dj.

(v) For fixed dp, when € — 0, the dynamics of the two vortex centers in the NLSE
dynamics converges uniformly in time to that of the two vortex centers in the reduced
dynamical laws before the two vortices merge with each other (cf. Figure 16), which
verifies numerically the validation of the reduced dynamical laws in this case. In fact,
based on our extensive numerical experiments, the motion of the two vortex centers
from the reduced dynamical laws agrees with that of the two vortex centers in the
NLSE dynamics qualitatively when 0 < e < 1 and quantitatively when 0 < ¢ < 1.

5.4. Vortex cluster. Here we present numerical studies on the dynamics of
vortex clusters in the NLSE (1.1) with homogeneous Neumann BC; i.e., we choose
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FiG. 17. Trajectory of the vorter x5 (solid line), x5 (dashed-dotted line), and x§ (dashed line)
and their corresponding time evolution for Case 1 during small time (left column), intermediate
time (middle column), and large time (right column) with € = % and do = 0.25 in section 5.4.

the initial data (1.2) as (5.1) and study the following four cases:
Case . M =3,n; =ny=n3 =1, x7 = —xJ = (do,0), and x3 = (0,0).

Case II. M =4,n; =ny =ng =ng =1, x{ = —x3 = (d,0), and x§ = —xJ =
(dg,O) with 0 < dy 75 dy < 1.

Case I. M =4, n;y = ng = —ng = —ng = 1, x} = —x3 = (d1,0), and
Xg = —Xg = (O,dg) with 0 < dl,dz < 1.

Case IV. M =9, ny =--- =ng = 1, and the vortex centers are initially located

on the 3 x 3 uniform mesh points for the rectangle [—dy, do]? with 0 < dp < 1.

Figure 17 shows trajectory and time evolution of x5(t), x5(¢), and x§(¢) in the
NLSE dynamics for Case I. Figure 18 depicts contour plots of [¢°| at different times
in NLSE dynamics for Cases II and III, and Figure 19 shows contour plots of —[¢¢]
and slice plots of [1(0,y,¢)| in NLSE dynamics for Case IV showing sound wave
propagation. Based on Figures 17-19 and additional results (not shown here for
brevity), we can draw the following conclusions:

(i) For Case I, the dynamics of the vortices is quite similar to that of the vortices
under the Dirichlet BC in section 4.4 and that of the vortices in the trapped BEC
[8, 30, 41]. The middle vortex (initially at the origin) will not move, while the other
two vortices rotate clockwise around the origin for some time. This dynamics agrees
very well with the NLSE dynamics in the whole plane [43, 44]. After some time, the
above symmetric structure is broken due to boundary effect and numerical errors;
i.e., the middle vortex will begin to move toward one of the other two vortices and
form a pair of vortices, then the two vortices in the pair will rotate with each other
and the vortex pair will rotate with the leftover single vortex for a while. Then this
pair will separate and one of them will form a new vortex pair with the single vortex,
leaving the other to be a new single vortex rotating with the new vortex pair. This
process will be repeated tautologically like three dancers exchanging their partners
alternatively. In fact, the dynamical pattern after the symmetric structure breaking
depends highly on the mesh size and time step.

(i) For Case II, the four vortices form as two vortex pairs when ¢ is small. These
two pairs rotate with each other clockwise; meanwhile, the two vortices in each pair
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Fic. 18. Contour plots of |9 (x,t)| with e = %6 at different times for the NLSE dynamics of a

vortex cluster for Case II with di = 0.6,d2 = 0.3 (top two rows) and Case 111 with di = d2 = 0.3
(bottom two rows) in section 5.4.

T 0 x 1

also rotate with each other clockwise, and radiations and sound waves are emitted.
The sound waves propagate outward and are reflected back into the domain when
they hit the boundary, which push the two vortex pairs closer. When the two vortex
pairs get close enough, the two vortices with the smallest distance among the four
form a new vortex pair and leave the remaining two as single vortices. The vortex pair
rotates around the origin. This process is iteratively repeated during the dynamics
(cf. Figure 18, top two rows).

