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ABSTRACT. In this paper, we mainly review recent results on mathematical
theory and numerical methods for Bose-Einstein condensation (BEC), based
on the Gross-Pitaevskii equation (GPE). Starting from the simplest case with
one-component BEC of the weakly interacting bosons, we study the reduc-
tion of GPE to lower dimensions, the ground states of BEC including the
existence and uniqueness as well as nonexistence results, and the dynamics of
GPE including dynamical laws, well-posedness of the Cauchy problem as well
as the finite time blow-up. To compute the ground state, the gradient flow
with discrete normalization (or imaginary time) method is reviewed and vari-
ous full discretization methods are presented and compared. To simulate the
dynamics, both finite difference methods and time splitting spectral methods
are reviewed, and their error estimates are briefly outlined. When the GPE
has symmetric properties, we show how to simplify the numerical methods.
Then we compare two widely used scalings, i.e. physical scaling (commonly
used) and semiclassical scaling, for BEC in strong repulsive interaction regime (
Thomas-Fermi regime), and discuss semiclassical limits of the GPE. Extensions
of these results for one-component BEC are then carried out for rotating BEC
by GPE with an angular momentum rotation, dipolar BEC by GPE with long
range dipole-dipole interaction, and two-component BEC by coupled GPEs.
Finally, as a perspective, we show briefly the mathematical models for spin-1
BEC, Bogoliubov excitation and BEC at finite temperature.
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1. Introduction. Quantum theory is one of the most important science discoveries
in the last century. It asserts that all objects behave like waves in the micro length
scale. However, quantum world remains a mystery as it is hard to observe quantum
phenomena due to the extremely small wavelength. Now, it is possible to explore
quantum world in experiments due to the remarkable discovery of a new state of
matter, Bose-Einstein condensate (BEC). In the state of BEC, the temperature is
very cold (near absolute zero). In such case, the wavelength of an object increases
extremely, which leads to the incredible and observable BEC.

1.1. Background. The idea of BEC originated in 1924-1925, when A. Einstein
generalized a work of S. N. Bose on the quantum statistics for photons [58] to a
gas of non-interacting bosons [94,95]. Based on the quantum statistics, Einstein
predicted that, below a critical temperature, part of the bosons would occupy the
same quantum state to form a condensate. Although Einstein’s work was carried
out for non-interacting bosons, the idea can be applied to interacting system of
bosons. When temperature T is decreased, the de-Broglie wavelength Ayp of the
particle increases, where A\gp = /27h?/mkpT, m is the mass of the particle, & is
the Planck constant and kg is the Boltzmann constant. At a critical temperature
T., the wavelength \;p becomes comparable to the inter-particle average spacing,
and the de-Broglie waves overlap. In this situation, the particles behave coherently
as a giant atom and a BEC is formed.

Einstein’s prediction did not receive much attention until F. London suggested
the superfluid “He as an evidence of BEC in 1938 [137]. London’s idea had inspired
extensive studies on the superfluid and interacting boson system. In 1947, by de-
veloping the idea of London, Bogliubov established the first microscopic theory of
superfluid in a system consisting of interacting bosons [57]. Later, it was found
in experiment that less then 10% of the superfluid “He is in the condensation due
to the strong interaction between helium atoms. This fact motivated physicists to
search for weakly interacting system of Bose gases with higher occupancy of BEC.
The difficulty is that almost all substances become solid or liquid at temperature
which the BEC phase transition occurs. In 1959, Hecht [116] pointed out that
spin-polarized hydrogen atoms would remain gaseous even at 0K. Hence, H atoms
become an attractive candidate for BEC. In 1980, spin-polarized hydrogen gases
were realized by Silvera and Walraven [167]. In the following decade, extensive ef-
forts had been devoted to the experimental realization of hydrogen BEC, resulting
in the developments of magnetically trapping and evaporative cooling techniques.
However, those attempts to observe BEC failed.

In 1980s, due to the developments of laser trapping and cooling, alkali atoms
became suitable candidates for BEC experiments as they are well-suited to laser
cooling and trapping. By combining the advanced laser cooling and the evaporative
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cooling techniques together, the first BEC of dilute 8”Rb gases was achieved in
1995, by E. Cornell and C. Wieman’s group in JILA [12]. In the same year, two
successful experimental observations of BEC, with 23Na by Ketterle’s group [86] and
"Li by Hulet’s group [59], were announced. The experimental realization of BEC
for alkali vapors has two stages: the laser pre-cooling and evaporative cooling. The
alkali gas can be cooled down to several uK by laser cooling, and then be further
cooled down to 50nK-100nK by evaporative cooling. As laser cooling can not be
applied to hydrogen, it took atomic physicists much more time to achieve hydrogen
BEC. In 1998, atomic condensate of hydrogen was finally realized [99]. For better
understanding of the long history towards the Bose-Einstein condensation, we refer
to the Nobel lectures [80,126].

The experimental advances [12, 59, 86] have spurred great excitement in the
atomic physics community and condensate physics community. Since 1995, numer-
ous efforts have been devoted to the studies of ultracold atomic gases and various
kinds of condensates of dilute gases have been produced for both bosonic particles
and fermionic particles [11,84,97,129,144,146,151]. In this rapidly growing research
area, numerical simulation has been playing an important role in understanding the
theories and the experiments. Our aim is to review the numerical methods and
mathematical theories for BEC that have been developed over these years.

1.2. Many body system and mean field approximation. We are interested
in the ultracold dilute bosonic gases confined in an external trap, which is the case
for most of the BEC experiments. In these cold dilute gases, only binary interaction
is important. Hence, the many body Hamiltonian for NV identical bosons held in a
trap can be written as [129, 132]

N 2

j=1 1<j<k<N

where x; € R3 (j = 1,...,N) denote the positions of the particles, m is the mass
of a boson, A; is the Laplace operator with respect to x;, V(x;) is the external
trapping potential, and Vi, (x; —xy) denotes the inter-atomic two body interactions.
The wave function ¥y := Uy(xy,...,xy,t) € L2(R3Y x R) is symmetric, with
respect to any permutation of the positions x;. The evolution of the system is then
described by the time-dependent Schrédinger equation

ih@t\IfN(xl, <o 7X]\/’,'If) = HN‘I’N(Xl, PN ,XN,t). (12)

Here 7 denotes the imaginary unit. In the sequel, we may omit time ¢ when we write
the N body wave function ¥ .

In principle, the above many body system can be solved, but the cost increases
quadratically as N goes large, due to the binary interaction term. To simplify the
interaction, mean-field potential is introduced to approximate the two-body interac-
tions. In the ultracold dilute regime, the binary interaction Vi, is well approximated
by the effective interacting potential:

Vint (%5 — X)) = g6(%; — %), (1.3)

where §(+) is the Dirac distribution and the constant g = 4”:‘&. Here a; is the s-
wave scattering length of the bosons (positive for repulsive interaction and negative

for attractive interaction), and it is related to the potential Viy [132]. The above
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approximation (1.3) is valid for the dilute regime case, where the scattering length
as is much smaller than the average distance between the particles.

For a BEC, all particles are in the same quantum state and we can formally take
the Hartree ansatz for the many body wave function as

N
Uy (x1,..,xn, 1) = [ [ ¢n(x;,1), (1.4)

with the normalization condition for the single-particle wave function g as

/Rs [ (x,t)|% dx = 1. (1.5)

Then the energy of the state (1.4) can be written as

N -1
BN [ [ 9ontx i + Voolontx 0 + L ooutx o] ax. (16)
Let us introduce the wave function for the whole condensate
Y(x,t) = VN (x,t). (1.7)

Neglecting terms of order 1/N, we obtain the energy of the N body system as

B = [ || g TUs 0 + VOO + Jalotx ol ax, (1)

where the wave function is normalized according to the total number of the particles,

/Rs l4(x, )| dx = N. (1.9)

Eq. (1.8) is the well-known Gross-Pitaevskii energy functional. The equation gov-
erning the motion of the condensate can be derived by [150]

OE(Y)
5
where 1) denotes the complex conjugate of 1 := v(x,t). Eq. (1.10) is a non-
linear Schrédinger equation (NLSE) with cubic nonlinearity, known as the Gross-

Pitaevskii equation (GPE).

In the derivation, we have used both the dilute property of the gases and the
Hartree ansatz (1.4). Eq. (1.4) requires that the BEC system is at extremely low
temperature such that almost all particles are in the same states. Thus, mean field
approximation (1.8) and (1.10) are only valid for dilute boson gases (or usually
called weakly interacting boson gases) at temperature 7" much smaller than the
critical temperature 7.

The Gross-Pitaevskii (GP) theory (1.10) was developed by Pitaevskii [149] and
Gross [109] independently in 1960s. For a long time, the validity of this mean
field approximation lacks of rigorous mathematical justification. Since the first
experimental observation of BEC in 1995, much attention has been paid to the
GP theory. In 2000, Lieb et al. proved that the energy (1.8) describes the ground
state energy of the many body system correctly in the mean field regime [132,133].
Later H. T. Yau and his collaborators studied the validity of GPE (1.10) as an
approximation for (1.2) to describe the dynamics of BEC [96], without the trapping
potential V(x).

2
mowixt) = "o = | L ve gl v 010
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GP theory, or mean field theory, has been proven to predict many properties of
BEC quite well. It has become the fundamental mathematical model to understand
BEC. In this review article, we will concentrate on the GP theory.

1.3. The Gross-Pitaevskii equation. As shown in section 1.2, at temperature
T <« T,, the dynamics of a BEC is well described by the Gross-Pitaevskii equation
(GPE) in three dimensions (3D)

2
ihOp)(x,t) = —;V2+V(x)+Ng|¢(x,t)|2] P(x,t), xR t>0, (1.11)

where x = (1,3, 2)7 € R? is the Cartesian coordinates, V is the gradient operator
and V2 := V-V = A is the Laplace operator. In fact, the above GPE (1.11) is
obtained from the GPE (1.10) by a rescaling ¢» — /N1, noticing (1.9), the wave
function v in (1.11) is normalized by

w0l = [ 1P de =1 (112)

1.3.1. Different external trapping potentials. In the early BEC experiments, a single
harmonic oscillator well was used to trap the atoms in the condensate [60, 84].
Recently more advanced and complicated traps are applied in studying BEC in
laboratory [61, 72,143, 150]. Here we present several typical trapping potentials
which are widely used in current experiments.

I. Three-dimensional (3D) harmonic oscillator potential [150]:

m
Vho(x) — Vho(x) + Vho(y) + Vho(z)u Vho(a) = Ewia27 a=2,Y,%, (113)

where w,, w, and w, are the trap frequencies in x-, y- and z-direction, respectively.
Without loss of generality, we assume that w, < w, < w, throughout the paper.

II. 2D harmonic oscillator + 1D double-well potential (Type I) [143]:

Vi (00 = Vi) (@) 4+ Vio ) + Vio(2), - Vi (0) = Svid (a2 =), (1.14)

where +a are the double-well centers in z-axis, v, is a given constant with physical
dimension 1/[s m]'/2.

III. 2D harmonic oscillator + 1D double-well potential (Type II) [67,118]:
m A
Viw () = Vil (0) 4+ Vao () + Vi (2). - Vi (@) = i (2l —a)* . (1.15)

w

IV. 3D harmonic oscillator + optical lattice potential [3,79, 150]:
Vhop (%) = Vo (%) +Vopt (2) +Vopt (¥) +Vopt (2),  Vopt (@) = In By Sinz(cjaa), (1.16)

where 4, = 2w/, is fixed by the wavelength A, of the laser light creating the
stationary 1D lattice wave, E, = h?¢2/2m is the so-called recoil energy, and I, is
a dimensionless parameter providing the intensity of the laser beam. The optical
lattice potential has periodicity 7o = 7/da = Aa/2 along a-axis (a = z,y, 2).

V. 3D box potential [150]:

Viox(x) = {

where L is the length of the box in the z-, y-, z-direction.

0, 0<z,y,2<L,

0, otherwise. (1.17)
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For more types of external trapping potential, we refer to [148,150]. When a
harmonic potential is considered, a typical set of parameters used in experiments
with 8"Rb is given by
m = 1.44x10" 5 [kg], w, = w, = w, = 207[rad/s], a = 5.1x10"[m], N : 10% ~ 107
and the Planck constant has the value

h=1.05x107* [Js].
1.3.2. Nondimensionlization. In order to nondimensionalize Eq. (1.11) under the
normalization (1.12), we introduce
~ t N X = m T E W’)
i=_ == 1) = 23/2 t E() =
ts7 X Is7 1/} (X7 N) Ty w (X7 ) ’ (¢) Es ’
where t,, s and E, are the scaling parameters of dimensionless time, length and

(1.18)

energy units, respectively. Plugging (1.18) into (1.11), multiplying by tg/mxé/z,
and then removing all”; we obtain the following dimensionless GPE under the nor-
malization (1.12) in 3D:

00t = —3VR060) + VUi 1)+ Rl 060 D), (119)

where the dimensionless energy functional E(v) is defined as

£) = [ [5I70P + VeI + 1ol ax (1.20)

and the choices for the scaling parameters t; and x,, the dimensionless potential
V(x) with 7, = tswy and 7, = tsw,, the energy unit Es = h/ts = h?/ma?, and the
interaction parameter k = 4dwasN/x, for different external trapping potentials are
given below [135]:

I. 3D harmonic oscillator potential:

1 n 1
tszi s = vV — 2 2.2 2.2 )
o T e (x) 2(56 +70y* +7227)

II. 2D harmonic oscillator + 1D double-well potential (type I):

m \'/? ho\Y? a 1 2
ls = (W) , Tg = ( ) ,a=—, V(x) = 3 [(x2 —a2) +7§y2+7522} .

2
my; T

III. 2D harmonic oscillator + 1D double-well potential (type II):

1 h a 1
ty = , s = — , 4 _ _ 2 2,2 2.2 .
o mmyfm a= 2 V60 = 3 (el =) +030 + 227

IV. 3D harmonic oscillator + optical lattice potentials:

1 h 2m222] 2rx
tsziv Is = ) k‘r:757-7 T = Sv
Wy mwy A2 Ar

T=2,Y,%,

1
V(x) = Q(IQ + ’ngz + 7322) + ks sin2(qu) + ky SiHQ(ny) +k,; Sin2(QZZ)'

V. 3D Box potential:

mIL?

ts = W zs =L, V(x)_{

0, O0<uzy,z<I1,
00, otherwise.
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1.3.3. Dimension reduction. Under the external potentials I-IV, when w, ~ 1/t; =
wy and w, > 1/t =w, (& vy ~ 1 and v, > 1), i.e. a disk-shape condensate, the
3D GPE can be reduced to a two dimensional (2D) GPE. In the following discussion,
we take potential I, i.e. the harmonic potential as an example.

For a disk-shaped condensate with small height in z-direction, i.e.

We KWy, WD w, = el o>, (1.21)

the 3D GPE (1.19) can be reduced to a 2D GPE by assuming that the time evolu-
tion does not cause excitations along the z-axis since these excitations have larger
energies at the order of fw, compared to excitations along the x and y-axis with
energies at the order of Aw,.

To understand this [31], consider the total condensate energy E (1(t)) with

(1) 1= (x, 1)
PO = 3 [ ViR [ @ i) P

2
<5 [ Fwolac+ g [ o)t (1.22)

Multiplying (1.19) by ¢; and integrating by parts show the energy conservation
E@®)=E@r), t>0, (1.23)

where 1r = (¢ = 0) is the initial function which may depend on all parameters -,,
v, and k. Now assume that 1 satisfies

E(¢r)

2
z

— 0, as 7y, — 00. (1.24)

Take a sequence v, — oo (and keep all other parameters fixed). Since [o, [¢(2)]? dx =
1, we conclude from weak compactness that there is a positive measure n°(t) such
that

[Y(t)]> = nl(t) weakly as v, — oc.

Energy conservation implies

/ 2pt)? dx =0, as v, — 00,
R3
and thus we conclude concentration of the condensate in the plane z = O:

n’(z,y, 2,t) = nj(w,y,)8(2),
0

where n9(t) := n9(x,y,t) is a positive measure on R2.
Now let ¥3 = 13(2) be a wave function with

[ s dz =1,
R
depending on 7y, such that
[Ys(2)? = d(2),  as 7. — oo (1.25)
Denote by Sgac the subspace
Sfac = {7/) = ¢2($7y)¢3(2) ‘ /¢2 S L2(R2)} (126)

and let
I: L*(R?) — Sg.. C L*(R?) (1.27)
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be the projection on Sg,.:
(0)(a,3.2) = a(2) | () vl ) (1.25)
Now write the equation (1.19) in the form

100 = Ab + F (), (1.29)

where Ay stands for the linear part and F(v) for the nonlinearity. Applying II to
the GPE gives

10y () =TT AY + ILF (v)
= A(ITY) + ILF(ITy) + T (A — AIDy + (TLF (v) — F(ITy))) . (1.30)

The projection approximation of (1.19) is now obtained by dropping the commutator
terms and it reads

10;(llo) = LA(Ilo) + ILF (Ilo), (1.31)
(Tlo) (t = 0) = TIyy, (1.32)

or explicitly, with
(HU)(x,y,z,t) = 7#2(%3/775)1#3(2)’ (133)

we find
i0p)y = —%v%g + % (z® + 709" + C) 2 + (H/ V3(2) dz) [hal?ahe,  (1.34)

where

2
dz.

o0 o0 d
=t [T PP [ |02

— 00

Since this GPE is time-transverse invariant, we can replace ¢y — 9 e /2 and
drop the constant C in the trap potential. The observables are not affected by this.
For the same reason, we will always assume that V(x) > 0 in (1.11).

The ‘effective’ GPE (1.34) is well known in the physical literature, where the
projection method is often referred to as ‘integrating out the z-coordinate’. How-
ever, an analysis of the limit process 7, — oo has to be based on the derivation as
presented above, in particular on studying the commutators 114 — AII, TIF — FII .
In the case of small interaction 8 = o(1) [53], a good choice for 15(z) is the ground
state of the harmonic oscillator in z-dimension:

va() = (L) e (1.35)

For condensates with interaction other than small interaction the choice of 3 is
much less obvious. Often one assumes that the condensate density along the z-axis
is well described by the (z,y)-trace of the ground state position density |¢,|?

Wl 2 0P & fia(o OF [ foglaron, 2P dody (130

and (taking a pure-state-approximation)

Y3(2) = (/R |pg(2,y,2)? dwdy>1/2. (1.37)
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Similarly, when w, > 1/t; = w,; and w, > 1/t; = w, (& 7, > 1 and v, > 1),
i.e. a cigar-shaped condensate, the 3D GPE can be reduced to a 1D GPE. For a
cigar-shaped condensate [31,148,150]

Wy > Wy, Wy > Wy, — v >1 > 1, (1.38)
the 3D GPE (1.11) can be reduced to a 1D GPE by proceeding analogously.
Then the 3D GPE (1.11), 2D and 1D GPEs can be written in a unified way

iatw(xa t) = _%VQw(Xa t) + V(X)¢(X7 t) + ﬂ W(Xa t)|2’(/)(X, t)) Xe Rd7 (139)

where
Jp2 ¥33(y, ) dydz, V22, d=1,
B=r { [p¥5(2) dz, V(x) =S L (1222 +4242), d=2, (1.40)
L 3 (V22?2 + 207 +922%), d=3;

where v, > 1 is a constant and »3(y, z) € L?(R?) is often chosen to be the z-trace

of the ground state ¢¢(z,y,z) in 3D as ¥23(y,2) = ([ |¢g(x,y,z)|2dx)1/2 which
is usually approximated by the ground state of the corresponding 2D harmonic
oscillator [31,148,150]. The normalization condition for (1.39) is

[, weenpax=1. (1.41)
Rd

and the energy of (1.39) is given by

B0) = [ |5IT00e0P + Velwx 0F + Sl ax )

For a weakly interacting condensate, choosing 1,3 and 13 as the ground states of the
corresponding 2D and 1D harmonic oscillator [31,148,150], respectively, we derive,

Oyye) 7 d=1,
Bi=r{ I, Z:? (1.43)

1.3.4. BEC on a ring. BEC on a ring has been realized by choosing Toroidal po-
tential (3D harmonic oscillator +2D Gaussian potential) [158]:
2 2
_oz +2’y
‘/tor(x) = Vho(x) + Vgau(x7 y)7 Vgau(x7 y) = Voe o (144)
where Vgay is produced by a laser beam, wg is the beam waist, and Vj is related to
the power of the plug-beam.
In the quasi-1D regime [158], w; = w, = w,, the toroidal potential can be written
in cylindrical coordinate (r, 0, z) as

-2
Vior(r,0,2) = %wer + %wgzz + Voe “o. (1.45)

When w,,w, > 1, the dynamics of BEC in the ring trap (1.44) would be confined
2

inr = R and z = 0, where Zw?r? + Vge ~“¢ attains the minimum at R. Then
similar to the above dimension reduction process and nondimensionlization, we can
obtain the dimensionless 1D GPE for BEC on a ring as [110]:

1000, 1) = —%8991/1(9,0 +BlRG0,8), Be0,27], t>0, (1.46)
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with periodic boundary condition, where ¢ := (0, t) is the wave function and 3 is
a dimensionless parameter.

1.4. Outline of the review. Concerning the GPE (1.39), there are two basic
issues, the ground state and the dynamics. Mathematically speaking, the dynamics
include the time dependent behavior of GPE, such as the well-posedness of the
Cauchy problem, finite time blow-up, stability of traveling waves, etc. The ground
state is usually defined as the minimizer of the energy functional (1.42) under the
normalization constraint (1.41). In the remaining part of the paper, we will review
the mathematical theories and numerical methods for ground states and dynamics
of BECs.

In section 2, we review the theories of GPE for single-component BEC. Existence
and uniqueness, as well as other properties for the ground states are presented. Well-
posedness of the Cauchy problem for GPE is also reviewed. The rigorous analysis on
the convergence rates for the dimension reduction is introduced in section 2.3. After
an overview on the mathematical results for GPE, we list the numerical methods
to find the ground states and compute the dynamics for GPE in sections 3 and 4,
respectively. The most popular way for computing the ground states of BEC is the
gradient flow with discrete normalization (or imaginary time) method. Section 3
provides a solid mathematical background on the method and details on the full
discretizations. For computing the dynamics of GPE, the traditional finite difference
methods and the popular time splitting methods are taken into consideration in
section 4, with rigorous error analysis.

In section 5, we investigate the rotating BEC with quantized vortices. There
exist critical rotating speeds for the vortex configuration. In order to compute the
ground states and dynamics of rotating BEC in the presence of the multi-scale
vortex structure, we report the efficient and accurate numerical methods in section
6. For fast rotating BEC, the semiclassical scaling is usually adopted other than
the physical scaling used in the introduction. We demonstrate these two different
scalings in section 7, for the whole space case (harmonic trap) and the bounded
domain case (box potential). In fact, the semiclassical scaling is very useful in the
case of Thomas-Fermi regime.

Section 8 is devoted to the mathematical theory and numerical methods for dipo-
lar BEC. There are both isotropic contact interactions (short range) and anisotropic
dipole-dipole interactions (long range) in a dipolar BEC, and the dipolar GPE in-
volves a highly singular kernel representing the dipole-dipole interaction. We over-
come the difficulty caused by the singular kernel via a reformulation of the dipolar
GPE, and carry out accurate and efficient numerical methods for dipolar BECs.
In section 9, we consider a two component BEC, which is the simplest multi com-
ponent BEC system. Ground state properties as well as dynamical properties are
described. Efficient numerical methods are proposed by generalizing the existing
methods for single component BEC. Finally, we briefly introduce some other impor-
tant topics that are not covered in the current review in section 10, such as spinor
BEC, Bogoliubov excitations and BEC at finite temperatu re.

Throughout the paper, we adopt the standard Sobolev spaces and write the |- ||,
for standard LP(RY) norm when there is no confusion on the spatial variables. The
notations are consistent in each section, and the meaning of notation remains the
same if not specified.
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2. Mathematical theory for the Gross-Pitaevskii equation. In this section,
we consider the dimensionless GPE in d (d = 1,2, 3) dimensions (1.39),

00 (x,1) = —3 V20 0)+ VUG, ) + B [0 P, 0, x €RL  (21)

where V(x) > 0 is a real-valued potential and § € R is treated as an arbitrary
dimensionless parameter. The GPE (2.1) can be generalized to any dimensions and
many results presented here are valid in higher dimensions, but we focus on the
most relevant cases d = 1,2, 3 for BEC.

There are two important invariants, i.e., the normalization (mass),

N@e0) = [ WP dx= Nt = [ 0P dc=1, 120, (22)

and the energy per particle
B(0) = [ [5I90R + Vool + Siul| ax= w0, 120 @3
R4

In fact, the energy functional E () can be split into three parts, i.e. kinetic energy
Eyin (1), potential energy Epo (%) and interaction energy Fiy (1), which are defined
as

Bu() = [ SWxoldx Bpl)= [ VelxoPax, (24
Rd Rd
Ekin(w) = /]Rd %|vw(x’t)‘2 dX> E(w) = Ekin(w) + Epot(w) + Eint(’d})- (25)

For convenience, we introduce the following function spaces:
po(@h = {ol [ VeoloaPax<oob. X = X(RY = ' (®Y 1 Ly (RS,
Ra
(2.6)

2.1. Ground states. To find the stationary solution of (2.1), we write

b(x,1) = d(x) e, (2.7)

where p is the chemical potential of the condensate and ¢(x) is a function indepen-
dent of time. Substituting (2.7) into (2.1) gives the following equation for (u, ¢(x)):

1 o(x) = —%Aqﬁ(X) +V(X)(x) + Blo(x)¢(x), xR, (2.8)

under the normalization condition
2.— Zdx = 1. 2.9
ol = [ 1ot (2.9)

This is a nonlinear eigenvalue problem with a constraint and any eigenvalue p can
be computed from its corresponding eigenfunction ¢(x) by

i w0 = [ |5IV060R + VEISeIP + sleol | ax

— Do)+ [ §lo6ltix = B(@) + Eim(o). (2.10)

The ground state of a BEC is usually defined as the minimizer of the following
minimization problem:
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Find ¢4 € S such that

E,=FE =min K 2.11
g (¢9) = min £(¢), (2.11)
where S = {¢ | ||¢ll2 =1, E(¢) < oo} is the unit sphere.
It is easy to show that the ground state ¢, is an eigenfunction of the nonlinear
eigenvalue problem. Any eigenfunction of (2.8) whose energy is larger than that of
the ground state is usually called as excited states in the physics literatures.

2.1.1. Existence. In this section, we discuss the existence and uniqueness of the
ground state (2.11). Denote the best Sobolev constant Cp in 2D as

IV 1222y 1£1122 g2

Cy = in
0£FCH (R2) ||f||4L4(R2)

(2.12)

The best constant Cj, can be attained at some H' function [184] and it is crucial in
considering the existence of ground states in 2D.
For existence and uniqueness of the ground state, we have the following results.

Theorem 2.1. (Eristence and uniqueness) Suppose V(x) > 0 (x € R?) satisfies
the confining condition
lim V(x) = oo, (2.13)
|x|—o00

there exists a ground state ¢4 € S for (2.11) if one of the following holds

(i) d=3,4>0;

(i) d =2, f > —Ch;

(#ii) d =1, for all B € R.
Moreover, the ground state can be chosen as nonnegative |¢,4| , and ¢, = €|¢,4| for
some constant § € R. For 8 > 0, the nonnegative ground state |¢4| is unique. If
potential V(x) € L2, the nonnegative ground state is strictly positive.

loc?
In contrast, there exists no ground state, if one of the following holds:

(/)d=3, B<0;
(i) d =2, B < —C.

To prove the theorem, we present the following lemmas.
Lemma 2.1. Suppose that V(x) > 0 (x € R?) satisfies ‘ llim V(x) = oo, the
X|—00

embedding X < LP(R?) is compact, where p € [2,00] for d = 1, p € [2,00) for
d=2, and p € [2,6) for d = 3.

Proof. Tt suffices to prove the case for p = 2 and the other cases can be obtained
by interpolation in view of the Sobolev inequalities. Since X is a Hilbert space,
we need show that any weakly convergent sequence in X has a strong convergent
subsequence in L2(R?). Taking a bounded sequence {¢"}°; C X such that

" — ¢ in X, (2.14)
in order to prove the strong L?(R?) convergence of the sequence, we need only prove
that

||¢n||L2(Rd) - ||¢HL2(JRd)~ (2.15)
Using the weak convergence, there exists C' > 0 such that [,, V(x)|[¢"[*dx < C.
For any € > 0, from lim V(x) = oo, there exists R > 0 such that V(x) > % for

|x|—00
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|x| > R, which implies that
/l n 0" * < e. (2.16)

For |x| > R, applying Sobolev embedding theorem, we obtain

/| |p|? dx = lim |p"|? dx. (2.17)
x|<R

Combining (2.16) and (2.17) together as well as the lower semi-continuity of the
L?(R%) norm, we have

lim sup HQS"HQLQ(W) —e< ||¢H%2(]Rd) < lim inf ||¢n||%2(Rd)' (2.18)

Hence we get [|¢"||p2(ray — [|¢]|12(re) and the strong convergence in L?(R) holds
true. The conclusion then follows. 0

The following lemma ensures that the ground state must be nonnegative.
Lemma 2.2. For any ¢ € X(R?) and energy E(-) (2.3), we have

E(¢) > E(|9), (2.19)
and the equality holds iff ¢ = €*|¢| for some constant 6 € R.

Proof. Noticing the inequality for ¢ € H*(RY) (d € N) [130],

VIl L2rey < (IVOl L2(ray, (2.20)
where the equality holds iff ¢ = €¥|¢| for some constant § € R, a direct application
implies the conclusion. 0

The minimization problem (2.11) is nonconvex, but it can be transformed to a
convex minimization problem through the following lemma when g > 0.

Lemma 2.3. ([153]) Considering the density p(x) = |p(x)|* > 0, for \/p € S, the
energy E(\/p) (2.3) is strictly convex in p if § > 0.

Proof. The potential energy (2.4) is linear in p and the interaction energy (2.4) is
quadratic in p. Hence, Epoy + Eing is convex in p. For ¢1(x) = /p1(x), p2(x) =

pa(x) € S (p1,p2 > 0), we have ¢g(x) = /p1(x) + (1 —0)p2(x) € S for any
6 € (0,1). Using Cauchy inequality, we get

, | VIR EIVET o () + /(T = B x)VT = ewz(x)‘2
"= 09109 + (1= 0)pa ()
(1 (x) + (1= 0)pa(x)) (6]V1(x)* + (1 = 6)| Ve (x)*)
- Op1(x) + (1 — 0)p2(x)
=0|Vor(x)|* + (1 = 0)| V() [,

which implies the convexity of the kinetic energy Fyi, (2.5) (with possible approx-
imation procedure). The conclusion then follows. 0O

|V¢9 (X
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Proof of Theorem 2.1: We separate the proof into the existence and nonexistence
parts.

(1) Existence. First, we claim that the energy F (2.3) is bounded below under
the assumptions. Case (i) is clear. For case (ii), using the constraint ||¢[|3 = 1 and
Gagliardo-Nirenberg inequality, we have

Bliglls > =lI¢ll3 - IVell3 = ~IIVll3.

For case (iii), using Cauchy inequality and Sobolev inequality, for any £ > 0, there
exists C. > 0 such that

1113 < oI5 lI2l15 < llol5 < IVolzlléllz < elVel; + Ce,

which yields the claim. Hence, in all cases, we can take a sequence {¢"}22 ; mini-
mizing the energy E in S, and the sequence is uniformly bounded in X. Taking a
weakly convergent subsequence (denoted as the original sequence for simplicity) in
X, we have

o" — ¢*°, weakly in X. (2.21)

Lemma 2.1 ensures that {¢"} 7 | converges to ¢> in L? where p is given in Lemma
2.1. Combining the lower-semi-continuity of the H! and Ly norms, we conclude
that ¢ € S is a ground state [133]. Lemma 2.2 ensures that the ground state
can be chosen as the nonnegative one. Actually, the nonnegative ground state is
strictly positive [133]. The uniqueness comes from the strict convexity of the energy
in Lemma 2.3.

(2) Nonexistence. Firstly, we consider the case d = 3, i.e. case (i'). If 8 <0, let
P(x) = r—ie~x*/2 € § and denote

¢*(x) = *?¢(x/e) € S, €>0, (2.22)
we find
C C.
E(¢6)=?§+%+03+0(1), C1,C3 > 0. (2.23)

Hence E(¢°) — —oo as € — 0" which shows that there exists no ground state.
Secondly, we consider the case d = 2. Let ¢p(x) (x € R?) be the smooth, radial
symmetric (decreasing) function such that the best constant Cj, is attained in (2.12).
If B< —Ch, let ¢f(x) = e Lgp(x/c) (¢ > 0), and we have
. B+ Cy

E(¢) = 5zt Ci+0(1)ase — 0. (2.24)

As e = 0%, E(¢;) — —oo, which shows that there exists no ground state. For
B =—Cy, ase — 07, ¢ will converge to the Dirac distribution and the infimum of
the energy E will be the minimal of V(x) (suppose V(x) take minimal at origin),
given by the sequence ¢;. Thus, there exists no ground state for 3 = —Cj,. The
proof is complete. O

Remark 2.1. The conclusions in Theorem 2.1 hold for potentials satisfying the
confining condition, including the box potential as in (1.17). Since box potentials are
not in L2, there exists zeros in the ground state at the points where V(x) = +o0.

Results for the 3D case were first obtained by Lieb et al. [133].
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2.1.2. Properties of ground states. In this section, when we refer to the ground
state, the conditions guaranteeing the existence in Theorem 2.1 are always assumed
and potentials are locally bounded.

For the ground state ¢, € S, we have the following Virial theorem when V' (x) is
homogenous.

Theorem 2.2. (Virial identity) Suppose V(x) (x € R?, d = 1,2,3) is homogenous
of order s > 0, i.e. V(Ax) = NV (x) for all A € R, then the ground state solution
¢g €S for (2.11) satisfies

2Ekin(¢g) -5 Epot((bg) +d Eint(¢g) =0. (225)
Proof. Consider ¢¢(x) = e~%2¢,(x/c) € S (¢ > 0), and use the stationary condi-
tion of the energy FE(¢°) at e = 1, then we get dEd(f) ., = 0, which yields the
Virial identity (2.25). 0O

Many properties of the ground state are determined by the potential V' (x).

Theorem 2.3. [135](Symmetry) Suppose V (x) is spherically symmetry and mono-
tone increasing, then the positive ground state solution ¢4 € S for (2.11) must be
spherically symmetric and monotonically decreasing.

Proof. This fact comes from the symmetric rearrangements. 0

To learn more on the ground state, we study the Euler-Lagrange equation (2.8).

Theorem 2.4. The ground state of (2.11) satisfies the Euler-Lagrange equation
(2.8). Suppose V(x) € L2, the ground state ¢, € S of (2.11) is HZ .. In addition,

loc”

if Ve C, the ground state is also C*°.

Proof. 1t is easy to show the ground state satisfies the nonlinear eigenvalue problem
(2.8). The regularity follows from the elliptic theory. 0

For confining potentials, we can show that ground states decay exponentially fast
when |x| = co.

