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Summary

Since the realization of Bose-Einstein Condensation (BEC) in di-
lute bosonic atomic gases [54, 5, 16], significant experimental and
theoretical advances have been developed in the field of research
[56, 64, 4, 3, 13, 35, 33] which permits an intriguing glimpse into
the macroscopic quantum world. Quantized vortices in rotating BEC
have been observed by several groups experimentally, e.g. the JILA
group [56], the ENS group [54], and the MIT group [64]. There are
various methods to generate quantized vortices, including imposing
a rotating laser beam with angular velocity on the magnetic trap [21]
and adding a narrow, moving Gaussian potential to the stationary
magnetic trap [45]. These observations have spurred great excite-
ment in studying superfluidity.

In this thesis, the dynamics of rotating BEC is studied analytically
and numerically based on introducing a rotating Lagrangian coordi-
nate. Based on the mean field theory, the rotating one-component
BEC is described by a single Gross-Pitaevskii equation (GPE) in
a rotating frame. By introducing a rotating Lagrangian coordinate
transform, the angular momentum term has been removed from the
original GPE and is replaced by a time-dependent potential. We
find the formulation for energy and proved its conservation. And
we study the conservation and dynamical laws of angular momen-
tum expectation and condensate width. We investigate the center
of mass with initial ground state with a shift. A numerical method,
which is explicit, stable, spectral accurate is presented. Extensive nu-

merical results are presented to demonstrate the dynamical results.



Finally, these numerical results are extended to two-component ro-
tating BEC.

The first chapter of this thesis will focus on the background of BEC
and existing numerical methods. The work in this thesis will be in-
troduced as well.

Chapter 2 will focus on the single-component BEC. We apply the
coordinate transformation methodology. The dynamical laws of the
rotating BEC under the new coordinate system will be discussed
and presented in details. We approximate the rotating BEC using
time splitting method for temporal direction and spectral discretiza-
tion method for spatial direction. Numerical results will also be pre-
sented.

Our investigation is extended to two-component rotating BEC in
Chapter 3. We apply a similar approach to the coupled GPE where

the dynamics is studied both analytically and numerically.
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Chapter 1

Introduction

1.1 Bose-Einstein condensates

A Bose-Einstein condensate (BEC) is a state of matter of a dilute gas of weakly
interacting bosons which is cooled to temperatures near absolute zero and con-
fined in an external potential. Under these conditions, quantum effects become
apparent on a macroscopic scale, as a large fraction of bosons will spontaneously
occupy the lowest quantum state of the external potential [41].

The idea of BEC was first predicted by Albert Einstein in 1924. He has pre-
dicted the existence of a singular quantum state produced by the slowing of
atoms using cooling apparatus [31]. He reviewed and generalized the work of
Satyendra Nath Bose [14] on the statistical mechanics of photons. The result
of the combined efforts of Bose and Einstein forms the concept of a Bose gas,
governed by Bose-Einstein statistics, which describes the statistical distribution
of identical particles with integer spin, known as bosons. In 1938, Fritz London
proposed BEC as a mechanism for superfluidity in liquid helium and supercon-
ductivity [15, 53]. Superfluid helium has many exceptional properties, including
zero viscosity and the existence of quantized vortices. It was later discovered
that these properties also appear in the gaseous BEC, after the first experimen-
tal realization of BEC, by Eric Cornell, Carl Wieman and co-workers at JILA
on June 5, 1995 in vapours of 8’Rb (cf. Fig. 1.1) [5]. About four months later,

an independent effort led by Wolfgang Ketterle at MIT created a condensate
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made of 2*Na [29]. The condensate had about a hundred more atoms, allowing
him to obtain several important experimental results, such as the observation
of quantum mechanical interference between two different condensates. Cornell,
Wieman and Ketterle won the 2011 Nobel Prize in Physics for their achieve-
ments. One month after the JILA work, a group led by Randall Hulet at Rice
University announced the create of a condensate of "Li atoms [16]. Later, it
was achieved in many other alkali gases, including ®Rb [27],*'K [57], 133Cs [73],
spin-polarized hydrogen [36] and metastable triplet “He [65, 67]. These systems
have become a subject of explosion of research.

The most striking feature of BEC is that due to the condensation of a large
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Figure 1.1: Velocity-distribution data of a gas of Rubidium (Rb) atoms, confirm-
ing the discovery of a new phase of matter, the Bose-Einstein condensate. Left:
just before the appearance of a Bose-Einstein condensate. Center: just after
the appearance of the condensate. Right: after further evaporation, leaving a
sample of nearly pure condensate.

fraction of identical atoms into the same quantum state, the wave-like behaviour
is exhibited on a macroscopic scale, which is distinguishable to the behaviours of
particles following classical Newton’s second law. Another intriguing property
is the unrestricted flow of particles in the sample, such as the flow of currents

without observable viscosity and the flow of electric currents without observable
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resistance [75]. These properties can be explained by the macroscopic occupation
of a quantized mode which provides a stabilized mechanism. Many experiments
have been carried out to study the superfluid properties of BEC, which has a par-
ticularly interesting signature of supporting quantized vortex states [35, 48, 72].
In 1999, a vortex was first created experimentally at JILA using 3'Rb containing
two different hyperfine components [56]. Soon after, the ENS group has created
vortex in elongated rotating cigar-shaped one component condensate, with small
vortex arrays of up to 11 vortices being observed [24, 26, 54, 55]. Recently, MIT
group has created larger rotating condensates with up to 130 vortices being ob-
served [1]. More recently Leanhardt et al have created a coreless vortex in a
spinor F' = 1 BEC using “topological phase imprinting” [51]. It is hence of great
importance to study the quantized vortex state to better understand the above
observations as well as superfluidity [35, 48, 68, 17]. Quantized vortex states
can be detected in the experiments of rotating single-component BEC, rotating
two-component and spin F' = 1 BEC. Mean-field theory is widely applied to ap-
proximate the BEC. The main idea of the theory is to replace interactions of all
particles in the system to any one body with an average or effective interaction,
sometimes called a molecular field [23]. The multi-body problem can be reduced
into a one-body problem. In this case, the interactions between particles in a
dilute atomic gas are very weak and the system can be regarded as being dom-
inated by the wave-like condensate. One can hence apply the main-field theory
and sum the interaction of all of the particles to get an effective one-body prob-

lem, which can be approximated using Gross-Pitaevskii equation (GPE) [28, 30].

1.2 The Gross-Pitaevskii equation

The Gross-Pitaevskii equation was first derived in the early 1960s and named
after Eugene P. Gross [42] and Lev Petrovich Pitaevskii [62]. According to theory,
the rotating one-component condensate can be described by a single GPE in a

rotating frame [4, 12, 21, 35, 39, 37]. At temperature 7" which is much smaller
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than the critical temperature 7., a BEC could be described by the macroscopic
wave function ¢ := 1(x,t), whose evolution is governed by a self-consistent,
mean field nonlinear Schrodinger equation (NLSE) in a rotational frame, also

known as the GPE with the angular momentum rotation term [21, 8, 34]:

0 = =3V + Vs (X)0 — QLztp + B[4,
(1.1)

P(x,0) =¢°(x), x€R! d=23.

Here, x = (#,%)7 2D and x = (,7,2)7 in 3D, is the Cartesian coordinate
vector, and ¢ is time, 1) = ¥ (X,t) is the dimensionless wave function, Vj,s(X)
is the dimensionless homogeneous external trapping potential, which is often
harmonic and thus can be written as %(7%332 + 75@2) in 2D, and resp., Vjos(X) =
(722 + 4252 4+ 722?) in 3D, with 75 > 0,79, > 0 and 7, > 0. Lz = —i(Z9, —
70,) = iJ3 is the z—component of the angular momentum. €2 is the dimensionless
angular momentum rotating speed. [ is a constant characterizing the particle
interactions. When ©Q = 0, (1.1) is the expression for single-component non-
rotating BEC. The rotating two-component condensates are governed by the
coupled GPEs [38, 40, 48, 58, 69]. The coupled GPEs for two-component BEC

will be discussed in Chapter 3.

1.3 Existing numerical methods

To study the dynamics of BEC, it is essential to have an efficient and accu-
rate numerical method to analyse the time-dependent GPE. In literature, many
numerical methods have been proposed to study the dynamics of non-rotating
single component BEC, which can be grouped into two types. One is finite dif-
ference method, such as explicit finite difference method [22], Crank-Nicolson
finite difference method [66] and alternating direction method [71]. Gener-
ally, the accuracy can be second or fourth order in space. The other method
is pseudo-spectral method, for example, Bao [13] has proposed a fourth-order

time-splitting Fourier pseudo-spectral method (TSSP) and a fourth-order time-



splitting Laguerre-Hermite pseudo-spectral method (TSLH) [11], Adhikari et
al. have proposed Runge-Kutta pseudospectral method [2, 59]. Researches have
demonstrated that pseudospectral method is more accurate and stable than finite
difference method. However, for a rotating BEC, due to the appearance of the
angular rotating term, the above methods can no longer be applied directly. Lim-
ited numerical methods have been proposed to study the dynamics of rotating
BEC, but they are usually low-order finite difference methods [4, 20, 19, 75, 18].
Some better performed methods were designed, for example, Bao et al. [8] has
proposed a numerical method by decoupling the nonlinearity in the GPE and
adopting the polar coordinates or cylindrical coordinates to make the angular
rotating term constant. It is of spectral accuracy in transverse direction but of
second or fourth-order accuracy in radial direction. Another leap-frog spectral
method is proposed, which is of spectral accuracy in space and second-order
accuracy in time [76]. However, it has a stability time constraint for time step
[76].

For coupled-GPEs, there have also been quite a few existing numerical methods,
such as finite difference method and pseudospectral method [6, 38, 25]. But
for rotating coupled-GPEs, due to the rotational term, difficulties have been

introduced as the case for single-component BEC.

1.4 Purpose of the study and structure of the thesis

Hence, it is of a strong interest to develop an accurate, stable and efficient nu-
merical method. In this paper, we have proposed such a numerical method and
studied the dynamics of the rotating BEC by using it. The key feature of the
method is: By taking an orthogonal time-dependent Lagrangian transformation,
the rotational term in GPE can be eliminated under the new rotating Lagrangian
coordinate. We can therefore apply previous numerical methods proposed for
non-rotating BEC on the transformed GPE. In this paper, we have studied the
rotating single component BEC and rotating two-component BEC. We have ap-

plied a second-order time splitting method and spectral method in space, which
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is very efficient and accurate. New forms of energy, angular momentum as well
as center of mass for the transformed rotating BEC are defined and presented
both analytically and numerically.

