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Abstract

In this paper, we review the mathematical and numerical studies of ground
states and dynamics in rotating Bose-Einstein condensates (BEC). We start
from the three-dimensional (3D) Gross-Pitaevskii equation (GPE) with an
angular momentum rotation term, scale it to obtain a four-parameter model,
reduce it to a 2D GPE in the limiting regime of strong anisotropic confine-
ment and present its semiclassical scaling and geometrical optics. We discuss
existence/nonexistence problem for ground states depending on the angular
velocity. We examine the conservation of the angular momentum expectation
and the condensate width and analyze the dynamics of a stationary state with
a shift in its center. Finally, numerical methods for computing ground state
and dynamics of rotating BEC are reviewed and some numerical results are
reported.

Key Words: rotating Bose-Einstein condensate, Gross-Pitaevskii equation,
ground state, symmetric state, central vortex state, time splitting, angular
momentum rotation, continuous normalized gradient flow, energy, chemical
potential.

1 Introduction

Since its realization in dilute bosonic atomic gases [7, 23], Bose-Einstein con-
densation (BEC) of alkali atoms and hydrogen has been produced and studied
extensively in the laboratory [1], and has permitted an intriguing glimpse into
the macroscopic quantum world. In view of potential applications [38, 63, 64],
the study of quantized vortices, which are well-known signatures of super-
fluidity, is one of the key issues. In fact, bulk superfluids are distinguished
from normal fluids by their ability to support dissipationless flow. Such per-
sistent currents are intimately related to the existence of quantized vortices,
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which are localized phase singularities with integer topological charge [39].
The superfluid vortex is an example of a topological defect that is well known
in superconductors [52] and in liquid helium [33]. The occurrence of quan-
tized vortices in superfluids has been the focus of fundamental theoretical
and experimental work [33]. Different research groups have obtained quan-
tized vortices in BEC experimentally, e.g. the JILA group [35, 57], the ENS
group [56] and the MIT group [1, 32]. Currently, there are at least two typi-
cal ways to generate quantized vortices from BEC ground state: (i) impose a
laser beam rotating with an angular velocity on the magnetic trap holding the
atoms to create a harmonic anisotropic potential [51, 3, 76]; or (ii) add to the
stationary magnetic trap a narrow, moving Gaussian potential, representing
a far-blue-detuned laser [49, 50, 25, 26, 10, 12]. The recent experimental and
theoretical advances in exploration of quantized vortices in BEC have spurred
great excitement in the atomic physics community and renewed interest in
studying superfluidity.

The properties of a BEC in a rotational frame at temperatures T' much
smaller than the critical condensation temperature T, are usually well mod-
eled by a nonlinear Schrodinger equation (NLSE) for the macroscopic wave
function known as the Gross-Pitaevskii equation (GPE) [60, 61, 52], which
incorporates the trap potential, rotational frame, as well as the interactions
among the atoms. The effect of the interactions is described by a mean field
which leads to a nonlinear term in the GPE. The cases of repulsive and attrac-
tive interactions - which can both be realized in the experiment - correspond
to defocusing and focusing nonlinearities in the GPE, respectively.

There has been a series of recent analytical and numerical studies of ground
states in rotating BEC. For example, Aftalion and Du [3], Aftalion and Riv-
iere [5] studied numerically and asymptotically ground state, critical angu-
lar velocity and energy diagram in the Thomas-Fermi (TF) or semiclassical
regime, Aftalion and Danaila [6] and Modugno et al. [59] reported bent vor-
tices, e.g. S-shaped vortex and U-shaped vortex, numerically in cigar-shaped
condensation and compared with experimental results [66], Garcia-Ripoll and
Perez-Garcia [45, 44, 47], Bao and Zhang [21] studied stability of the cen-
tral vortex, Tsubota et. al [75] reported vortex lattice formation, Bao et al.
[9, 20] presented a continuous normalized gradient flow with backward Euler
finite difference discretization to compute ground state, provided asymptotics
of the energy and chemical potential of the ground state in the semiclassical
regime and showed that the ground state is a global minimizer of the energy
functional over the unit sphere and all excited states are saddle points in the
linear case. Moreover, Svidzinsky and Fetter [72] have studied dynamics of a
vortex line depending on its curvature. For an analysis of the GP-functional
in a rotational frame, we refer to [67]. For a numerical and theoretical review
of quantized vortices, we refer to [39] and the recent book [61].

In order to study effectively the dynamics of BEC, especially in the strong
repulsive interaction regime, an efficient and accurate numerical method is
one of the key issues. For non-rotating BEC, many numerical methods were



Ground states and dynamics of rotating BEC 3

proposed in the literatures. For example, Bao et al. [12, 17, 21] proposed a
fourth-order time-splitting sine or Fourier pseudo-spectral (TSSP) method,
and Bao and Shen [17] presented a fourth-order time-splitting Laguerre-
Hermite (TSLH) pseudo-spectral method for GPE when the external trap-
ping potential is radially or cylindrically symmetric in 2D or 3D. The key
ideas for the numerical methods in [12, 11, 21, 17, 14, 15] are based on:
(i) a time-splitting technique is applied to decouple the nonlinearity in the
GPE [12, 11, 14, 15]; (ii) proper spectral basis functions are chosen for a
linear Schrodinger equation with a potential such that the ODE system in
phase space is diagonalized and thus can be integrated exactly [12, 17]. These
methods are explicit, unconditionally stable, of spectral accuracy in space
and fourth-order accuracy in time. Thus they are very efficient and accu-
rate for computing the dynamics of non-rotating BEC in 3D [13] and for
multi-component [18], which are the very challenging problems in numerical
simulation of BEC. Some other numerical methods for non-rotating BEC in-
clude finite difference method [27, 58], particle-inspired scheme [28, 58] and
Runge-Kutta pseudo-spectral method [58]. Due to the appearance of the an-
gular momentum rotation term in the GPE, new numerical difficulties must
be overcome in designing efficient and accurate numerical methods for rotat-
ing BEC. Currently, the numerical methods used in the physics literature for
studying dynamics of rotating BEC remain limited [3, 51], and they usually
are low-order finite difference methods. Recently, some efficient and accurate
numerical methods were designed for computing dynamics of rotating BEC.
For example, Bao, Du and Zhang [10] proposed a numerical method for com-
puting dynamics of rotating BEC by applying a time-splitting technique for
decoupling the nonlinearity in the GPE and adopting the polar coordinates or
cylindrical coordinates so as to make the coefficient of the angular momentum
rotation term constant. The method is time reversible, time transverse invari-
ant, unconditionally stable, implicit in 1D but can be solved very efficiently,
and conserves the total density. It is of spectral accuracy in transverse direc-
tion, but usually of second or fourth-order accuracy in radial direction. Zhang
and Bao [77] used the leap-frog spectral method for studying vortex lattice
dynamics in rotating BEC in which the Cartesian coordinate is adopted. This
method is explicit, time reversible, of spectral accuracy in space and second
order accuracy in time. It is stable under a stability constraint for time step
[77]. Bao and Wang [19] presented a time-splitting spectral (TSSP) method
by applying a time-splitting technique for decoupling the nonlinearity and
properly using the alternating direction implicit (ADI) technique for the cou-
pling in the angular momentum rotation term in the GPE. Thus at every time
step, the GPE in rotational frame is decoupled into a nonlinear ordinary dif-
ferential equation (ODE) and two partial differential equations with constant
coefficients. This allows them to develop new TSSP methods for computing
the dynamics of BEC in a rotational frame. The new numerical method is
explicit, unconditionally stable, and of spectral accuracy in space and second
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order accuracy in time. Moreover, it is time reversible and time transverse
invariant, and conserves the position density in the discretized level.

The main aim of this paper is to review the above results and methods for
rotating BEC. The paper is organized as follows. In section 2, we take the 3D
GPE with an angular momentum term, scale it to get a four parameter model,
reduce it to a 2D problem in a limiting regime, present its semiclassical scaling
and geometrical optics. In section 3, we discuss existence/nonexistence of the
ground state in rotating BEC, provide approximate ground state in limiting
parameter regimes. In section 4, we review the continuous normalized gradi-
ent flow and its backward Euler finite difference discretization for computing
ground and vortex states of rotating BEC and report some numerical results.
Some analytical results for dynamics of rotating BEC are reviewed in section
5, and several efficient and accurate numerical methods for computing dy-
namics of rotating BEC are discussed in section 6. Finally, in section 7, some
conclusions are drawn.