Theorem 2.5. Suppose that 0 < V(x) € L3 _ satisfies (2.13) and ¢, € S is a

ground state of (2.11). When 8 >0, for any v > 0, there exists a constant C, > 0
such that

9g(x)] < CLe™ xeRY d=1,2,3. (2.26)

Proof. The proof for d = 3 is given in [133] and the cases for d = 1,2 are the same.
For any v > 0, rewrite the Euler-Lagrange equation (2.8) for ¢, as

1 2 2
<_2V2+y2) bg = (N+l/2_v_ﬁ|¢92> bg- (2:27)

Making use of the d-dimensional Yukawa potential Y (x) (d = 1,2, 3) [130] associ-
ated with —%VQ + %, ¢4 can be expressed as

2

0 = [ Vi3 it -V - Bl P| dy. 229)
Rd
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Noticing that ¢4 and the Yukawa potential are positive and V' is confining potential,

we see that for sufficiently large R > 0, p + ”2—2 —V(x) — Bley(x)]? <0 for [x| > R.
Thus, we get
2

o< [ YRy jpt V) Bl WE| dy. 29)

Noticing that Y € L2 _ (d = 1,2,3) and |Y¥(x)| < Ce "I for sufficiently large
|x|, we find

2
C, = sup/ eMyy (x—y) [u + 2 vy - 5|¢g(y)2} dy < oo, (2.30)
lyl<R 2

X

and the conclusion (2.26) holds. 0

Remark 2.2. Results (2.26) can be generalized to 1D case for arbitrary S, where
|¢glloo is bounded by Sobolev inequality. The proof is the same.

For convex potentials, the ground states are shown to be log concave.

Theorem 2.6. Suppose V(x) (x € R, d = 1,2,3) is convex, then the positive
ground state ¢4 of (2.11) is log concave, i.e. In(dqy(x)) is concave,

(g (Ax + (1 = \)y)) > An(¢y(x)) + (1 = X In(g(y)), x,y €RY A€ [0,1].
Proof. See [133]. O

When £ > 0, we can actually estimate the L° bound for the ground state.
Theorem 2.7. Suppose that 0 < V(x) € C2. (o > 0) satisfies (2.13) and § > 0.
Let ¢4 be the unique positive ground state of (2.11), we have

loalle < /2. 11y = E(8y) + S16,12 (231)

The chemical potential 11y < 2E(¢g) and hence can be bounded by choosing arbitrary
testing function.

Proof. Applying elliptic theory to the Euler-Lagrange equation,
1
[gg = <_2v2 +V+ 5|¢g|2) bg, (2.32)

we get ¢ € CIQOCO‘ From Theorem 2.5, ¢4 is bounded in L*°. Consider the point xg

where ¢4 takes its maximal, we can obtain

Hg®g(X0) = (_;V2¢g +V+ B|¢92> bg(x0)

> [V(x0) + Bloog(x0)|*] dg(x0) = Bldg(x0)[*dg(x0),

and so

bgll% = |¢bg(x0)]? < % (2.33)
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Remark 2.3. In 2D and 3D, for small 8 > 0 or § < 0, the L* estimate above
can be improved by employing the WP estimates for (2.32) and the embedding
H?*(R?Y) «— L*(RY) (d = 2,3). In 1D, L™ bound can be simply obtained by
HY(R) < L*(R), while the H! norm can be estimated by the energy.

2.1.3. Approzimations of ground states. For a few external potentials, we can find
approximations of ground states in the weakly interaction regime, i.e. || = o(1),
and strongly repulsive interaction regime, i.e. 8 > 1 [33,37]. These approximations
show the leading order behavior of the ground states and they can be used as initial
data for computing ground states numerically.

Under a box potential, i.e. we take

= T =(0,1)?
vy =4  x= e m)te =017 (2.34)
400, otherwise,

n (2.8). When 8 =0, i.e. linear case, (2.8) collapses to

po = 3%, oo =0, ol = [ loGPex=1.  (23)
U

For this linear eigenvalue problem, it is easy to find an orthonormal set of eigen-
functions as [31, 148, 150]

d
x) =[] ¢i,.(&m), ¢u(x) = V2sin(irz), 1 €N, I = (ji, -~ ,ja) € N%, (2.36)

m=1

with the corresponding eigenvalues as

1
pHy = Z s w = =172, leN. (2.37)

Thus, for linear case, we can find the exact ground state as ¢g4(x) = ¢(1,... .1)(X)
In addition, when |3] = o(1), we can approximate the ground state as ¢4(x) ~
é(1,..-,1)(x). The corresponding energy and chemical potential can be found as

Ey = E(¢y) = E(¢q,... 1)(x)) = dn?/2 + O(B),
pg = 1(¢g) = p(¢,... 1)(%)) = dr? /2 + O(B).
On the other hand, when 5 > 1, by dropping the diffusion term (i.e. the first term

on the right hand side of (2.8)) — Thomas-Fermi (TF) approximation — [11,130], we
obtain

py by (%) =Blogt (X)Pe," (x),  xeU. (2.38)

From (2.38), we obtain
L(TF
gy " (x) = % xeU. (2.39)

Plugging (2.39) into the normalization condition, we obtain

B B
The TF energy EJ¥ is obtained via (2.10),

uTF TF
1= / |(;§rng(x)|2 dx = | Z-dx="2- = M;FF = f. (2.40)
U

Byt =yt — ’8/ 6" |* dx ug =§. (2.41)
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Therefore, we get the TF approximation for the ground state, the energy and the
chemical potential when S8 > 1:

Gg(x) = ¢3F(X) =1, x €U, (2.42)
 TF _ B ~ , TF _
E~EF =0 =g (2.43)

It is easy to see that the TF approximation for the ground state does not satisfy
the boundary condition ¢|gy = 0. This is due to removing the diffusion term in
(2.8) and it suggests that a boundary layer will appear in the ground state when
B > 1. Due to the existence of the boundary layer, the kinetic energy does not go
to zero when 8 — oo and thus it cannot be neglected. Better approximation with
matched asymptotic expansion can be found in [37].

Under a harmonic potential, i.e. we take V(x) as (1.40). When 8 = 0, the exact
ground state can be found as [31, 148, 150]

’Ym)l/4 — (Y 2y/2 _
Z, e (=2, d=1,
1/4
NO _ ’Ym‘i"Yy, ¢0 (X) _ (’Yac’Yyl)2 67(71x2+'yyy2)/2 d=2
g 'Yz'%"Yy'f"Yz g (m/ 1/4 ’ 7
. _ 2 2 2
2 ) (%(Zi,)zﬁ e~ (V2" +7yy” +722 )/2’ d=3

Thus when |§] = o(1), the ground state ¢, can be approximated by qbg, ie.

Pg(x) =~ gbg(x), x € R%.

Again, when 8 > 1, by dropping the diffusion term (i.e. the first term on the right
hand side of (2.8)) — Thomas-Fermi (TF) approximation — [11,130], we obtain

fy' byt (x) = V()" (%) + Blog " (x)*¢," (x),  xeRL (2.44)
Solving the above equation, we get
¢ (X) ~ ¢TF(X) — \/(M}F - V(X)) //Ba V(X) < #;FF, (245)
! I 0, otherwise,

where 1] " is chosen to satisfy the normalization [|¢] " |l = 1. After some tedious
computations [33,37], we get

1 Sﬁ'yz)Z/S 3 (3ﬁ%)2/3 d=1
2\ 2 ) 10 2 ; g
1/2 1/2
TF _ - TF _ @
ul¥ = (Bvﬂvy , B =¢ 2 (l%/wvy 7 d=2,
1 (15ﬁ'vﬂmz )2/5 5 (15/:?%%/% )2/5 d=3
2 4 ? 14 4 ? :

It is easy to verify that the Thomas-Fermi approximation (2.45) does not have limit
as 3 — oo.

Remark 2.4. For the harmonic potential (1.40), the energy of the Thomas-Fermi
approximation is unbounded, i.e.

E(¢,") = +o0. (2.46)

This is due to the low regularity of QS;FF at the free boundary V(x) = M;FF. More
precisely, (i);F is locally C1/2 at the interface. This is a typical behavior for solutions
of free boundary value problems, which indicates that an interface layer correction
has to be constructed in order to improve the approximation quality.
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2.2. Dynamics. Many properties of dynamics for BEC can be reported by solving
GPE (2.1). In this section, we will consider the well-posedness for Cauchy problem
of GPE (2.1). For BEC, energy (2.3) is an important physical quantity and thus it
is natural to study the well-posedness in the energy space X (R?) (d = 1,2,3) (2.6).

2.2.1. Well-posedness. To investigate the Cauchy problem of (2.3), dispersive esti-
mates (Strichartz estimates) have played very important roles. For smooth poten-
tials V' (x) with at most quadratic growth in far field, i.e.,

V(x) € C*(RY) and D*V(x) € L®(R?), for all k € N¢ with |k| > 2, (2.47)
where Ng = {0} UN, Strichartz estimates are well established [73,172].

Definition 2.1. In d dimensions (d = 1,2, 3), let ¢’ and 7’ be the conjugate index
of g and r (1 < ¢, < 00), respectively, i.e. 1 =1/¢'+1/q=1/r"+1/r, we call the
pair (g, ) admissible and (¢’,7’) conjugate admissible if

2 _a(3-1), 9

2d
2§r<m, 2<r<oo if d=1;2<r<oo if d=2). (2.49)

and

Consider the unitary group ¢x generated by HY = —1V?2 4 V(x), for V(x)
satisfying (2.47), then the following estimates are available.

Lemma 2.4. (Strichartz’s estimates) Let (q,r) be an admissible pair and (v, ) be
a conjugate admissible pair, I C R be a bounded interval satisfying 0 € I, then we
have

(i) There exists a constant C depending on I and q such that

<O, gl L2 ray- (2.50)

e

—itHY ’

La(I,L" (R))

(ii) If f € LY(I,L%(R%)), there exists a constant C depending on I, q and o,
such that

/ e_i(t_S)H"‘/f(S) ds
INs<t

Using the above lemma, we can get the following results [73,173].

< C(Iv q, Q)Hf||L“/(I,L9(Rd))~ (2~51)
La(I,L"(R4))

Theorem 2.8. (Well-posedness of Cauchy problem) Suppose the real-valued trap
potential satisfies V(x) > 0 (x € R?, d = 1,2,3) and the condition (2./7), then we
have

(i) For any initial data (x,t = 0) = o(x) € X(R?), there exists a Tmax €
(0, +00] such that the Cauchy problem of (2.1) has a unique mazimal solution ¢ €
C ([0, Tiax ), X). It is mazimal in the sense that if Tax < 00, then |[¢ (-, t)]|x — oo
when t = T,

(ii) As long as the solution 1(x,t) remains in the energy space X, the L?>-norm
lo(-,t)||2 and energy E(¢(-,t)) in (2.3) are conserved for t € [0, Tax)-

(#ii) The solution of the Cauchy problem for (2.1) is global in time, i.e., Tyax =
00, if d =1 ord=2 with 8 > Cy/||1bol|3 or d =3 with 8 > 0.
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2.2.2. Dynamical properties. From Theorem 2.8, the GPE (2.1) conserves the en-
ergy (2.3) and the mass (L?-norm) (2.2). There are other important quantities that
measure the dynamical properties of BEC. Consider the momentum defined as

P(t) = /R dIm(E(x,t)Vzp(x,t))dx, t>0, (2.52)

where Im(c) denotes the imaginary part of ¢. Then we can get the following result.

Lemma 2.5. Suppose (x,t) is the solution of the problem (2.1) and |VV(x)| <
CV(x)+1) (V(x) >0) for some constant C, then we have

Plt) = — /R PV () dx. (2.53)

In particular, for V(x) = 0, the momentum is conserved.

Proof. Differentiating (2.52) with respect to t, noticing (2.1), integrating by parts
and taking into account that v decreases to 0 exponentially when |x| — oo (see
also [73]), we have

P(t) - Z'/]Rd [atvw o vEd}t] dx = /Rd [(—@t) Vi + il//tva} dx
= (275 VB 808T) vus (5o Vi ey ) 75 o
:/ BVWI"’ +V(x)V[Y* + ng] ix
R

:—/ [YPVV (x)dx, t>0.
Rd

The proof is complete. 0

Another quantity characterizing the dynamics of BEC is the condensate width
defined as

oo(t) = \/3u(D), where Gu(t) = /]R ol 1) x (2.54)

for t > 0 and a being either x,y or z, with x = x in 1D, x = (z,y)” in 2D and
x = (z,y,2)T in 3D. For the dynamics of condensate widths, we have the following
lemmas:

Lemma 2.6. Suppose 1(x,t) is the solution of (2.1) in R (d = 1,2,3) with initial
data 1(x,0) = 1po(x), then we have

5u(t) :/Rd 20000 + All* — 201020,V (x)] dx, >0,  (2.55)

54(0) = 610 = / Plo(Pdx,  a=a,yz, (2.56)
Rd
5a(0) = 6V = 2/ aIm (1y0atbo) dx. (2.57)
]Rd

Proof. Differentiating (2.54) with respect to ¢, applying (2.1), and integrating by
parts, we obtain

§u(t) = —i /R [0 D000 1) — ap e 0T ] dx,  E20. (258)
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Similarly, we have
dalt) = / 21029 + BlY[* — 2a]Y]?0.V (x)] dx, (2.59)
Rd

and the conclusion follows. 0

Based on the above Lemma, when V(x) is taken as the harmonic potential (1.40),
it is easy to show that the condensate width is a periodic function whose frequency
is doubling the trapping frequency in a few special cases [47].

Lemma 2.7. (i) In 1D without interaction, i.e. d=1 and 8 =0 in (2.1), for any
initial data ¥(x,0) = 1o = Po(x), we have
E s
5. (t) = E(Wo) | (5;‘3) - (‘50)) cos(2st) + 5 —sin(29,t), 20, (2.60)
'Yz Y
(1t) In 2D with a radially symmetric trap, i.e. d =2 and v, = vy = ¥, in (1.40)
and (2.1), for any initial data ¥(x,y,0) = o = o(x,y), we have

x

E 5
5-(t) = (Jfo) (55}» — Sg())) cos(2v,t) + o in(2v,1), t>0, (2.61)

where 0,(t) = d5(t) + 0,(t), 59 = 02(0) + 64(0), and 5 = 62(0) 4 6,(0). Fur-
thermore, when the initial condition o (x,y) satisfies

Yo(x,y) = f(r)e’™® with meZ and f(0)=0 when m #0, (2.62)

we have, for anyt >0,

0z (t) =0y (t) = 5()

1
= 2( (5 ) cos(2y,t) + (;L sin(2v,t), t>0. (2.63)
Yz

For the dynamics of BEC, the center of mass is also important, which is given
by

x.(t) = /Rdx|z/J(x,t)|2dx, t>0. (2.64)

Following the proofs for Lemmas 2.5 and 2.6, we can get the equation governing
the motion of x..

Lemma 2.8. Suppose 1(x,t) is the solution of (2.1) in R? (d = 1,2,3) with initial
data 1(x,0) = 1o(x), then we have

X (t) =P(t),  %(t) = — / l(x, ) PVV (x)dx, >0, (2.65)
Rd
Xc :x(o): X 0X2X, .
0) =0 = [ o) (2.66)
%.(0) = x) = P(0) = /R ) Im (1), Vo) dx. (2.67)

Proof. Analogous calculation to Lemma 2.5 shows that

() = % /R (VT - GV dx=P(H), 120 (2.68)
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Hence, Lemma 2.5 leads to the expression for X.(t). 0

Remark 2.5. When V(x) is the harmonic potential (1.40), Eq. (2.65) can be
rewritten as

Xo(t) + Ax.(t) =0, t >0, (2.69)
where A is a d x d diagonal matrix as A = (v7) when d = 1, A = diag(v2,~,) when
d=2and A = diag(’yg,’y;,’yf) when d = 3. This immediately implies that each
component of X, is a periodic function whose frequency is the same as the trapping
frequency in that component.

For the harmonic potential (1.40), Remark 2.5 provides a way to construct the
exact solution of the GPE (2.1) with a stationary state as initial data. Let ¢(x)
be a stationary state of the GPE (2.1) with a chemical potential p. [43,46], i.e.

(Hte, de) satistying

pede(x) = — 3V + V(o + 816200, IclB=1. (270)

If the initial data ¢ (x) for the Cauchy problem of (2.1) is chosen as a stationary
state with a shift in its center, one can construct an exact solution of the GPE (2.1)
with a harmonic oscillator potential (1.40) [55,101]. This kind of analytical con-
struction can be used, in particular, in the benchmark and validation of numerical
algorithms for GPE.

Lemma 2.9. Suppose V(x) is given by (1.40), if the initial data 1o(x) for the
Cauchy problem of (2.1) is chosen as

Yo(X) = Pe(x — X0), x € RY, (2.71)
where xq is a given point in R?, then the exact solution of (2.1) satisfies:
Y(X, 1) = do(x — X (1)) e7et 0D x e RE >0, (2.72)

where for any time t > 0, w(x,t) is linear for x, i.e.
wx,t) =c(t) x+gt), ct)=(ci(t), - ,ca®)’, xeRY t>0, (2.73)
and x.(t) satisfies the second-order ODE system (2.69) with initial condition
x.(0) =xp, %.(0)=0. (2.74)
Proof. See detailed proof in [28]. 0

2.2.3. Finite time blow-up and damping. According to Theorem 2.8, there is a max-
imal time T}, for the existence of the solution in energy space. If T}, < 00, there
exists finite time blow up.

Theorem 2.9. (Finite time blow-up) In 2D and 3D, assume V (x) satisfies (2.47)
and dV (x)+x-VV(x) >0 forx € R? (d =2,3). When 8 <0, for any initial data
Y(x,t = 0) = Po(x) € X with finite variance [5, [x[*[t]? dx < oo to the Cauchy
problem of (2.1), there exists finite time blow-up, i.e., Thax < 00, if one of the
following holds:

(i) E() < 0; B

(it) E(tho) = 0 and Im ( [p. ¥o(x) (x- Vipo(x)) dx) < 0;

(iti) E(v) > 0 and Im ( [ ¥y (x) (x - Vipo(x)) dx) < —/d E(io)||xto]| 2.
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Proof. Define the variance
Oy (t) =/ x| (x,1)|? dx. (2.75)
R4

Lemma 2.6 indicates that &/ (t) = 2Im ([, ¥ (x,t)(x - Vi)(x,1)) dx) and

o0 =2 [ (596 Blult = LivPx- 9V () ax

=2d E(¢)) — (d — 2) /R |Vy|? dx — Q/Rd [(x,t)[*(dV (%) +x - V(x))dx
<2dE(¢y) = 2d E(¢g),  d=2,3.

Thus,

8, (t) < dE(o)t* + 6 (0)t + 6, (0). (2.76)
When one of the conditions (i), (ii) and (iii) holds, there exists a finite time ¢t* > 0
such that 6, (¢*) < 0, which means that there is a singularity at or before t = t*.

Theorem 2.9 shows that the solution of the GPE (2.1) may blow up for negative 8
(attractive interaction) in 2D and 3D. However, the physical quantities modeled by
1 do not become infinite which implies that the validity of (2.1) breaks down near
the singularity. Additional physical mechanisms, which were initially small, become
important near the singular point and prevent the formation of the singularity.
In BEC, the particle density [1|? becomes large close to the critical point and
inelastic collisions between particles which are negligible for small densities become
important. Therefore a small damping (absorption) term is introduced into the
NLSE (2.1) which describes inelastic processes. We are interested in the cases
where these damping mechanisms are important and, therefore, restrict ourselves
to the case of focusing nonlinearity, i.e. 8 < 0, where 8 may also be time dependent.
We consider the following damped nonlinear Schrodinger equation:

§0 =~ VYV ¥+ BTG — i f(9e. >0, x€RY, (277)
U(x,t=0)=1vo(x), x€eRY, (2.78)

where f(p) > 0 for p = [¢p|> > 0 is a real-valued monotonically increasing function.

The general form of (2.77) covers many damped NLSE arising in various different
applications. In BEC, for example, when f(p) = 0, (2.77) reduces to the usual GPE
(2.1); a linear damping term f(p) =0 with § > 0 describes inelastic collisions with
the background gas; cubic damping f(p) = d1|5|p with é; > 0 corresponds to two-
body loss [152,159]; and a quintic damping term of the form f(p) = §23%p? with
02 > 0 adds three-body loss to the GPE (2.1) [152,159]. It is easy to see that the
decay of the normalization according to (2.77) due to damping is given by

N =5 [ P ac=—2 [ fwee iR ax <o, >

Rd
(2.79)
Particularly, if f(p) = ¢ with § > 0, the normalization is given by

N(t):/Rd (3, £)[2 dx = e~ EN(0) = =28 ¢ /R o) dx, ¢>0. (2.80)

For more discussions, we refer to [30].
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2.3. Convergence of dimension reduction. In an experimental setup with har-
monic potential (1.40), the trapping frequencies in different directions can be very
different. Especially, disk-shaped and cigar-shaped condensate were observed in
experiments. In section 1.3.3, the 3D GPE is formally reduced to 2D GPE in
disk-shaped condensate and to 1D GPE in cigar-shaped condensate. Mathematical
and numerical justification for the dimension reduction of 3D GPE is only avail-
able in the weakly interaction regime, i.e. 8 = o(1) [38,52,53]. Unfortunately, in
the intermediate (8 = O(1)) or strong repulsive interaction regime (8 > 1), no
mathematical results are available and numerical studies can be found in [29].

For weak interaction regime, the dimension reduction is verified by energy type
method with projection discussed in section 1.3.3 [38,53]. Later, Ben Abdallah et
al. developed an averaging technique and proved the more general forms of the
lower dimensional GPE [52] without using the projection method. A more refined
model in lower dimensions is developed in [51]. Here, we introduce this general
approach. We refer to [52] and references therein for more discussions.

Consider the 3D GPE for (x,2z) € R x R® withd+n =3 (d=1o0r d=2)

00065, 6) = [ 3 (B Bg) + Vo 5,2) + Sl | 0x,5,0),
(2.81)
P(x,2,0) = UM (x 7)), VE(x,z)= ﬁ ﬁ
o %) ’ 9 22
where Ay and A, are the Laplace operators in x € R? and z € R, respectively.
The wave function is normalized as ||\Ilinit||2L2(R3) = 1. Compared with the situation
in section 1.3.3 (1.39), we have 0 < ¢ = 1/v, < 1 (d = 2) with ,, = 1 in disk-shaped
BEC (2D) and 0 < ¢ = 1/y <« 1 (d = 1) with v, = 7, = v in cigar-shaped BEC
(1ID). Our purpose is to describe the limiting dynamics of (2.81) for 0 < ¢ < 1.
First, we introduce the rescaling z — £'/?z and rescale ¢ — e~ #"/2¢c="/4% (x, z, t)
to keep the normalization. Then Eq. (2.81) becomes

x e RY z e R,

10° (x, 7, t) = Hy)® + éHZ’(/JE + 65/2 [ 2yf,  (x,z) € RY x R™, (2.82)
with initial data
YE(t = 0) = UM € L2(RY x R™), (2.83)
where
Ho= (A4 P), Ho=s(-A,+12P—n), D —scr  (284)
2 ’ 2 » o on/2

Here 8 = §¢™/? with a constant § € R means that we are working in the weak

interaction regime, i.e., 3 = O(¢'/?) in 2D disk-shaped BEC and 8 = O(e) in 1D

cigar-shaped BEC. Notice that the singularly perturbed Hamiltonian H, is a har-

monic oscillator (conveniently shifted here such that it admits integer eigenvalues).
By introducing the filtered unknown

e = ¢itHa/e g2 (2.85)
we get the equation
t .
i0,V°(x,2,t) = HyU®(x,2,t) + F <, \I'E) , Ve (t = 0) = @it (2.86)
€
where F is equal to

F(s, W) = § ¢i*Ha (|e*i5HZ\1/|2 ¢ isHa \If) . (2.87)
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When ¢ is small, (2.82) (or, equivalently, (2.86)) couples the high oscillations in
time generated by the strong confinement operator with a nonlinear dynamics in
the x plane, which is the only phenomenon that we want to describe.

In [52], Ben Abdallah et al. have developed an averaging technique and proved
that, for general confining potentials in the z direction, the limiting model as € goes
to zero is

10,V = Hy U + F,, (), U(t =0) = Uit (2.88)
where the long time average of F' is defined by
1T

Foo (V) = Tl_lﬁloo T /0 F(s,¥)ds. (2.89)

For general confining operator H,, the convergence is proved using the fact that
F(s, V) is almost periodic [52], but the convergence rates are generally unclear. In
the specific case of a harmonic confinement operator, like here, this convergence
result can be quantified. The important point is that H, admits only integer eigen-
values and the function F' is 2w-periodic with respect to the s variable. Therefore,
the expression of F,, is not a limit but a simple integral, and we have in fact

2m
F(0) = L F(s,¥)ds. (2.90)
2m Jy
On top of that, one can characterize the rate of convergence and prove that VU is a
first order approximation of W€ in e.
Rigourously, in order to state the convergence, we introduce the convenient scale
of functional spaces. For all £ € RT, we set

By {w e HYE)|(1xP + [2)/2p € L%R%}

endowed with one of the two following equivalent norms:
lulli, = llulFege) + I 2l g2 o) + L *ul| 72 @) (2.91)
or
lulll, = llulFpe ey + 101 + 12020l 2 zs). (2.92)
For the equivalence, see e.g. Theorem 2.1 in [52].

We have the convergence as the following.

Theorem 2.10. For some real number m > 3/2, assume that the initial datum
Uit belongs to Bya. Let We(x,z,t) = e™=/5° be the solution of the filtered
equation

t .
i0, 0% (x,2,t) = Hy U (t,2,2) + F <€, sz) . U (t=0) = UMt (2.93)

where

F(s,¥) = §eiH= e*"SHZ\II|2 e tHa (2.94)

Define also U as the solution of the averaged problem
0,0 = Hy U + Fy, (E/) . Ut =0) = winit (2.95)

where Fy, is defined by (2.90). Then, we have the following conclusions.

(i) There exists Ty > 0, depending only on |[W™||g ., such that ¥¢ and v
are uniquely defined and are uniformly bounded in the space C([0,To]; Bmta),
independently of € € (0,1].
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(ii) The function T s a first order approzimation of the solution ¥ in C([0, To|; Bm),
i.e., for some C > 0, we have

9= (t) = (0)]

B, < Ce, Vte]|0,Tp. (2.96)

The readers are referred to [51,52] for a detailed proof of Theorem 2.10.
Remark 2.6. The key property here is the periodicity of F(s,¥), and the result
can be generalized to other dimensions R? = R? x RP~% more general nonlinearities

F(¥|*)9 in (2.82) and other operators H, such that F(s, V) defined by (2.87) is
periodic.

Theorem 2.10 implies results of lower dimensional GPE (1.39). Let us take disk-
shaped BEC as an example, i.e., n =1 and d = 2. Thus, the eigenvalues of H, are
the nonnegative integers. Let x,(z) be the normalized eigenfunction associated to
the eigenvalue p € Ny:

H,x, =0xp, /X;Q; dz = 1. (2.97)

In particular,
Yo(z) = e % /2 xl/4 Z R, (2.98)

Consider a function ¥ € B,, expanded on this basis as
400

U(x,2) =Y 0p(xX)xp(2) . (2.99)
p=0

Then we have
F(Sv \Il) =0 Z Qpipapspa e**Ip1pzpare ¥Pp2 (X)(PPS (X)TM(X) Xp1 (Z)> (2'100)
P1,P2,P3,P4

where we define the coefficients

qurs =p+s—q—r, Apgrs = <XquXTXs>~

Here and in the sequel, () denotes the integration over the z variable. We write
the expansion (2.100) shortly as

F(s,20) =8 % 12512 0,0, 500 @ X, (2.101)
P1,P2,P3,P4

In the above sums, and in the sequel, @123 and €153, stand for ap p,psp, and
Qp. papspas T€SPeCtively.

The expansion of F,, (2.90) is obtained by averaging F'(s, ¥) over time s. Notic-
ing that the average of e**1234 vanishes if Q534 # 0, let us define the following
index set, whose information is preserved after averaging F'(s, ¥) given by (2.101),
for any p € N,

A(p) = {(q,r,s), such that p+ s =q+r}. (2.102)
Then we have

Fouo(®) =6 Z Z 01234 Pps Pps Pps © Xp: - (2.103)

P1=0 (p2,p3,p4)EA(p1)
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The solution of (2.93) is written as W°(x,z,t) = > ¢ (X,t)x,(z) and the solution
p=0

of (2.95) is written as ¥(x,2,t) = > ¢p(X,t)xp(z). If the initial data is polarized
p=0
on the ground mode of the confinement Hamiltonian, i.e., we have
WEN\{0},  @i(t=0)=0 and @5(t=0) ="

In this case, the averaged system (2.95) reads

i0pp, = Hxpp, +6 Z 1234 Ppy Pps Ppa>
(p2,p3,p4)EA(P1)
Pp1 (t = 0) = 50101 @init’
where dpp, is the Kronecker delta. It is readily seen from this expression that
@p(t) = 0 for all ¢ as soon as p # 0. Hence the averaged system (2.95) reduces to
the single equation for ¢ as

i 0 = Hyxpo + dagono|vol* %o, (2.104)

where agoop = \/% This is exactly the 2D GPE (1.39) with the choice (1.43) (notice
that we adopt a rescaling here).
Similarly, for a cigar-shaped BEC, i.e. n = 2, when initial data is polarized on
the ground mode of the confinement Hamiltonian, we recover the 1D GPE (1.39).
This averaging technique has solved the dimension reduction of 3D GPE in the
weak interaction regime 5 = o(1) (2.81). However, there seems no progress for the

intermediate interaction regime 8 = O(1) (2.81) yet.

3. Numerical methods for computing ground states. In this section, we
review different numerical methods for computing the ground states of BEC (2.11).
Due to the presence of the confining potential, the ground state decays exponentially
fast when |x| — oo and thus it is natural to truncate the whole space problem (2.1)
to a bounded domain U C R? with homogeneous Dirichlet boundary conditions.
Thus, we consider the GPE (2.1) in U as

iwt:—% V23 + V(x) ¢ + BlY|*, t>0, xcUcCRY  (3.1)
Y(x,t) =0, xel'=0U, t>0. (3.2)

The normalization (2.2) and energy (2.3) then become
N = o= [ e de=1, tz0. (3.3
U
and
_ 1 2 2, B 1
B@) = [ [5IV00 0P + VeGP + Slutenl| ax ex0. (.4)
U

Replacing R¢ with U, many results presented in section 2 can be directly general-
ized to bounded domain case. Similarly, finding the ground state ¢, of (3.1), i.e.
minimizing energy E(¢) (3.4) under normalization constraint N(¢) = 1 (3.3), is
equivalent to solving the nonlinear eigenvalue problem (2.8) with boundary condi-
tion (3.2). According to Theorem 2.1, ground state ¢4 can be chosen as nonnegative,
and we will restrict ourselves in real-valued wave function ¢ throughout this section.
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3.1. Gradient flow with discrete normalization. One of the most popular
techniques for dealing with the normalization constraint (3.3) is through the follow-
ing construction: choose a time sequence 0 =ty < t; < to < --- < t, < --- with
Tn = Aty =typ41 —t, > 0 and 7 = max,>¢ 7,,. To adapt an algorithm for the solu-
tion of the usual gradient flow to the minimization problem under a constraint, it is
natural to consider the following gradient flow with discrete normalization (GFDN)
which is widely used in physical literatures for computing the ground state solution
of BEC [15,27]:

b= =5 5 = IV V)0~ B[0P0, X €U, 1 <0< tysr, 020,
(3.5)
4 + oy = M U 0 3.6
et ot = o ol S el @0
o(x,t) =0, x el d(x,0) = ¢p(x), xeU, (3.7)

where ¢(x,t5) = lim, ,,+ ¢(x,t) and [|¢o |2 = 1. In fact, the gradient flow (3.5) can
be viewed as applying the steepest decent method to the energy functional E(¢)
without constraint and (3.6) then projecting the solution back to the unit sphere in
order to satisfy the constraint (3.3). From the numerical point of view, the gradient
flow (3.5) 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. In
fact, Eq. (3.5) can be obtained from the GPE (3.1) by ¢ — ¢¢t. Thus GFDN is also
known as the imaginary time method in physics literatures.
The GFDN (3.5)-(3.7) possesses the following properties [27].

Lemma 3.1. Suppose V(x) >0 for allx € U, 8 >0 and ||¢oll2 = 1, then
(1) l¢CsOll2 < [lo( tn)lla = 1 for tn <t <tnyr, n > 0.
(ii) For any 8 > 0,

E(¢(-,t)) < E(¢(-,t")), tn <t <t <tpi1, n > 0. (3.8)
(#1i) For B =0,

(1) ) ( ¢(-tn) >
E( <E(-—22m )t <t<tpi, n>0. (3.9)
l6(; 2)ll2 [ )2 ! !

The property (3.8) is often referred as the energy diminishing property of the
gradient flow. It is interesting to note that (3.9) implies that the energy diminishing
property is preserved even with the normalization of the solution of the gradient
flow for 5 = 0, that is, for linear evolutionary equations.

Theorem 3.1. Suppose V(x) > 0 for all x € U and |¢oll2 = 1. For B = 0, the
GFDN (3.5)-(3.7) is energy diminishing for any time step 7 and initial data ¢o,
i.e.

E(¢('atn+1)> < E(¢<7tn)) <--- < E(¢(70)) = E(¢0)7 n=0,1,2,---. (3'10)

For 8 > 0, the GFDN (3.5)-(3.7) does not preserve the diminishing property for
the normalization of the solution (3.9) in general.
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In fact, the normalized step (3.6) is equivalent to solving the following ODE
exactly
d1(x,t) = pg(t, T)P(x, 1), xeU, t,<t<tpy1, n>0, (3.11)
d(x, 1) = d(x, ti1)s x e U; (3.12)
where

1

/%(tﬂ—) = N¢(tn+1v7—n) = o In ||¢(-,t;+1)||§, tn <t <tlpt1- (3.13)

Thus the GFDN (3.5)-(3.7) can be viewed as a first-order splitting method for the
gradient flow with discontinuous coefficients [27]:

o = %V% ~V(x)$=Ble o+ ps(t:T)é,  x €U, >0, (3.14)
o(x,t) =0, xel, #(x,0) = po(x), xeU. (3.15)

Let 7 — 0, we see that

Jim pt.7) = 10(8) = [ / [;wm HI2+ V()¢ (x, 1) + B (x, 1) | dx.

This suggests us to consider the following continuous normalized gradient flow
(CNGF) [27):

1
61 =5V —V(X)6 =B +us(t)e, x€U, >0, (3.16)
o(x,t) =0, x el d(x,0) = ¢o(x), x e U. (3.17)
In fact, the right hand side of (3.16) is the same as (2.10) if we view p4(t) as a
Lagrange multiplier for the constraint (3.3).

Furthermore, for the above CNGF, as observed in [5,27,91], the solution of (3.16)
also satisfies the following theorem:

Theorem 3.2. Suppose V(x) > 0 for allx € U, 8 > 0 and ||¢oll2 = 1. Then the
CNGF (3.16)-(3.17) is normalization conservative and energy diminishing, i.e.

l6( D)2 = / Plxt)dx= ol =1, t>0, (3.18)
U
Cp(o) = 2la0lE<0, 120 (319)

which in turn implies
E(é(-,t1)) > E(9(+,t2)), 0<t <ty <oo.