The paper is organized as follows: In Chapter 2, we analyse the rotating single
component BEC. And in Chapter 3, we extend the numerical methods to two-
component BEC. The two chapters follow the same structure. We first begin by
presenting the dynamical laws of the BEC. We proceed to apply the orthogonal
time dependent matrix transformation method and study the dynamics of the ro-
tating BEC under the new Lagrangian coordinates, we redefined and studied the
conservation of density and energy, as well as angular momentum conservation
under certain conditions. Dynamical laws for condensate width and analytical
solutions for center of mass are presented as well. We follow by presenting an
efficient and accurate numerical method for the simulation of transformed rotat-
ing BEC. Numerical results after applying the numerical method are discussed
in section 4, which include accuracy test, dynamical results and quantized vortex

interaction. Finally, some conclusion and further study directions are drawn.



Chapter 2

Methods and analysis for
rotating BEC

In this chapter, we study the dynamics of rotating single-component Bose-
Einstein condensation (BEC) based on the Gross-Pitaevskii equation (GPE)
with an angular momentum rotational term. We first begin by reviewing the
dynamical laws of the BEC according to previous researches. We follow by tak-
ing a rotating Lagrangian coordinate which as a result, removes the angular
rotational term in the GPE. We proceed to redefine and study the dynamical
laws of the BEC under the new coordinate system, such as density, energy, an-
gular momentum expectation, condensate width and center of mass. Finally, an
accurate and efficient numerical method is demonstrated and various numerical

results have been presented.

2.1 Dynamical laws in the Cartesian coordinate

There have been many researches done to study the dynamics of rotating BEC
[76, 8], we present a brief review of the dynamical laws of rotating BEC in the
Cartesian coordinate.

I). Energy and density.

There are two important invariants: density and energy and they are defined as
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follows:

N®) = /Rd\zp(fc,t)\?di, t>0, (2.1)

B(1) = /R , E!WP + Vios (% ) [0 + gw WLy A%, (22)

where 1* denotes the complex conjugate of .
II). Angular momentum expectation.

Angular momentum expectation is defined as:

(L:) (t) := [ *Lzpdx, t>0, d=2,3. (2.3)
R4

Theorem 2.1.1.

dt = n(t)v (2'4)

with

A(t) == /RQ g (z, t)|* da. (2.5)

Thus, we have the conservation of angular momentum expectation and energy
for the non-rotating part, at least in the following cases:

(i): For any given initial data, if we have v, = y,, i.e. the trapping potential is
radially symmetric.

(i1): For any given 7,7y, if we have @ = 0 and the initial data Y0 is even in

either x ory.

IIT). Condensate width
We define the condensate width as follows along the a-axis (o = z,y, z for 3D),

to quantify the dynamics of the problem (2.13):

(0a) (t) = V/0a(t), with 6, = (®) (t) = /Rda2|1,l)|2d§<, a=1i79,2  (26)

We have the following dynamical law for the condensate width:

Theorem 2.1.2. i) Generally, for d=2,3, with any potential and initial data,



the condensate width satisfies:

d?6, o . ) )
e - /Rdl(aﬂ“ — 0300) (400" (205 + §05)¥ + 20°(&* — F°)Iwl’)

+2|001b|* + BIY[* = 201200 Vios | d,

with

3a(0) = 60 = /Rdazlwoﬁd@,

ba(0) =: 61 = 2/ a [ Im((@°)*0ay°) — Q° 2 (295 — §0z)a] di.
Rd

ii) In 2D with a radially symmetric trap, i.e. d = 2,7, = vy 1= 7, we have

5 (t) = E(o)+9(L:)(0) [1 — cos(2y,t)] + 5 cos(2v,t) + ‘;8: sin(27,t),

5:(0) =: 61 = 83(0) + 05(0) = [l @ + )00 dZ, (2.7)

Moreover, if ¥o(Z) = f(r)e™?, with m € Z and f(0) = 0 when m # 0, we have,
for any t >0,

1 E 0 5.
0:(t) = 05(t) = §5T(t) = (1?02)# [1— cos(2'y$t)]+5§~:0) cos(2’yxt)+ﬁ sin(27,t).
(2.8)

i11) For all other cases, we have , fort >0,

(1)
da(t) = E(o) +;22 (L) (0) - COS(2’)/at)]—|—(S&O) COS(Q’)/CJ)—{—;S% sin(2y,t)+ fa(t),

(2.9)
where fa(t) 1s the solution of the following equations:

A2 fo(t)
d2t

r _ dia(O)

+ 47(%]?04(75) = Fa(t)’ fa(o) dt =0,



2. METHODS AND ANALYSIS FOR ROTATING BEC

with

Falt) = A;FUQMw—wvwﬁ»—mwﬁ+<?@a2—4wmwwﬁ+4ﬂuaﬂw

+(0ya — Opav) (4iQp* (20, + §OL )¢ + 29*(2% — §7)|¥)?) | d.

IV). Center of mass.

The center of mass is defined as follows:

®) ()= [ K dx = @0, 5u(0) %) (210)

By [8], the center of mass satisfies a 2nd order ODE and can be solved analyti-

cally.

2.2 GPE under a rotating Lagrangian coordinate

Since the rotational term L, is the key ‘bottle-neck’ when one derives a numer-
ical method, we now take an orthogonal rotational transformation for (1.1) in
spatial space to deduce this rotational term and waive the difficulty. Denote the
orthogonal rotational matrix as follows:

cos(Qut) —sin(Q)

A(t) == , (2.11)
sin(2t)  cos(2t)

if d =2, and
cos(Qt) —sin(Q) 0
A(t) = |sin(Qt)  cos(Qt) 0] (2.12)
0 0 1
if d = 3.

Take transformation x = A(t)x, ¢(x,t) = ¥ (A(t)%X,t), and we substitute them

into (1.1). We notice that

Lzp = L.¢, 10y = 10y + QL. ¢,

10



we can therefore cancel the rotational term in (1.1) and instead solve the follow-

ing problem:
i = —5V20 + V(x,0)p + Blo[*¢,
o(x,0) = ¢°(x), x€ R’ d=2,3,

(2.13)

where

V(x,t) = Vot (x.1) + Vios(x), (2.14)
with

(12— 2) [sin® () (4 — 2?) + sin(201)zy]

‘/rOt(X.t) = B 5
vz’ gy d—2
Vhos(x) = 2 22 2,2, .22 ’
W HWY = g
5 = 9.

2.3 Dynamical laws in the Lagrangian coordinate

In this section, we provide some analytical results on the definition and the
dynamical laws of the following quantities for the inhomogeneous GPE (2.13):
energy, density, angular momentum expectation, condensate width and the cen-
ter of mass.

I). Energy and density.

We introduce two important invariants of (2.13), which are the normalization of

the wave function:

N(¢):/ lp(x,t)[>dx, >0, (2.15)
R4
and the energy
E(¢) = E1(®) + Erot(¢), >0, (2.16)
where
— 1 2 2 B 4
Bi@) = [ 519000 + Vi 0lox OF + Glotx | dx, (217
Erot(9) = —/Rd/ot sV (x, 5)|o(x, 8)|*ds dx. (2.18)

11
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We have the following theorem for the conservation of energy and density:

Theorem 2.3.1. Conservation law for the energy and density:

IN(9) _ dE(9)

dt a Y

Proof. Following the properties of the GPE under a rotating Lagrangian coor-

dinate, we have:

N@) = [1oPdx = [EPde(A)dx = Nw).  (219)

Conservation of N(¢) follows directly from the conservation of N (). We begin

with the equation (2.13) to show the energy conservation. Starting from

06 = 5929+ V (x,0)6 + Blofe, (220)
we have:

i0,0010" = (—=5V?0 + V(x,1)0 + Blo[*d) 0",

(2.21)
—i0,0"0rp = (=5 V29" + V(x,1)¢" + Bl6[>¢*) ;.
Sum the two equations in (2.21) together, we obtain
1 1
0 = ——/ (V2601¢" + V2" 0y9) dx +/ V(x,1)0|¢]* dx + —at/ Blo[* dx
2 Rd R4 2 R4

= oy [ weraxs ] [ ortax| o [ Vel ax- [ aveniofax

- . z, 1) T z,t)|? é z, )|t — t z, 8)|o(x, s)|?ds| dx
— 6t/Rd[2|V¢( DI+ Vi, )o(z O)F + 5oz, 1) /Oasv( ,8)|p(z, 3)] d} d

dE(¢)
dt

Hence we have the energy conservation law as stated above. O

IT). Angular momentum expectation.

Angular momentum is another important quantity to study the dynamics of

12



rotating BEC. It is a measure of the vortex flux and is defined as follows:

(L) (1) = /R $'Lesdx, 120, d=23 (2.22)

For this quantity, we have the following dynamical law:

Theorem 2.3.2.

d(L.) (t i =%
d{L:) (¥) dt>( ) _ /Rd\¢]2Jszm: /Rd\¢]23tde: o, (22)

where J, and n(t) are respectively defined as:

J, =y0y —x0y = —iL,, (2.24)

n(t) = /R2 [2 cos(2Qt)xy + (y2 — x2) Sin(QQt)] |¢(m,t)|2 de, (2.25)

fort > 0. Hence, the energy can be rewritten in another equivalent form:

B@) = [ [5I90f + V@l + o] ao- 0Ly 0. @20)

Thus, we have the conservation of angular momentum expectation, at least in
the following cases:

(1): For any given initial data, if we have v, = 7y, i.e. the trapping potential is
radially symmetric;

(it): For any given vz, vy, if we have Q = 0 and the initial data #° is even in
either x or y.

We have the following conservation laws

where, E1 is defined in (2.17).

Proof. Differentiating (2.22) with respect to ¢, noticing (2.13), integrating by

13



2. METHODS AND ANALYSIS FOR ROTATING BEC

parts, and taking into account that ¢ decreases to 0 when |x| — oo, we have

d (L) (t)

S = [ (0ot oL dx

- /]Rd (= (ide)" Jo0p + &7 T2 ()] dx

- _/Rd
+(-

(-5 Vot)o + slofo) 1o

DN |

V23* + V(x,t)p* + 5]¢\2¢*> JZ¢] dx

— 1 2 * 2 - * *
_ 2/]Rd[v 0" + V2 J.¢] dx /RdV(x,t)(qﬁJz(b + " T.6) dx
3 ,
+§/I&djz|¢| dx
1 1
= =5 [ VoV x5 [ 9920 dx
- / V(x, )p " dx + / [V (%, 6)1.6" + 6" LV (x,8)] dx
Rd Rd
V2 -2
= =),

with 7(¢) defined in (2.25).
For case (i), when v, = 7,, we could easily arrive at the conclusion that the

angular momentum expectation (L) is conserved from the ODE:

For case (ii), we know that the solution ¢(x,t) is even in first variable x or second
variable y due to the assumption of the initial data and symmetry of V(x). Then
when = 0, with |¢(x,t)| even in either = or y, we easily have the conservation
of angular momentum.