2 GPE in a rotational frame

At temperatures T much smaller than the critical temperature T, [52], a
BEC in a rotational frame is well described by the macroscopic wave function
¥(x,t), whose evolution is governed by a self-consistent, mean field nonlinear
Schrodinger equation known as the Gross-Pitaevskii equation (GPE) with
an angular momentum rotational term [24, 36, 45], (w.l.o.g.) assuming the
rotation being around the z-axis:

L O0U(x,t)  OE(Y)
i ot oYt

_ <_2h_mv2 + V(%) + NUo|o(x,t)|* — QLz> b(x1), (1)

=H 1

where x = (z,y,2)T € R3 is the spatial coordinate vector, m is the atomic

mass, h is the Planck constant, N is the number of atoms in the condensate,

£2 is an angular velocity, V(x) is an external trapping potential. When a
m

harmonic trap potential is considered, V(x) = % (w2a? + w2y® + w22?) with

Wz, wy and w, being the trap frequencies in 2-, y- and z-direction respectively.
Uy = % describes the interaction between atoms in the condensate with
the s-wave scattering length a, (positive for repulsive interaction and negative
for attractive interaction) and

L. = xpy — yp. = —ih (20, — y0x) (2)

is the z-component of the angular momentum L = x x P with the momentum
operator P = —ihV = (ps,py,p-)". The energy functional per particle E(1))
is defined as
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NUy

SOl - 2Ly Ak (3)

h? 9 )
o IVI™ + V(x)[]" +
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Here we use f* denotes the conjugate of a function f. It is convenient to
normalize the wave function by requiring

/ l(x,t)[* dx = 1. (4)
R3

2.1 Dimensionless GPE in a rotational frame

Under the normalization condition (4), by introducing the dimensionless vari-
ables: t — t/wy, with wy, = min{w,,wy,w.}, x = xag with ag = \/h/mwy,,
P — ¢/ag/2, 2 — Quwy,, and E(-) — hwnEg o(-), we get the dimensionless
GPE

; o(x,t)  0Ega()
ot syt

_ <_%v2 F V() + B [p(x, 1) — QLZ> d(xt), (5

=H

where 3 = -SoN_ — dra.N p —i(x0y—y0s), V(x) = % (’yimQ + ’yij + ’yng)

a%ﬁwm ao

Wz

with vy, = :j_;v"/y = :_; and v, = 2
per particle Eg (%) is defined as

, and the dimensionless energy functional

Boo) = [ 5190007 + VElwP + 5 it - 2" Lo ix. (0

In a disk-shaped condensation with parameters w, ~ wy and w, > w, (<=
vz =1, vy = 1 and 7, > 1 with choosing w,, = w,), the 3D GPE (5) can be
reduced to a 2D GPE with x = (z,9)7 [12, 8, 18]:

; oY (x,t) 1

o = 5V U T Va(@, )Y + Baly*y — L., @

where By ~ 85 = fy/72/27 and Va(x,y) = 5 (v22® +yy?) [12, 18, 3]. Thus
here we consider the dimensionless GPE in a rotational frame in d-dimensions
(d=2,3):

§ 2D G2 Val + Bulf — QL x € RY, 120, (8)

’l/)(X, 0) = ¢O(X)7 X € Rd; (9)

where 3 = 8 and Va(z,y,2) = V(z,y, 2).
Two important invariants of (8) are the normalization of the wave function

N = [ WeeoPdx= [ o dc=1 =0 (10
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and the energy
1 2 2 6(1 4 *
Boo) = [ {51900 07 + vaalul + 2 it - 2" Lo ax. (1)

2.2 Stationary states
To find a stationary solution of (8), we write
h(x,t) = e M (x), (12)

where p is the chemical potential of the condensate and ¢ is independent of
time. Inserting (12) into (8) gives the following equation for ¢(x)

pp(x) = —%A¢(X) +Va(x) ¢(x) + Bald(x)*p(x) — 2L.4(x), x € R?, (13)

under the normalization condition
612 = [ 1660P dx = 1. (14)
Rd

This is a nonlinear eigenvalue problem with a constraint and any eigenvalue
w1 can be computed from its corresponding eigenfunction ¢ by

w= pg,0(9)
- /R B V()2 + Va(x) [$(x)* + Bald(x)]" — 26" (x) L. ()| dx

—Bpa@)+ [ BH1600l" ax. (15)

In fact, the eigenfunctions of (13) under the constraint (14) are the criti-
cal points of the energy functional Eg (¢) over the unit sphere S = {¢ €
C ¢l =1, Es,0(¢) < co}. Furthermore (13) is the Euler-Lagrange equation
of the energy functional (11) with ¢ = ¢ under the constraint (14).

2.3 Semiclassical scaling and geometrical optics

When g4 > 1, i.e. in a strongly repulsive interacting condensation or in semi-
classical regime, another scaling (under the normalization (10) with 1) = %)
for the GPE (8) is also very useful in practice by choosing x — ¢~ 1/?x and

) = F e with e = 5,7/

00 (x,) _ 0Een(d)

i 5 3(0°)" = H® ¢*

2
= SV VAUt + P - QL xeRY(16)
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where the energy functional E, (1) is defined as

£ 82 12 €12 1 |14 £\ * 5
Bealw) = [ |5IT0 4 VGOl 4 5ol - 20057 Ly ax
=0(1),

assuming that ¢ is e-oscillatory and ‘sufficiently’ integrable such that all
terms have O(1)-integral. Similarly, the nonlinear eigenvalue problem (13)
(under the normalization (14) with ¢ = ¢°) reads

2
PEG(x) = =S AT + Va(x)oF + |6°2¢7 —e02L.6%, xeRY (1)

where any eigenvalue u® can be computed from its corresponding eigenfunc-
tion ¢° by

2
= nen@) = [ |GV + Vo010 4107 - ey L. ax
R4
—oq).

Furthermore it is easy to get the leading asymptotics of the energy functional
Eg o() in (11) and the chemical potential pg o(¢) in (15) when 54 > 1 from
this scaling:

Epa(¥) = e Eoa(v®) = 0 (e7') = 0 (63, (18)
Ho.0(9) = e a6 = 0 () =0 (B “) . g1 (19)

These asymptotic results were confirmed by the numerical results in [16, 20].
When 0 < e <« 1, i.e. 85 > 1, we set

PE(x, 1) = v/ pF(x,t) exp (ESE(X, t)) , (20)

where p° = [1)°|? and S is the phase of the wave-function. Inserting (20) into
(16) and collecting real and imaginary parts, we get the transport equation
for p* and the Hamilton-Jacobi equation for the phase S¢:

d,p° + div (p°VS®) + QL. p° =0, (21)
€ 1 €2 € 7 qe _ e? 1 2 €
01S° + 5 |VSE|” 4+ Va(x) + p° + 2L.5° = 5 \/Fv V£, (22)

where the operator L, = (xdy — y0z). Eq. (21) is the transport equation
for the atom density and (22) the Hamilton-Jacobi equation for the phase.
Furthermore, by defining the current density [20, 15]

Jo=p°VS® =eIm ((¥°(x,1)" Vi©(x,t)) , (23)
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we can get the quantum-hydrodynamic Euler system with a third-order dis-
persion term:
Ogp® + divJ® + szps =0, (24)

Je ® J¢
2 ) 4 TP + V)

€

6tJ5 + le (
R 2
+0 (Lz + G) J = %v (FV2Inpe),  (25)

where P(p) = é is the hydrodynamic pressure and the symplectic matrix G
is defined as

01 010
G:<_10)7 for d=2, G=|(-100), for d=3. (26)
000

By formally passing to the limit ¢ — 0+ in (21)-(22), we obtain the system

8ip° + div (p°VS°) + 2L, p° =0, (27)

0150 + % IVSO|? + Va(x) + p° + 21.5° = 0. (28)

Similarly, letting ¢ — 0% in (24)—(25), we can formally obtain the following
Euler system:

9,p° + divI® + L.p° =0, (29)

0 0 =R
0,30 + div (J i’)‘] ) + VP(p") + p"VVy(x) + 2 (Lz + G) JO =0, (30)

which is the isotropic Euler system (velocity given by v° = Vs°) with
quadratic pressure-density constitutive relation in the rotational frame. The
formal asymptotics is supposed to hold up to caustic onset time!