3.2. Backward Euler finite difference discretization. In this section, we will
present a backward Euler finite difference method to discretize the GFDN (3.5)-(3.7)
(or a full discretization of the CNGF (3.16)-(3.17)). For simplicity of notation, we
introduce the method for the case of one spatial dimension d = 1 with homogeneous
Dirichlet boundary conditions. Generalizations to higher dimension with a rectangle
U = [a,b] X [c,d] C R? and a box U = [a,b] X [¢,d] X [e, f] C R? are straightforward
for tensor product grids and the results remain valid without modifications. For
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d =1, we have [27]

¢t = %Qbrm —V(z)p -5 |¢"2¢a zeU=(a,b), t, <t <tpy1, n >0, (3.20)

(2, tns1) 2 ol t1,,) = M, a<z<b, n>0, (3.21)
16 tia)ll2

(rb( ) = ¢’0( )7 a<z<b, ¢)((Z, t) = ¢(b7 t) =0, t>0; (322)

with [|goll3 = [, ¢3(x) dz = 1.
We choose the spatlal mesh size h = Az > 0 with Az = (b — a)/M, choose the
time step 7 = At > 0 and define the index sets

Tu={ili=12,....,M—1}, Ty =1{jl1j=01,2,...,M}. (3.23)
We denote grid points and time steps by
zi=a+jh, JjeTy; th =1 T, n=0,1,2,---. (3.24)

Let ¢} be the numerical approximation of &(x;,tn) and ¢™ the solution vector
at time ¢ = ¢, = n7 with components ¢}. Introduce the following finite difference
operators:

1, . _ 1 i1 — P74
0507 = 1 (B = 87), 01 0f = 3 (6) — dj1), Gedy =
—+ n 1 n+1 n n n n—1 ¢”+1 7¢” ' 2
O ¢j :;(%’ _¢j)a 0y ¢ = (¢ —¢j )s 5t¢ T, (3.25)
52 n_ QS;-L_H — 2¢§L +¢j—1 62 . ¢n+1 2¢n +¢n 1
z¢3 - h2 ’ t(bj - 7_2
We denote
Xm = {v = (vj)jeTIE} | vo =vp = O} c cM+L (3.26)
and define the discrete 17, semi-H! and [* norms over X, as
M—1 )
[ollp =5 [P, 6ol =h Y [65o]" oo = sup |yl
= =0 JET
(3.27)

M— M-—1
v) = Z u;T;, (u,v) = Zujij, Vu,v € Xpy.
— =

The Backward Euler finite difference (BEFD) method is to use backward
Euler for time discretization and second-order centered finite difference for spatial
derivatives. The detailed scheme is [27]:

o —or 1, 0 1 m2

. 50200 = Vi(wel —8(e7)" 8", €T, (3.28)

1) (1) (1)
_ _ 0 __ . n+1

The above BEFD method is implicit and uncondltlonally stable. The discretized
system can be solved by Thomas’ algorithm. The memory cost is O(M) and
computational cost per time step is O(M). In higher dimensions (such as 2D or
3D), the associated discretized system can be solved by iterative methods, for ex-
ample the Gauss-Seidel or conjugate gradient (CG) or multigrid (MG) iterative

jETy, n=01---.
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method [15,27,45]. With the approximation ¢™ of ¢ by BEFD, the energy and
chemical potential can be computed as

M-1 1 5 ﬂ
Blo( )~ B =h Y 318501 + Viaop + 1ot
=0

M_l,B
pO( ta)) " = E"+h Y Sl n2 0.
=0

For =0, i.e., linear case, the BEFD discretization (3.28) is energy diminishing
and monotone for any 7 > 0 (see [27]).

3.3. Backward Euler pseudospectral method. Spectral method enjoys high
accuracy for smooth problems such as the ground state problems in BEC. Thus,
it is favorable to use spectral method in numerical computation of ground states.
For simplicity, we shall introduce the method in 1D (3.20)-(3.22), ie. d = 1.
Generalization to d > 1 is straightforward for tensor product grids and the results
remain valid without modifications. We adopt the same mesh strategy and notations
as those in section 3.2.

For any function ¥(x) € L*(U) (U = (a,b)), ¢(z) € Co(U), and vector ¢ =

(60,01, ---,6m)T € Xar with M an even positive integer, denote finite dimensional
spaces
l
Y = span {CIDI(I) =sin (y(x —a)), w= biia’ zelUle TM} . (3.29)

Let Py : L? (U) — Y be the standard L? projection onto Yys and Iy : Co(U) —
Yy and Iy @ X — Y be the standard sine interpolation operator as

M—-1 M—-1

(Pard) (z) = Y dusin (e —a)),  (In¢) (x) = Y dusin(u(z —a)), (3.30)

=1 =1

and the coefficients are given by

2 [y G = 25 grsin (27 e T, 331
b_a/aw(x)sm(,ul(x—a)) T, ¢l_M;¢jsm(M>’ € Tar, (3.31)

W =

where ¢; = ¢(x;) when ¢ is a function instead of a vector.

The backward Euler sine spectral discretization for (3.5)-(3.7) reads [25]:
Find ¢"*(x) € Yas (i.e. ¢T(x) € Yyr) such that

T(z) — o™ (z 1
O ) _ L g2t (@) - P (Vi) + 816" @) 67 (@)] . w €U, (3:32)
¢ (x)
" (x) = ;
= ot

The above discretization can be solved in phase space and it is not suitable in
practice due to the difficulty of computing the integrals in (3.31). We now present
an efficient implementation by choosing ¢°(x) as the interpolation of ¢o(z) on the
grid points {z;, j € T}, ie ¢°(x;) = ¢o(z;) for j € Ty, and approximating
the integrals in (3.31) by a quadrature rule on the grid points. Let ¢} be the

relU, n=0,1,---; ¢"x)=Pu(¢o(x)). (3.33)
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approximations of ¢(x;,t,), which is the solution of (3.5)-(3.7). Backward Euler
sine pseudospectral (BESP) method for discretizing (3.5)-(3.7) reads [25]:

o —gr 1 1) 1)
=g DLe| L —V@)eit - Blejlte;, € Tar, (3:34)
(1) _ 40 ol
¢0 :¢M :0, ¢§):¢0($]>, ¢?+1 H(b(l)H ) JGT]\{)Iv n20717"' . (335)
Here D3, a pseudospectral differential operator approximation of 0., is defined as

Diul,_, =— Z pi sin(u(z; —a)).  j €T (3.36)

In the discretization (3.34)7 at every time step, a nonlinear system has to be
solved. Here we present an efficient way to solve it iteratively by introducing a
stabilization term with constant coefficient and using discrete sine transform (DST):

g —gn

% =3 D3, ot o a¢§1)’m+1 + (o= V(xz;) — Blo}?) ¢§1)’m,

(3.37)

where m > 0, ¢§_1),0 = ¢} and j € TY. Here a > 0 is called as a stabilization

parameter to be determined. Taking discrete sine transform at both sides of (3.37),
we obtain

(p(Dm+1), — (¢n) (a b o ) (¢:mH1y, 4 (Gm),, leTu, (3.38)

u
where (G™); are the sine transform coefficients of the vector G™ = (GI', - -+ ,G™)T

defined as )
G = (0= Viay) = Bloy ) 6507, jE T (3.39)

Solving (3.38), we get
2 — __

e . S— 077 amnyl, e Tu 3.40
(601 = s [0+ 7 (G Ths (3.40)

Taking inverse discrete sine transform for (3.40), we get the solution for (3.37)
immediately.

In order to make the iterative method (3.37) for solving (3.34) converges as fast
as possible, the ‘optimal’ stabilization parameter « in (3.37) is suggested as [36]:

1
Qopt = 5 (bmax + bmin) s (341)
where
bmax = | _max (V(z;) + BOT), b = i (Vi) + Bl672) . (3.42)

Similarly, with the approximation ¢™ of ¢ by BESP, the energy and chemical
potential can be computed as
b a = n) 2 n2 nd
E(9(tn)) ~ > utl(em) +hZ (2;)I671 + |¢j\ :

=1

~

1

w(@(-tn)) =~ " = E" +h Z Zlett, n>o.



34 W. BAO AND Y. CAI

Remark 3.1. In practice, Fourier pseudospectral method or cosine pseudospectral
method can also be applied to spatial discretization for discretizing (3.20)-(3.22)
when the homogeneous Dirichlet boundary condition in (3.22) is replaced by pe-
riodic boundary condition or homogeneous Neumann boundary condition, respec-
tively.

3.4. Simplified methods under symmetric potentials. The ground state ¢,
of (2.11) shares the same symmetric properties with V(x) (x € R%) (d = 1,2,3). In
such cases, simplified numerical methods, especially with less memory requirement,
for computing the ground states are available.

Radial symmetry in 1D, 2D and 3D. When the potential V(x) is radially sym-
metric in d = 1,2 and spherically symmetric in d = 3, the problem is reduced to
1D. Due to the symmetry, the GPE (2.1) essentially collapses to a 1D problem with
r=|x| € [0,+00) for ¢ :=(r,t) (d =1,2,3):

10 (r,t) = -1 9 (rd13¢> + (V(r) + BIY)?) ¢, r € (0,400),  (3.43)

2rd=1 9 or
w =0, P(r,t) -0, as r— oco. (3.44)
The normalization condition (2.2) becomes
No() = w(d) /O o )2 dr = 1. (3.45)

Here w(d) is the area of unit sphere in d dimensions, where w(1) = 2, w(2) = 2«
and w(3) = 4w. The energy (2.3) can be rewritten for radial wave function as

B ) =) [ (500007 + VOIGOP + S 0G0l ) 14 ar - (3.6)
0
Then, the minimization problem (2.11) collapses to :
Find ¢4 € S, such that
E, = E,(py) = min E,.(p), (3.47)
pES,

where S, = {¢ |w(d) [;* |o(r)|*r?~tdr =1, E,(¢) < co}.
The nonlinear eigenvalue problem (2.8) collapses to

B 1 d/4..d 2
pe(r) = =535 3, (7" dr‘P(T)>+V(7’)<P(T)+ﬁ|<P(T)| p(r), r € (0,+00), (3.48)
with boundary conditions
©'(0) =0, o(r) =0, when r — oo, (3.49)

under the normalization constraint (3.45) with ¢ = .

The eigenvalue problem (3.48)-(3.49) is defined in a semi-infinite interval (0, +00).
In practical computation, this is approximated by a problem defined on a finite in-
terval. Since the full wave function vanishes exponentially fast as » — 0o, choosing
R > 0 sufficiently large, then the eigenvalue problem (3.48)-(3.49) can be approxi-
mated by

() = g gy (147 0 0)) F V) + BlePletr), D<r< R, (350)

with boundary conditions
¢'(0)=0,  @(R)=0, (3.51)
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under the normalization

R
w(d)/o lo(r)2rd=t dr = 1. (3.52)

To compute the ground state ¢4, a method based on GFDN (3.5)-(3.7) can be sim-
plified. Here, we only present full discretization using a simplified BEFD method.

Choose time steps as (3.24), mesh size Ar = 2R/(2M + 1) with positive integer
M and grid points as

2

1
ri=JjAr, r;i1= (j + 2) Ar, jETY. (3.53)

We adopt the same notation for finite difference operator as (3.25). Let @ 1 be
2

the numerical approximation of p(r; 1 t,) and ©™ be the solution vector at time
t = t, with components go . Then a simplified BEFD method for computing the

ground state of (3.47) by GFDN with an initial guess ¢o(r) is given as [27]

W n
M _ 153@ — V(1) — B (@?Jr%)Q] @22%, jeTuuU{0}, (3.54)
P =0l ey =00 W)y =wolryy),  GETR
o0,
o= ”@J(fﬁ'r, JETY, n=01,--, (3.55)
where
By = oy [y - CI el e ]

and the norm is defined as
1 _
le @12 = w(d)Ar Z o)y Py ) (3.56)

Here, we have introduced a ghost point T_1 80 that the Neumann boundary con-
dition ¢’(0) = 0 is approximated with second order accuracy. The linear system
(3.54) can be solved very efficiently by the Thomas’ algorithm, where the compu-
tational cost is O(M) per time step, for all dimensions d = 1,2,3. The memory
cost is O(M). This tremendously reduces memory and computation complexity in
higher dimensions (d = 2,3) from O(M%) to O(M) compared with the proposed
BEFD (3.28) with Cartesian coordinates.

Cylindrical symmetry in 3D. For x = (z,y,2)T € R3, when V is cylindrically
symmetric, i.e., V is of the form V(r,z) (r = /a2 + y?), the problem is reduced
to 2D. Due to the symmetry, the GPE (2.1) essentially collapses to a 2D problem
with 7 € (0,400) and z € R for ¢ := ¢(r, 2, 1) :

0 (r, 2, 1) = —% [ o ( aw) + a%] + (V(r,2) + Blv]?) ¥, (3.57)

or 0z2
0v(0, 2,t)

3 =0, zeR, (rzt)—0, when 7+ |z|— oo (3.58)
,
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The normalization condition (2.2) becomes

N () = 27 /]R+ /R [ (r, 2, t)|*r dzdr = 1. (3.59)

Then, the minimization problem (2.11) collapses to :
Find ¢4 € S; such that

E, = E.(pg) = min E.(p), (3.60)

PES.

where

E.(¢) = 7r/]R+ /R (Jeor(r, 2)? + |z (r, 2) |2 + 2V (r, 2)|)* + ﬁ|<,0|4) rdzdr, (3.61)

and Se = {¢ 27 [, [ lo(r, 2)Prdzdr = 1, E.(p) < co}.
The nonlinear eigenvalue problem (2.8) collapses to

110 [ 0p 0% 9
pep(r, 2) = 3 {r@r <r8r> + 8%} + (V(r,2) + Blel*) ¢, >0, z€R, (3.62)

with boundary conditions

20(0, 2,t)

. =0, z€R, ¢(rzt)—0, when 7r+]|z|— oo, (3.63)

under the normalization constraint (3.59) with ¢ = .

The eigenvalue problem (3.48)-(3.49) is defined in the r-z plane. In practical
computation, this is approximated by a problem defined on a bounded domain.
Since the full wave function vanishes exponentially fast as r + |z| — oo, choosing
R > 0 and Z; < Zy with |Z1], |Z2| and R sufficiently large, then the eigenvalue
problem (3.62)-(3.63) can be approximated for (r,z) € (0, R) x (Z1, Z3),

1 [10 [ 0p D¢ 9
won) =3 1 (152) + T2+ v+ o) e o)
with boundary conditions
&p((?(;, 2D 0, o(R,2) = o(r, Z1) = (1, Zo) = 0, 2 € [Z1, Za], 7 € [0, K], (3.65)

under the normalization

R [Zs
27r/ / lo(r, 2)|2r dzdr = 1. (3.66)
0o Jz

To compute the ground state, the GFDN (3.5)-(3.7) collapses to a 2D problem. We
present a full finite difference discretization. Choose time steps as (3.24) and 7-
grid points (3.53) for positive integer M > 0. For integer N > 0, choose mesh size
Az = (Zy — Z1)/N and define z- grid points z = Z1 + kAz for ke Ty ={k | k=
0,1,...,N}.

Let go?+%k be the numerical approximation of go(rj+%,zk,tn) and ¢" be the
solution vector at time ¢ = t¢,, with components <p;? ik Then a simplified BEFD
method for computing the ground state of (3.61) by GFDN with an initial guess
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wo(r, 2) is given below [27]:

1 o
Yirie ~ Pitik
T

1 1 1 1 1 .
@Slk so(lig, sOEV,L X wﬁﬁ 0 soif N =0 (5, k) € Tarn,
&)

n i+5 k .
(P?Jr% kT QDO(TjJr%vZk)v sDj-iJ-ék = ”;(1)”03 (J,k) € T]\04N7 n >0, (3.67)

Lo o S INEY , .
= 7(57‘ +6z) - V(Tj-i-lazk) _B (goj_i'_%k) <pj+%k’ (]?k) € 7—MNv

where Ty ={(j,k) |0<j<M-1, 1<k<N-1}Ton ={0G,k) | 0<j <
M,ngSN}and

1 1
Ak = arpr s @iy~ ot el ey ]
Jj+3
1
2 1 (1) (1) - X
6z j+ B (AZ) [(Pj+%k+l_2 J+ k+(‘0]+%k—1]’ (Jak)ETMN?
and the norm is defined by
M—1N-1
1
loW2 = 27Ar Az 37 3 |<p§._3%k|27‘j+%. (3.68)
§j=0 k=0

Here, we use ghost points to approximate the Neumann boundary conditions, which
is the same as the radially symmetric potential case.

Remark 3.2. When the potential V(x) is an even function, BEFD (3.28) and
BESP (3.34)-(3.35) can be used to compute the first excited states by choosing
proper initial guess (see [27,36]).

3.5. Numerical results. In this section, we report numerical results on the ground
state by the proposed BEFD and BESP methods.

Example 3.1. Ground and first excited states (Remark 3.2) in 1D, i.e., we take
d=11n (2.1) and study two kinds of trapping potentials

Case I. A harmonic oscillator potential V(z) = ”—22 and S = 400;

Case II. An optical lattice potential V(z) = %2 + 25 sin? (@) and 8 = 250.

The initial data (3.7) is chosen as ¢o(z) = e~*"/2/71/4 for computing the ground
state, and resp., ¢o(z) = *lf/ﬁ e=="/2 for computing the first excited state. We solve
the problem with BESP (3.34)-(3.35) on [—16,16], i.e. a = —16 and b = 16, and
take time step 7 = 0.05 for computing the ground state, and resp., 7 = 0.001 for
computing the first excited state. The steady state solution in our computation is
reached when maxi<j<m—1 |¢”+1 7| < 10712, Let ¢y and ¢1 be the ‘exact’
ground state and first excited state, respectively, which are obtained numerically
by using BESP with a very fine mesh h = é and h = ﬁ, respectively. We denote
their energy and chemical potential as By := E(¢q), Er := E(¢1), and pg := pu(dy),
w1 := p(d1). Let ¢Slz and ¢35 be the numerlcal ground state and first exmted state
obtained by using BESP Wlth mesh size h, respectively. Similarly, and 1 h
are obtained by using BEFD in a similar way. Tabs. 3.1 and 3.2 list the errors for
Case I, and Tabs. 3.3 and 3.4 show the errors for Case II. Furthermore, we compute
the energy and chemical potential for the ground state and first excited state based
on our ‘exact’ solution ¢, and ¢1. For Case I, we have E; := E(¢4) = 21.3601
and pg = p(dy) = 35.5775 for ground state, and E; := E(¢1) = 22.0777 and
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w1 = p(d1) = 36.2881 for the first excited state. Similarly, for Case II, we have
E, = 26.0838, u, = 38.0692, E; = 27.3408 and p; = 38.9195. Fig. 3.1 plots ¢4
and ¢ as well as their corresponding trapping potentials for Cases 1&II. Fig. 3.2a

shows the excited states ¢, for potential in Case I with different 5.

mesh size h=1 h=1/2 h=1/4 h=1/8
max|¢y — 5| 1.310E-3 7.037E-5 1.054E8 <E-12
log — 6551 1.975E-3 7.425E-5 2.325E-8  <E-12
|E, — E(¢°F)| 5.688E-5 2.642E-6 9E-12  <E-12
lig — u(éfﬁ)l 1.661E-2 8.705E-5 9.44E-10 4E-12
max [, — ¢'| 2.063E-3 1.241E-3 2.800E-4 7.542E5
lgg — oED] 3.825E-3 1.439E-3 3.130E-4 T7.705E-5
|E, — E(¢'D)| 2.726E-3 9.650E-4 2.540E-4 6.439E-5
lig — M(¢§2)| 2.395E-2 6.040E-4 2.240E-4 5.694FE-5

TABLE 3.1. Spatial resolution of BESP and BEFD for ground state

of Case I in Example 3.1.

Mesh size h=1/4 h=1/8 h=1/16 h=1/32
max |¢y — ¢7, | 2.064E-1 6.190E-4 2.099E-7  <E-12
¢1 — @351 1.093E-1 3.200E-4 1.403E-7  <E-12
|Ey — E(¢75)]  5.259E-2 3.510E-4 5.550E-9  <E-12
1 — p(@SF)| 1.216E-1 1.509E-3 4.762E-8  <E-12
max ¢y — @) 2.348E-1 8.432E-3 2.267E-3 6.040E-4
o1 — @RI 1.197E-1 4.298E-3 1.215E-3 2.950E-4
|Ey — E(¢'D)|  3.154E-1 5212E-2 1.382E-2 3.449E-3
i — p(¢5R)|  4.216E-1 5.884E-2 1.609E-2  3.999E-3

TABLE 3.2. Spatial resolution of BESP
excited state of Case I in Example 3.1.

and BEFD for the first

Mesh size h=1 h=1/2 h=1/4 h=1/8
max [¢, — g5 | 7.982E-3 1.212E-3 2219E-6 1.9E-11
lpg — @Sh | 1.304E-2 1.313E-3 2431E-6 2.8E-11
B, — B(¢°h)| 4.222E-4 1.957E-4 4.994E-8  <E-12
g — p(¢5h)|  9.T61E-2 4.114E-3 5.605E-7 <E-12
max ¢, — ¢ry| 1.019E-2 5815E-3 1.001E-3 2.541E-4
¢ — ¢ERl 1.967E-2 7.051E-3 1.390E-3 3.387E-4
|E, — E(¢'D)| 7.852E-2 2.961E-2 7.940E-3 2.027E-3
g — n(¢ER)|  1.786E-1 1.716E-2 6.730E-3 1.728E-3

TABLE 3.3. Spatial resolution of BESP and BEFD for ground state

of Case II in Example 3.1.
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Mesh size h=1/4 h=1/8 h=1/16 h=1/32
max |¢; — ?P;L 2.793E-1 1.010E-3 4.240E-7  2E-12
1 — ?F;LH 1.477E-1 5.241E-4 2.784E-7  2E-12
|Ey — BE(¢55)| 1.145E-1 8.337E-4 1.943E-8  <E-12
|1 — u(qﬁ?iﬂ 1.593E-1 2.357E-3 1.097E-7  5E-12
max |1 — If% 3.134E-1 1.124E-2 3.231E-3 8.450E-4
o1 — f%H 1.599E-1 5.779E-3 1.701E-3 4.122E-4
|Ey — E(¢f'R)|  6.011E-1 1.002E-1 2.688E-2 6.707E-3
[p1 — p( ¥2)| 6.315E-1 9.887E-2 2.742E-2 6.827E-3
TABLE 3.4. Si)atial resolution of BESP and BEFD for the first
excited state of Case II in Example 3.1.

FIGURE 3.1. Ground state ¢, (left column, solid lines) and first
excited state ¢ (right column, solid lines) as well as trapping po-
tentials (dashed lines) in Example 3.1. a): For Case I; b): For Case
II.

From Tabs. 3.1-3.4, Figs. 3.1 and 3.2a, we can draw the following conclusions.
For BESP, it is spectrally accurate in spatial discretization; where for BEFD, it
is only second-order accurate. The error in the ground and first excited states is
only due to the spatial discretization. Thus when high accuracy is required or the
solution has multiscale structure [37], BESP is much better than BEFD in terms
that it needs much less grid points. Therefore BESP can save a lot of memory and
computational time, especially in 2D & 3D.
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Example 3.2. Ground states in 2D with radial symmetric trap, i.e. we take d = 2
in (2.1) and
1

Vz,y)=V(r) = §r2, (z,y) € R?, r=+z2+y%>0. (3.69)
The GFDN (3.5)-(3.7) is solved in polar coordinate with R = 8 +1/128 under mesh
size Ar = & and time step 7 = 0.1 by using the simplified BEFD (3.54)-(3.55)
with initial data ¢o(x,y) = ¢o(r) = ﬁ e~""/2. Fig. 3.2b shows the ground state
solution ¢4(r) with different 5. Tab. 3.5 displays the values of ¢,(0), radius mean

square Tyms = \/27r fooo r2|¢g(r)|?rdr, energy E(¢4) and chemical potential u, for
different .

B 94(0) rms  E(dg)  pg = p(gg)
0 0.5642 1.0000 1.0000 1.0000
10 0.4104 1.2619 1.5923 2.0637
50 0.2832 1.7018 2.8960 4.1430
100 0.2381 1.9864 3.9459 5.7597
250 0.1892 2.4655 6.0789 9.0031
500 0.1590 2.9175 8.5118 12.6783
TABLE 3.5. Numerical results for radial symmetric ground states
in Example 3.2.

FIGURE 3.2. (a). First excited state solution ¢;(z) (an odd
function) in Example 3.1 with potential in Case I for different 8 =
0, 3.1371, 12.5484, 31.371, 62.742, 156.855, 313.71, 627.42, 1254.8
(with decreasing peak); and (b). 2D ground states ¢4(r) in Exam-
ple 3.2 for 5 = 0,10, 50,100, 250, 500 (with decreasing peak).

3.6. Comments of different methods. In literatures, different numerical meth-
ods have been introduced to compute ground states of BEC. In [157], Ruprecht
et al. used Crank-Nicolson finite difference method to compute the ground states
of BEC based on the Euler-Lagrange equation (2.8). Later, Edwards et al. pro-
posed a Runge-Kutta method to find the ground states in 1D and 3D with spherical
symmetry. Dodd [90] gave an analytical expansion of the energy F(¢) using the
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Hermite polynomials when the trap V' is harmonic. By minimizing the energy in
terms of the expansion, approximated ground state results were reported in [90].
In [78], Succi et al. used an imaginary time method (equivalent to GFDN) to com-
pute the ground states with centered finite-difference discretization in space and
explicit forward discretization in time. Lin et al. designed an iterative method
in [77]. After discretization in space, they transformed the problem to a minimiza-
tion problem in finite dimensional vector space. Gauss-Seidel iteration methods
were proposed to solve the corresponding problem. Bao and Tang proposed a finite
element method to find the ground state by directly minimizing the energy func-
tional in [43]. In [27,36], Bao et al. developed the GFDN method to calculate the
ground state, which contains a gradient flow and a projection at each step. Different
discretizations have been discussed, including the finite difference discretization or
spectral discretization in space, explicit (forward Euler) discretization or implicit
(backward Euler, Crank-Nicolson) discretization in time.

In the current studies of BEC, the most popular method for computing the
ground state is the GFDN method. In fact, imaginary time method [78] is the same
as the GFDN method, while imaginary time is preferred in the physics community.
There are many different discretizations for GFDN (3.5)-(3.7) [27, 36], including
backward Euler, Crank-Nicolson, forward Euler, backward Euler for linear part
and forward Euler for nonlinear part, time-splitting for the time discretization and
centered finite difference or spectral method for spatial discretization. From our
experience, among these discretizations, BEFD and BESP are very easy to use,
robust, very efficient and accurate in practical computation. Furthermore, energy
diminishing is observed in linear case under any time step 7 > 0 and nonlinear case
when time step 7 is not too big [27]. If high accuracy is crucial in computing ground
states in BEC, e.g. under an optical lattice potential or in a rotational frame, BESP
is recommended.

4. Numerical methods for computing dynamics of GPE. In this section,
we review different numerical methods to discretize the Cauchy problem of the
GPE (2.1) for computing the dynamics of BEC. In fact, many efficient and accu-
rate numerical methods have been proposed for discretizing the above GPE, or the
nonlinear Schrédinger equation (NLSE) in general, such as time-splitting sine pseu-
dospectral method [31,33,34,47], time-splitting finite difference method [42, 180],
time-splitting Laguerre-Hermite pseudospectral method [40], conservative Crank-
Nicolson finite difference method [20, 21, 76], semi-implicit finite difference method
[20,21], etc. Each method has its own advantages and disadvantages. Here we
present the detailed algorithms for some of these methods.

In practice, we truncate the problem on a bounded domain U C R? (d = 1,2, 3) as
Eq. (3.1), with either homogeneous Dirichlet boundary conditions (3.2) or periodic
boundary conditions when U is an interval (1D), a rectangle (2D) or a box (3D).
For simplicity of notation, we shall introduce the method in one space dimension
(d = 1). Generalizations to d > 1 are straightforward for tensor product grids and
the results remain valid without modifications. In 1D, the equation (3.1) becomes

’L% - _%wasw(ﬂ%t) + V(z)y(x,t) + 5|¢\2¢($7t)a a<z<b t>0,(41)

Pz, t =0) = (), a<xz<b, (4.2)
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with the homogenous Dirichlet boundary condition

P(a,t) = (b,t) =0, t>0. (4.3)
The following periodic boundary condition
Plat) = 9(b,t), Oup(a,t) = 0pp(bst), >0, (4.4)
or homogeneous Neumann boundary condition
ou(a,t) = 0,0(b,t) =0,  t>0, (4.5)

is also widely used in the literature.

To discretize Eq. (4.1), we use uniform grid points. Choose the spatial mesh
size h = Az > 0 with Az = (b —a)/M (M an even positive integer), the time step
7, the grid points and the time step as in (3.24). Let Y7 be the approximation of
Y(zj,tn) and Y™ be the solution vector with components 7.

In the following, we will introduce two widely used schemes: the time-splitting
methods and the finite difference time domain (FDTD) methods.

4.1. Time splitting pseudospectral/finite difference method. The time split-
ting procedure was presented for differential equations in [171] and applied to
Schrodinger equations in [114, 175]. For the simplest two-step case, consider an
abstract initial value problem for « : [0,T] — B (B Banach space),

au(t) = (A+ B)u(t), u(0)e€ B, (4.6)
where A and B are two operators, the solution can be written in the abstract form
as u(t) = e!A+B)y(0). For a given time step 7 > 0, let t, = n7, n = 0,1,..., and

u™ be the approximation of u(t,). The time-splitting approximation, or operator
splitting (split-step) is usually given as [171,189]

ut = emAeTByn, Lie-Trotter splitting, (4.7)

or

n+1

Ut r T A 2eTB A2y Strang splitting. (4.8)

Formally, from Taylor expansion, it is easy to see that the approximation error of
Lie-Trotter splitting is of first order O(7), and the error of Strang splitting is of
second order O(72). In principle, splitting approximations of higher order accuracy
can be constructed as [189]

n+1 aerebereaerebg‘rB .

u e@mTAebmTByn > 1, (4.9)

~ e

where coefficients a; and b; (j = 1,--- ,m) are chosen properly. One of the most
frequently used higher order splitting scheme is the fourth-order symplectic time
integrator (cf. [40,189]) for (4.6) as:

wD) = ITA yn (D) = (2078 (D) (3) _ (05-0)7A | (2)

u@ — p(1-40)TB u(3), uw®) = (05-0)TA u(4), w6 — (207B u(5), (4.10)

b

un+1 _ eGTA U(G),

where the coefficient 6 can be calculated as

1 ,
o=2 (2 +21/3 4 2*1/3) ~ 0.67560359597982881702. (4.11)
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4.1.1. Time splitting sine pseudospectral method. In this section we present a time-
splitting sine pseudospectral method, to numerically solve the GPE (4.1) with ho-
mogenous Dirichlet boundary condition (4.3). The merit of this method is that
it is unconditionally stable, time reversible, time-transverse invariant, and that it
conserves the total particle number.

Time-splitting sine pseudospectral (TSSP) method. From time ¢ = ¢, to
t = tp41, the GPE (4.1) is solved in two splitting steps. One solves first

) 1
W = =5 Vra; (4.12)
for the time step of length 7, followed by solving
0Y(x,t
Z% = V(@)y(@,t) + Bl(e, )P (x, 1), (4.13)

for the same time step. Eq. (4.12) will be discretized in space by the sine spectral
method and integrated in time exactly. For t € [t,,, tp41], the ODE (4.13) leaves ||
invariant in ¢ [31,33] and therefore becomes

OY(x,t
’% =V (@)y(,t) + Bl (z,tn)[*¥(x, 1) (4.14)
and thus can be integrated ezactly. This is equivalent to choosing operators A, B
in (4.6) as
7: .
A = 50w, B = —i(V(z) + Bl )y, (4.15)

From time ¢ = ¢,, to t = t,41, we combine the splitting steps via the standard
Strang splitting [31,33,47):

M-1
2 —irp2 /A T
W) = = 3 e (), sin(ua; - ),
=1

. . (1),2 .
P = e VPR 4O e, (4.16)
D) M—1 o o
= S e @), sin(u(a; - a)), gt =t =0,
=1

where p; = Im/(b—a) for | € Ty and (¢), and (1)), are the discrete sine transform
coefficients of 1™ and (), respectively, which are defined in (3.31). One can also
exchange the order of the steps (4.13) and (4.14) in TSSP (4.16), and the numerical
results are almost the same.

Remark 4.1. For the GPE (4.1) truncated in a bounded domain with periodic
boundary condition (4.4) or homogenous Neumann boundary condition (4.5), a
time splitting Fourier or cosine pseudospectral method similar to TSSP (4.16) is
straightforward [31, 33, 44], i.e., solve the linear part (4.12) by Fourier or cosine
spectral discretization instead of sine spectral discretization.

4.1.2. Time splitting finite difference method. In section 4.1.1, a sine pseudospectral
method (or a Fourier pseudospectral method) is used to solve Eq. (4.12). Spectral
method is favorable in view of its high accuracy if the solution of continuous problem
(2.1) is smooth. For non-smooth potentials V' (z) (random potential), the regularity
of the solution of the GPE (2.1) would be low. In such case, finite difference method
is suggested instead of spectral method.
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Time-splitting finite difference (TSFD) method From time ¢t = ¢, to t =
tn+1, the GPE (4.1) with homogenous Dirichlet boundary condition (4.3) is solved
in two splitting steps, (4.12) and (4.14). As indicated in section 4.1.1, Eq. (4.14)
can be integrated exactly. For the linear part (4.12), we use Crank-Nicolson finite
difference method. From time ¢t = t,, to t = t,,41, we combine the splitting steps
via the standard Strang splitting [42]:

] . n2 n .
P = =TV @2 g e TY,

(2) (1)
B M
T
" ir . (.2) 2 2 .
YrHt = V)BT y @) e

1
—1@eP v au). e o =ui =0, (417

This method is also unconditionally stable, time reversible, time-transverse in-
variant, and it conserves the total particle number. The linear part of TSFD (4.17)
can be solved by the Thomas’ algorithm in 1D and discrete sine transform (DST)
in 2D and 3D. Thus, the computational costs of TSFD and TSSP are the same in
2D and 3D, while the cost of TSFD is cheaper in 1D due to the Thomas’ algorithm.

4.2. Finite difference time domain method. Finite difference time domain
(FDTD) methods for NLSE have been extensively studied in the literature [9, 76]
and are widely used. In this section, we present the most popular finite difference
discretizations for the GPE (4.1) with homogenous Dirichlet boundary condition
(4.3).

4.2.1. Crank-Nicolson finite difference method. The conservative Crank-Nicolson fi-
nite difference (CNFD) discretization of GPE (4.1) reads [20,21,34,76, 106]

B = |5V D P ) [T, e T nz 0, (1)

where

n 1
Vi=V(g;), ort=c

41 n . _
J wa +¢j)v jeTy, n=0,1,2....

The boundary condition (4.3) is discretized as
ot =yt =0, n=0,1,..., (4.19)

and the initial condition (4.2) is discretized as
V) =vo(x;),  jETN (4.20)

The above CNFD method conserves the mass and energy in the discretized level.
However, it is a fully implicit method, i.e., at each time step, a fully nonlinear system
must be solved, which may be very expensive, especially in 2D and 3D. In fact, if the
fully nonlinear system is not solved numerically to extremely high accuracy, e.g., at
machine accuracy, then the mass and energy of the numerical solution obtained in
practical computation are no longer conserved [21]. This motivates us also consider
the following semi-implicit discretization for the GPE.
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4.2.2. Semi-implicit finite difference method. The semi-implicit finite difference (SIFD)
discretization of the GPE (4.1), is to use Crank-Nicolson/leap-frog schemes for dis-
cretizing linear /nonlinear terms, respectively, as [20,21]

- n 1 2 w?+1 w?71 n|2,,n .