Referring to (2.26), we have

dE\(t) dE(t) . d B
dlt = — = Q= (L) () = 0. (2.27)

ITII). Condensate width

14



We define the condensate width as follows along the a-axis (o = z,y, z for 3D),

to quantify the dynamics of the problem (2.13):

(6a) (£) = /3 (), with 60 = (?) (1) = /Rda2]¢\2dx, o=z (2.29)

we have the following dynamical law for the condensate width:

Theorem 2.3.3. i) Generally, for d=2,3, and any potential and initial data,

the condensate width satisfies:

PO 4 93260 (1) = fa[200a6] + Bl0]* — 2010]20aVret] da,
5a(0) =: 0% = [h402]¢"2 da, (2.29)

8a(0) =: 05 = 2 s Tm((¢°)*0,¢°) da.

i) In 2D with a radially symmetric trap, i.e. d = 2,7, = v, = 7, we have

B, (1) = ZOHULNO [y o523, )] + 6 cos(29,1) + S sin(2,1),

51(0) = 62" = 62(0) + 6y(0) = fuda® +47)|0°P da

5,:(0) =: 6V = 5,(0) + 8,,(0).
(2.30)

Moreover, if the ¢o(x) = f(r)e™?, with m € Z and f(0) = 0 when m # 0, we

have, for anyt > 0,
E(¢o) +mQ 5
= T [1 — COS(Q’Y;pt)]—HSg(CO) COS(2’Ymt)+ﬁ SiD(Q’Yxt).
(2.31)
ii1) For all other cases, we have , fort >0,
E Q(L ((Xl)
_ E(d) +72 (L) (0) [1 — cos(2vat)]+60) cos(Q’yat)—{—gT sin(2yat)+ fa(t),
(2.32)

0 (t)

where fq(t) is the solution of the following equations:

d?fo(t)
d2t

P fat) = ), a0 = P20 =g

15



2. METHODS AND ANALYSIS FOR ROTATING BEC

with
Falt) = /R 120106012 — [V0[2) — (200aVror(m, 1) — 4V (z,£)) 6] + 49 (L2) (1)] da

Proof. 1). Differentiate (2.28) directly with respect to ¢, noticing (2.13), integrate

by parts, we have:

ddqa d X X

i /R 0 [0(016)" — " (i049)] dx

/R 07 [0(i019)" — 67 (i0:9)] dx

N = DN .

/ [V¢*(a?V¢ + ¢Va?) — V(a?Ve* + ¢*Va?)] dx
R4

—i [ alos: - 9"0u) dx. (2.33)
]Rd

And we differentiate (2.33) with respect to ¢:

~

d25a . * * * *
Talt) - | (6% + 007, = 6160 — 0 01a) x

(
[

aprdy — bt Pa) dx —Z'/Rd[(ﬁ(a(ba + ) — drladt + ¢*)] dx
= | [20a0]* + Blo|* — 20|60 V] dx

=
&

= —2925,(t) + /Rd [210a08) + Blo|* — 20|¢|*00Vier] dx.

(ii). If d = 2, we have:

2
PO 1 2028,() = [a[200:0[2 + Blo|* — 22|60, Vior] dx,

2
PO 4 9926,(t) = [oa[200y01 + Bl — 20|6[20, Vir] dx.

(2.34)

Add (2.34) and with v, = v, = 7, we have the ODE for 6,(t):

d?6,.(t)
d2t

= 220+ 4 [ [FI6P 4 Ve0loP + lolt - 0Re (L) (1) ax

—4/ V(z,t)|¢* dx + 4Q (Lz>(t)—2/ (202 Vyot + Y0y Vror)|0|? dx.
R R

d
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Noticing that when ~, = v, = 7;, we have:

d d
SB(6) = = (L2 (1) = Vi = 0. (2:35)

We substitute (2.35) and (2.27) into (2.35), and using the energy conservation

law, we get:
d%5,.(t)

T = —400 () +4B(¢o) + 42 (L:) (0). (2.36)

The initial condition now is:

5:(0) = 6 = §,(0) + 8,(0) = fpal2® + y2)|00|? dx,

(2.37)
5,(0) =: 689 = 5,(0) + 6,(0).

We solve the ODE (2.36) with the initial data given in (2.37), we could find the

following unique solution:

(1)
- E(go) + (L) (0) [1 — cos(27,t)]+6) cos(2%t)+(;r

o (t
( ) 772* Tr

sin(2v,t). (2.38)
In addition, if the initial data has radial symmetric structure:

¢o(x,0) = f(r)eime7

with m € Z and f(0) = 0 when m # 0, then, since V(x,t) = Vj,s, which ensures
the radial symmetric property of the solution ¢(x,t) if the initial condition is

assumed to be radially symmetric, we have, for any t > 0,

00 2w
9 () = /x2\¢]2dX:/ / 2 cos? 0| f(r, t)|*rdodr
Rd o Jo
00 0o 2w
= 7T/ rz\f(r,t)]%dr:/ / r2sin” 6| f (r, t)|*rdodr
0 o Jo
1
= [ PP ax=5,0) = 56,0
R4

Thus we could show the result above in (2.31).

(iii). In general, we take a similar approach as what we have done in (2.35) and

17



2. METHODS AND ANALYSIS FOR ROTATING BEC

(2.36), by combining energy expression as in (2.27), we have:

d%5,(t)

T = —420a () +4B(¢0) + falt), (2.39)

where f,(t) satisfying the 2nd-order ODE:

d? [, (1)
d2t

+4r7§fa(t) :Fa(t)’ fa
with
Fo(t) = /Rd 21000 = |[V&|?) — (2006 Vyor(x, ) — 4V (2,1))|¢> + 4QRe (L) (t)] dx.

We solve the second-order ODE and could get a unique solution as defined in

(2.32). O

IV). Center of mass.
In this section, we would like to study the analytical solutions for the center of

mass. Denote ¢ as the solution of GPE, the center of mass is defined as:

0 () = [ X0 dx = (aelt).elt), 2e(0)" (2.40)

Then, for any given initial data, we have:

Lemma 2.3.4.
T+ B (@) () =0,
(@) (0) = a, (2.41)
(@)(0) = 0,

with B(t) = AT (t)AA(t), where A = diag(vz,7yy) in 2-d and diag(yz, Yy, 72) in

3-d, i.e.

B(t) = % V2 +2 2 0 2 N M CT)S(QQZL/) sin(20)  (242)
0 ¥z + sin(2Qt)  — cos(20t)

18



72+ 75 0 0 cos(2Qt)  sin(2Q2) 0
2 2
’y —
B)=5| 0 2492 0|+ 75 |sin(20) —cos(22t) 0],
0 0 22 0 0

(2.43)
for d = 3.

Proof. By differentiating (2.40) with respect to ¢, we have

d(x) (t) . . .
S~ [ xeiororonax =i [

x[(~i61) — 6 (i6)] dx
1 1 )
= z/ x [_—v2¢*¢+—v2¢¢*} dx = 3/ (Vo' — Voo™) dx
Rd 2 2 2 Rd
= —i [ ¢*Vodx. (2.44)
R4
Furthermore, differentiate (2.44) with respect to ¢ again, we get
d? (x) (t ) N N . . #
# = _Z/ (6r Vo + ¢ Vey)dx = Z/ (0tVo* — Vo) dx
dt Rd Rd
_ / Vx, ()| dx — —/ YV (x, )62 dx.
R4 R4
Substitute the expression for V(x,t) as in (2.14) and we define B(t) as

B(t) := VV(x,t).

which is stated explicitly in (2.42) for 2D and (2.43) for 3D. Hence we have

d* (x) (1)

S+ B() (x) (1) = 0. (2.45)

O

We proceed to solve the second-order ODE (2.41) and the analytical solutions
are as follows:

Case I: v, = vy, = v, or Q = 0, we have B(t) = diag(12, 'yg, 72), and the solution

19



2. METHODS AND ANALYSIS FOR ROTATING BEC

should be of the form:
ac(t) = aq cos(Vat) + bo sin(yat), o =uz,y, 2. (2.46)
With the initial condition defined in (2.41), we have the explicit solution as:
ac(t) = apcos(vat), a=ux,y,z. (2.47)
Case II: v, # v, and 2 # 0. Actually, if we take the inverse transformation
x = A(t)x,
where we use x to represent the transformed variable and x the original one,

which implies that

and plug into equation (2.41), we have

dzAt x) (t 2dAtd x) (t Atd2 x) (t AA(x) (t) =0 2.48
SAW) () (1) + 25 A0 (%) (8) + A(t) 7 (%) (6 + A4 (R) (1) =0, (2.48)

by noticing that j—;tA(t) = —Q2I?A(t) with

100
I =1, if d=2, and I= |0 1 o|, if d=3,

000
and
O _
A(t)Ti (t)=Q =C, ifd=2,
0 -1 0
d
AR AW =21 0 o =C. ifd=3
0 0 0

20



By multipling (2.48) to the orthogonal matrix A(t), we have:

L ) +200% % 1)+ (A 02D (%) (1) = 0
L0 (1) + 2002 () ) () (1) =0,

which is now the orignial form of the dynamical law of the center mass of the
original non-transformed equation. Now, we can solve equation (2.41) by the old
method proposed in previous research [76] and take transformation back again.

Different cases and their respected results will be presented in section 2.5.

2.4 Numerical methods

In this section, we present an accurate and efficient numerical method which
solves the transformed rotating GPE under a rotating Lagrangian coordinate as
shown in (2.13). Without loss of generality, we take d = 2.

Different from other studies to solve the rotating BEC, by introducing an orthog-
onal transformation, we have reduced the rotational term in the GPE. We finally
have a standard GPE with inhomogeneous potential, which could be solved by
standard numerical methods in a more stable way, compared to previous re-
searches done in this area.

We begin by applying the time splitting method, and then proceed with Fourier

spectral method in x and y direction.

2.4.1 Time splitting method

We take At > 0 as a time step. For n =0,1,2,..., N from time t = t,, = nAt to
t =tp41 = tn, + At, we could solve the transformed GPE (2.13) in the following
two steps:
Step I:

i0ip = =5V,

#(x,0) = ¢°(x), x€ R d=2,3.

(2.49)
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Step 1I:
0 =V (x, )¢ + Blo|*¢,
¢(x,0) = ¢°(x), xe€ R’ d=2,3.

(2.50)

These two steps are solved for the same time step of length At. A point need to
be noted that compared to the non-rotating BEC, the time step has not been
much affected with a small €2. For a very big €2, a smaller time step is required
to well capture the rotation. For step I (2.49), we will discuss in details in the
following two subsections. Step II (2.50) can be solved analytically. We first
demonstrate that the ODE is linear by showing:

dlo(x, t)?

