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Summary

Quantized vortices, which are the topological defects that arise from the order
parameters of the superfluid, superconductors and Bose-Einstein condensate (BEC),
have a long history that begins with the study of liquid Helium. Their appearance
is regarded as the key signature of superfluidity and superconductivity, and most of
their phenomenological properties have been well captured by the Ginzburg-Landau-
Schrodinger equation (GLSE) and the Gross-Pitaevskii equation (GPE).

The purpose of this thesis is twofold. The first is to conduct extensive numerical
studies for the vortex dynamics and interactions in superfluidity and superconduc-
tivity via solving GLSE on different bounded domains in R? and under different
boundary conditions. The second is to study GPE both analytically and numeri-
cally in the whole space.

This thesis mainly contains two parts. The first part is to investigate vortex
dynamics and their interaction in GLSE on bounded domain. We begin with the
stationary vortex state of the GLSE, and review various reduced dynamical laws
(RDLs) that govern the motion of the vortex centers under different boundary con-
ditions and prove their equivalence. Then, we propose accurate and efficient numer-

ical methods for computing the GLSE as well as the corresponding RDLs in a disk

vi



Summary vii

or rectangular domain under Dirichlet or homogeneous Neumann boundary condi-
tion (BC). These methods are then applied to study the various issues about the
quantized vortex phenomena, including validity of RDLs, vortex interaction, sound-
vortex interaction, radiation and pinning effect introduced by the inhomogeneities.
Based on extensive numerical results, we find that any of the following factors: the
value of ¢, the boundary condition, the geometry of the domain, the initial location
of the vortices and the type of the potential, affect the motion of the vortices sig-
nificantly. Moreover, there exist some regimes such that the RDLs failed to predict
correct vortex dynamics. The RDLs cannot describe the radiation and sound-vortex
interaction in the NLSE dynamics, which can be studied by our direct simulation.
Furthermore, we find that for GLE and CGLE with inhomogeneous potential, vor-
tices generally move toward the critical points of the external potential, and finally
stay steady near those points. This phenomena illustrate clearly the pinning effect.
Some other conclusive experimental findings are also obtained and reported, and
discussions are made to further understand the vortex dynamics and interactions.
The second part is concerned with the dynamics of GPE with angular momentum
rotation term and/or the long-range dipole-dipole interaction. Firstly, we review
the two-dimensional (2D) GPE obtained from the 3D GPE via dimension reduc-
tion under anisotropic external potential and derive some dynamical laws related
to the 2D and 3D GPE. By introducing a rotating Lagrangian coordinate system,
the original GPEs are re-formulated to the GPEs without the angular momentum
rotation. We then cast the conserved quantities and dynamical laws in the new
rotating Lagrangian coordinates. Based on the new formulation of the GPE for
rotating BECs in the rotating Lagrangian coordinates, we propose a time-splitting
spectral method for computing the dynamics of rotating BECs. The new numerical
method is explicit, simple to implement, unconditionally stable and very efficient in
computation. It is of spectral order accuracy in spatial direction and second-order
accuracy in temporal direction, and conserves the mass in the discrete level. FEx-

tensive numerical results are reported to demonstrate the efficiency and accuracy
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of the new numerical method. Finally, the numerical method is applied to test the
dynamical laws of rotating BECs such as the dynamics of condensate width, angular
momentum expectation and center-of-mass, and to investigate numerically the dy-
namics and interaction of quantized vortex lattices in rotating BECs without/with

the long-range dipole-dipole interaction.
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Chapter

Introduction

Vortex, which can exist in vast areas, is any spiral motion with closed stream
lines. It can survive not only in macro scale such as in the air, liquid or the tur-
bulent flow, but also in micro scale such as the Bose-Einstein condensate (BEC),
the superfluidity and superconductivity, etc. The micro-vortices differ from those
macro-vortices by the so-called ‘vorticity’, which is a mathematical concept related
to the amount of ‘circulation’ or ‘rotation’. Among those micro-vortices, the quan-
tized vortex that arises from quantum mechanics distinguish itself from others by

the signature of ‘quantized vorticity’.

1.1 Vortex in superfluidity and superconductivity

Quantized vortices are topological defects that arise from the order parameter
in superfluids, Bose-Einstein condensate (BEC) and superconductors in which fric-
tionless fluids flow with circulation being quantized around each vortex.

Bose-FEinstein condensation, superconductivity and superfluidity are among the
most intriguing phenomena in nature. Their astonishing properties are direct con-
sequences of quantum mechanics. While most other quantum effects only appear
in matter on the atomic or subatomic scale, superfluids and superconductors show

the effects of quantum mechanics acting on the bulk properties of matter on a large
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scale. They are macroscopic quantum phenomena. This is an essential origin of su-
perfluidity and superconductivity, in which macroscopically phase coherence allows
a dissipationless current to flow. Bulk superfluids are distinguished from normal
fluids by their ability to support dissipationless flow.

Superconductivity is a phenomenon of exactly zero electrical resistance occurring
in certain materials at low temperature. It was discovered by Heike Kamerlingh
Onnes in 1911. Type-I superconductivity is characterized by the so-called Meissner
effect, which introduce the complete exclusion of magnetic from the superconductor.
While for the type-11 superconductors in the so-called mixed vortex state, quantized
amount of magnetic flux carried by the vortex lines is allowed to penetrate the
superconductors [56,58].

A Bose-Einstein condensate (BEC) is a state of matter of a dilute gas of weakly
interacting bosons below some critical temperature. It supports the quantum effects
in macroscopic scale since numbers of the bosons will condense into the single-
particle state, at which point we can treat those condensed bosons as one-particle
2,86,121,124,129]. The phenomena of BEC was predicted in 1924 by Albert Einstein
based on the work of Satyendra Bath Bose and was first realized in experiments in
1955 [7,37,50]. Later, with the observation of quantized vortices [2, 38,106, 107,
109, 122, 148], plenty of work have been devoted to study the phenomenological
properties of vortices in the rotating BEC, dipolar BEC, multi-component BEC and
spinor BEC, etc, which has now opened the door to the study of superfluidity in the
Bose-system [4,89].

Superfluid is a state of matter characterized by the complete absence of viscosity.
In other words, if placed in a closed loop, superfluids can flow endlessly without
friction. Known as a major facet in the study of quantum hydrodynamics, the
superfluidity effect was discovered by Kapitsa, Allen and Misener in 1937. The
formation of the superfluid is known to be related to the formation of a BEC. This
is made obvious by the fact that superfluidity occurs in liquid helium-4 at far higher

temperatures than it does in helium-3. Each molecule of helium-4 is a boson particle,
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by virtue of its zero spin. Helium-3, however, is a fermion particle, which can form
bosons only by pairing with itself at much lower temperatures, in a process similar
to the electron pairing in superconductivity.

Feynman [61] predicted that the rotation of superfluids might be subject to the
quantized vortices in 1955, while in 1957 Abrikosov [3] predicted the existence of
the vortex lattice in superconductors. Studies on phenomena related to quantized
vortex has since boomed and the Nobel Prize in Physics was recently awarded to
Cornell, Weimann and Ketterle in 2001 for their decisive contributions to Bose-
Einstein condensation and to Ginzburg, Abrikosov and Leggett in 2003 for their

pioneering contributions to superfluidity and superconductivity.

1.2 Problems and contemporary studies

In recent years, phenomenological properties of quantized vortices in superflu-
idity and superconductivity have been extensively studied by both mathematical
analysis and numerical simulations. It is remarkable that many of those properties
can be well characterized by relatively simple models such as the Ginzburg-Landau-
Schrodinger equation (GLSE) [11] and the Gross-Pitaesvkii equation (GPE) [18,121].

In this thesis, we focus on the following two subjects.

1.2.1 Ginzburg-Landau-Schrodinger equation

First, we are concerned with the vortex dynamics and interactions in a specific
form of 2D Ginzburg-Landau-Schrédinger equation , which describe a vast variety of
phenomena in physics community, ranging from superconductivity and superfluidity
to strings in field theory, from the second order phase transition to nonlinear waves

[11,62,64,85,120,123]:

O+ B0 (1) = A7 + (V) — [P, xeD, £>0, (1)
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with initial condition

Y°(x,0) =95(x), x€D, (1.2)
and under either Dirichlet boundary condition (BC)

Ve (x,1) = g(x) = e, xedD, t>0, (1.3)

or homogeneous Neumann BC

W:o, x €D, t>0. (1.4)

Here, D C R? is a smooth and bounded domain, ¢ is time, x = (z,y) € R? is
the Cartesian coordinate vector, V(x) satisfying lim,_,op V(x) = 1 is a positive
real-valued smooth function, 1 := 1°(x,t) is a complex-valued wave function (or-
der parameter), w is a given real-valued function, 1§ and ¢ are given smooth and
complex-valued functions satisfying the compatibility condition ¢§(x) = g(x) for
x € ID, v = (n,1) and v; = (—1y, 1) € R? satisfying |v| = /12 + 12 = 1 are
the outward normal and tangent vectors along 0D, respectively, i = /—1 is the
unit imaginary number, 0 < € < 1 is a given dimensionless constant, and A., § are
two nonnegative constants satisfying A, + 8 > 0. The GLSE covers many different
equations arise in various different physical fields. For example, when . # 0, 5 = 0,
it reduces to the Ginzburg-Landau equation (GLE) for modelling superconductiv-
ity. When A\, =0, 8 = 1, the GLSE collapses to the nonlinear Schrédinger equation
(NLSE) which is well known for modelling, for example, BEC or superfluidity. While
A > 0 and 8 > 0, the GLSE is the so-called complex Ginzburg-Landau equation
(CGLE) or nonlinear Schrodinger equation with damping term which arise in the
study of the hall effect in type II superconductor.

In superconductivity, V(x) = 1 stands for the equilibrium density of supercon-
ducting electron [42,43,55]. When V(x) = 1, the medium is uniform, while if
V(x) # 1, the medium is inhomogeneous which is used to, for example, describe the

pining effect in superconductor with impurities.
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Denote the Ginzburg-Landau (GL) functional (‘energy’) as [46,74,104]

E(L) :Z/DB|V@Z)E|2+4L€Q(V(x)—|@z)’f|2)2 dx = &5 (1) + &, (1), t>0, (1.5

whose corresponding Euler-Lagrange equation reads as:
1
AP+ 5 (V(x) = W P)we =0, x€D. (1.6)

In (1.5), the kinetic and interaction energies are defined as

1 1
Gult) = [ IV0Pix, &)= 15 [ (Voo - [0 )Pax, e20,

respectively. The GLSE (1.1) now can be rewritten as

SEW)
S

where ©* denotes the complex conjugate of function ©. Moreover, it is easy to show

that the GLE or CGLE dissipates the total energy, i.e., % < 0, while the NLSE

(Ae +iB)0°(x,t) =

(1.7)

conserve the total energy, i.e., % = 0.

During the last several decades, constructions and analysis of the solutions of
(1.6) as well as vortex dynamics and interaction related to the GLSE (1.1) under
different scalings have been extensively studied in the literatures.

For GLE defined in R?, under the normal scaling \. = ¢ = 1 and homogeneous
potential V' (x) = 1, Neu [113] found numerically that quantized vortices with wind-
ing number m = +1 are dynamically stable, and respectively, |m| > 1 dynamically
unstable. Based on the assumption that the vortices are well separated and of wind-
ing number +1 or —1, he also obtained formally the reduced dynamical law (RDL)
governing the motion of the vortex centers by method of asymptotic analysis. How-
ever, this RDL is only correct up to the first collision time and cannot indicate the

motion of multi-degree vortices. Recently, in a series of papers [30,32, 33|, Bethuel

et al. investigated the asymptotic behaviour of vortices as ¢ — 0 under the accel-

1

erating time scale A\. = .
1>

Under very general assumptions (which release those

constrains in Neu’s work), they proved that the limiting vortices, which can be of
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multiple degree, move according to a RDL, which is a set of simple ordinary differ-
ential equations (ODEs). Much stronger than Neu’s RDL, this RDL is always valid
except for a finite number of times that representing vortex splittings, recombina-
tions and/or collisions. Their studies also show an interesting phenomena called as
“phase-vortex interaction”, the phenomena that can cause an unexpected drift of
the vortices, which they pointed out that cannot occur in the case of the domain be-
ing bounded. Moreover, they conducted some similar research in higher dimensional
space [31].

In the bounded domain case when the potential is homogeneous, i.e., V(x) = 1
Lin [96,97,99] extended Neu’s results by considering the dynamics of vortices in
the asymptotic limit ¢ — 0 under various scales of A\, and with different BCs.
Based on the well-preparation assumption similar to Neu’s, he derived the RDLs
that govern the motion of these vortices and rigorously proved that vortices move
with velocities of the order of |Ing|™' if A. = 1. Similar studies have also been
conducted by E [59], Jerrard et al. [73], Jimbo et al. [80,83] and Sandier et al. [128].
Unfortunately, all those RDLs are only valid up to the first time that the vortices
collide and/or exit the domain and cannot describe the motion of multiple degree
vortices. Recently, Serfaty [132] extended the RDL of the vortices after collisions,
but still under the assumption that those vortices are of degree +1 or —1 and that
only simple collision could happen during dynamics (i.e, the situation that more
than two vortices meet at the same time and place are not allowed). Actually, the
motion of the multiple degree vortices and the dynamics of vortices after collision
and /or splittings still remain as interesting open problems. When the potential is
inhomogeneous, i.e., V(x) # 1, Jian et al. [7T5-77] investigated the pinning effect
of the vortices asymptotically as ¢ — 0 in the GLE with Dirichlet BC under the
scale \. = 1. They established the corresponding RDLs that govern the dynamics
of limiting vortices.

As for the steady states of GLE or the solution of Euler-Lagrange equation (1.6),

situations are quite different case by case. In the whole plane case, as indicated by
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Neu's results [113], it was generally believed that two vortices with winding number
of opposite sign undergo attractive interaction and tend to coalesce and annihilation.
Hence, for the steady states of the GLE in whole plane, either there are no vortices
or all the vortices are of the same sign. However, when the domain is bounded,
Lin [98] proved the existence of the mixed vortex-antivortex solution of the Euler—
Lagrange equation subject to the Dirichlet BC (1.3) for sufficiently small €, i.e., the
steady states of GLE under Dirichlet BC (1.3) allows vortices with winding number
of opposite sign. Nevertheless, Jimbo et al. [81] and Serfaty [131] obtained that any
solutions with vortices to (1.1) and (1.4) are unstable in a convex or simple connected
domain, while recently del Pino et al. [51] proved the existence of the solution with
exactly k vortices of degree one for any integer number k if the domain were not
simply connected by the approach of variational reduction. Hence, all the vortices
in the initial data (1.2) will either collide with each other and annihilate or simply
exit the domain finally. Actually, several studies had been established in both the
planar domains and/or higher dimensional domains for the stability of the steady
state solution of GLE with Neumann BC (1.4) [49,79,81,82,84], which imply the
close relation between the stability of the equilibrium solution with vortices and the
geometrical property of the domain.

For NLSE defined in R? when V(x) = 1 and € = 1, Bethuel et al. [34] proved
global well-posedness of NLSE for classes of initial data that have vortices. For
the vortex dynamics, Fetter [60] predicted that, to the leading order, the motion
of vortices in the NLSE would be governed by the same law as that in the ideal
incompressible fluid. Then, the same prediction was given by Neu [113]. He conjec-
tured the stability of the vortex states under NLSE dynamics as an open problem,
based on which he found that the vortices behave like point vortices in ideal fluid,
and obtained the corresponding RDLs. However, these RDLs are only correct up to
the leading order. Corrections to this leading order approximation due to radiation
and/or related questions when long-time dynamics of vortices is considered still re-

main as important open problems. In fact, using the method of effective action and
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geometric solvability, Ovichinnikov and Sigal confirmed Neu’s approximation and
derived some leading radiative corrections [116,117] based on the assumption that
the vortices are well separated, which was extended by Lange and Schroers [95] to
study the dynamics of overlapping vortices. Recently, Bethuel et al. [29] derived the
asymptotic behaviour of the vortices as ¢ — 0.

In the bounded domain case, when V' (x) = 1, many papers have been dedicated
to the study of the vortex states and dynamics after Neu’s work [113]. Mironescu
[111] investigated stability of the vortices in NLSE with (1.3) and showed that for
fixed winding number m: a vortex with |m| = 1 is always dynamical stable; while
for those of winding number |m| > 1, there exists a critical ¢, such that if € > &¢ |
the vortex is stable, otherwise unstable. Mironescu’s results were then improved
by Lin [100] using the spectrum of a linearized operator. Subsequently, Lin and
Xin [104] studied the vortex dynamics on a bounded domain with either Dirichlet
or Neumann BC, which was further investigated by Jerrard and Spirn [74]. In
addition, Colliander and Jerrard [46,47] studied the vortex structures and dynamics
on a torus or under periodic BC. In these studies, the authors derived the RDLs
which govern the dynamics of vortex centers under the NLSE dynamics when € — 0
with fixed distances between different vortex centers initially. 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 co-rotating or overlapping vortices. In
fact, it remains as a very fascinating and fundamental open problem to understand
the vortex-sound interaction [114], and how the sound waves modify the motion of
vortices [62].

For the CGLE under scaling \. = ln% and homogeneous potential, based on some
proper assumptions, Miot [110] studiedE the dynamics of vortices asymptotically as
e — 0 in the whole plane case while Kurzke et al. [92] investigated that in the
bounded domain case, the corresponding RDLs were derived to govern the motion

of the limiting vortices in the whole plane and/or the bounded domain, respectively.
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The results shows that the RDLs in the CGLE is actually a hybrid of RDL for
GLE and that for NLSE. More recently, Serfaty and Tice [133] studied the vortex
dynamics in a more complicated CGLE which involves electromagnetic field and
pinning effect.

On the numerical aspects, finite element methods were proposed to investigate
numerical solutions of the Ginzburg-Landau equation and related Ginzburg-Landau
models of superconductivity [5,44, 54,58, 87]. Recently, by proposing efficient and
accurate numerical methods for discretizing the GLSE in the whole space, Zhang
et al. [152, 153] compared the dynamics of quantized vortices from the reduced
dynamical laws obtained by Neu with those obtained from the direct numerical
simulation results from GLE and/or 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, i.e., vortices with winding number m = 41 are
dynamically stable, and resp., |m| > 1 dynamically unstable [152,153], which agree
with those derived by Ovchinnikov and Sigal [115]. In addition, they identified
numerically the parameter regimes for quantized vortex dynamics when the reduced
dynamical laws agree qualitatively and/or quantitatively and fail to agree with those
from GLE and/or NLSE dynamics.

However, to our limited knowledge, there were few numerical studies on the
vortex dynamics and interaction of the GLSE (1.1) in bounded domain, much less

for the sound-vortex interaction in the NLSE dynamics.

1.2.2 Gross-Pitaevskii equation with angular momentum

The occurrence of quantized vortices is a hallmark of the superfluid nature
of Bose-Einstein condensates. In addition, condensation of bosonic atoms and
molecules with significant dipole moments whose interaction is both nonlocal and
anisotropic has recently been achieved experimentally in trapped *2Cr and '¢4Dy
gases [1,48,67,94,105,108,143].

Using the mean field approximation, when the temperature 7' is much smaller
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than the critical temperature 7., the properties of a BEC in a rotating frame with
long-range dipole-dipole interaction are well described by the macroscopic complex-
valued wave function ¢ = 1(x,t), whose evolution is governed by the following
three-dimensional (3D) Gross-Pitaevskii equation (GPE) with angular momentum

rotation term and long-range dipole-dipole interaction [1,16,39,130, 140, 144, 154]:
hQ
ihdyp(x,t) = | =5 =V + V(x) + Uolv* + (Vaip * [¥[*) = QL:| ¥(x,1), £ >0, (1.8)

where t denotes time, x = (z,y,2)T € R? is the Cartesian coordinate vector, A is
the Planck constant, m is the mass of a dipolar particle and V' (x) is an external

trapping potential, which reads as

V(x) = %(wi:ﬁ + wly? + w?z?) (1.9)

if a harmonic trap potential is concerned with. Here, w,, w, and w, are the trap fre-

Anh2as
m

quencies in x-, y- and z-directions, respectively. Uy = represents short-range
(or local) interaction between dipoles in the condensate with a, the s-wave scatter-
ing length. Vi, (x) describes the long-range dipolar interaction potential between

dipoles, which is defined as

Viin (X) = Noﬂglip 1-3(x-n)*/|x/* _ Moﬂﬁip 1 — 3 cos*(9)
dip A |X|3 47 |X|3 5

where pp and pgip, are the vacuum permeability and permanent magnetic dipole
moment, respectively (e.g., fiaip = 61, for 2C, with p,, being the Bohr magneton),
n = (n,ng,n3)7 € R is a given unit vector, ie., |n| = /n?+n3+n3 = 1,
representing the dipole axis (or dipole moment) and ¥ = 9, (x) is the angle between

the dipole axis n and the vector x. In addition, € is the angular velocity of the laser

beam and L, = —ih(x0d, — y0,) is the z-component of the angular momentum L =
x x P with the momentum operator P = —iAV. The wave function is normalized
to

I = [ 1ot 0Fdx = .
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with N being the total number of dipolar particles in the dipolar BEC. Introducing
the dimensionless variables, t — t/wy with wy = min{w,,w,,w.}, x — ayx and

3
Y — VNip /a2, we have the dimensionless rotational dipolar GPE [18,144, 145]:
1
i0pb(x,t) = {—§v2 + V(%) + &l + A (Uagip * [0]?) = QL. | ¥(x,t),  (1.10)

mNpopg;,,
3h2x

where k = %, A= , V(%) = (2% + 74y + 722°) is the dimensionless
harmonic trapping potential with v, = w,/wo, 7, = wy/wo, 7. = W, /wo, and Ugp is

the dimensionless long-range dipole-dipole interaction potential defined as

Uaip(x) ; [1 _ 3k n)? ; [1—3cos*(¥)], xeR’.  (L.11)

~ AnfxP? X2 | dxfx]?
The wave function is normalized to
1 = [ fotx 0P dx =1 (1.12)
In addition, similar to [16,39], the above GPE (1.10) can be re-formulated as the
following Gross-Pitaevskii-Poisson system [13,16,39)]
1
i0p(x, ) = [_§v2 + V) + (5 = VPP = 3p(x,1) = QL. | d(x,1), (1.13)

o(x,1) = Onnu(x,t), —V2u(x,t) =[x, t)* with lim u(x,t) =0, (1.14)

|x]—00

where 0, =n -V and Opn = 0n(0n). From (1.14), it is easy to see that for ¢ > 0

u(x,t) = <47T1|X|) * [y = /R %W(X',i&)ﬁd}(’, x € R3, (1.15)

s Am|x — x

Recently, many numerical and theoretical studies have been done on rotating
(dipolar) BECs. There have been many numerical methods proposed to study the
dynamics of non-rotating BECs, i.e. when Q = 0 and A = 0 [5,18,24,40,88,112,138].
Among them, the time-splitting sine/Fourier pseudospectral method is one of the
most successful methods. It has spectral accuracy in space and is easy to implement.
In addition, as shown in [16], this method can also be easily generalized to simulate
the dynamics of dipolar BECs when A # 0. However, in rotating condensates, i.e.,

when €2 # 0, we can not directly apply the time-splitting pseudospectral method
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proposed in [24] to study their dynamics due to the appearance of angular rotational
term. So far, there have been several methods introduced to solve the GPE with an
angular momentum term. For example, a pseudospectral type method was proposed
in [17] by reformulating the problem in the two-dimensional polar coordinates (r, 0)
or three-dimensional cylindrical coordinates (r, 6, z). The method is of second-order
or fourth-order in the radial direction and spectral accuracy in other directions. A
time-splitting alternating direction implicit method was proposed in [23], where the
authors decouple the angular terms into two parts and apply the Fourier transform in
each direction. Furthermore, a generalized Laguerre-Fourier-Hermite pseudospectral
method was presented in [20]. These methods have higher spatial accuracy compared
to those in [5,15,88] and are also valid in dissipative variants of the GPE (1.10),
cf. [139]. On the other hand, the implementation of these methods can become quite

involved.

1.3 Purpose and scope of this thesis

As shown in the last two subsections, a vast number of researches have been
done and plenty of results have been obtained for the vortex dynamics in BEC,

superfluidity and superconductivity. However, there are still some limitations.

e For the vortex dynamics in superconductivity and superfluidity on bounded
domain, most studies are primarily researches of the RDLs of well separated
vortices. Vortex phenomena related to overlapping vortices and/or vortex col-
lision as well as the effect of the boundary condition and effect of the domain
geometry on the vortex dynamics still remains unknown. Numerical simula-
tions have become powerful and useful to figure out those exotic phenomena.

However, few numerical studies for the bounded domain case were reported.

e For the vortex dynamics in GPE with angular momentum, there have been
only a few reports about the interactions between a few vortices. Moreover,

the existing numerical methods have their own limitations. (i). The finite
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difference method (FDM) or finite element method (FEM) usually need a
very fine mesh size, and their order of accuracy are usually low, hence they are
time—consuming and inefficient. (ii). Although time splitting spectral method
with alternative direction technique is of spectral accuracy, they might cause
some problems when the rotating frequency is large. (iii). Additionally, the
generalized Laguerre-Fourier-Hermite pseudospectral method is not easy to

implement.
Hence, in this thesis, we mainly focus on the following two parts:

e (i). to present efficient and accurate numerical methods for discretizing the
reduced dynamical laws and the GLSE (1.1) on bounded domains under dif-
ferent BCs, (ii). to understand numerically how the boundary condition and
radiation as well as geometry of the domain affect vortex dynamics and in-
teraction, (iii). to investigate the pining effect of the vortices in CGLE and
GLE dynamics, (iv). to study numerically vortex interaction in the GLSE
dynamics and/or compare them with those from the reduced dynamical laws
with different initial setups and parameter regimes, and (v). to identify cases
where the reduced dynamical laws agree qualitatively and/or quantitatively

as well as fail to agree with those from GLSE on vortex interaction.

e to propose a simple and efficient numerical method to solve the GPE with
angular momentum rotation term which may include a dipolar interaction
term. One novel idea in this method consists in the use of rotating Lagrangian
coordinates as in [10] in which the angular momentum rotation term vanishes.
Hence, we can easily apply the method for non-rotating BECs in [24] to solve

the rotating case.

Studies for the first part will be carried out in chapter 2 to chapter 5, while research
on the second part will be conducted in chapter 6. In chapter 7, conclusions and

possible directions of future work will be summarized and discussed.



Chapter 2

Methods for GLSE on bounded domain

In this chapter, begin with the stationary vortex state of the Ginzburg-Landau-
Schrodinger (GLSE) equation, various RDLs that governed the motion of the vortex
centers under different boundary conditions (BCs) are reviewed and their equivalent
forms are presented and proved. Then, accurate and efficient numerical methods are
proposed for computing the GLSE in a disk or rectangular domain under Dirichlet
or homogeneous Neumann BC. These methods will be applied to study various

phenomena on the vortex dynamics and interaction in following chapters.