W07 = |:_26;c + ‘/j:| s + BIY7 Y7, j€Tm, n>1. (421)
Again, the boundary condition (4.3) and initial condition (4.2) are discretized in
(4.19) and (4.20), respectively. In addition, the first step can be computed by any
explicit second or higher order time integrator, e.g., the second-order modified Euler
method, as

Yﬁw?ifK}ﬁ+w>%”+6wPP@ﬂ, jE€Tr,  (4.22)
1
o) =i | (—50 i) w + i)

For this SIFD method, at each time step, only a linear system is to be solved,
which is much more cheaper than that of the CNFD method in practical computa-
tion.

4.3. Simplified methods for symmetric potential and initial data. Similar
to section 3.4, when the potential V(x) (x € R, d = 1,2,3) and the initial data 1
are symmetric, then the solution of the GPE (2.1) is symmetric. In such cases, sim-
plified numerical methods, especially with less memory requirement, are available
for computing the dynamics of GPE.

4.3.1. Radial symmetry in 1D, 2D and 3D. When potential V' (x) and initial data
¥(x,0) = Yp(x) are radially symmetric for d = 1,2 and spherically symmetric for
d = 3, the problem is reduced to 1D. In such case, the GPE (2.1) collapse to the
1D equation (3.43) for ¢ := 4 (r, t) with r = |x| > 0.

In practical computation, the equation (3.43) is approximated on a finite interval.
Since the wave function vanishes as r — oo, choosing R > 0 sufficiently large,
equation (3.43) can be approximated by

1 0

10y (r,t) = “9pd—1 gy

(W*gw)+vmw+mw%70<r<Rv (4.23)

with boundary conditions
or(0,t) =0, Y(R,t) =0, t>0, (4.24)

and initial condition
¥(r,0) =to(r), 0<r<R. (4.25)

For this 1D problem, an efficient and accurate method is the time-splitting finite
difference (TSFD) method. Choose time steps as (3.24) and mesh size Ar =
2R/(2M + 1) for some integer M > 0. We use the same notations for the grid
points as (3.53), and let Q/J?Jr% be the numerical approximation of w(rj+%,tn) and
1™ be the solution vector at time ¢t = t,, with components w;l 1 The time-splitting
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finite difference (TSFD) discretization for (4.23) reads

1 —irBlYT 1 17/2 .
1/’J(+)% =e€ i*2 j-‘r%’ ]GTI\%7
(2) (1) (2) (1)
w‘;*w»; 1 @Z) 1+7/’~ 1
i%: ,5537d+v(rj+%) %7 0<j<M-—1,
2 2 2 .
1/)(_2 = ¢(%)7 ’(/)J(Vf)-i-% = 07 ;)4_% = wo(rj—i-%)’ J € T]\{jb
—ir Bl 272
i1 _ T2 e jeTy, n>o0. (4.26)

ity i+3’

This method is second-order accurate in space and time, unconditionally stable and
it conserves the normalization in the discretized level. The memory cost is O(M)
and computational cost is O(M) per time step, which save significantly from O (M%)
and O(M<1n M), respectively, in 2D and 3D when the Cartesian coordinates is used
by TSSP.

4.3.2. Cylindrical symmetry in 3D. For x = (z,y,2)T € R®, when V and v are
cylindrically symmetric, i.e., V and g are of the form V(r,z) and ¢o(r,z) (r =
V2 + y2), respectively, the Cauchy problem of the GPE (2.1) is reduced to 2D.
Due to the symmetry, the GPE (2.1) essentially collapses to the 2D problem (3.57)
with r € (0,400) and z € R for ¢ := ¢(r, 2, t).

In practice, the GPE (3.57) is truncated on a bounded domain. Choosing R > 0
and 71 < Z with |Z1|, |Z2| and R sufficiently large, then Eq. (3.57) can be
approximated for (r,z) € (0, R) x (Z1, Z3) as,

2
10 ( 3w> n 0%

Dz =3 10 (150 ) + 5]+ Ve H sy e,

with boundary condition

99(0, 2,1)

or :07 ’l/)(R,Z,t):i/J(ﬂth):¢(T,Z27t):0, z € [Z17Z2}7 (S [07R]a

(4.28)
and initial condition
W(r,z,0) = o(r, 2), z €Z1,Z), re€l0,R]. (4.29)

Similar to section 3.4, choose time steps as (3.24) and r- grid points (3.53) for
positive integer M > 0. For integer N > 0, choose mesh size Az = (Zy — Z1)/N
and define z- grid points 2, = Z; + kAz for k € T. Let P71, be the numerical
2
approximation of '(/)(err%vZkv t,) and 9™ be the solution vector at time ¢ = t,, with
components z/;? .11~ Then the time-splitting finite difference (TSFD) discretization
2
for (4.27) reads

=T [V(r, 1.2)+B107, 1, 1°]/2 )
wj(,i_)%k:e w3 BT Mg (k)€ T
¢(42;~_);k_¢(-2;k 1
iR 20 (v, e ) Gk € T

2 _ (2 (2) _ @ (2) _ :
VO =0T Ut = a0 = ¥ v =0, (5.K) € Tirw,
TV gy 2 +810T) /2

0P (Gok) € T (4.30)

wn‘i’l —e
itk Jtg K
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with ¢?+%k = to(rjy1,2k) for (k) € T - This method is second-order ac-
curate in space and time, unconditionally stable and it conserves the normaliza-
tion in the discretized level. The memory cost is O(MN) and computational
cost is O(MNIn M) per time step, which save significantly from O(M2N) and
O(M?N In M), respectively, when the Cartesian coordinates is used by TSSP.

4.4. Error estimates for SIFD and CNFD. In this section, we present the
error estimates for CNFD (4.18) and SIFD (4.21). The notations for finite difference
operators, related finite dimensional vector space and norms are given in section 3.2.
Specially, for real valued nonnegative potential V(x), we define the corresponding
discrete weighted 12 norm for u = (ug, u1,- -+ ,unar)’ € Xy as:

M—1
lall$ = h Y Vilus . (4.31)
§=0

In the remaining part of this section, we use the notation p < ¢ to represent that
there exists a generic constant C' which is independent of time step 7 and mesh size
h such that |p| < Cgq.

To state the error bounds, we define the ‘error’ function €™ € X as

e =P(xj,tn) — VY, jeTy, n>0, (4.32)

where 1) := 9)(z,1) is the exact solution of the GPE (4.1) and ¢} is the numerical
solution. We make the following assumption on the exact solution %, i.e., let 0 <
T < Tiax with Tihax the maximal existing time of the solution [73,173]:

Y e C3([0,T); Wh) 0 C3([0, T); W) N C°([0, T); W5 N HY), (4.33)

where the spatial norms are taken in the interval U = (a, b).
For the SIFD method, we have [20, 21]

Theorem 4.1. Assuming that (}.53) holds and that V(z) € CY(U), there exist
ho >0 and 0 < 19 < i sufficiently small, when 0 < h < hg and 0 <7 <79 < %, we
have the following error estimates for the SIFD method (4.21) with (4.19), (4.20)
and (4.22)

el S h24r2, (165 o S Y2472 ([l < 1My, 0<n < —, (4.34)

alie

where My = maxo<i<7 || (-,t)|| L (v). In addition, if either 0,V (z)|r = 0 (T' = U,
Oy, is the outer normal derivative) or v € C°([0,T); H3(U)), we have the optimal
error estimates

le™llz + 65 e ll2 S h* + 7%, 9"l <1+ My, 0<n<

al i

. (4.35)
Similarly, for the CNFD method, we have [20, 21]

Theorem 4.2. Assuming that (/.33) holds and that V(z) € C*(U), there exists
ho > 0 and 79 > 0 sufficiently small, when 0 < h < hg and 0 < 7 < 79, the
CNFD discretization (4.18) with (4.19) and (4.20) admits a unique solution Y™
0O<n< %) such that the following error estimates hold,

ez S h* 472, |65 l2 S B2 4+732 |9 |w < 14+M1, 0<n <

Rl

. (4.36)
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In addition, if either 8,V (z)|r = 0 or ¢ € C°([0,T); H3(U)), we have the optimal
error estimates

el + o ez S h* + 7%, 9"l <1+ My, 0<n (4.37)

Error bounds of conservative CNFD method for NLSE in 1D (without potential
V(z)) was established in [76,106]. In fact, their proofs for CNFD rely strongly on
the conservative property of the method and the discrete version of the Sobolev
inequality in 1D

12 <INV fllzz - I fllzz,  Vf € H(U) with U CR, (4.38)

which immediately implies a priori uniform bound for || f||z~. However, the exten-
sion of the discrete version of the above Sobolev inequality is no longer valid in 2D
and 3D. Thus the techniques used in [76,106] for obtaining error bounds of CNFD
for NLSE only work for conservative schemes in 1D and they cannot be extended
to either high dimensions or non-conservative finite difference scheme like SIFD.
Here, we are going to use different techniques to establish optimal error bounds
of CNFD and SIFD for the GPE (2.1) in 1D which can be directly generalized to 2D
and 3D. In the analysis, besides the standard techniques of the energy method, for
SIFD, we adopt the mathematical induction; for CNFD, we cut off the nonlinearity.

4.4.1. Convergence rate for SIFD. Firstly, SIFD (4.21) is uniquely solvable [20].

Lemma 4.1. (Solvability of the difference equations) Under the assumption (4.353),
for any given initial data ¥° € Xy, there exists a unique solution Y™ € Xpr of
(4.22) forn =1 and (4.21) forn > 1.

Define the local truncation error ™ € X, of the SIFD method (4.21) with (4.19),
(4.20) and (4.22) for n > 1 and j € Ty as
52 V:| w(xjatn—1)+¢(xj7tn+l)
J

77? — (i(st — ﬁ|¢(xj,tn)|2) w(%tn) + |:2I - 2

. (4.39)

and by noticing (4.20) for n =0 as
. 1 .
02 = 6} (x;,0) (—255 + v]) Y — Bl Py e Tay,  (4.40)

vl = io(ay) 17 [(—;53; + vj) dolay) + Blvo(a;) o(a;)

Then we have

Lemma 4.2. (Local truncation error) Assuming V(x) € C(U), under the assump-
tion (4.33), we have

N

"l S 72402 0<n<==1, and 60| STHA  (4.41)
T
In addition, assuming V(x) € C'(U), we have for 1 <n <L —1

24 h2 1<j<M-2
syl S T isIs ’ (4.42)
T+ h, j=0,M—1.

Furthermore, assuming either 0,V (x)|r =0 or u € C([0,T); H3(U)), we have

T
60 oo S 72407 1<n<— -1 (4.43)
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Proof. First, we prove (4.41) and (4.42) when n = 0. Rewriting w§1) and then using
Taylor’s expansion at (x;,0), noticing (4.1) and (4.2), we get

o2 W (2),3) — tholz;)
( —Vj—ﬁ%(%‘w) Yolx;) +1 (& 23/2 :

2
T T h2 1 S1 So S3
=1 (xj, f) +i= —/ / / / Opzazo(xj + sh) dsdss dsq dsy
2 202 Jo Jo Jo Joss

T

10
+iz/ / 8tt1/}(xj757/2)d5d0} :¢(Ij7*>+0(72+7h2)7 J€Tu-
2.Jo Jo 2

()45

Then, using Taylor expansion at (z;,7/2) in (4.40), noticing (4.1), in view of triangle
inequality and the assumption (4.33), we have
071 S 72wl Lo + b7 l[Ysezeall Lo + 72 Wuwe | L + T (B WazaallLee + 7% =)
([¥lleee + Th? [Yawaell Lo + 72][3se]| L)
<724+ h? J € Tu,
where the L>-norm means ||¢||ze = supg<;<7 Sup,ep [ (7, t)|. This immediately
implies (4.41) when n = 0. Similarly, we can get
63051 S TllYasszallie + 72Yusll L + Thl[Yassal| Lo ([ llwace + e )
+ 72 el (19 llwace + (12| 2 )?
ST+ h, J € Tu,
where for j = 0, we use equation (4.3) to deduce that ¥y (a,t) = ¥u(a,t) = 0.
Now we prove (4.41), (4.42) and (4.43) when n > 1. Using Taylor’s expansion
at (z;,t,) in (4.39), noticing (4.1), using triangle inequality and assumption (4.33),
Wehaveforlgngg—l,
|77;L| S h2||7/1:bzxd?||L°° + T2 (|tht||L°° + HwtthLm) S 7—2 + h2a .7 € TM
Thus, (4.41) is true. For j =1,..., M — 2, we know

—1.

(4.44)
However, for j = 0, M — 1, we derive that vy, ¥z, and Y., are all zero on the
boundary I'; and it follows that for 1 <n < % —land j=0,M —1,

16205 | S Pll$awaalloe + 72 ([etallze + [$ttoaalle) S 7+ h. (4.45)

(4.44) and (4.45) prove (4.42).

In the case of 9,V (z)|r = 0 or u € C([0,T); H3(U)), by differentiating (4.1),
we can show that wmzh‘ = wma::r:vh“ = wttzzh‘ = /(/)tt|F = 0. Then (444) holds for
boundary case and (4.43) is correct. The proof is complete. 0

T
‘6;{77?' 5 hZwaxacacﬂcHL‘x’ +72 (”wttta:HLOO + ||1/}ttmcxHL°°) S 7'2+h25 1<n< ;

Now, we are going to establish the estimates in Theorem 4.1 by mathematical
induction [20].

Proof of Theorem 4.1. We first prove the optimal discrete semi-H' norm conver-
gence rate in the case of either 9,V (x)|r = 0 or ¢ € C°([0,T]; H3(U)). Since e’ = 0,
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(4.35) is true. For n = 1, using Lemma 4.2 and noticing 631‘ = Y(z;,7) 71/;} = *’L"/"?];‘]
(j € TS}), we find that

lletle + 118, et [lo S h* + 72 (4.46)
Recalling discrete Sobolev inequality which implies that ||e!||. < C1||6f €|z, for
sufficiently small h and 7, we derive

19 oo < Nletfloo + 19l < My +1. (4.47)

Now we assume that (4.35) is valid for all0 <n <m —1 < % — 1, then we need to
show that it is still valid when n = m. In order to do so, subtracting (4.39) from
(4.21), noticing (4.4) and (4.19), we obtain the following equation for the “error”
function €™ € Xj:

1 el | pn—1
ide) = {—2535 + Vj] % + & + 17, jE€Tu, n>1, (4.48)
where " € Xy (n > 1) is defined as
& = Blv(es, ta) Po(a,ta) — BlOF1%Y5, j € Tu. (4.49)
By the assumption of mathematical induction, we have [20]
€113 < Calle™ (I3, llo€™ 13 < Csllafe™ 3+ [le"l3,  1<n<m—1, (450)

where C5 and C3 are constants only depending on M7 and .

Multiplying both sides of (4.48) by e?"'l + e?_l and summing all together for
j € Tu, taking imaginary parts, using the triangular and Cauchy inequalities,
noticing (4.41) and (4.50) , we have for 1 <n <m —1

e 8 — llen 3 = 2r T (€7 + ", e+ + e )
< 27 [lem 3 + e 3 + ™ I3 + 6" ]
< Cyr(® +72 + 27 (e 13 + 1len [B) + 27 Colle” 3

Summing above inequality for n =1,2,...,m — 1, for 7 < %, we get
m—1 T
le™ |3+ le™ M3 < C4T(h® +7°)* + Cs7 ) [lélfl3, 1 <m < =, (4.51)
T
I=1

with positive constants Cy > 0 and C5 > 0 independent of 7 and h. In view of the
discrete Gronwall inequality [20,76,106] and noticing |[e°2 = 0 and ||e!||2 < h2+72,
we immediately obtain ||e"|l2 < h? + 72 for n = m.

For the semi-H! norm, define the discrete linear energy for e” € X, as

n 1 n n
E(e") = SlloFe™ 2 + le”- (4.52)

Multiplying both sides of (4.48) by e;-H'l — e?_l, summing over index j € Ty and

performing summation by parts, taking real part, we have

g(en-i—l) —8(en_1) - _9 Re<f"+’l}n,€n+l _en—1>7 1<n<m-1. (4.53)
Rewriting (4.48) as
et — et = 2 [T + X7, G € Tu, (4.54)

where x™ € X, is defined as

" 1, et en!
X5 = [—2517”/}} : .

S €T (4.55)



MATHEMATICS AND NUMERICS FOR BEC 51

then plugging (4.54) into (4.53), we obtain
Ee™) =€) = —4rIm (" +7" "+ 0"+ Xx")
= —ArIm{"+n",x"), 1<n<m-1. (4.56)

From (4.55), (4.49) and summation by parts, we have

(€™ x| % ‘<5 (—ééi + V) (et +e”‘1)>
(657,07 (e + e[+ (€7 V (e + e )
1oz e™ 13 + lloem™l15 + oz e™ 13 + lle™ I3 + lle™ I3 + lle™ 13
HIaFE™ 5 + 11€™ 113

S laFe G+ a3 + oFe” 3, 1<n<m (4.57)
Similarly, noticing (4.50), (4.41) and (4.43), we have

("™, x") = % ’<n" (—;55 + V) (ent! + e”‘1)>’ (4.58)

S [Cozn®, o7 (e e )|+ (™ V(e + e 7))

SNaEem™ M3 + o e™ (15 + oz e™ M3 + lle™ 3 + lle™ I3 + lle™ I3

™15 + ™13
SNoEem™ 3 + ke [5 + e M3 + (7 +h%)?, 1<n<m.
Plugging (4.57) and (4.58) into (4.56), we get
E() — E(") S (2 4 W) 7 [+ 63”3+ 16 e 3]
ST +RP 47 [E(ET) +E() +E()], 1<n<m.

Summing above inequality for 1 <n < m — 1, we get

S
S

n+1
EE) +E(e") ST+ 72+ E() + () +7Y &), 1<n<m-—1,
=1

Using the discrete Gronwall inequality [20, 76], we have
Ee™)+E(e™) S (T2HRH)2+E(e)+E(Y) < (T2 4-h?)?, 1<n<m-1. (4.59)
Thus E(e™) < (72 + h?)? and

5 e™ 13 < E(e™) + V| @nlle™]3 S (7 + h?)?. (4.60)
In view of the discrete Sobolev inequality, we get
le™lloo S 107 €™ |2 S 7% + 12 (4.61)

Noticing that in all the above inequalities, the appearing constants are independent
of h and 7. Hence, for sufficiently small 7 and h, we conclude that

19" oo < J0(s i)l Loe () + l€™ |loo < M1 + 1. (4.62)

This completes the proof of (4.35) at n = m. Therefore the result is proved by
mathematical induction.

For the case of assumption (4.33) and V € C! without further assumptions, we
will lose half order convergence rate in the semi-H' norm because of the boundary
(4.42). Notice that the reminder term is O(h? + 72)%/2 instead of O(h? + 72) in
(4.58), and that the remaining proof is the same. Hence, we will have the 3/2 order



52 W. BAO AND Y. CAI

convergence rate for discrete semi-H' norm. The proof is complete. 0

Remark 4.2. Here we emphasis that the above approach can be extended to the
higher dimensions, e.g. 2D and 3D, directly. The key point is the discrete Sobolev
inequality in 2D and 3D as

lunlloo < ClIAl flunllms,  llonlloo < O™ 2|[vnlls, (4.63)

where uy, and vy, are 2D and 3D mesh functions with zero at the boundary, respec-
tively, and the discrete semi-H' norm | - || 1 and I°° norm || - [ can be defined
similarly as the discrete semi-H! norm and the /> norm in (3.27). The same proof
works in 2D and 3D, with the above Sobolev inequalities and the additional tech-
nical assumption 7 = o(1/|Inhl|) in 2D and 7 = o(h'/3) in 3D.

4.4.2. Convergence rate for CNFD. Let Y™ € X s be the numerical solution of the
CNFD (4.18) and €™ € Xjs be the error function.

Lemma 4.3. (Conservation of mass and energy) For the CNFD scheme (4.18)
with (4.19) and (4.20), for any mesh size h > 0, time step 7 > 0 and initial data
g, it conserves the mass and energy in the discretized level, i.e.

W"H% = ”'@[10”37 Eh(z/}n) EEh("/JO)ﬂ n=012,..., (4‘64)
where the discrete energy is given by
En(@") = S0y 15+ [0 15 + S 19" 2. (4.65)

Proof. Follow the analogous arguments of the CNFD method for the NLSE [77,106]
and we omit the details here for brevity. 0

For the solvability, we have

Lemma 4.4. (Solvability of the difference equations) For any given ¢™, there exists
a unique solution Y"1 of the CNFD discretization (4.18) with (4.19).

Proof. The proof is standard [10,20]. In higher dimensions (2D and 3D), additional
assumption is needed for uniqueness, i.e., time step 7 is sufficiently small compared
with mesh size. 0

Denote the local truncation error ™ € Xy (n > 0) of the CNFD scheme (4.18)
with (4.19) and (4.20) as

1
neo= a0 (ay,ty) — [_253 +V;+ g ([, tns1)* + [0 (25, t0)[?)
(g tn) +2w(xj7tn+1)7 ieTy. (4.66)

Similar to Lemma 4.2, we have

Lemma 4.5. (Local truncation error) Assume V(x) € C(U) and under assumption
(4.33), we have

~

"o S 7%+ h% 0<n<— =1 (4.67)
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In addition, assuming V(x) € C1(U), we have for 1 <n <L -1

240 1<j<M-2
bR T isds ’ (4.68)
T+ h, j=0,M—1.
In addition, if either 9,V (x)|r = 0 or v € C°([0,T); HZ(U)), we have
T
1657 oo ST24+H% 1<n<——1 (4.69)
T

One main difficulty in deriving error bounds for CNFD in high dimensions is
the {*° bounds for the finite difference solutions. In [10,20,177], this difficulty was
overcome by truncating the nonlinearity to a global Lipschitz function with compact
support in d-dimensions (d = 1,2, 3). This cutoff would not change ¥ (zx,t) and ¥
if the continuous solution (z,t) is bounded and the numerical solution ™ is close
to the continuous solution, i.e., if (4.36) or (4.37) holds.

Proof of Theorem 4.2. As in the proof of Theorem 4.1, we only prove the op-
timal convergence under assumptions (4.33) with either 9,V (x)|lr = 0 or ¥ €
C°([0,T]; H3(U)). Choose a smooth function p(s) € C*°(R) such that

1’ OS|S|S1a
ps) =4 €[0,1], 1<]s|<2, (4.70)
0, |s| > 2.

Let us denote B = (M; + 1)? and denote

fuls) = pls/B)s, s ER, (471)
then f, € C5°(R). Choose ¢ = ¢° € X and define ¢" € X (n > 1) as

iﬁwz-"ﬁ+V+ o) + £y (672)| 6272 jeTar, (472
where
n 1 n n -
¢j“/2=§(¢j“+¢j)7 jeTY, n>o. (4.73)

In fact, ¢™ can be viewed as another approximation of ¥ (x,t,). Define the ‘error’
function €" € Xy (n > 0) with components €7 = ¢(z;,t,) — ¢ for j € 7Y and
denote the local truncation error 7™ € X, as

iy =6 (g, tn) — —*52 +Vit+5 e 5 (Fo (W@ tar)?) + Fo ([ (2, t)%))
WAL )+2¢(x7’ ) e T nzo. (4.74)
Similar as Lemma 4.5, we can prove
7o + 1557 e S 72+ 12, 0<m < -1, (475)

Subtracting (4.74) from (4.72), we obtain

Cetoam 1 - n m )
Zéjej = [_255 + VJ} €; T & +0 7€Tu, n=>0, (4.76)
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where é" € X defined as

& =2 (gt 2 + ) f2) Lt 20ty 7
D) + L (61) 2, G e T, (1.75)
Recalling that f, € C§°, for 0 < n < L — 1, we can show that [20]
e S D0 1eflles N6TE S D0 (Ieklla+ 183 e¥la) - (4.79)
k=n,n+1 k=n,n+1

This property is similar to that of the SIFD case (4.50). The same proof for Theorem
4.1 works. However, there is no need to use mathematical induction here, as C§°
property of f, guarantees (4.79). For simplicity, we omit the details here. Finally,
we derive the following for sufficiently small h and T,

T

-
From (4.80), we know that (4.72) collapses to CNFD (4.18), i.e., ™ = ¢". Thus,
we prove error estimates (4.37) for CNFD (4.18).

Again, for the case of assumption (4.33) and V' € C! without further assump-
tions, we will lose half order convergence rate in the semi-H' norm. 0O

"]z + 65 & ll2 S h* + 7%, [|¢"[loc < Mi+1, 0<m (4.80)

Remark 4.3. If the cubic nonlinear term S|i|?y in (4.1) is replaced by a general
nonlinearity f(|1)|?)1, the numerical discretization CNFD and its error estimates in
[2-norm, [*°-norm and discrete H'-norm are still valid provided that the nonlinear
real-valued function f(p) € C3([0,00)). The higher dimensional case (2D or 3D) is
the same as Remark 4.2.

4.5. Error estimates for TSSP. From now on, we investigate the error bounds
for time-splitting method. In the last decade, there have been many studies on
the analysis of the splitting error for Schrodinger equations [54, 88,139, 145, 176].
For NLSE, Besse et al. obtained order estimates for the Strang splitting error [54].
Later, Lubich introduced formal Lie derivatives to estimate the Strang splitting
error [139]. The formal Lie calculus enables a systematical approach for studying
splitting schemes.

In our consideration of the TSSP (4.16) for solving the GPE (4.1), we will restrict
ourselves to certain subspaces of H}(U). Let ¢(z) € H™(U)NHE(U) be represented
in sine series as

too
o(x) = Z(bl sin(u (x — a)), zeU=(a,b), (4.81)

1=1
with g/b\l given in (3.36), define the subspace H™ (U) C H™ N H} equipped with the

sin
norm

9]

o0 3
HE (V) = (Z u?m|¢zl2> , (4.82)
=1

which is equivalent to the H™ norm in this subspace. We notice that HJ (U) =
{¢p € H™(U)|0%* p(a) = 0% ¢(b) =0, 0<2k <m, k€ Z}. Tt is easy to see that
e will preserve the H norm.
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The TSSP (4.16) can be thought as the full discretization of the following semi-
discretization scheme. Let 1" (2) be the numerical approximation of ¢)(x, ¢, ). From
time t = t,, to t = t,,+1, we use the standard Strang splitting:

P (2) = e Ayn(z), {2 (z) = eI V@BV @17 (1} (g),

4 (4.83)

Pt (z) = e”AMw{Q}(x), xeU.

In order to guarantee that e*”(V*BW'Q)qS is a flow in H, we make the following
assumptions on the potential V' (x)

V(r) € H™(U) and 0,V (z) € H? ' (U), m>1. (4.84)

To derive the optimal error bounds, we make the following assumption on the exact

solution v, ie., let 0 < T < Thyax with Tiax the maximal existing time of the

solution [73,173]:
e C([0,T); H™(U) N Hy(U)) . (4.85)

It is easy to get that 4 is actually in H! under assumptions (4.84) and (4.85), by
showing that 92¥|r = 0 (0 < 2k < m) from the GPE (4.1).
Now, we could state the error estimates for the TSSP (4.16).

Theorem 4.3. Let¢y™ € Xy be the numerical approximation obtained by the TSSP
(4.16). Under assumptions (4.84) and (4.85), there exist constants 0 < 7o, hg < 1,
such that if 0 < h < hg, 0 <7 <719 and m > 5, we have

(. tn) = I (™) (@) L2y SH™ + 7% 9" lo < My +1,

T (4.86)
IV (@, t) = I (™) (@) |20y S A" +72, 0<n< —,

T

where the interpolation operator Ipy is given in (3.30) and My = maxeqo, 1) [[¢(-, )| Loo -
By Parseval’s identity, we can easily get the following.

Lemma 4.6. (Conservation of mass) The TSSP (4.16) conserves the total mass,
i.e.,

9" 13 = 19°13, n=>1. (4.87)

The proof of Theorem 4.3 is separated into two steps. The first step is to establish
the error estimates for semi-discretization (4.83). Then we analyze the error between
the semi-discretization (4.83) and the full discretization TSSP (4.16).

The H' error bound for the semi-discretization (4.83) is the following.

Theorem 4.4. Let ™ (x) be the solution given by the splitting scheme (4.83).
Under assumption (4.84) and (4.85) with m > 5, we have ™ (x) € H? and

I (@) =, ta)lle + [V (@) =z, ta) 2 S 72 0<n< ; (4.88)

The semi-discretization (4.83) can be simplified as

Pt (z) = S (v (2)). (4.89)

Using the fact L>°(U) C H'(U) and following [139], we would easily obtain the H
stability of the splitting (4.83).
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Lemma 4.7. (H}-conditional L?- and H} stability). If v, ¢ € H}(U) with
[¥llgy < Mz, ||llgo < Mo, (4.90)

then we have

157() = S7(D)ll2 < e®T¢ = ¢l 12,
157 (%) = Sr (D)l g < €7 llY = Pllmg.

where ¢y and ¢ depend on Mo, V(x) and .

(4.91)

To prove Theorem 4.4, we need the local error, which is the key point in analyzing
time-splitting methods.

Lemma 4.8. If 1y € H3,, then the error after one step of (4.85) in H§ norm is
given by

Il (z) = (e, 7)lle + IV(@H (@) = $(@,7))l12 < O, (4.92)
where C' only depends on ||¢o| gs , V(x) and B.

We use formal Lie derivative calculus to study the local error in Lemma 4.8. For
a general differential equation ¢; = F(¢) (¢ € H}), denote the evolution operator
¢t (v) as the solution at time ¢ with initial value ¢(0) = v. The Lie derivative Dp
is given by [139]

(DrG)(v) = %G(%(v))ltzo =G'(v)F(v), ve Hy(U), (4.93)

where G is a vector field on H{. Let T(1)) = LAY, V() = —i (V(x)+ Blv*) v
and H =T + V, and denote Dy, Dy and Dy as the corresponding Lie derivatives
(cf. [139]) for T, V and H, respectively. Similar to [139], one can compute the
commutator

[T, V](v) =

W)V (@) = V' ()T (%)

~>

= LAV (@) + Blufe) - [—iVAz/;; _ip <2w|2 avi e M};)]
= %@MVJFVV'W”FWQA@JFgﬁ\v¢l2¢+§EV¢~w}.

Under assumption (4.84) on potential V(z) with m > 5, following analogous argu-
ments in [139], we have

I, VIW)mg < Cllellaz, (1+ 115 ), (4.94)
TS 1T V) < Cllllas, (L4 14 113s)- (4.95)

Now, we can prove the local error.

Proof of Lemma /4.8. The proof is analogous to that in section 5 of [139]. Here,
we outline the main part. First of all, by using variation of constant formula (or
Duhamel’s principle), one can write the error as

() —(z,7) =1f (%) — /OT f(s)ds 4+ re —ry, (4.96)
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where f(s) = exp((1 — s)Dr)Dy exp(sD7)Id(¢) (Id the identity operator), and
the remainder terms,

T = / / exp((T — s — o)D) Dy exp(o D7) Dy exp(sDr)Id (1) dods,
o Jo

1
ry = 12 / (1-6) exp(%DT) exp(67Dr) D% exp(%DT)Id(wo) df.
0

For the principal part, we notice that the midpoint rule quadrature leads to

f (%) - /O " f(s)ds = 77 /O 1ker(e) £(07) do, (4.97)

where ker(#) is the Peano kernel for midpoint rule and [139]

["(s) = e EA T[T, V) (e 2 40). (4.98)
Hence the principal part is of order O(73). For ro — ry, denote
g(s,0) = exp((t — s — 0)Dr) Dy exp(c D) Dy exp(sDr)Id (1), (4.99)
then we have
ro — 1T = %Qg (g,()) - /OT /OT Sg(s,a) dods + 79 — 71, (4.100)
with

Fy =1y — %g (g,o) R —/ / (s, 0) dods. (4.101)
0 0

For 71, noticing that

exp(TDy)ld(¢o) = exp(TDr)Id(¢o) + / exp((7 — 8)Dp ) Dy exp(sDr)Id (),
0
we can derive from the definition of g(s,o) and the form of r; that
|71 gy < Crr®. (4.102)

Similarly, we get |[72|[z < Cy7®. Here, C; and Cs only depend on 1Yol gz, V and
B. The remainder term is also a quadrature rule and it follows that

7_2 T T T—S
59 (5,0) _/0 /0 g(s,0) dods

where C,. depends on ||| gz , V and 8. Combining the above results together, we
can get Lemma 4.8. 0O

< C.73, (4.103)
Hj

Theorem 4.4 can be proved by a combination of Lemmas 4.7 and 4.8, using
induction [139], and we omit this part here.

Proof of Theorem 4.3. Having Theorem 4.4, we only need to compare the full dis-
cretization solution Ij/(¢™)(z) and the semi-discretization solution ™ (z) (0 <
n<Z,

I (™) (@) =1 (2) = Ing (9" (2) = Par (W1 () + Par (917 () = 91" (). (4.104)
From Theorem 4.4, there exists some My > 0 such that || |z < Ms. Hence

1Par (01 (@) =t @) |2 S 07, VP (01 (2)) = ()] 2 S R (4.105)
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Denote €7 (z) = Ins (™) (x) — Par (1™ (2)), then €9 = I (4°)(2) — Pas (919 (z) and
le? (@)l S h™,  (IVef @)z S P e (@)]me S M2 (4.106)

From the semi-discretization (4.83), there holds

Pu(p ) (@) = e APy i)y, Py (v 2(2) = pM(e—i(V(mHBIw“}\Qh »1h(2),

Py (") (@) = Pay (et (2),  weU.

Similarly, for the TSSP (4.16), there holds

Dy M) (@) = Ay (0" (@), T @) (@) = Iy (e VOHIT@RT 40y @),

Ly (2) = ™24y (v @) (z),  zeU.

itA

preserves HT' norm, we find that

Noticing that e

et @), = 1) (@) = Pras () (@) 11,
le7 (@), = 1 ar (@) (@) = Par() () |1y,

sin sin

Following the analogous mathematical induction for SIFD (Theroem 4.1), we can
assume that error estimates (4.86) holds for n < % — 1. For n + 1, using the
techniques and results in [22], we have

10 () (@) = Prr () (@) 22 S 7l I (#D) (@) = Par (1) (@) 22 + 7h™,

1 () () = Prr(@PH) (@) | gz S 7l (@) (@) = Par(@t) (@) | gy + 7™
Hence for n < % -1,

lep @llzs S Tlled@)lle+7h™, e @)l S Tlled @)l +rhm L (4.107)

Then, mathematical induction and discrete Gronwall inequality would imply that
for all n < % — 1 and small 7,

le7 ™ @)llze S h™ + 7% et @)y S AT+ (4.108)
Hence || Ins (¢")(z) — 31 @l h™=1 472 and discrete Sobolev inequality gives
that [[¢"[|c < My +1 (n < L) (cf. proof of Theorem 4.1). This would complete

the proof of Theorem 4.3. O

Remark 4.4. Similar as Remark 4.2, results in Theorem 4.3 can be extended to
higher dimensions (2D and 3D) and the proof presented in this section is still valid
with small modification of Lemma 4.7, by using the fact that H?(R%) ¢ L>®(R?)
(d=2,3).