> = (¢Fp+ ¢ dy) = —i [—(id)* b + ¢ (i)

= -

(~57%0+ Vot)o + sloPo) o
o (570" +Vx067+ mm*)] -0

which gives us

606, 1)* = [d(x, )%, t € [tn, tata]. (2.51)

Then solve the ODE in (2.50) directly which gives us:

(x,t) = exp [—i </t: V(x,s)ds + Blo(x, tn)|2> (t— tn)] . (2.52)

Take d = 2 and substitute (2.14) in (2.52) and integrate, we have the exact

analytical solution given by:

For Yz = Yy = Vr»

/ Vix, s)ds = %ﬁ(ﬁ )t — ). (2.53)
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For v, # vy,

V2 — 2

2 4

/ t Vi s)ds = (o2a®+ oy?)(t — tn) + ——2 [(y2 ) (t —t,

Y
202

1
——(sin 2Qt — sin QQtn)> + ﬁ(cos 20t — cos QQtnI}Eﬂl)

We can also apply numerical quadrature method, e.g. Simposon rule to approx-

imate ﬁi"“ V(x,s)ds.

2.4.2 Discretization in 2D

We apply the Fourier spectral method to discretize (2.49). We suppose that

¢(z,y,t) is defined in domain [a, b] X [c, d].

Let
Ne  q Ny
2 2 , .
sy t)= > D dult)eit @ eini-o),
l_,l\;x k:—%
with
27l 21k
x — Yy _
Iul b_a7 /’[/k d—c’
l:__x,__x+1,..,,—x—1, k:__y,__y+1’,_y_1

q@lk(t) is the Fourier coefficient for the /th mode in x and kth mode in y.

(2.55)

Differentiate (2.55) with respect to t, and noticing the orthogonality of the

Fourier functions, we obtain:

~ 1 .
Duou(t) = =5 [(mi )2+ (1f)?] duw (1),
which can be solved analytically to have

dus(t) = 3 [(uf)2+(ui)2](t7tn)(5lk(tn)’

for t € [tn,tp41]. Starting from t,, ¢(t,) is known. We take a Fast Fourier

Transform to obtain lek (tn). And then by applying the above equation, we get

élk(tnﬂ). We take an Inverse Fourier Transform to get élk(tnﬂ).
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In practice, we often apply the second order Strang splitting [70, 76].

2.4.3 Discretization in 3D

When d = 3, for a defined domain [a, b] X [c,d] X [e, f], we use a similar approach

as what we have discussed above in (2.55). We take:

Nz
Qb(ﬁﬂ, Y, t) = Z Z Z gzglk;m(t)eiuf (z=a) eiuZ =c) eiufn(yfe)’ (256)

2 2 2
with
27l 27k 2mrm
Mf:b—a’ IU'Z:d_Ca fn_f_67
N, N, N, N, N,
l=-—"FZ -2 +1,...,—=%—1, k=—"2L-""Y+1 41
27 2 +7 72 7 27 2 +7 72 7
N, N, N,
m 27 2 +7 72 M

here, qglkm(t) is the Fourier coefficient for the /th mode in x, kth mode in y and

mth mode in z.

2.5 Numerical results

Without loss of generality, we have taken d = 2 for numerical computations. The
3D case is quite similar. In this section, we first test the numerical accuracy of
the method proposed in section 2. Then we proceed to study the dynamics of the
quantities discussed above, by choosing a gaussian initial data ¢o(x) which is a
stationary state with its center shifted. We will look at the conservation of energy
and density, as well as the dynamical laws of angular momentum expectation,
condensate width. For center of mass, we will compare the numerical solutions
with the exact analytical solutions that we obtained by solving related ODE.
We will also discuss the interaction between a few central vortices by looking at

their trajectories.
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2.5.1 Accuracy test

In this subsection, we will present the numerical results obtained to show a
spectral accuracy in space and second order accuracy in time. To this end, we

take the initial data as:

(vayy) /4

(7.[.)1/2

- Yo (z—20)% 4y (y—y0)>
2

Po(z,y) = (2.57)

We take v, = 1,7, = 2,02 = 1, and solve on the interval [-16, 16] x [—16, 16] with
homogeneous Dirichlet boundary condition. Our numerical solution is computed

using TSSP2 with a very fine mesh, e.g h := dz = dy = 3%, and a small time
step k := dt = 0.0001. As we treat it as the ‘exact’ solution, denoted by ¢.(t).
And we use ¢™*(t) to represent the numerical solution obtained with mesh size
h and time step k.

First, we test the spectral accuracy of TSSP2 in space. We have three different
B, and for each one, we solve the numerical solution with a very small time step
k = 0.0001 and different mesh sizes h, as shown in Table 2.1. Since the time
step is chosen as small as our ‘exact’ solution, we could neglige the truncation

error resulted from time discretization compared to space discretization.

Then we use a similar approach to test the time accuracy, as in Table 2.2. In

Table 2.1: Spatial error analysis: Error ||¢e(t) — ¢™*(t)]|;2 at t = 2.0 with
k=1FE —4.

Mesh h=1/2 | h=1/4 h=1/8 h=1/16
B3 =10 1.114E-2 | 9.932E-7 | 9.6613E-13 <E-13
B=20V/2| 0236 |5371E-4| 6.903E-10 <E-13
B =280 1.894 | 6.528E-2 | 2.556E-5 | 2.362E-12

a strong repulsive interaction regime or semi-classical regime, where g > 1, we
are interested to find how to choose the “correct” mesh size h and time step At.

After a rescaling of equation (2.13) under normalization, we get:

2
i€ p(x,t) = —5 V26 + Valx, )0 + |86, x € R, (2:58)
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Table 2.2: Temporal error analysis: Error ||d.(t) — ¢"*(t)||;2 at t = 2.0 with

h=1/32.
Time step | k=1/20 | k=1/40 | k=1/80 | k=1/160 | k=1/320
8 =10 1.002E-3 | 2.582E-4 | 5.661E-5 | 1.153E-5 | 3.528E-6
8= 20v/2 | 4.132E-3 | 1.341E-3 | 3.513E-4 | 9.382E-5 | 2.496E-5
8 =280 2.154E-2 | 5.381E-3 | 1.463E-3 | 3.652E-4 | 9.563E-5
with x = ¢ 1/2x, ¢ — e¥tp, e= ﬁ;Q/(dJrQ).

As also demonstrated in [8, 9, 10], the suitable meshing strategy which best

approximates the “correct” solution should be:

Thus for a strong repulsive interaction, we take:

h=0(e) =0(1/8 "), k=0(c) =01/87 "), withd=2,3.

2.5.2 Dynamical results in 2D

To verify the analytical solutions obtained in section II like the density and
mass conservation, and to study the dynamical laws of a rotating BEC under a
Lagrangian coordinate, we take a Gaussian initial condition as stated in (2.57).
(I). Dynamics of density and energy

As defined in (2.16), the energy is expressed as:

J.

¢
—/ BSV(m,s)\(b(x,s)\st dx
0

= Ei(0) + Eint(¢) + Ep(¢) + Erot(6),

B@) = [ |51V60P + V0l 0P + ot ol (259)

(2.60)

where Ej(¢) is the kinetic energy, Ej,.(¢) stands for interaction energy, E,(¢)
is the potential energy and E,.(¢) is the rotating energy.

We have energy and density conservation for any given initial state as discussed
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above. We take 8 = 10, T = 10, =g = yo = 1. We have listed four cases as
follows with different €2 and 7,,v,: As we could see, in all the four cases, and
also the other examples that we have not listed here, the energy and density are
well conserved.
And when = 0 or v, = 7y, as shown in Figure 2.1, Figure 2.2 and Figure 2.3,
the rotating energy equals zero. This could be explained by our analytical results
in (2.53), (2.54) and (2.16). By comparing Figure 2.1 and Figure 2.2 which are
different by the value of 7,, we could see that the period becomes smaller with
an increasing 7y,. The same follows when we change ;.

(IT). Dynamics of condensate width and angular momentum
We solve the problem on the domain [—10,10] x [—10,10] under a mesh size
h = 1/8 and time step 0.001, with homogeneous Dirichlet boundary condition
and initial condition defined in (2.57). We take 5 = 100 and T" = 10, set different
values for 2, v,,7, and the starting point zg, yo to show the dynamical laws of
condensate width and angular momentum.
As discussed in Theorem 2.3.2, under the rotating Lagrangian coordinate, we
have the angular momentum conservation law in two cases:
(i) v2 = vy, for any initial data and €2 given. This is shown in Figure 2.5, where
Q=1vm=y9y=Lzyg=1y =1
(ii) € = 0 and the initial data ¢o(t) is symmetric in either = or y direction.
We could find that in Figure 2.7, where = 0,v, = 1,v, = 2,20 = 0,50 = 1,
initial data is symmetric in x direction, the angular momentum is conserved. To
compare, Figure 2.8 has almost the same quantities except that g = 1,y9 = 1,
where the initial data does not have any symmetric property, and the angular
momentum is not conserved in this case. And in Figure 2.6, where Q = 1,7, =
1,7 = 2,20 = 0,y0 = 1, we have a symmetric initial data but with a nonzero
), the angular momentum is not conserved.
For condensate width, as we have discussed in Theorem 2.3.3, when v, = v, = v,
0, and d, are periodic with period T = %—7:. This is shown in Figure 2.5. For
other Figures, although the condensate width are not periodic, due to v, = 27,,

the oscillation frequency for 4, is roughly double that of d,, and the amplitudes
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Figure 2.1: Dynamics of mass and energies under 2 = 0,7, = v, = 1.
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Figure 2.2: Dynamics of mass and energies under {2 = 0,7, = 1,7, = 8.

of 0, are in general larger than that of 6, (cf. Fig. 2.7).

(IIT). Center of mass under new coordinate and original coordinate
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Figure 2.3: Dynamics of mass and energies under 2 = 1,7, =y, = 1.
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Figure 2.4: Dynamics of mass and energies under () = 4,7, = 1,7, = 2.

As we have discussed in Theorem 2.3.4, the center of mass could be solved

analytically. We are interested in comparing the numerical results obtained
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Figure 2.5: Dynamics of condensate width and angular momentum under €2 =
1’71 =Yy = 1,$0 = 1’y0 =1
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Figure 2.6: Dynamics of condensate width and angular momentum under €2 =
177&‘ = 17'73/ = 27'%.0 - 07y0 =1.
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Figure 2.7: Dynamics of condensate width and angular momentum under €2 =
O’r}/m = 1’7?; = 2,$0 = O,yO =1
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Figure 2.8: Dynamics of condensate width and angular momentum under €2 =
07’}/&3 = 17'73/ = 27'%.0 - 17y0 =1.
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2. METHODS AND ANALYSIS FOR ROTATING BEC

by the method proposed above with the analytical solution, and studying the
motion of the center x(¢) under the new coordinate as well as in the original
ones. As far as we know, no previous studies are done for the motion of center of
mass under a rotating Lagrangian coordinate. In the following figures, the red
dash line represents the analytical solution and the blue solid line represents the
numerical solution for the motion of center. As we could notice, the numerical
solutions approximate quite well.

As we have discussed, we could categorize the motion of center of mass into five
different cases, by different €2, v, and .

Case(1): Non-rotating BEC.

For a non-rotating BEC, i.e. 2 =0, as we have discussed above in (2.47),

ac(t) = agcos(Vat) a=x,y.