3 Ground state

The ground state wave function ¢9(x) := ¢} ,(x) of a rotating BEC is found
by minimizing the energy functional Eg, () over the unit sphere S:
(I) Find (43 o, 5. € S) such that

B9 = E} 5= Epo(d} ) = glelgl Epa(¢), p:=ufo=pp0(d}q)
(31)
Any eigenfunction ¢(x) of (13) under the constraint (14) whose energy
Epa(¢) > Epn(¢} ;) is usually called as an excited state in the physical
literature [61].
Existence /nonexistence results of ground state, depending on the magni-

tude |£2| of the angular velocity relative to the trapping frequencies are known
and can be found [67].
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3.1 Existence of the ground state when 2| < vz := min{~s, vy}

To study the existence of the ground state in rotating BEC, we first present
some properties of the energy functional [20]

Lemma 1. i) In 2D, we have
Ep —o(¢(z, —y)) = Es.0(d(2,y)),
Ep —a(¢(—z,y)) = Es.a(
it) In 8D, we have
Eﬁ7fﬂ(¢(x7 -Y, Z)) = Eﬁ79(¢(xa Y, Z)),
Eﬁ,—ﬂ(d)(—ﬂf,y,?ﬁ)) = Eﬁ,ﬂ((b(l‘,y,Z)), QS € 5. (33)
i11) In 2D and 3D, we have

L.
-l

From this lemma, since vy > v, = 72y and 7, > 0, when 83 > 0 and
[2] < Yy, we know that the energy functional Eg (¢) is positive, coercive
and weakly lower semicontinuous on S. Thus the existence of a minimum
follows from the standard theory [73] and we have

=
=
<

b€ S. (32)

1—
2

2o + <Vd<x> -, y2>> 9 + 22 jo*

dx < Eg,0(¢)

114 +2|Q| Vo) + (Vd(x) 4 @(af + yZ)) ol + 22 lqﬂ dx.  (34)

Theorem 1. i) In 2D, if ¢3 o(x,y) € S is a ground state of the energy func-
tional Eg o(¢), then ¢pg o(x,—y) € S and ¢g,n(—x,y) € S are ground states
of the energy functional Eg _q(¢). Furthermore

Egﬂ = EgﬁQ, u%ﬂ = ,u%,fo. (35)
it) In 3D, if ¢g,0(x,y,%2) € S is a ground state of the energy functional
Eg (), then ¢ n(x,—y,z) € S and ¢pg o(—x,y,2) € S are ground states of
the energy functional Eg (@), and (35) is also valid.
iii). When Bq > 0 and |2| < vy, there exists a minimizer for the mini-
mization problem (31), i.e. there exist ground state.

For understanding the uniqueness question, note that E@Q(o@%ﬂ) =
Eg (¢} ) for all a € C with |a|] = 1. Thus an additional constraint has
to be introduced to show uniqueness. For non-rotating BEC, i.e. {2 = 0, the
unique positive minimizer is usually taken as the ground state. In fact, the
ground state is unique up to a constant a with || = 1, i.e. density of the
ground state is unique, when {2 = 0. For rotating BEC under |£2| < vy, sev-
eral numerical methods were proposed in the literature [3, 20] for computing
a minimizer of the minimization problem (31). From the numerical results
[3, 20], the density of the ground state may no longer unique when [£2] > ¢
with 2¢ a critical angular rotation speed.
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3.2 Nonexistence of ground states when 2| > v*Y := max{va, vy}

Denote 7, := "% and notice (222 + Yay?) < $92r? with r = /22 + 2, we
have

1 2 [eS) 1
o)< [ [ 100 + lowsl? 2o
o Jo r

+Balb|t + 2m¢*ag¢] rdrdd, d=2, (36)
1 o) 21 [e%s} 1
Bow<; [ [ ] [w + 51000 + 100 + (21 + 222 lof?
—o0 JO 0
+Bal0|* + 2m¢*ag¢] rdrdddz, d=3, (37)

where (r,0) and (r,0, z) are polar (in 2D), and resp., cylindrical coordinates
(in 3D). In 2D, let

(Jml+1)/2 ,
D (X) = b (7,0) = (1) €™, with (1) = L plmle=25— (38)

m|m!

where m is an integer. In fact, ¢,,(x) is the central vortex state with winding
number m of the GPE (8) with d = 2, G5 = 0 and {2 = 0. It is very easy to
check that ¢,, satisfies

[ Pl 227r/000 | (r)|? 7 dr =1, m € 7, (39)
d d 2
% [—%5 (r$> 424 T—Q} Om(r) = (Im| + D)yrodm(r), 0 <7 < oo. (40)

Thus ¢, € S and we compute

By (6 (%) < (jm] + Lye — 2m + fom / |Son ()
Boy (2lm])!

_ Dy — Qm + 2 41
(Im[ + 1)y m+ Ar (21 ([m]1))2 (41)
Thus when [£2| > ~,, we have
< ’
dl)IelgEﬁQ(¢) > {1imm—>oo Ep.0o(¢-m) N<0
: Baryr(2Im)!

— lim (3 — |2 p o ol (42
im (y, — [2])m] + +47T(2\m|(|m|!))2 oo (42)

This implies that there is no minimizer of the minimization problem (31) when
[£2] > ~*¥ in 2D.
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Similarly, in 3D, the argument proceeds with the central vortex line state
with winding number m of the GPE (8) withd =3, 84 =0and 2 =0

Sm (%) = b (1,0, 2) = P (r, 2) €™,

(Im[+1)/2,_1/4
Yr Yz
Om(r, 2) = ———Fr—

m3/4y/Im|!

2 2
Arrftyzz
rlmle=""=

, (43)

and we conclude that there is no minimizer of the minimization problem (31)
when |£2| > ~+*¥ in 3D.

Remark 1. When 7, < |£2| <~*¥ in an anisotropic trap, although no rigorous

mathematical justification, the numerical results in [20] show that there is no
ground state of the energy functional Eg o(¢).

3.3 Stationary states as minimizer/saddle points in the linear case

For the stationary states of (13), we have the following lemma, valid in the
linear case Gy = 0:

Lemma 2. Suppose 34 =0, || < vy and Vy(x) >0 for x € R?, we have
(i). The ground state ¢9 is a global minimizer of Ey q(¢) over S.
(#). Any excited state ¢° is a saddle point of Ey o(¢) over S.

Proof: Let ¢. be an eigenfunction of the eigenvalue problem (13) and (14).
The corresponding eigenvalue is 1. For any function ¢ such that Eg o (¢) < oo
and ||¢e + ¢|| = 1, notice (14), we have that

617 = 6+ 6.1 = el = [ (6700 +600) dx
Rd
= [ (@0 +00) ax. (44)

From (11) with ¢ = ¢, + ¢, notice (14) and (44), integration by parts, we get

EO7.Q ((be + ¢)

[ (Vb + VoI + Va()lde + 612 — 260 +6)*Lu(60 +6)
-/ ( Va2 + Vil >|¢e|2—fz¢:Lz¢e) dx
+f ( VP2 + Va(x >|¢|2—rz¢*Lz¢) dx

+/Rd (_§A¢e +Vd(x)¢e - QLZ¢€> ¢dX



12 W. Bao

1 *
«+A;(—§A¢@+ux@¢e—ﬁLﬂ%>¢fk

= Eo.o(¢e) + Eo,o(0) — pell ol
= Eo,0(¢e) + [Eo.a(¢/l1l]) — el 9]*. (45)

(i) Taking ¢. = ¢4 and pe = pg in (45) and noticing Eo o(¢/|/¢|) >
Eo,0(¢g) = pg for any ¢ # 0, we get immediately that ¢, is a global minimizer
of Ey o over S.

(ii). Taking ¢. = ¢; and pe = p; in (45), since Ey o(¢g) < Eo n(¢;) and
it is easy to find an eigenfunction ¢ of (13) such that Eg o(¢) > Eo n(¢;), we
get immediately that ¢; is a saddle point of the functional Ey o(¢) over S.

3.4 Approximate ground state
When (G4 = 0 and 2 = 0, the ground state solution is given explicitly [18]

g ]‘{’YI—’—ryyv d:27

MO7OZ§ 'Ym+7y+727d:37

( )1/4 'vsz+'vyy2
1 VY e T, d=2,
¢(9J,0(X) = d/4 Y J—3

s

(46)

(arpyys )Mo~ g ==
In fact, this solution can be viewed as an approximation of the ground state
for a weakly interacting slowly rotating condensate, i.e. |34] < 1 and |2| = 0.