2.1 Stationary vortex states

To consider the vortex solution of the GLSE (1.1), we consider the following time
independent GLSE with V(x) = 1 in a disk domain centered at origin with radius
Ry, i.e., D = Bg,(0):

A¢5+é(1—|¢5|2)¢5:0, x € D, (2.1)

6°(x,t) =1, ifxeaD, (2.2)

where ¢°(x, t) is a complex-valued function which can be viewed as the steady states

of the GLSE (1.1) in a disk domain. The vortex solution takes the form of:

65 (x) = fo(r)e™?,  x = (rcos(f),rsin(d)) € D, (2.3)

14
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Figure 2.1: Plot of the function fZ,(r) in (2.4) with Ry = 0.5. left: ¢ = ;5 with

different winding number m. right: m = 1 with different different e.

whose existence and qualitative properties were carried out in [69,70]. Here, m € Z
is called as the topological charge or winding number or index that represents the

singularity of the vortex, the modulus f£ (r) is a real-valued function satisfying:

[ldi (di) S (-G | ) =0, 0<r<Ry,  (24)
falr=0)=0, fo(r=Ry)=1. (2.5)

Numerically, the solution f; can be obtained by either employing a shooting method
[45] or a finite difference method with Newton iteration being used for the resulted
non-linear system [152]. Fig. 2.1 depicts the results for function fZ (r) with different
2

¢ and m, while Fig. 2.2 shows the surf plots of the density |¢¢,|° and the contour

plots of the corresponding phase for m = 1 and m = 5. The stability of the vortex
was investigated by Mironescu [111]. He showed that for fixed winding number m,
the vortex with |m| = 1 is always dynamical stable while for those of winding number
|m| > 1, there is a critical ¢, such that if ¢ > ¢ | the vortex is stable, otherwise
unstable. Mironescu’s results was then improved by Lin [100] by considering the
spectrum of a linearized operator. It might be interesting to study how the stability

of a vortex depends on the perturbation, and how the vortices of high index split if

they are not stable.
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Figure 2.2: Surf plot of the density |¢¢ |? (left column) and the contour plot of the
corresponding phase (right column) for m = 1 (a) and m =4 (b).

2.2 Reduced dynamical laws

It had been pointed out that the vortex of index |m| = 1 is always stable, and
those of index |m| > 1 is stable only up to some condition. Thus, it should be
interesting to understand how those vortices of winding number |m| = 1 dynamic
and interact with each other, and how the BC, the geometry of the domain affect

their motion. To this end, we choose the initial data in (1.2) as

_ ih(x) _ _ih(x) .0, 0 N
=e =e (z—r;,y—y;), x€D, (2.6)

||z§
||E§
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here M > 0 is the total number of vortices in the initial data, the phase shift h(x) is
a harmonic function and for j = 1,2,..., M, n; = 1 or —1, and X? = (:E?,y?) € D are
the winding number and initial location of the j-th vortex, respectively. Moreover,

@5 is chosen as
J

ini0(x)
n, (x[)ema?e) i 0 < x| < R,

¢ins0) if x| > Ro,

e
nj

(2.7)

where f7 is the modulus of the vortex solution in (2.3) with winding number n;
and Ry is constant which is small than the diameter of the domain D.

It is well known that to the leading order in the limit € — 0, the M well separated
vortices move according to the reduced dynamical law, which are ODE systems. In
this section, we review various reduced dynamical laws in different cases and present
some equivalent forms. We divide into three parts. The first part and second part
are devoted to the case of the GLSE (1.1) under Dirichlet and/or homogeneous BC
without pinning effect, i.e., V(x) = 1, respectively. The third part is concerned with
the GLE with inhomogeneous potential, i.e., V(x) # 1 under Dirichlet BC.

2.2.1 Under homogeneous potential

In this section, we let A\, = . To simplify our presentation, for j =1,--- | N,

ln(tll/a)
hereafter we let x5(t) = (25(t), y5(t)) be the location of the M distinct and isolated
vortex centers in the solution of the GLSE (1.1) with initial condition (2.6) at time

t > 0, and denote
X0 = (xVx),...,x%,), X = X5(t) = (x}(t), x5(t), ..., x3,(t)), t>0,
then we have [46,72,92,97]:

Theorem 2.2.1. Ase — 0, for j=1,--- N, the vortex center x5(t) will converge
to point x,(t) satisfying:
dx;(t)
dt
x;(t =0) = x. (2.9)

(al + fn;J) = -V, W(X), 0<t<T, (2.8)
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In equation (2.8), 7" is the first time that either two vortex collide or any vortex exit

the domain, X := X () = (x1(t),x2(), ..., xpm (1)),
I = , J = ,

are the 2 x 2 identity and symplectic matrix, respectively. Moreover, the function

W (X) is the so called renormalized energy defined as:
W(X) = Ween(X) + Whe(X), (2.10)

where W, is the renormalized energy associated to the M vortex centers that

defined as

Ween(X) = — Z nin; In [x; — x5, (2.11)

1<iAj<N
and Wy (X) is the renormalized energy involving the effect of the BC (1.3) and/or

(1.4), which takes different formations in different cases.

Under Dirichlet boundary condition

For the GLSE (1.1) with initial condition (2.6) under Dirichlet BC (1.3), it has
been derived formally and rigorously [28,46,92,99,103,132] that Wie(X) = Wape(X)

in the renormalized energy (2.10) admits the form:

Oy, w(x)

d 2.12
s, (212)

M
R(x; X) +anln|x—xj|

M
Wabe(X) =: =Y njR(xj; X) +/
j=1 oD j=1

where, for any fixed X € D™, R(x; X) is a harmonic function in x, i.e.,
AR(x; X) =0, x € D, (2.13)

satisfying the following Neumann BC

OR(x; X)

6 M
o =0 w(x) - o ;nl In|x—x), xedD. (2.14)
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Notice that to calculate V, W (X), we need to calculate Vy R, and since for j =
1,---, N, x; is implicitly included in R(x,X) as a parameter, hence it is difficult
to calculate Vy, R and thus difficult to solve the reduced dynamical law (2.8) with
(2.10)—(2.12) even numerically. However, by using an identity in [28] (see Eq. (51)
on page 84),

ij [W(X) + dec<X>] = —2nij

M
R(x; X) + Z nlln|X—Xl\] ;
I=1&1#] _

X—Xj

we have the following simplified equivalent form for (2.8).

Lemma 2.2.1. For1<j <M andt >0, system (2.8) can be simplified as

dt Xj (t) = 2’/’L]‘

ViR (% X) [xmsyi) + ) ”l|f((tt))—_;l(f))|2]' (2.15)
I=1&I#] J

Moreover, for any fixed X € DY, by introducing function H(x, X) and Q(x, X)

that both are harmonic in x satisfying respectively the boundary condition [73,104]:

OH(x; X) 0

0 _8’&“}(){)_%;”1111‘)(_&" x € 0D, (2.16)
M

Qx X)=w(x)— Y mi(x—x), x€ID, (2.17)
=1

with the function 6 : R?* — [0, 27) defined as
cos(f(x)) = —, sin(f(x)) = —, 0+#x=(ry) €R? (2.18)

we have the following lemma for the equivalence of the reduced dynamical law

(2.15) [21,22):
Lemma 2.2.2. . For any fized X € DM, we have the following identity
JVQ (x; X) = VxR (x; X) = JVLH (x; X), x €D, (2.19)

which immediately implies the equivalence between system (2.15) and the following
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two systems: fort >0

(a + By ), (8) = 2n; | JVH (3 X)) + i o Xi(t) —x(t)
7 dt J - i X ) x:xj(t) e l‘X](t)—Xl<t)‘2 )

I J d (t) =2n; |JV ; X 3 () — )
(ol + By )%, (t) = 2n; _ <@ (x; Hx:x"w+l:%¢jnl|xj(t)—xl<t)|2 .

Proof. For any fixed X € DM since () is a harmonic function, there exists a function
©1(x) such that
vaQ (XvX) IVQO1<X)7 xeD.

Thus, ¢;(x) satisfies the Laplace equation
Api(x) = V- (JVxQ(x; X)) = Opepr (X) = Ouyipr(x) =0, x €D, (2.20)
with the following Neumann BC
Oyp1(x) = (JVxQ(x; X)) v =VQ(xX) v, =0, Q(x; X), x€ID. (2.21)

Noticing (2.17), we obtain for x € 9D,

0 < 0 <
Ovp1(x) = 0, w(x) ;nlﬁ(x—xl) =0, w(x)— £y an In |x—x]. (2.22)

vy = =1
Combining (2.20), (2.22), (2.13) and (2.14), we get
AR(x; X)—pi1(x)) =0, x€D, O, (R(x; X) —p1(x)) =0, xe€0D. (2.23)

Thus
R(x; X) = ¢1(x) + constant, x €D,

which immediately implies the first equality in (2.19).

Similarly, since H is a harmonic function, there exists a function ¢o(x) such that
IV H (x; X) = Vs (x), x € D.
Thus, ¢2(x) satisfies the Laplace equation

Apy(x) =V - (JVxH(x; X)) = Oypipa(X) — Onyipa(x) = 0, x €D, (2.24)
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with the following Neumann BC

Oyipa(x) = (JVxH(x; X)) v = VyH(x; X)-v, =0, H(x; X), x € 0D. (2.25)
Combining (2.24), (2.25), (2.13), (2.14) and (2.16), we get

A(R(x; X)=p2(x)) =0, x€D, 09, (R(x;X) = ¢2(x)) =0, x€0ID. (2.26)

Thus
R(x; X) = pa(x) + constant, xeD,

which immediately implies the second equality in (2.19). O

Under homogeneous Neumann boundary condition

For the GLSE (1.1) with initial condition (2.6) under homogeneous Neumann
BC (1.4), it has been derived formally and rigorously [46,74,92] that Wy.(X) in the

renormalized energy (2.10) admit the form:

M
Whe(X) = Wane(X) := =Y n;R(x;; X), (2.27)
j=1
and by using the following identity
M
Vi, IW(X) + Wipe(X)] = —2n; Vi R(x; X) + Z nyIn|x — xl\] , (2.28)
1=1&l#j

Xj

we have the following simplified equivalent form for (2.8):

Lemma 2.2.3. For1<j <M andt >0, system (2.8) can be simplified as

d
(al+ﬁan)£xj (t) = 2n;

B (5. . x;(t) — x(t) ]
ViR (%; X) | (1) + n S| (2:29)
v 2&; [, () = (1)

Moreover, for any fixed X € DM by introducing function H(x, X) and Q(x, X) that

both are harmonic in x satisfying respectively the boundary condition [80,81,83,104]:

OH (x; X) 0
= S mb(x—x),  xedD, (2.30)

0QxX) 9
T = _8]/ ’I’LZH(X — Xl), X € (91), (231)

=1
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with the function 6 : R? — [0,27) being defined in (2.18), we have the following
lemma for the equivalence of the reduced dynamical law (2.29) [21,22]:

Lemma 2.2.4. For any fived X € DM, we have the following identity
JVLQ (x;X) = ViR (x;X) = JV, H (x;X), x€D, (2.32)

which immediately implies the equivalence of system (2.29) and the following two

systems: fort >0

J M x;(t) — x(t)
(ol + Bn;J)—x;(t) = 2n; | Vo (%5 X) s () + 2 (0 - Xl(t)|2] ’
1= 1814

d - - x;(t) — x(t)
(o + By 7) oy (1) = 2y | TVxQ (6 X) b + D, miptos =g |
I=1&I1%£] J

Proof. Follow the line in the proof of lemma 2.2.1 and we omit the details here for

brevity. O

2.2.2 Under inhomogeneous potential

It has been shown in last section that in a homogeneous potential, vortices
in the GLE dynamics under Dirichlet BC will move according to gradient flow of
the so called renormalized energy, which is associated to the BC. However, in an
inhomogeneous potential, i.e V(x) # 1, the phenomena is quite different. Generally
speaking, vortices no longer move along the gradient flow of the renomalized energy,
they move toward the critical points of the potential V' (x) instead [42,76,78]. And

it has been proved that they obey the following reduced dynamical law [76]:

Theorem 2.2.2. Ase — 0, forj =1,---, N, the vortex center x5(t) in the GLE
dynamics with \. = 1 under Dirichlet BC will converge to point x;(t), which satisfies:
dx;(t) _ VV(x))

dt Vi(x;) '

x;(t = 0) = x! (2.34)

j .

0<t< +oo, (2.33)
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In addition, for each j, if there is a Lipschitz domain G; C D such that

0 : 0 -
XJGGJ’ xrélalgjv(x)>v(xj)7 7]_177M7

the solution in (2.33) will satisfy:
fort > 0,x;(t) # x(t) if j # [, and x,(t) € Gj.

Hence, the vortices will all be pinned together to the critical points of V(x) and
further to the minimum points if V' (x) has no other critical points.

Unfortunately, to our limited knowledge, there are no existing studies that deal
with the vortex dynamics in the inhomogeneous potential in the GLE dynamics
under Neumann BC, or in the CGLE or NLSE dynamics in the limiting process

e — 0.

2.3 Numerical methods

In this section, we present efficient and accurate numerical methods for discretiz-
ing the GLSE (1.1) with a time dependent potential U(x, t) in either a rectangle or a
disk with initial condition (1.2) and under either Dirichlet BC (1.3) or homogeneous
Neumann BC (1.4):

O\ +iB)90° (x,1) = Ao + E—IZ(U(X, - [P, xeD, t>0, (2.35)

here U(x,t) = V(x) + W(x,t) with W (x,t) an external potential. The key idea in
our numerical methods are based on: (i) applying a time-splitting technique which
has been widely used for nonlinear partial differential equations [65,137] to decouple
the nonlinearity in the GLSE [19,27,141,152]; and (ii) adapt proper finite difference
and/or spectral method to discretize a gradient flow with constant coefficient [17,

21,22).

2.3.1 Time-splitting

Let 7 > 0 be the time step size, denote t, = n7 forn > 0. Forn =0,1,..., from

time t = t,, to t = t,,1, the GLSE (1.1) is solved in two splitting steps. One first
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solves

(A +1B8)0u" (x,t) = ;—Q(U(:c,t) — P, xeD, t>t,, (2.36)
for the time step of length 7, followed by solving

(Ae +18)0W°(x,t) = AYF, x €D, t>1,, (2.37)

for the same time step. Equation (2.37) is discretized in the next two subsections
on a rectangle and a disk, respectively. For ¢ € [t,,t,.1], to solve equation (2.36),

we rewrite

0, 1) = B D0 239

with p® and S¢ being the density and phase of ¢)°, respectively. From (2.36), we can
easily obtain the following ODE for p°(x, t) = |¢°(x, t)|*:

Op®(x,t) =n[U(x,t) — p°(x,0)]p°(x,t), x€D, t,<t<tps, (2.39)

where n = 2\./e*(\?2 + 3?). Solving equation (2.39 ), we have

F(x, 1) = p°(x, t,) exp[nUn(x, t)]

- : , (2.40)
L+ np°(x,tn) [, exp[nUna(x, s)ds]

where U, (x,t) = fti U(x,s)ds. Moreover, if W(x,t) = 0, ie., U(x,t) = V(x),
p(x,t) can be analytically integrated to have

p

pE<X7 tn>7 )\6 - 07

p€<X, t) = M V(X) = 0& )\5 7& 07 (241>

14np® (X,tn ) (t—tn)’

V(0p* (x,t) V(x), A # 0.

(77 Gtn) F (V)= () expl—nV () (t—En)]

Plugging (2.38) back into (2.36), we obtain the equation for the phase S¢(x,1):

__s
202 + f)

Combining (2.40) and (2.42), we obtain for t € [t,, t,41],

U (%,) = 97 (%, 1) V/ Pa(x, ) exp —82@57%

0,5 (x,t) = — U(x,t) — pf(x,1)], XED, t,<t<ty. (242)

(Ul 1) / pix )| (243
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where
Un(x,t
Po(x,1) = explry t G, 1) . (2.44)
1+ nle(x,t,)|? ftn exp[nUn,(x, s)]ds
Furthermore, if U(x,t) = V(x), we have the explicit formation of 1*:
exp [~ (V) — [ ) P) (t — 1)] . A =0,
VE(x,t) = P°(x, ty,) (2.45)
P(x,t)exp [—% In P(x, t)} , A #0
where
e, V(x) =0,
Plx.) = | TP (2.46)
V()
(1= (¢, ) [P +(V (5) =[9h° (%,£n)[?) exp(=nV (%) (t—tn)) * Vi(x) #0,

Remark 2.3.1. If functions U, (x,t) and other integrals in (2.43) cannot be calcu-
lated analytically, numerical quadrature such as the trapezoidal rule can be applied

to solve them.

Remark 2.3.2. In practice, we always use the second-order Strang splitting [137],
that is, from time t = t, tot = t,.1: (i) evolve (2.36) for half time step T/2 with
initial data given at t = t,; (ii) evolve (2.37) for one step T starting with the new

data; and (ii1) evolve (2.36) for half time step 7/2 again with the newer data.

2.3.2 Discretization in a rectangular domain

Let D = [a,b] x [c,d] be a rectangular domain, and denote mesh sizes h,="2
and hy:% with N and L being two even positive integers.

First we present a Crank-Nicolson 4th-order compact finite difference (CNFD)
method for discretizing the equation (2.37) with Dirichlet BC (1.3) by using the
4th-order compact finite difference discretization for spatial derivatives followed by
a Crank-Nicolson scheme for temporal derivative. In order to do so, denote the grid

points as x; = a+jh, for j =0,1,..., N and y; = c+lh, for | =0,1,...,L; and @Z)ngn
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be the numerical approximation of ¢*(x;,y;,t,) for j =0,1,...,N, [ =0,1,...,L
and n > 0. Define the finite difference operators as

Q/{]«f»l l 77Z) + 77Z)] 1,1
h2

77Z)] +1 77Z) + 77Z)] -1
h2 ’
Y

52@%1 = s 521/}]1 =

then a CNFD discretization for (2.37) reads, i.e.,for 1 <j < N—land1 <!l < L-1

. h2 h2 —{—hQ 5n+1+
(Ae —i—zﬂ) fll; 5925 ;551 <¢§:ln+1 _ ;—ln) _ 53: +5§ y5252] (1/’ %l ’

T 2

(2.47)
where [ is the identity operator and the boundary condition (1.3) is discretized as

8:[""‘1 = g(a’a yl)7 ?\fl—’—l - g(bv yl)v l - 07 17 c e '7L7

Ut =g(xy0), W =glayd),  j=0,1,...,N.

Here although an implicit time discretization is applied for (2.37), the linear system
in (2.47) can be solved explicitly via direct Poisson solver through DST [90] at the
computational cost of O (NLIn(NL)).

Combining the above CNFD discretization with the second order Strang splitting
presented in the previous subsection, we obtain a time-splitting Crank-Nicolson finite
difference (TSCNFD) discretization for the GLSE (1.1) on a rectangle with Dirichlet
BC (1.3). This TSCNFD discretization is unconditionally stable, second order in
time and fourth order in space, the memory cost is O(NL) and the computational

cost per time step is O (NLIn(NL)).

Next we present a cosine pseudospectral method for the equation (2.37) with
homogeneous Neumann BC (1.4) by using cosine spectral discretization for spatial

derivatives followed by integrating in time exactly. To this end, let
Ve, = span{ap(x) = cos(uf(z—a)) cos(ul(y—c)),0 < p < N—1, 0 < ¢ < L—1},

with
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Then the cosine spectral discretization for (2.37) with (1.4) is as follows:
Find ¢%5,(x,t) € Yy, i€,

N—-1L-1

URn () =D ) U (1) dpg(x X €D, t>t,, (2.48)
p=0 ¢=0
such that
(Ae +10)005 (%, 1) = AUy (x,1), x €D, t>1,. (2.49)

Plugging (2.48) into (2.49), noticing the orthogonality of the cosine functions, for
0<p<N—-land 0<¢g<L -1, we find

o d € x e
O 08 05, (1) = = [ + ()] dglt), 12t (2:50)
The above ODE can be integrated exactly in time, i.e.,

Je (1) = (1) + ()] (t=tn) Ui (tn), t>t,, 0<p<N—1,0<q¢<L-1, (2.51)

iB—Ae
A+

where 1) = The above procedure is not suitable in practice due to the difficulty
of computing the integrals in (2.48). In practice, we need approximate the integrals
by a quadrature rule on grids. Define the grid points as Tj1 = a+ (j+ %)hx
for j =0,1,...,N — 1 and Yipr = CF (I + )h for 5 = 0,1,..., L — 1; denote
w;f 4l be the numerical approximation of ¢ (z T Yl tp) forj=0,1,...,N—1,
[l =0,1,...,L —1 and n > 0; and ¢*" be the solution vector at time t = t,
with components {1/1+ l+1,0 <jJ<N-1,0<1<L—-1} forn > 0. Choose
1/1]+ ot = Y§5(z j+§,yl+§) for0 < j < N—1Tand 0 <[ < L—1, then a cosine
pseudospectral approximation for (2.37) with (1.4) reads as, for 0 < j < N — 1 and

0<I<L-1
N—-1L-1
wj:+}+1 _ aZale ()2 + (2] Ve bpa (541, 0151), >0, (2.52)
p=0 ¢=0
where
N—-1L-1

Z&ﬁaé’zz ]Jr l+1¢pq Jr%aler%)v 0<p<N-1,0<¢g<L-1,
j=0 1=0
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with

i \/% p=0, \/% q=0,
O = 2 @ 2
NERREES S Ji o o1<e<Ii-1

Again, combining the above cosine pseudospectral discretization with the second

S

order Strang splitting presented in the subsection 3.1, we obtain a time-splitting co-
sine pseudospectral (TSCP) discretization for the GLSE (1.1) on a rectangle with
homogeneous Neumann BC (1.4). This TSCP discretization is unconditionally sta-
ble, second order in time and spectral order in space, the memory cost is O(NL)

and the computational cost per time step is O (NLIn(NL)) via DCT [134].

Remark 2.3.1. If the homogeneous Neumann BC' (1.4) is replaced by periodic BC,
the above TSCP discretization for the GLSE (1.1) is still valid provided that we
replace the cosine basis functions by the Fourier basis functions in the spectral dis-
cretization and use the quadrature rule associated to the Fourier functions [134]. We

omit the details here for brevity.

2.3.3 Discretization in a disk domain

Let D = {x | |x| < R} be a disk with R > 0 a fixed constant. In this case,
it is natural to adopt the polar coordinate (r,6). In order to discretize (2.37) with
either (1.3) or (1.4), we apply the standard Fourier pseudospectral method in 6-
direction [134], finite element method in r-direction, and Crank-Nicolson method in
time [12,17,152]. With the following truncated Fourier expansion

I=L/2—1
W (r,0,t) = Z Uy(r, 1), 0<r<R, 0<60<2nr, (2.53)

I=—L/2

where L is an even positive number and @ZA)Z is the Fourier coefficients for the I-

th mode, plugging (2.53) into (2.37) and using the orthogonality of the Fourier

L L_ 7.

functions, we obtain for [=—3%,--- , 5

2
(&+wﬂ%mw:%&0&%@ﬁ)—%&mw,O<r<R,t2%,@M)



2.3 Numerical methods 29

with the following boundary condition at » = 0
O,bo(0,8) =0,  (0,6) =0, 1£0, t>t,. (2.55)

When the Dirichlet BC (1.3) is used for (2.37), we then impose the following

boundary condition at r =

L L
—— << ==
2 2

V(R 1) = § = / 0)e="0dp, 1, t>t,  (2.56)

Let P* denote all polynomials with degree at most k, denote 0 = rg < 7] < -+ <
ry = R be a partition for the interval [0, R] with N a positive integer and a mesh

size h = maxo<;<ny—1(rj+1 — 7;), and define a finite element space by

U" = {u" € Cl0,R] | u"|, ePF 0<j<N-1}.

Tit+1]
Introducing the following finite element approximate sets associated to the Dirichlet
BCsfor—églgg—las

{uh € UM | u"(R) = g0} , I=0,

Ul =
D e e Ut ) =0, wM(R) =4} 1#0:

(2.57)

then we obtain the FEM approximation for (2.54) with (2.55) and (2.56):
Find ¢f(-,t) € U/ with —£ <1< L —1 such that

d - . .
— A, ") = By, ¢") + PO, ¢"), Vo' € U, ty <t <tniy;  (2.58)
where the bilinear forms A, B and C' are defined as
R R
A(ul o) = (A, +26)/ ruvhdr,  Bu",o") = —/ rou"o" dr,
0 0
R
C(u", ") = —/ —ul"dr, Yul, oh e U
0 T

The above ODE system (2.58) is then discretized by the standard Crank-Nicolson
scheme in time. Here although an implicit time discretization is applied for (2.58),
the one-dimensional nature of the problem makes the coefficients matrix for the

linear system band limited. For example, if the piecewise linear polynomial is used,



2.3 Numerical methods 30

i.e., k =1in U", the matrix is tridiagonal. Thus for each fixed —% <l < % —1, fast
algorithms can be applied to solve the resulting linear systems at the cost of O(N).

Similarly, when the homogeneous Neumann BC (1.4) is used for (2.37), the above
discretization is still valid provided that we replace the boundary condition at r = R

in (2.56) by

(Rt =0, ——<I<Z -1, t>t, (2.59)

N
N

the finite element subsets U in (2.57) and U} in (2.58) by the following finite element

spaces

U, 1=0,
U = (2.60)
{uh e UM [ u"(0) =0}, 1#£0.

The detailed discretization is omitted here for brevity.

Remark 2.3.2. The equation (2.54) with (2.55) can also be discretized in space
by either Legendre or Chebyshev pseudospectral method [134] and in time by the

Crank-Nicolson method.



Chapter

Vortex dynamics in GLE

Formal analysis indicate that, if initially ¢§ has isolated vortices, these vortices
move with velocities of the order of |Ing|™! in the GLE dynamics with A\, = 1
26,96, 99]. Therefore, to obtain nontrivial vortex dynamics, in this chapter, we

always assume 0 < ¢ < 1 and choose

1 1

)\E = = 5
|Ine|]  In(1/e)

0<e<l. (3.1)

We then apply the numerical method presented in chapter 2 to simulate quan-
tized vortex interaction of GLE, i.e., f = 0,\, = m in the GLSE (1.1), with
different ¢ and under different initial setups including single vortex, vortex pair,
vortex dipole and vortex lattice. We study how the dimensionless parameter ¢, ini-
tial setup, boundary value and geometry of the domain D affect the dynamics and
interaction of vortices. Moreover, we compare the results obtained from the GLE
with those from the corresponding reduced dynamical laws, and identify the cases
where the reduced dynamical laws agree qualitatively and/or quantitatively as well
as fail to agree with those from GLE on vortex interaction. Finally, we also obtain
numerically different patterns of the steady states for quantized vortex lattices and

study the alignment of the vortices in the steady state.

31
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3.1 Initial setup

For a given bounded domain D, the GLSE (1.1) is unchanged by the re-scaling
X — Ix,t — [*t and € — le with [ the diameter of D. Thus without lose of generality,
hereafter, without specification, we always assume that the diameter of D is O(1).
The initial data ¢ in (1.2) for simulating GLE thus is chosen as (2.6) with Ry = 0.25
in (2.7). To simulate GLE under Dirichlet BC, we choose the function ¢g(x) in (1.3)

as
g(x) = OIS0y ¢ oD, (3.2)

and we consider following six kinds of modes for the phase shift h(x) in (3.2) and

(2.6):
o Mode 0: h(x) = 0, Mode 1: A(x) =z +
e Mode 2: h(x) =z — vy, Mode 3: h(x) = 2 — y?,
e Mode 4: h(x) =2 —y* —2zy, Mode 5: h(x) = 2% — y* — 2zy.