We take xg = (1,1). As shown in Figure 2.9, Figure 2.10 and Figure 2.11,
the motion in each direction is a periodic function with period T;, = 3—2 ()If
Yo = Yy, the trajectory is the straight line y = z (cf. Fig. 2.9). (ii). If v,/
is a rational number, then the center moves periodically (cf. Fig. 2.10). (iii).
If /7, is irrational, then the center has a chaotic motion in the rectangle
[=lzol, |ol] % [=l|yol, [yol] (cf. Fig. 2.10).
Case(Il): Rotating BEC with an isotropic potential.

For Q # 0,7, = vy, taking xg = (1,1), the center of mass follows the same
solution as Case (I), which is (2.47). And as a result, regardless of the value of
), the motion of transformed center of mass always follows the one in Figure 2.9.

By taking a reverse transformation which is given by x = A(t)”

x, we could get
the motion of center under the original coordinate system, which is dependent
of 2. As we could see from Figure 2.12 to Figure 2.17, € takes the value of
1/5,4/5,1,3/2,6,7 respectively. When ) is a rational number, i.e. Q@ = m/n
with m,n positive integers with no common factor, as shown from Figure 2.12

to Figure 2.16, the center moves periodically with a period T' = nxw for m,n

being odd and T' = 2n7 if not [76]. And when (2 is irrational, then the center
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has a chaotic motion in a circle with radius of |xg| and centered at origin (cf.
Fig. 2.17).

Case(1II): Anisotropic potential: 0 < |Q = v, or | = ,.
These figures show that in the case 1 = 1,7, = 1,7, = 2, the time evolution of
the center for xo = (1,1). As we can see in Figure 2.19, in the original frame,

the trajectory of the center is a spiral coil going to infinity in x-direction.

Case(1V): Anisotropic potential: v, < 7y, 0 < [Q] < vz or |Q > 7y or
Yo < [Qf <y
The Figure 2.20 to Figure 2.26 show the motion of center x(¢) with different Q, v,
and 7, where 7, < 7, and |Q| < v, or || > 7,. We could draw a conclusion

that the center follows a chaotic motion in a bounded domain.

2.5.3 Quantized vortex interaction in 2D

In this subsection, we study the interaction between central vortices. In order

to do so, we have defined the initial data in the following way:

HjM:1 ¢ (x — X?)

T o x—x0) |

o(x,0) : (2.61)

where

¢mj (xay) = (1‘ +imjy)¢e(x7y)7 mj € {17_1}7

and ¢.(x) takes the form as in (2.57). M is the total number of interacting
vortices.
We will take various cases to study the time evolution of the density. We set

B=50,Q=1,v=v=1and M =2.
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We consider the following cases with different times:

(I)  x$=1(0.5,0),x5 = (—0.5,0), (my,ms) = (1,1),
(II) X(l) = (0'5’0)’)(8 = (0’0)’ (mlam2) = (1’ 1)5
(I1I)  xY = (0.5,0),x9 = (—0.5,0), (m1,msz) = (1, —1),

(IV) % =(0.5,0),x9 = (0,0), (my,mz) = (1, —1).

Figures 2.28-2.31 shows the contour plot of the density at different time in dif-
ferent cases. As also discussed in [8], we can draw the following conclusions:
if my = ms, the centers of the two vortices rotate symmetrically around the
trap center if x{ and xJ are symmetric, as shown in Case I (c.f. Fig. 2.28) and
nonsymmetrically if not as shown in Case II (c.f. Fig. 2.29). The two vortices
do not collide at any time. For two central vortices with different indices, e.g.
mq = 1 and mo = —1, the two vortices centers will always collide and merge, as

shown in Case III (c.f. Fig. 2.30) and Case IV (c.f. Fig. 2.31).
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Figure 2.9: Trajectory of center of mass under original and transformed frame
when v, = 7,.
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Figure 2.10: Trajectory of center of mass under original and transformed frame
when Q = 0,7, = 1,7, = 8.
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Figure 2.11: Trajectory of center of mass under original and transformed frame

when Q =0,v, = 1,v, = 2m.
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Figure 2.12: Trajectory of center of mass under original frame when =
1/5,9 =y = 1.
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Figure 2.13: Trajectory of center of mass under original frame when =
4/5,7, = vy = 1.
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Figure 2.14: Trajectory of center of mass under original frame when 2 = 1,~, =
vy = 1.
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Figure 2.15: Trajectory of center of mass under original frame when =
3/2,7: = vy = 1.
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Figure 2.16: Trajectory of center of mass under original frame when Q = 6,~, =
vy = 1.

Figure 2.17: Trajectory of center of mass under original frame when Q = 7,7, =
vy = 1.
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Figure 2.18: Trajectory of center of mass under transformed frame when Q =
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Figure 2.19: Trajectory of center of mass under original frame when 2 = 1,~, =
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Figure 2.20: Trajectory of center of mass under transformed frame when Q =
1/2,7: = 1,9y = 2.
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Figure 2.21: Trajectory of center of mass under original frame when Q =
1/27’}% — 177@; - 2
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Figure 2.22: Trajectory of center of mass under transformed frame when @ =
4,7, = 1,7 =2.
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Figure 2.28: Case I density contour plot, x} = (0.5,0),x) =
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Figure 2.29: Case II density contour plot, x{ = (0.5,0),x9 = (0,0), (m1,ms) =
(1,1).
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Chapter 3

Extention to rotating

two-component BEC

In this chapter, we extend the results obtained previously for rotating single-
component BEC to rotating two-component BEC. We base the analysis on the
coupled Gross-Pitaevskii equations (CGPEs) with an angular momentum rota-
tional term. We follow the previous approach by applying a Lagrangian transfor-
mation to investigate the dynamical laws and propose an efficient and accurate
method for numerical simulations. Finally, numerical results have been presented

and discussed in details.

3.1 Introduction

After the study of single rotational BEC, attentions have been broadened to
the system of two or more condensates [43, 46] to better understand super-
fluidity [1, 54]. The first experiment involving multi-component BEC interac-
tion was realized with atoms evaporatively cooled in the |F = 2,my = 2) and
|F = 1,ms; = —1) spin states of 8" Rb [60]. The possibility of producing long-
lived multiple condensate systems has hence been well demonstrated and the
existence of inter-component interactions dramatically affect the condensate’s
dynamics. Great excitement has been spurred in the atomic physics community

to study the static and dynamic phenomena occurred in a system of rotating
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two-component BEC.

Theoretical treatment first began for super fluid helium mixtures and spin polar-
ized hydrogen. It has been extended to Bose condensates of alkalis atoms|[32, 44,
49, 63]. The realization of BEC experimentally has dramatically advanced the
theoretical study in this area since the theoretical predictions of multi-component

condensates can now be compared to the experimental results.

3.2 Coupled Gross-Pitaevskii equations

Similar to a single component BEC, at temperature 1" which is much smaller
than the critical temperature T, a two-component BEC can be described by
the macroscopic wave function ¥ (%,t) = (¢1(X,1),¢2(X,t)), with X € RY, d =
2,3, whose evolution is governed by two self-consistent, mean field nonlinear
Schrodinger equations (NLSEs) in a rotational frame, also known as the coupled

Gross-Pitaevkii equation (CGPEs) with the angular momentum rotation term

[40, 47, 52, 50]:
2
. - 1_, io- ) .
i0p; (%, 1) = | =5 V7 + Vi, (%) — QL. + S Bl | vy — My, G=1,2,
=1
(3.1)
Here, 1;(%x,t) is the dimensionless wave function of the jth (j = 1,2) com-

ponent. V,f (%) is the dimensionless external trapping potential, which is of-
ten harmonic and thus can be written as %(%%JCUQ + 7§7jy2) in 2D, and resp.,
V! (x) = %(ﬁJ:EQ + 757]@2 + 737]-22) in 3D with v, ; > 0,v,,; > 0 and 7, ; > 0
constants. L; = —i(20, — y0,) = iJ; is the Z—component of the angular mo-
mentum, and (2 is the dimensionless angular momentum rotating speed. 3;; is

a constant characterizing the interactions between the jth and Ith component,

with 8 = f;5. The integers k; in (3.1) are chosen as
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3.3 Dynamical laws in the Cartesian coordinate

Many researches have been done to study the dynamical laws of rotating two-
component BEC [77, 7]. We will briefly present the analytical results for rotating
two-component BECs in the Cartesian coordinate without given further proofs.
I). Energy and density.

We have two important invariants: density and energy and they are defined as
follows:

N(t) = Ni(t) + Nao(t) =[ o1 [P + [ 92 [P=1, ¢>0, (3.3)

with

N =l &0 1= [ o &oPa t205=12 (4)
and the energy
(1 j 2. B
Bl = | d[z(;w+V;308<>~<>wj\2+Z7ﬂwwl\2
j=1 j=1

dx.

_QRe(w;ngj)> — 2ARe(¢112)

We have the following lemma for density of each component:

Lemma 3.3.1. Suppose (¢Y1(x,t),v2(x, 1)) is the solution of the CGPEs (3.1);

then we have, for j =1,2,

N (t) = =202 [2N;(t) — 1] + Fy(t), ¢ >0, (3.5)

with initial conditions:

NOY
N0 =N = [ i@ as = 3¢ (36)
NSO = N =22 /R Im [w?(&)@,?j(&))*] di: (3.7)
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3. EXTENTION TO ROTATING TWO-COMPONENT BEC

where fort > 0,

Fi(t) = )\/Rd(w;wkj + 507) | Vi (B) = Vidoo (&) — (815 — Bey )|

+(Brjk; — 5jkj)’¢kj’2] dz, t¢=>0. (3.8)

IT). Angular momentum expectation.