For time splitting Fourier pseudospectral method and time splitting finite differ-
ence method (4.17), similar error estimates to Theorem 4.3 can be established.

4.6. Numerical results. In this section, we report numerical results of the pro-
posed numerical methods.

Example 4.1. 1D defocusing condensate, i.e. we choose d = 1 and consider GPE

2

with positive 8 = 50. The initial condition is taken as

Y(x,0) = ie**/?, z €R. (4.110)
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We solve this problem on [—16,16], i.e. a = —16 and b = 16 with homogenous
Dirichlet boundary conditions. Let 1 be the ‘exact’ solution which is obtained
numerically by using TSSP4 (fourth order time-splitting sine pseudospectral method
(4.10)) with a very fine mesh and time step, e.g., h = T124 and 7 = 0.0001, and
1, be the numerical solution obtained by using a method with mesh size h and
time step 7.

First we compare the discretization error in space. We choose a very small time
step, e.g., 7 = 0.0001 for CNFD, TSSP4 and TSFD, 7 = 0.00001 for TSSP2 such
that the error from the time discretization is negligible compared to the spatial
discretization error, and solve the GPE using different methods and various spatial
mesh sizes h. Tab. 4.1 lists the numerical errors [|¢(t) — ¥ (t)||;2 at t = 1 for
various spatial mesh sizes h.

Mesh h=3 h=5 h=1 h=z h=1/64
TSSP2 9.318E-2 4.512E-7 <5.0E-10 <5.0E-10 <5.0E-10
TSSP4 9.318E-2 4.512E-7 <5.0E-10 <5.0E-10 <5.0E-10
TSFD 7.943E-1 3.147E-1 9.025E-2 2.239E-2 5.574E-3

CNFD 7.943E-1 3.147E-1 9.026E-2 2.240E-2 5.583E-3

TABLE 4.1. Spatial discretization error analysis: ||1(t) — .- (¢)|:2
at time ¢ = 1 under 7 = 0.0001 for different numerical methods
including TSSP2 (4.16), TSFD (4.17), CNFD (4.18), and TSSP4
(fourth order time integrator (4.10) with sine pseudospectral
method).

Secondly, we test the discretization error in time. Tab. 4.2 shows the numerical
errors |[¢)(t) — tn,7(t)[|;2 at t = 1 with a very small mesh size h = 55 for different
time steps 7 and different numerical methods.

Time step 7=0.01 7=0.006 7=0.0025 7 =0.00125
TSSP2  4.522E-4 1.129E-4  2.821E-5 7.051E-6
TSSP4  1.091E-5 6.756E-7  4.213E-8 2.630E-9
TSFD 3.332E-2 8.261E-3  2.071E-3 5.323E-4
CNFD 1.099E-1 2.884E-2  7.268E-3 1.835E-3

TABLE 4.2. Time discretization error analysis: ||[¢(t) — ¥n (1))
at time ¢t = 1 under h =

1
1024°

From Tabs. 4.1-4.2, one can make the following observations: (i) Both TSSP2
and TSSP4 are spectral accurate in space and they share the same accuracy for
fixed mesh size h, and resp., TSFD and CNFD are second-order in space and they
share the same accuracy for fixed mesh size h. (ii) TSSP2, TSFD and CNFD are
second-order in time and TSSP4 is fourth-order in time. In general, for fixed time
step 7, the error from time discretization of TSSP2 is much smaller than that of
TSFEFD and CNFD, and the error from time discretization of TSFD is much smaller
than that of CNFD. From our computations, the error bounds for SIFD are similar
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to CNFD and we omit it here (cf. [20,21]). For more comparisons, we refer to [42]
and references therein.

Among the above numerical methods: (i) TSSP is explicit with computational
cost per time step at O(M In M) with M the total number of unknowns in 1D,
2D and 3D, TSFD and SIFD are implicit with computational cost per time step
O(M) and O(M In M) in 1D and 2D/3D, respectively, CNFD is implicit which is
the most expensive one since it needs to solve a fully coupled nonlinear system per
time step. (ii) The storage requirement of TSSP is little less than those of TSFD,
CNFD and SIFD. (iii) TSSP, TSFD and CNFD are unconditionally stable and
SIFD is conditionally stable. (iv) TSSP and TSFD are time transverse invariant,
where CNFD and SIFD are not. (v) TSSP, TSFD and CNFD conserve the mass
in the discretized level, where SIFD doesn’t. (vi) CNFD conserves the energy in
the discretized level, where TSSP, TSFD and SIFD don’t. However, when the time
step is small, TSSP, TSFD and SIFD conserve the energy very well in practical
computation. (vii) Extension of all the numerical methods to 2D and 3D cases is
straightforward without additional numerical difficulty. Based on these compar-
isons, in order to solve the GPE numerically for computing the dynamics of BEC,
when the solution is smooth, we recommend to use TSSP method, and resp., when
the solution is not very smooth, e.g. with random potential, we recommend to use
TSFD.

4.7. Extension to damped Gross-Pitaevskii equations. In section 2.2.3, a
damping term is introduced in GPE to describe the collapse of focusing BEC. Our
numerical methods can be generalized to this damped GPE easily. For simplicity,
we will only consider 1D case and extensions to 2D and 3D are straightforward. For
d =1, the general damped NLSE becomes [30, 32]

W= g thar + V(@) + BP0 — i f(9)0, a<e<b >0, (411)
Yz, t =0) =o(z), a<x<h, Y(a,t) =(b,t) =0, t>0. (4.112)

Due to the high performance of TSSP (4.16), we will extend it to solve damped
GPE and adopt the same notations and mesh strategy. From time t = ¢,, to time
t = tn+1, the damped GPE (4.111) is solved in two steps. One solves

PPy = _%wx;m (4.113)
for one time step, followed by solving
i Yo, t) = V(@) (@, t) + Bl (e, )Py (e,t) — i f(Jo(a, 1)) (e,t),  (4.114)

again for the same time step. Equation (4.113) is discretized in space by the sine-
spectral method and integrated in time ezactly. For t € [t,, t,+1], multiplying the

ODE (4.114) by 9 (z,t), the conjugate of ¥(x,t), one obtains

i, O = V() [ D + Bl 022 — i F([(ar ) D), ). (4.115)
Subtracting the conjugate of Eq. (4.115) from Eq. (4.115) and multiplying by —i
one obtains

S0 OF = Tl B, )+ (e, 150 1) = 2 (e )P, 0. (4116)
Let

9(s) = /ﬁl(s) ds,  h(s,s') :{

“L(g(s)—2s"), s>0,s >0,

’ sZ0 850 (4.117)

O @
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Then, if f(s) > 0 for s > 0, we find
0 < h(s,s") <s, for s>0, s >0, (4.118)
and the solution of the ODE (4.116) can be expressed as (with ' =t —t,,)
0<p(t) = plta+s) =Wz, ) =h (v ta)]*t —ta) = h(p(tn), s)
< pltn) = [l t)P, tn St <taga. (4.119)
Combining Eq. (4.119) and Eq. (4.13) we obtain
[ 'l/]t(xat) = V(x)w(l'vt) + ﬁ [h (W)(l’vtn)Pat - tn)]a 1/f(ffat)
=i f (R ([, )t = 10)) $(2,8), tn St <tnga. (4120)
Integrating (4.120) from ¢, to t, we find
V(@ t) = exp {i [-V(2)(t —tn) = G (|2, ta) %t = ta)] = F ([to(x, ta)|*,t = tn) }
X Y(@,tn),  th <t <tny1, (4.121)

where we have defined
n n
Flson) = [ i) ds' 20, Glom) = [ 6 (h(ss))7 s’ (a122)
0 0

To find the time evolution between t = t,, and ¢ = ¢,, 41, we combine the splitting
steps via the standard second-order Strang splitting (TSSP) for solving the damped
GPE (4.111). In detail, the steps for obtaining w;”“l from 97 are given by

o =exp {F (31 D) i [V D e (1w, D))} ur

i = % Aj; 2 (y0), sin(u(e; —a)). € Tar, (4.123)
vt = e {—F (j0?1 5) +i [Vi)g -6 (w71 3)]}
where 7; are the sine-transform coefficients of a complex vector u = (ug, -+ ,upr)’
with ug = upr = 0 defined in (3.31), and
P = P(x;,0) = o(z;), j=0,1,2,--- M. (4.124)

For some frequently used damping terms, the integrals in (4.117) and (4.122) can
be evaluated analytically (cf. [30]).

5. Theory for rotational BEC. In view of potential applications, the study of
quantized vortices, which are related to superfluid properties, is one of the key
issues. In fact, bulk superfluids are distinguished from normal fluids by their ability
to support dissipationless flow. Such persistent currents are intimately related to
the existence of quantized vortices, which are localized phase singularities with
integer topological charge [97]. The superfluid vortex is an example of a topological
defect that is well known in superconductors and in liquid helium. Currently, one
of the most popular ways to generate quantized vortices from BEC ground state
is the following: impose a laser beam rotating with an angular velocity on the
magnetic trap holding the atoms to create a harmonic anisotropic potential. Various
experiments have confirmed the observation of quantized vortices in BEC under a
rotational frame [1,68,140].
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5.1. GPE with an angular momentum rotation term. At temperatures T’
much smaller than the critical temperature 7., following the mean field theory
(cf. section 1.2), BEC in a rotational frame is well described by the macroscopic
wave function (x,t), whose evolution is governed by the Gross-Pitaevskii equa-
tion (GPE) with an angular momentum rotation term [5,40, 41,44, 97], (w.l.o.g.)
assuming the rotation being around the z-axis:

ot 2m
where x = (x,7,2)? € R? is the spatial coordinate vector, and
L, = —ih(z0y — y0z) (5.2)

is the z-component of the angular momentum operator L = (L, Ly, L,)T given by
L = —ih(x A V). The appearance of the angular momentum term means that we
are using a reference frame where the trap is at rest. The energy functional per
particle E(¢) is defined as

h? N _
B = [ | IV + VO + 0l - 00L0| ax (53)
R3 m 2
and wave function is normalized as

/ [ih(x, t)|* dx = 1. (5.4)
]R3

5.1.1. Dimensionless form. For the conventional harmonic potential case, by intro-
ducing the dimensionless variables: ¢ — ¢/wg with wy = min{wmwy, W, }, X = XTs
with @, = /h/mwo, 1 — ¥/z5% Q — Quo and E() — hwoEg (), we get the
dimensionless GPE

n2vest) _ (_hgw HVG0 + Nalox 0P - 0L ) uix 0 ()

0 t 1
i %’) = (—2v2 + V(%) +k (x,)[? — QLZ> Y(x,1), (5.5)
where Kk = xgé\;o = %, L, = —i(zdy —y0y) (L = —i(xAV)), V(x) =

3 (v22® +py? +922%) with 7, = 22, 9, = 22 and 7, = 2.

In a disk-shaped condensate with parameters w, ~ wy and w, > w, (<= v, =1,
vy ~ 1 and 7, > 1 with choosing wy = w), the 3D GPE (5.5) can be reduced to a
2D GPE with x = (z,y)T (cf. section 1.3.3):

CoY(x,t 1
$ 200 _ 192y Vit + eanlf - QL. 5.6
where ¢y = \/7./2m and Va(z,y) = 5 (v22? +v4y?) [20,44,46,97].

Thus here we consider the dimensionless GPE under a rotational frame in d-
dimensions (d = 2, 3):

. OU(x,t) 1
i _

o = _§v2¢ +V(x)Y + Bl — QLYp, x€RY >0, (5.7)

where

BZK{\/’YZ/QTF, V(X>_{é('y£x2—|—fy§y2)’ d=2, (58)

]-7 B % (7%392 + 732;?/2 + 7322) ; d=3.

Then the dimensionless energy functional per particle Eg o(1) is defined as

Bant) = [ [§IV0 0P +VOIWE+ 5 ol - 0L ax (59)
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and the normalization is given by

[6C, )12 @ay = 19, 0)[172@ay = 1. (5.10)

The vortex structure of rotating BEC in 3D is very complicated [4,97] due to the
presence of vortex lines, while in 2D, the structure is relatively simple as the vortex
center is only a point. As a result, most investigations start from the 2D case.

5.2. Theory for ground states. Similar to section 2, the ground state wave func-
tion ¢4 := ¢4(x) of arotating BEC satisfies the nonlinear eigenvalue problem (Euler-
Lagrange equation)

1
po) = |~V + VG0 + o - 0L o). xR d=23  (G1)
under the normalization condition
13 = [ 106 dx =1, (5.12)
Rd
with eigenvalue (or chemical potential) u given by
B

p=Eaald)+ 5 [ l6Gl" dx. (5.13)

The eigenfunction ¢(x) of (5.11) under the constraint (5.12) with least energy
is called ground state. The ground state can be found by minimizing the energy
functional Eg q(¢) (5.9) over the unit sphere S = {¢ | ||¢]l2 =1, Ega(p) < oo}

(I) Find (4} , ¢y € S) such that

Eg,n = EZ,Q(%) = glelg Esa(9), M%,Q = N%,Q(¢g)~ (5.14)

Any eigenfunction ¢(x) of (5.11) under constraint (5.12) whose energy Eg o(¢$) >
Eg a(¢g) is usually called as an excited state in the physics literature.

Existence/nonexistence results of ground state depend on the magnitude || of
the angular velocity relative to the trapping frequencies [46,64,162].

For the existence and simple properties of ground state for rotating BEC, we
have the following [46, 162].

Theorem 5.1. Suppose that V(x) is given in (5.8), then we have the conclusions
below.

i) In 2D, if ¢galx,y) € S is a ground state of the energy functional Egq(¢),
then ¢g a(x,—y) € S and ¢pg.a(—x,y) € S are ground states of the energy functional
Eg _q(¢). Furthermore

Eg,ﬂ = Eg,—ga N%,Q = /‘%7—9' (5.15)

it) In 3D, if pga(x,y,z) € S is a ground state of the energy functional Eg o(¢),
then ¢p.a(x,—y,z) € S and ¢pga(—x,y,2) € S are ground states of the energy
functional Eg _q(¢), and (5.15) is also valid.

iii) When || < min{~v,,v,} and B8 > 0 in 3D or f > —Cy in 2D (Cy given in
(2.12)), there exists a minimizer for the minimization problem (5.14), i.e. there
exist ground state.

Theorem 5.1 is a direct consequence of the below observation and the theory for
non-rotating BEC (cf. section 2).
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Lemma 5.1. Under the conditions of Theorem 5.1, the following results hold.
i) In 2D, we have

Eﬁ,fﬂ(d)(xv _y)) = Eﬁ,§2(¢(x7y))v EB,*Q(QS(_"E»Z/)) = EB,S)(¢(xvy))a NS S.
it) In 3D, we have

E@*Q(¢(xv -Y, Z)) = E5,9(¢(xvy7 Z))7 EQ’,Q(Q&(—{E, Y, Z)) = EB,Q(QS(.’E,:U,Z)), (b €S.
i11) In 2D and 3D, we have

/Rd [1_2&' Vo(x)[* + (V(X) - %‘(ﬁ + y2)> |¢]* + g |¢|4] dx < Ep o(¢)

/Rd [HQIQ IVox)” + (V(X) + %(w2 + y2)> 6> + g |¢|4} dx. (5.16)

For understanding the uniqueness question, note that Eg o (aqﬁgﬁﬂ) = E5’9(¢%7Q)
for all & € 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 |a| = 1, i.e. density of the ground state is unique, when Q = 0.
For rotating BEC under || < min{v;,,}, the density of the ground state may be
no longer unique when [Q| > Q¢ with Q¢ a critical angular rotation speed.

When rotational speed exceeds the trap frequency in - or y- direction, i.e. 2 >
min{~yz, v, }, there will be no ground state [46,64].

Theorem 5.2. (nonezistence) Suppose that V(x) is given in (5.8), then there exists
no minimizer for problem (5.14) if one of the following holds:

(i) B <0 in 3D or f < —Cy (Cy given in (2.12)) in 2D;

(i) |92 > min{vz, vy}

5.3. Critical speeds for quantized vortices. From Theorems 5.1 and 5.2, only
the case of 0 < Q < min{~,,~,} is interesting for considering the ground state of a
rotating BEC and we will assume 2 > 0 in the subsequent discussions. In particular,
the vortex appears in the ground state only if the rotational speed exceeds certain
critical value. Various experiments and mathematical studies confirm the existence
of such critical speeds.

In [162], for a radially symmetric potential in 2D, Seiringer proved that there
exists critical velocity €y > 0 that a state containing vortices is energetically favor-
able for 2 > Qg. The point is that, as € increases from 0 to min{~v,,~,}, the first
ground state with vortex should be the central vortex state, i.e., a state containing
central vortex (vortex line) in the rotational center (axis).

In 2D with radially symmetric potential V(r) (r = |x|, x € R?), the symmetric
state (m = 0) and central vortex state with index (or winding number or circulation)
0 # m € Z is the solution of the nonlinear eigenvalue problem (5.11)-(5.13) with
the form

H(X) = ¢ ()™, where (r,6) is the polar coordinate. (5.17)

In polar coordinate, the angular momentum term (5.2) becomes L, = —ia%. In or-
der to find the above central vortex states with index m (m # 0), ¢(x) = ¢y, (r)e’™?,
we need to find a real nonnegative function ¢, (r) := ¢3'o(r) which minimizes the
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energy functional
Ego(e(r)) = Es.o(é(r)e™?)

- [¢I(r)'2+ (2”’")* ) ) B2 + Blo()[* — 2mQUo(r)2] 7
= Efo(o(r)) —ma, Q>0, m>0, (5.18)

over the set S, = {¢(r) € R | 2m [ |p(r)*r dr =1, ERo(¢) < o0, ¢'(0) =0 (m=
0), and resp. ¢(0) = 0(m # 0)}. The existence and uniqueness of nonnegative
minimizer for this minimization problem can be obtained similarly as for the ground
state when = 0 [133,162]. It is clear from (5.18) that contribution of rotation in
the energy (5.18) is fixed with index m and the central vortex state with index m
is independent of 2. In fact, let us denote

E™(¢(r)) = Eg(o(r)) +mi, (5.19)

and the central vortex state can be found as the minimizer of energy E™(¢) which
is independent of (2.

Similarly, in order to find the cylindrically symmetric state (m = 0), and resp.
central vortex line states (m # 0), in 3D with cylindrical symmetry, i.e. d =3 and
V(x) = V(r,z) in (5.7), we solve the nonlinear eigenvalue problem (5.11)-(5.13)
with the special form of wave function as

$(x) = ¢m(2,y, 2) = Sm(r, 2)e™”, (5.20)
where (r,0,z) is the cylindrical coordinate, m is an integer and called as index
when m # 0. ¢, (r, z) is a real function independent of angle. It is equivalent to
computing a real nonnegative function ¢y, (r,2) := ¢3'o(r, 2) which minimizes the
energy functional

Efo(6(r,2)) = Esa(¢(r, z)e™) (5.21)

0o oo )
= 77'/0 /_OO |:87‘¢|2 + |az¢‘2 + (2‘/(7", Z) + % — 2mQ) |¢|2 + ﬁ¢|4:| r dZd’I“,

over the set S, = {¢ € R| 27 [[* [7_ |¢(r, 2)[*r dzdr = 1, EJ(¢) < 00, 8,¢(0,7) =
0 (m = 0),and resp. ¢(0,2) =0 (m #0), —00 < z < c0}.

For 2D case, by carefully studying the energy functional (5.18), Seiringer [162]
established the estimates of critical velocity €2, (m > 0) when a central vortex ¢(r)
with index m + 1 is energetically favorable to a central vortex state with index m
for Q@ > Q,,, i.e., Eg51(¢(r)) < ERo(¢(r)). The critical speed is given by

= min E™ T (g(r)) — min 57 (¢(r)) > 0. (5.22)

The estimates for €2, is the following.

Theorem 5.3. (cf. [162]) In 2D, assume potential V(r) = ir? (r = |x|, x € R%),
for positive 8 > 0 and m > 0, then the following bounds on €, hold,

Qn < (2m + 1)% (1 + ﬁ) (3+ [In(8/(2me?))]), (5.23)

Q, > am , (5.24)

B
(m + 2) L+ bm41(m+2)
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2x4™(m!)?

where b,, = @ In addition, there is a relation between the critical velocities
as Qi1 < gzﬁ Q.

In particular, we notice that g is the critical velocity for the appearance of
vortex in the ground state. For large €, the central vortex state (5.17) will no
longer be the right ansatz for ground state due to the symmetry breaking [162].

Theorem 5.4. (cf. [162]) In 2D, assume potential V (r) = 3v2r* (r = x|, x € R?),
for fixed rotational speed 0 < Q) < ~,., there exists a constant Bq, such that if 8 > Bq,
no ground state of problem (5.14) is an eigenfunction of the angular momentum
operator L, (5.2). Let ¢g4 be the ground state of (5.14) when B > Bq, then |¢g4| is
not radially symmetric.

For small rotational speed € with radial potential V' (r), the minimizer of problem
(5.14) remains the same as the ground state of the non-rotating case, i.e., the ground
state of small €2 is the same as that of 2 = 0. This observation is recently proved
rigourously by Aftalion et al. [7].

Theorem 5.5. (cf. [7]) In 2D, assuming potential V (r) = 172r? (r = x|, x € R%),
let ¢%,Q(x) be the solution of the minimization problem (5.1/) with rotational speed
Q and ¢} o(r) be the unique positive minimizer for (5.14) with @ = 0 (see section
2). There exists By > 0, such that when 5 > By, for 0 < Q < Qg (constant Qg
depends on B), ¢% o = ew(b%’o for some constant 6 € R.

All these results are valid for general potential V' (r) [7,162].

When € increases, the number of vortices in the ground state will also increase
and the vortices interact. At high rotational speed, vortices will form a lattice,
known as an Abrikosov lattice [4,5,97]. For the fast rotational speeds, Correggi
[83] studied the expansion of energy (5.9) and proved that the vortices will be
asymptotically equidistributed, which means that the vortices will form a triangle
lattice. For general harmonic potentials in 2D, i.e., v, # 7y, Ignat et al. estimated
the critical angular velocity for the existence of n vortices in the ground state as
well as the location of the vortex centers [119,120].

If an anharmonic potential, i.e. V(x) = V(r) = O(r*) when 7 — o0, is considered
instead of harmonic potentials, there exists another phase transition [81,82]. When
2 increases, the ground state of a rotating BEC with anharmonic potential will first
undergo a phase transition to the vortex state, and then become a vortex lattice.
If the velocity €2 keeps increasing, the vortex lattice will disappear, and the density
will be depleted near the trap center. Then all the vortices will be pushed away
from the center and form a giant vortex (or vortex ring) [156]. Thus, there are three
typical critical speeds that can be identified with these kinds of phase transitions in
rotating BEC [81]. In the study of the critical speeds, a more widely used scaling
is different from the one adopted here [5] (cf. section 7).

5.4. Well-posedness of Cauchy problem. This section is devoted to the well-
posedness of Cauchy problem for the rotating GPE (5.7). We use the same notations
for function spaces as those in section 2.

Like the non-rotating case (€2 = 0) (cf. section 2), the key part is to establish the
dispersive estimates like Lemma 2.4 for the evolutionary operator e’*/# generated
by the linear operator

1
Lp=-3V’+V(x)-QL, xcR' d=23. (5.25)



MATHEMATICS AND NUMERICS FOR BEC 67

For the special case V(x) = “72|x|2 and = w, Hao et al. obtained the dispersive
estimates for e’I% using a generalization of Mehler’s formula for the kernel of
eEr [73,111,112]. Later, Antonelli et al. found another approach to establish the
dispersive estimates for e’’L® without those assumptions on  and V in [111,112].
It turns out that the rotational term L, does not affect the dispersive behavior (in
short time), and the dispersive estimates for e®®% are then analogous to those in
Lemma 2.4 for harmonic potentials. Then the well-posedness of the rotational GPE

(5.7) follows from the classical arguments [73,173].

Theorem 5.6. (cf. [13]) Assume that V(x) is given by (5.8) and denote Yymin =
min{ys} (va > 0; « = z,y for d =2, and o = x,y,z for d = 3), then we have the
following results.

(i) For any initial data (x,t = 0) = ¢(x) € X(R?) (d = 2,3), there eists
a Tmax € (0,+00] such that the Cauchy problem of (5.7) has a unique mazimal
solution ¥ € C ([0, Tymax), X). It is mazimal in the sense that if Tynax < 00, then
lo(-,t)||x — oo when t — T, ..

(ii) As long as the solution 1)(x,t) remains in the energy space X, the L?>-norm
l(-,t)|l2 and energy Ega((-,t)) in (5.9) are conserved for t € [0, Tinax)-

(iii) The solution of the Cauchy problem for (5.7) is global in time, i.e., Tyax =
oo, if B> 0.

(iv) If B <0 in 2D and 3D, and if either:

(1) V(x) is axially symmetric, i.e., Q L,V (x) = 0;
(2) QL V(x)# 0 and dv/(1 — (Q/Ymin)? > 1 with |Q] < Ymin (d = 2,3).

Then there exists 1y € X (R?) such that finite time blow-up happens for the solution
of the corresponding Cauchy problem (5.7).

5.5. Dynamical laws. In this section, we present results on the dynamical prop-
erties of rotating BEC governed by GPE with an angular momentum term (5.7).

For the dynamics of angular momentum expectation in rotating BEC, we have
the following lemmas [28]:

Lemma 5.2. Suppose ¥(x,t) is the solution to the Cauchy problem of (5.7), then
we have

d(L:)(t)

" = (72 - 75) Ouy(t), where 0zy(t) :/ zy|v(x, t)|2dx, t>0. (5.26)
Rd

Consequently, the angular momentum expectation and energy for non-rotating part
are conserved, that is, for any given initial data ¥ (x,0) = g(x),

(L2)(t) = (L2)(0),  Ego(¥) = Ego(to), 20, (5.27)

at least for radially symmetric trap in 2D or cylindrically symmetric trap in 3D,
LE Vo= Vy-

For the condensate width defined by d,(+) in (2.54), we can obtain similar results
to that in Lemma 2.6 [28].
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Lemma 5.3. Suppose (x,t) is the solution of the problem (5.7), then we have
&@):A;h@a—amﬂme@@ﬁﬂﬁﬁ¢+29%ﬁ—y%mﬁ)
+2/00* + Blo[* = 29?0,V (%) |dx, t >0, (5.28)
0u0) =00 = [ @PnoPdx.  a=se (5.29)
54@:&?:2/(H—mwﬁu@—y@yHJm@M%%ﬂdxgsm

Rd

Lemma 5.4. (i) In 2D with o radially symmetric trap, i.e. d =2 and v, = vy = Vr
in (5.7), for any initial data ¥(x,y,0) =g = Yo(x,y), we have for any t > 0,

E (L 2

= 5.0(t0) —2 (L)(0) [1 — cos(27,t)]+0) cos(2v,t)+ >

V5 29r

where 8,(t) = 6,(t) + 8, (t), 6 := 6,(0) + 6,(0), and 6 := 5,(0) + 5,(0). Fur-
thermore, when the initial condition 1o (x,y) satisfies

Yo(z,y) = f(r)e™® with meZ and f(0)=0 when m#0, (5.32)

5,(t) sin(27y,t), (5.31)

we have, for anyt > 0,

(1)

:M [1 — cos(2yxt)] + 6 cos(2y,t) + (;L sin(27,t).  (5.33)
Yz

273
This and (2.54) imply that

E ) s
Op =0y = \/M(g%—i—m [1 — cos(2vst)] + 5 cos(2y,t) + 2. sin(2v,t).
Thus in this case, the condensate widths o, (t) and o,(t) are periodic functions with
frequency doubling the trapping frequency.

(ii) For all other cases, we have, for anyt >0

E E s
da(t) = B:g(f/)()) + (5&0) - Bﬂg(éwo)> cos(27at) + o sin(2yat) + fa(t),
(5.34)
where fo(t) is the solution of the following second-order ODE:
f.cv(t)+4’72 fa(t):Fa(t)a fa(o):fa(o):07 (535)
with
Fa(t) = /R . [MW —2Vo = Bl + (2950% — AV (%)) [0 + 4Q0 L3

(90 — 0,0) (4190 (29, + yd,) ¥ + 2% — y)l?) | dx.

Let ¢e(x) be a stationary state of the GPE (5.7) with a chemical potential s,
i.e., (e, de) satisfies the nonlinear eigenvalue problem (5.11)-(5.12). If the initial
data 1)y(x) for the Cauchy problem of (5.7) is chosen as a stationary state with a
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shift in its center, one can construct an exact solution of the GPE with an angular
momentum term (5.7), which is similar to Lemma 2.9 [28].

Lemma 5.5. Suppose V(x) is given by (5.8), if the initial data ¥o(x) for the
Cauchy problem of (5.7) is chosen as

¢0(X) = ¢€(X - X0)> X € Rda (536)
where X s a given point in RY, then the exact solution of (5.7) satisfies:
V(X 1) = Pe(x — X, (1)) et N xeRY >0, (5.37)

where for any time t > 0, w(x,t) is linear for x, i.e.

w(x,t) =c(t) - x+g(t), c(t) = (er(t), -+ ,ca(t)T, x€RY, t>0, (5.38)
and x.(t) = (z.(t),y.(t))T in 2D, and resp., x.(t) = (zc(t),ye(t), 2.(t))T in 3D,
satisfies the following second-order ODE system:

Fo(t) = 20 (t) + (v2 — Q%) x.(t) = 0, (5.39)
Je(t) +2Qic(t) + (vp — Q%) ye(t) =0,  t>0, (5.40)
2(0) =0, .(0) =0,  c(0) =Qo,  9(0) = —Qxo. (5.41)
Moreover, if in 3D, another ODE needs to be added:
E(t) +722(t) =0, 2(0)=z2,  Z/(0)=0. (5.42)
We note that the above ODE system (5.39)-(5.41) can be solved analytically [28].

6. Numerical methods for rotational BEC. In this section, we first present
efficient and accurate numerical methods for computing ground states, as well as the
central vortex states (5.17) of rotating BEC modeled by the GPE with an angular
momentum term (5.7). To compute the dynamics of rotating BEC based on GPE
(5.7), there are new difficulties due to the angular momentum term L, in (5.7). We
will show how to design efficient numerical methods for simulating the dynamics of
the rotational GPE (5.7). In most cases, we consider the potential V(x) given as
(5.8) if no further clarification.

6.1. Computing ground states. In order to find the ground state for rotational
GPE (5.7), we need to solve the minimization problem (5.14). Analogous to the non-
rotating case (cf. section 3), we adopt the gradient flow with discrete normalization
(GFDN) method (or imaginary time method) [45].

SE 1
@:—gf@=QV%—vww—ﬁw%+ﬂLm,uﬁw<uﬂ, 6.1)
-
B(X, tnt1) = d(x, 1, ) = Lﬁl) xeRY, d=23 n>0, (6.2)
[o(s thi1)ll2
d(x,0) = ¢p(x), x € R? with ||@oll2 = 1; (6.3)
where 0 = tg < t; < to < --- < t, < --- with 7, = tp41 — ¢, > 0and 7 =

max,>o Tn, and ¢(x,t5) = lim, = ¢(x,t). As stated in section 3, the gradient
flow (6.1) can be viewed as applying the steepest descent method to the energy
functional Egq(¢) (5.9) without constraint and (6.2) then projects the solution
back to the unit sphere in order to satisfy the constraint (5.12).

In non-rotating BEC, i.e. © = 0, the unique real valued nonnegative ground
state solution ¢4(x) > 0 for all x € R? is obtained by choosing a positive initial
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datum ¢(x) > 0 for x € R?, e.g., the ground state solution of linear Schrodinger
equation with a harmonic oscillator potential [15,27]. For rotating BEC, e.g., || <
min{v;,7y}, our numerical experiences suggest that the initial data can be chosen
as a linear combination of the ground state and central vortex ground state with
index m = 1 of (5.7) when 8 = 0 and Q = 0, which are given explicitly in section
6.5.

6.1.1. Backward Fuler finite difference method. In order to derive a full discretiza-
tion of the GFDN (6.1)-(6.3), we first truncate the physical domain of the problem
to a rectangle in 2D or a box in 3D with homogeneous Dirichlet boundary condition,
and then apply backward Euler for time discretization and second-order centered
finite difference for spatial derivatives. The backward Euler finite difference method
is similar to the BEFD discretization for non-rotating BEC in section 3.2 and we
omit the details here for brevity [45].

6.1.2. Backward Euler Fourier pseudospectral method. Computing the ground state
of rotating BEC is a very challenging problem, especially for fast rotational speed
Q close to min{vz,v,}, where many vortices exist in the ground state. In order
to achieve high resolution for the vortex structure, a very fine mesh must be used
if BEFD is used for discretizing the GFDN (6.1)-(6.3), when € is large. Here, we
propose a Fourier pseudospectral discretization in space for the GFDN (6.1)-(6.3)
to maintain the accuracy for high rotational speed € with less computational cost.

We first truncate the problem (6.1)-(6.3) in 2D on a rectangle U = [a,b] X [¢, d],
and resp. in 3D on a box U = [a,b] X [¢,d] x [e, f] with homogeneous Dirichlet
boundary condition:

1
¢t = §V2 - V(X) - B|¢‘2 +Q Lz ¢7 b <t < tn+17 X € U, (64)

¢(Xatn+1) é ¢(Xa t:+1) = ¢()i7 t;-‘rl) , xeU, n=0, (6'5)
ot L2
¢(X, ')|8U =0, (;5()(,0) = (bQ(X), x €U with H(ZSQHLZ(U) =1, (6.6)

where ¢(x,tE) = lim, ,,+ ¢(x,1).

For the simplicity of notation, we only present the methods in 2D. Generalizations
to d = 3 are straightforward for tensor product grids and the results remain valid
without modifications. Choose mesh sizes Az := 1’77“ and Ay := d;[c with M and
N two even positive integers and denote the grid points as

rj=a+jAx, j=0,1,...,M; yp:=c+kAy, k=0,1,....,N. (6.7)
Define the index sets

Tun ={G,k) |j=1,2,.... M =1, k=1,2,...,N — 1},
Ton={G,k)|§=01,2...,M, k=0,1,2...,N}.

Let ¢7, be the numerical approximation of the solution &(x5, Yk, tn) of the GFDN

(6.4)-(6.6) for (j, k) € T x and n > 0, and denote ¢ € CMFTUX(NFL) 6 he the

numerical approximate solution at time ¢ = t,,. Define

2qm M M N
2

Ag:d_ca p:_?aa?_th:_

_ 2pm
b—a’

N
o, —— 1L .
gl (68)
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Then the backward Euler Fourier pseudospectral (BEFP) discretization for solv-
ing GFDN (6.4)-(6.6) reads as [26,45,191]

¢(1) n . . .
Ok = 20| 4 i6 (5056 — 20360 |, — [Blon + Vie] 6.
(6.9)
ol
ngllj_l = (Jl) ) 2k = ¢0(xj,yk)v (]a k) € 7-1\9[Na (610)
65311

where Vjj, = V(zj,yx) for (j,k) € T x, |61 ||2 denotes the discrete I? norm given
M—1N-1

by [[¢M|2 = AzAy > 2 |¢§.}C)|2, and V2, 95 and 9; are the Fourier pseudospec-
j=0 k=0

tral approximations of V2, 9, and 9, respectively, which can be written as

M/2—-1 N/2—-1

(V26) = 1 3o 3o [0 + 002 e @ e, (6.11)

. M/2—-1 NJ/2-1
(6;¢ = N Z Z )\ac(b eiAp (x5 —a) Gixy (y— c) (6.12)
—M/2 g=—N/2
M/2 1 N/2-1
Z )‘g‘gpqei)\:(%_a)eiAg(yk_c)v (6.13)
p=—M/2 g=—N/2

(9,9) ik~ MN

for —M/2 <p<M/2-1, -K/2 < q< K/2-1. Here apq denotes the Fourier
coefficients of mesh function ¢, as

M—-1N-1 M—-1N-1
_:2jpm . 2kqm LN (s — XY (g —
b= D D b TR = 3TN g e e (614)
J=0 k=0 j=0 k=0

Similar to those in section 3.3, at every time step, we can design an iterative method
to solve the linear system (6.9) for ¢(!) via discrete Fourier transform with a stabi-
lization term. We omit the details here for brevity.