Moreover, to simulate GLE under homogeneous Neumann BC, we choose the phase

shift h(x) to be the solution of the following problem:

Ah(x) = 0, x € D,
a%h(x) = —% le\il mb(x —x;), x€ D, (3.3)
Jp h(x)dx = 0.

Without specification, this initial setup will also be used in chapter 4 in studying
vortex interaction in the NLSE dynamics and chapter 5 in the CGLE dynamics. To
simplify our presentation, for j = 1,2,..., M, hereafter we let x5(¢) and x}(t) be
the j-th vortex center in the GLE dynamics and corresponding reduced dynamics,
respectively, and denote d5(t) = [x5(t) — x;(t)| as their difference. Moreover, in the

presentation of figures, the initial location of a vortex with winding number +1, —1

VAN

and the location that two vortices merge are marked as ‘+’, ‘o’ and ‘¢’, respectively.
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Furthermore, if a vortex could finally stay steady in somewhere, we denote its final
location as ‘*’. Finally, in our computations, if not specified, we take D = [—1, 1]?,
mesh sizes h, = h, = & and time step 7 = 107%. The GLE with (1.3), (1.2) and
(2.6) is solved by the method TSCNFD presented in section 3.

3.2 Numerical results under Dirichlet BC

3.2.1 Single vortex

Here we present numerical results of the motion of a single quantized vortex
under the GLE dynamics and its corresponding reduced dynamical laws. We take
M =1, n; = 1 and consider following cases: case I. xJ = (0,0), h(x) = z + y;
case I1. x{ = (0,0), h(x) = x — y; case III. x! = (0,0), h(x) = 2? — y?; case IV.
xy = (0.1,0.2), h(x) = z +y; case V. x¥ = (0.1,0.2), h(x) = = — y; and case VL
x) = (0.1,0.2), h(x) = 2? —y?. Fig. 3.1 depicts trajectory of the vortex center when
€= 3—12 for the above 6 cases and dj with different ¢ for case II, IV and VI. From Fig.
3.1 and additional numerical experiments not shown here for brevity, we can draw
following conclusions: (i). When h(x) = 0, the vortex center doesn’t move and this
is similar to the case in the whole space. (ii). When h(x) = (x+by)(x—¥) with b # 0,
the vortex does not move if xq = (0,0), while it does move if xo # (0,0) (cf. case
III and VI for b = 1). (iii). When h(x) # 0 and h(x) # (z + by)(x — ¥) with b # 0,
in general, the vortex center does move to a different point from its initial location
and stays there forever. This is quite different from the situation in the whole space,
where a single vortex may move to infinity under the initial data (2.6) with h(x) # 0
and D = R?. (iv). In general, the initial location, the geometry of the domain and
the boundary value will all affect the motion of the vortex center. (v). When ¢ — 0,
the dynamics of the vortex center in the GLE dynamics converges uniformly in
time to that in the reduced dynamics (cf. Fig. 3.1) which verifies numerically the
validation of the reduced dynamical laws. In fact, based on our extensive numerical

experiments, the motion of the vortex center from the reduced dynamical laws agree
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Figure 3.1: (a)-(b): Trajectory of the vortex center in GLE under Dirichlet BC when
e = 55 for cases I-VI (from left to right and then from top to bottom), and (c): dj
for different ¢ for cases II, IV and VI (from left to right) in section 3.2.1.

with those from the GLE dynamics qualitatively when 0 < ¢ < 1 and quantitatively
when 0 < e < 1.

3.2.2 Vortex pair

Here we present numerical results of the interaction of vortex pair under the
GLE dynamics and its corresponding reduced dynamical laws, i.e., we take M = 2,
ny = ny = 1, x} = (=0.5,0) and x3 = (0.5,0) in (2.6). Fig. 3.2 depicts time
evolution of the amplitude [¢°|, while Fig. 3.3 shows that of the GL functionals as
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well as the trajectory of the vortex centers when ¢ = 3% in with different h(x) in
(2.6). Fig. 3.4 shows time evolution of xj(¢), xj(t) and dj(t) with different h(x) in
(2.6).

From Figs. 3.2, 3.3 & 3.4 and additional numerical results not shown here for
brevity, we can draw the following conclusions for the interaction of vortex pair un-
der the GLE dynamics with Dirichlet BC: (i). The two vortices undergo a repulsive
interaction, they never collide, both of them move towards the boundary of D for a
while and finally stop somewhere near the boundary which indicate that the bound-
ary imposes a repulsive force on the vortices when t is large enough (cf. Figs. 3.2
& 3.3). (ii). When h(x) = 0, the two vortex centers move outward along the line
connecting them initially, and their trajectories are symmetric, i.e., xj(t) = —x5(%),
while when h(x) # 0, it affects the motion of the two vortex centers significantly
(cf. Fig. 3.3). (iii). When ¢ — 0, the dynamics of the two vortex centers in the
GLE dynamics converges uniformly in time to that in the reduced dynamics (cf.
Fig. 3.4) which verifies numerically the validation of the reduced dynamical laws
in this case. In fact, based on our extensive numerical experiments, the motions of
the two vortex centers from the reduced dynamical laws agree with those from the
GLE dynamics qualitatively when 0 < ¢ < 1 and quantitatively when 0 < ¢ < 1.
(iv). During the dynamics of GLE, the GL functional and its kinetic part decrease
when time increases, its interaction part changes dramatically when ¢ is small, and

when ¢t — oo, all the three quantities converge to constants (cf. Fig. 3.3), which

immediately imply that a steady state solution will be reached when ¢ — co.

3.2.3 Vortex dipole

Here we present numerical results of the interaction of vortex dipole under the
GLE dynamics and its corresponding reduced dynamical laws, i.e., we take M = 2,
ny = —1, nyg =1, x{ = (—dp,0) and x5 = (do,0) in (2.6). Fig. 3.5 depicts time
evolution of the amplitude |¢?|, while Fig. 3.6 shows that of the GL functionals as

well as the trajectory of the vortex centers when ¢ = % in GLE with different d,
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Figure 3.2: Contour plots of [°(x, t)| at different times for the interaction of vortex
pair in GLE under Dirichlet BC with e = g5 and different h(x) in (2.6): (a) h(x) = 0,
(b) h(x) =z +y.
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Figure 3.3: Trajectory of vortex centers (left) and time evolution of the GL func-
tionals (right) for the interaction of vortex pair in GLE under Dirichlet BC with
e = 55 for different h(x) in (2.6): (a) h(x) =0, (b) h(x) =z +y.

and h(x) in (2.6) as well as the critical value d: for different € when h(x) = z + y.
Fig. 3.7 shows time evolution of x’(¢), xj(¢) and dj(t) with dy = 0.5 for different
and h(x) in (2.6).

From Figs. 3.5, 3.6 & 3.7 and additional numerical results not shown here for
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Figure 3.4: Time evolution of xj(¢) and x7(¢) (left and middle) and their difference
d5 (right) for different e for the interaction of vortex pair in GLE under Dirichlet
BC for different h(x) in (2.6): (a) h(x) =0, (b) h(x) =z +y.

brevity, we can draw the following conclusions for the interaction of vortex dipole
under the GLE dynamics with Dirichlet BC: (i). Both boundary value, i.e., h(x),
and distance between the two vortex centers initially, i.e., 2dy, affect the motion of
the vortices significantly. (ii). When h(x) = 0, for any initial location of the vortex
dipole, the two vortices always undergo an attractive interaction and their centers
move toward each other along the line connecting them initially, their trajectory are
symmetric with respect to the line perpendicular to the segment connecting them
initially, and finally, they merge at the middle point of this segment, i.e., the point
Xmerge = 3(X]+x3) (cf. Figs. 3.5 & 3.6). At the collision, both vortices in the vortex
dipole merge/annihilate with each other; and after the collision, they will disappear
and no vortex is left afterwards during the dynamics. For any fixed 0 < € < 1, there
is a collision time 7. which increases when ¢ decreases. (iii). When h(x) = = + y,
the two vortices move along a symmetric trajectory, i.e., xj(t) = —x5(¢). Moreover,

for the reduced dynamical laws, there exists a critical value d, which is found
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Figure 3.5: Contour plots of [1)°(x, t)| at different times for the interaction of vortex
dipole in GLE under Dirichlet BC with e = 35 for different dy and h(x) in (2.6): (a)
h(x) =0, dy = 0.5, (b) h(x) =z +y, dy = 0.5, (¢) h(x) = x +y, dy = 0.3.

numerically as d, ~ 0.4142, such that when dy < d., then the vortex dipole will
merge at finite time, and respectively, when dy > d., the vortex dipole will never
collide. Similarly, for the vortex dipole under the GLE dynamics, for each fixed
0 < e < 1, there exists a critical value d; such that when dy < d:, then the vortex
dipole will merge at finite time, and respectively, when dy > dZ, the vortex dipole
will never collide (cf. Figs. 3.5 & 3.6). We find numerically the critical distance

d; for 0 < ¢ < 1 and depict them in Fig. 3.8. From these values, we can fit the
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Figure 3.6: (a)-(c): Trajectory of vortex centers (left) and time evolution of the
GL functionals (right) for the interaction of vortex dipole in GLE under Dirichlet
BC with ¢ = 55 for different dy and h(x) in (2.6): (a) h(x) = 0, dy = 0.5, (b)
h(x) =x+y, dy =0.5, (c) h(x) = x+y, dy = 0.3. (d): Critical value d for different
e when h(x) =z +y.

following relationship between d; and d.:
ds ~ dl + 41.26>, 0<e<l.

(iv). When € — 0, the dynamics of the two vortex centers under the GLE dynamics
converges uniformly in time to that of the reduced dynamical laws before the collision
happens (cf. Fig. 3.7) 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 agree with
those from the GLE dynamics qualitatively when 0 < ¢ < 1 and quantitatively
when 0 < ¢ < 1 if the initial distance between the two vortex centers satisfies either
0 <dy < d, ordy > d.. On the contrary, if d, < dy < d, then the motion of
the vortex dipole from the reduced dynamical laws is different qualitatively from
that of the GLE dynamics. (v). During the dynamics of GLE, the GL functional

decreases when time increases, its kinetic and interaction parts change dramatically
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Figure 3.7: Time evolution of x5(¢), x}(¢) (left and middle) and their difference d5
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Figure 3.8: Critical value d for the interaction of vortex dipole of the GLE under

Dirichlet BC with A(x) =z + y in (2.6) for different e.

when t is small, and when ¢ — oo, all the three quantities converge to constants (cf.
Fig. 3.6). Moreover, if finite time merging/annihilation happens, the GL functional
and its kinetic and interaction parts change significantly during the collision. In
addition, when ¢ — oo, the interaction energy goes to 0 which immediately implies

that a steady state will be reached in the form of ¢°(x) = ™) where c(x) is a
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harmonic function satisfying c¢(x)|sp = h(x) + Z]]Vil n;f(x — x9).

3.2.4 Vortex lattices

Here we present numerical results of the interaction of vortex lattices under the
GLE dynamics. We will consider the following cases: case [. M = 3, ny = ny =
ng = 1, x) = (—0.25,%3), xJ = (025, —¥2), x§ = (0.5,0); case I. M = 3,
ny=mny =mng =1, x} = (=04,0), x3 = (0,0), x3 = (0.4,0); case 1. M = 3,
ny =mny =nz =1, xy = (0,0.3), x3 = (0.15,0.15), x§ = (0.3,0); case IV. M = 3,
ny = —1,ny =ng =1, x) = (~0.25, ¥3), xJ = (—0.25, —¥3) %9 = (0.5,0); case V.
M=3ny=-1,n =n3=1,x7 = (-04, 0) = (0,0), x§ = (0.4,0); case VI.
M=3 n=-1,n=n3=1x7=(020.3), x ( 0.3,0.4), x3 = (—0.4,—0.2);
caseVH.M:4,n1:n2:n3:n4:1,xlz(005) X2—( 0.5,0), x3 =
(0,-0.5), x§ = (0.5 0); case VIII. M =4, ny =nz = —1,ny =ny = 1, x{ = (0,0.5),
x93 = (—0.5,0), x3 = (0, —0.5), x] = (0.5,0); and case IX. M = 4, n; = ny = —1,
nyg = ng = 1, x{ = (0,0.5), x3 = (-0.5,0), x3 = (0,-0.5), x3 = (0.5,0). Fig.
3.9 shows trajectory of the vortex centers when e = 55 in and h(x) = 0 in (2.6)
for the above 9 cases. From Fig. 3.9 and additional numerical experiments not
shown here for brevity, we can draw the following conclusions: (i). The interaction
of vortex lattices under the GLE dynamics with Dirichlet BC is very interesting and
complicated. The detailed dynamics and interaction pattern of a lattice depends on
its initial alignment of the lattice, geometry of the domain D and the boundary value
g(x). (ii). For a lattice of M vortices, if they have the same index, then no collision
will happen for any time ¢ > 0. On the other hand, if they have opposite index, e.g.
M™* > 0 vortices with index ‘+1" and M~ > 0 vortices with index ‘—1’ satisfying
M™* + M~ = M, collision will always happen at finite time. In addition, when ¢ is
sufficiently large, there exist exactly |[M™ — M| vortices of winding number ‘+1 if

M+ > M~, and resp. ‘=17 if M+ < M~ left in the domain.
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Figure 3.9:  Trajectory of vortex centers for the interaction of different vortex
lattices in GLE under Dirichlet BC with & = 55 and h(x) = 0 for cases I-IX (from

left to right and then from top to bottom) in section 3.2.4.

3.2.5 Steady state patterns of vortex lattices

Here we present the steady state patterns of vortex lattices in the GLE dynamics
under Dirichlet BC. We study how the geometry of the domain D and boundary

condition affect the alignment of vortices in the steady states. To this end, we take

27 27
n; =1, X?:0.5(COS(%),SH1(%)), 7=12,..., M,

i.e., initially we have M like vortices which are located uniformly in a circle centered

at origin with radius R; = 0.5.
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Figure 3.10: Contour plots of |¢®(x)| for the steady states of vortex lattice in GLE
under Dirichlet BC with ¢ = %6 for M =8, 12, 16, 20 (from left column to
right column) and different domains: (a) unit disk D = B(0), (b) square domain
D = [—1,1]% (c) rectangular domain D = [—1.6,1.6] x [—1,1].

Denote ¢°(x) as the steady state, i.e., ¢°(x) = lim;_,o, ¥°(x,t) for x € D. Fig.
3.10 depicts the contour plots of the amplitude |¢°| of the steady state in the GLE
dynamics with h(x) = 2% — y* + 2xy in (2.6) for different M and domains, while
Fig. 3.11 depicts similar results on a rectangular domain D = [—1.6,1.6] x [—1, 1]
for different M and h(x) in (2.6). In addition, Fig. 3.11 shows similar results with
M = 8 for different h(x) and domain D.

From Figs. 3.10, 3.11 & 3.12 and additional numerical results not shown here
for brevity, we can draw the following conclusions for the steady state patterns
of vortex lattices under the GLE dynamics with Dirichlet BC: (i). The vortex
undergo repulsive interaction between each other and they move to locations near

the boundary of D, there is no collision and a steady state pattern is formed when
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Figure 3.11: Contour plots of |¢®(x)| for the steady states of vortex lattice in GLE
under Dirichlet BC with e = & on a rectangular domain D = [—1.6,1.6] x [—1, 1]
for M = 8, 12, 16, 20 (from left column to right column) and different h(x): (a)
h(x) =0, (b) h(x) = 2 +y, (c) h(x) = 2* = ¢? (d) h(x) =z —y, (¢) h(x) =
22 — y? — 2xy.

t — oo. In fact, the steady state is also the solution of the following minimization

problem

¢F = argmily g ooy (x)lxcon® (D)

Actually, based on our extensive numerical experiments, we found that for a vortex
lattice of any configuration, i.e., vortices in the vortex lattice may be opposite wind-

ing number, the vortices either merge and annihilate and all the leftover vortices are
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Figure 3.12: Contour plots of |¢®(x)| for the steady states of vortex lattice in GLE

under Dirichlet BC with & = 1z and M = 8 on a unit disk D = By(0) (top row) or
a square D = [—1,1)? (bottom row) under different h(x) =0, = +y, 2> — y?, = —

y, 22 —y? — 2xy (from left column to right column).
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Figure 3.13: Width of the boundary layer LW vs M (the number of vortices) under
Dirichlet BC on a square D = [—1,1]* when ¢ = 1= for different h(x): (a) h(x) =0,
(b) h(x) =z +y.

all pinned in near the boundary finally. This phenomena is similar with the one in
the superconductor involving magnetic field [101].

(ii). During the dynamics, the GL functional decreases when time increases.
(iii). Both the geometry of the domain and the boundary condition, i.e., h(x), affect
the final steady states significantly. The configuration of a vortex lattice at the
steady state follows the symmetry of D and h(x). For example, in the disk domain,

when h(x) = 2? — y? + 2zy, the vortex lattice is symmetric with respect to the two
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lines y = (1 — v/2)z and y = (1 + v/2)z which satisfy h(x) = 0 (cf. Fig. 3.10). (iv).
At the steady state, the distance between the vortex centers and 0D depends on ¢
and M. For fixed M, when ¢ decreases, the distance decreases; and respectively,
for fixed €, when M increases, the distance decreases. In order to characterize this

distance, we denote

LW = LW(M,e) = lim min dist(xj(t), 9D), M > 2.

oo 1<j<M
For a square domain D = [—1,1], we find these distances numerically and depict
LW (M, e) with ¢ = 1 for different M in Fig. 3.13. From these results, we can fit
the following relations between LW (M, e = 1/16) as a function of M as

LW ~ 0.4M 07713, M >>1,
for h(x) = 0, and respectively,
LW ~ 0.3714M 07164, M > 1,

for h(x) = = + y. For other cases, we can also fit out similar results, we omit here

for brevity.

3.2.6 Validity of RDL under small perturbation

It is well known that in the NLSE dynamics highly co-rotating vortex will radiate
out sound waves, which will in turn modify their motion. In other words, the reduced
dynamical law which does not take the radiation into account will become invalid
after the sound wave coming up, or equivalent to say, a small perturbation comes up
in the field. To understand if there were same bad situations in the GLE dynamics,
i.e., if the RDL in the GLE dynamics is valid under small perturbation or not, we

take the initial data (1.2) as

U0, 0) = ¥ (x) = Y5 () + e HARID T x = (@ g) €D, (34)
where 9§ is given in (2.6) with h(x) =0, M =2, ny = ny = 1 and x§ = —x§ =

(0.5,0), i.e., we perturb the initial data for studying the interaction of a vortex pair
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Figure 3.14: Time evolution of d}°(¢) for non-perturbed initial data (left) and per-
turbed initial data (right) in section 3.2.6

by a Gaussian function with amplitude 0. Then we take § = ¢ and let € go to
0, and solve the GLE with initial condition (3.4) for the vortex centers xJ(¢) and
x3°(t) and compare them with those from the reduced dynamical law. We denote
d?’s(t) = \xf’e(t) — 2%(t)| for j = 1,2 as the error. Fig. 3.14 depicts time evolution
of d‘ls’e(t) for the case when 0 = ¢, i.e., small perturbation, and the case when
0 = 0, i.e., no perturbation. From this figure, we can see that small perturbation
in the initial data does not affect the motion of the vortices much, same as that
with non-perturbed initial setups, the dynamics of the two vortex centers under the
GLE dynamics with perturbed initial setups converge to those obtained from the
reduced dynamical law when ¢ — 0 as well. Actually, from our extensive numerical
examples, we see that any kind of small perturbations that we consider in the initial
setup does not affect the motion of the vortex dynamics much, the RDL always hold

valid.

3.3 Numerical results under Neumann BC

3.3.1 Single vortex

Here we present numerical results of the motion of a single quantized vortex
under the GLE dynamics and its corresponding reduced dynamical laws, i.e., we
take M =1 and ny = 1 in (2.6). Fig. 3.15 depicts trajectory of the vortex center

for different x{ in (2.6) when ¢ = 35 in and d5 for different . From Fig. 3.15 and
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Figure 3.15: Trajectory of the vortex center when ¢ = 3% (left column) and d5 for dif-
ferent e (right column) for the motion of a single vortex in GLE under homogeneous

Neumann BC with different x? in (2.6): (a) x¥ = (0,0.1), (b) x¥ = (0.1,0.1).

additional numerical results not shown here for brevity, we can see that: (i). The
initial location of the vortex, i.e., value of xq affects the motion of the vortex a lot
and this shows the effect on the vortex from the Neumann BC. (ii). If x{ = (z¢, o) #
(0,0) satisfies g = 0 or yo = 0 or xy = tyo, the trajectory is a straight line. (iii).
If x! = (0,0), the vortex will not move all the time, otherwise, the vortex will move
and finally exit the domain and never come back. This is quite different from the
situations in bounded domain with Dirichlet BC where a single vortex can never
move outside the domain or in the whole space where a single vortex doesn’t move
at all under the initial condition (2.6) when D = R?. (iv). Ase — 0, the dynamics of
the vortex center under the GLE dynamics converges uniformly in time to that of the
reduced dynamical laws well before it exits the domain, which verifies numerically
the validation of the reduced dynamical laws in this case. Of course, when the vortex
center is being exited the domain or after it moves out of the domain, the reduced
dynamics laws are no longer valid. However, the dynamics of GLE is still physically
interesting. In fact, based on our extensive numerical experiments, the motion of
the vortex centers from the reduced dynamical law agrees with that from the GLE
dynamics qualitatively when 0 < ¢ < 1 and quantitatively when 0 < ¢ < 1 well

before it moves out of the domain.
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3.3.2 Vortex pair

Here we present numerical results of the interaction of vortex pair under the
GLE dynamics and its corresponding reduced dynamical laws, i.e., we take M = 2,
ny =ny =1,x" = (-0.5,0) and x3 = (0.5,0) in (2.6).

Fig. 3.16 depicts time evolution of the amplitude |¢¢|, time evolution of the
GL functionals, x’(t), xj(t) and d5(t), and trajectory of the vortex centers for GLE
under homogeneous Neumann BC.

From Fig. 3.16 and additional numerical results not shown here for brevity,
we can draw the following conclusions for the interaction of vortex pair under the
GLE dynamics with homogeneous Neumann BC: (i). The two vortices undergo a
repulsive interaction, their centers move outwards along the line connected them
initially with symmetric trajectories, i.e., xj(t) = —x5(t) (cf. Fig. 3.16 (a) & (b)).
Moreover, if the two vortices are not located symmetrically initially, the one closer
to the boundary will first move outside the domain and the other one will exit
the domain later. All the vortices will exit the domain D at finite time 7, which
increases when e decreases. (ii). When ¢ — 0, the dynamics of the two vortex
centers under the GLE dynamics converge uniformly in time to that of the reduced
dynamical laws before any one of them exit the domain (cf. Fig. 3.16(c)), 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 agree with those from the GLE dynamics
qualitatively when 0 < ¢ < 1 and quantitatively when 0 < ¢ < 1. (iii). During
the dynamics of GLE, the GL functional and its kinetic parts decrease when time
increases, its interaction part doesn’t change much when ¢ is small and changes
dramatically when any one of the two vortices move outside the domain D. When
t — o0, all the three quantities converge to 0 (cf. Fig. 3.16(c)), which imply that a
constant steady state will be reached in the form of ¢f(x) = €' for x € D with ¢,

a constant.
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Figure 3.16: Dynamics and interaction of a vortex pair in GLE under Neumann
BC: (a) contour plots of [¢)°(x, t)| with ¢ = 5 at different times, (b) trajectory of the
vortex centers (left) and time evolution of the GL functionals (right) for ¢ = 55, (c)
time evolution of x5(¢) and x7(¢) (left and middle) and their difference d5(t) (right)

for different «.

3.3.3 Vortex dipole

Here we present numerical results of the interaction of vortex dipole under the
GLE dynamics and its corresponding reduced dynamical laws, i.e., we take M = 2,
ny=—1,ny =1, x% = (—dp,0) and x9 = (dy,0) with dy a constant.

Fig. 3.17 depicts contour plots of the amplitude |¢¢|, while Fig. 3.18 shows time

evolution of GL functionals and trajectory of the vortex centers when ¢ = 3—12 in for
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Figure 3.17: Contour plots of |¢°(x, t)| at different times for the interaction of vortex
dipole in GLE under Neumann BC with e = 5 for different dy: (a) do = 0.2, (b)
do =0.7.
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Figure 3.18: Trajectory of vortex centers (left) and time evolution of the GL func-
tionals (right) for the interaction of vortex dipole in GLE under Neumann BC with

e = 55 for different do: (a) do = 0.2, (b) do = 0.7,

different dy in (2.6). Fig. 3.19 shows time evolution of x7(¢), xj(¢) and d;(¢) for
different ¢ and d,.
From Figs. 3.17, 3.18 & 3.19 and additional numerical results not shown here for

brevity, we can draw the following conclusions for the interaction of vortex dipole
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Figure 3.19: Time evolution of x5(¢) and x7(¢) (left and middle) and their difference
d5(t) (right) for different € and dy: (a) dy = 0.2, (b) dg = 0.7.

under the GLE dynamics with homogeneous Neumann BC: (i). The initial location

of the vortices, i.e., dy, affects the motion of vortices significantly. In fact, there exists

a critical value d| = d; for 0 < € < 1, which is found numerically as d! = 0.5, such
that when the distance between the two vortex centers initially dy = %\x(f —x9| < d’,
then the two vortices will move towards each other along the line connecting their
initial locations and finally merge at the origin at finite time 7. which increases when
¢ decreases, and respectively, when dy > d., the two vortices will move outwards
along the line connecting their initial locations and finally move out of the domain at
finite time T, which increases when ¢ decreases (cf. Figs. 3.17 & 3.18). Moreover, the
trajectories of the two vortices are symmetric, i.e., x;(t) = —x(t), and finally the
GLE dynamics will lead to a constant steady state with amplitude 1, i.e., ¢°(x) = e'®
for x € D with ¢y a real constant. (ii). When ¢ — 0, the dynamics of the two vortex
centers under the GLE dynamics converges uniformly in time to that of the reduced

dynamical laws before they collide or move out of the domain (cf. Fig. 3.19) which

verifies numerically the validation of the reduced dynamical laws in this case. In
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fact, based on our extensive numerical experiments, the motion of the two vortex
centers from the reduced dynamical laws agree with those from the GLE dynamics
qualitatively when 0 < ¢ < 1 and quantitatively when 0 < ¢ < 1. (iii). During
the dynamics of GLE, the GL functional and its kinetic part decrease when time
increases, its interaction part doesn’t change much when t is small. All the three
quantities changes dramatically when the two vortices collide or move across 0D

and eventually converge to 0 when ¢t — oo (cf. Fig. 3.18).