The angular momentum is defined as:

where

(L2), (1) = / GiLspyd%, j=12, t>0, d=23, (3.10)
Rd
It satisfies the following theorem:

Theorem 3.3.2. Suppose (¢V1(x,t),V2(x, 1)) is the solution of the CGPE (3.1),

we have:

d(Lz); (1) Vei = Vo [ - i :
dt 2 Rd R

—2)\Re [/qu,z);:ngwj dﬁ:} . (3.11)

We have the conservation of angular momentum expectation, at least in the fol-
lowing cases, when v, j = 7y,.j for j = 1,2, i.e. the trapping potential is radially
symmetric:

(i): For any given initial data, we have the conservation of total angular mo-
mentum expectation and the energy for non-rotating part. (ii) Moreover if the

initial data (V(),v9(Z)) is further chosen as
¢?(i) = fi(r)e™i® with m; € Z and f;(0) = 0 when m; # 0. (3.12)

If X\ =0, then (Lz), (t) and (Lz), (t) are conserved.
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On the other hand, if m1 = mg := m in (3.42), then for any given X, <L~z>1 (t)

and <L~z>2 (t) are conserved, i.e.
<ig>j (t) = <£5>j (t)=m, t>0,j=12 (3.13)

ITII). Condensate width

With the condensate width defined as:

1) = V(1) = /ba1 (1) + 8a(t), (3.14)
where
b0, = (a®) () = /Rda%j\?di, o =17,z (3.15)

we have the following dynamical laws:

Theorem 3.3.3. i). Generally, for d=2,3, and any potential and initial data,

the condensate width satisfies:

(

th /RdZ[ — 0,0) (475 (20y + GO )0j + 20°(F° — %) |1y,

2
—1—2\(%%]2 - 20“%’ 9V} hos + WJP Zﬂjlwlp dz,

=1

52(0) =1 88 = [paa® (|22 + [¢[?) d
5a(0) =: 68 =2 i Jra@Im((¥0)*0a?) — QY220 — §O,)a di.
j=1

(3.16)
IV). Center of mass.
The center of mass is defined as follows:
(x); (t) = /Rdilelzdi =: (&5(t), 75 (1), Z5(1)" (3.17)

By [77], the center of mass satisfies a 2nd order ODE and can be solved analyt-

ically.
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3. EXTENTION TO ROTATING TWO-COMPONENT BEC

3.4 The Lagragian transformation

Similar to single component BEC discussed in Chapter 2, we apply the orthogo-
nal transition matrix A(t) (2.11) for 2D and (2.12) for 3D. Take transformation
x = A(t)x, ®(x,t) = Y(A(t)X,t), and we substitute them into (3.1). We notice
that

L:0 = L,®, i0,¥ = i0,® + QL,d,

we can therefore cancel the rotational term in (3.1) and instead solve the follow-

ing problem:

2
i0pj(x,t) = |—3VZ + Vj(x,t) + lZ Bildil* | ¢5 — A,
=1

(3.18)
$;(x,0) = ¢9(x), j=12xeR’ d=23,
where the external potentials are given as:
Vi(x, 1) := Vi (x:8) + Vi (%), (3.19)
with
: 2 — 42 ) [sin?(Qt) (y? — 22) + sin(2Qt)z
Vi) = (B 0b) BO00 o) o]
Vi () B a-2,
X) =
T N N
and the initial data are normalized as:
I 112 + 1l 65 %= /Rd(!qﬁl(X)!z +[2(x)[?) dx = 1. (3.20)

The two important invariants of (3.18), which are the total density and energy

are now respectively of the following forms:

N(t) = Ni(t) + No(t) =[ o1 | + | 62 [P=1, t>0, (3.21)
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with

N0 =l xt) = [ lobnfax tz0i=12  (322)

and

E(¢1,¢2) = En(¢1a¢2) +Erot(¢1a¢2), (323)

where

2 1 2 2 & 5jl 2 2
Buonan) = [ 137 (51905F + Vil + 3 i Pla
j=1 =1

—2)\Re(4 o) | dx, (3.24)
2 t

Eyor (1, = - AV (x, »2d> dx. 3.25

o) = - [ g(/o (. 8)lof%s ) | (329

3.5 Dynamical laws in the Lagrangian coordinate

In this section, we provide some analytical results on the definition and the dy-
namical laws of the following quantities for the inhomogeneous CGPEs (3.18):
energy, density, angular momentum expectation, condensate width and the cen-
ter of mass.

I). Dynamics of the density

As we know, when A = 0 in (3.18), the density of each component is conserved
as specified in (3.22). While when A # 0, we have the following lemmas for the

dynamics of each component:

Lemma 3.5.1. Suppose (¢1(x,t), pa(x,t)) is the solution of the CGPEs (3.18);

then we have, for j =1,2,

N;(t) = 2ARe [ / (i¢ ;) dm] . >0, (3.26)
R4

1"

N; (t) = =202 [2N;(t) — 1] + Fj(t), t >0, (3.27)
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3. EXTENTION TO ROTATING TWO-COMPONENT BEC

with initial conditions:

Ni(0) =N = [ [¢(@)P da, (3.28)

N =NV =2) /R Im [(b?(m)ng(as))* d, (3.29)

where fort > 0,

RO = A [ @50+ 0001,) Vi, (2) = Vi(@) = (8 = B o

+(Br;k; — ﬂjkj)‘¢kj’2] dez, t>0. (3.30)

Proof. By differentiating (3.22) with respect to ¢ and apply integration by parts,

we obtain for j =1, 2:

d d
Nt = G lo01P= 5 [ jo6cnfax
= /Rd(at%ﬁJr%at‘b}f)dX
= =i [ [@00)0; - o5007)") dx
Rd
= [ ixG0n, - ds0i) dx

= 2)Re [/ i} Pk dx] , t>0.
Rd

Similarly, we apply the same approach to compute IV ;/ (t). O

Lemma 3.5.2. (i) If the inter/intra-component s-wave scattering lengths are

the same and so are the external trapping potentials, i.e.

Vi(z) = Va(@), m € RY, B11 = Bia2 = oo, (3.31)

for any initial condition, for j = 1,2, we have:

NO

N;(t) = | (m,t)[? = (N@ - %) cos(2Mt) + = sin(2Mt) + % t>0. (3.32)

J
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In this special case, the density of each component is a periodic function with
period T = ﬁ, which is only dependent on A.

When A = 0,

(ii) For more general cases, for j =1,2, t > 0, we have

N
N;(t) = |¢ (@, 1) = (N]@ - %) cos(2M) + —=sin(2At) + % + (), (3.33)

where f;(t) satisfies the following second-order ODE:

17 (0) + 42 5(1) = F5(1),

(3.34)
£(0) = £5(0) = 0. t>0.

Proof. (i) By Lemma 3.5.1, when the special equalities (3.31) are satisfied, we
have Fj(t) =0, and

1"

N; (t) = =20*[2N;(t) — 1], ¢ >0,

which gives us the unique solution (3.32). (ii) Based on the result in (i), we
apply superposition principle and get the unique ODE solution stated above for

(3.27) in Lemma 3.5.1. O

IT). Angular momentum expectation.
Angular momentum is another important quantity to study the dynamics of

rotating BEC. It is a measure of the vortex flux and is defined as follows:

(Lz) (t) = (Lz)y (t) + (L2)y (), t>0, (3.35)
where
<Lz>j (t) = / gb;szgbj dx, j=12, t>0, d=23. (3.36)
Rd
We denote
J, =y0y — x0y = —iL,. (3.37)
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3. EXTENTION TO ROTATING TWO-COMPONENT BEC

For any ¢,x, we have the following equalities:

0Vi(x,t) = QJV;(x,1)
= Qy0, — x0y)V;(x,1)

7:%4' — 7]%3/ [

= Q 2 cos(2Qt)zy + (y* — 2?) sin(20t)] . (3.38)

We define 7;(t) as

ni(t) = /R2 [2cos(20Qt)zy + (y? — %) sin(2Q¢)] | (x,1)]? dx

2
= 2 2 / V6P dx, t>0. (3.39)
Vo5~ Ty JR?

The dynamical law of angular momentum expectation in rotating BEC is shown

as follows:

Theorem 3.5.3. Suppose (¢1(x, 1), p2(x,t)) is the solution of the CGPE (3.18),

we have:

(L), () 22—
= B Wy )+ / Bin; |05 T2, | d
dt 2 R

+2)\Re [ /]R 01, =05 dm} , (3.40)

with J, defined as in (3.37).

Hence, we can define the energy in another equivalent form:

2
E(¢1,¢2) = /R d[Z (%\wﬁ +Vi(@) |9, — QRe(¢; L. ¢;)
j=1

2
+Z%|¢j|2|¢z|2> ~ 2Re(9i02) | da. (3.41)
=1

Thus, we have the conservation of angular momentum expectation, at least in
the following cases:

(i): For any given initial data, if we have v, ; = 7, for j = 1,2, i.e. the
trapping potential is radially symmetric;

(i1): For any given vy j,Vy.j, if we have Q@ = 0 and the initial data (b? s even in
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either x ory for j =1,2.

We have the following conservation laws

<LZ> (t) = <LZ> (0)7 En(¢1,¢2) - En(¢?a¢g)7

where E,, is defined in (3.25).
Moreover, when the traps are radially symmetric as defined in (i), if the initial

data (¢9(x), 93(x)) is further chosen as
qﬁg(m) = fi(r)e™i? with m; € Z and f;(0) = 0 when m; # 0. (3.42)

If A\ =0, then <I~1Z>1 (t) and <I~1Z>2 (t) are conserved.

On the other hand, if my = mg :=m in (3.42), then for any given A, <£Z>1 (t)

and <f/z>2 (t) are conserved, i.e.

L.y )=(L.) (0)=m, t>0,j=1,2. (3.43)
(E:),0=(L:),

Proof. Differentiating (3.36) with respect to ¢, noticing (3.18), integrating by

parts, and taking into account that ¢; decreases to 0 when |x| — oo, we have

d(L,); (t) . x
LAl /R (065120, + 63 L0165 dx

== | 12601070, + 65.010,)] dx

:_/Rd

2
- <—%V2¢* +V(x,0)¢" +¢; > Bulonl* — WZJ‘) JZ¢J] dx
=1

1 2
<—§V2¢j + Vj(x,t)0; + ¢, ; Bl dul* — Nﬁkj) J=9j

1

- /[R V205005 + V265 0.0,] dx

- [ Vitx 0325 + 65.05) dx
— [ (65020, + 6,073,160 + By o, )

+ [ N, Je0y+ 0, .07) dx
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3. EXTENTION TO ROTATING TWO-COMPONENT BEC

=5 [ VoV ax - ; [ (96920 dx

- / Vi(x, ). 0" dx
R4

+ / 6 V(% )6 + 6" LV (x,1)] dx
Rd

2 2
_ Ve T My

S0+ [ Bl P16, P dx
Rd

+ 2)\Re U ¢,’;.Jz¢jdx},
Rd

where 7;(t) is defined above in (3.39).
For case (i), when 7, j = 7,,; for j = 1,2, we can easily arrive at the conclusion

that the total angular momentum expectation (L) is conserved from the ODE:

For case (ii), we know that the solution ¢;(x,t) is even in first variable « or
second variable y due to the assumption of the initial data and symmetry of
Vj(x), for j = 1,2. Then when Q = 0, with |¢;(x,?)| even in either x or y, we
easily have the conservation of angular momentum.