Remark 6.1. For large 2, there exists many local minimums for the energy (5.9).
To calculate the energy accurately, when the pseudospectral discretization BEFP
(6.9) is used, the terms involving derivatives in energy (5.9) should use the pseu-
dospectral approximations like (6.11)-(6.13). For a numerical approximation %,

given by the BEFP (6.9), the discretized energy EZ,Q (¢™) can be computed as

M—-1N-1
Bha(@") =aany 3 S0 [S1056" ) + 51@56M 5l + V(g ui) |65,
7=0 k=0
+ 92 (25 (050" )i — yk(936™)jk) Bj + 5 |¢ 2 (6.15)

6.2. Central vortex states with polar/cylindrical symmetry. As shown in
Theorem 5.4, if the potential is radially symmetric, the ground state density of a
rotating BEC may be no longer radially symmetric. Thus, those simplified finite
difference methods for computing ground states of non-rotating BEC with radially



72 W. BAO AND Y. CAI

symmetric or cylindrically symmetric potentials in section 3.4 can not be directly
used for computing ground states of rotational GPE (5.7).

For central vortex state (5.17) and central vortex line state (5.20), when potential
V' is radially symmetric in 2D or cylindrically symmetric in 3D, finding the central
vortex state (5.17) in 2D or the central line vortex state (5.20) in 3D, is almost the
same as computing the radially symmetric (2D) or cylindrically symmetric (3D)
ground states in section 3.4. Simplified backward Euler finite difference method
can be directly used here.

6.2.1. Formulation of the problem with cylindrical symmetry. When we consider the
harmonic potential V' (x) (5.8), the polar and cylindrical symmetries lead to new
efficient and accurate numerical methods. Since angular momentum rotation does
not affect the central vortex states, here we will only consider the GPE (5.7) with
Q = 0. In particular, for 3D, we consider GPE

.0 1/ 02 H? H? 9
Z&w* {2 (81‘2+8y2+822> + Vi(z,y,2) + BlI7 | 9, (6.16)

where V(x) = 1(72(2? +y?) +7222)+ W (2), and ¢ := (z, y, 2, t) is the normalized
wave function of the condensate with

692013 = [ W O dodydz = 1. (617)

To find cylindrically symmetric states (m = 0) and central vortex line states with
index or winding number m (m # 0) for the BEC, we write [46]

U(x,y,2,0) = ety (,y,2) = e G (r,2)e™, (6.18)

where (r,0,2) is the cylindrical coordinates, p,, is the chemical potential, ¢,, =
¢dm(r, 2) is a function independent of time ¢ and angle §. Denote

s, 1] 10 0 9 o M2 ., 1 0? 9 9
B¢ = B {T@r <T8r> Tt e ¢, B¢:= 5| g2 TR ®,
B, = B', + B*.

(6.19)

Plugging (6.18) into the GPE (6.16) and the normalization condition (6.17), we
obtain (see [41,46-48] for more details)

pm Gm = [Bm + W(2) + Bloml*] dm,  (r,2) € (0,+00) x (—00,+00), (6.20)

dm(0,2) =0 (for m #0), —00 < z < 00, (6.21)
li_>m Om(r,2) =0, —o00<z< 00, ‘ l‘im dm(r,z) =0, 0<r<oo, (6.22)
K o0 Z|— 00

under the normalization condition
llpmll? = 27r/ / | (r, 2) |2 7 dzdr = 1. (6.23)
0 —00

From a mathematical point of view, the symmetric states (m = 0) and central
vortex line states with index m (m # 0) of the BEC are defined as the minimizer
of the nonconvex minimization problem (5.21).
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To compute the symmetric states and central vortex line states of BEC, we use
the gradient flow with discrete normalization (GFDN) method [41]:

%d)(r,z,t) = —Bpno — [W(2) + Blo]*] ¢, tn <t <tpi1, n>0,(6.24)

#(0,2,t) =0 (for m #0), z€R,, t>0, (6.25)
Tlgrolo o(r,z,t) =0, z € R, |zl\1£>no<> d(r,z,t) =0, r e RT = (0,00), (6.26)
$(r, 2, tur1) 1= G(r, 2,65, ,) = M, (6.27)
) n+1 c
o(r,2,0) = ¢o(r, 2), with  [|¢o()|le = 1; (6.28)
where 0 =t < t; < -+, [0()|I2 = 2m [~ [T |o(r, 2)* r dzdr, and ¢(r, z,tE) =

lim, =+ o(r, 2, t).

For the time discretization of (6.24)-(6.28), we adopt the following backward
Euler scheme with projection:

Given ¢, find ¢"*! and ¢%/+ such that

q/;n—&-l(T’ Z) B (bn(r? Z) —

.

é"'H(T,Z)
n+1 - 1\
R ForT

For 8 = 0, it is shown in section 3 (cf. [27]) that the scheme (6.29) is energy dimin-
ishing. However, (6.29) involves non-constant coefficients so it can not be solved
by a direct fast spectral solver. Therefore, we propose to solve (6.29) iteratively
(for p=10,1,2,...) by introducing a stabilization term with constant coefficient (cf.
section 3.3)

_Bm qgn-i-l _ (W(Z) =+ ﬁ |¢n|2) q;n+17 (629)

(6.30)

prtietl " _ 1p+1 2\ Tn+1
= (B + )" TP 4 (o, — W(z) = Bl ) 4T, (6.31)

.
Tn+1,0 Tn+1 Tn+1 +1 o
P =09, 9" = lim ¢"TF, T = . (6.32)
poo llom+ e
The stabilization factor «,, is chosen such that the convergence of the iteration is
‘optimal’ and «, should be chosen as (cf. section 3.3 and [25]) oy, = 1 (b7, + BTy
with
bpin = min  [W(2) + 8l¢"(r,2)P°], bpa = max  [W(z) + Blo"(r,2)]"] .
(r,2)eRT xR (r,2)eRT xR

6.2.2. FEigenfunctions of By,. The numerical scheme for (6.24)-(6.28) requires solv-
ing, repeatedly, (6.31). Therefore, it is most convenient to use eigenfunctions of B,
as basis functions. Thanks to (6.19), we only need to find eigenfunctions of B,
and B?. We shall construct these eigenfunctions by properly scaling the Hermite
polynomials and generalized Laguerre polynomials.

We start with B*. Let H;(2) (I =0,1,2,...) be the standard Hermite polynomials
of degree [ satisfying [35,40,41]

Hl'(z) — 22 Hl(z) + 20 Hi(z) =0, z€ R,  1=0,1,2,..., (6.33)
/ Hy(z) Hy(2) e ® de =7 2" 6y, 1,I'=0,1,2,..., (6.34)

where ;- is the Kronecker delta.
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Define the scaled Hermite functions
h(z) = e %12 Hy (422) V2 (. /m)Y4, z€R. (6.35)
It is clear that lim|,|_,o hi(2) = 0.
Plugging (6.35) into (6.33) and (6.34), a simple computation shows

1 1 1
B*Ihy(z) = —ihg’(z) + §vfzghl(z) = (l + 2) v hi(z), z€R, 1>0, (6.36)

/ hl(z) hl/(Z) dz = 5”/, l, l/ = 0, 1, 2, e (637)
Hence {h;}°, are eigenfunctions of the linear operator B* in (6.19).

We now consider Bj,. To this end, we recall the definition for the generalized
Laguerre polynomials.

For any fixed m (m = 0,1,2,...), let L{*(r) (k = 0,1,2,...) be the the generalized-
Laguerre polynomials of degree k satisfying [174]

d2 d rm rm
<Td7’2+(m+1_r)dr>Lk(r)—’_kLk(r):O’ k=0,1,2,..., (6.38)
/ e L (r) L (r) dr = OFF Sppr, Kok =0,1,2,..., (6.39)
0
where

C,TI‘(m+1)( ’“]‘Cm > ~[[®k+5, k=o012....

=1

We define the scaled generalized-Laguerre functions L} by

Ly (r) = W e pm 2
() = JCp re L (yrr7). (6.40)
Plugging (6.40) into (6.38) and (6.39), direct computation leads to
B] Ly (r) = v (2k + m+ 1)L (r), (6.41)
27 /000 L (r) L (r) v dr = O (6.42)

Hence {L}'}72, are eigenfunctions of By,.
Finally we derive from the above that [35,40,41]

B (L7 (mhi(2)) = h(2)B], Ly (r) + L (r)B*hy(z) (6.43)

= @b med DIF O . (14 5) L)

o(2k +m 4 1) 7. (z 4 ;)} Lrh(s).  (6.44)

Hence, {L}(r)hi(2)}75—o are eigenfunctions of the operator B,, defined in (6.19).
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6.2.3. Interpolation operators. In order to efficiently deal with the term |¢"|2¢p™+1»
n (6.31), a proper interpolation operator should be used. We shall define below
scaled interpolation operators in both r, z directions and in the (r, z) space.

Let {2}, be the Hermite-Gauss pomts i.e., they are the N + 1 roots of the
Hermite polynomlal Hy.1(2), and let {@?}Y, be the associated Hermite-Gauss
quadrature weights [174]. We have

N

L OH(5)  Hy(s) ,
@ =6y, LI'=01,...,N. 6.45
; SRR Al (6.45)

We then define the scaled Hermite-Gauss points and weights by

A~ ~ 52
Zs w? e®s

, w? = ~. s=0,1,2,...,N. 6.46
o ST A (646)

We derive from (6.35) and (6.45) that

N
> wihi(z) hi(z) = Sw,  LI'=0,1,...,N. (6.47)

Let us denote
Y& =span{hy : k=0,1,--- ,N}. (6.48)
We define
I : C(R) — Y2 such that (1% f)(2s) = f(25),0 < s < N, Vf € C(R). (6.49)
Now, let {fm} o be the generalized-Laguerre-Gauss points [41, 163, 174]; i.e

they are the M + 1 roots of the polynomial LM+1( r), and let {(I);n}]]\io be the
weights associated with the generalized-Laguerre-Gauss quadrature [41, 163, 174].
Then, we have

- i (75") Ly (77")
Za;n J J :6kk'7 I{I,k/:O,17...,M. (650)

We then define the scaled generalized-Laguerre-Gauss points and weights by

\/7 jAW(jina ]:0’177M (651)
% (77")

We derive from (6.40) and (6.50) that
m m m m m i A;n erjn m S m am
ZW Ly w(ri') = WLIC ( 5 /’Yr) Lis <\/7’j /’Yr)
j=0 j=0 Tr ( J )
_ S B TR6)
= ! o Jop
— S, kK =0,1,..., M. (6.52)
Let us denote
Xy =span{Ly' : k=0,1,--- ,M}. (6.53)

We define

IT; : C(Ry) = Xpp such that (I3;f)(r]") = f(r]*),0 < j < M, Vf € C(Ry).
(6.54)
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Finally, let
Xyin =span{L*(r)hi(z) : k=0,1,2,...,M,1=0,1,2,...,N}. (6.55)
we define I}y : C(Ry x R) — X7 such that

(IJ\TZNf)(r;naZS) = f(r;‘n,zs)a .]:0713 7M7 S :0717"’ >N> Vf € C(E-‘r X R)
(6.56)
It is clear that Iy} = I7} o I5;.
Note that the computation of the weights {w/", w?} from (6.51) and (6.46) is not
a stable process for large m, M and N. However, they can be computed in a stable
way as suggested in the Appendix of [163].

6.2.4. A Hermite pseudospectral method in 1D. In this section, we introduce a Her-
mite pseudospectral method for computing ground states of 1D BEC. In fact, when
Y > 7, in (6.16), the 3D GPE (6.16) can be approximated by a 1D GPE (cf.
section 1.3.3). In this case, the stationary states satisfy

1 92 1 45, 9
no= =g+ W+ A 0 (657)
under the normalization condition
613 = [ lo) dz =1, (6.58)

where ¢ = ¢(z). The stationary states can be viewed as the Euler-Lagrange equa-
tions of the energy functional E(¢), defined as

B = [ [yl + (3224w ) 1o+ 1ol s 650)

under the constraint (6.58). Similarly, in this case, the normalized gradient flow
(6.24)-(6.28) collapses to [35,40,41]

0
50 t) = =B - W(z)¢ - Blol*e, (6.60)
| llim ¢(z,t) =0, t>0, (6.61)
¢(Zat_ 1)
Stat1) 7= bl b)) = o 6.62
¢(Z +1) ¢(Z +1) ||¢(,tn+1)”2 ( )

#(2,0) = ¢pp(2), z€R with  |l¢o(-)]]2 = 1, (6.63)

where ¢(z, t7) = lim, .+ ¢(z,1), l6() 13 = [ [6(2)]? dz.
Similarly, the scheme (6.31) in this case becomes:

grirt(z) — ¢"(2)

T

= —(B* + an)¢" T 4 (o — W (2) — Blg"[?) g2
(6.64)
We now describe a pseudo-spectral method based on the scaled Hermite functions
{hi(2)} for (6.64)-(6.32).
Let (u,v)r = fRuvdz and ¢ € Y. Forn = 0,1,---, set (;%H,O = @R and
o = 3 (2, + b,,) with

min

min=_ min _[W(z) +Blon(2)P], b= max [W(2)+BloN (=)

—00<z<00 —oo<z<0o0
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Then, the Hermite pseudospectral method for (6.64)-(6.32) is:
Find ¢ """ € Y such that

prrtr ol Tn-+1,p+1
YN ¥N + (BZ +an)¢7]if+ ,p+ ahl

=
R
= (Iillan =W = BloR)PR 7 ) L 0TS N, p=0,1,---, (6:69)
- Tn+1
¢Rf+1 hm ¢n+17p7 ’f]t]“rl nJ\Jfrl
15

We note that gZ;”NH’p *1 can be easily determined from (6.65) as follows:
We write the expansion

N N
TP =3 G (), oR(2) =D op hu(z), (6.66)
1=0 1=0
and
_ N
g (2) = I |(an = W(2) = BloR (2)) 377 (2)| = D237 u(2),
=0

where the coefficients {g;""}{¥, can be computed from the known function values
{g™P(25)}_ through the discrete Hermite transform using (6.47), i.e

9" = Zg () hu(2s) W (6.67)
Thanks to (6.36)-(6.37), we find from (6.65) that

¢7+1’p+1 - 1 n+1,p+1 ATLD _
—_— = — |72 l—|—§ —+ an +gl 5 1—0717"'7N7 (668)
o
from which we derive

Tn+1,p+1 — d;ln +7 glnm

i R PR (R §

1=0,1,...,N. (6.69)

Then, ¢”+1 and ¢t can be determined from the second equation in (6.65).

6.2.5. A generalized-Laguerre pseudospectral method in 2D. We now consider the
2D BEC with radial symmetry. The physical motivation is that when -, > =, in
(6.16), the 3D GPE (6.16) can be approximated by a 2D GPE (cf. section 1.3.3).
In this case, the radial symmetric state (m = 0) and central vortex state with index

m (m # 0) satisfy

1 10 0
o Pm = 3 {_rar ( or > +yor? + +25|¢m| Om, (6.70)
¢m(0) =0 (for m #0), TILIEO gi)m(r) =0, (6.71)

under the normalization condition

I6uall? = 27 / T b2 dr =1, (6.72)
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where ¢, = ¢ (). Again, this nonlinear eigenvalue problem (6.70)-(6.72) can also

be viewed as the Euler-Lagrange equations of the energy functional E(¢,,), defined
by

Bom) =7 [~ 100l + (200 + )|¢m dlonl'ran @7

under the constraint (6.72). Accordingly, the normalized gradient flow (6.24)-(6.28)
collapses to [35,40,41]

2 6(r,1) = ~Br6 — Slol%, (6.74)

#(0,t) =0 (for m #0), lim o(r,t) =0, t>0, (6.75)
¢(Ta t; 1)

stnr1) 1= (r T 6.76

O(r,tny1) == (r, by ) = 6( o)l ( )

d(r,0) = ¢o(r), 0<r < oo, with  ||go ()]l = 1, (6.77)
where ¢(r,tF) = lim, .+ ¢(r,), l¢()12 = 27 [;° |¢(r)]* r dr. The scheme (6.31)

in this case becomes:

(Zgn+1,p+1 _ (bn(r) _

. 7(B:‘n + an)&nJrl,PJrl + (Oén o B|¢n‘2) (;)’I’LJrl,p. (678)

We now describe a pseudo-spectral method based on the scaled generalized-Laguerre
functions {L}"(r)} for (6.78)-(6.32).

Let (u, v)HR+ = [g+ uvrdr and S, € X7 Forn=0,1,---, set (%(;-1,0 = oy
and ay, = 3 (b2, + b, ) with

min

bin = jin_[Bl63(MI*], Ve = ymax [Bl65 ()]

0<r<oo 0<

Then, the generalized-Laguerre pseudospectral method for (6.78)-(6.32) is:
Find ¢ "P*! € X7 such that

Tnt1,p+1
717{; P (ZST]Q r n+1,p+1 m
+ (Bm + an) M aLk

T

Ry
= (Billon = BORIMAT TV IY), 0 kS M p=01,---, (6T)
q2)n+1
i =t G o =

The function ¢ P*! can be easily determined from (6.79) as follows:
We write the expansion

M M
Gt ) = T LT (), gh(r) =Dk Lt (), (6.80)
= k=
~ M O
9" (2) = Iy [ (an = B3 (MF) S (1)| = 3 g™ L),
k=0

where the Coeﬂi(:lents {97}, can be computed from the known function values
{gmP(r} my M j=o through the discrete generalized-Laguerre transform using (6.52),
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ie.,
An P n r
E g™ ( i) Wi (6.81)

Thanks to (6.41)-(6.42), we find from (6.79) that

n+l,p+1 an ~
%k — [ @k +m+1) + o] TP 4GP k=0,...,N, (6.82)

from which we derive

Anp
Sntlp+l _ P47

-  k=01,....N. 6.83
k 1+T[an+%(2k+m+1)] (6.83)

Then, ~’IC}H and ng’le can be determined from the second equation in (6.79).

6.2.6. A generalized-Laguerre-Hermite pseudospectral method in 3D. We are now
in position to describe the generalized-Laguerre-Hermite pseudo-spectral method
for computing symmetric and central vortex line states of 3D BEC with cylindrical
symmetry [35,40,41].

Let (4,v),r+xr = fRfR+uvrdrdz and ¢,y € X% y. Forn = 0,1, -, set
Pte? = oy and oy, = 3 (b2, + b0 ) with U = RT x R,
Dl = min [W : L W e 2)].
min (T{IZI)IQU (W (2) + BloRn (r, 2)%] 5 bax (:E?é(U (W (2) + Blohn(r, z) 7]

Then, the generalized-Laguerre-Hermite pseudo-spectral method for (6.31)-(6.32)
is: find ¢"+17P+1 € X7ty such that for 0<k<M,0<[<N,p=0,1,---,

TL+17P+1 _4n
ME 4 (B + an) i L (r)u(2)
R+ xR

=
= (IA";NK% — W(=) = BloRon ISR LY () -, (6.84)
Tn+1
n+l _ Tn+1,p n+l _ _¥YMN
MN — MN > MN — |‘¢n+1”

The function qgﬁj\l,’p *1 can be easily determined from (6.84) as follows:
We write the expansion

M N
vt = ZZW“’“M Nh(z), Shn =Y > OmLy(rhi(2),  (6.85)

k=0 1=0 k=0 1=0

and

M N
9"7(r2) = I [ (e = W(2) = Bloanl) Ghin”| = 3 D k" L (r)iu(z).

k=0 1=0

where the coefficients {g;;”} can be computed from the known function values
{g™P(r]", z5)} through the discrete generalized-Laguerre transform and discrete
Hermite transform using (6.52) and (6.47), i.e

an’ = ZZQ”” P 2) L) hy(zs) wh w?. (6.86)

s=0 7=0
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Thanks to (6.41)-(6.42) and (6.36)-(6.37), we find from (6.84) that

in+l,pt+l  In 1 - )
e = = % 2kt m A+ 1) (l + 2) + an] P RGP, (6.87)
from which we derive
n ~AN,P
P = O + 7 9y (6.88)

14T @t m+ )+ (U4 3)]

Then, (,Z;;L/E\l, and gb%fﬁ, can be determined from the second equation in (6.84).

6.3. Numerical methods for dynamics. In this section, we consider different
numerical methods for solving the GPE (5.5) with an angular momentum rotation
term in d-dimensions (d = 2, 3) for the dynamics of rotating BEC:

oY(x,t) 1

o = _§v2¢ + V()Y + Bl — QLp, xeRY >0, (6.89)
¥(x,0) = ¥o(x), x € R%, lvollz = 1, (6.90)

where L, = —i(x0y — y9,) and V(x) in d dimensions is given in (5.8).

In fact, many efficient and accurate numerical methods have been proposed
for discretizing the above GPE, such as the time-splitting Fourier pseudospectral
method via the alternating direction implicit (ADI) to decouple the angular mo-
mentum rotation term [44], time-splitting finite element method based on polar
and cylindrical coordinates in 2D and 3D, respectively, such that the angular mo-
mentum rotation term becomes constant coefficient [28], time-splitting generalized
Laguerre-Hermite pseudospectral method via eigen-expansion of the linear opera-
tor [35], finite difference time domain methods [21], etc. Each method has its own
advantages and disadvantages. Here we present the detailed algorithms for some of
these methods.

6.3.1. Time splitting Fourier pseudospectral method via an ADI technique. Due to
the external trapping potential V(x), the solution ¥ (x,t) of (6.89)-(6.90) decays
to zero exponentially fast when |x| — oco. Thus in practical computation, we can
truncate the problem (6.89)-(6.90) into a bounded computational domain:

1
0 (x,1) = =5 V2 + [V(x) + BlY[* — QL] ¢, x €U, t >0, (6.91)
¥(x,0) = vo(x), xe€U; (6.92)
with periodic boundary condition. Here we choose U = [a,b] X [c,d] in 2D, and

resp., U = [a,b] x [¢,d] X [e, f] in 3D, with |al, |b], |c|, |d], |e| and |f]| sufficiently
large.

We choose a time step size 7 > 0. For n = 0,1,2,---, similar to the case of
non-rotating GPE in section 4.1.1, from time t = t,, = n7 to t = t,,4.1 = t, + 7, the
GPE (6.91) is solved in two splitting steps. One solves first [44]

i D(x, 1) = —%v%p(x, 1) — QL.ap(x, 1) (6.93)

for the time step of length 7, followed by solving
i 0 (x,t) = V(x)p(x, 1) + Blu(x, 1) (x, 1), (6.94)
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for the same time step. (6.94) can be integrated exactly [28,44], and we find for
xecUandt, <t<t,i1:

B(x,t) = e IV EOFBIVGt)PIE—tn) yy(x ). (6.95)

To discretize (6.93) in space, compared with non-rotating BEC (cf. section 4), i.e.
=0 1in (6.89), the main difficulty is that the coefficients in L, are not constants
which causes big trouble in applying sine or Fourier pseudospectral discretization.
Due to the special structure in the angular momentum rotation term L., we will
apply the alternating direction implicit (ADI) technique and decouple the operator
f%VQ — QL. into two one dimensional operators such that each operator becomes
a summation of terms with constant coefficients in that dimension. Therefore, they
can be discretized in space by Fourier pseudospectral method and the ODEs in
phase space can be integrated analytically.

Discretization in 2D. When d = 2 in (6.93), 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

zi=a+jAz, j=01,2-- M, yo=c+kAy, k=0,1,2,--- N. (6.96)
Let 47, be the approximation of W(z;, Yk, tn) and Y™ be the solution vector with

component ¢
From time ¢t = ¢,, to t = t,,4+1, we solve (6.93) first

1
i Opp(x,1) = —iamw(x t) — iQyo, ¥ (x,t), (6.97)
for the time step of length 7, followed by solving
1
i Opp(x,t) = —anyqp(x, t) +iQxoy (%, 1), (6.98)

for the same time step. Using the standard second order Strang splitting, a time
splitting Fourier pseudospectral (TSSP) method for solving (6.91)-(6.92) can be
written as [44]:

M/2-1

dﬁ) — Z o~ i (1 +2Qk pp) /4 @p e (@i=a) (k) e T,
p=—M/2
N/2-1 o

wgi) _ Z 671'7'(/\37291’]')\[1)/4 (wj(l))q ei)\q(yk*c)’ (]7 k) c 7—]\{3[N7
qg=—N/2

w](i) _ e—iT[V(-’L‘jvyk)"Fﬁ‘w]('i)lz] ¢§2)7 (. k) € 7-18”\/7 (6.99)
N/2-1 o

W= D e TR () W (k) € Ty
qg=—N/2

M/2-1 o

qj;?]jl = Z e i (rp T2k pp) /4 (11’1(@4));; et (@i=a) (5 k) e T\,
p=—DM/2
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—

where for each fixed k, (4f), (p = —A ... 4 1) with an index «, the Fourier
coefficients of the vector v = (¢¥§., ¥, -, z/J(aM_l)k)T, are defined as
M—1
— 1 . o 2pm M
a - o ipp(zj—a) — _ —_ .. — — 1
(¢k; )p - M p wjk € 9 ,LLp - b . a7 p= 2 ) 9 17 (6100)
similarly, for each fixed 7, @q (¢ = f%, e ,% — 1), the Fourier coefficients of
the vector ¢§ = (45, ¥y, -, ;‘(N_l))T, are defined as
N—1
ey 4 a —idg(yk—c) _ 2qm N N
(wj)q—ﬁkg% e No= 1, q=—e 5 -1 (6100

For the TSSP (6.99), the total memory requirement is O(M N) and the total com-
putational cost per time step is O(MN In(MN)). The scheme is time reversible
just as it holds for the GPE (6.91), i.e. the scheme is unchanged if we interchange
n+n+1and 7+ —7 in (6.99). Also, a main advantage of the numerical method
is its time-transverse invariance, just as it holds for the GPE (6.91) itself. If a con-

stant « is added to the external potential V', then the discrete wave functions w;’,:' 1

ia(n+1)T

obtained from (6.99) get multiplied by the phase factor e~ , which leaves the

discrete quadratic observable |1/J]”k+ !|2 unchanged.
Discretization in 3D. When d = 3 in (6.93), we choose mesh sizes Az > 0,
Ay >0 and Az > 0 with Az = (b—a)/M, Ay = (d—c¢)/N and Az = (f —e)/L

for even positive integers M, N and L, and let the grid points be
rj=a+ jAr, yp=c+kAy, (j,k) € Tayn; z=e+1Az 0<1<L. (6.102)

Let ¢}, be the approximation of (4, Yk, 21, tn) and " be the solution vector with
component 7.
Similar as those for 2D case, from time ¢ = ¢, to t = ¢, 1, we solve (6.93) first

1

7 8ﬂb(xa t) = (_2811 - iazz - Zanm) w(X, t)7 (6103)

for the time step of length 7, followed by solving

1
Lo, - 10u + m;@) b(x, 1), (6.104)

i Op(x,t) = (‘2
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for the same time step. A second order time splitting Fourier pseudospectral (TSSP)
method for solving (6.91)-(6.92) can be written as [44]:

M/2—-1 L/2-1
—ir(2ul+ 52,+4Q . 8 TS i xi—a ivs(z1—e
sz Z Z i (2 Yrhip)/ (%)ps eitn(@i=a) givs(zi—e)

—M/2 s=—L/2
N/2 1 L/2-1 —
kl Z Z o iT(2ATHYE 40z 0,) /8 (w(_l)) eira(Uk—c) ,ivs(z1—e)
J J s ’
—N/2 s=—L/2 !
3 —iT[V(z z 2) 2 ;
wg(k)l = o TIV(&j.yr,z0)+B1Y; o] ’l/);k:)“ (4, k,1) € T]B[NL’ (6.105)

N/2—1 L/2-1 .
Jkl Z Z _”(2’\3+75—4ijz\q)/8(¢§3)) eihalvk—e) givs(zi—e)

qs
—N/2 s=—L/2
M/2 1 L/2-1 —
;Ll:gl _ Z Z e T (2pp+2 +4Qyspp) /8 (w( ))ps eitn(@i—a) givs(zi—e)
—M/2 s=—L/2

where
Tone =16, k1) | 7=0,1,...,.M, k=0,1,...,N, 1=0,1,...,L},

and for each fixed k, (¢f)  (~M/2 < p < M/2—1, —~L/2 < s < L/2 — 1) with
an index «, the Fourier coefficients of the vector z/Jjo-‘kl (0<j<M,0<Il<L),are
defined as

M—
) M M
71[,1413({131'70,) —ivs(z—e) _ 7 ~ —_— -
@) ; ;} € T SPs

N

L
§8<55

similarly, for each fixed j, @qs (=N/1<¢<N/2—-1,-L/2<s<L/2-1) with
an index a, the Fourier coefficients of the vector 9%, (k=0,---,N,1=0,---,L),
are defined as

N—1L-1

—1 —c —1 z1—e N N L L
(JQé: Lzzw]le)\yk )675(1 )a_5§q<57 ES <§7
m=0 [=0
with v = ]%“Se for s = —=L/2,---,L/2 — 1. For the scheme (6.105), the total

memory requirement is O(MNL) and the total computational cost per time step
is O(MNLIn(MNL)). Furthermore, the discretization is time reversible and time
transverse invariant in the discretized level.

6.3.2. Time-splitting finite element method based on polar/cylindrical coordinates.
As noticed in [21, 28], the angular momentum rotation is a constant coefficient in
2D with polar coordinates and 3D with cylindrical coordinates. Thus the original
problem of GPE with an angular momentum rotation term defined in R? (d = 2,3)
for rotating BEC can also be truncated on a disk in 2D and a cylinder in 3D as
bounded computational domain with homogeneous Dirichlet boundary condition:

10y (x,t) = —%V% + [V(x)+ By - QL.] ¥, x€U, t>0, (6.106)
P(x,t) =0, xeI'=9U, t>0, ¥(x,0) = o(x), x€U; (6.107)
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where we choose U = {x = (z,y) | r = /22 + y? < R} in 2D, and resp., U = {x =
(,y,2) | = Va2 +y2 < R, Z1 < z < Zz} in 3D with R, |Z1|, |Z2| sufficiently
large.

We choose a time step size 7 > 0. For n =0,1,2,---, from time t = t,, = n7 to
t =tpy1 = t, + 7, the GPE (6.106) is solved in two splitting steps. One solves first

i Opp(x,t) = f%v%(x, t) — QL.Y(x,t) (6.108)

for the time step of length 7, followed by solving

i 0 (x,1) = V()9 (x, 1) + Bl (x, )9 (x, 1), (6.109)

for the same time step. (6.109) can be integrated exactly [44], and we find for x € U
and t, <t <tp41:

P(x, 1) = e IV EOFBILt)PI0—tn) yy(x ). (6.110)

Discretization in 2D. To solve (6.108), we try to formulate the equation in a
variable separable form. When d = 2, we use the polar coordinate (r,6), and
discretize in the 6-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 [28]

L/2—1
Wir0t)= > a(rt) e (6.111)

I=—L/2

where L is an even positive integer and 121(7"7 t) is the Fourier coefficient for the
I-th mode. Plugging (6.111) into (6.108), noticing the orthogonality of the Fourier
functions, we obtain for f% << % —landO<r<R:

~ 0 2 .
10 (r ) = —%% (rwla(:jt)) + (212 - m) Dirt),  (6.112)
G(Rt) =0 (foralll),  4(0,t)=0 (forl+0). (6.113)

Let P* denote all polynomials with degree at most k, M > 0 be a chosen integer,
0=rg <1 <rg<---<ry = R bea partition for the interval [0, R] with a mesh
size h = maxo<m<m {Tm+1 — 'm}. Define a FEM subspace by

Uh = {uh €Cl0,R] | u"
for I =0, and for [ # 0,
Uh = {uh € Cl0,R] | u"

ePF 0<m< M, uh(R):O}

[PmsTm1]

€ PF 0<m < M, uh(O):uh(R):0}7

[Tmsrm+1]

then we obtain the FEM approximation for (6.112)-(6.113): Find ¢* = ¢'(-,t) € U"
such that for all " € U™ and t,, <t <t 1,

%A(ij‘(»t), #") = B@I( 1), 6") + POWE, o) — IQAWE, o), (6.114)
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The ODE system (6.114) is then discretized by the standard Crank-Nicolson scheme
in time. Although an implicit time discretization is applied for (6.114), 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 [171], i.e. from time
t =1, tot = tpyq: 1) first evolve (6.109) for half time step 7/2 with initial data
given at t = t,; ii) then evolve (6.108) for one time step 7 starting with the new
data; iii) and evolve (6.109) for half time step 7/2 with the newer data. For the
discretization considered here, the total memory requirement is O(ML) and the
total computational cost per time step is O(M LIn L). Furthermore, it conserves
the total density in the discretized level.

Discretization in 3D. When d = 3 in (6.108), we use the cylindrical coordinate
(r,0,2), and discretize in the 6-direction by the Fourier pseudo-spectral method, in
the z-direction by the sine pseudo-spectral method, and in the r-direction by finite
element or finite difference method and in time by the C-N scheme. Assume that,

L/2—-1 K-1
Y(r,0,2,t) Z Z Yri(r,t) e sin(ug(z — a)), (6.115)
I=—L/2 k=1
where L and K are two even positive integers, ux = % (k=1,---,K—1) and

QZM(T, t) is the Fourier-sine coefficient for the (I, k)th mode. Plugging (6.115) into
(6.108) with d = 3, noticing the orthogonality of the Fourier-sine modes, we obtain,
for——<l<——1,1§k§K—1and0<r<R,that [28]:

o~ 10 [ Orp(rt 2 2 ~
10y k(1 t) = ~5 By (riﬁlg?(fv + (W + % — ) Yi(r,t),  (6.116)

with essential boundary conditions
Gri(R,t) =0 (for all 1), ¢y4(0,¢) =0 (for I # 0). (6.117)

The discretization of (6.116)-(6.117) is similar as that for (6.112)-(6.113) and it is
omitted here.

For the algorithm in 3D, the total memory requirement is O(M LK) and the
total computational cost per time step is O(M LK In(LK)).