3.3.4 Vortex lattices

Here we present numerical results of the interaction of vortex lattices under
the GLE dynamics. We will consider the following cases: case I. M = 3, n; =
ng =mn3 =1, x) = (-0.2, ﬁ), x93 = (-0.2, —ﬁ), xJ = (0.4,0); case II. M = 3,
np=ng =ng =1, xy = (-04,0), x5 = (0,0), x3 = (0.4,0); case III. M = 3,
ny=ny =nz =1, x5 =(-04,0.2), x3 = (0,0.2), x3 = (0.4,0.2); case IV. M = 3,
ng=—1,n =nz =1 x" = (—0.4,0), x93 = (0,0), x3 = (0.4,0); case V. M = 3,
ng=—1,m =ny =1, x) = (—0.2,°2), xJ = (=0.2, —2), xJ = (0.4,0); case VL.
M=4,n =ny=n3=mny =1, x) = (0.4, -0.45in(1)), x5 = (-0.2,0.4 cos(1)),
xJ = (—0.2,0.4sin(1)), x} = (0, O)' case VII. M = 4, ny=ng=—1,ny =ng =1,

x{ = (=0.4,0), x5 = (—=£,0), xJ = (£,0), x} = (0.4,0); case VIL M = 4,
ny =ny = —1, ng = ng =1, x{ = (0.4,0), x§ = (—0.2,@), x§ = (-0.2,—%L),

x] = (0,0); and case IX. M =4, ny =n3 =1, n; = ng = —1, x = (0.4,0),
x) = (—0.2,3), xJ = (—0.2, —2), x§ = (0,0).

Fig. 3.20 shows trajectory of the vortex centers when ¢ = 3—12 in for the above 9
cases. From Fig. 3.20 and additional numerical results not shown here for brevity, we
can draw the following conclusions: (i). The interaction of vortex lattices under the
GLE dynamics with homogeneous Neumann BC is very interesting and complicated.
The detailed dynamics and interaction pattern of a lattice depends on its initial

alignment of the lattice and geometry of the domain D. (ii). For a lattice of M

vortices, if they have the same index, then at least M — 1 vortices will move out of
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Figure 3.20: Trajectory of vortex centers for the interaction of different vortex
lattices in GLE under homogeneous Neumann BC with e = 35 for cases I-IX (from

left to right and then from top to bottom) in section 3.3.4.

the domain at finite time and no collision will happen for any time ¢ > 0. On the
other hand, if they have opposite index, collision will happen at finite time. After
collisions, the leftover vortices will then move out of the domain at finite time and
at most one vortex may left in the domain. When ¢ is sufficiently large, in most
cases, no vortex is left in the domain; of course, when the geometry and initial setup

are properly symmetric and M is odd, there maybe one vortex left in the domain.
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Figure 3.21: Contour plots of the amplitude [¢°(x,t)| for the initial data (top)

and corresponding steady states (bottom) of vortex lattice in the GLE under ho-

mogeneous Neumann BC with ¢ = % for different number of vortices M and
winding number n;: M = 3,ny = ny = ng = 1 (first and second columns);
M =3,n; = —ny = n3 = 1 (third column); and M =4,ny = —ny =ng = —ng =1

(fourth column).

3.3.5 Steady state patterns of vortex lattices

Here we present the steady state patterns of vortex lattices under the GLE
dynamics with homogeneous Neumann BC. To this end, we take ¢ = 1—16 in and

assume the M vortices are initially located uniformly on a line, i.e.,
K= (—o54+ 271 g ji=1,2,...,M
] * M _ 1 Y Y ) PR )
or on a circle with radius Ry = 0.5, i.e.,

2j 2j
x?:O.5 <cos <%) ,sin (%)), g=12,.... M.

Fig. 3.21 depicts the amplitude [1°| of the initial data and final steady states under

the GLE dynamics with different initial setups.
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From Fig. 3.21 and additional numerical results not shown here for brevity,
we can draw the following conclusions for the interaction of vortex lattices under
the GLE dynamics with homogeneous Neumann BC: (i). If the three like vortices
initially located uniformly on a circle, they will repel each other and finally exit
outside the domain and never come back. (ii). If the three like vortices initially
located uniformly on a line, the left and right vortices will finally exit outside the
domain and never come back, while the middle one does not move all the time. (iii).
If the three vortices initially located uniformly on a line with the middle vortex
whose winding number is opposite to the other two, the middle one will not move
all the time, while the left and right vortices will move toward the origin and one
of them will merge with the middle vortex, finally only one vortex will stay at the
origin forever. (iv). If the four vortices initially located uniformly on a circle with
the sign of winding number alternatively changed, the four vortices will move toward
the original point and merge with each other, and finally there will be no vortex
in the domain. (v). Actually, from our extensive numerical experiments, we can
conclude that for any initial setup, if the number of vortices M is even, the vortices
will either merge or move outside the domain, and finally there will be no vortex
leftover in the domain; while if M is odd, there will be at most one vortex leftover

in the domain when ¢t — 0.

3.3.6 Validity of RDL under small perturbation

Same as the motivation in section 3.2.6, here we study the radiation property
of the GLE dynamics under homogeneous Neumann BC in this subsection. To this
end, we take the initial data (1.2) as (3.4) with ¢§ chosen as (2.6) with M = 2,
ny=ny=1,xy = —x3 =(0.5,0) and h(x) as (3.3). Then we take § = ¢ and let & go
to 0, and solve the GLE with initial condition (3.4) for the vortex centers xJ°(t) and
x5°(t) and compare them with those from the reduced dynamical law. We denote
d?’a(t) = |x§’5(t) —a(t)| for j = 1,2 as the error. Fig. 3.22 depicts time evolution of

df’a(t) for the case when § = ¢, i.e., small perturbation, and the case when § = 0, i.e.,
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Figure 3.22: Time evolution of d}°(¢) for non-perturbed initial data (left) and per-
turbed initial data (right) in section 3.3.6

no perturbation. From this figure, we can see that small perturbation in the initial
data does not affect the motion of the vortices much, same as the non-perturbed
initial setups, the dynamics of the two vortex centers under the GLE dynamics with
perturbed initial setups also converge to those obtained from the reduced dynamical
law when ¢ — 0, which is simply similar as the situation in the GLE dynamics with

perturbed initial data under Dirichlet BC.

3.4 Vortex dynamics in inhomogeneous potential

In this subsection, we study numerically the vortex dynamics in the GLE dynam-
ics under Dirichlet BC in inhomogeneous potential. We let the external potential in

(1.1) as:

1
T 1+ 9e (@227 (y—10)?)’

V(x) x € D, (3.5)

where 7, 7,, 22 and y? are constants, i.e., we impose a single well external potential
with minimal location sitting at point (22,¢Y). To study the joint effect of the
pinning effect, the boundary effect and the interaction between vortices on the vortex

dynamics, we consider two types of inhomogeneous external potential:
e Type I. Symmetric external potential, i.e., v, = v, = 20;

e Type II. Anisotropic external potential, i.e., v, = 30, v, = 15.
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Choose the initial data as (2.6) and for simplicity, we always let h(x) = 0 and
(2%, 4%) = (0,0) =: O. We study following three cases: case : M =1, n; =1, x; =
[0.4,0.4], V(x) is chosen as type I potential; case II: M =1, n; = 1, x; = [0.4,0.4],
V(x) is chosen as type II potential; case III: M = 2, n; = ny = 1, x; = [—0.3,0],
x2 = [0,0.3], V(x) is chosen as type I potential.

Fig. 3.23, shows the trajectory, time evolution of the distance between the vortex
center and potential center and d(t) for different ¢ for case I and II, as well as
trajectory of vortex center for different € of the vortices for case I1I. From this figure
and additional numerical experiment not shown here for brevity, we can see that:
(i). For the single vortex, it moves monotonically toward the points x, = (22, y?),
where the external potential V(x) attains its minimum value (cf. Fig. 3.23 (a)
& (b)), which shows clearly the pinning effect. Moreover, the trajectory depend
on the type of the potential V(x). The speed that vortex move to x, as well as
the final location that vortex stay steady depend on the value of € (cf. Fig. 3.23
(a) & (b)). The smaller the ¢ is, the closer the final location to x, and the faster
the vortex move to it. (ii). As ¢ — 0, the dynamics of the vortex center in the
GLE dynamics converges uniformly in time to that in the reduced dynamics which
verifies numerically the validation of the reduced dynamical laws in this case. (iii).
For the vortex pair, when ¢ is large, the two vortices will move apart from each other
for a while, then monotonically toward each other and to x,, which illustrate the
pinning effect clearly (cf. Fig. 3.23 (¢)). Then, they will move apart from each other
again in the opposite direction with one toward x, due to the repulsive interaction
between the two vortices. Otherwise, when ¢ is small enough, the vortex will simply
move monotonically close to each other and to x, and finally they will stop and

stay steady at someplace near x,. The smaller the € is, the closer the two vortex

_1
ln(%)

undergo a repulsive interaction and they always move apart from each other toward

to the point x,. As we know, in the speeded time scale A\, = , the vortex pair

the boundary in the GLE dynamics under homogeneous potential when h(x) = 0,

and the smaller the ¢ is, the stronger they repulse from each other, thus, it might
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Figure 3.23: (a) and (b): trajectory, time evolution of the distance between the
vortex center and potential center and d5(t) for different e for case I and 11, and (c):

Trajectory of vortex center for different ¢ of the vortices for case III in section 3.4.

be interesting that we studying the pinning effect of the vortex pair in speeded time

scale to see how the vortex pair continue to move after they move close to x,. Will

they move apart from each other again?

3.5 Conclusion
In this chapter, by applying the efficient and accurate numerical methods pro-
posed in chapter 2 to simulate Ginzburg-Landau equation (GLE) with a dimension-

less parameter 0 < € < 1 on bounded domains with either Dirichlet or homogenous
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Neumann BC and its corresponding reduced dynamical laws (RDLs), we studied
numerically quantized vortex interaction in GLE with/without impurities for super-
conductivity and compared numerically patterns of vortex interaction between the
GLE dynamics and its corresponding reduced dynamical laws under different initial
setups.

For the GLE under a homogeneous potential, based on extensive numerical re-
sults, we verified that the dynamics of vortex centers under the GLE dynamics
converges to that of the reduced dynamical laws when ¢ — 0 before they collide
and/or move out of the domain. Certainly, after either vortices collide with each
other or move out of the domain, the RDLs are no longer valid; however, the dy-
namics and interaction of quantized vortices are still physically interesting and they
can be obtained from the direct numerical simulations for the GLE with fixed ¢ > 0
even after they collide and/or move out of the domain. We also identified the pa-
rameter regimes where the RDLs agree with qualitatively and/or qualitatively as
well as fail to agree with those from the GLE dynamics. In the validity regimes, the
RDL is still valid under small perturbation in the initial data due to the dissipative
nature of the GLE. Some very interesting nonlinear phenomena related to the quan-
tized vortex interactions in the GLE for superconductivity were also observed from
our direct numerical simulation results of GLE. Different steady state patterns of
vortex lattices under the GLE dynamics were obtained numerically. From our nu-
merical results, we observed that boundary conditions and domain geometry affect
significantly on vortex dynamics and interaction, which showed different interaction
patterns compared to those in the whole space case [152,153].

For the GLE in an inhomogeneous potential under the Dirichlet BC, we also
numerically verified the validity of the RDL. By directly simulating the GLE, we
find that vortices move in quite different ways from that in the homogeneous case.
The vortices basically move toward critical points of the inhomogeneous potential
in the limiting process ¢ — 0, which show the pinning effect that caused by the

impurities given by the inhomogeneities.



Chapter

Vortex dynamics in NLSE

In this chapter, we apply the numerical method presented in chapter 2 to simulate
quantized vortex interaction of NLSE, i.e., A, = 0, § = 1 in the GLSE (1.1), with
different ¢ and under different initial setups including single vortex, vortex pair,
vortex dipole and vortex lattice. We study how the dimensionless parameter e,
initial setup, boundary value and geometry of the domain D affect the dynamics
and interaction of vortices. Moreover, we compare the results obtained from the
NLSE with those from the corresponding reduced dynamical laws, and identify the
cases where the reduced dynamical laws agree qualitatively and/or quantitatively
as well as fail to agree with those from NLSE on vortex interaction. Finally, we
also investigate the sound-vortex interaction and study the radiative nature of the
vortices in NLSE dynamics.

Without specification, the initial data is chose as the same one in section 3.1 in

chapter 3.

4.1 Numerical results under Dirichlet BC

4.1.1 Single vortex

In this subsection, we present numerical results of the motion of a single quan-

tized vortex in the NLSE dynamics and the corresponding reduced dynamics, i.e

61



4.1 Numerical results under Dirichlet BC 62

we take M = 1, ny = 1 in (2.6). To study how the initial phase shift h(x) and
initial location of the vortex xq affect the motion of the vortex and to understand

the validity of the reduced dynamical law, we consider the following 11 cases:
e Case I-IIT: x¥ = (0,0), and h(x) is chosen as Mode 1, 2 and 3, respectively;

e Case IV-VIIL: x? = (0.1,0), and h(x) is chosen as Mode 1, 2, 3, 4 and 5,

respectively:;
e Case IX-XI: xy = (0.1,0.1), and h(x) is chosen as Mode 3, 4 and 5, respectively.

Moreover, to study the effect of domain geometry, we consider D of three types: type
I[. a square D = [—1,1] x [—1,1], type II. a rectangle D = [—1,1] x [—0.65,0.65],
and type III. a unit disk D = B1(0). Thus we also study the following 4 additional

cases:

e Case XII-XIII: x! = (0,0), h(x) = 2 +y, D is chosen as type II and III,

respectively;

e Case XIV-XV: x{ = (0.1,0), h(x) = 22 — y?, D is chosen as type II and III,

respectively.

Fig. 4.1 depicts trajectory of the vortex center when ¢ = % for Cases I-VI and dj
with different € for Cases I, V and VI. Fig. 4.2 shows trajectory of the vortex center
when € = 6%1 in NLSE for cases VI-XI, while Fig. 4.3 shows that for Cases XII-XVII
when ¢ = 3—12 From Figs. 4.1-4.3 and additional numerical experiments not shown
here for brevity, we can draw the following conclusions: (i). When h(x) = 0, the
vortex center doesn’t move and this is similar to the case in the whole space. (ii).
When h(x) = (z + by)(z — %) with b # 0, the vortex does not move if x{ = (0,0),
while it does move if x{ # (0,0) (cf. Fig. 4.1 Cases III and VI for b = 1). (iii).
When h(x) # 0 and h(x) # (v +by)(x — ¥) with b # 0, in general, the vortex center

does move. For the NLSE dynamics, there exists a critical value €. depending on

h(x), x¥ and D such that if ¢ < &, the vortex will move periodically in a close
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loop (cf. Fig. 4.1), otherwise their trajectory will not be a close loop. This differs
from the situation in the reduced dynamics significantly, where the trajectory is
always periodic (cf. Fig. 4.2 red dash line). Thus the reduced dynamical laws fail
qualitatively when ¢ > e.. It should be an interesting problem to find how this
critical value depends on h(x), x{ and the geometry of D. (iv). In general, the
initial location, the geometry of the domain and the boundary value will all affect
the motion of the vortex (cf. Fig. 4.3). (v). When ¢ — 0, the dynamics of the vortex
center in the NLSE dynamics converges uniformly in time to that in the reduced
dynamics (cf. Fig. 4.1 bottom row) which verifies numerically the validation of the

reduced dynamical laws.

4.1.2 Vortex pair

Here we present numerical results of the interaction of vortex pair under the
NLSE dynamics and its corresponding reduced dynamical laws, i.e., we take M = 2,

ny = ny = 1. We always suppose that the two vortices are initially located symmetric

1

on the z-axis, i.e., we take x§ = —x{ = (do,0) with 0 < dy < 1 in (2.6). Let ¢ = 4,

we consider the following three cases: case I. dy = 0.1 and h(x) = 0, case II. dy = 0.5
and h(x) = 0, case III. dy = 0.5 and h(x) = = +y. Fig. 4.4 depicts the trajectory of
the vortex pair, the time evolution of £%(t), & (t), x5(t), x5(t) and d5(t) for above
3 cases.

From Figs. 4.4 and additional numerical results not shown here for brevity, we
can draw the following conclusions for the interaction of vortex pair under the NLSE
dynamics with Dirichlet BC: (i). The total energy is conserved during the dynamics
of the NLSE in all cases. (ii). The pattern of the motion of the vortex centers depend
on both the initial location of the two vortices and the initial phase shift h(x) in
(2.6). (iii). When h(x) = 0, the vortices move periodically and their trajectories
are symmetric, i.e., xj(t) = —x5(¢). Moreover, for both the reduced dynamical law
and NLSE dynamics, there is a critical value of dy, say d. and d: respectively, such

that if dy < dl. (or dy < d; in NLSE dynamics), the two vortices will rotate with
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Figure 4.1: Trajectory of the vortex center in NLSE under Dirichlet BC when ¢ = %
for Cases I-VI (from left to right and then from top to bottom in top two rows),

and dj for different ¢ for Cases I,V&VI (from left to right in bottom row) in section
4.1.1.

each other and move along a circle-like trajectory, otherwise, they will move along
a crescent-like trajectory (cf. Figs.4.4 (a) & (b)). We find numerically the critical
value d =~ 0.4923 and d; for 0 < ¢ < 1 which are depicted in Fig. 4.5. From these

values, we can fit the following relation for d and d::
de=di +211e*%®, 0<e<l.

(iv). When h(x) # 0, it affects the motion of the two vortex centers significantly (cf.

Figs.4.4 (c)). (v). For any fixed dy, the dynamics of the two vortex centers under
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Figure 4.2: Trajectory of the vortex center in NLSE dynamics under Dirichlet BC
when e = 2 (blue solid line) and from the reduced dynamical laws (red dash line)

for Cases VI-XI (from left to right and then from top to bottom) in section 4.1.1.

the NLSE dynamics converges uniformly in time to that of the reduced dynamical
laws (cf. Figs.4.4 (d)) when ¢ — 0. However, for fixed ¢, the reduced dynamical law

fails qualitatively to describe the motion of vortices if d], < dy < d.

4.1.3 Vortex dipole

Here we present numerical results of the interaction of vortex dipole under the
NLSE dynamics and its corresponding reduced dynamical laws, i.e., we take M = 2,
ny = —ny = —1, xJ = —x{ = (do,0) in (2.6) with dy = 0.5 and ¢ = 5. Fig.
4.6 depicts contour plots of [¢)°(z,t)| at different times, trajectory of the vortex
dipole, time evolution of x§(t), x5(¢) and dj(t) for different h(x). From Fig. 4.6 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 pattern of the motion of the vortex centers depend on both the

initial location of the two vortices and the initial phase shift h(x) in (2.6). (iii). The
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Figure 4.3: Trajectory of the vortex center in NLSE under Dirichlet BC when ¢ = %
for cases I, XII-XIII, VI and XIV-XV (from left to right and then from top to bottom)

in section 4.1.1.

vortex dipole moves upward symmetrically with respect to y-axis and finally merges
and annihilates somewhere near the top boundary simultaneously. The distance
between the merging place and the boundary is of 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 boundaries (cf. Fig. 4.6). Moreover, the vortex dipole in
the NLSE dynamics will always merge in some place near the top boundary for all
dy. However, in the reduced dynamics, they never merge inside D, in fact, they will
move outside the domain before they merge. Hence, the reduced dynamical law fails
quantitatively when the vortex dipole is near the boundary. (iv). When h(x) # 0,
it affects the motion of the two vortex centers significantly (cf. Figs.4.4 (c)). (v).
When ¢ — 0, the dynamics of the two vortex centers under the NLSE dynamics
converges uniformly to that of the reduced dynamical laws (cf. Fig. 4.6) before they

merge each other or near the boundary which verifies numerically the validation of
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the reduced dynamical laws in this case. In fact, based on our extensive numerical

experiments, the motions of the two vortex centers from the reduced dynamical
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Figure 4.5: Critical value d: for the interaction of vortex pair of the NLSE under
the Dirichlet BC with different ¢ and h(x) = 0 in (2.6): if dy < dS, the two vortex
will move along a circle-like trajectory, if d > d_, the two vortex will move along a

crescent-like trajectory.

laws agree with those from the NLSE dynamics qualitatively when 0 < ¢ < 1 and

quantitatively when 0 < ¢ < 1 when they are not too close to the boundary.

4.1.4 Vortex lattice

Here we present numerical studies on the dynamics of vortex lattices in the NLSE
with Dirichlet BC (1.3), i.e., choose the initial data (1.2) as (2.6) and study four
cases:

Case . M =3,n =ny=n3=1,x) = —x3 = (dp,0) and x3 = (0,0).

Case I. M =3, n; = —ng =nz =1, x) = —x3 = (dp, 0) and x5 = (0,0).

Case III. M =4, ny =nyg = —ng = —ny = 1, x{ = —x3 = (dy,0) and x5 =
—Xg = (O,dg) with 0 < dl,dg < 1.
Case IV. D = B;(0), M =9,ny =ng = --- = ng = 1 and the 9 vortex centers are

initially located on a 3 x 3 uniform mesh points for the rectangle [—dy, do| X [—dy, dp]
with 0 < dy < 1.

Fig. 4.7 depicts the trajectory and time evolution of x{(¢), x5(¢) and x3(¢) in
the NLSE dynamics for Cases I and II. Fig. 4.8 shows contour plots of |¢°| at
different times in the NLSE dynamics for Case III, and Fig. 4.9 depicts contour

plots of —|¢°|, S¢(x,t) as well as slice plots of [°(x,0,t)| for showing sound wave
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Figure 4.6:  Contour plots of [1/°(x,t)| at different times (top two rows) as well as
the trajectory, time evolution of x§(t), x5(¢) and dj(¢) (bottom two rows) for the
dynamics of a vortex dipole with different h(x)in section 4.1.3: (1). h(x) = 0 (top
three rows), (2). h(x) =z + y (bottom row).

propagation of the NLSE dynamics in Case IV. Based on Figs. 4.7-4.9 and additional
computations not shown here for brevity, we can draw the following conclusions: (i).

For Case I, there exits a critical time T, depending on both dy and € such that when
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with ¢ = % and dy = 0.25 in section 4.1.4.
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Figure 4.9: Contour plots of —[¢°(x,t)| ((a) & (c)) and the corresponding phase
Se(x,t) ((b) & (d)) as well as slice plots of |1)%(x,0,t)| ((e) & (f)) at different times
for showing sound wave propagation under the NLSE dynamics of a vortex lattice

in Case IV with dy = 0.5 and ¢ = % in section 4.1.4.

t < T, the middle vortex (initially at the origin) will not move while the other two

vortices rotate clockwise around the origin. This dynamics agrees very well with the
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Figure 4.10: Time evolution of d}°(¢) for non-perturbed initial data (left) and per-
turbed initial data (right) in section 4.1.5

NLSE dynamics in the whole plane [152,153]. However, when ¢ > T., the middle
vortex will begin to move towards one of the other two vortices and form as a vortex
pair which will rotate with each other and also with the other single vortex for a
while. Then this pair will separate and one of them will form a new vortex pair
with the single vortex, leave the other one to be a new single vortex rotating with
them. This process will be repeated tautologically like three dancers exchange their
partners alternatively. This shows that the boundary effect seems essentially affect
the vortex dynamics and interaction (cf. Fig. 4.7). (ii). For Case II, similar as
Case I, there exists a critical time T, depending on dy and ¢ such that when t < T,
the middle vortex (initially at the origin) will not move while the other two vortices
rotate counterclockwise around the origin. This dynamics agrees very well with the
NLSE dynamics in the whole plane [152,153]. However, when ¢ > T., the middle
vortex will begin to move towards one of the other two vortices and form as a vortex
dipole which will move nearly parallel towards the boundary and merge near the
boundary. Sound waves will be created and reflected back into the domain which
drive the leftover vortex in the domain to move (cf. Fig. 4.7). From section 4.1.1,
we know that a single vortex in the NLSE with A(x) = 0 does not move, hence this
example illustrates clearly the sound-vortex interaction. This also indicates that the
reduced dynamical law fails completely after annihilation when ¢ > T,. (iii). For
Case III, the four vortices form as two vortex dipoles when ¢ is small. Then the
two dipoles will move outwards in opposite direction and finally the two vortices

in each vortex dipole merge and annihilate at some place near the boundary. If
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di; = ds, the two vortex dipoles move symmetrically with respect to the line y = x,
and merge some place near the top-right and bottom-left corners, respectively; if
dy > dsy, both of them will move towards the top-bottom boundary and merge near
there; and if d; < ds, both of them will move towards the side boundary and merge
near there. New waves are created after merging and they are reflected back into
the domain when they hit the boundary (cf. Fig. 4.8). (iv). For Case IV, the vortex
initially at the origin does not move due to symmetry, while the other eight vortices
rotate clockwise and move along two circle-like trajectories (cf. Fig. 4.9). During
the dynamics, sound waves are generated and they propagate outwards and are
reflected back into the domain when they hit the boundary. The distances between
other vortices and the one centered at the origin increase when sound waves are
radiated outwards; on the other hand, they decrease and become even smaller than
their initial distances when sound waves are reflected by the boundary and move
back into the domain (cf. Fig. 4.9). This example clearly shows sound waves and

their impact on the dynamics of vortices.

4.1.5 Radiation and sound wave

We study the radiation property of the NLSE dynamics under Dirichlet BC in
this subsection. To this end, we study two types of perturbation.

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

YF(x,0) = 47 (%) = 45(x) + G OWIOTD  x — (2 y) €D, (41)

where 1§ is given in (2.6) with h(x) =0, M =2, n; = ny = 1 and x{ = —x) =

(0.1,0). Then we take 6 = ¢ and let £ go to 0, and solve the NLSE with initial
condition (4.1) for the vortex centers x7°(¢) and x3°(¢) and compare them with those
from the reduced dynamical law. We denote dj»’e(t) = |x§’€(t) —x%(t)| for j = 1,2 as
the error. Fig. 4.10 depicts time evolution of df’a(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
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converge to those obtained from the reduced dynamical law when ¢ — 0 without
perturbation (cf. Fig. 4.10 left). On the contrary, the two vortex centers under the
NLSE dynamics do not converge to those obtained from the reduced dynamical law
when e — 0 with small perturbation (cf. Fig. 4.10 right). This clearly demonstrates
radiation and sound wave effect on vortices in the NLSE dynamics with Dirichlet
BC.
Type II: Perturbation by an external potential, i.e., we replace V(x) = 1 in
NLSE by V(x,t) =1 — W(x,t) with
Wix.1) = —sin(2t)?, ¢ €[0,0.5], D (4.2)
0, t> 0.5,
The initial data is chosen as (2.6) with M =1, n; = 1, x{ = (0,0), D = B;(0) and
e = ;. In fact, the perturbation is introduced when ¢ € [0,0.5] and is removed after
t = 0.5. Fig. 4.11 illustrates surface plots of —|¢°| and contour plots of S®(x,t)
as well as the slice plots of ¢°(x,0,t) at different times for showing sound wave
propagation. From Fig. 4.11, 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 [95] 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 vortex core will radiate new waves and the

process is repeated tautologically. This process explicitly illustrates the radiation in

the NLSE dynamics.

Remark 4.1.1. Based on this example and other numerical results not show here for
brevity, we can conclude that the vortex with winding number m = +1 is dynamically
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 € = 3—12 15 also dynamically stable under
a perturbation in the external potential. Actually, Mirionescu [111] indicated that

for a vortex with winding number |m| > 1, there exists a critical value €5, such
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different times for showing sound wave propagation under the NLSE dynamics in a

disk with € = i and a perturbation in the potential in section 4.1.5.

that if ¢ < €5, 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
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Figure 4.12: Trajectory of the vortex center when € = 55

and time evolution of d; for
different ¢ for the motion of a single vortex in NLSE under homogeneous Neumann
BC with x? = (0.35,0.4) (left two) or x{ = (0,0.2) (right two) in (2.6) in section

4.2.1.

the potential but stable under a perturbation in the initial data in the whole plane
case [152]. 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 in bounded domains.