For a condensate with strong repulsive interaction, i.e. 84 > 1, [£2| = 0,
vz = O(1), 7y = O(1) and -, = O(1), the ground state can be approximated
by the TF approximation in this regime [12, 18, 3, 21]:

SIF (x) = \/(/LEF — Va(x))/Bas Va(x) < #EF, (47)
7 0, otherwise,
e _ 1 [ (4Bayayy/m)/? d=2,

& ‘5{awwﬁm4%V“ d-3. (48)

Clearly ¢3" is not differentiable at Vy(x) = pj", thus Ej o(¢5") = oo and
pp.0(d5") = oo [12, 21]. This shows that one can’t use (11) to define the
energy of the TF approximation (47). How to define the energy of the TF ap-
proximation is not clear in the literature. Using (15), (48) and (47), following
[21] for non-rotating BEC, here we use the way to define the energy of the TF
approximation (47) [21]:

d+2 1p

= — =23 4

ETE _ [TE _ Ba, tr 4
3,2 = Ha,0 Rd2|¢g (x)[* dx

The numerical results in [20] show that the TF approximation (47) is very
accurate for the density of the ground state, except at the vortex core, when
Bq > 1 and [2]| < 7gy, and (48) and (49) converge to the chemical potential
and energy respectively only when [2| =~ 0, but diverge when [{2| is near ;.
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3.5 Critical angular velocity in symmetric trap

In 2D with radial symmetry and in 3D with cylindrical symmetry, for any
Bq > 0, when 2 = 0, the ground state satisfies ¢%70(x) = ¢%70(T) in 2D and
¢ho(x) = ¢%.0(r, 2) in 3D with ¢% ;(r) and ¢%70(T‘72) the symmetric state
of the problem (13)-(14) in 2D and 3D respectively, i.e. the ground state
is radially symmetric. When {2 increases to a critical angular velocity, {23,
defined as

00 = 05 = max {2 | Bp,a(¢},0) = Bsa(6h ) = Eso(d0) }

the energy of the ground state will be less than that of the symmetric state,
i.e. symmetry breaking occurs in the ground state [67, 68]. Qg is also called
as critical angular velocity for symmetry breaking in the ground state.

From the discussions and numerical results in the literatures [20, 3], we
have

26 = ==Yz = Yy OSQE<QE§’W’ for 54 > 0.

4 Numerical methods and results for ground states

In this section, we review the continuous normalized gradient flow and its
backward Euler finite difference discretioznation for computing ground state
of rotating BEC.

4.1 Gradient flow with discrete normalization(GFDN)

Various algorithms, e.g. imaginary time method [30, 3, 5], Sobolev gradient
method [46, 45], finite element approximation [18], iterative method [29] etc.,
for finding the minimizer of the minimization problem (31) have been stud-
ied in the literatures. Perhaps one of the more popular technique for dealing
with the normalization constraint (14) is through the splitting (or projection)
scheme: (i). Apply the steepest decent method to an unconstrained minimiza-
tion problem; (ii) project the solution back to the unit sphere S. This suggests
us to consider gradient flow with discrete normalization (GFDN):

bt — —‘mg’%;i(“” = L A6 Va(x)o— B 100+ 2 Leb, tn <1< busa, (50)

ok, tnit) 2 o0, £, ) = 2 tne) a5 (51)
160 tmsa)l

(x,0) = ¢o(x), x € R4 with  [|¢ol| = 1; (52)

where 0 =ty < t; < ta < -+ < t, < --- with At,, = t,41 — t, > 0 and
k = max,>o At,, and ¢(x,tE) = lim, =+ ¢(x,t). In fact, the gradient flow
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(50) can be viewed as applying the steepest descent method to the energy
functional Eg (¢) without constraint and (51) then projects the solution
back to the unit sphere in order to satisfy the constraint (14). From the
numerical point of view, the gradient flow (50) can be solved via traditional
techniques and the normalization of the gradient flow is simply achieved by a
projection at the end of each time step.

Let .
03(%):%, tn <t <tpp1, n>0. (53)

For the gradient flow (50), it is easy to establish the following basic facts [20]:

Lemma 3. Suppose Vy(x) > 0 for all x € R, 85> 0 and ||¢o|| = 1, then
(1) 1o O < [loC ta)| =1 for tn <t <tpy1, n 2 0.
(ii). For any B4 >0, and all t', t with t, <t' <t <tp41:

Eﬁ,Q(¢('ﬂt)) < Eﬁ79(¢('7tl))7 n = 0. (54)
(ii). For B4 =0,

Eo,rz(ﬁf;('a t)) < Eo,0(o(tn)), tn <t <tn41, n > 0. (55)

From Lemma 3, we get immediately [20]

Theorem 2. Suppose Vy(x) > 0 for all x € R? and ||¢o|| = 1. For Bq = 0,
GFDN (50)-(52) is energy diminishing for any time step k and initial data

gbo, i.€.

Eo,0(¢( tnt1)) < Eo,0(9(tn)) < - < Eo0(é(+,0)) = Eo,e(¢o), n > 0.
(56)

4.2 Continuous normalized gradient flow (CNGF)

In fact, the normalized step (51) is equivalent to solve the following ODE
exactly

or(x,t) = pg(t, k)o(x,t), xeRY t,<t<tp1, n>0, (57)
¢(X7t;’t) = ¢(X, t;Jrl)ﬂ X € Rd; (58)

where

1
2 Aty,

,u¢(ta k) = :u¢(tﬂ+1a Atn) = In H(b(a t;Jrl)”Qa tp <t <tpq1. (59)

Thus the GFDN (50)-(52) can be viewed as a first-order splitting method for
the gradient flow with discontinuous coefficients:
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1
o(x,0) =go(x), xeR? with [ =1. (61)
Letting £ — 0 and noticing that ¢(x,t,+1) on the right hand side of (58) is
the solution of (50) at t,+1 =t + At,, we obtain

I 1
1m I e—
At,—0+ —2 At,

Inlg(-, (t+ At) )

polt) = Jup, ol k) = I l6( t)|1
T
Atn—0+ —2 At,,
o G TP] y,

atior 260+ AP

B0t At psa(6(.1)
atmor o0t +AEIP [0 DI

(62)
This suggests us to consider the following CNGF:

b= 306~ Valx) — Ba 96+ L.+ no(t)p, x € RY, >0, (63)
B(x,0) = ¢p(x), xc R4 with  ||¢ol| = 1. (64)

In fact, the right hand side of (63) is the same as (13) if we view py(t) as a
Lagrange multiplier for the constraint (14). Furthermore for the above CNGF,
as observed in [9] for non-rotating BEC, the solution of (63) also satisfies the
following theorem [20]:

Theorem 3. Suppose Vy(x) > 0 for all x € RY, B4 > 0 and ||¢o|| = 1. Then
the CNGF (63)-(64) is normalization conserving and energy diminishing, i.e.

160 8)]12 = / 6062 dx = ol =1, t>0, (65)
Rd
3 Boa(0) = —2J6,(. 0P <0, 120 (66)

which in turn implies

Eg (o t1)) 2 Eg.o(o(-,t2)), 0<t; <ty <oo.

4.3 Fully numerical discretization

We now present a numerical method to discretize the GFDN (50)-(52) (or
a full discretization of CNGF (63)-(64)). For simplicity of notation we in-
troduce the method for the case of 2D over a rectangle 2x = [a,b] X [¢,d]
with homogeneous Dirichlet boundary conditions. Generalizations to 3D are
straightforward for tensor product grids and the results remain valid without
modifications.
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We choose the spatial mesh sizes h, = Az > 0, hy = Ay > 0 with
hy = (b —a)/M, hy = (d—c¢)/N and M, N even positive integers, the time
step is given by k = At > 0 and define grid points and time steps by

zji=a+J hg, j=0,1,---, M, Yy =c+1 hy, l=0,1,---,N,
tn :=nk, n=20,1,2,---

Let ¢}‘,l be the numerical approximation of ¢(z;,y:,t,) and ¢™ the solution
vector at time ¢ = ¢, = nk with components ¢7,;.