By (3.41), we have:

E(¢1,¢2) = En(d1,92) — Q(L2) (1),

hence

dE,(t) dE(t) _d B
S = s Qo (L) (1) =0, (3.44)

IIT). Condensate width
We define the condensate width as follows along the a-axis (o = z,y, z for 3D),

to quantify the dynamics of the problem (3.18):

(00) (1) = v/BaD) = \/Ba1 (1) + ba2(0), (3.45)
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where

8oy = (0) () = / o®lgiPdx, a=a,y,z (3.46)
Rd

we have the following dynamical law for the condensate width:

Theorem 3.5.4. i). Generally, for d=2,3, and any potential and initial data,

the condensate width satisfies:

Phalt) o
2 =
v mian = [

a*
R]

2
[2!0a¢j!2 — 20951700V rot
=1

2
+eg1? D Bilenl?| da,
=1

(3.47)
00(0) = 6 = [ra0®(|$9)* + [69]?) da,

) 2
0a(0) =: 6 =23 frualm [(‘ﬁ?)*aﬂﬂ da.
=

ii). In 2D with a radially symmetric trap, i.e. d = 2, and vz j = Vyj = Vr, if
there is no esternal driving field, i.e. X = 0, for any initial data (49, ¢9), we

have:

(1
— cos(2y,t)] + 5 cos(2v,t) + ‘;CYT sin(2+,t),

b, (t) = 2RO |y

5:(0) = 6 = 5,(0) + 6,(0) = fpul#? + y2)|6°|? da,

(3.48)
Moreover, if the initial data (¢9(x), 99(x)) is chosen as in (3.42), we have, for

anyt >0,

5.(1) = 8,(0) = 50u(0)

— E(¢?7 ¢8) + <Lz> (0) [1 _ COS(Q’)/Tt)]

272

50

xT

+0©) cos(2y,t) + 2,

sin(27,t). (3.49)

Thus the condensate widths are periodic functions with frequency equals to two

times of the trapping frequency.
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3. EXTENTION TO ROTATING TWO-COMPONENT BEC

ii1). For the other cases with a radially symmetric trap, we have , for t >0,

E(4],¢35) + Q(L:) (0)

" [1 — cos(27,t)]

or(t) =

(1)
+80) cos(2y,1) + 5 sin21) + g.(0), (3.50)

T

where g, (t) is the solution of the following equations:

d?g,(t) 2 dgy(0)
th + 477"97"(0 - Gr(t)7 gT(O) - dt - 07

with G, (t) = 8\ [paRe(d]d2) d.

Proof. i). Differentiate (3.46) directly with respect to ¢, noticing (3.18), integrate

by parts, we have:

d5a7~(t) d 9 2 2 * *
Tealld 2 [ @l ax= [ (0,00 + 6j00;) dx

— i [ o [o,i010,)" - 6 (i010)] dx
Rd

_i/
_QRd

+2Xa® (G5 dn, — 695,

Vo*(a®’Vo + ¢Va?) — Vo(a’Vo* + ¢*Va?)

dx

= /R ) [ia(qzﬁj@m}f — ¢50a0;) + A (¢, —¢j¢zj)] dx.
And we differentiate again with respect to t:

d26,, i(t , . i} i} .
dité() = Z/Rdoz(qbtha + gbgbtoz - th gba - gb gbta) dx

- i lzmamjm; = 0:930a05) + (8005 = 04019))

NP (D, Pr; — O 0%, + D50k, + D;0:0%,) | dx

= I+ I1I+11I
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Applying integration by parts, we have:

el o] o
Rd

-/ d[—a(aaqb;v%j T 0a0,7267)
2

+20(Vi(x) + Y Bjtl¢11*) (6500 + ¢50as))
=

—4 aRe(¢r, 0ad; )] dx

:/Rd

+2Bjk, 0 b, |2 0al b5 — 220k, 00t + ¢Zj3a¢j)] dx.

—|Vo;* + 20a0;]? — 2V (x)|05]° — 2¢O (V;(x)) — Bjjle5/*

o= /R (650105 + (~i0167)85] dx

2
= 2 /[R ) %\VW+Vj<x>r¢jr2+Zﬂﬂr¢lr2r¢j12 —)\Re(¢;¢kj)] dx
=1

T = A /R RO, — D507, + 600, — G007, dx

Hence we have, for j =1, 2:

d*00,
T’;“) = /R [21060;1” = 2016520V (x)) + 51651 = 2811, l3[*Dalo, [°] dx
-2\ /Rd [Re(qﬁ;qﬁkj) + 2aRe(¢zj8a¢j)] dx

+iA /RdQQ(at(b;(bkj — (%(bj(ﬁzj + ¢;‘8tq§kj — (bjat(sz) dx. (3.51)
Hence we have:
5a(t) , - 2 2 2% 2
A2+ +2r7a504(t) = Rdz 2|aa¢j| - 2O‘|¢j| 8&‘/]',7“015 + |¢]| Z/le|¢l| dx.
j=1 =1
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3. EXTENTION TO ROTATING TWO-COMPONENT BEC

(ii). If d = 2, and 7, j; = vy,j := 7 for j = 1,2, we have:

2
B0 | 9025,(1) = o3 [mamj\? = 200650,V + 02 2 Mmﬂ ax,

2 2
Lo | 9325 (1) = [ z{zwaym?—zywa vmﬁr@r?zwmﬁ] dx.

(3.52)
Add (3.52) and we have the ODE for 4, (t):

d?6,.(t)
d2t

= —Ay26,(t) + 4E(¢1(x, 1), pa(x, 1)) + 492 (L) (t)
18 / Re(6702) dx

= —76.(0) + 4B(6}. 09 + 42 (L) (0) + ) | Re(gidn)dx

When A\ = 0, the above ODE collapses to

d?6,.(t )
d?t

—4025,(1) + AB(H, 69) + 4Q(L.) (0), £>0,  (3.53)
with the initial condition as:

5:(0) =: 6\ = 5,(0) + 6,(0),

. . . (3.54)
5.(0) =: 6™ = 5,(0) + 6,,(0).

We solve the ODE (3.46) with the initial data given in (3.54), we could find the

following unique solution:

0 .0 (1)
E(¢1,95) ;;Q (L) (0) [1— cos(2yt)] + 0 cos(2y,t) i ~si (29r1).

(3.55)

or(t) =

In addition, if the initial data has radially symmetric structure as shown in

(3.42), then Vj(x) = Vj pos(x). we have, for any ¢ > 0,

00 2m
9 () = /x2\¢]2dX:/ / r2 cos? 0| f(r, t)|*rdOdr
Rd o Jo
e’} e’} 2m
= 7T/ 7"2\f(7“,t)]27“d7°:/ / r?sin? 0| f (r, t)|*rdodr
0 o Jo
1
_ /y2\¢]2dx:5y(t):§5r(t).
R4
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Thus we could show the result above in (3.49).

(iii). In general, when A\ # 0, the second-order ODE has the following form:

d?6,.(t)
d?

— 4925, (1) + 4E(8, 69) + 4Q (L) (0) + Go().  (356)

We solve the second-order ODE and could get a unique solution as defined in

(3.50). O

IV). Center of mass.
In this section, we would like to study the analytical solutions for the center of
mass. Let (¢1(x), ¢2(x)) be a solution of the transformed CGPEs (3.18). For

any initial data given, we then define the center of mass as follows:

(x); (t) = /Rdx|¢j|2dx =: (25(t), y5 (1), 25 (1)) (3.57)

By this definition, we have:

Lemma 3.5.5. When A\ =0, we have the following equations:

&2 (@), (1)
ar— + B)(z); (t) =0,

(z); (0) = 2, (3.58)

with B(t) = AT(t)AA(t), where A = diag(vz,j,7jy) in 2-d and diag(Yz ;. Vjy, Vj.z)

in 3-d, i.e.
B(t) = 1 %%,j + 7]273, 0 N ’yij - ’yjz,y cos(2Qt)  sin(20Qt)
’ 0 ’7;%7]' + ’7]2',y 2 sin(2Q2t)  — cos(20t)
(3.59)
ifd=2, and
. 7%,]' + 7]2',31 0 0 2 , cos(2Qt)  sin(2Q) 0
= $7j — ]7y .
B(t) = BY 0 ’y%j + ’y]z,y 0 |+ 5 sin(20t) —cos(22t) 0

(3.60)
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3. EXTENTION TO ROTATING TWO-COMPONENT BEC

for d=3.

Proof. We can follow exactly the same proof as in rotational BEC in Lemma

2.3.4. O

The ODE system (3.58) governing the motion of center of mass for rotating
two-component BEC is the same as the one for single-component BEC, which
as been discussed in Lemma 2.3.4. And the ODE system was solved analytically
and classified in details based on parameters €2, vz j, vy, j» V2,5

Different cases and their respected results will be presented in section 3.7.

3.6 Numerical methods

Similar to the section 2.4 for single-component BEC, we present an accurate and
efficient numerical method which solves the transformed rotating CGPEs under
a rotating Lagrangian coordinate as shown in (3.18). Without loss of generality,
we take d = 2.

We begin by applying the second order time splitting method, and then proceed
with Fourier spectral method in z; and y; direction.

We take At > 0 as a time step. For n =0,1,2,..., N from time t = t,, = nAt
tot = tp41 = tn + At, we could solve the transformed CGPEs (3.18) in the

following three steps:

Step I:
8 J— _va i
0 =V (3.61)
9;j(x,0) = ¢)(x), x€R! d=2,3.
Step 1I:
i0p; = Vi(x, )05 + Y1y Biloul*;, (3.6
¢;(x,0) = ¢9(x), xe R’ d=23.
Step III:
105 = —Abk .
) % (3.63)

¢j(x,0) = ¢9(x), x€ R d=2,3.
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These three steps are solved for the same time of length At. For step I (3.61),
we will apply Fourier spectral methods which are the same as single-component
BEC, as discussed in subsection 2.4.2 and 2.4.3. Step II (3.62) and Step III
(3.62) can be solved analytically. For Step II, similar to single-component BEC,

we have

165 (x,)]* = 165 (x, tn)]*, t € [t tns1]. (3.64)

Then solve the ODE in (3.62) directly which gives us:

t 2
¢;(x,t) = ¢;(x, tn)exp [—i (/ Vi(x, s)ds + Zﬁjl\¢l(X,tn)!2> (t— tn)] -
tn =1
(3.65)
Take d = 2 and substitute (3.19) in (2.52) and integrate, we have the exact

analytical solution given by:

FOI" 71'7.7 = 7.773/ = rijr’

t
1
/Vj(x,s)dS:57]27r(x2+y2)(t—tn). (3.66)
tn
For Ve,j 7é Viyo
t
1
[ vitsids = 5032 1) (367
tn
1 2 2 2,2 _
+1 0 = Vi) | (7 —2) [t~

1
——(sin 202t — sin 2Q2¢,,
2Q)

—i—%(cos 20t — cos 2Qty,)

As discussed in the single-component BEC, we can also apply numerical quadra-
ture method to approximate Vj(x,1).

For Step III (3.63), we can rewrite it as

0 1 o1
10,0 = —AAd, A= b= . (3.68)

10 @2
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Since A is real and diagonalizable, we can solve (3.68) analytically and obtain:

cos(A(t —t,)) isin(A(t —t,))
isin(A(t —t,)) cos(A(t —tn))

P(x,t) = eMETg(x 1) = B(X,tn).

(3.69)

In practice, we often apply the second order Strang splitting method [70, 76].