4.2 Numerical results under Neumann BC

4.2.1 Single vortex

Here we present numerical results of the motion of a single quantized vortex
under the NLSE dynamics and its corresponding reduced dynamical laws, i.e., we
take M =1 and ny = 1 in (2.6). Fig. 4.12 depicts trajectory of the vortex center
for different x{ in (2.6) when € = 55 in NLSE and df for different . From Fig. 4.12
and additional numerical results not shown here for brevity, we can see that:

(i). If x¥ = (0,0), the vortex will not move all the time, 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. This is quite
different from the situation in bounded domain with 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 doesn’t

move at all under the initial condition (2.6) when D = R?.
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Figure 4.13: Trajectory of the vortex pair (left), time evolution of £° and &F,
(second), x](t) and x5(¢) (third), and di(t) (right) in the NLSE dynamics under

homogeneous Neumann BC with ¢ = 3% and dy = 0.5 in section 4.2.2.

(ii). As ¢ — 0, the dynamics of the vortex center under the NLSE dynamics
converges uniformly in time to that of 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 from the NLSE dynamics qualitatively

when 0 < € < 1 and quantitatively when 0 < ¢ < 1.

4.2.2 Vortex pair

Here we present numerical results of the interaction of vortex pair under the
NLSE dynamics and its corresponding reduced dynamical laws, i.e., we take M = 2,
ny =ny =1 and x§ = —x? = (dp, 0) with 0 < dy < 1 in (2.6). Fig. 4.13 depicts the
trajectory of the vortex pair, time evolution of £%(¢), &, (t), x5(¢), x5(t) and di(t)
when ¢ = 55 in NLSE and dy = 0.5 in (2.6).

From Fig. 4.13 and additional numerical results not shown here for brevity,
we can draw the following conclusions for the interaction of vortex pair under the
NLSE dynamics with homogeneous Neumann BC: (i). The total energy is conserved
numerically very well during the dynamics. (ii). The two vortices move periodically
along a circle-like trajectory for all 0 < dy < 1 and their trajectories are symmetric.
(iii). When € — 0, the dynamics of the two vortex centers under the NLSE dynamics
converges uniformly in time to that of the reduced dynamical laws which verifies
numerically the validation of the reduced dynamical laws in this case. In fact, based

on our extensive numerical experiments, the motions of the two vortex centers from
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Figure 4.14: Trajectory and time evolution of x§(¢) and x5(¢) for dy = 0.25 (top left
two), dg = 0.7 (top right two) and dy = 0.1 (bottom left two) and time evolution of
d;5(t) for dy = 0.25 and dy = 0.7 (bottom right two) in section 4.2.3.

the reduced dynamical laws agree with those from the NLSE dynamics qualitatively

when 0 < € < 1 and quantitatively when 0 < ¢ < 1.

4.2.3 Vortex dipole

Here we present numerical results of the interaction of vortex dipole under the
NLSE dynamics and its corresponding reduced dynamical laws, i.e., we take M = 2,
ny = —ny = —1, x) = —x9 = (do, 0) with different dy and £ = 5. Fig. 4.14 depicts
the trajectory of the vortex dipole, time evolution of x§(t), x5(t) and dj(?).

From Fig. 4.14 and additional numerical results not shown here for brevity,
we can draw the following conclusions for the interaction of vortex dipole under the
NLSE dynamics with 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 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

firstly upwards to the top boundary, then turn outwards to the side boundary and
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finally move counter-clockwise and clockwise, respectively (cf. Fig. 4.14). While if
dy > d., then they will move firstly downwards to the bottom boundary, then turn
inwards to the domain and finally move counter-clockwise and clockwise, respectively
(cf. Fig. 4.14). Certainly, when dy = 0.5, the vortex dipole does not move due to
symmetry. (iv). For fixed 0 < ¢ < 1, there exists another critical value (fi satisfying
lim,_, a?i = 0, such that if dy < d‘z, the vortex dipole in the NLSE dynamics will
merge at a finite time 7, depending on € and dy (cf. Fig. 4.14). However, the vortex
dipole from the reduced dynamical laws never merges at finite time. Hence, the
reduced dynamical laws fail qualitatively if 0 < dy < dg (v). For fixed dy, when
e — 0, the dynamics of the two vortex centers in the NLSE dynamics converges
uniformly in time to that of the reduced dynamical laws before they merge (cf.
Figs. 4.14) which verifies numerically the validation of the reduced dynamical laws
in this case. In fact, based on our extensive numerical experiments, the motions of
the two vortex centers from the reduced dynamical laws agree with those from the

NLSE dynamics qualitatively when 0 < ¢ < 1 and quantitatively when 0 < ¢ < 1.

4.2.4 Vortex lattice

Here we present numerical studies on the dynamics of vortex lattices in the NLSE
with homogeneous Neumann BC, i.e., we choose the initial data (1.2) as (2.6) and
study four cases:

Case . M =3,n =ny=n3=1,x) =—x} = (dp,0) and x3 = (0,0).

Case I. M =4, ny =ny=n3 =ny =1, x} = —xJ = (dy,0) and xJ = —x{ =
(dQ,O) with 0 < d; # dy < 1.
Case II. M =4, ny =ny = —ng = —ny = 1, x{ = —x3 = (d,0) and x5 =

—x9 = (0,dy) with 0 < dy,dy < 1.
Case IV. M =9, n; =--- =ng = 1, and the vortex centers are initially located
on a 3 x 3 uniform mesh points for the rectangle [—dy, do| X [—dy, do] with 0 < dy < 1.
Fig. 4.15 shows trajectory and time evolution of xj(¢), x5(¢) and x5(¢) in the

NLSE dynamics for Case I. Fig. 4.16 depicts contour plots of |1°| at different times
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Figure 4.15: Trajectory of the vortex xj (blue line), x5 (dark dash-dot line) and x5
(red dash line) and their corresponding time evolution for Case I during small time
(left column), intermediate time (middle column) and large time (right column) with

€= % and dy = 0.25 in section 4.2.4.

in NLSE dynamics for Cases IT and III, and Fig. 4.17 shows contour plots of —|¢*]
and slice plots of [1(0,y,t)| in NLSE dynamics for Case IV to show sound wave
propagation. Based on Figs. 4.15-4.17 and additional results not shown here for
brevity, we can draw the following conclusions: (i). For Case I, there exits a critical
time 7T, depending on both dy and ¢ such that when ¢ < T, the middle vortex
(initially at the origin) will not move while the other two vortices rotate clockwise
around the origin. This dynamics agrees very well with the NLSE dynamics in the
whole plane [152,153]. However, when ¢ > T, the middle vortex will begin to move
towards one of the other two vortices and form as a vortex pair which will rotate with
each other and also with the other single vortex for a while. Then the two vortices in
the pair will separate, one of them will form a new vortex pair with the third single
vortex leaving the other one to be a new single vortex that rotates around them.

This process will repeat tautologically like three dancers exchange their partners
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Figure 4.16: Contour plots of [¢(x, )| with ¢ = = at different times for the NLSE

dynamics of a vortex lattice for Case II with d; = 0.6,dy = 0.3 (top two rows) and

Case III with d; = dy = 0.3 (bottom two rows) in section 4.2.4.

alternatively. This indicates that the boundary effect essentially affects the vortex
dynamics and interaction (cf. Fig. 4.15). (ii). 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 also rotate with each other clockwise, and
radiations and sound waves are emitted. The sound waves propagate radially and
are reflected back into the domain when they hit the boundary, which push the two
vortex pairs get closer. When the two vortex pairs get close enough, the two vortices

with smallest distance among the four form a new vortex pair and leave the rest
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Figure 4.17: Contour plots of —|¢°(x,t)| (left) and slice plots of (0, y,t)| (right)
at different times under the NLSE dynamics of a vortex lattice in Case IV with

dy = 0.15 and € = % for showing sound wave propagation in section 4.2.4.

two as single vortex individually. The vortex pair rotates around the origin. This
process is iteratively repeated during the dynamics (cf. Fig. 4.16 top two rows).
(iii). For Case III, when ¢ is small, the four vortices form as two vortex dipoles
and they move symmetrically with respect to the line y = —z towards 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 places near the corners, the two vortices in each dipole split
with each other and re-formulate two different dipoles. After this, the two vortices
in each dipole move symmetrically with respect to the line y = —z, and the two
new dipoles then move symmetrically with respect to the line y = x towards their

initial locations. This process is then repeated periodically (cf. Fig. 4.16 bottom
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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. Fig. 4.17). During the dynamics, sound waves are
generated and they propagate outwards. 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 vortices become
larger when the sound waves are radiated outwards, while they decrease when the

sound waves are reflected from the boundary and move back into the domain (cf.

Fig. 4.17).

4.2.5 Radiation and sound wave

Here we study numerically how the radiation and sound waves affect the dy-
namics of quantized vortices in the NLSE dynamics under homogeneous Neumann
BC. To this end, we take the initial data (1.2) as (4.1) with ¢§ chosen as (2.6) with
M =2n;=ny=1and x{ = —x5 = (0.1,0) and h(x) as (3.3). Then we take § = ¢
and let € goes to 0, and solve the NLSE with initial condition (4.1) for the vortex
centers x7°(t) and x3°(¢) and compare them with those from the reduced dynamical
law. We denote dj."e(t) = |:L‘§»’E(t) —af(t)] for j = 1,2 as the error. Fig. 4.18 depicts
time evolution of df’a(t) for the case when § = ¢, i.e., small perturbation, and the
case when 6 = 0, i.e., no perturbation. From this figure, we can see that the dynam-
ics of the two vortex centers under the NLSE dynamics converge to those obtained
from the reduced dynamical law when ¢ — 0 without perturbation (cf. Fig. 4.18
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. Fig. 4.18 right). This clearly demonstrates radiation and sound

wave effect on vortices under the NLSE dynamics with homogenous Neumann BC.
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Figure 4.18: Time evolution of d}°(¢) for non-perturbed initial data (left) and per-
turbed initial data (right) in section 4.2.5

4.3 Conclusion

In this chapter, by applying the efficient and accurate numerical methods pro-
posed in chapter 2 to simulate nonlinear Schrédinger equation (NLSE) with a di-
mensionless parameter 0 < ¢ < 1 in bounded domains under either Dirichlet or
homogenous Neumann BC as well as its corresponding reduced dynamical laws for
the dynamics of M quantized vortex centers, we studied numerically quantized vor-
tex dynamics and interaction and investigated the sound-vortex interaction [62,114]
in NLSE for superfluidity as well as examined the validity of the corresponding re-
duced dynamical laws under different initial setups. Based on extensive numerical
results, firstly, we verified that the dynamics of vortex centers under the NLSE dy-
namics converges to that of the reduced dynamical laws when ¢ — 0 before they
collide and /or move too close to the boundary. Certainly the reduced dynamical law
is only valid up to the first collision time of any two vortices, therefore they cannot
show the vortex dynamics after collision, which, however, can be observed and inves-
tigated by our directly numerical simulations. Secondly, we identified the parameter
regimes where the reduced dynamical laws agree with quantitatively and/or quali-
tatively as well as fail to agree with those from the NLSE dynamics. We concluded
that the dynamical pattern of two vortices depend on the initial phase shift (in the
case of Dirichlet BC) as well as the initial distance of the two vortices. Thirdly, We
also found that the boundary effect affect the vortex interaction very much, which

lead to very different nonlinear phenomena from those observed in the whole plane
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case. The Dirichlet BC might correspond to introduce a tangential force (clockwise
force for negative charged vortex while counter-clockwise for positive charged vortex)
while the Neumann BC might correspond to apply a normal force at the boundary
to the vortices, hence vortices might move according to a crescent-like trajectory, or
move nearly parallel to the boundary without going outside the domain, or merge
near the boundary in some situation. Moreover, we found that the radiation of
NLSE dynamics which is carried by oscillating sound waves modifies the motion of
vortices much, especially in the dynamics of vortex lattice, highly co-rotating vortex
pairs and overlapping vortices. However, it should be reminded that the motion of
the vortices still qualitatively obeys the reduced dynamical law when sound waves
have moved away from them, either absorbed by the vortex core or the boundary.
Finally, we would like to remark here that it should be an interesting question to
find out how the dynamics pattern of the vortices depend on the domain shape
and size as well as the distances between vortices, and it might be fascinating and
difficult problems to extend the reduced dynamical laws for the motion of vortices
involving vortex collision and splitting, which has been conducted by Serfaty [132]
and Bethuel et al. [30] in the context of Ginzburg-Landau equation, as well as find

possible corrections to the reduced dynamical laws due to radiation.



Chapter

Vortex dynamics in CGLE

In this chapter, we apply the numerical method presented in chapter 2 to sim-
ulate quantized vortex interaction of CGLE, i.e., A\. # 0, § # 0 in GLSE (1.1),
with different € and under different initial setups including single vortex, vortex
pair, vortex dipole and vortex lattice. Let A\, = ﬁ, we study how the dimen-
sionless parameter ¢, initial setup, boundary value and geometry of the domain D
affect the dynamics and interaction of vortices. Moreover, we compare the results
obtained from the CGLE with those from the corresponding reduced dynamical
laws, and identify the cases where the reduced dynamical laws agree qualitatively
and /or quantitatively as well as fail to agree with those from CGLE on vortex in-
teraction. Finally, we also obtain numerically different patterns of the steady states
for quantized vortex lattices and study the alignment of the vortices in the steady
state.

Without specification, we let &« = 8 = 1 and choose the initial data as the same

one in section 3.1 in chapter 3.

87
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5.1 Numerical results under Dirichlet BC

5.1.1 Single vortex

In this subsection, we present numerical results of the motion of a single quan-
tized vortex in the CGLE dynamics and the corresponding reduced dynamics, i.e
we take M = 1, ny = 1 in (2.6). To study how the initial phase shift h(x) and
initial location of the vortex xq affect the motion of the vortex and to understand

the validity of the reduced dynamical law, we consider the following 12 cases:
e Case I-IIT: x? = (0,0), and h(x) is chosen as Mode 1, 2 and 3, respectively;

e Case IV-VIIL: x! = (0.1,0), and h(x) is chosen as Mode 1, 2, 3, 4 and 5,

respectively:;

e Case IX-XII: x? = (0.1,0.2), and h(x) is chosen as Mode 2, 3, 4 and 5, respec-

tively.

Moreover, to study the effect of domain geometry, we consider domains D of three
types: type I. D = [—1,1] x [-1,1], type II: D = [—1,1] x [-0.65,0.65], type III:
D = B4(0), and study additionally the following 4 cases:

e Case XIII-XIV: x¥ = (0,0), h(x) = = + y and domain D is chosen as type II
and III, respectively;

e Case XV-XVI: x{ = (0.1,0.2), h(x) = z*> — y? and domain D is chosen as type

IT and III, respectively.

Fig. 5.1 depicts trajectory of the vortex center when ¢ = 3—12 for cases II-IV and VI
as well as time evolution of d5(¢) for different e for cases I and VI. Fig. 5.2 depicts
trajectory of the vortex center for cases V-XII, while Fig. 5.3 shows that for cases
I, X, XIII-XVII when ¢ = 3% in CGLE. From Figs. 5.1-5.3 and additional numerical
experiments not shown here for brevity, we can draw following conclusions: (i).

When h(x) = 0, the vortex center doesn’t move, which is similar to the vortex
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Figure 5.1:  Trajectory of the vortex center in CGLE under Dirichlet BC when
e = 55 for cases IT-IV and VI and time evolution of d for different e for cases IT and

VI (from left to right and then from top to bottom) in section 5.1.1.
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Figure 5.2: Trajectory of the vortex center in CGLE under Dirichlet BC when ¢ =

gl

for cases IV-VII (left) and cases V-XII (right) in section 5.1.1.

dynamics in the whole space and in GLE and NLSE dynamics. (ii). When h(x) =
(z+by)(z—4¥) with b # 0, the vortex does not move if xo = (0,0), while it does move
if xg # (0,0) (cf. case III and VI for b = 1). This is also same with the phenomena
in GLE and NLSE dynamics. (iii). When h(x) # 0 and h(x) # (z + by)(z — ¥)

with b # 0, in general, the vortex center does move to a different point from its
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Figure 5.3: Trajectory of the vortex center in CGLE under Dirichlet BC when e = &

32
for cases: (a) I, XIII, XIV, (b) X, XV, XVI (from left to right) in section 5.1.1.

initial location and stays there forever. This is quite different from the situation
in the whole space, where a single vortex may move to infinity under the initial
data (2.6) with h(x) # 0. (iv). In general, the initial location, the geometry of the
domain and the boundary value will all affect the motion of the vortex center. (v).
When ¢ — 0, the dynamics of the vortex center in the CGLE dynamics converges
uniformly in time to that in the reduced dynamics (cf. Fig. 5.1) which verifies
numerically the validation of 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 those from the CGLE dynamics qualitatively when 0 <

€ < 1 and quantitatively when 0 < ¢ < 1.

5.1.2 Vortex pair

Here we present numerical results of the interaction of vortex pair in the CGLE
dynamics and its corresponding reduced dynamics, i.e., we take M = 2, ny = ny = 1,

x) = (—0.3,0) and x§ = (0.3,0) in (2.6). Fig. 5.4 depicts the trajectory of the vortex
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Figure 5.4:  Trajectory of the vortex centers (a) and their corresponding time
evolution of the GL functionals (b) in CGLE dynamics under Dirichlet BC when
e = 5 with different (x) in (2.6) in section 5.1.2.

1

centers and their corresponding time evolution of the GL functionals when € =

in the CGLE with different h(x) in (2.6), while Fig. 5.5 shows contour plots of

|1°(x,t)] for e = 5= at different times as well as the time evolution of x5(), x}(¢)
and dj(t) for different ¢ with h(x) =0 in (2.6).

From Figs. 5.4 and 5.5 and additional numerical experiments now shown here
for brevity, we can draw the following conclusions for the interaction of vortex pair
in the CGLE dynamics with Dirichlet BC: (i). The two vortices undergo a repulsive
interaction, they never collide. They rotate with each other and meanwhile move
apart from each other towards the boundary of D and finally stop somewhere near
the boundary, which indicates that the boundary imposes a repulsive force on the
vortices (cf. Fig. 5.4). As shown in previous chapters, a vortex pair in the GLE
dynamics moves outward along the line that connects the two vortices and finally

stay steady near the boundary, while in the NLSE dynamics the two vortices always

rotate around each other periodically. Hence, the motion of the vortex pair here is
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somehow the combination of that in the GLE and NLSE dynamics. Actually, from
extensive numerical results, we find that the larger the value § («) is, the closer
the motion in CGLE dynamics is to that in NLSE (GLE) dynamics, which evidence
numerically that the CGLE under Dirichlet BC is somehow in between the GLE
and NLSE under Dirichlet BC. (ii). The phase shift h(x) affects the motion of the
vortices significantly. When h(x) = (z + by)(x — ¥) with b # 0, the vortices will
move outward symmetric with respect to the origin, i.e., x1(t) = —xa(t) (cf. Fig.
5.4). (iii)). When ¢ — 0, the dynamics of the two vortex centers in the CGLE
dynamics converges uniformly in time to that in the reduced dynamics (cf. Fig.
5.5) which verifies numerically the validation of the reduced dynamical laws in this
case. In fact, based on our extensive numerical experiments, the motions of the two
vortex centers from the reduced dynamical laws agree with those from the CGLE
dynamics qualitatively when 0 < ¢ < 1 and quantitatively when 0 < ¢ < 1. (iv).
During the dynamics of CGLE, the GL functional and its kinetic part decrease
when time increases, its interaction part changes dramatically when t is small, and

when t — oo, all the three quantities converge to constants (cf. Fig. 5.4), which

immediately imply that a steady state solution will be reached when ¢ — oo.

5.1.3 Vortex dipole

Here we present numerical results of the interaction of vortex dipole under the
CGLE dynamics and its corresponding reduced dynamical laws, i.e., we take M = 2,
ny = -ny = —1, x5 = —x{ =(0.3,0) in (2.6). Fig. 5.6 depicts the trajectory of the
vortex centers and their corresponding time evolution of the GL functionals when
¢ = 5 in the CGLE with different h(x) in (2.6), while Fig. 5.7 shows contour
plot of [¢°(x,t)| for e = & at different times as well as the time evolution of xj(t),
x;(t) and dj(t) for different ¢ with h(x) = 0 in (2.6). From Figs. 5.6 and 5.7
and additional numerical experiments now shown here for brevity, we can draw the
following conclusions for the interaction of vortex dipole in the CGLE dynamics

with Dirichlet BC: (i). The two vortices undergo an attractive interaction, they
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Figure 5.5:  Contour plot of [¢°(x, )| for ¢ = 5= at different times as well as time
evolution of xj(¢) in CGLE dynamics and xj(¢) in the reduced dynamics under
Dirichlet BC with h(x) = 0 in (2.6) and their difference dj(¢) for different € in

section H.1.2.

will collide and annihilation with each other. (ii). The phase shift h(x) and the
initial distance of the two vortices affect the motion of the vortices significantly. If
h(x) = 0, the vortex dipole will finally merge regardless where they are initially
located. However, similar as the case in GLE dynamics, if h(x) # 0, say h(x) =
x + y for example, there would be a critical distance d, which depend on the
value of £, that divide the motion of the vortex dipole into two groups: (a) if
the distance between the vortex dipole initially |x — x| > d, the vortex will
never merge, they will finally stay steady and separately at some place that near
the boundary. (b) otherwise, they do finally merge and annihilation. (iii). For
h(x) = 0, when ¢ — 0, the dynamics of the two vortex centers in the CGLE
dynamics converges uniformly in time to that in the reduced dynamics (cf. Fig.
5.7) which verifies numerically the validation of the reduced dynamical laws in this

case. In fact, based on our extensive numerical experiments, the motions of the two
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Figure 5.6:  Trajectory of the vortex centers (a) and their corresponding time

evolution of the GL functionals (b) in CGLE dynamics under Dirichlet BC when
e = 5 with different A(x) in (2.6) in section 5.1.3.

vortex centers from the reduced dynamical laws agree with those from the CGLE
dynamics qualitatively when 0 < ¢ < 1 and quantitatively when 0 < ¢ < 1 before
they merge. (iv). During the dynamics of CGLE, the GL functional decreases when
time increases, its kinetic and interaction parts don’t change dramatically when ¢ is
small, and when ¢t — oo, all the three quantities converge to constants. Moreover,
if finite time merging/annihilation happens, the GL functional and its kinetic and
interaction parts change significantly during the collision. In addition, when ¢ — oo,
the interaction energy goes to 0 which immediately implies that a steady state will
be reached in the form of ¢°(x) = ¢“®) where ¢(x) is a harmonic function satisfying

c(x)]op = h(x) + E]Ail n;0(x — x9).

J

5.1.4 Vortex lattice

Here we present numerical results of the interaction of vortex lattices under the

CGLE dynamics. We consider the following cases: case [. M =3, ny =ny =n3 =1,
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Figure 5.7: Contour plots of [¢°(x,t)| for ¢ = & at different times as well as time
evolution of xj(¢) in CGLE dynamics, x}(¢) in the reduced dynamics under Dirichlet

BC with A(x) = 0 in (2.6) and their difference d5(t) for different ¢ in section 5.1.3.

= (0.5,0); x§ = (—0.25, ?), xJ = (—0.25, —?), case II. M =3, ny =ny =ng =
1, x§ = (—0.4,0), x3 = (0,0), xJ = (0.4,0); case Il. M = 3, ny = ny = nz = 1,
x¥ = (0,0.3), x = (0.15,0.15), x5 = (0.3,0); case IV. M =3, —ny = ng = n3 = 1,
= (0.5,0); x) = (—0.25,%3), x} = (—0.25,—¥2), case V. M = 3, ny = —1,
ny =n3 =1, x) =(-0.4,0), x5 = (0,0), x3 = (0.4,0); case VI. M = 3, ny = —1,
ne =ny =1, x0 = (0.2,0.3), x3 = (—0.3,0.4), x) = (0.4, ~0.2); case VIL. M = 4,
ny=mny =n3 =ny =1, x3 = (0.5,0), x5 = (0,0.5), x5 = (—0.5,0), x} = (0,—0.5);
case VII. M =4, ny = n3 =1, ny = ny = —1, x{ = (0.5,0), xJ = (0,0.5),
xJ = (=0.5,0), x3 = (0,—-0.5); case IX. M =4, nyg =nz3 =—1,n =ny =1, x) =
(0.5,0), x5 = (0,0.5), x3 = (—0.5,0), x3 = (0, —0.5); case X. M = 4, ny = ng =
e =ny = —1, x0 = (0.5,0.5), x3 = (—0.5,0.5), xJ = (0.5, 0.5, x4 = (0.5, —0.5
case XI. M =4, ng =ng = —1, ny = ny = 1, x = (0.5,0.5), X2—( 0.5,0.5
xJ = (—0.5,-0.5), x} = (0.5, —0.5); case XII. M =4, ny =n3 = —1, ng =ny =
x¥ = (0.4,0), x5 = (—=0.4/3,0), x5 = (0.4/3,0), x} = (0.4,0); case XIII. M = 4,

Y
’
I

1
);
)
1

Y
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ng =ng = —1,n =mng =1, x) = (04,0), x3 = (-0.4/3,0), x3 = (0.4/3,0),
x) = (0.4,0); case XIV. M = 4, n; = ny = —1, ng = ny = 1, x} = (0.4,0),
x9 = (—0.4/3,0), x3 = (0.4/3,0), x§ = (0.4,0); case XV. M =4, n; = ng = —1,
ng=ny=1,x% =(0.2,0.3), x5 = (—0.3,0.4), x3 = (—0.4, 02) x] = (0.3,-0.3);
Fig. 5.8 shows trajectory of the vortex centers when ¢ = 55 in 1.1 and h(x) = 0 in
(2.6) for the above 15 cases. From Fig. 5.8 and additional numerical experiments not
shown here for brevity, we can draw the following conclusions: (i). The interaction of
vortex lattices under the CGLE dynamics with Dirichlet BC is very interesting and
complicated. The detailed dynamics and interaction pattern of a lattice depends on
its initial alignment of the lattice, geometry of the domain D and the boundary value
g(x). (ii). For a lattice of M vortices, if they have the same index, then no collision
will happen for any time ¢ > 0. On the other hand, if they have opposite index, e.g.
M > 0 vortices with index ‘+1” and M~ > 0 vortices with index ‘—1" satisfying
M+ + M~ = M, collision will always happen at finite time. In addition, when ¢ is
sufficiently large, there exist exactly |M™ — M| vortices of winding number ‘+1 if

M* > M~, and resp. ‘—1" if M < M~ left in the domain.

5.1.5 Steady state patterns of vortex lattices

Here we present the steady state patterns of vortex lattices in the CGLE dynam-
ics under Dirichlet BC. We study how the geometry of the domain D and boundary

condition affect the alignment of vortices in the steady states. To this end, we take

27 2j
n; =1, x?zO.S(cos(%),sin(%)), 1=12 ..., M,

i.e., initially we have M like vortices which are located uniformly in a circle centered
at origin with radius Ry = 0.5.