We use backward Euler for time discretization and second-order centered
finite difference for spatial derivatives. The detail scheme is:

¢Zj,l - o7, 1 ~ ~ ~ 1 r-~ - -
Tj = o2 [¢j+1,l —2¢5 + ij—l,l} + o2 {¢j,l+1 —2¢;1 + (bj,l—l}
o n o G-
—Va(@j,y)bs0 — Bo |61]” dsu + ZQZ/Z%%“

—in‘j 4¢j7l+12; (bj’l_l ’
Y

éo,l:éMJ:q’gjﬁ:éj,N:O? j:07"'7M7 lea"'aNa

jzla"'vM_lv lzlv"'aN_la

QSZ?_l:ﬁ%ﬁ, j:O,l,...,M,l:O,...,N, n=0,1,---, (67)
¢?7l:¢0(xj7yl)a j=0,1,---M; [1=0,---,N,

where the norm is defined as ||@|? = h.hy Zj\i;l N il

4.4 Numerical results

Many numerical results were reported in [20] for ground and central vortex
states of rotating BEC in 2D and 3D. Here we only present some ground
state solutions in 2D of rotating BEC for completeness. We take d = 2 and
vz =Yy = 1 in (8). Figures 1 and 2 plot surface and contour of the ground
state @9 (z,y) := qﬁ%ﬂ(m, y) with 82 = 100 for different {2, respectively.

5 Dynamics of a rotating BEC

In this section, we provide some analytical results on the conservation of the
angular momentum expectation in a symmetric trap, i.e. 7, = 7, in (8),
derive a second-order ODE for time-evolution of the condensate width, and
then present some dynamic laws of a stationary state with a shifted center in
a rotating BEC.
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Q=00 Q=025

Q=050 Q=070

Q=080 Q=095

Fig. 1. Surface plots of ground state density function |9 (z,y)[* in 2D with ~, =
vy = 1 and B2 = 100 for different 2.

5.1 Dynamics of angular momentum expectation and condensate
width

As a measure of the vortex flux, we define the angular momentum expectation:
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Q=00 0=0.25

Q=050 Q=070

Q=080

Fig. 2. Contour plots of ground state density function |¢?(x,y)|? in 2D with v, =
vy = 1 and B2 = 100 for different 2.

L0 = [ oLt dx =i [ (x0) (00, - a0, 0(x.dx
(68)
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for any ¢ > 0. For the dynamics of angular momentum expectation in rotating
BEC, we have the following lemma [10]:

Lemma 4. Suppose p(x,t) is the solution of the problem (8)-(9), then we
have

d{L:)(t)

e (v2 - 75) day(t), where Ogy(t) = /IR{d zylp(x,t)2dx, t > 0.

(69)
Consequently, the angular momentum expectation and energy for non-rotating
part are conserved, that is, for any given initial data 1o(x) in (9),

(L2)(t) = (L2)(0),  Epo(¥) = Epo(vo), =0 (70)

at least for radially symmetric trap in 2D or cylindrically symmetric trap in
3D, i.e. Yo = Yy.

Another quantity characterizing the dynamics of rotating BEC is the con-
densate width defined as

0a(t) = \/6a(t), where 6,(t) = (@®)(t) = /IR{d 2lp(x,t)Pdx,  (71)

for t > 0 and « being either z,y or z. For the dynamics of condensate widths,
we have the following lemmas [10]:

Lemma 5. Suppose (x,t) is the solution of problem (8)-(9), then we have

d?0,(t) /
a2 Rd

+2[0at* + Balt[* — 20|y [20a(Va(x)) |dx, t=0,  (72)

(Byar — Opar) (4020 (20 + Y ) + 2022 (2* — y?)|y]?)

(0 =80 = [ cln(Pdx, o=z (73)

da(0) = 35 =2 /R o [=Qof* (20, — yda) o+ I (Y50at)] dx,  (74)

where Im(f) denotes the imaginary part of f.

From Lemma 5, we have [10]

Lemma 6. (i) In 2D with a radial symmetric trap, i.e. d =2 and v, = vy 1=
Y in (8), for any initial data vo = o(z,y), we have for any t > 0,

(1)
oo (1) = E200) L EEION o (3y,)] 160 cos(2r,t) +

V2 Yr

sin(2v,t),
(75)
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where 6,(t) = 6,(t) + 6,(t), 6 := 6,(0) + 6,(0), and 6 := 5,(0) + 6,(0).
Furthermore, when the initial condition v¥o(x,y) in (9) satisfies

Yo(z,y) = f(r)e™® with meZ and f(0)=0 when m#0, (76)

we have, for anyt >0,

Ba(t) = 3,(1) = 50.(1)

B 2 )
_ W [1— cos(2y,t)] + 0 cos(2v,t) + 27 sin(29st). (77)

This and (71) imply that

Ep.0(tho) +ms2 0 s
Op =0y = \/2—%% [1 — cos(2vst)] + 5 )cos(2%t) + o sin(29,t).
(78)

Thus in this case, the condensate widths o, (t) and o,(t) are periodic functions
with frequency doubling the trapping frequency.
(i) For all other cases, we have, for anyt >0

1
Salt) = Eﬁ‘;i?i%) + (555» - Eﬁ”iz(%)) cos(27at) + ‘2% sin(274t) + fa(t), (79)

[e3%

where fo(t) is the solution of the following second-order ODE:

A2 fo(t) _ dfa(0)
dt? o dt

+ 472 foz(t) = Fa(t)v foz(o) =0, (80)
with
Falt) = [ |00 = 290 - Balpl* + (20202 = 4Valo) 10 + 40207 L.

+(0ya — O x) (42'!21/)* (x0y + ydz) ¥ + 200%(2? — y2)|¢|2) dx.

5.2 Dynamics of a stationary state with its center shifted

Let ¢(x) be a stationary state of the GPE (8) with a chemical potential g,
[20], i.e. (pe, Pe) satisfying

Hebe(x) = — 3 Db + Valx)oe + Buléel6. — OLeve, o2 =1. (1)

If the initial data vo(x) in (9) is chosen as a stationary state with a shift
in its center, one can construct an exact solution of the GPE (8) with a
harmonic oscillator potential. This kind of analytical construction can be used,
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in particular, in the benchmark and validation of numerical algorithms for
GPE. In [40], a similar kind of solution was constructed for GPE and a second
order ODE system was derived for the dynamics of the center, but the results
there were valid only for non-rotating BEC, i.e. {2 = 0. Modifications must
be made for the rotating BEC, i.e. 2 # 0. Later, in [22], similar results were
extended to the case of a general Hamiltonian but without specifying the
initial data for the ODE system. Here we present the dynamic laws for the
rotating BEC [10]:

Lemma 7. If the initial data vo(x) in (9) is chosen as
Yo(X) = ¢e(x — X0), x € RY, (82)
where Xq is a given point in R?, then the exact solution of (8)-(9) satisfies:
Y(x, 1) = de(x — (1)) e7Het W), xe R4, t>0, (83)
where for any time t > 0, w(x,t) is linear for x, i.e.
w(x,t) =c(t) - x+g(t), ct)=(cr(t), -, calt)T, xcRL t>0, (84)
and x(t) satisfies the following second-order ODE system:

B(t) —2029t) + (72 - 2%) (t
i(t) +202a(t) + (vg — 2°) y(t >
z(0) = zo, y(0) = yo, (0) = 2yo, 9(0) ==z . (87)

Moreover, if in 3D, another ODE needs to be added:

3(t) +v22(t) = 0, 2(0) = zo, 2(0) = 0. (88)

5.3 Analytical solutions for the center of mass

Without loss of generality, in this subsection, we assume v, =1 and v, < v,
in (85)-(88). From (81) and (83), changing of variables, we get

(0= [ xlvx 0P d= [ xlocx - x(0) dx
_ /Rd(x—kx(t))|¢e(x)|2 dx = x(t), t>0. (89)

This immediately implies that the dynamics of the center of mass is the same
as that of x(t), i.e. satisfying the ODE system (85)-(88). It is easy to see that
the solution of (88) is

z(t) = 2o cos(7:t), t>0, (90)
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thus, z(t) is a periodic function with period T, = 27 /~,. Furthermore, when
2 # 0, dividing both sides of (85) by 212, we get

. 1.
() = 55 (#O) + (2 = 2%)2(), =0 (91)
Differentiating (86) with respect to ¢, we obtain
y () +20i) + (12— %) y(t) =0,  t>0. (92)

Plugging (91) into (92), we get the following fourth-order ODE for x(¢)
s @ () + (242 +202%) &) + (72— 22) (vi — 2%) a(t) =0, t > 0. (93)
The characteristic equation of (93) is
Mt (E+v+2) N+ (12— 2% (g — %) =0. (94)

In the following, we will discuss the solutions of the ODE system (85)-(87)
in different parameter regimes of trapping frequencies and angular rotation
speed (2.