6.4. A generalized Laguerre-Fourier-Hermite pseudospectral method. Like
section 6.2, for polar coordinate in 2D and cylindrical coordinate in 3D, a similar

Laguerre-Hermite pseudospectral method can be designed for computing dynam-

ics for rotating BEC (6.89)-(6.90). Here, we assume that the potential V(x) in

(6.89)-(6.90) is given as [35]

1 T 2,2 _
V(x) = Va(x) + W(x), Vh(x)z{ffyr( FUIERT), A= g

2(22 4+ y?), d=2,

where W (x) is a real potential.
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Denoting
Blo — [_1 (3 N 8) R T T QLZ] 5 (6.119)
2 \0x2  Oy? 2
B.¢ = {—;6; + ;7322] b, (6.120)
Ao = (W plol]o. Bo={ (5% 5, 4Z5 @1
then the GPE (6.89) becomes
i0p)(x,t) = A + Bap, xeRY ¢t>0. (6.122)

Forn =0,1,2,..., let Y™ := ¢)"(x) be the approximation of ¥(x,t,). A standard
Strang splitting second-order symplectic time integrator for (6.122) is as follows

Y = e A 2yn @) = eIy gt e m A2y () (6.123)

Thus the key for an efficient implementation of (6.123) is to solve efficiently the
following two subproblems:

iOph(x,t) = Ah(x, 1) = [W(x) + Bl (x, )] (%, ), x € RY, (6.124)
and
10, (x,t) = By(x,t) = —%VQ + Vi(x) = QL. | ¥(x, 1), x € R?,
(6.125)
lim ¢(x,t) =0.

|x|—+oc0
The decaying condition in (6.125) is necessary for satisfying the mass conservation.
6.4.1. Discretization in 2D. In the 2D case, we use the polar coordinates (r,6), and

write the solutions of (6.125) as ¥(r,0,t) . Therefore, for ¢ > t, (ts is any given
time), (6.125) collapses to [35]

. 10 0 1 0% 1 .
'La{l,b('l", 67 t) = [27«& <'I"8T) — 277.2@ —+ 5’)/3712 + ’LQag w("’, 9, t)
= BLT/’(T,QJ)’ (6126)

W(r, 0+ 2m,t) = ¥(r,0,t), re (0,00), 6€(0,2r), lim ¥(r,0,t)=0.
T—>00

For any fixed m (m = 0,+1, £2,...), recalling the scaled generalized-Laguerre func-
tions L} (6.40) (n > 0), a simple calculation shows that

By (L") ™) = i LY ()™, B =0,1,2,.... (6.127)

where
fkm =2k + m| +1) —mQ,  k=0,1,2,.... (6.128)
This immediately implies that {LLml(r) e™ k=0,1,---, m=0,+1,£2,---} are

eigenfunctions of the linear operator B .
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For fixed even integer M > 0 and integer K > 0, let X = span{L‘kml (r) e .
k=0,1,..., K, m=—-M/2,—-M/2+1,...,—-1,0,1,...,M/2—1}. The generalized-
Laguerre-Fourier spectral method for (6.126) is to find ¢k (r, 0,t) € Xk, i-e.

M/2—1 K

rm(r0.t)= Y [eim"’ Zzﬁkm(t)LLm(r)] , 0<r<oo, 0<0<2m,
m=—M/2 k=0

(6.129)
such that

Ok m(r,0,t) 10 0 1 9% 1,45 .

T el ) I e 0 0,

! ot 2r Or T@r 2r2 062 +2%T +1i020y | (1,0, 1)

= Bivgu(r0,t), 0<r<oo, 0<6<2m. (6.130)

Noting that lim, LLm‘(r) =0for k =0,1,2,... and m = 0,+1,£2,... [174];
hence, lim, o Yrar(r,0,t) = 0 is automatically satisfied. In addition, the ex-
pansions in - and #-directions for (6.129) do not commute. Plugging (6.129)
into (6.130), thanks to (6.127), noticing the orthogonality of the Fourier series,

fork=0,1,..., Kand m=-M/2,—-M/2—1,...,—-1,0,1,...,M/2 — 1, we find
A (t A A
) Bin(t) = Pk 4 b+ 1)~ (). (6131)
The above linear ODE can be integrated exactly and the solution is given by
Y () = e om0y (b), > (6.132)

Plugging (6.132) into (6.129), we obtain the solution of (6.130) as
Yren (r,0,8) == B0ty (r,0,8,)

M/2-1 K
S [emﬁZe—wm“—tswkm(ts)L'km(r)], t>t,, (6.133)
m=—M/2 k=0
with
. 1 27 ) o]
i (t) = 5 /O [e"ﬂ" /0 wKM(r,e,ts)LLm'(r)rdr} de. (6.134)

To summarize, a second-order time-splitting generalized-Laguerre-Fourier spectral
method for the GPE (6.89) with d = 2 is as follows:

Let 10 = Igpr1bo where Iy is the L? projection operator from L2((0,00) x
(0,27)) onto Xgar, we determine "1 (n=0,1,---) by [35]

BV (1, 0) = eI IW OB O/ 2ym (. )

M/2—1 K o
(o) = Y [6“”9 S et gy, L;J’L(r)] , (6.135)
m=—M/2 k=0
’l/JnJrl(T, 0) _ efiT[W('rﬁ)JrﬁW’@)(7‘,0)|2]/2w(2) (’I", 0)’
with
o 1 27 ) 0o
WO =5 | [elm" /0 M (r,6) LLml(r)rdr} df. (6.136)

The scheme (6.135) is not suitable in practice due to the difficulty to compute
the initial data ¥%,, = Ikt and the integrals in (6.136). We now present an
efficient implementation by choosing 9% ,,(r,0) as the interpolation of ¢ (r, 8, 0) on
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a suitable grid, and approximating (6.136) (for all m) by a quadrature rule on this
grid.

It is clear that the optimal quadrature rule, hence the collocation points, for the
r-integral in (6.136) depends on m [40,41]. However, we have to use the same set of
collocation points for all m to form a tensorial grid in the (r,0) domain. Therefore,

let {@};SBMM be the Laguerre-Gauss points [163,174]; i.e. they are the K+ M/2+1

roots of the standard Laguerre polynomial f/(])(+M/2+1(r) = £K+M/2+1(r). Let
{@; }j{:'BM/ % be the corresponding weights associated with the generalized-Laguerre-

Gauss quadrature (6.50). We then define the scaled generalized-Laguerre-Gauss
points and weights r; and w; (j =0,1,..., K+ M/2) asin (6.51) and the appendix
of [163].

Let 65 = QSV” (s=0,1,---,M —1). For any given set of values {15, 0 < j <
K+ M/2;0< s < M-—1}, we can define a unique function ¢ in Xg s interpolating
this set, i.e.,

M/2—1

K
P(r,0) = Z Zzzkm LLml(r)eme such that

m=—M/2 k=0
¢(Tj79s)=¢js, O§]§K+M/27OSSSM_1

(6.137)

By using the discrete orthogonality relation (6.52) for the scaled generalized La-
guerre functions and the discrete Fourier orthogonality relation

M—-1

1 . i
- eih0s=iK'0: 5 (K|, K| < M2, (6.138)
s=0
we find that
R 1 M—1 K+M/2
wkm = M Z e—szS Z wj ¢js L‘kml(Tj) s (6139)
s=0 j=0
and that

M/2-1 K K+M/2 M—1

2m o] . o
[ige= [ [ wPrardo=2n Y S = 37 X 3 ol
7=0 =0

m=—M/2 k=0

We can now describe the second-order time-splitting generalized-Laguerre-Fourier
pseudospectral (TSGLFP2) method for the GPE (6.89) with d = 2 as follows:

Letw;-)S =1o(r;,0s) for0<j < K+M/2and0<s<M-1. Forn=0,1,2,---,
we compute w;“"l (0<j<K+M/2, 0<s<M-—1) by [35]

S

—iT 7,05 n |2 n
qp](.i) = eIV 8B ) 2y
M/2-1 K .
j(i) — Z oimbs Z e~ iTHEm (w(l))km LLml(Tj) 7 (6.140)
m=—DM/2 k=0
n —iT 7,05 (2) 2
,llbjs-i-l —=e [W( ],0 )+ﬂ|'¢}JS ‘ ]/21/}](3)’

—

where {(y(1)), 7} are the expansion coefficients of ¢(!) given by (6.139).
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6.4.2. Discretization in 3D. In the 3D case, by using the cylindrical coordinates
(r,0,z), we can write the solutions of (6.125) as ¥(r,0, z,t). Therefore, for t > ¢,
(ts is any given time), (6.125) collapses to [35]

. 1 10 0 1 92 9? )
0,50 =5 |15 () = g~ gia e et 2

= (BL+ B.)¢(r,0,2,t) = Bi(r,0,2,1),
Y(r,0 4 2m, z,t) = (1,0, z, 1), O<r<oo, 0<O<2m zeR,
lim ¢(r,0,z,t) =0, —00 < z <00, t>t.
r—>00

Let the scaled Hermite functions hy(z) (I = 0,1,...,) be given in (6.35). For any
fixed m (m =0,+1,+2,...), we find that [35]

B (L‘kml(r) eim? h;(z)) = (tthm + M) L™ (1) €™ hy(z), N = (1 + %)%. (6.141)

Hence, {LLm‘(r) ™9 hy(2), k,1 =0,1,---, m = 0,£1,42,---} are eigenfunctions
of the linear operator B = B + B, defined in (6.121) for d = 3.

Then a second-order time-splitting generalized-Laguerre-Fourier-Hermite spec-
tral method for the GPE (6.89) with d = 3 can be constructed analogously to
(6.135). Here, we only present pseudospectral method generalizing TSGLFP2
(6.140).

Define the scaled Hermite-Gauss points 2, and weights w; (0 < p < L) by (6.46).
For any given set of values {5, 0 < j < K + M/2; Ogng—l 0<p<L}
we can define a unique function ¢ in Yiur = Span{LLm‘(r) em hy(z) : 0<k<
K, —M/2<m < M/2—-1, 0<[< L} interpolating this set, i.e.,

M/2—1

Y(r,0,2) = Z ZZWWL""‘ ¢™%h;(z) such that

—M/2 k=0 1=0
w(rjvos,zp):szp; 0§]§K+M/230§S§M*1;OSPSL

(6.142)

By using the discrete orthogonality relations (6.52), (6.138) and (6.47), we find
that

L M—1 K+M/2

b 1 z —im m

wkmlzﬂz h(zp)wi S e ™ ST wiwg LM ) ||, (6.143)
p=0 s=0 j=0

and that

o] 0o 2

||¢H%:=/ / / [i(r, 0, 2)*r dodrdz
M/2-1 +M/2M—-1 L (6.144)
P> 53" i - Z 22¢jsp|2ij;.

—M/2 k=0 1=0 j=0 s=0 p=0

Then the second-order time-splitting generalized-Laguerre-Fourier-Hermite pseu-
dospectral (TSGLFHP2) method for the GPE (6.89) with d = 3 is as follows:
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Let 99, = ¥o(rj,0s,2p) for 0 < j < K+ M/2,0<s<M—1and 0<p< L.

For n=0,1,---, we compute 1/1?8';1 by [35]
—ir T z no2 n
1/)](27 — ¢ TIW(rs,0s,2p) 1Yl ]/2szp’
L M/2—-1 K .
2 im0 —iT m m
Yy =2 |m(z) Y <€ Py e Tl ) (), I <rj>) . (6.145)
1=0 m=—M/2 k=0

n —iT ri,0s,2 (2) 2 2
P = TV 8 RO 2 (2)
where {(¢(1)), .} are the expansion coefficients of (!) given by (6.143).

6.5. Numerical results. In this section, we report numerical examples for ground
states and central vortex states as well as dynamics for rotating BEC.

Example 6.1. Ground, symmetric and central vortex states, as well as their en-
ergy configurations, in 2D, i.e. we take d =2 and 7, = v, = 1 in (5.7). Fig. 6.1
plots surface of the ground state ¢9(z,y) = ¢ (x,y) with 8 = 100 for differ-
ent . Fig. 6.2 plots the symmetric state ¢°(r) := ¢8(r) and first three central
vortex states ¢, (1) := @' (r) (m = 1,2,3) for different interaction rate 5. Back-
ward Euler finite difference method is used here with a bounded computational
domain U = [—6,6] x [—6,6] and initial data for GFDN (6.1)-(6.3) is chosen as
¢0(1‘; y) = H((11:5§2))(z20((;,;%):éz(;:’(g;%)”2a (ﬂfvy) eU, where ¢ﬁo(x,y) = Hﬁ e_(”32+?42)/2
and ¢no(z,y) = ﬁ e~ @ +y*)/2 The steady state solution is obtained numerically

when [[¢" ! — ¢"[|o := max; |¢?l+l —¢hl <e=10""

Example 6.2. Dynamics of a rotating BEC in 2D, i.e. we take d = 2, § = 100,
Q=0.5and W(x) =0 in (6.89). The initial data in (6.89) is chosen as

T4y
Yo(z,y) = Tye @ +y)/2 (z,y) € R% (6.146)

We solve the problem by the scheme (6.140) with 7 = 0.0005, M = 128 and K =
200. Fig. 6.3 depicts time evolution of the normalization N(¢), energy Egz (1),
condensate width ¢,(¢) and angular momentum expectation (L,)(t) for three sets
of parameters in (6.89): (i) 72 = 7, = 2, (ii) 72 = 7, = 0.8, and (iii) 7, = 0.8,
vy = 1.2

From Fig. 6.3, we can draw the following conclusions: (i) the normalization N (1))
and energy E (1) are conserved well in the computation (cf. Fig. 6.3a&b); (ii) the
angular momentum expectation (L.)(t) is conserved when v, = v, (cf. Fig. 6.3d),
i.e. the trapping is radially symmetric, which again confirms the analytical results
in section 5.5 ; (iii) the condensate width 0,(t) is a periodic function when 7, =,
(cf. Fig. 6.3c), which again confirms the analytical results in section 5.5.

7. Semiclassical scaling and limit. In section 1.3, we have introduced the scal-
ing in the GPE (1.11) to obtain the dimensionless form which has been widely
adopted in physics literatures. For BEC with or without the rotational frame (cf.
section 5), the dimensionless GPE in d-dimensions (d = 1,2,3) (lower dimensions
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Q=0.0 Q=0.25

Q=0.30 Q=0.70

Q=080 Q=0.90

FIGURE 6.1. Surface plots of ground state density function
|62, (x,y)|? in 2D with 7, = 7, = 1 and 8 = 100 for different
Q in Example 6.1.

with d = 1,2 are treated as from 3D GPE by dimension reduction) can be written
as

i0p(x,t) = —%W +V(x) = QL. +8lY)2 |, xcUCRY t>0, (7.1)
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FIGURE 6.2. Symmetric and central vortex states in 2D with v, =
vy = 1 for 8 =0, 10, 100, 1000, 10000 (in the order of decreasing
of peak) in Example 6.1. Symmetric state ¢°(r): a); and central
vortex states ¢™(r): b). m=1, ¢). m =2 and d). m = 3.

with normalization condition
w018 = [ 1w P dx =1, (12)

where 1) := 9(x, t) is the macroscopic wave function, U = [0, 1]¢ for box potentials,
U = R? for harmonic potential and other confining potentials (cf. section 1.3),
L, = —i(y0, —x0y) for d = 2,3, and Q = 0 for d = 1. The energy E(¢) for (7.1) is
given by

BO0) = [ |3 I9060F +Veoluf + § ol - 09 Le] ix (1)

The ground state ¢4 of the GPE (7.1) is the minimizer of the energy E(¢) (7.3)
over the unit sphere S = {¢ | ||¢|l = 1, E($) < co}. It can also be characterized
by the nonlinear eigenvalue problem:

1
pox) = =5 A6(x) + V(x)b(x) = QLod + Blo(x)Po(x),  x€U,  (T4)
p(x)|ov =0,

under the normalization condition (7.2) with ¢» = ¢. Here, the nonlinear eigenvalue
(or chemical potential) 1 can be computed from its corresponding eigenfunction
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FIGURE 6.3. Time evolution of a few quantities for the dynamics
of rotating BEC in 2D with three sets of parameters: (a) normal-
ization N (%), (b) energy Eg (%), (c) condensate width d,(¢), and
(d) angular momentum expectation (L,)(t).

6) = [ |519060F + VGOS0 + 8100l - 25 .0 ax

(7.5)

= B+ [ Sotoltix

U
U
7.1. Semiclassical scaling in the whole space. When U = R?% 5 > 1 and
V(x) = Vo(x) + W(x) satisfies
w
Vo(Ax) = |A[*To(x), VYA eR, lim Vy(x) =00, lim (x) =0, (7.6)
Ix|—o0 Vo(x)

|x|—00

where x € R? and o > 0, another scaling (under the normalization (7.2) with
1 being replaced by 1) — semiclassical scaling — for (7.1) is also very useful in
practice by choosing, t — te(@=2/(e+2) 'y xe=2/(2+®) and o) = )¢ ¢4/t with

e = 1/B(e+2)/2(d+a) 124 28 47):

e(x,t 2 20
) —%v2 — QL | ¢° + (Vo(x) + WE(x))0° + [0 20, x € RY,

ot
(7.7)
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where W¢(x) = £20/C+)W (x/e2/(2+2)) and the energy functional E°(1°) is de-
fined as
€ (0, 62 €12 Pt o W € € €12 W}E|4
o) = [ [Srvu - e + v+ o + L ax— oq).
Rd

(7.8)
Similarly, the nonlinear eigenvalue problem (7.4) (under the normalization (7.2)
with ¢ = ¢°) reads

2 2a
HEG () = =5 AGT + (Vo(x) + WE(x))6° — e QLo" + 6767, xR, (7.9)

where eigenvalue p° can be computed from its corresponding eigenfunction ¢¢ by
1
ut = us(¢°) = E°(¢°) + 5/ |6°|* dx = O(1). (7.10)
Rd

Based on this re-scaling, it is easy to get the leading asymptotics of the energy
functional E(t) in (7.3) and the chemical potential (7.5) when 8 > 1 from this
scaling [24,28,47]:

B(y) = e~20/(2+0) B2 (4€) = O (6—2a/(2+a)> —-0 (Ba/(dm)) . (7.11)
() = e720/ @ e (gf) = 0 (e720/@H)) — 0 (g} . (T12)

In [70,169], a different rescaling for the nonlinear Schrodinger equation subject to
smooth, lattice-periodic potentials was used in the semiclassical regime. There they
studied Bloch waves dynamics in BEC on optical lattices.

7.2. Semiclassical scaling in bounded domain. When U = (0,1)¢ C R? is a

bounded domain, 8 > 1, we use the following scaling (under the normalization

(7.2)) with ¢ being replaced by 1¢) — semiclassical scaling — for (7.1) by choosing
t —te™!, and ¢ = ¢ with e = 1/4/B [24]:

. OYE(x,t) g2

e—F0"=|-—

ot 2

where V¢(x) = 2V (x) and the energy functional E¢(1°) is defined as
[
2

V2 — 5294 ¢+ VE(x)YT + [U°12Y°, x e U, (7.13)

2 E—
E°(yF) = / [52|w8|2 — EWFLY" + VoW + dx=0(1). (7.14)
U
We can derive the leading asymptotics of the energy functional E(%) in (7.3) and
the chemical potential (7.5) when § > 1 from this scaling in the bounded domain
case [24]:

E(y) =e2E5(°) = 0 (c72) = 0(B), (7.15)
w(9) =2 (67) = 0 (%) = 0(B), (7.16)

For comparison, Tabs. 7.1 and 7.1 display dimensionless units and several im-
portant quantities to obtain the GPE (7.1) under the standard physical scaling and
(7.7) or (7.13) under the semiclassical scaling for a BEC in the whole space with har-
monic potential (1.13) (w; = min{ws, wy,w,}) and in a bounded domain with box
potential (1.17), respectively. Again, the dimensionless GPE in lower dimensions
with d = 1,2 are treated as from 3D GPE by dimension reduction.
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Quantities Physical scaling Semiclassical scaling
time unit ¢, i w%
length unit x4 mZ, = ag 5‘1"/’2
energy unit F hw, ﬁ%

wave amplitude unit ¥, a53/2 aag/zad/‘L

healing length &, OB~/ (+d)) O(e)
energy E, O(B?/(4+2)) o(1)
chemical potential 14 O(B?/(d+2)) 0(1)
Thomas-Fermi radius R}¥  O(8Y/(42)) 0(1)
wave amplitude ¢ O(B~4/2(d+2)) O(1)

TABLE 7.1. Comparison of dimensionless units and several impor-
tant quantities under the standard physical scaling and semiclas-
sical scaling. Here ¢, is time unit, x, is length unit, F, is energy
unit, 1 is wave function unit, where m, h, a; and N are the mass,
Planck constant, s-wave scattering length and total particle num-
ber, respectively (cf. 1.3). &, is the healing length [148], Ey is
the energy of ground state, u, is the chemical potential of ground
state, R;FF is the Thomas-Fermi radius of the ground state, ¢g"**
is the maximum value of ground state. (a) For a BEC in the whole
space with a harmonic potential (1.13) (w; = min{w,,wy,w}), 8
is given in (1.40) and e = 1/%/(2+d),

Quantities Physical scaling Semiclassical scaling
time unit ¢, mg "'55
length unit = L L
energy unit F nf’; #QLQ
wave amplitude unit v, L3/2 L=3/2
healing length & o(B3~1/2) O(e)
energy I, 0(p) 0(1)
Chemical potential p, o(B) 0(1)
Thomas-Fermi radius RT* 0O(1) 0(1)
wave amplitude qS‘gna"‘ o(1) 0(1)
TABLE 7.1. (Con’t) (b) For a BEC in the box potential (1.17) with

L the size of box potential. § = 4wa,N/L and ¢ = 3~1/2.

7.3. Semiclassical limits and geometric optics. Suppose Ve(x) = Vjp(x) +
We(x) in (7.7), and we set

YE(x,t) =/ p°(x,1) exp (zSE(X, t)) , (7.17)
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where p¢ = [1)¢|? and S¢ are the density and phase of the wave function, respectively.
Inserting (7.17) into the GPE (7.7) and separating real and imaginary parts give
[28,69,103,104,192]

p5 4 div (p° VS%) + QL.p° =0, (7.18)

=L AvE (719)
v GG
where L, = (29, —yd,). The equation (7.18) is the transport equation for the atom
density and (7.19) the Hamilton-Jacobi equation for the phase.

By formally passing to the limit ¢ — 0 (cf. [102]), we obtain the system

p? + div (p° VS°) 4+ QL.p° = 0, (7.20)
1 .
S?+§|VSO|2+;)O+V0(X)+QLZSO =0. (7.21)

1 .
SE+ 5|v55|2 +p° +VE(x) + QLS =

It is well known that this limit process is only correct in the defocusing case 5 > 0
before caustic onset, i.e. in time-intervals where the solution of the Hamilton-
Jacobian equation (7.19) coupled with the atom-number conservation equation
(7.18) is smooth. After the breakdown of regularity, oscillations occur, which make

the term % \/175 A+/p? at least O(1) such that the validity of the formal limit pro-
cess is destroyed. The limiting behavior after caustics onset is not understood yet
except in 1D case without confinement, see [122]. Also, the focusing case § < 0 is
not fully understood yet.

Furthermore, by defining the current densities
Jo(x,t) = p°VS® = eIm [¢°Vy°], (7.22)
we can rewrite (7.18)-(7.19) as a coupled Euler system with third-order dispersion
terms [28,69,103,104,192]
Oup® + divI® + QL.p° =0, (7.23)
J ®J°

&

62

) +p°VVE(x) + %V ()2 4+ QL.J° = ZV (pEV2 Inp®). (7.24)

E)tJS + div <

Letting ¢ — 07 in (7.23)-(7.24), formally we get an Euler system coupling
through the pressures [28,69,103,104,192]

Bep” + divI® + QL. p° =0, (7.25)
JO® JO 1 -
0:J° + div ( Qi ) + p°VVo(x) + 5V (,00)2 +QL.J° =0, (7.26)
p

where JO(x,t) = p"VS?. The system (7.25)-(7.26) is a coupled isotropic Euler sys-
tem with quadratic pressure-density constitutive relations in the rotational frame.
The formal asymptotics is supposed to hold up to caustic onset time [103,104].

8. Mathematical theory and numerical methods for dipolar BEC. In the
last several years, there has been a quest for realizing a novel kind of quantum
gases with the dipolar interaction, acting between particles having a permanent
magnetic or electric dipole moment. In 2005, the first dipolar BEC with ®2Cr
atoms was successfully realized in experiments at the Stuttgart University [107].
Later in 2011, a dipolar BEC with '%*Dy atoms, whose dipole-dipole interaction
is much stronger than that of ®>Cr, was achieved in experiments at the Stanford
University [138]. Very recently in 2012, a dipolar BEC of 8Er atoms has been
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produced in Innsbruck University [8]. These successes of experiments have renewed
interests in theoretically studying dipolar BECs.

8.1. GPE with dipole-dipole interaction. At temperature 7" much smaller than
the critical temperature 7., a dipolar BEC is well described by the macroscopic
wave function 1) = ¥ (x,t) whose evolution is governed by the 3D Gross-Pitaevskii
equation (GPE) [49,161,187]

h2
hp(x,t) = | =5~V + V() + gl + (Vaip * [¥1*) | ¥, x €R?, £>0, (8.1)

where x = (z,y,2)T € R? is the Cartesian coordinate and a harmonic trap potential
V(x) is considered here. g = % describes local (or short-range) interaction
between dipoles in the condensate with as the s-wave scattering length. The long-
range dipolar interaction potential between two dipoles is given by

Vi (%) = /'[/Of?ﬁp 1-3(x-n)?/|x|? _ Moﬂgﬁp 1- 30052(9)’ xe€R’, (82)
7r |x|3 4 |x|3
where (1 is the vacuum magnetic permeability, pqip is permanent magnetic dipole
moment (e.g. ftaip = 6u, for 52C, with pu, being the Bohr magneton), n =
(n1,n2,n3)T € R? is the dipole axis (or dipole moment) which is a given unit
vector, i.e. |n| = +/n? +n3 +n3 =1, and 0 is the angle between the dipole axis n
and the vector x. The wave function is normalized according to

Il = [ | 1o ) dx = . (83

where N is the total number of dipolar particles in the dipolar BEC.
By introducing the dimensionless variables, ¢ — wio with wy = min{wy, wy,w, },
h - LY

X — x,x with x4 = T *5+, we obtain the dimensionless GPE in 3D
T

from (8.1) as :

i) (x,t) = {;Vz + V(%) + B+ A (Uaip * [0?) |, x€R? t>0, (84)

(L L2~ .
where § = N0, = dmelN \ — MMy (x) = L(420 44252 + 7227) s the

hwox3 3h2zg
. . . . . . Wa o wy . ws
dimensionless harmonic trapping potential with v, = YW = o and v, = o=

and the dimensionless long-range dipolar interaction potential Ugip(x) is given as

3 1-3(x-n)?/Ix]* 3 1-3cos’(f)

3
g < ko <R (8.5)

Uaip (X) =

Although the kernel Ugj;, is highly singular near the origin, the convolution is well-
defined for p € LP(R3) with Ugip x p € LP(R?) for p € (1, 00) [70].

Denote the differential operators 9, = n -V and Opn = On0n, and notice the
identity [23]

Usip (%) = —> (1 _ 3 n)2> = —5(r) - 39n ( ! ) . xcR3 (86)

T dnxpP x|2 Ar[x]
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we can re-formulate the GPE (8.4) as the following Gross-Pitaevskii-Poisson system
(GPPS) [18,23,65]

i0ph(x,t) = {;vz +V(x)+ (68— N[y]* - 3)\8,1,,90] Y, xeR3 t>0, (87)
V2o(x,t) = —[p(x, 1), x € R?, ‘llim w(x,t) =0, t>0. (88)

The above GPPS in 3D conserves the mass, or the normalization condition,

N = [0 0 = [ WP ac= [ peofdc=1. 120, (59)

and energy per particle with ¢ = —— x [¢|2,

47|x|

1 - 3\
Ba(w) = [ [5IV0P + Vool + 25 0l + 10wl | x50

From (8.6), it is straightforward to get the Fourier transform of Uy, (x) as

Tan) () = —1+ S(Iﬁ;f)

8.2. Dimension reduction. In many physical experiments of dipolar BECs, the
condensates are confined with strong harmonic trap in one or two axis directions,
resulting in a disk- or cigar-shaped dipolar BEC, respectively. Mathematically
speaking, this corresponds to the anisotropic potentials V' (x) of the form:
Case I (disk-shaped), potential is strongly confined in vertical z direction with
2

£ eR3. (8.11)

z
V(X) = Vé(l’,y) + @7

Case II (cigar-shaped), potential is strongly confined in horizontal x; = (z,y)T €
R? plane with

x € R3, (8.12)

z? +y?
2et
where 0 < ¢ < 1 (¢ =1/, in Case I and € = 1/, with v, =y, =7, in Case II) is
a small parameter describing the strength of confinement. In such cases, the above
GPPS in 3D can be formally reduced to 2D and 1D, respectively [65].
In Case I, when £ — 0T, evolution of the solution 1 (x,t) of GPPS (8.7)-(8.8) in

z-direction would essentially occur in the ground state mode of —%(‘Lz + %, which

V(x)=Vi(2) + x € R?, (8.13)

22
is spanned by w(z) = e~ 1/2x~ /4727 [18,65]. By taking the ansatz

Y(x1,z2,t) = e_it/z‘fz(b(xj_,t)wg(z), (x1,2)" = (z,y,2)T €R®, >0,
(8.14)
the 3D GPPS (8.7)-(8.8) can be formally reduced to a quasi-2D equation I [18,65]:
3A

. 1
ZatQS = _§v2 + V2 + ﬂ2D|¢|2 - 7(8DJ_HJ_ - n§v2)<p2D:| ¢7 (815)

B—A+3An2 T T
where ﬁQD = T‘ssa n; = (nlanQ) ) 8nL =nj - V= n - (a.tvay) ) anLnL =

aﬂl (afu)v v2 = 89095 + ayy and

2
e—5 /2

1
d
2v/2m3/2 Jr /22 + 4% + €252

P (w,y,t) =UZP «[¢]*, UZP(x,y) = s. (8.16)
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In addition, as e — 07, ¢?P can be approximated by ©2P [65] as :
1
2D 2D 2 . 2D
x1,t) =Ujg * , ith Uj;(x1) = ——, 8.17
Poo ( L ) dip |¢| w dlp( J—) QW‘XL| ( )
which can be re-written as a fractional Poisson equation

(=V)V22D (x 1) = |p(x 1, t)|?, |h\13 ©?P(x,,t) =0, t>0. (8.18)
X o0

oo

Thus an alternative quasi-2D equation II can be obtained as:

010 = (=572 4 Vart aplol? = 5 Onn, ~ m3VA-VAE(0P)) 0. (519)

Similarly, in Case II, evolution of the solution ¥ (z, y, z,t) of GPPS (8.7)-(8.8) in
(z,y) plane would essentially occur in the ground state mode of —%(9p0 + Oyy) +

z2 2
x22—;-£f7 which is spanned by w. (z,y) = e w1/ 2e” 2t [18,65]. Again, by taking
the ansatz
Y.y, 2,0) = ez, Du(a,y), 120, (8.20)
the 3D GPPS (8.7)-(8.8) can be formally reduced to a quasi-1D equation:
1 3A(3n2 — 1)
i0pp = |—=0., + Vi + 22078 9.0 6, zeR, t>0, (821
t(b 2 1 BlDId)l 8m5 ® ¢ ( )
where S1p = %182—3@ and
22 /2e? 0
1D _ 771D 2 1D/ _ V2e —s%/2e2
PP =UR P, U = [ e (s2)

Remark 8.1. To describe a rotating dipolar BEC, we only need to include the
angular momentum term (5.2) in the dipolar GPE (8.1). Therefore, dimensionless
rotating dipolar GPEs in 3D and quasi-2D regime are straightforward.

8.3. Theory for ground states. In this section, we report results for ground state
of dipolar BECs. Denote unit sphere

S=Xn{ueL?RY||ull g2 =1}, (8.23)

where X is the energy space associated with corresponding potential (2.6).

8.3.1. 3D case. In 3D, the ground state of GPPS (8.7)-(8.8) is the minimizer of
energy Fsp (8.10) over the nonconvex set S [23].

Theorem 8.1. Assume V(x) >0 for x € R? and lim V(x) = oo (i.e., confining

|x|—o00
potential) in GPPS (8.7)-(8.8), then we have:

(i) If 8 > 0 and ,%5 < X < B, there exists a ground state ¢, € S, and the
positive ground state |¢g| is unique. Moreover, ¢4 = ei90|¢g| for some constant
0y € R.

(i) If 8 <0, or >0 and A < —%,8 or A > (3, there exists no ground state, i.e.,
inf E3p(¢) = —o0.

By splitting the total energy Esp(-) in (8.10) into kinetic, potential, interaction
and dipolar energies, i.e.

E3p(¢) = Exin(9) + Epot(¢) + Eint(®) + Eaip(9), (8.24)
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where
1
Bian(9) = [ | V000 dx, Byox() = [ VEOIoGdx, Buce) = 5 [ 1660/ ax,
A A
Fap(9) =3 [ | WUan =167 1660 dx = 5 [ 1660 (0G0 ~30mms] dx (325
5 [ 0G0+ 3(7%0) @ane)] dx = 5 [ [-16GOI" +310nViol*] dx
R3 R3
with ¢ = ﬁ‘x‘ * |¢|%, we have the following Viral identity [23]:

Proposition 8.1. Suppose V(Ax) = AV (x) for all A € R and ¢, is the ground
state of a dipolar BEC, i.ce., the minimizer of energy (8.10) under the normalization
constraint (8.9), then we have

2Ekin(¢)e) - 2Epot(¢e) + 3Eint(¢e) + 3Edip(¢e) =0. (826)
8.3.2. Quasi-2D case 1. Associated to the quasi-2D equation I (8.15)-(8.16), the
energy is

1 3\ Py
Ban(@) = [ 51708 +Vax0loP + dapleft - o) axs. o x.
i
(8.27)

where fBop = % and

¢ = (dnn, —m3V?) 9P, PP = U2 x|, (8.28)

The ground state ¢, € S of (8.15) is the minimizer of the nonconvex minimization
problem [18]:

Find ¢4 € S, such that Eop(¢y) = glelgl Eop (o). (8.29)

‘ h‘rg Va(x1) = oo, then we have
(i) There exists a ground state ¢, € S 0} the system (8.15)-(8.16) if one of the
following conditions holds
(A1) X >0 and g — X > —\21Che;
(A2) A <0 and B+ L(1+3|2nf — 1)A > —v27Cye,
where Cy, is given in (2.12).
(11) The positive ground state |¢4| is unique under one of the following conditions:
(A')X>0and 8 — X > 0;
(A2) A <0 and B+ 4(1+3[2n3 — 1|)A > 0.
Moreover, any ground state is of the form ¢4 = ei9°|¢g| for some constant 6y € R.
(iii) If B+ $A(1 — 3n3) < —V2rCy e, there exists no ground state of Eq. (8.15).

8.3.3. Quasi-2D case II. Associated to the quasi-2D equation II (8.19), the energy
is

Theorem 8.2. Assume 0 < Va(x,) and

Ba(0) = [ [51902 + Vatn)lof + Banlolt - o) ax o€ X, (830
R2

where

p(x1) = (On,n, —n3V?) (=V2)"12[g]). (8.31)
The ground state ¢4 € S of the equation (8.19) is defined as the minimizer of the
nonconvex minimization problem:

Find ¢, € S, such that Eop(¢,) = gleirsl Esp (). (8.32)
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For the above ground state, we have the following results [18].