Denote ¢°(x) as the steady state, i.e., ¢°(x) = lim;_,o, ¥°(x,t) for x € D. Fig.
5.9 depicts the contour plots of the amplitude |¢°| of the steady state in the CGLE
dynamics with h(x) = 0in (2.6) for different M and domains, while Fig. 5.10 depicts
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Figure 5.8:  Trajectory of vortex centers for the interaction of different vortex

lattices in GLE under Dirichlet BC with & = 55 and h(x) = 0 for cases I-IX (from

left to right and then from top to bottom) in section 5.1.4.
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Figure 5.9: Contour plots of |¢°(x)| for the steady states of vortex lattice in CGLE
under Dirichlet BC with ¢ = 3% for M = 8, 12, 16, 20 (from left column to
right column) and different domains: (a) unit disk D = B;(0), (b) square domain
D = [-1,1]?, (c) rectangular domain D = [—1.6, 1.6] x [—0.8,0.8].

similar results with M = 12 for different h(x) in (2.6).

From Figs. 5.9 & 5.10 and additional numerical results not shown here for
brevity, we can draw the following conclusions for the steady state patterns of vor-
tex lattices under the CGLE dynamics with Dirichlet BC: (i). The vortex undergo
repulsive interaction between each other and they move to locations near the bound-
ary of D, there is no collision and a steady state pattern is formed when ¢t — oco. In

fact, the steady state is also the solution of the following minimization problem

¢F = argmily g oo (x)lxcon® (D)

Actually, based on our extensive numerical experiments, we found that for a vortex
lattice of any configuration, i.e., vortices in the vortex lattice may be opposite wind-

ing number, the vortices either merge and annihilate and all the leftover vortices
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Figure 5.10: Contour plots of |¢°(x)| for the steady states of vortex lattice in CGLE
under Dirichlet BC with ¢ = 35 and M = 12 on a unit disk D = By(0) (top row)
or a square D = [—1,1]* (middle row) or a rectangular domain D = [—1.6,1.6] x
[—-0.8,0.8] (bottom row) under different h(x) = =z + vy, 2> —y* x* —y, 22 —y* +

2zy, ¥? —y? — 22y (from left column to right column).

are all pinned in near the boundary finally. This phenomena is similar with the one
in the superconductor involving magnetic field [101]. (ii). During the dynamics,
the GL functional decreases when time increases. (iii). Both the geometry of the
domain and the boundary condition, i.e., h(x), affect the final steady states signif-
icantly. (iv). At the steady state, the distance between the vortex centers and 0D
depends on € and M. For fixed M, when ¢ decreases, the distance decreases; and
respectively, for fixed e, when M increases, the distance decreases. We remark it
here as a interesting open problem to find how the width depend on the value of ¢,

the boundary condition as well as the geometry of the domain.
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Figure 5.11: Time evolution of d}°(¢) for non-perturbed initial data (left) and per-
turbed initial data (right) in section 5.1.6

5.1.6 Validity of RDL under small perturbation

As seen from former chapters, the small perturbation affects the motion of the
vortices in NLSE dynamics much but hardly affects those in the GLE dynamics.
The question that how this affects those vortex motion in CGLE dynamics now
come up naturally. To this end, similar as the one studied in the GLE dynamics, we
take the initial data (1.2) as (3.4) with ¢§ chosen as (2.6) with h(x) =0, M = 2,
ny =mny = 1 and x§ = —x5 = (0.3,0). Then we take § = ¢ and let € go to 0, and
solve the CGLE under Dirichlet BC and with initial condition (3.4) for the vortex
centers x,°(t) and x3°(¢) and compare them with those from the reduced dynamical
law. We denote d‘;’e(t) = \:L";’E(t) — a%(t)| for j = 1,2 as the error. Fig. 5.11 depicts
time evolution of d‘f’s(t) for the case when § = ¢, i.e., small perturbation, and the
case when 0 = 0, i.e., no perturbation. From this figure, we can see that small
perturbation in the initial data does not affect the motion of the vortices much,
same as the non-perturbed initial setups, the dynamics of the two vortex centers
under the CGLE dynamics with perturbed initial setups also converge to those
obtained from the reduced dynamical law when ¢ — 0. Same as the case in GLE
dynamics, this situation is foreseeable since the CGLE is also a dissipative system,
and small perturbation initially imposed for a dissipative system will not affect the

system much for the dynamics.
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Figure 5.12: Trajectory of the vortex center when e = - (left) as well as time
evolution of x§ (middle) and dj for different ¢ (right) for the motion of a single
vortex in CGLE under homogeneous Neumann BC with different x{ in (2.6) in

section 5.2.1.: (a) x! = (0.1,0), (b) x¥ = (0.1,0.2).

5.2 Numerical results under Neumann BC

5.2.1 Single vortex

Here we present numerical results of the motion of a single quantized vortex
under the CGLE dynamics and its corresponding reduced dynamical laws, i.e., we
take M = 1 and ny = 1 in (2.6). Fig. 5.12 depicts trajectory of the vortex center for
different x? in (2.6) when € = % as well as time evolution of x§ and dj for different
e. From Fig. 5.12 and additional numerical results not shown here for brevity, we
can see that:

(i). The initial location of the vortex, i.e., value of xq affects the motion of the
vortex a lot and this shows the effect on the vortex from the Neumann BC.

(ii). If x§ = (0,0), the vortex will not move all the time, otherwise, the vortex

will move and finally exit the domain and never come back. This is quite different
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Figure 5.13:  Contour plots of [¢°(x,t)| at different times when ¢ = ((a) &

%
(b)) and the corresponding time evolution of the GL functionals ((c¢) & (d)) for the

motion of vortex pair in CGLE under homogeneous Neumann BC with different d,

in (2.6) in section 5.2.2: top row: dy = 0.3, bottom row: dy = 0.7.

from the situations in bounded domain with Dirichlet BC where a single vortex can
never move outside the domain or in the whole space where a single vortex doesn’t
move at all under the initial condition (2.6) when D = R?.

(iii). As e — 0, the dynamics of the vortex center under the CGLE dynamics
converges uniformly in time to that of the reduced dynamical laws well before it exits
the domain, which verifies numerically the validation of the reduced dynamical laws
in this case. Surely, when the vortex center is being exited the domain or after it
moves out of the domain, the reduced dynamics laws are no longer valid. However,
the dynamics of CGLE is still physically interesting. In fact, based on our extensive
numerical experiments, the motion of the vortex center from the reduced dynamical
laws agrees with that from the CGLE dynamics qualitatively when 0 < ¢ < 1 and

quantitatively when 0 < ¢ < 1 well before it moves out of the domain.
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Figure 5.14: Trajectory of the vortex center when ¢ = o (left) as well as time

evolution of x§ (middle) and d5 for different € (right) for the motion of vortex pair

in CGLE under homogeneous Neumann BC with different dj in (2.6) in section 5.2.2:
(a) do = 03, (b) do =0.7.

5.2.2 Vortex pair

Here we present numerical results of the interaction of vortex pair under the
CGLE dynamics and its corresponding reduced dynamical laws, i.e., we take M = 2,
ny =ny =1 and xy = —x{ = (dy,0) with 0 < dy < 1 in (2.6). Fig. 5.13 shows the
contour plots of [¢°(x,t)| at different times when ¢ = 5=, while Fig. 5.14 depicts

the trajectory of the vortex pair when € = % as well as time evolution of x5 (¢) and
d5(t) for different dy in (2.6).

From Figs. 5.14 and 5.13 and additional numerical results not shown here for
brevity, we can draw the following conclusions for the interaction of vortex pair
under the NLSE dynamics with homogeneous Neumann BC:

(). The initial location of the vortex, i.e., value of d, affects the motion of the
vortex a lot and this shows the effect on the vortex from the Neumann BC.

(ii). For the CGLE with ¢ fixed, there exist a sequence of critical values dy° >
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ds® > d3® > -+ > d° > -+ such that: if dy > d7°, the two vortex will exit the
domain from the side boundary; if dy* > dy > d5°, the two vortex will exit the
domain from the top-bottom boundary; if d3° > dy > d5°, the two vortex will exit
the domain from the side boundary again. Actually, they exit from the side or top-
bottom boundary alternatively, i.e., for n = 0,1,---: if d5, > dy > d5, ., the two
vortex will exit the domain from the side boundary; otherwise, if d5,,; > do > d3, . 5,
the two vortex will exit the domain from the top-bottom boundary. For the reduced
dynamical law, there also exist such series of critical values {d;",k =0, ---} which
divide the patterns of the trajectory. It might be an interesting problem to find
those d;° and d;", and to study how they agree with each other.

Again, the motion here is somehow the combination of that in the GLE dynam-
ics and that in the NLSE dynamics. The vortex pair in the GLE dynamics will
always move outward along the line that connects the two vortices and finally exit
the domain, while in the NLSE dynamics, they always rotate around each other
periodically. Actually, from extensive numerical results, we find that for a fixed
initial setups, the larger the value [ is, the more rotation the pair will do before
they exit the domain, i.e, the closer the motion in CGLE dynamics is to that in
NLSE dynamics; on contrary, the larger the value «, the faster the vortex exit the
domain, in other words, the closer the motion in CGLE dynamics is to that in NLSE
dynamics. This again evidence numerically that the CGLE under Neumann BC is
somehow in between the GLE and NLSE under Neumann BC.

(iii). Ase — 0, the dynamics of the two vortex centers under the CGLE dynamics
converge uniformly in time to that of the reduced dynamical laws well before any
one of them exit the domain, which verifies numerically the validation of the reduced
dynamical laws in this case. Surely, when the vortex centers are being exiting the
domain or after they moves out of the domain, the reduced dynamics laws are no
longer valid. However, the dynamics of CGLE is still physically interesting. In
fact, based on our extensive numerical experiments, the motions of the two vortex

centers from the reduced dynamical laws agree with those from the CGLE dynamics



5.2 Numerical results under Neumann BC 105

t=0.13 t=0.617

4 1 1
08
> -
- Hos
0 0
L oa
02
1 A 0
1 0 x 1 0 x 1

@

1=0 t=0.

1 1=0.6
1 1 1
[oX:] N
> > \
i 0.6
0 0
| 04 -
02 1.7
A 0 o)
x 1A 0 x 1

(b) -1 0 X 1Y ) (d) 0 0.3 t 0.6

Figure 5.15:  Contour plots of [¢)°(x, )| at different times when & = 5= and the
corresponding time evolution of the GL functionals for the motion of vortex dipole
in CGLE under homogeneous Neumann BC with different dj in (2.6) in section 5.2.3:
top row: dg = 0.3, bottom row: dy = 0.7.

qualitatively when 0 < ¢ < 1 and quantitatively when 0 < ¢ < 1.

(iv). During the dynamics of CGLE, the GL functional and its kinetic parts
decrease when time increases. They doesn’t change much when ¢ is small and changes
dramatically when either one of the two vortices moves outside the domain D. When
t — o0, all the three quantities converge to 0 (cf. Fig. 5.13 (c¢) & (d)), which imply
that a constant steady state will be reached in the form of ¢°(x) = e for x € D

with ¢, a constant.

5.2.3 Vortex dipole

Here we present numerical results of the interaction of vortex dipole in the CGLE
dynamics and its corresponding reduced dynamics, i.e., we take M = 2, no = —n; =
1 and x§ = —x9 = (dp, 0) with 0 < dy < 1 in (2.6).

Fig. 5.15 shows the contour plots of |¢)°(x,?)| at different times when & = o,

while Fig. 5.16 depicts the trajectory of the vortex pair when ¢ = % as well as time
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Figure 5.16: Trajectory of the vortex center when ¢ = % (left) as well as time
evolution of x§ (middle) and dj for different e (right) for the motion of vortex dipole

in CGLE under homogeneous Neumann BC with different dy in (2.6) in section 5.2.2:
(a) d() = 03, (b) d() =0.7.

evolution of z{(t) and dj(¢) for different d; in (2.6).

From Fig. 5.16 and 5.15 and additional numerical results not shown here for
brevity, we can draw the following conclusions for the interaction of vortex pair
under the NLSE dynamics with homogeneous Neumann BC:

(i). The initial location of the vortex, i.e., value of dy affects the motion of the
vortex a lot and this shows the effect on the vortex from the Neumann BC. (ii).
For the CGLE with ¢ fixed, there exists a critical value d. such that: if dy > d,
the two vortices will exit the domain from the side boundary, otherwise, they will
merge somewhere in the boundary. For the reduced dynamical law, there also exists
such series of critical values d], which divide the patterns of the trajectory. It might
be an interesting problem to find those di and d, and to study how they agree
with each other. Moreover, the trajectories of the two vortices are symmetric i.e.,

x1(t) = —x3(t), and finally the CGLE dynamics will lead to a constant steady state
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with amplitude 1, i.e., ¢f(x) = €™ for x € D with ¢ a real constant. (iii). As
€ — 0, the dynamics of the two vortex centers under the CGLE dynamics converge
uniformly in time to that of the reduced dynamical laws well before they move out
of the domain or merge with each other, which verifies numerically the validation of
the reduced dynamical laws in this case. In fact, based on our extensive numerical
experiments, the motions of the two vortex centers from the reduced dynamical
laws agree with those from the CGLE dynamics qualitatively when 0 < ¢ < 1 and

quantitatively when 0 < ¢ < 1.

5.2.4 Vortex lattice

Here we present numerical results of the interaction of vortex lattices under the
CGLE dynamics. We consider the following 15 cases:
case . M = 3, ny = nyg = nzg = 1, x¥ = (04,0); x5 = (0.2, ﬁ), x] =
(—0.2, —@), case II. M =3, ny =ny =ng =1, x) = (—0.4,0.2), x5 = (0,0.2),
x3 = (0.4,0.2); case III. M = 3, n; = ny = n3 = 1, x{ = (-04,0), x5 = (0,0),
xJ = (0.4,0); case IV. M =3, —ny = ny =nz = 1, x¥ = (0.4,0); X2—< 0.2,2),
9= (—0.2,—%), case V.M =3, —ny =n; =nz = 1, x} = (=0.4,0), x5 = (0,0
x3 = (0.4,0); case VI. M = 3, —ny = n; = n3 = 1, x} = (-0.7,0), XQ—(,O
xJ = (0.7,0); case VIL. M =4, ny =ny =nzg=ny = 1, x{ = (0.4,0), x3 = (0,0.4
xJ = (—0.4,0), x} = (0,—0.4); case VIII. M = 4, n; = ng = —1, ng = ny = 1,
x) = (0.4,0), x5 = (0,0.4), x3 = (—04,0), x§ = (0,—0.4); case IX. M = 4,
n =mng = —1,ny =ng =1, x1 = (0.59,0), x3 = (0,0.59), x5 = (—0.59,0),
x4 = (0,-0.59); case X. M =4, ny = ng = —1, ny = ng = 1, x{ = (0.7,0),
x9 = (0,0.7), x§ = (=0.7,0), x} = (0,-0.7); case XI. M = 4, ny = nzg = —1,
ny=mny =1, x) = (04,0), x3 = (0,0.4), x3 = (-0.4,0), x3 = (0, —0.4); case XII.
M =4 ny=n3=-1,n =ng =1, x%=(06,0), x3 = (0,0.6), x3 = (-0.6,0),
x9 = (0,-0.6); case XIII. M =4, ny = ng = —1, ng = ny = 1, x{ = (0.4,0),
x93 = (—0.4/3,0), x3 = (0.4/3,0), x} = (0.4,0); case XIV. M = 4, n; = n3 = —1,
ng=ns=1x\= (0.4,0), x9 = (—0.4/3,0), x5 = (0.4/3,0), x} = (0.4, 0); case XV.

)
),
),
)

Y
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Figure 5.17:  Trajectory of vortex centers for the interaction of different vortex
lattices in CGLE under Neumman BC with ¢ = 3—12 for cases I-IX (from left to right

and then from top to bottom) in section 5.2.4.



5.2 Numerical results under Neumann BC 109

M=4,n =n3=—1,ny=n4 =1,x% = (-06,0), x3 = (-0.1,0), xJ = (0.1,0),
x$ = (0.6, 0);

Fig. 5.17 shows trajectory of the vortex centers for the above 15 cases when
€ = %, while Fig. 5.18 depicts the contour plots of [¢)%| for the initial data and
corresponding steady states for cases I, III, V, VI, VII and XIV.

From Figs. 5.17 & 5.18 and additional numerical experiments not shown here
for brevity, we can draw the following conclusions: (i). The interaction of vortex
lattices under the CGLE dynamics with homogeneous BC is very interesting and
complicated. The detailed dynamics and interaction pattern of a lattice depends
on its initial alignment of the lattice and geometry of the domain D. (ii). For a
lattice of M vortices, if they have the same index, then at least M — 1 vortices will
move out of the domain at finite time and no collision will happen for any time
t > 0. On the other hand, if they have opposite index, collision will happen at finite
time. After collisions, the leftover vortices will then move out of the domain at finite
time and at most one vortex may left in the domain. When ¢ is sufficiently large,
in most cases, no vortex is left in the domain; of course, when the geometry and
initial setup are properly symmetric and M is odd, there maybe one vortex left in
the domain. (iii). If finally no vortex leftover in the domain, the GL functionals will

always vanish as ¢ — oo, which indicate that the final steady states always admit

the form of ¢f(x) = €' for x € D with ¢ a real constant.

5.2.5 Validity of RDL under small perturbation

Same as the motivation in section 5.1.6, here we study the radiation property of
the CGLE dynamics under homogeneous Neumann BC in this subsection.

To this end, we take the initial data (1.2) as (3.4) with ¢§ chosen as (2.6) with
M=2n =ny =1 xy=-x5=(0.7,0) and h(x) as (3.3). Then we take §j = ¢
and let £ go to 0, solve the CGLE with initial condition (3.4) for the vortex centers
x%(t) and x3°(t) and compare them with those from the reduced dynamical law.

We denote dj-’a(t) = |:L‘§»’E(t) —a(t)| for j = 1,2 as the error. Fig. 5.19 depicts time
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Figure 5.18:  Contour plots of |¢)°(x,t)| for the initial data ((a) & (c)) and cor-

responding steady states ((b) & (d)) of vortex lattice in CGLE dynamics under
Neumman BC with ¢ = 3% and for cases I, III, V, VI, VII and XIV (from left to

right and then from top to bottom) in section 5.2.4.

evolution of d‘f’s(t) for the case when 0 = ¢, i.e., small perturbation, and the case

when 0 = 0, i.e., no perturbation. From Fig. 5.19, we can see that small perturbation
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Figure 5.19: Time evolution of d}°(¢) for non-perturbed initial data (left) and per-
turbed initial data (right) in section 5.2.5

in the initial data does not affect the motion of the vortices much, same as the non-
perturbed initial setups, the dynamics of the two vortex centers under the CGLE
dynamics with perturbed initial setups also converge to those obtained from the
reduced dynamical law when ¢ — 0, which is simply similar as the situation in the

CGLE dynamics with perturbed initial data under Dirichlet BC.

5.3 Vortex dynamics in inhomogeneous potential

In this subsection, we study numerically the vortex dynamics in the CGLE dy-
namics with Dirichlet BC under inhomogeneous potential. Analogous to the one
studied in section 3.4, the external potential and cases studied are chosen as the
same one presented in section 3.4.

Fig. 5.20, shows the trajectory and time evolution of the distance between
the vortex center and potential center for different ¢ for case I and II, as well as
trajectory of vortex center for different ¢ of the vortices for case I1I. From this figure
and additional numerical experiment not shown here for brevity, we can see that:
(i). For the single vortex, it moves monotonically toward the points x, = (22,4?),
where the external potential V(x) attains its minimum value (cf. Fig. 5.20 (a) &
(b)), which shows clearly the pinning effect. Moreover, the trajectory depend on
the type of the potential V(x). The speed that vortex move to x, as well as the
final location that vortex stay steady depend on the value of ¢ (cf. Fig. 5.20 (a)
& (b)). The smaller the ¢ is, the closer the final location to x, and the faster the
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Figure 5.20: Trajectory and time evolution of the distance between the vortex

center different ¢ for case I-IIT ((a)-(c)) in section 5.3.

vortex move to it. (ii). As e — 0, the trajectory seems to converge, and the final
location of the vortex seems to converge to points x,, which are the position that
the potential attain its minimum. (iii). For the vortex pair, well, the phenomena is
quite different from the one in the GLE dynamics. The vortices will always move
close to each other and the point x, firstly, which show the pinning effect. However,
they will move apart from each other and the point x, after some time. And the
smaller the ¢ is, the farther the vortex pair sit away from each other and the points

Xp.
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5.4 Conclusion

In this chapter, by applying the efficient and accurate numerical methods pro-
posed in chapter 2 to simulate complex Ginzburg-Landau equation (CGLE) with a
dimensionless parameter 0 < ¢ < 1 on bounded domains with either Dirichlet or
homogenous Neumann BC and its corresponding reduced dynamical laws (RDLs),
we studied numerically quantized vortex interaction in CGLE with/without impuri-
ties for superconductivity and compared numerically patterns of vortex interaction
between the CGLE dynamics and its corresponding reduced dynamical laws under
different initial setups. We find that vortex dynamics in the CGLE is somehow the
combination of that in GLE and NLSE.

For the CGLE under a homogeneous potential, based on extensive numerical
results, we verified that the dynamics of vortex centers under the CGLE dynamics
converges to that of the reduced dynamical laws when € — 0 before they collide
and/or move out of the domain. Certainly, after either vortices collide with each
other or move out of the domain, the RDLs are no longer valid; however, the dy-
namics and interaction of quantized vortices are still physically interesting and they
can be obtained from the direct numerical simulations for the CGLE with fixed
e > 0 even after they collide and/or move out of the domain. We also identified the
parameter regimes where the RDLs agree with qualitatively and/or qualitatively as
well as fail to agree with those from the CGLE dynamics. In the validity regimes,
the RDL is still valid under small perturbation in the initial data due to the dissipa-
tive nature of the CGLE. Some very interesting nonlinear phenomena related to the
quantized vortex interactions in the CGLE for superconductivity were also observed
from our direct numerical simulation results of CGLE. Different steady state pat-
terns of vortex lattices under the CGLE dynamics were obtained numerically. From
our numerical results, we observed that boundary conditions and domain geome-
try affect significantly on vortex dynamics and interaction, which showed different
interaction patterns compared to those in the whole space case [152,153].

For the CGLE in an inhomogeneous potential under the Dirichlet BC, by directly
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simulate the GLE, we find that vortices move in a quite different ways from that
in the homogeneous case. The vortices basically move toward critical points of the
inhomogeneous potential in the limiting process ¢ — 0, which show the pinning

effect that caused by the impurities given by the inhomogeneities.



Chapter

Numerical methods for GPE with angular

momentum

In this chapter, we first review how to reduce the 3D GPE (1.10) with strongly
anisotropic confining potential V' (x) into 2D GPE, then we propose a simple, effi-
cient and accurate numerical method for simulating the dynamics of rotating Bose-
Einstein condensates (BECs) in a rotational frame with/without a long-range dipole-
dipole interaction. We then apply the numerical method to test the dynamical laws
of rotating BECs such as the dynamics of condensate width, angular momentum
expectation and center-of-mass, and to investigate numerically the dynamics and
interaction of quantized vortex lattices in rotating BECs without/with the long-

range dipole-dipole interaction.

6.1 GPE with angular momentum

In many physical experiments of rotating BEC, the external trap V' (x) in (1.10)
is strongly confined in the z-direction, i.e.,
2

< 3
V(x) :‘/g(sc,y)+2—€4, x € R°, (6.1)

115
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with 0 < ¢ < 1 a given dimensionless parameter [13], resulting in a pancake-shaped
BEC. Similar to the case of a non-rotating BEC, formally the GPE (1.10) or (1.13)-
(1.14) can effectively be approximated by a two-dimensional (2D) GPE as [16,17,39]:

Dbt t) = 591+ v + 2O e By _ar )
= o(x1,t) = (Ou,n, —n3V7) u(xi,t), xo=(z,y)" €R? t>0, (6.3)
where V| = (0;,0,)", V3 = 0ps + 9y, 01 = (n1,n2)7, On, =101 -V, Onin, =
On, (On, ) and

u(xy,t) =G x Y]?, Gi(x1) = ! e x, € R% (6.4)

(2m)3/2 [ X2 + 22
The above problem (6.2)-(6.3) with (6.4) is usually called surface adiabatic model
(SAM) for a rotating BEC with dipole-dipole interaction in 2D. Furthermore, taking
e — 0" in (6.4), we obtain

1

G (XJ_)—> m =

Gx,), x, €R% (6.5)

This, together with (6.4), implies that when ¢ — 07,

= w |} = (=V2)Y2u = |[¢|? with lim wu(xy,t)=0. (6.6)
27T|XL| |x | |—o0

The problem (6.2)-(6.3) with (6.6) is usually called surface density model (SDM) for

u(x,t)

a rotating BEC with dipole-dipole interaction in 2D. Note that even for the SDM
we retain the e-dependence in (6.2).

In fact, the GPE (1.10) or (1.13) in 3D and the SAM or SDM in 2D can be
written in a unified way in d-dimensions (d = 2 or 3) with x = (x,y)” when d = 2

and x = (x,y,2)T when d = 3:
D 1) = =57+ V) + Bl + g 1) — OLe | ¥(o.), (6.7
o(x,t) = Lyu(x,t), u(x,t) = G * [¢, xcRY t>0, (6.8)
where V(x) = Va(x) when d = 2 and

AHABrE-1) ~3)\/2 Onin, —n2V2, d=
6 _ eV 2 ) n= / ’ Ln _ n;yn 3 ) ) (69)
K= )\7 _3)\7 8nn7 d = ,
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6.2 Dynamical properties

1/2m|x], 1/1¢], d =2 & SDM,
Gx) =4 G (x), <=GE)=1 5% ﬁ%ds, d=2& SAM, (6.10)

1/4mx], 1/1€1%, d =3,

where f({ ) denotes the Fourier transform of the function f(x) for x, £ € R?. For

studying the dynamics of a rotating BEC, the following initial condition is used:

P(x,0) = o(x), xR with |[e]? := /Rd [o(x))?dx = 1. (6.11)

We remark here that in most BEC experiments, the following dimensionless har-

monic potential is used
d=2,
(6.12)

d=3,

1) yir® + v
2| 2+ 2yt 2
where v, > 0, 7, > 0 and v, > 0 are dimensionless constants proportional to the

trapping frequencies in z-, y- and z-direction, respectively.

6.2 Dynamical properties

In this section, we analytically study the dynamics of rotating dipolar BECs. We
present dynamical laws, including the conservation of angular momentum expecta-

tion, the dynamics of condensate widths and the dynamics of the center of mass.

The results are quite similar to the ones in [17,24].

6.2.1 Conservation of mass and energy
The GPE in (6.7)-(6.11) has two important invariants: the mass (or normaliza-

tion) of the wave function, which is defined as

N(t) = [0, t)]]? = /Rd [Y(x,t)]2dx = /Rd 19(x,0)|%dx = 1, t>0, (6.13)

and the energy per particle

1

B@) = B.0) = [ [GIV0P+ Vel + Jluf + Jelvl - 20 Lo | ax
Rd

(6.14)



6.2 Dynamical properties 118

where f* denotes the conjugate of the complex-valued function f. Stationary states,
corresponding to critical points of the energy defined in (6.14), play an important
role in the study of rotating dipolar BECs. Usually, to find stationary states ¢4(x),

one can use the ansatz
U(x,t) =e Pl (x), xeRY >0, (6.15)

where ps € R is the chemical potential. Substituting (6.15) into (6.7) yields the

nonlinear eigenvalue problem

1
itn(8) = |59+ VOO + 816, + np. - OL] 0,09, x € R (6.10)
0s(x) = Lpus(x), ug(x) = G * |¢s)?, x € RY, (6.17)

under the constraint

o2 = [ 16,69 dx =1 (6.15)

Thus, by solving the constrained nonlinear eigenvalue problem (6.16)—(6.18), one
can find the stationary states of rotating dipolar BECs. In physics literature, the
stationary state with the lowest energy is called ground state, while those with larger

energy are called excited states.