For a non-rotating BEC, i.e. 2 = 0 in GPE (8), the second-order ODE
system (85)-(87) collapses to

B(t) +yze(t) =0, @) +y() =0, =0, (95)
2(0) = zo, y(0) =wo, #(0) =y(0)=0. (96)

It is straightforward to see that the solution of (95)-(96) is
z(t) = zo cos(Yzt), y(t) = yo cos(yyt), t>0, (97)

which implies that both z(¢) and y(t) are periodic functions with periods
T, =21 /v, and T}y = 27 /~,, respectively.

For a rotating BEC with a symmetric trap, i.e. 2 # 0 in (8) and v, = vy,
we have the following solution for the second order ODE system (85)-(87)
[77):

Lemma 8. When 2 # 0 and v, = v, in (85)-(87), the solutions of x(t) and
y(t) for the motion of the center are

|~Q|y0

z(t) = % [cos(at) + cos(bt)] + 50 [sin(at) — sin(bt)], (98)
y(t) = % [cos(at) + cos(bt)] + |Zgo [—sin(at) +sin(bt)], t >0, (99)
where
a=7%+|02,  b=7—|02

Furthermore, we can get the distance between the center of mass and the trap
center is a periodic function with period T = 7/, i.e.

x(t)] = V/22@) + 2 () = \J13 + 92 [cos(vat)l,  £=0.  (100)
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For a rotating BEC with an anisotropic trap, i.e. £2 # 0 in (8) and v, < 7y,
we will present the analytical solutions in four different cases: (a). 2| = 7vau;
(b). [£2] = 7y; (¢). 0 < 2] < g or |£2] > vy; and (d). 72 < 2 < 7y.

For |2| = 7., we have [77]

Lemma 9. When 2| = v, < vy in (85)-(87), the solutions of x(t) and y(t)
for the motion of the center are

2 20y +2%)
o) = 2 (02 + 2°) + 20 cos(at)] + 2 |32 - @+ 2B
(101)
y(t) = y_;) [2.(22 + (’yi + %) cos(at)] _ $zo sin(at), t>0; (102)
a a

where a = 4 /’yﬁ + 3022, This implies that the center moves on an ellipse when

yo = 0, and moves to infinity when yg # 0.

Similarly for v, < [2| =, we have [77]

Lemma 10. When vy, < vy, = |£2] in (85)-(87), the solutions of x(t) and y(t)
for the motion of the center are

v(t) = 28 [20° + (42 + @) cos(at)] + Qj‘) sin(at), >0, (103)
n 2092 + 2?)
y(t) = % [(75 + Q%) +202° cos(at)] + % {(Wj — - % sin(at) | ,

(104)

where a = /72 4+ 3022. Again this implies that the center moves on an ellipse
when xo = 0, and moves to infinity when xg # 0.

If 02 # 0,7, oryy, let 6 = (Y2+7,4202%)/2, 02 = \/5% — (72— 2%) (72 - 2%),

a = /|01 — 62| and b = /61 + d2. When 0 < |£2| < v, or [£2] > v, we have
0 < 02 < 61. Thus we get the four roots for the characteristic equation (94)

)\1’2 =42 (51 — 52 =+a i, )\374 = :ti\/ 51 + (52 = +bi. (105)

Following the procedure in the proof of Lemma 2.1, after a detailed compu-
tation, we get the solution of the ODE system (85)-(87) in this case

Lemma 11. When v, < 7y, and 0 < |£2| < 5 or |2| > ~,, we have the
solution x(t) and y(t) of the ODE system (85)-(87)

x(t) = ¢1 cos(at) + co sin(at) + c3 cos(bt) + ¢4 sin(bt), (106)
y(t) = c5 cos(at) + ce sin(at) + 7 cos(bt) + cgsin(bt), t >0, (107)

where
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c1 = (72+92—b2)x0 C2Za()(’y§—()2+b2)y0

a> = (72 = 22) (a® = b?)
__(’7£+(22—CL2)$0 __b(Z(’yg—(ﬁ—i-a?)yo
YT EE TR )

(2= 22 —a®) (i — 22+ %) o

CTTTT 2 )@y
o (72—(22—@2) ("/i—i—QQ—bQ)xo
6 2a82 (a2 — b?) ’
o (V2= 22+ a?) (42— 22 = b?) yo
T 2 (12 — 22) (a2 — b2) ’
. (V2= 922 —b%) (02 + 22 — a?) xo
8 — — .

2b12 (a? — b?)
This implies that the graph of the trajectory is a bounded set.

Similarly, when v, < [2| < 7, we have §; > d1. Thus we get the four
roots for the characteristic equation (94)

)\172 =+ (52 — (51 = :I:a, )\3’4 = :ti\/ 51 + 52 = +b1. (108)

Following the procedure in the proof of Lemma 2.1, after a detailed compu-
tation, we get the solution of the ODE system (85)-(87) in this case

Lemma 12. When v, < |2| < ,, we have the solution x(t) and y(t) of the
ODE system (85)-(87)

z(t) = d1e™ + dae™ ™ + d3 cos(bt) + dy sin(bt), (109)
y(t) = dse™ + dge™ ™ + dy cos(bt) + dgsin(bt), t >0, (110)

where

1 1
dy = 5(01 —¢2), dy = —5(01 +c2), d3 = c3,

dg = cq, d7 = c7, dg = cs,
2 2 2 2 2 2
(2 — 22 + a?) (2 — 2% +d*)
d = - - — d = -
5 Tal? (c1 —c2), 6 1002 (c1 + c2),
with c1,...,cg constants defined in Lemma 2.4. From the above solution, we
2_ 2 2 2 32
can see that if ¢y = ca, i.e. Yo = (o a%()v(z’yf;ﬁrbzl; Jeo ; the graph of the trajec-

tory is a bounded set; otherwise, the center will move to the infinity exponen-
tially fast and satisfies

2 _ ()2 2
im @ 5 _ u. (111)
t—oo x(t) ¢ 2a{?
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5.4 Dynamics of the total density in the presence of dissipation

Consider a more general GPE of the form:

(i = N0, 1) = 5 A0 + VO, )6+ Bal — QLoy, x € RY, (112)
¥(x,0) =o(x), xe€RY (113)

where A > 0 is a real parameter that models a dissipation mechanism [4, 10]
and V(x,t) = Vy(x)+W(x,t) with W (x, t) an external driven field [25, 26, 50].
Typical external driven fields used in physics literatures include a Delta kicked
potential [50]

W(x,t) = K, cos(ksx) Z o(t —nt), (114)
with K being the kick strength, ks the wavenumber, 7 the time interval be-

tween kicks, and §(7) the Dirac delta function; or a far-blue detuned Gaussian
laser beam stirrer [10, 25, 26]

2
W (x,t) = Wi(t) exp {— (%ﬂ , (115)
with W, (t) being the height, w, the width and x,(¢) the position of the stirrer.
In addition, we note that to study the onset of energy dissipation in a BEC
stirred by a laser field, another possibility is to view the beam as an translating
obstacle [4] instead of introducing the Gaussian potential.
While the total density remains constant with A = 0, in the more general
case, we have the following lemma for the dynamics of the total density [10]:

Lemma 13. Let ¢ (x,t) be the solution of (112)- (113), then the total density
satisfies

_4ad
Todt

2\

L o0 dx = —gmn(e). =0 (110)

N @) —

where
1 *
o) = [ |5IT0R 4 VO + ol - 2Re(urL.0)| dx.
Consequently, the total density decreases when A > 0 and |2] < 7gy =

min{v;, vy}

6 Numerical methods for computing dynamics in
rotating BEC

In this section, we review the efficient and accurate numerical methods pro-
posed recently to solve the following GPE for dynamics of rotating BEC.
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Due to the trapping potential Vz(x), the solution 9 (x,t) of (112)-(113) de-
cays to zero exponentially fast when |x| — co. Thus in practical computation,
we truncate the problem (112)-(113) into a bounded computational domain
with the homogeneous Dirichlet boundary condition:

(i = NO(e, 1) = —5 A6+ Ve, 000+ Bal 46 — QLy, x € Dy, (117)
W(x,t) =0, xel =00 t>0, (118)
P(x,0) = o(x), x € ; (119)

where (2 is a bounded computational domain to be specified later. The use of
more sophisticated radiation boundary conditions is an interesting topic that
remains to be examined in the future.