3.7 Numerical results

3.7.1 Dynamics of energy and density

To verify the dynamics of the densities N;(t) =|| ¢;(x,t) ||?, for j = 1,2, we take
A=1,9=0.6, v, =y, = 1. The initial data in (3.18) is chosen as

x2+y2

ks ) ) =0, xeR (3.70)

We take the following two cases to compare the dynamics of total density and

density of each component:

i B11 = P12 = P22 = 500,

ii 511 = 500, 512 = 300 and 522 = 400.

Density plot for [311:[312:322 Density plot for Bu z [312 % Bzz

1 1
\ o 7\ 7N N
\ , . / N / \ \
\ / \ \ 1 N *\
! ! \ ! \\ ’ \ ~
0.8F ' \ \ ! 0.8 - ! 4
\ | I | \ RN \ /
\ \ \ \ / \ /
(I v \ ! \ h /
vy ! vl L / \ o\
\ b I VI N I !
0.6 l i 0.6 \ R /
\ ! v V! v/ \ v
\ v y ! v \ ! (
I I X / \ ’ A {
\ a [ A " s \ A
) \ /
0.4 \ | | ! 0.4 \ /

o2t ! \ !

@
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(b)

Figure 3.1: Dynamics of total density and density of each component for case i.
(left) and case ii. (right).
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Fig . 3.1 shows the time evolution of the total density as well as densities of
each component for case i. and case ii. We can conclude that: (i) the total
density is always conserved; (ii) When 17 = 12 = a2, the densities of both
components are periodic functions with period T' = 7/|A|; (iii) otherwise when
B11 # P2 # P22, the densities of both components are quasiperiodic' and oscil-

late at period T' = 7 with a perturbation.

3.7.2 Conservation of angular momentum expectation

According to Lemma 3.5.3, we take the initial data as shown in (3.42), with
Q = 0.6, 811 = 400, B12 = 388 and P9y = 376. We are interested in the following

cases, for j = 1,2,
L A#0, m1 =mg and v, ; = V.5,
ii. A #0, my =mg and v j # Yy,
iii. A =0, my =mso and vz; # Vy,j-

We take Following the Fig. 3.2-3.4, we can see that v, ; = 7, ; , i.e. both of the
external trapping energy being symmetric is a sufficient condition for the total
expectation of angular momentum to be conserved and is necessary for angular

momentum expectation conservation of each component.

3.7.3 Center of mass

In this subsection, we study the time evolution of center of mass as well as how

the density evolves.

qﬁg(x) =@ (x — X?), x € R% (3.71)

where P7 is the central vortex state with winding number 41 in the two compo-

nent BEC with parameters of Q = 1, 817 = 200, f12 = 194 and (99 = 188, and

X? is a given point in RY. We study the time evolution of the density and center

of mass for three different cases:

LA function f is said to be quasiperiodic with quasiperiod w if there exists a function g
such that f(x +w) = g(z)f(z). When g is identically equal to 1, we call f a periodic function.
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Angular momentum expectation when A # 0O, m,=m,
0.6 T T T T

0.58 - — %« AME_ H

0.56 -
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0.48 - -
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0.4 L

t

Figure 3.2: Dynamics of angular momentum expectation (L) (¢) (solid line),
<iz>1 (t) (-*) and <£Z>2 (t) (“-0’) when A # 0 and 7, j = ,,; for j =1,2.

5

Figure 3.3: Dynamics of angular momentum expectation (L) (¢) (solid line),

<f/z>1 (t) (“-*’) and <I~1Z>2 () (“-0’) when A # 0 and 7, j # vy,; for j =1,2.

Figure 3.4: Dynamics of angular momentum expectation (L) (¢) (solid line),
<iz>1 (t) (-*) and <£Z>2 (t) (“-0’) when A =0 and 7, j # v,,; for j =1,2.
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i. Traps and centers shifted are the same: i.e. x) = xJ = x* = (2,2)7, and

Voj = Vy; = 1, for j =1,2.

ii. Traps are the same but centers shifted are different: i.e. x{ = —x§ = x% =

(2,2)T, and Voj = Yy = 1, for j =1,2.

iii. Centers shifted are the same but traps are different: i.e. x{ = x§ = x" =

(2, 2)Ta and ;1 = Yy1 =1, Yz 2 = Yy2 = 2.

Fig. 3.5-3.7 depicts the density surface of |¢1|? and |¢o|? at different times for
case (i)-(iii). And Fig. 3.8 shows the dynamics of total center of mass as well
as center of mass for each component under the new coordinate system for case
(i). Fig. 3.9 transforms the movement of center of mass back to the original
coordinate system. We can conclude that in case (i), when x9 = x9, and 7, ; =
Vy,j» the density functions of the two components move like solitary waves in 2D

and their shapes do not change throughout time (c.f. Fig. 3.5). While in other

cases, their shapes change dramatically (c.f. Figs. 3.6 and3.7).

3.7.4 Condensate width

To verify the dynamical laws of condensate width presented in Theorem 3.5.4,

we take initial data as (3.71), with 7, ; = vy,; for j = 1,2,
i A=0and Vi(x) = Va(x),
i A#0and Vi(x) = Va(x),
iii A =0 and Vi(x) # Va(x).

We take 2 = 0.6, A = 0, £11 = 400, B12 = 388 and [22 = 376. Fig. 3.10-3.12 show
the time evolution of condensate width corresponding the above three cases: (i).
A=0and v, = vy; =1, for j = 1,2; (ii). A =1 and v, ; = v, = 1, for
j=1,2; (iii). A\=0and v,1 =vy2=1, Va2 =1 = 1.2.

We can see that in case (i) (c.f. Fig 3.10), 0,(t), 04(t), 0y(t) are periodic functions
with o,(t) = oy(t) = 30,(t), and period T = 7/v,1 = 7. In case (ii), with

Yej = Y = 1, for j = 1,2, we still have o,(t) = 0,(t) = 10,(t), but they
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oscillate with a perturbation and are quasi-periodic functions. In case (iii), we

can observe that o, (t) # o,(t) and as case (ii), they oscillate with a perturbation.

3.7.5 Dynamics of vortex lattices

We are interested in the time evolution of vortex lattices. We take the initial

data as:

M . 2 9
A6 =J[ 7 AP en(-" ), B0 =0 xe B @7
=1

where M is the total number of interacting vortices. We take M = 4 and 9 to
analyse separately. For M = 4, we take 1 = 0.6, 7, ; = vy; = 1, for j = 1,2,
x) =x9 = (0,0), A =1, B11 = P12 = P2 = 100 (c.f. Fig. 3.13). For M = 9,
we take Q = 01, v,; = v,; = b5, for 7 = 1,2, x{ = xJ = (0,0), A = 1,
B11 = P12 = P22 = 500 (c.f. Fig. 3.14).

According to dynamics of mass, for both cases, Ni(t) and Na(t) are periodic
functions with T'= 7. We notice that for both cases, initially the density is only
observed in component one, as given in initial condition (3.72), gradually, at
t = T/4, the densities are equally distributed into two components; at t = T'/2,
the densities are totally transformed to component two; at ¢ = 37'/4, the densities
redistribute to both two components; and at t = T" = 7, the densities are almost

transformed back to component one (c.f. Fig 3.13 and Fig. 3.14).

68



lt=0 t=0

t=5 t=5

014l

-10

Figure 3.5: Time evolution of density surfaces for component one (left) and
component two (right) at different times for case I. From top to bottom: ¢ =
0,5,10,15.
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t

0 t=0

t=2.5 =25

t=12.5 1=7.5

Figure 3.6: Time evolution of density surfaces for component one (left) and
component two (right) at different times for case II. From top to bottom: ¢ =
0,2.5,5,7.5.
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Figure 3.7: Time evolution of density surfaces for component one (left) and
component two (right) at different times for case III. From top to bottom: ¢ =

0,2.5,5,7.5.
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Figure 3.8: Dynamics of center of mass. Left: trajectory of total center of
mass. Right: the time evolution of center of mass of component one (top), time
evolution of center of mass of component two (bottom).
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Figure 3.9: Dynamics of center of mass. Left: trajectory of total center of
mass. Right: the time evolution of center of mass of component one (top), time
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Figure 3.10: Dynamics of condensate widths o, (t),0y(t) and o,(t) when A = 0
and Vi (x) = Va(x).
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Figure 3.11: Dynamics of condensate widths o, (t),0,(t) and o,(t) when A # 0
and Vi (x) = Va(x).
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Figure 3.12: Dynamics of condensate widths o, (t),0,(t) and o,(t) when A = 0
and Vi (x) # Va(x).

73


Chapter2/Chapter2Figs/EPS/conWidthLambda_0_GammaE.eps
Chapter2/Chapter2Figs/EPS/conWidthLambda_Ne0_GammaE.eps
Chapter2/Chapter2Figs/EPS/conWidthLambda_0_GammaNE.eps

3. EXTENTION TO ROTATING TWO-COMPONENT BEC

4
2
0
2
4

20
10
0 °

-10

-20

4
30 o

30

20

10

0
-10
-20
-30
30
20
10
0

-10

-20

4
2
0
2

-4

-30

.
-2 0 2 ____?
-30
-20 0 20
-20 1] 20
-20 0 20

-4

Figure 3.13: Dynamics of vortex lattices when N = 4 for component one (left)
and component two (right); From top to bottom, t = 0,0.7,7/2,2.3, 7.

74


Chapter2/Chapter2Figs/EPS/N4DensityWithColorbandVerticle.eps

-4 -4

Figure 3.14: Dynamics of vortex lattices when N = 9 for component one (left)
and component two (right); From top to bottom, t = 0,0.7,7/2,2.3, 7.
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Chapter 4

Conclusion and future studies

In this thesis, we have proposed a new method to study the dynamics of rotat-
ing single component Bose-Einstein condensates (BEC) both analytically and
numerically and extend our results to rotating two-component BEC. Under the
new Lagrangian coordinate system, on the analytical side, we have redefined the
analytical form of density, energy, angular momentum expectation, condensate
width as well as center of mass. We proved the conservation of density and en-
ergy, as well as the angular momentum expectation when the trapping potential
is radially symmetric in 2D, and cylindrically symmetric in 3D. We presented an
ODE system for the motion of center of mass, and solved it analytically. Along
the numerical front, we have applied a second order time splitting method and
Fourier pseudo spectral method in space to study numerically the dynamics of
condensate, including the energy, angular momentum, condensate width, the
motion of center of mass as well as the interaction of central vortices.

We then proceed to extend the numerical methods and results to the rotating
coupled-Gross-Pitaevskii equation. We follow the same approach by first pre-
senting the existing dynamical laws. Then applying the Lagrangian coordinate
transformation and redefine dynamical laws and analyse their properties. In the
end, we present the numerical results.

The dynamics of rotating BEC and rotating two-component BEC have been in-

vestigated in the thesis. A further extension can be the case for rotating spin-1
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4. CONCLUSION AND FUTURE STUDIES

and dipolar BEC. We can apply the orthogonal time dependent matrix transfor-
mation method to study the dynamics. We could also include the collision terms

in the kinetic equation for mean field to treat finite temperature effects [61, 74].
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