6.2.2 Conservation of angular momentum expectation

The angular momentum expectation of a condensate is defined as [17,24]
(L)(t) = W (x,t) Lap(x, 1) dx, t > 0. (6.19)
Rd

This quantity is often used to measure the vortex flux. The following lemma de-

scribes the dynamics of angular momentum expectation in rotating dipolar BECs.

Lemma 6.2.1. Suppose that (x,t) solves the GPE (6.7)-(6.11) with V (x) chosen
as the harmonic potential (6.12). Then we have

d<L;t>(t)‘ = (=) /Rd wylv[fdx — 77/Rd 0 (20, — ydu)pldx, t>0.  (6.20)
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Furthermore, the angular momentum expectation is conserved, i.e.,
(L)1) = (L)(0), t>0, (6.21)

if the following two conditions are satisfied: (i). ~v, = 7,; (4). any one of the
following conditions hold true: (a). n=0; (b). in 3D, n = (0,0,1)T; (c). in 2D, n =
(0,0, 1) and 1y satisfies vo(x) = f(r)e™. That is, in a radially symmetric trap in
2D or a cylindrically symmetric trap in 3D, the angular momentum expectation is
conserved when either there is no dipolar interaction or the dipole axis is parallel to
the z-azis in 3-D or in 2-D with a radially symmetric or central vortez-type initial

data.

Proof. Differentiating (6.19) with respect to ¢, integrating by parts and taking (6.7)

into account, we get

I
|
~

UG i [ vited, — oo + 0700, - yon)iax
(i) (w0, = YD) + (i) (2, — .o | dx
-/ [ — 5 (V0 (2, — )+ Vu(ad, — yd,)e)
(V09 + 8+ 1) (120, — 0] e
—— [ P[00, = 0. (V0 + ) [ ax. 120 (6.2

Substituting (6.12) into (6.22) leads to (6.20) immediately. In 3D, due to (1.14), the
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second term in (6.20) further becomes
— 77/ |1,Z)|2(3:(9y — Y0y )pdx = 77/ V2u(x(9y — Y0y ) (Onnu) dx
R3 R3

=— 77/ (OnyV2u + yV20nu) (04 Onu)dx + 77/ (O V?u + 2V200u)(9yOnu) dx
R3 R3

=n /]R3 {nlay(anu) - n23x(8nu)] Viudx — 77/ [xay(anu) _ yax(anu)} VZ(anu) dx

R3

= /RS [may(anu) - ng(?x(anu)] || dx + 77/ [y(V@nu)am(V - Onu)

RS
+ VYV (Ontt) Dy (One) — 2(Vnu)dy(Vnu) — vw(anu)ay(anu)} dx

:77/ [nlay(anu) — ngﬁx((?nu)] |2 dx + 77/ (VOnu)(y0, — x0,)(VOnu)dx

R3 R3

) / (110, (Bnts) — 20, (Gu) | [02dx,  £20, (6.23)
R3

Thus, in a radially symmetric trap, i.e., 7, = 7, if there is A = 0 or n = (0,0, 1),
we get

d{L.)(t)
dt

from (6.20) and (6.23), which implies the conservation of (L,) in (6.21).

—0, t>0, (6.24)

Look into (6.20), claims in (ii) (a) is clearly and (c) is straightforward due to the

radial symmetry of the solution of ¥ (x,¢) under the condition given there. O

6.2.3 Dynamics of condensate width

The condensate width of a BEC in a-direction (where o = x,y, z or r = /22 + 3?)
is defined by

0a(t) =\ 0a(t), >0, where §,(t) = / ol (x, 1)) dx. (6.25)
R4
In particular, when d = 2, we have the following lemma for its dynamics [17]:

Lemma 6.2.2. Consider two-dimensional BECs with radially symmetric harmonic
trap (6.12), i.e., d = 2 and v, = 7y = V. If n = 0, then for any initial datum
o(x) in (6.11), it holds fort >0

(1)
5T(t) _ E(djo) +7§22<Lz><0) [1 _ COS(Q’}/Tt)] + 57(,O) COS(Z’)/rt) + giy

sin(27,t), (6.26)
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where 6,(t) 1= 0,(t) + 0,(t), 5 = 5,(0) + 3,(0) and 5 = 5,(0) + 0,(0). Further-

more, if the initial condition 1y(x) is radially symmetric, we have for t >0

5.(1) = 8,(1) = 56,1

_ B(o) + L)) © o
= 22 [1 — cos(27,t)] + 0, cos(27.t) + s

sin(27,t). (6.27)

Thus, in this case the condensate widths o,(t) and o,(t) are periodic functions with

frequency doubling trapping frequency.

Proof. Differentiating (6.25) with respect to ¢, integrating by parts and taking (6.7)

into account, we obtain

dégt(t) — /Rd a? (Vi + Y*afy) dx = Z’/Rd a2 [(_w);k)w _ w*(“/}t)] dx

; a2 2,1 % *v72 . 2 2
:z/Rd [—7 (WP — P* V) — iQa? (20, — yO,) |¢] } dx
= [ (0, = 670,6)  200lu60, — ool dx, 120, (629

Similarly, differentiating (6.28) with respect to ¢, integrating by parts and noticing
(6.7), we have

d?64(t)
dt?

= [ i+ vt = viva = v 0) ~ 200010 + 700, - oo ax
= [ [t + i) + () + wi-iwp)
R4
— 2iQa(2d,0 — YD) ((—iwj)z/; - zp*(wt))} dx
= [ fa(= avo + vy + 20060 + sl + nojoulur
20005 (20, — D) — vuledy — yd ) + (TP V)
2V (%) + AU + )|l — i (a0, — yd )" — v (20, — ydu)v) )

+ 2iQa(z0ya — yo,a) (%(1/1V21/1* — V2P + iQ(20, — y&x)|z/1\2)} dx;
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Moreover, we obtain for t > 0
d?,(t
dt2< ) - /R [(2|wa\2 = [V = 2(V(x) + BIo* + ) [ + Blo[*

— 2|20, (V(x) + np) + 220, — D)™ (20, + YO, )
= 200" (20, — YD) ) + (IVU[2 + 2V (x) + Blf? + o) [

+ 200" (20, — yax)w) + (9,0 — B,0) (2@91/;*(:@ 4y, )
# 20 = lof) | ax

=—%@Jﬂ+/

RQ

[2|wa|2 T 861" — 2malvPng

+ (8,0 — Bya) (4@'Q(x8y + oy + 202 (22 — y2)|¢|2)] dx. (6.29)

Hence when d = 2, if 7, = 7, = v, and n = 0, combine with (6.29), (6.14) and
lemma 6.2.1, we have

d?6,.(t)  d*6,(t)  d?0,(t
dt2< ) - dt2< ) dzz( ) —4’735r(t)+2/ Vol + Blvl'] dx

R2

= 20,044 [ [3IV0P+ VOIIUE + 1ol - ORe(v* L) dx
RQ
+ 49/ Re(¢*L,v)dx
RQ

— — 4925, (t) + 4B (1) + 4Q(L.)(0), > 0. (6.30)

Thus, (6.26) is the unique solution of the second order ODE (6.30) with the
initial condition 4,(0) = 5 and 5,.(0) = 5.

Furthermore, if ¢y has radial symmetric structure, the solution ¥ (x,t) is also

radial symmetric since v, = 7,, and can be rewritten in the form of

w<x7 t) = f(rrv t>€im€(t)

and thus

00 2
9. (%) :/ x2|¢|2dx:/ / r?cos? 0| f(r,t)|*rdfdr
R o Jo
o'} ) 2m
= 7T/ 72| f(r,t)|*rdr :/ / r?sin? 0| f (r,t)|*rdfdr
0 o Jo
= 2|plPdx = §,(t) = l5
= [ ploPax =6, = 35.(0) (6.31)
R4
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O
6.2.4 Dynamics of center of mass
We define the center of mass of a condensate at any time ¢ by
x.(t) = / x |Y(x,t)|%dx, t > 0. (6.32)
Rd

The following lemma describes the dynamics of the center of mass.

Lemma 6.2.3. Suppose that (x,t) solves the GPE (6.7)-(6.11) with V (x) chosen
as the harmonic potential (6.12). Then for any given initial data vy, the dynamics

of the center of mass are governed by the following second-order ODFEs:

%.(t) — 2QJ%.(t) + (A + Q*J?) x.(t) = 0, t>0, (6.33)

x.(0) = x© .= / x| 1| dx, (6.34)
Rd

%.(0) = x(V .= / Tm (5 Vabo) dx — QJx) (6.35)
R4

where Im(f) denotes the imaginary part of the function f and the matrices

0 1 20
J = , A= , | for d=2,
-1 0 0 7,
or
0 10 ¥ 0 0
J=| =1 0 0 |, A= 0 fyj 0o 1, for d=3.
0 00 0 0 ~2

Proof. For simplicity, we consider d = 3 in the following proof. Differentiating (6.32)
with respect to ¢, integrating by parts and taking (6.7) into account, we obtain

dx.(t)
dt

= [ xiv+uriax=i [ x[(-ivne - v ) ax
R3 R3
— Z/ [— %x (WV2* — * V) — iQx(z0, — y@x)|1,b|2] dx
R3
= /RS [— WV — Q| (20, — y@x)x] dx

_ / ( — Ve o+ QJXWJ\Z)dx = QIx.(t) — z/ W'V dx, t>0.  (6.36)
R3 R3
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Differentiating (6.36) with respect to ¢ and following the similar procedures, we have
d*x.(t) dx.(t)
dt?

—QJ

~i [ wive e a= [

RS

(=307 Vo + (i) Vo dx
{ (Vv + V2VYT) + (V(x) +ne) VI

- m((asay 100"V~ (20, — 0.6V |ax

/ |02V [V (x) + ne) dx—zQJ/ (V*V) dx. (6.37)
R3
Noticing (6.36) and V' (x) defined in (6.12), we can rewrite the ODE (6.37) as
d*x.(t) dx.(t)
FTER T
2 dx.(t) 2
=—A | x|¢Y|"dx—QJ o +QIx.(t) ) +n [ (V*u)VOanudx
R3 R3
2 dXC< )
=—A | x|Y|"dx—QJ o + QIx.(t) | —n V|V Onu)|* dx
R3
= —Ax(t) + QJdXC;( ) + OPx.(t), t>0. (6.38)
Combining (6.38) with (6.32) and (6.36) at time ¢t = 0, we can get the ODEs (6.33)—
(6.35). O

Lemma 6.2.3 shows that the dynamics of the center of mass depends on the trapping
frequencies and the angular velocity, but it is independent of the interaction strength
constants 5 and 7 in (6.7). For analytical solutions to the second-order ODEs (6.33)-
(6.35), we refer to [151].

6.2.5 An analytical solution under special initial data

From Lemma 6.2.3, we can construct an analytical solution to the GPE (6.7)—

(6.11) when the initial data is chosen as a stationary state with its center shifted.

Lemma 6.2.4. Suppose V(x) in (6.7) is chosen as the harmonic potential (6.12)

and the initial condition 1y(x) in (6.11) is chosen as

do(x) = du(x —x"),  x€ER, (6.39)
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where x° € R? is a given point and ¢4(x) is a stationary state defined in (6.16)-
(6.18) with chemical potential ps, then the exact solution of (6.7)-(6.11) can be

constructed as

D(x,1) = dg(x — X, (1)) st g0 x € R? >0, (6.40)
where x.(t) satisfies the ODE (6.33) with
x.(0) = x°, %.(0) = —QJx°, (6.41)

and w(x,t) is linear in X, i.e.,

xeRL t>0

c(t) = (cr(t), ..., ca(t),

w(x,t) =c(t) - x+ g(t),

for some functions c(t) and g(t). Thus, up to phase shifts, 1 remains a stationary

state with shifted center at all times.

6.3 GPE under a rotating Lagrangian coordinate

In this section, we first introduce a coordinate transformation and derive the
GPE in transformed coordinates. Then we reformulate the dynamical quantities

studied in Section 6.2 in the new coordinate system.

6.3.1 A rotating Lagrangian coordinate transformation

For any time ¢ > 0, let A(t) be an orthogonal rotational matrix defined as

cos(Qt)

sin(§2t)

At) = , if d=2, (6.42)
—sin(Q)  cos(Q)
and
cos(Qt)  sin(Qt) 0
Alt)=| —sin(Qt) cos(Qt) 0 |, if d=3. (6.43)
0 0 1
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It is easy to verify that A~'(t) = A”(t) for any ¢t > 0 and A(0) = I with I the
identity matrix. For any ¢t > 0, we introduce the rotating Lagrangian coordinates X
as [10,63,71]

x=A"tx=A"t)x < x=A{)xX, xcR% (6.44)
and denote the wave function in the new coordinates as ¢ := ¢(X, t)

d(X, ) = P(x,t) =Y (AX, 1), xR t>0. (6.45)

In fact, here we refer the Cartesian coordinates x as the Fulerian coordinates and
Fig. 6.1 depicts the geometrical relation between the Eulerian coordinates x and

the rotating Lagrangian coordinates X for any fixed ¢t > 0.

Figure 6.1: Cartesian (or Eulerian) coordinates (z,y) (solid) and rotating La-

grangian coordinates (Z,7) (dashed) in 2D for any fixed ¢ > 0.

Using the chain rule, we obtain the derivatives:
DR, 1) = (1) + V(1) - (AWR) = A(x.1) — Aad, — yd)w(x. ),
Vo(x,t) = A ) Vip(x, ), V2(x,t) = V2 (x, 1).

Substituting them into (6.7)—(6.11) gives the following d-dimensional GPE in the

rotating Lagrangian coordinates:
~ 1 ~ ~ ~ ~
DO A) = |57 WD)+ BI0P + np(,0)| 6%.0). KERL 0. (640

e(X,t) = Lmpu(X,1),  u(Xt)=Gx|¢]*>, xeRY t>0, (6.47)
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where G is defined in (6.10) and

WX, 1) = VADR), eR% (6.48)
Om  (m, (1) — N2V2, d=2,

Loy = 0me@ 78 t>0, (6.49)
Om(t)m(t) d =3,

with m(t) € R and m, (t) € R? defined as

my (t) ny cos(Qt) — ng sin(2t)
m(t) = | my(t) | =A""(On=] nysin(Qt) +nycos(Q) |, >0, (6.50)
my(t) ng

and m () = (my(t), ma(t))T, respectively. The initial data transforms as
BH(X,0) = (x,0) = Yo(x) := dpo(x) = p(X), X=x¢cR% (6.51)

We remark here again that if V(x) in (6.7) is a harmonic potential as defined in

(6.12), then the potential W(X,t) in (6.46) has the form

i

wi (72 +
wy (T2 +

7%) + wsy [(7%2 — 72) cos(20) + 27y sin(2021)], d=2,
& 7%) cos(2Qt) + 27y sin(2Q)] + 2222, d = 3,

where w; = 2 + 75 and wy = 72 — 75. It is easy to see that when v, = v, = 7,
i.e., radially and cylindrically symmetric harmonic trap in 2D and 3D, respectively,
we have w; = 292 and wy = 0 and thus the potential W(X,t) = V(X) becomes
time-independent.

In contrast to (6.7), the GPE (6.46) does not have an angular momentum rota-
tion term, which enables us to develop simple and efficient numerical methods for

simulating the dynamics of rotating dipolar BEC in Section 6.4.

6.3.2 Dynamical quantities

In the above, we introduced rotating Lagrangian coordinates and cast the GPE
in the new coordinate system. Next we consider the dynamical laws in terms of the

new wave function ¢(X,t).
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Mass and energy. In rotating Lagrangian coordinates, the conservation of mass

(6.13) yields

w0 = [ lwbenPax= [ o6& PR =[O =1 t20. (652

The energy defined in (6.14) becomes

Bo.) = [ [31V0R + W 0loP + Jloit + Dolof] ax

[ [+ 20t o]l
(4(-,0))

=F ., t>0, (6.53)

where u is given in (6.47). Specifically, it holds

D irom, O mrs A =2,
Oy =24 e

8AT(t)n8AT(t)n, d=3.

Angular momentum expectation. The angular momentum expectation in the
new coordinates becomes
(L)) = —i | $7(x,1)(20, —y0o)p(x,t) dx
R

= —i [ FEOE, - §0)oF 1) dX, >0, (6.54)
R4

which has the same form as (6.19) in the new coordinates of x € R? and the
wave function ¢(X,t). Indeed, if we denote L, as the z-component of the angular
momentum in the rotating Lagrangian coordinates, we have L, = —i(x05 — yOz) =
—i(xdy — y0;) = L., i.e., the coordinate transform does not change the angular
momentum in z-direction. In addition, noticing that for any ¢ > 0 it holds ¢(X,t) =

¥(x,t) and |A(t)| = 1 for any ¢ > 0 immediately yields (6.54).

Condensate width. After the coordinate transform, it holds

(0)= [ (@ oPx = [ @+ PIoPiR =50 + 550, (659

R4

5Z<t):/Rdzw?dx:/Rdzﬂwdsz:ég(t), (6.56)
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for any ¢ > 0.

Center of mass. The center of mass in rotating Lagrangian coordinates is defined

as

%.(t) /R SRR 20 (6.57)

Since det(A(t)) = 1 for any ¢ > 0, it holds that x.(t) = A(t)X.(t) for any time ¢ > 0.

In rotating Lagrangian coordinates, we have the following analogue of Lemma 6.2.4:

Lemma 6.3.1. Suppose V(x) in (6.7) is chosen as the harmonic potential (6.12)

and the initial condition ¢o(X) in (6.51) is chosen as

¢O<i> = ¢s(i - io)v X € Rdv (658)

0

where X° is a given point in RY and ¢4(X) is a stationary state defined in (6.16)-

(6.18) with chemical potential us, then the exact solution of (6.46)—(6.47) is of the

form
DX, 1) = ¢u(X — X (t)) e et & 5, (6.59)
where X.(t) satisfies the second-order ODEs:

X:(t) + AT(OAA(D) X (t) =0, >0, (6.60)

%.(0) =%°  X.(0)=0, (6.61)
with the matriz A defined in Lemma 6.2.3 and w(X,t) is linear in X, i.e.,
BE, 1) = &(t) R+ G(), &) = @(1),....@(t)T, xR >0,

We have seen that the form of the transformation matrix A(¢) in (6.43) is such

that the coordinate transformation does not affect the quantities in z-direction, e.g.

(L2)(t), 0=(t) and z(t).
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6.4 Numerical methods

To study the dynamics of rotating dipolar BECs, in this section we propose
a simple and efficient numerical method for discretizing the GPE (6.46)-(6.51) in
rotating Lagrangian coordinates. The detailed discretizations for both the 2D and
3D GPEs are presented. Here we assume 2 # 0, and for 0 = 0, we refer to
(14,16, 39, 143].

In practical computations, we first truncate the whole space problem (6.46)—

(6.51) to a bounded computational domain D C R? and consider

D9(%, 1) = ~ 5V + W(E )0 + 5lo]°6 +npp, K€D, 10, (6.:62)

PE1) = Lngult), w0 = [ GE-FIG.0d7, XD 10 (663
Rd
where

N (¥, 1)*, ¥ €D, -
p(y,t) = y € R
0, otherwise,

The initial condition is given by
6(%,0) = 6o(X), %D, (6.64)

The boundary condition to (6.62) will be chosen based on the kernel function G
defined in (6.10). Due to the convolution in (6.63), it is natural to consider using
the Fourier transform to compute u(X,t). However, from (6.10) and (6.52), we
know that limg_,o G(£) = 0o and W(f = 0) # 0. As noted for simulating dipolar
BECs in 3D [16, 35, 125], there is a numerical locking phenomena, i.e., numerical
errors will be bounded below no matter how small the mesh size is, when one uses
the Fourier transform to evaluate u(X,t) and/or ¢(X,t) numerically in (6.63). As
noticed in [13,16], the second (integral) equation in (6.63) can be reformulated into
the Poisson equation (1.14) and square-root-Poisson equation (6.6) for 3D and 2D
SDM model, respectively. With these PDE formulations for u(X, t), we can truncate

them on the domain D and solve them numerically via spectral method with sine
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basis functions instead of Fourier basis functions and thus we can avoid using the
0-modes [16]. Thus in 3D and 2D SDM model, we choose the homogeneous Dirichlet
boundary conditions to (6.62). Of course, for the 2D SAM model, one has to use the
Fourier transform to compute u(X, t), thus we take the periodic boundary conditions
o0 (6.62).

The computational domain D C R is chosen as D = [a,b] x [c,d] if d = 2 and
D = [a,b] x [c,d] X [e, f] if d = 3. Due to the confinement of the external potential,
the wave function decays exponentially fast as |x| — oo. Thus if we choose D to be
sufficiently large, the error from the domain truncation can be neglected. As long as
we solve ¢(X, t) in the bounded computational domain D, we obtain a corresponding
solution ¥ (x,t) in the domain A(t)D. As shown in Fig. 6.2 for the example of a 2D
domain, although the domains A(¢)D for ¢t > 0, are in general different for different
time ¢, they share a common disk which is bounded by the inner green solid circle in
Fig. 6.2. Thus, the value of 1 (x, t) inside the vertical maximal square (the magenta

area) which lies fully within the inner disk can be calculated easily by interpolation.

6.4.1 Time-splitting method

Next, let us introduce a time-splitting method to discretize (6.62)—(6.64). We
choose a time-step size 7 > 0 and define the time sequence as t,, = n7 for n € N.
Then from ¢t = t, to t = t,,1, we numerically solve the GPE (6.62) in two steps.

First we solve
~ 1 ~ ~
i0,(X, 1) = —§V2¢>(X, t), X€D, t,<t<t,n (6.65)
for a time step of length 7, and then we solve

00X, t) = [W(X,t) + Bl¢|* + ngo} p(X,t), XeD, t,<t<t,., (6.66)

P(% ) = Linyul(%, 1), / G(x 5.1) dy. (6.67)

for the same time step.
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Figure 6.2: The bounded computational domain D in rotating Lagrangian coor-
dinates x (left) and the corresponding domain A(#)D in Cartesian (or Eulerian)
coordinates x (right) when € = 0.5 at different times: ¢ = 0 (black solid), ¢t = %
(cyan dashed), ¢ = Z (red dotted) and ¢ = 2% (blue dash-dotted). The two green
solid circles determine two disks which are the union (inner circle) and the intersec-

tion of all domains A(¢)D for t > 0, respectively. The magenta area is the vertical

maximal square inside the inner circle.

Equation (6.65) can be discretized in space by sine or Fourier pseudospectral
methods and then integrated exactly in time. If homogeneous Dirichlet boundary
conditions are used, then we choose the sine pseudospectral method to discretize it;
otherwise, the Fourier pseudospectral method is used if the boundary conditions are
periodic. For more details, see e.g. [16,24].

On the other hand, we notice that on each time interval [t,,t,.1], the problem
(6.66)—(6.67) leaves |p(X,t)| and hence u(X,t) invariant, i.e., [¢(X,t)| = |¢(X,t,)]
and u(x,t) = u(X,t,) for all times ¢, <t < t,y1. Thus, for t € [t,,t,11], Eq. (6.66)

reduces to
(X, 1) = [W(x,t) + BloX, ta)|* + 0 (L u(X, 1,))] 6(%,t), X € D. (6.68)
Integrating (6.68) in time gives the solution

B £) = H(, ) exp [—z' (mqb(i, EP(E )+ nb(E0) + [ W s)ds)]
n (6.69)
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for x € D and t € [t,, t,+1], where the function ®(X,t) is defined by

P(X,t) = /tt [Lnsyu(X, t,)] ds = < /tt L) ds) u(X,t,). (6.70)

Plugging (6.50) and (6.49) into (6.70), we get

(X, 1) = Lat)u(X,t,), XED, t,<t<tn, (6.71)

where

[ [[EH(t) — 122 (1)] 0z + [122(t) — 12° ()] 05y + 122 () Oz, d=2,
11() 05z + 122() 05 + 123 ()05 + 112 (1) Dz + 123 (¢) 0z + 123(t) 0z, d = 3,

t t
1)y = [ mi(s)ds = / [n7 cos?(Qs) + n3sin®(Qs) — nyng sin(2Q0s)] ds
tn

2 2 2 _ 2
= %(t —tn) + n14Qn2 [sin(2Qt) — sin(2Qt,,)] + % [cos(292t) — cos(2Q2t,,)],
t t
2(t) = [ mi(s)ds = / [n3 cos®(2s) + n sin®(Qs) + nyng sin(2Q0s)] ds
tn tn
2 | 2 2 _ 2
_m ;rnQ (t—t,) — —_L [sin(2Qt) — sin(2Q¢,,)] — TSSQ [cos(29t) — cos(2Qt,)],

112(t) = Q/t my(s)ma(s)ds = /t [(n} — n3) sin(2Qs) + 2n1ny cos(20)] ds

2 _ .2
= n12Qn2 [cos(29Qt,,) — cos(20Qt)] + i [sin(2Qt) — sin(2Qt,)],
t t
13(t) = 2n3/ m(s)ds = 2n3/ [n1 cos(€2s) — ng sin(§2s)] ds
tn tn
2n

= 63 [y [sin(2t) — sin(Qt,)] + ng [cos(Q2t) — cos(Qt,)]]
13(t) = 2n3/t mo(s)ds = 2n3/t [y 8in(Qs) 4 ny cos(2s)] ds
_ % (s [sin () — sin(Qh,)] — ny [cos(Q) — cos(,)]].

t
l;f’?’(t):/ nads =na(t —t,), ty <t <tpyy.
tn

In Section 6.4.2, we will discuss in detail the approximations to ®(X,t) in (6.71).

In addition, we remark here again that if V(x) in (6.7) is a harmonic potential as
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defined in (6.12), then the definite integral in (6.69) can be calculated analytically

as
b T, ~ 1
W(x,s)ds = Zwl(x +y)(t—t,) + H(X,t)+ 3

ln

where

1 t
H(x,t) = Z/ ws [(Z° — §7) cos(2€2s) + 22y sin(20s)] ds
tn

= =2 [(@ - ) [sin(20¢) — sin(201,)] — 257 [cos(202) — cos(201,)]].

Of course, for general external potential V' (x) in (6.7), the integral of W (X, s)
in (6.69) might not be found analytically. In this situation, we can simply adopt a
numerical quadrature to approximate it, e.g. the Simpson’s rule can be used as

t—t, t,+t

W(x,t,) +4W (X,

/ttW(i,s)dm )+ W )]

We remark here that, in practice, we always use the second-order Strang splitting
method [137] to combine the two steps in (6.65) and (6.66)—(6.67). For a more
general discussion of the splitting method, we refer the reader to [14,24,65].

6.4.2 Computation of ¢(x,1)

In this section, we present approximations to the function ®(X,t) in (6.71).
From the discussion in the previous subsection, we need only show how to discretize
u(X,t,) in (6.63) and its second-order derivatives in (6.71).