6.1 Time-splitting

We choose a time step size At > 0. For n =0,1,2,-- -, from time ¢t = t,, = nAt
to t = tp41 = t, + At, the GPE (117) is solved in two splitting steps. One
solves first

1
(0 =) dh(x,t) = —5 AY — 2Ly (120)
for the time step of length At, followed by solving
(i = A) B (x,t) = V(x,8)9 + Baly ¢, (121)

for the same time step. Equation (120) will be discretized in detail in the next
two subsections. For ¢ € [t,, tn+1], after dividing (121) by (i — A), multiplying
it by ¢* and adding with its complex conjugate, we obtain the following ODE
for p(x,t) = |¢(X7t)|2:

2\

dp(x,t) = S

[V(x, 0)p(x,t) + Bap” (x,1)] , X € 2, ty <t <ty
(122)
The ODE for the phase angle ¢(x,t) (determined as ¢ = ,/pe’?) is given by

¢ = [V(x,t) + Bap(x,t)], x € Ok, tn <t <tpy1. (123)

EDY
For A # 0, by (122), the above is equivalent to

1
v =30 np,  XE Ly by St<tny. (124)

Denote V,(x,t) = fttn V(x,T)dr, we can solve (122) to get,

—2AV, (x,t

oy ot iR

) t =22V, (x,7 :
1+ p(x, tn)% ftn exp[QlT(Q')] dr

(125)
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Consequently, in the special case V(x,t) = V(x), we have some exact analyt-
ical solutions given by

p(x, tn), A=,
(1+ 2)p(x,t,) e
px,t) = & (LX) +22Balt = ta)p(x,tn)’ V(x) =0, -
x)p(x e[ 222V () (t—tn)
V)p(x, tn) expl— 5] V(x) #0

V() + (1= expl Z2Y0E=E0) Bup(x, t,)

Plugging (125) into (123), we get for t € [ty, tni1],

058) = vt VT 0 [~z (Vo) + 6 [ toerlar )]

n

(127)
where
exp[i_z)xr}\(zx’t)]
Un(x,1) = T (128)
L+ [1p(x, )2 2254 [! exp[=242GT)] dr
Again, with V(x,t) = V(x), we can integrate exactly to get
exp [—i(Bal(x, t,)]> + V(x))(t —t)] , A =0,
P(x,t) = (x,t,) _ ' A (129)
\/ Un(x,t) explgx InUn(x,t)], A # 0;
where
1+ A2
1+ A2+ 203a(t — t) [ (x, )2 Vix) =0,
ﬁ"(xv t)= 2A(t—t,)V
V(x) ex _—702(")
() expl - 20 v ) e 20

V() + (1 — exp[~ 2Ll 00) 6y (x, 1)

Remark 2. If the function V,,(x,t) as well as other integrals in (125), (127),
and (128) can not be evaluated analytically, numerical quadrature can be
used, e.g.

tnit
V(X tyy1) = / V(x,7)dr
t

A

5 V(x,tn) +4V(x,tn + At/2) + V (X, tp41)] -
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6.2 Discretization by using polar/cylindrical coordinate

To solve (120), we choose 2 = {(z,y), r = V2?2 +y? < R} in 2D, and
respectively 2x = {(z,y,2), 7 = V22 +y?2 < R, a < z < b} in 3D, with
R, |a| and b sufficiently large, and try to formulate the equation in a variable
separable form. When d = 2, we use the polar coordinate (r,#), and discretize
in the #-direction by a Fourier pseudo-spectral method, in the r-direction by a
finite element method (FEM) and in time by a Crank-Nicolson (C-N) scheme.

Assume
L/2—1

W(r,0,t) = > alrt) ", (130)

I=—L/2

where L is an even positive integer and 121(1", t) is the Fourier coefficient for
the I-th mode. Plugging (130) into (120), noticing the orthogonality of the
Fourier functions, we obtain for —% << % —land 0<7r < R:

~ o [ odu(r 12 ~
(i — ) Oyiy(r,t) = _%E G%) + <ﬁ - m) Pi(r,t), (131)
G(R,t) =0 (foralll),  ¢;(0,t)=0 (forl#0). (132)

Let P* denote all polynomials with degree at most k, M > 0 be a chosen
integer, 0 =19 <11 < 7re <--- < rpy = R be a partition for the interval [0, R]
with a mesh size h = maxo<m<nm {rm+1 — 7m . Define a FEM subspace by

th{uheO[O,RH u eP* 0<m< M, uh(R):O}

h
‘ [Tnzyrm+1]

for I =0, and for [ # 0,

v ={u" € Cl0,R] | € P, 0<m < M, u(0) = u"(R) =0} ,

"]
[Tnz7rnz+1]

then we obtain the FEM approximation for (131)-(132): Find @[Ath = 1&{1(, t) €
U" such that for all " € UM and t,, <t < t,41,

(i =) %A(zﬁf(-,t% o") = B (1), ")+ C WL, o)~ 124, "), (133)

where

R R
h o hy _ h h ho Ry _ r
A(u,v)—/0 ru'(r) v"(r) dr, B(u,v)—/o 5~ an o dr,
R
C(uh,vh):/ 2—uh(r) o (r) dr, ul, " e U
0 T

The ODE system (133) is then discretized by the standard Crank-Nicolson
scheme in time. Although an implicit time discretization is applied for (133),
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the 1D nature of the problem makes the coefficient matrix for the linear system
band-limited. For example, if the piecewise linear polynomial is used, i.e. k = 1
in U", the matrix is tridiagonal. Fast algorithms can be applied to solve the
resulting linear systems.

In practice, we always use the second-order Strang splitting [71], i.e. from
time t = ¢, to t = t,,41: 1) first evolve (121) for half time step At¢/2 with initial
data given at t = t,; ii) then evolve (120) for one time step At starting with
the new data; iii) and evolve (121) for half time step At/2 with the newer
data. Other ways to discretize (131) were also proposed in [10]. This method
was demonstrated to be spectral accuracy in transverse direction, second or
fourth-order accuracy in radial direction and second accuracy in time [10]

6.3 Discretization by using ADI technique

To solve (120) in another way, we choose 2x = [a,b] X [¢,d] in 2D, and resp.,
2% = [a,b] x [e,d] X [e, f] in 3D, with |al, b, ||, d, |e| and f sufficiently large.
For simplicity of notation, here we assume A = 0 and V' (x,t) = V(x) in (117).

When d = 2 in (120), we choose mesh sizes Az > 0 and Ay > 0 with
Az = (b—a)/M and Ay = (d — ¢)/N for M and N even positive integers,
and let the grid points be

xJ:CL+]A"E, ]:0717277M7 yk:c+kAy7 k:071727"'7N'
Let ’Q/J;Zk be the approximation of ¥(x;, yx,t,) and ¢™ be the solution vector

with component 47 .
From time ¢t = t,, to t = t,,41, we solve (120) first

1
) 8t1/)(x, t) = _§8II¢(X) t) - Z“anz’lr/)(xv t)a (134)
for the time step of length At, followed by solving
1
1 0pp(x,1) = —3 (X, 1) + i220,0(x, t), (135)
for the same time step.
For each fixed y, the operator in the equation (134) is in a-direction with

constant coefficients and thus we can discretize it in z-direction by a Fourier
pseudospectral method. Assume

M/2—-1
Y@y, t) = D ply,t) explipy(z —a)l, (136)
p=—DM/2
where 1, = % and @Zp(y, t) is the Fourier coefficient for the p-th mode in a-

direction. Plugging (136) into (134), noticing the orthogonality of the Fourier
functions, we obtain for —% <p< % —landc<y<d:
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P 1 -
i Opbp(y,t) = <§u§ + !?yup> Up(y,t),  tn <t <tny1. (137)

The above linear ODE can be integrated in time exactly and we obtain

~ (1 ~
%(yﬂf) = exp |:_7’ <§/1’;2) + “Qyup) (t - tn):| ¢P(y7tn)7 th <t < t’l’b+l'

(138)
Similarly, for each fixed x, the operator in the equation (135) is in y-direction
with constant coefficients and thus we can discretize it in y-direction by a
Fourier pseudospectral method. Assume

N/2—1 R
(@ y,t) = Y tglx,t) explirg(y — o)), (139)
qg=—N/2

where A\, = % and Jq(m, t) is the Fourier coefficient for the ¢g-th mode in y-

direction. Plugging (139) into (135), noticing the orthogonality of the Fourier
functions, we obtain for —% <g< % —land a <z <b:

~ 1 ~
i Oyt (x,t) = (§A§ - Qqu) Do), tn <t <tpin. (140)

Again the above linear ODE can be integrated in time exactly and we obtain

o~

hg(x, t) = exp {—i (%)\3 — Qa:)\q> (t— tn)] iq(x,tn), tn <t <tpi.