(iii) For Case III, when ¢ is small, the four vortices form two vortex dipoles
and move symmetrically with respect to the line y = —x toward the top right and
bottom left corners, respectively. Meanwhile, the two vortices in each dipole move
symmetrically with respect to the line y = x. After a while, and when the two dipoles
arrive at some place near the corners, the two vortices in each dipole split from each
other and reformulate two different dipoles. After this, the two vortices in each dipole
move symmetrically with respect to the line y = —x, and the two new dipoles then
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Fic. 19. Contour plots of —|y=(x,t)| (left) and slice plots of |1=(0,y,t)| (right) at different
times under the NLSE dynamics of a vortex cluster in Case IV with dg = 0.15 and € = 4—10 showing
sound wave propagation in section 5.4.

move symmetrically with respect to the line y = x toward their initial locations. This
process is then repeated periodically (cf. Figure 18, bottom two rows).

(iv) For Case IV, the vortex initially centered at the origin does not move due to
symmetry, and the other eight vortices rotate clockwise and move along two circle-
like trajectories (cf. Figure 19). During the dynamics, sound waves are generated
and propagate outward. Some of the sound waves will exit out of the domain, while
others are reflected back into the domain when they hit the boundary. The distances
between the one located at the origin and the other eight vortices become larger when
the sound waves are radiated outward, while they decrease when the sound waves are
reflected from the boundary and move back into the domain (cf. Figure 19).

Again, similarly to the case in BEC setups [20, 28, 36, 42], the symmetric structure
near t = 0 in Case I for three vortices is dynamically unstable, i.e., symmetric structure
breaking will happen very quickly if we perturb the location of either the central vortex
or one of the side vortices a little bit.

5.5. Radiation and sound wave. Here we study numerically how the radiation
and sound waves affect the dynamics of quantized vortices in the NLSE dynamics
under the homogeneous Neumann BC. To this end, we take the initial data (1.2) as
(4.4) with 1§ chosen as (5.1) with M = 2, n; = ny = 1, and x{ = —x§ = (0.1,0);
i.e., we perturb the initial data for studying the interactions of a vortex pair by a
Gaussian function with amplitude §. Then we take § = ¢, let € go to 0, and solve
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F1a. 20. Time evolution of df’s(t) for nonperturbed initial data (left) and perturbed initial data
(right) in section 5.5.

the NLSE (1.1) with the initial condition (4.4) for the vortex centers x°(t) and
xg’a(t), and compare them with those from the reduced dynamical law. We denote
dj’g(t) = |x§’5(t) —a’;(t)| for j = 1,2 as the error. Figure 20 depicts time evolution of
d‘ls’s(t) for the case when § = ¢, i.e., small perturbation, and the case when § = 0, i.e.,
no perturbation. From this figure, we can see that the dynamics of the two vortex
centers under the NLSE dynamics converges to that of the two vortex centers obtained
from the reduced dynamical law when £ — 0 without perturbation (cf. Figure 20, left).
On the contrary, the two vortex centers under the NLSE dynamics do not converge to
those obtained from the reduced dynamical law when ¢ — 0 with small perturbation
(cf. Figure 20, right). This clearly demonstrates the radiation and sound wave effect
on vortices under the NLSE dynamics with the homogeneous Neumann BC.

6. Conclusion. We studied numerically quantized vortex dynamics and their
interactions in the nonlinear Schrodinger equation (NLSE) or the Gross—Pitaevskii
equation (GPE) with a dimensionless parameter 0 < ¢ < 1 on bounded domains
under either a Dirichlet or a homogeneous Neumann BC for superfluidity. Based
on our extensive numerical results, we have (i) verified that the dynamics of vortex
centers under the NLSE dynamics converges that of the vortex centers in the reduced
dynamical laws when ¢ — 0 before the vortices collide and/or move too close to
the boundary; (ii) identified parameter regimes that the motion of vortices in the
reduced dynamical laws agree/disagree quantitatively and/or qualitatively with from
that of vortices in the NLSE dynamics; and (iii) observed clearly radiation and sound
wave effects on quantized vortex interactions under the NLSE dynamics on bounded
domains.
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