Surface adiabatic model in 2D

In this case, the function u(X,t,) in (6.70) is given by

WX, t,) = /R GE-Y)p(y.1) Ay, XeD, (6.72)

with the kernel function G defined in the second line of (6.10). To approximate it,

we consider a 2D box D with periodic boundary conditions.
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Let M and K be two even positive integers. Then we make the (approximate)

ansatz

M/2-1 K/2—1

Z Z a}{q(tn) eiu;(f a) ot ve(J— C) X = (5’@ €D, (6.73)

p=—M/2 q=—K/2
where @/ (t,) is the Fourier coefficient of u(X,t,) corresponding to the frequencies

(p,q) and

2pm 2qm

1 2

= Vo = eS .
P b _ g ¢ T g (p,q) MK

The index set Sysx is defined as

M M K K
= - <p<——1, ——<qg<—=——1,.
Suk {(Z%QH 9 P> 5 ) 5 >4 5 }

We approximate the convolution in (6.72) by a discrete convolution and take its

discrete Fourier transform to obtain

@, (t) = Gl v2) - (0P (9.0) € Suac, (6.74)

where (|¢"|?)] is the Fourier coefficient corresponding to the frequencies (p,q) of

the function |¢(X, t,)|2 and G(12, 12) are given by (see details in (6.10))

p’Tq
@ 12 1 * e—es%/2 p s 67
o) = 5 | O ERE  Pd) € S (6:75)

Since the integrand in (6.75) decays exponentially fast, in practice we can first trun-
cate it to an interval [sq, o] with |s1], s5 > 0 sufficiently large and then evaluate the
truncated integral by using quadrature rules, e.g. composite Simpson’s or trape-
zoidal quadrature rule.

Combining (6.71), (6.73) and (6.74), we obtain an approximation of ®(x,t) in
the solution (6.69) via the Fourier spectral method as

M/2—1 K/2-1

= Y (L0 20802 - (7P| €T (676)

p=—M/2 q=—K/2

for time ¢, <t < t,41, where the function L(&;,&s,t) is defined as

L&, &) = = [('(6) — 12°() & + (121 — 1P (1) & + L (D& &) -
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Surface density model in 2D

In this case, the function u(X,t,) in (6.70) also satisfies the square-root-Poisson
equation in (6.6) which can be truncated on the computational domain D with

homogeneous Dirichlet boundary conditions as
(V) PuX ) = [6(X, 1)), XE€D;  w(X,t)lop = 0. (6.77)

The above problem can be discretized by using a sine pseudospectral method in

which the 0-modes are avoided. Letting M, K € N, we denote the index set
Tuk ={(P, )| 1<p<M—1,1<g< K1},
and define the functions

Upq(X) = sin(p, (T — a)) sin(ug(y — ), (p.q) € Tux,  X=(T,7) €D,

where
pr qm
Assume that
M—1K—1
u(X, t,) = ﬂ;q(tn)Up,q(i), x €D, (6.79)
p=1 qg=1

where U, (t,) is the sine transform of u(X,t,) at frequencies (p,q). Substituting

(6.79) into (6.77) and taking sine transform on both sides, we obtain
. (1oP);
Upg(tn) = = (p,q) € Tk, (6.80)
1)2 2)2
(11p)% + (123)

where (w)gq is the sine transform of |¢(X,t,)|? at frequencies (p, q).
Combining (6.79), (6.80) and (6.71), we obtain an approximation of ®(x,t) in

the solution (6.69) via sine spectral method as

—

p =3 5 i 2 00, 20V,E], (681)
== P

where the functions L(&, &, t) and V), ,(X) are defined as
L&, &) = — [(I'(6) — 12°(1)) & + (2%(1) — 12 (1)) &3] (6.82)

Vpa(X) = 0zgUp,o(X) = piphtg cos(p, (¥ — a)) cos(pg(¥ — ), (p,q) € Tux.  (6.83)
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Approximations in 3D

In 3D case, again the function u(X, t,,) in (6.70) also satisfies the Poisson equation
in (1.14) which can be truncated on the computational domain D with homogeneous

Dirichlet boundary conditions as
—V2u(X, t,) = |6(X,t,)|>, X €D u(X, t,)|op = 0. (6.84)

The above problem can be discretized by using a sine pseudospectral method in

which the 0-modes are avoided. Denote the index set

Tuxr ={(p,q¢,7)|[1<p<M-1,1<q¢<K-1,1<r<L-1}
where M, K, L > 0 are integers and define the functions

Up(®) = sin (i (7 — @) sin(2(F — &) sin(2E =€), (p.,7) € Tarrcr,
where

wd=rr/(f —e), 1<r<L-1.

Again, we take the (approximate) ansatz
M-1K-1L-1

Z Z Z pqr ) Upgr(X), x = (z,y,2) € D, (6.85)

p=1 g=1 r=1
where u? (t,) is the sine transform of u(X, ¢, ) corresponding to frequencies (p, ¢, 7).

Substituting (6.85) into the Poisson equation (6.84) and noticing the orthogonality

of the sine functions, we obtain

_ (16" P)gar
; r(tn) = = ) (paC_Z)T) € 7dMI(La (686)
" ()? + (13)? + (1)
where (\E”\\?);qr is the sine transform of |¢(X,t,)|* corresponding to frequencies
(P, q,7).

Combining (6.71), (6.85) and (6.86), we obtain an approximation of ®(x,t) in

the solution (6.69) via sine spectral method as
M—1K-1L-1

S S S, [ (s 12 13 ) U () + L2V ()

p=1 g=1 r=1

+ 18y @

p,q,r

(X) +1BvE)

p,q,r

(U} X €D, (6.87)
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where the functions L(&1,&, &, 1), Vigr(X), Viiar(X) and Viige(X) (for (p,q,7) €

Turr) are defined as

L(€17€27€37t) = - [lél( ) l22(t
Vod (X) = OzglUp,g.r(X

p.q,r

+1()85]

I3
) = Hyhtg cos(pu, (T — a)) cos(pug(§ — c)) sin(ps'(Z — €)),
)

N

V2 (X) = 052U 40 (X) = ,up,ur cos(u;(x —a))sin(p ( —¢))cos(p2(Z — e)),

p,q,r

>

><

V(g) (;() = 8@75Up7q7 (

p?q?r

) = 1202 sin(u(F — a)) cos(2(F — ¢)) cos(i2(Z — €)).

Remark 6.4.1. After obtaining the numerical solution ¢(X,t) on the bounded com-
putational domain D, if it is needed to recover the original wave function ¥ (x,t) over
a set of fived grid points in the Cartesian coordinates X, one can use the standard
Fourier/sine interpolation operators from the discrete numerical solution ¢(X,t) to
construct an interpolation continuous function over D [36, 135], which can be used
to compute Y (x,t) over a set of fixed grid points in the Cartesian coordinates x for

any fized time t > 0.

Remark 6.4.2. If the potential V(x) in (6.7) is replaced by a time-dependent po-
tential, e.g. V(x,t), the rotating Lagrangian coordinates transformation and the nu-
merical method are still valid provided that we replace W (X,t) in (6.48) by W (X,t) =
V(A@)X,t) forx € R? and t > 0.

6.5 Numerical results

In this section, we first test the accuracy of our numerical method, where through-
out we apply the two-dimensional surface density model. Then study the dynamics
of rotating dipolar BECs, including the center of mass, angular momentum expecta-
tion and condensate widths. In addition, the dynamics of vortex lattices in rotating

dipolar BEC are presented.
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Table 6.1: Spatial discretization errors ||¢(t) — ¢ATA¥T)(¢)|| at time t = 1.
AT =1/2 Az =1/4 AT =1/8 Az =1/16
£ = 33.5914 6.1569E-2 1.7525E-4 5.8652E-11 <1E-11
B = 58.7849 1.9746E-1 2.3333E-3 2.5738E-8 2.6124E-11
B = 92.3762 4.8133E-1 1.3385E-2 1.6620E-6 6.2264E-10
£ = 119.8488 1.2984 7.7206E-2 9.5202E-5 3.0974E-8

6.5.1 Numerical accuracy

In order to test numerical accuracy, we consider a 2D GPE (6.62)-(6.63) with
the SDM long-range interaction (6.6) and harmonic potential (6.12), i.e., d = 2 in
the GPE (6.62). The other parameters are chosen as Q@ = 0.4, v, =, =1, n = —%

and dipole axis n = (0,0, 1)”. The initial condition in (6.64) is taken as

1 —@2+25? -
2

do(X) = i€ ; xeD, (6.88)

where we perform our simulations on the bounded computational domain D =
[—16,16]%. Denote ¢A®A%7)(¢) as the numerical solution at time ¢ obtained with
the mesh size (Az, Ay) and time step 7. With a slight abuse of notation, we let
¢(t) represent the numerical solution with very fine mesh size AT = Ay = 1/64 and
small time step 7 = 0.0001 and assume it to be a sufficiently good representation of
the exact solution at time t.

Tables 6.1-6.2 show the spatial and temporal errors of our numerical method for
different 3 in the GPE (6.62), where the errors are computed as ||¢(t)—¢A5ATT) (1) |2
(with Az = Ay) at time t = 1. To calculate the spatial errors in Table 6.1, we always
use a very small time step 7 = 0.0001 so that the errors from time discretization can
be neglected compared to those from spatial discretization. Table 6.1 shows that the
spatial accuracy of our method is of spectral order. In addition, the spatial errors

increase with the nonlinearity coefficient 8 when the mesh size is kept constant.
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Table 6.2: Temporal discretization errors ||¢(t) — ¢ATAV7)(¢)|] at time ¢ = 1.
T =1/40 T =1/80 T=1/160 7= 1/320 T =1/640
£ = 33.5914 1.0434E-3  2.6018E-4  6.4992E-5 1.6233E-5  4.0456E-6
£ = 58.7849 2.5241E-3 6.2783E-4 1.5674E-4 3.9143E-5 9.7550E-6
B = 92.3762 4.9982E-3 1.2380E-3  3.0882E-4 7.7108E-5 1.9215E-5
B = 119.8488 1.1417E-2 2.7T716E-3 6.9009E-4 1.7223E-4 4.2915E-5

In Table 6.2, we always use mesh sizes A7 = Ay = 1/64 which are the same
as those used in obtaining the ‘exact’ solution, so that one can regard the spatial
discretization as ‘exact’ and the only errors are from time discretization. For different
B, Table 6.2 shows second order decrease of the temporal errors with respect to time-

step size 7. Similarly, for the same 7, the temporal errors increase with (.

6.5.2 Dynamics of center of mass

In the following, we study the dynamics of the center of mass by directly simulat-
ing the GPE (6.7)-(6.8) in 2D with SDM long-range interaction (6.6) and harmonic

10/7, n = —% and dipole

potential (6.12). To that end, we take d = 2, § = 30 5

axis n = (1,0,0)7. The initial condition in (6.11) is taken as

— (22442

with ((x) = (z+iy)e 2 |

$o(x) = a ((x —x"), x €D, (6.89)

where the constant « is chosen to satisfy the normalization condition |¢g|?* = 1.
Initially, we take x° = (1,1)”. In our simulations, we use the computational domain
D = [—16,16]?, the mesh size AT = Ay = 1/16 and the time step size 7 = 0.0001.
We consider the following two sets of trapping frequencies: (i) v, =, = 1, and
(i) v» = 1, 7, = 1.1. Fig. 6.3 shows the trajectory of the center of mass x.(¢) in
the original coordinates as well as the time evolution of its coordinates for different

angular velocities €2, where v, = 7, = 1. On the other hand, Fig. 6.5.2 presents
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the same quantities for 7, = 1 and v, = 1.1. In addition, the numerical results
are compared with analytical ones from solving the ODEs in (6.33)-(6.35). Figs.
6.3-6.5.2 show that if the external trap is symmetric, i.e., 7, = 7,, the center of
mass always moves within a bounded region which is symmetric with respect to the
trap center (0,0)7. Furthermore, if the angular velocity (2 is rational, the movement
is periodic with a period depending on both the angular velocity and the trapping
frequencies. In contrast, when 7, # 7,, the dynamics of the center of mass become
more complicated. The simulation results in Figs. 6.3-6.5.2 are consistent with
those obtained by solving the ODE system in Lemma 6.2.3 for given (), ~,, and
vy [151] and those numerical results reported in the literatures by other numerical
methods [17,20,23].

On the other hand, we also study the dynamics of the center of mass X.(¢) in the
new coordinates. When ~, = v, and 2 arbitrary, the center of mass has a periodic
motion on the straight line segment connecting —x° and x°. This is also true for
X.(t) with Q = 0 (cf. Fig. 6.3). However, the trajectories are different for different
if 7, # 7,. This observations agree with the results in Lemma 6.2.4.

In addition, our simulations show that the dynamics of the center of mass are
independent of the interaction coefficients § and 7, which is consistent with Lemma

6.2.3.

6.5.3 Dynamics of angular momentum expectation and con-

densate widths

To study the dynamics of the angular momentum expectation and condensate
widths, we adapt the GPE (6.7)—(6.8) in 2D with SDM long-range interaction (6.6)
and harmonic potential (6.12), i.e., we take d = 2 and Q2 = 0.7. Similarly, the initial

condition in (6.11) is taken as

ho(x) =al(x), x€D, (6.90)
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Figure 6.3: Results for 7, = v, = 1. Left: trajectory of the center of mass, x.(t) =
(ze(t),y.(1))T for 0 < ¢ < 100. Right: coordinates of the trajectory x.(t) (solid
line: z.(t), dashed line: y.(t)) for different rotation speed €2, where the solid and
dashed lines are obtained by directly simulating the GPE and ‘*’ and ‘o’ represent
the solutions to the ODEs in Lemma 6.2.3.
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Figure 6.4: Results for v, = 1,7, = 1.1. Left: trajectory of the center of mass,

x.(t) = (w.(t),y.(t))T for 0 < ¢ < 100. Right: coordinates of the trajectory x.(t)

(solid line: z.(t), dashed line: y.(t)) for different rotation speed €2, where the solid

and dashed lines are obtained by directly simulating the GPE and
sent the solutions to the ODEs in Lemma 6.2.3.

¢k

and ‘o’ repre-
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where ((x) is defined in (6.89) and « is a constant such that |[1]|> = 1. In our

simulations, we consider the following four cases:

(i) 7% =1 =1, 8=25/10/7,n =0, and n = (1,0,0)7;
(i) v =7 =1, 8=25/10/m, n=—15and n = (1,0,0)T;
(iii) 7. =, =1, 8 =55y/10/m, n = =15, and n = (0,0,1)%;

(iv) 7. =1,7, =11, 8=>55/10/m, n=—15, and n = (0,0, 1)”.

5
Casei || e
14 — — —Caseii | 45p— T T T T T T T T T T T T 1
.| == Caseiii
135 L Case iv 4
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350 _ _ o o o e o e e Y e _ 4
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Figure 6.5: Time evolution of the angular momentum expectation (left) and energy

and mass (right) for Cases (i)-(iv) in section 5.3.

In Fig. 6.5, we present the dynamics of the angular momentum expectation,
energy and mass for each of the above four cases in the interval ¢ € [0, 15]. We see
that if the external trap is radially symmetric in 2D, then the angular momentum
expectation is conserved when either there is no dipolar interaction (Case (i)) or the
dipolar axis is parallel to the z-axis (Case (iii)). Otherwise, the angular momentum
expectation is not conserved. The above numerical observations are consistent with
the analytical results obtained in Lemma 6.2.1. In addition, we find that our method
conserves the energy and mass very well during the dynamics (cf. Fig. 6.5 right).
Furthermore, from our additional numerical results not shown here for brevity, we

observed that the angular momentum expectation is conserved in 3D for any initial
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i)
Figure 6.6: Time evolution of condensate widths in the Cases (i)—(iv) in section 5.3.

data if the external trap is cylindrically symmetric and either there is no dipolar
interaction or the dipolar axis is parallel to the z-axis, which can also be justified
mathematically.

The dynamics of the condensate widths are presented in Fig. 6.6. We find that
d,(t) is periodic as long as the trapping frequencies satisfy v, = +, and the influence
of the dipole axis vanishes, e.g. in the Case (i), which confirms the analytical results
of Lemma 6.2.2. Furthermore, from our additional numerical results not shown here
for brevity, we observed that 0,(¢) is periodic and d0,(t) = 6,(t) = 36,(t) if n = 0 for
any initial data or n = (0,0, 1) for radially symmetric or central vortex-type initial

data.

6.5.4 Dynamics of quantized vortex lattices

In the following, we apply our numerical method to study the dynamics of quan-

tized vortex lattices in rotating dipolar BECs. Again, we adapt the GPE (6.7)-(6.8)
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Figure 6.7: Contour plots of the density function [¢)(x,t)|* for dynamics of a vortex

lattice in a rotating BEC (Case (i)). Domain displayed: (z,y) € [—13,13]>.

in 2D with SDM long-range interaction (6.6) and harmonic potential (6.12), i.e.,
we choose d = 2, § = 1000 and 2 = 0.9. The initial datum in (6.11) is chosen
as a stationary vortex lattice which is computed numerically by using the method
in [149,150] with the above parameters and v, = v, = 1, n = 0, i.e., no long-range
dipole-dipole interaction initially. Then the dynamics of vortex lattices are studied

in two cases:
(i) perturb the external potential by setting v, = 1.05 and ~, = 0.95 at ¢t = 0;

(ii) turn on the dipolar interactions by setting n = —600 and dipolar axis n =

(1,0,0) at time ¢t = 0.

In our simulations, we use D = [—16,16]*, AT = Ay = 1/16 and 7 = 0.0001. Figs.
6.7-6.8 show the contour plots of the density function |¢(x,t)|* at different time
steps for Cases (i) and (ii), respectively, where the wave function 1 (x, t) is obtained

from ¢(X,t) by using interpolation via sine basis (see Remark 6.4.1). We see that
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during the dynamics, the number of vortices is conserved in both cases. The lattices
rotate to form different patterns because of the anisotropic external potential and
dipolar interaction in Cases (i) and (ii), respectively. In addition, the results in
Case (i) are similar to those obtained in [17], where a spectral type method in polar

coordinates was used to simulate the dynamics of vortex lattices.

Figure 6.8: Contour plots of the density function |¢(x,t)[* for dynamics of a vortex

lattice in a rotating dipolar BEC (Case (ii)). Domain displayed: (z,y) € [—10, 10]>.

6.6 Conclusions

We proposed a simple and efficient numerical method to simulate the dynamics of
rotating dipolar Bose-Einstein condensation (BEC) whose properties are described
by the Gross—Pitaevskii equation (GPE) with both the angular rotation term and
the long-range dipole-dipole interaction. First, by decoupling the short-range and
long-range interactions, we reformulated the GPE as a Gross-Pitaevskii-(fractional)

Poisson system. Then we eliminated the angular rotation term from the GPE using
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a rotating Lagrangian coordinate transformation, which makes it possible to design a
simple and efficient numerical method. In the new rotating Lagrangian coordinates,
we presented a numerical method which combines the time-splitting techniques with
Fourier/sine pseudospectral approximation to simulate the dynamics of rotating
dipolar BECs. The numerical method is explicit, unconditional stable, spectral
accurate in space and second order accurate in time, and conserves the mass in the
discretized level. The memory cost is O(MK) in 2D and O(MKL) in 3D, and the
computational cost per time step is O (M K In(MK)) in 2D and O (MK LIn(MKL))
in 3D. More specifically, the method is very easy to be implemented via FFT or
DST. We then numerically examined the conservation of the angular momentum
expectation and studied the dynamics of condensate widths and center of mass for
different angular velocities. In addition, the dynamics of vortex lattice in rotating
dipolar BEC were investigated. Numerical studies show that our method is very

effective in simulating the dynamics of rotating dipolar BECs.
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Conclusion remarks and future work

In this thesis, by proposing efficient and accurate numerical methods to solve
GLSE and corresponding RDLs, we conducted an extensive numerical study on
quantized vortex phenomena in GLE, NLSE and CGLE on bounded domain with a
small parameter €. Moreover, we also investigated analytically and numerically on
the the dynamics of rotating dipolar BEC whose properties are described by the GPE
with both the angular rotation term and the long-range dipole-dipole interaction.

In the first part, we studied quantized vortex dynamics and interaction in the
GLSE. Firstly, steady vortex states of the GLSE are reviewed and an efficient and
accurate numerical methods was proposed to simulate GLSE with initial data involv-
ing vortices under different boundary conditions. The numerical method is based
on: (i). applying a time-splitting technique to decouple the nonlinearity in the
GLSE; (ii). for the resulted linear PDE (gradient flow with constant coefficient in
GLE/CGLE case or free Schrodinger equation in NLSE case), if in a rectangular do-
main, for the case of Dirichlet BC, we adapt a fourth-order compact finite difference
method in the spatial discretization and a Crank-Nicolson method in the temporal
discretization, while for the case of Neumann BC, we apply a cosine pseudospectral
method to discretize it; otherwise in a disk domain, we adopt the polar coordinate
in our numerical discretization, then utilized the standard Fourier pseudospectral

discretization in the transverse direction, finite element discretization in the radial

149
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direction and a Crank-Nicolson discretization in temporal direction. Secondly, we
reviewed various RDLs which govern the motion of the vortex centers to the leading
order, and proposed some methods to solve them. Finally, we applied the proposed
methods to simulate quantized vortex interaction of GLSE with different ¢ and
initial setups including single vortex, vortex pair, vortex dipole and vortex lattices.

Based on extensive numerical results, we found that the value of €, the boundary
condition, the geometry of the domain, the initial location of the vortices and the
type of the potential affect the motion of the vortices significantly. Generally, the
boundary effect affect the vortex interaction very much, which lead to very different
nonlinear phenomena from those observed in the case of domain being the whole
plane. Moreover, we verified that the dynamics of vortex centers in the GLSE
dynamics converges to that of the reduced dynamics when € — 0 before they collide
and/or move out of the domain and/or after the sound wave propagate away from
them. Surely, after either vortices collide with each other or move out of the domain
or when sound wave is being radiating or propagate back toward them, the RDLs
are no longer valid; however, the dynamics and interaction of quantized vortices
are still physically interesting and they can be obtained from our direct numerical
simulations. Moreover, for each fixed €, there are regimes which at least depend on
the boundary condition and the geometry of the domain, such that the RDLs failed
qualitatively to describe the vortex motion.

For the case of NLSE, vortices behave like point vortices in ideal fluid on bounded
domains, they never move outside domain. Moreover, we found that the radiation of
NLSE dynamics which is carried by oscillating sound waves modifies the motion of
vortices much, especially in the dynamics of vortex lattice, highly co-rotating vortex
pairs and overlapping vortices. And due to the dispersive and radiative nature, the
RDLs which does not take the radiation into account will be invalid even if there
were small perturbations near around the vortex centers initially.

For the case of the GLE and/or CGLE, which are dissipative systems, vortices

move in a quite different way from the case of NLSE, they can exit the domain in
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some circumstance. Vortices of like (opposite) winding number will undergo repul-
sive (attractive) interaction, they will move outside domain or merge and annihilate
somewhere in the domain or move toward the boundary and finally stop somewhere
near the boundary. Moreover, there are no radiation or sound waves come up during
the dynamics and interaction of the vortices, the RDLs are still valid if there were
small perturbations in the initial setups. We also investigated the patterns of the
steady states of the vortex lattices, we found that: (i). In the case of Dirichlet BC,
the vortices will all move toward the boundary to form a boundary layer, whose
width is proportional to the value of ¢ and inverse proportional to the number of
vortices in the lattice. The alignment of the vortices in the steady state depend
on the initial location of the vortices, the boundary condition and the geometry of
the domain. (ii). In the case of Neumann BC, the most of the vortices will exit
the domain, and finally at most one vortex will leftover sitting at the center of the
domain for some proper initial data. However, this steady states is not stable. If we
imposed a slightly perturbation, the vortices will begin to move and finally exit the
domain. These findings confirm the analytical results very well [81,98]. Further-
more, in the presence of inhomogeneous potential, vortices generally move toward
the critical points of the external potential, and finally stop steady near around
those points, which illustrate clearly the pinning effect.

In the second part, we studied the dynamics of GPE with angular momentum
rotation term and/or the long-range dipolar-dipolar interaction term. Firstly, we
review the two-dimensional (2D) GPE obtained from the 3D GPE via dimension
reduction under anisotropic external potential and derive some dynamical laws re-
lated to the 2D and 3D GPE. By introducing a rotating Lagrangian coordinate
system, the original GPEs are re-formulated to GPEs without the angular momen-
tum rotation which is replaced by a time-dependent potential in the new coordinate
system. We then cast the conserved quantities and dynamical laws in the new rotat-
ing Lagrangian coordinates. Based on the new formulation of the GPE for rotating

BECs in the rotating Lagrangian coordinates, we proposed a time-splitting spectral
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method for computing the dynamics of rotating BECs. The new numerical method
is explicit, simple to implement, unconditionally stable and very efficient in compu-
tation. It is spectral order accurate in space and second-order accurate in time, and
conserves the mass in the discrete level. Extensive numerical results are reported to
demonstrate the efficiency and accuracy of the new numerical method. Finally, the
numerical method is applied to test the dynamical laws of rotating BECs such as the
dynamics of condensate width, angular momentum expectation and center-of-mass,
and to investigate numerically the dynamics and interaction of quantized vortex
lattices in rotating BECs without/with the long-range dipole-dipole interaction.

The topics that considered here is merely a small part of the world of vortex
dynamics. Many interesting and difficult problems still remains open. The study of
vortex dynamics can always be divided into two groups: (i). either to derive possible
RDLs which are sets of simple ODEs that govern the motion of vortices, (ii). or
to simulate the PDEs directly by some efficient and accurate numerical methods.
Firstly, most of the RDLs reported in the literatures now can be valid only up to the
first collision time and they were derived under some assumptions not so general.
The problem that how to relax those assumptions and extend exist or derive new
RDLs to describe the motion of vortices involving vortex collision, vortex of multiple
degree (and thus splittings and reconnections might happen), vortex exiting domain
and vortices radiating sound waves still remains as a difficult and thus interesting
open problem. This is the first possible direction that we will consider in the future.
Secondly, although the direct simulation can provide us as much information as we
want including vortex splittings, collisions, reconnections and possible sound wave
propagation in dispersive system as well as pinning effect of the vortices, the design
of effective numerical algorithm itself is a difficult issue. The efficiency of the method
presented in this thesis for simulating the GLSE depend on the value of ¢, and it
becomes useless for extreme small . To propose effective numerical methods which
are e-independent is another future work.

Moreover, the ideas proposed in this thesis to simulate dipolar rotating BEC is
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quite simple but effective. We believe that it can be easily extended to study two
component rotating dipolar or spinor BEC [89], etc.

Last but not least, as mentioned in the beginning of this thesis, the GLE we
consider here is the simplified model for model superconductivity, which might not
be that physical interesting, which motivate us to extend our methods to study
the vortex dynamics in full Ginzburg-Landau model that involving electromagnetic
field [127,136]. Other topics such as vortex dynamics in the nonlinear Klein-Gorden
equation [146], the nonlinear Maxwell-Klein-Gorden equation [147], the Landu-
Lifshitz-Gilbert equation [93] and the coupled Ginzburg-Landau equation for mod-

eling unconventional superconductor [102] will also be considered.
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