(141)
From time t = t,, to t = t,,+1, we combine the splitting steps via the standard
second order Strang splitting [71, 19]:

M/2-1 .
Gl = D e AR [y (i) 0 << M, 0< k<N,
p=—DM/2
N/2—1 —
. 2 .
¢j(i) _ Z e 1AL 2022 2) /4 (¢§1))q qu(yk—c)7 0<k<N, 0<j<M,
qg=—N/2

i . )
¢j(z) _ e—zAt[V(zJ,yk)+ﬂ2|¢jk 2] w§z)7

N/2—-1 —
4 —1 2_20x; 3 T —c .
g = D TR/ () M) 0 < k<N, 0<j< M,
qg=—N/2
M/2—-1 —
¢;}+1 — Z e 1At (Hp+202y s pup) /4 (%g‘*))p ewpm—a)’ (142)
p=—DM/2

where for each fixed k, (7)), (p=—M/2,---,M/2—1) with « an index, the

Fourier coefficients of the vector ¢ = (¥, ¥ - )z
as

: w?M_l)k , are defined
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/a\ 1 @ —1 Ti—a M M .
(wk)p:M l wjke Hp (T )’ p:_?’...’?—l7 (143)
7=0
similarly, for each fixed j, (@[J?‘)q (g=—N/1,---,N/2 —1), the Fourier coeffi-
cients of the vector ¢ = ( S00 Vi1, w;?‘(N_l))T, are defined as
N-1
Ty L a o —ixg(yk—c) _ N N
(wj)q_ﬁk_owjke AR, 1= =5 -,7—1. (144)

For the above algorithm (142), the total memory requirement is O(MN)
and the total computational cost per time step is O(MN In(MN)). The
scheme is time reversible when W(x) = 0, just as it holds for the GPE (8),
i.e. the scheme is unchanged if we interchange n < n + 1 and At < —A¢t in
(142). Also, a main advantage of the numerical method is its time-transverse
invariance when W (x) = 0, just as it holds for the GPE (8) itself. If a constant

« is added to the external potential V', then the discrete wave functions w;l,j !

obtained from (142) get multiplied by the phase factor e~ (1A which
leaves the discrete quadratic observable W;llj ! |2 unchanged. This method was
demonstrated to be spectral accuracy in space and second accuracy in time

[19]

6.4 The leap-frog spectral method

Another way to discretize (117) is the leap-frog spectral method. we choose
2 =[a,b] X [¢,d] in 2D, and resp., 2x = [a,b] X [¢,d] X [e, f] in 3D, with |a|,
b, |c|, d, |e| and f sufficiently large. Again, for simplicity of notation, here we
assume A = 0 and V(x,t) = V(x) in (117). When d = 2, choose spatial mesh
sizes Az = (b—a)/J and Ay = (d — ¢)/K with J, K and L even integers,
denote the grid points as

zj=a+jAz, j=0,1,---,J, yp=c+kAdy, k=01 K.

let ¢7') be the approximation of (5, Yk, tn). For n =1,2,---, from time
t=th—1 = (n—1)At tot = t,41 = t, + At, the GPE (112) is discretized
in space by the Fourier pseudospectral method and in time by the leap-frog

scheme, i.e. for j =0,1,---,Jand k=0,1,--- | K
.’lr/)ﬂ;crl _¢1'Z;1 1 n n n n n
z% = _5 (v%ﬂ[’ )|j,k+v2(xjayk)¢j,k+ﬁ2|¢j,k|2¢j,k_g (LMZJ )|j,k

(145)
where V37 and Ly, the pseudospectral differential operator approximating the
operators V2 and L, respectively, are defined as
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J/2—1 Kj2—1

(V Z Z Hp+/\2 (wn)p’q eitp(zj—a) emq(yk_c)7

p=—J/2q=—K/2
(L") =25 (Dgo™)| ) —ww (DEv")];,, 0<i<J, 0<k<K,

Jj2—1 Kj2—1

(Dh¢n Z Z iy ¢” et (@i =a) gidg(yr—c)
p=—J/2q=—K/2
J/2-1 K/2—1

(th]n Z Z )\ djn zp,p zj—a) ei)\q(ykfc)’

p=—J/2q=—K/2

with
_ 2pm _J J 1 \ 2qm K K 1
,up_b_av b= 2) 72 3 q_d_ca q= 2) 52 ’
. | Jo1E-1
(d]n)pq: — ’@[J;Z,ke ipp (T — a)e Aq(yr— C)
JK 7=0 k=0

As stated in the introduction, here we use the leap-frog scheme for time dis-
cretization since we want to have an explicit and time reversible time integra-
tor. In order to compute 1/)} > We apply the modified trapezoidal rule in time
on the interval [to, £1]:

o ks TR

T = =5 (V)| Veles u) e + Balud kP — 2 (Law”) |
w(%z - 11)(1;3 1 2 1 1 1 (1) 1
Z# =3 (Vhw( ))‘ +V2(x],yk)1/)( )+ﬁ W)( )| Yik — 92 (Lhw( ))|j7k:
1/le,k:%(¢‘ 1/](2))’ jzoala""7J7k:0717"'aK' (146)

The initial data (119) is discretized as
25 = Vo5, Y, j=0,1,---,J, k=01,--- K. (147)

The leap-frog Fourier pseudospectral discretization (145) is explicit and
time reversible. The total memory requirement is O(JK) and the total com-
putational cost per time step is O(JK In(JK)). Following the standard von
Neumann analysis and coefficient frozen technique, the stability condition for
(145) is

2(Az)?

At < .
w2 [1 + (ﬁ—i)ﬂ + Mmaxxe 0y {W (|x|Az + 1yl (AAZJQ) + Va(x) + Bl (x,1)|2

This method was demonstrated to be spectral accuracy in space and second
accuracy in time [77]
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6.5 Numerical results

Many numerical results were reported in [10, 19, 77] to demonstrate the ef-
ficiency and accuracy of the above numerical methods. Here we only report
the dynamics of a quantized vortex lattice with 81 vortices in rotating BEC.
We take d = 2, 82 = 2000, 2 = 0.9. The initial condition in (119) is taken as
the ground state [20, 10, 6] of the GPE computed numerically with the the
same parameter values and v, = v, = 1. Then at ¢t = 0, we change the trap
frequency by setting v, = v, = 1.5, or 7, = 1.2 and 7y, = 1.5 respectively. We
take (2% = [—24,24] x [—24,24] and choose mesh size Az = Ay = 3/64 and
time step A = 0.0001. Figures 3-4 show contour plots of the density function
[(x,t)|? at different times.

Fig. 3. The contour plots of the density function |1 (x,t)| of the vortex lattices at
different time for changing from v, =y, =1 to 7. = vy = 1.5.

From Figs. 3-4, at ¢t = 0, there are 81 quantized vortices in the ground
state. During the time evolution, the lattice is rotated due to the angular
momentum term (cf. Fig. 4), and shrunk or expanded due to the changing



t=35

t=13

Fig. 4. The contour plots of the density function |¢(x,t)| of the vortex lattices at
different time for changing from v, =y, =1 to 7, = 1.2 and , = 1.5.

of the trapping frequencies (cf. Fig. 3). This clearly demonstrates the high
resolution of the LFFP method for rotating BEC.
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7 Conclusion

We have reviewed our recent works for the ground state and dynamics of
the Gross-Pitaevskii equation with an angular momentum rotation term for
rotating BECs. Along the analytical front, we provided asymptotics of the
energy and chemical potential of the ground state in the semiclassical regime,
showed that the ground state is a global minimizer of the energy functional
over the unit sphere and all excited states are saddle points in the linear case.
We proved the conservation of the angular momentum expectation when the
external trapping potential is radially symmetric in 2D, and respectively cylin-
drically symmetric in 3D. A second-order ODE was also derived to describe the
time-evolution of the condensate width as a periodic function with/without a
perturbation, and the frequency of the periodic function doubles the trapping
frequency. We also presented an ODE system with a complete initial data that
governs the dynamics of a stationary state with a shifted center and we also
illustrated the decrease in the total density when a damping term is applied
in the GPE. On the numerical side, we reviewed the continuous normalized
gradient flow with backward Euler finite difference discretization for comput-
ing ground state in rotating BEC and three efficient and accurate numerical
method for computing the dynamics of rotating BEC. Finally the dynamics
of a quantized vortex lattice with 81 vortices is reported to demonstrate the
spectral resolution of our numerical methods.
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