Theorem 8.3. Assume 0 < Va(x,) and ‘ li‘m Va(x,) = oo, then we have
X | |—0o0

(i) There exists a ground state ¢4 € S of the equation (8.19) if one of the following
conditions holds
(B1) A =0 and > —21Cy¢;
(B2) A>0,n3=0and B —X>—27Cy¢;
(B3) A< 0,n3>1 and B — (1 —3n3)A > —V21Cye.
(i) The positive ground state |¢q| is unique under one of the following conditions
(BI') A=0 and 8 > 0;
(BZ)A>0,n3=0and 8> )X;
(BZ) X< 0,n2>1Land p— (1 -3n2)\>0.
Moreover, any ground state ¢, = ei‘90|¢>g| for some constant 0y € R.
(#ii) There exists no ground state of the equation (8.19) if one of the following
conditions holds
(B1") X\ >0 and nz # 0;
(B2') A <0 and n3 < 1;

(B?') A=0 and < —v27wCpe.
8.3.4. Quasi-1D case. Associated to the quasi-1D equation (8.21), the energy is
3A(1 - 3n32)

— 1 2 2 1 4
Ewn(@) = [ [510.08 +ViCalloP + ghulolt + L2

|¢2<P] dz, (8.33)

,8-&-%)\(1—37@)
— oz - and

where 81p =
22 [e’s)
2e2e2 52
= e 2% ds. (8.34)
v iz
Again, the ground state ¢, € S of the equation (8.21) is defined as the minimizer
of the nonconvex minimization problem:

Find ¢4 € S, such that Eip(¢y) = glellsl Eip(o). (8.35)

o(z) = 0..(ULP x|9]?), UM (2)

For the above ground state, we have the following results [18].

Theorem 8.4. (Existence and uniqueness of ground state) Assume 0 < Vi(z) and
lim|;| o0 Vi(2) = o0, for any parameter B, X\ and ¢, there ewists a ground state
¢g € S of the quasi-1D equation (8.21)-(8.22), and the positive ground state |¢q| is
unique under one of the following conditions:

(C1) X1 —3n32) >0 and B — (1 —3n3)A > 0;

(C2) M1 —3n3) <0 and B+ 5(1 —3n3) > 0.
Moreover, ¢, = €'%|¢,| for some constant 6y € R.

8.4. Well-posedness for dynamics. In this section, we study the well-posedness
for dynamics of dipolar BECs.

8.4.1. 8D case. In 3D, we have the following results for GPPS (8.7)-(8.8) [23].

Theorem 8.5. (Well-posedness) Suppose the real-valued trap potential V(x) €
C>(R3) such that V(x) > 0 for x € R3 and D*V(x) € L®(R3) for all a €
N} with |a| > 2. For any initial data ¢(x,t = 0) = o(x) € X, there ewists
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Tmax € (0,400] such that the problem (8.7)-(8.8) has a unique mazimal solu-
tion ¥ € C([0,Tmax), X). It is mazimal in the sense that if Tax < 00, then
lo(-,t)||x — oo when t — T.,... Moreover, the mass N(¢(-,t)) and energy
Esp(¢(-,t)) defined in (8.9) and (8.10), respectively, are conserved fort € [0, Tiax)-
Specifically, if B > 0 and —%ﬁ <\ < B, the solution to (8.7)-(8.8) is global in time,

i.e., Thax = 00.

Theorem 8.6. (Finite time blow-up) If f < 0, or >0 and A < —%ﬁ or A > [3,
and assume V (x) satisfies 3V (x) +x - VV(x) > 0 for x € R3. For any initial data
Y(x,t =0) =1p(x) € X to the problem (8.7)-(8.8), there exists finite time blow-up,
i.e., Tmax < 00, if one of the following holds:

(i) Esp(vo) < 0;

(ii) E3p(vo) = 0 and Im ( [gs ¥o(x) (x - Vibo(x)) dx) < 0;

(ZZZ) ESD(wO) > 0 and Im (f]R3 JO(X) (X . Vwo(x dX) < —\/3E3D ’Q/Jo HXQ/}()HLz

8.4.2. Quasi-2D case I. For quasi-2D equation I (8.15)-(8.16), we have the following
results [18].

Theorem 8.7. (Well-posedness of Cauchy problem) Suppose the real-valued trap
potential satisfies Va(x1) > 0 for x; € R? and

Va(x1) € C®(R?) and D¥Va(x,) € L(R?),  for all k € N3 with k| > 2,
(8.36)

then we have

(i) For any initial data ¢p(x),t = 0) = ¢o(x1) € X, there exists a Tmax €
(0, +00] such that the problem (8.15)-(8.16) has a unique mazimal solution ¢ €
C ([0, Timax ), X). It is mazimal in the sense that if Tiax < 00, then ||¢(-,t)]|x — oo
when t = T«

(ii) As long as the solution ¢(x, ,t) remains in the energy space X, the L?>-norm
(-, t)|l2 and energy Eap(¢(-,t)) in (8.27) are conserved for t € [0, Timax)-

(i4i) Under either condition (A1) or (A2) in Theorem 8.2 with constant Cy being
replaced by Cy/||¢ol|3, the solution of (8.15)-(8.16) is global in time, i.e., Tyax = 00.

Theorem 8.8. (Finite time blow-up) For any initial data ¢(x,,t = 0) = ¢o(x1) €
X with [go [x1 [*|¢o(xL)|* dx 1 < 00, if conditions (A1) and (A2) with constant C,
being replaced by Cy/||¢ol|3 are not satisfied and assume Va(x1 ) satisfies 2Va(x ) +
x1 - VVa(x1) >0, and let ¢ := ¢(x1,t) be the solution of the problem (8.15), there
exists finite time blow-up, i.e., Tax < 00, if A =0, or X\ > 0 and n > L 5, and one
of the following holds:

(i) E2p (o) < 0;

(ZZ) EQD(¢O) =0 and Im (IRQ ao(xl) (XL . ngo(xl)) dXL) < 0,’

(m) EQD(¢0) > 0 andIm (fRQ 6O(XJ_) (XJ_ . Vqﬁo(xL)) dXJ_) < —4/ 2E2D(¢0)||XJ_¢0H2,

8.4.3. Quasi-2D case II. For quasi-2D equation II (8.19), noticing the nonlinearity
(On, n, —12V?)((=V?)71/2|¢|?) is actually a derivative nonlinearity, it would bring
significant difficulty in analyzing the dynamic behavior. The Cauchy problem of the
Schrédinger equation with derivative nonlinearity has been investigated extensively
in the literatures [115,125]. We are able to prove the existence results in the energy
space with the special structure of our nonlinearity [18].

Theorem 8.9. (Ezistence for Cauchy problem) Suppose the real potential Va(x] )
satisfies (8.36) and lim|x, |0 Va(x1) = 00, and initial value ¢o(x1) € X, either
condition (B2) or (B3) in Theorem 8.3 holds with constant Cj being replaced by
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Cy/||dol|3, then there exists a solution ¢ € L>([0,00); X) N W1>(]0,00); X*) for
the Cauchy problem of (8.19). Here X* denotes the dual space of X. Moreover,
there holds for L? norm and energy Eap (8.30) conservation, i.e.

160, 1)l L2re) = l|lPoll 22y, Eap(d(-t)) < Eap(go), VYt > 0. (8.37)

Next, we discuss possible finite time blow-up for the continuous solutions of
the quasi-2D equation IT (8.19). To this purpose, the following assumptions are
introduced:

(A) Assumption on the trap and coefficient of the cubic term, i.e. Va(x, ) satisfies

BVa(x1)+x1 - VVa(xy) > 0, E234805 > _ G ith ¢ being the initial data of
Vere ll¢ollz
equation (8.19);
(B) Assumption on the trap and coefficient of the nonlocal term, i.e. Va(x)
satisfies 2Va(x1) +x1 - VVa(x1) >0, A=0o0r A > 0 and n3 > 1.

Theorem 8.10. (Finite time blow-up) For any initial data ¢p(x1,t = 0) = ¢p(x1) €
X with finite variance &, = [po|x1[*[¢o(x1)[?dxL < oo, if conditions (B1),
(B2) and (B3) with constant C, being replaced by Cy/||dol|3 are not satisfied, let
¢ = ¢(x1,t) € C([0, Timax), X) solution of the problem (8.19) with L? norm and
energy conservation, then there exists finite time blow-up, i.e., Thax < 00, if one of
the following condition holds:

(i) Eap(¢o) < 0, and either Assumption (A) or (B) holds;

(i) EQD((bO) =0 and Im (fR2 bo(x1) (x1 - Veo(x1)) dXJ_) < 0, and either As-
sumption (A) or (B) holds;

(iii) Eap(do) > 0, and Im ([o, ¢o(x1) (x1 - Vdo(x1))dx1) < —(3E9,) /269 if
Assumption (A) holds, or Im ([g, ¢o(x1) (x1 - Vo(x1))dxy) < —(2E9,)1 /269, if
Assumption (B) holds. Here ESy = Eap(¢o).

8.4.4. Quasi-1D case. Concerning the Cauchy problem, similar results as Theorem
8.7 can be obtained for the equation (8.21) [18].

Theorem 8.11. (Well-posedness for Cauchy problem) Suppose the real-valued trap
potential satisfies Vi(z) > 0 for z € R and Vi(z) € C®(R), D¥Vi(z) € L=(R)
for all integers k > 2, for any initial data ¢(z,t = 0) = ¢o(2) € X, there ewists
a unique solution ¢ € C([0,00),X) N C!([0,00), X*) to the Cauchy problem of
equation (8.21).

8.5. Convergence rate of dimension reduction. In this section, we discuss the
dimension reduction of 3D GPPS to lower dimensions. In lower dimensions, we
require that in the quasi-2D case, 8 = O(g), A = O(e), and in the quasi-1D case,
B = 0(e?), A = O(e?), i.e. we are considering the weak interaction regime, then
we would get an e-independent limiting equation. In this regime, we will see that
GPPS will reduce to a regular GPE in lower dimensions [18].

8.5.1. Reduction to 2D. We consider the weak interaction regime, i.e., 5 — &f,
A — €A In Case I (8.12), for full 3D GPPS (8.7)-(8.8), introduce the re-scaling
2z — ez, 1) — /296 which preserves the normalization, then

1
10 (x1,2,t) = |HY + E—QHZ + (B = N)[Y°|* = 3eAn.n. ©° | V7, (8.38)
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where x| = (z,y) € R? and

2

1 1
HY, =500 +0y) + Valzy),  Ho=-20.+ o, (8.39)
n. = (’/7,1,77,2,713/6), 8,16 =g - V, 5‘,15“5 = 8,15 (6115), (840)

1

1
(_8a7m - ayy - Gazz)¢5 = *|¢E|2, lim QPE(XLv Z’t) =0. (841)
9 3 x| —o00

It is well-known that H, has eigenvalues p, = k+1/2 with corresponding eigenfunc-
tion wg(2) (k =0,1,...), where {wy, } 32, forms an orthornormal basis of L?(R) [174],

. _ 1 _22/2 . . . e ags
specifically, wo(z) = —77€ . It is convenient to consider the initial data con-

centrated on the ground mode of H,, i.e.,
'(/16(XJ_7 Z, 0) = ¢0(XJ_>1U0(Z), (bo S X(RQ) and H¢0||L2(R2) =1. (842)

In Case I (8.12), when € — 0%, quasi-2D equation I (8.15), II (8.19) will yield an
e-independent equation in the weak interaction regime,

~(1—3n2
M\/T;ﬂlg)/\WQ(b, x| = (z,y) € R?, (8.43)

with initial condition ¢(x,,0) = ¢o(xL).

iatd)(XJJat) = H‘X/J_¢ +

Theorem 8.12. (Dimension reduction to 2D) Suppose Va satisfies condition (8.36),
—g <A< Band B >0, letp* € C([0,00); X(R3)) and ¢ € C([0,0); X (R?)) be the
unique solutions of equations (8.38)-(8.42) and (8.43), respectively, then for any
T > 0, there exists Cr > 0 such that

Hz/JE(xJ_7 z,t) — eii%qﬁ(xbt)wo(z)‘

<Cre,  Vte[0,T].  (8.44)

L2(R9)

8.5.2. Reduction to 1D. In this case, we again consider the weak interaction regime
B — e2B8, A\ — €2\, In Case II (8.13), for the full 3D GPPS (8.7)-(8.8), introducing
the re-scaling x — ez, y — €y, ¥ — €~ 11)° which preserves the normalization, then

1
O (x1, 2, t) = |HY + o Hx, + (B =N = 3eAdan. ° | V5, (8.45)
where x| = (z,y) € R?, z € R and
1 1
HY = _58’” +Vi(z), Hy, = _i(am + Oyy + 22 + 97, (8.46)
ﬁs = (’I’Ll/E,ng/E,ng), 8{15 = 1715 . V, 8,;15,;15 = aﬁg(aﬁa), (847)

1 1 1 9
(—5—281.1. - gayy —0..)¢° = ?Wﬂ ) Ix]

Note that the ground state mode of Hy  is given by wo(x)wo(y) with eigenvalue 1,
and the initial data is then assumed to be

VE(x1,2,0) = do(2)wo(x)wo(y), ¢o € X(R) and [|dol|r2(r) = 1. (8.49)
In Case IT (8.13), when ¢ — 07, the quasi-1D equation (8.21) will lead to an
e-independent equation in the weak interaction regime,
B+ %/\(1 — 3n3)
27

with the initial condition ¢(z,0) = ¢o(z).
We can prove the following results [18].

lim ¢°(x1,2,t) =0.(8.48)
X|—00

i0:p(2,t) = HY ¢ + lo|*¢, z€R, t>0, (8.50)
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Theorem 8.13. (Dimension reduction to 1D) Suppose the real-valued trap potential
satisfies Vi(z) > 0 for z € R and Vi(z) € C®(R), D*Vi(z) € L>®(R) for all
k > 2. Assume —g < X< Band B >0, and let v° € C([0,00); X(R3)) and
¢ € C([0,00); X(R)) be the unique solutions of the equations (8.45)-(8.49) and
(8.50), respectively, then for any T > 0, there exists Cp > 0 such that

< Cre, Vte[0,T]. (8.51)

st(xl,z,t) _ e—it/52¢(z7t)w0($)w0(y)’ L2Es)

8.6. Numerical methods for computing ground states. In this section, we
present efficient and accurate numerical methods for computing ground states of
dipolar BECs, based on the new formulation GPPS (8.7)-(8.8) of dipolar GPE (8.4)
in 3D.

The difficulty of computing dipolar GPE mainly comes from the dipolar term.
In most of the numerical methods used in the literatures for theoretically and/or
numerically studying the ground states of dipolar BECs, the way to deal with the
convolution in (8.4) is usually to use the Fourier transform [154,186]. However,
due to the high singularity in the dipolar interaction potential (8.5), there are two
drawbacks in these numerical methods: (i) the Fourier transforms of the dipolar
interaction potential (8.5) and the density function || are usually carried out in
the continuous level on the whole space R? and in the discrete level on a bounded
computational domain U, respectively, and due to this mismatch, there is a locking
phenomena in practical computation as observed in [154]; (ii) the second term in
the Fourier transform of the dipolar interaction potential is 8—type for O-mode, i.e
when £ = 0 (see (8.11) for details), and it is artificially omitted when & = 0 in
practical computation [154, 186, 188] thus this may cause some numerical problems
too. With formulation (8.7)-(8.8), new numerical methods for computing ground
states and dynamics of dipolar BECs can be constructed, which can avoid the above
two drawbacks and thus they are more accurate than those currently used in the
literatures.

Based on the new mathematical formulation for the energy associated with GPPS
(8.7)-(8.8) in (8.10), we will present an efficient and accurate backward Euler sine
pseudospectral (BESP) method for computing the ground states of a dipolar BEC.

In practice, the whole space problem is usually truncated into a bounded compu-
tational domain U = [a, b] X [¢, d] X [e, f] with homogeneous Dirichlet boundary con-
dition. We adopt the method of gradient flow with discrete normalization (GFDN)
as in section 3: choose a time step 7 > 0 and set ¢, =n 7 for n =0,1,... Applying
the steepest decent method to the energy functional Fsp(¢) in (8.10) without the
normalization constraint (8.9), and then projecting the solution back to the unit
sphere S at the end of each time interval [¢,,t,11] in order to satisfy the constraint
(8.9). Then GFDN for computing ground state of the GPPS (8.7)-(8.8) is [23]:

8t¢(xv t) = %VQ - V(X) - (ﬁ - )‘)|¢)(X’ t)|2 + 3)‘61111()0()(’ t) ¢)(X7 t)’ (852)

V3p(x,t) = —|é(x,1)]?, xeU, t,<t<tpy1, (8.53)
2
(X, tn1) = B(x, ), ) = Lfl), xeU, n>0, (8.54)
[o( ty )2
¢(X7 t)|xeaU = (P(X,t)|xe@U =0, t >0, (855)

o(x,0) = ¢o(x), with  ||éoll2 = 1; (8.56)
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where ¢(x,tF) = lim. o(x,t).
t—tt
Let M, K and L be even positive integers and define the index sets
Tuxe ={G, kD | j=1,2,....M—1, k=1,2,... . K—1,1=1,2,...,L —1},
Ture ={0G.k1) | j=0,1,....M, k=0,1,...,K, 1=0,1,...,L}.

Choose the spatial mesh sizes as h, = b_ﬁa, hy = % and h, = fze and define
zj:=a+j hy, yp = c+k hy, zp=e+1h, (J. k1) € Tarkr-
Denote the space
Yurr =span{®;(x), (j,k,1) € Turr},
with

P j1i(x) = sin (Mf(x —a))sin (u}(y — ¢))sin (pf(z —€)), x€U, (8.57)

] y 7k . ml - .
b_a7 p’k_ /U’l_f_ev (]7 a)eTMKLv

1y =

and Pyrr 1Y = {p € C(U) | ¢(x)|xesv = 0} = Yarxr be the standard project
operator, i.e.

M-1K-1L-1
(Purrv)(x Upgs Ppgs xeU, Vv €Y,

p=1 1 s=1

Q
I

with
6qu = / U(X) (I)P(IS(X) dX, (pa q, S) S TMKL~ (858)
U

Then a backward Euler sine spectral discretization for (8.52)-(8.56) reads:
Find ¢"*1(x) € Yy (ie. ¢7(x) € Yarxr) and ¢"(x) € Yargr such that

¢*(x) — ¢"(x)

T

== Paics {[V30) + (8= N)[¢" () = 3\ ()] 67 ()}
V0" (), (8.59)

¢+( )

2 n _ nx2 n+1 _

x e U, (8.60)
where n > 0 and ¢°(x) = Pyrr (¢o(x)) is given.

The above discretization can be solved in phase space and it is not suitable in
practice due to the difficulty of computing the integrals in (8.58). We now present
an efficient implementation by choosing ¢°(x) as the interpolation of ¢y(x) on the
grid points {(x;, vk, 21), (4, k,1) € Tyrrts i-e. 0°(xj,yn,21) = do(j,yx,2) for
(4, k,1) € Tk, and approximating the integrals in (8.58) by a quadrature rule
on the grid points. Let ¢7, and ¢7;, be the approximations of é(x5, yx, 21, ty) and
©(xj, Yk, 21, tn), respectively, which are the solutions of (8.52)-(8.56); denote Vji; =
Vi (xj, yk-21)s Py = |¢>;?kl|2 and choose gb?kl = ¢o(z;,yr,21) for (j,k,1) € TrL-
For n = 0,1,..., a backward Euler sine pseudospectral (BESP) discretization for
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(8.52)-(8.56) reads [23]:

D — N2
I = Vit + (8= N [0a]* = 37 03ne™ 0| S
1 .

T3 (Vao ) e GhkD) € Tuke, (8.61)
VQ’VL _ | AT 2 _ n n+1 __ qZ)j_kl kel T 8.62
- ( s )|jkl = |¢j,k,l| = Pjki> ¢jkl ot (4, k1) € Tukr, (8.62)
gljll = (brjgrkll = ‘b%?l = ‘b?ltll = ¢;LISB1 = Cb;llel =0, (k1) € TJBIKL» (8.63)
Porr = Pt = Phor = Ot = €0 = €fer =0, (G, k1) € Targers (8.64)

where V2 and 95, are sine pseudospectral approximations of V2 and Onp, respec-
tively, defined for (4, k,1) € Tarkr as

M-1K—-1L-1 . - o -
(V§¢n)‘jkl =- Z Z Z Apgs(9™) 45 SID (%) sin (%) sin <T) ,

(Onn®" ) = - 5 (OnnPpgs(x)) (8.65)

‘(zjvymzz) ’
with Apgs = (15)? + (14)? + (12)%, (™) p0s (P, 0,5) € Tarxr) the discrete sine
transform coefficients of the vector ¢™ for (p,q, s) € Tk as

— g jpm kqm lsm
(¢n)pq5 = L . Z @l sin (ﬁ) sin (7) sin (T) , (8.66)
j=1 k=1 I=1
and the discrete norm is defined as
M—-1N—-1L-1
+12 — + 2
16715 = hahyha Y >0 > 1ol
j=1 k=1 1=1
Similar as those in section 3.3 (cf. [25]), the linear system (8.61)-(8.64) can be
iteratively solved in phase space very efficiently via discrete sine transform and we
omit the details here for brevity.

8.7. Time splitting scheme for dynamics. Similarly, based on the new Gross-
Pitaevskii-Poisson type system (8.7)-(8.8), we will present an efficient and accurate
time-splitting sine pseudospectral (TSSP) method for computing the dynamics of
a dipolar BEC.

Again, in practice, the whole space problem is truncated into a bounded com-
putational domain U = [a,b] X [¢,d] X [e, f] with homogeneous Dirichlet boundary
condition. From time ¢ = t,, to time ¢t = ¢,,11, the Gross-Pitaevskii-Poisson type
system (8.7)-(8.8) is solved in two steps. One solves first

1
iatw(xa t) = —§V2¢(Xa t)7 X e Ua w(x7 t)|x€6U = 07 tn <t< tn-‘rla (867)

for the time step of length 7, followed by solving
10 (x,t) = [V(x) + (B = N[ (%, 1) |* = 3A\nn (X, t)} P(x,t), (8.68)
V2p(x,t) = —|[¢(x, )%, x €U, tn <t <tpir; (8.69)
0(%,1)|xecor = 0, V(X,t) | eor =0, tn <t <tpit; (8.70)
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for the same time step. Eq. (8.67) will be discretized in space by sine pseudospectral
method and integrated in time exactly. For t € [t,, tn+1], the equations (8.68)-(8.70)
leave || and ¢ invariant in ¢ and therefore they collapses to

i00p(x,t) = [V(x) + (B — N|Y(x,tn) > = 3BNnnp (X, tn)] ¥(x, 1), tn <t < tngr, (8.71)

Vip(x,tn) = —|[(x, ta)?,  x €U (8.72)

Again, equation (8.72) will be discretized in space by sine pseudospectral method
[23,47,164,165] and the linear ODE (8.71) can be integrated in time exactly.

Let 47, and @7, be the approximations of ¢(z;, yk, 21, t) and o(x;, yk, 21, tn),
respectively, which are the solutions of (8.7)-(8.8); and choose ¢, = ¥o(z;, Yk, 21)
for (j,k,l) € Tgr. For n = 0,1,..., a second-order TSSP method for solving
(8.7)-(8.8) via the standard Strang splitting is [23]

Mol K-1L-] B2 W2 +wD)? ;

(1) iy p) T g T A ()T . Jpm\ . kqm\ . lsm

]kl pg . qg . S_E (& 4 (Qpn)pqs sin (ﬁ) sin (7) Sin (T 5
—’LT T z (1)2 S .

1/J§i)l [V nz)+B-21w 5 12 =8 (0200 D)] ] ¢<kza (G, k1) € Tarkrs (8.73)

M-l K-1L- )2+ ()2 ()2 —~——

n+1 Z ZZ jr el T4l TRl . [gJpm\ . kqm\ . lsm

jl;g = (’1[)(2))1)(13 sin (ﬁ) sin (7) Sin (T) 3

e~

where (/w\”/)pqs and (w(z))pqs ((p,q,s) € Tmkr) are the discrete sine transform
coefficients of the vectors ¢ and ¥(?), respectively (defined similarly as those in
(8.66)); and (95,0 )} W)J(M\Q
for (j,k,1) € Tirger-

The above method is explicit and unconditionally stable. The memory cost is
O(MKL) and the computational cost per time step is O (M KLIn(MKL)).

can be computed as in (8.65) with plfy, = p]kl

8.8. Numerical results. In this section, we first compare our new methods and
the standard method used in the literatures [186, 188] to evaluate numerically the
dipolar energy and then report ground states and dynamics of dipolar BECs by
using our new numerical methods.

Case I Case 11 Case 111
DST DFT DST DFT DST DFT
h=1 2.756E-2 2.756E-2 | 3.555E-18 1.279E-4 0.1018 0.1020
h=0.5 | 1.629E-3 1.614E-3 | 9.154E-18 1.278E-4 | 9.788E-5 2.269E-4
h=0.25| 1.243E-7 1.588E-5 | 7.454E-17 1.278E-4 | 6.406E-7 1.284E-4

TABLE 8.1. Comparison for evaluating dipolar energy under dif-
ferent mesh sizes h.

Example 8.1. Comparison of different methods. Let

6= 6(x) =

R

=3 (v (B +y?)+7227) ,

x € R®. (8.74)
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Then the dipolar energy Eqip(¢) in (8.25) can be evaluated analytically as [178]

142x2 3X2arctan(\/xz—l)

1—X2 - 2 2 _ 9 X > ]-7
Mo/ (1=x*)y/x*—1
Eaqip() = -2 4 o, x=1, (879)
P 4/ 21
142x% 1.5%2 In 14+4/1—x2 <1
1= (1-x2)y/1-x2 1-y/1-x2 )’ X ’
with y = , /22. This provides a perfect example to test the efficiency of different nu-

Yo
merical methods to deal with the dipolar potential. Based on our new formulation,

the dipolar energy can be evaluated via discrete sine transform (DST) as

M-1K-1L-1

)\h h h,
Eaip(¢) = DD e,y )] [—|¢(xj7yk,zl)l2 =3 (0" MNjmt | »

j=1 k=1 I=1

where (9p,9")| 4, is computed as in (8.65) with pl}, = |p(z 5, yr, 20)|? for (4, k1) €

Ty k- In the literatures [186, 188], this dipolar energy is usually calculated via
discrete Fourier transform (DFT) as

)\h h h M—-1K—-1L—
Baip(9) S50 Ibwsy ) [Foud (Uain) @5, 2088, 205) - Foasl6))
j=0 k=0 [=0
where F and F~! are the discrete Fourier and inverse Fourier transforms over the
grid points {(z;,yk, 21), (J,k,1) € Tyrr )}, respectively [186]. We take A\ = 87/3,
the bounded computational domain U = [-16,16]3>, M = K = L and thus h = h,, =

hy =h, = % Tab. 8.1 lists the errors e := ‘Edip(é) Eglp with Eglp

computed
numerically via either DST (8.76) or DFT with mesh size h for three cases:

o Casel. v, =0.25 and v, = 1, x = 2.0 and Eg;p(¢) = 0.0386708614;
o CaseIl. v, =7, =1, x = 1.0 and Eqip(¢) = 0;
o CaseIIl. v, =2 and v, =1, x = V0.5 and Eqip(¢) = —0.1386449741.

Example 8.2. Ground states of dipolar BEC. Here we report the ground states of
a dipolar BEC (e.g., ®2Cr [147]) with different parameters and trapping potentials
by using the numerical method (8.61)-(8.64). In our computation and results, we
always use the dimensionless quantities. We take M = K = L = 128, time step
7 = 0.01, dipolar direction n = (0,0,1)7 and the bounded computational domain
U = [-8,8]? for all cases except U = [-16,16]* for the cases 1os = 1, 5, 10 and

U = [-20,20]? for the cases 10000 = 50, 100 in Tab. 8.2. The ground state ¢4 is
n+1

reached numerically when |[|¢"*! n = max k <
y 6" — ¢" oo - o< jent, o225, ogsz|¢J’“l Ol

€ := 107% in (8.61)-(8.64). Tab. 8.2 shows the energy EY := E3p(¢,), chemical
potential p9 := u(¢y), kinetic energy EY; := Eyin(¢,), potential energy EJ ; :=
Epot(¢g), interaction energy Ef, := Eint(¢,), dipolar energy Ef = Fuaip(¢g),
condensate widths o := 0,(¢4) and o := 0.(¢4) in (2.54) and central density
pg(0) := [¢4(0,0,0)[> with harmonic potential V (z,y,z) = 3 (2% + y* + 0.252?) for
different 5 = 0.20716 N and A = 0.033146/ N with N the total number of particles
in the condensate and Tab. 8.3 lists similar results with S = 207.16 for different
values of —0.5 < ﬁ < 1. In addition, Fig. 8.1 depicts the ground state ¢4(x), e.g.

surface plots of |¢,(x, 0, 2)|? and isosurface plots of |¢,(x)| = 0.01, of a dipolar BEC
with § = 401.432 and A = 0.16§ for harmonic potential V(x) = % (x2 +y+ 2:2),
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double-well potential V' (x) = % (x2 +y? + 22) +4e=%"/2 and optical lattice potential
V(x) =1 (22 +y? + 2%) + 100 [sin® (2z) + sin® (Zy) + sin® (%2)].

% Eg N’g Elg(]in Egot Elgnt Egip Jg 0’2 Pg(O)
0.1 1.567 1.813 0.477 0.844 0.262 -0.015 0.796 1.299 0.06139
0.5 2225 2.837 0.349 1.264 0.659 -0.047 0.940 1.745 0.02675

1 2.728 3.583 0.296 1.577 0.925 -0.070 1.035 2.009 0.01779
) 4.745 6.488 0.195 2.806 1.894 -0.151 1.354 2.790 0.00673
10  6.147 8479 0.161 3.654 2.536 -0.204 1.538 3.212 0.00442
50 1147 1598 0.101 6.853 4.909 -0.398 2.095 4.441 0.00168

100 15.07 21.04 0.082 9.017 6.498 -0.526 2.400 5.103 0.00111

TABLE 8.2. Different quantities of the ground states of a dipolar
BEC for 8 = 0.20716 N and A = 0.033146 N with different number
of particles N.

% Eg lu’g Elgin E];g>0t Elgnt Egip O—g Ug pg (0)
-0.5 2957 3.927 0.265 1.721 0.839 0.131 1.153 1.770 0.01575
-0.25 2.883 3.817 0.2v4 1.675 0.853 0.081 1.111 1.879 0.01605
0 2.794 3.684 0.286 1.618 0.890 0.000 1.066 1.962 0.01693
0.25 2.689 3.525 0.303 1.550 0.950 -0.114 1.017 2.030 0.01842
0.5 2.563 3.332 0.327 1.468 1.047 -0.278 0.960 2.089 0.02087
0.75 2.406 3.084 0.364 1.363 1.212 -0.534 0.889 2.141 0.02536

1.0 2193 2726 0443 1.217 1.575 -1.041 0.786 2.189 0.03630

TABLE 8.3. Different quantities of the ground states of a dipolar
BEC with different values of g with 8 = 207.16.

Example 8.3. Dynamics of a dipolar BEC. Here we compute the dynamics of a
dipolar BEC (e.g., °2Cr [147]) by using our numerical method (8.73). Again, in the
computation and results, we always use the dimensionless quantities. We take the
bounded computational domain U = [-8,8]2 x [-4,4], M = K = L = 128, i..
h = hy = hy =1/8 h, = 1/16, time step 7 = 0.001. The initial data ¥(x,0) =
1o(x) is chosen as the ground state of a dipolar BEC computed numerically by our
numerical method with n = (0,0,1)”, V(x) = (22 + y* + 25z%), 8 = 103.58 and
A =0.85 = 82.864.

We study the dynamics of suddenly changing the dipolar direction from n =
(0,0,1)7 to n = (1,0,0)T at ¢t = 0 and keeping all other quantities unchanged.
Fig. 8.2 depicts the time evolution of the energy Esp(t) := Esp(¢(-,t)), chemical
potential pu(t) = u(i(-,t)), kinetic energy Fyin(t) := Fxin(¢(-, 1)), potential energy
Epoi(t) == Epot(¥(-,t)), interaction energy Ein(t) := Eint(¥(+,t)), dipolar energy
FEaip(t) := Eaip(¥(+, 1)), condensate widths o,(t) := 0. (¢(-,1)), 0.(t) := 0. (¥(-, 1)),
and central density p(t) := |¢(0,t)|?, as well as the isosurface of the density function
p(x,t) := [1h(x,t)|* = 0.01 for different times.
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FIGURE 8.1. Surface plots of |¢,(x,0,2)|? (left column) and iso-
surface plots of |¢4(z,y,2)| = 0.01 (right column) for the ground
state of a dipolar BEC with 8 = 401.432 and A = 0.16/ for har-
monic potential (top row), double-well potential (middle row) and
optical lattice potential (bottom row).

From the above numerical results, we can see that the numerical methods based
on the GPPS (8.7)-(8.8) are much more efficient and accurate than those used in
the literatures based on (8.1).

8.9. Extensions in lower dimensions. Here, we consider the numerical methods
for computing ground states and dynamics for dipolar BECs in 2D and 1D. The
difficulties arise from the nonlocal terms, i.e., the dipolar terms in quasi-2D equation
I (8.15), quasi-2D equation IT (8.19) and quasi-1D equation (8.21). It is obvious
that those methods introduced in sections 3 and 4 can be extended here, provided
that the nonlocal terms can be computed properly.
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FIGURE 8.2. Time evolution of different quantities and isosurface
plots of the density function p(x,t) := |1(x,t)|? = 0.01 at different
times for a dipolar BEC when the dipolar direction is suddenly
changed from n = (0,0,1)7 to (1,0,0)” at time ¢ = 0.

We propose to compute the convolution terms in (8.15), (8.19) and (8.21) by
Fourier transform. Unlike the 3D case, there are no singularities for convolution
kernels at origin, thus discrete Fourier transform is accurate in these cases.

Lemma 8.1. (Kernels U2P in (8.16) and ULP (8.22) ) For any real function f(x)
in the Schwartz space S(R?), we have

P R o £ —e252/2
U s fe) = fo e = 1O [T pes®). (876)
T Jrl€?P+s



MATHEMATICS AND NUMERICS FOR BEC 113

For any g(z) in the Schwartz space S(R), we have

\@5§(§) /OO es’s/2
VT o [§PF+s

Here f and g denote the Fourier transforms of f and g, respectively.

UID % g(€) = §()TID(€) = ds, €cR. (8.77)

The Fourier transforms of U2 and U!P can be written in terms of the second
kind Bessel functions [65].

9. Mathematical theory and numerical methods for two component BEC.
In view of potential applications, such as the generation of bright beams of coherent
matter waves (atom laser), a central goal in the study of BEC has been the formation
of condensate with the number of atoms being as large as possible. It is thus of
particular interest to study a scenario where this goal is achieved by uniting two (or
more) independently grown condensates to form one large single condensate. The
first experiment involving the uniting of multiple-component BEC was performed
with atoms evaporatively cooled in the |F' = 2,m; = 2) and |1, —1) spin states
of 87Rb [142]. It demonstrated the possibility of producing long-lived multiple
condensate systems, and that the condensate wave function is dramatically affected
by the presence of inter-component interactions.

9.1. Coupled Gross-Pitaevskii equations. At temperatures T much smaller
than the critical temperature T, [150], a two-component BEC with an internal
atomic Josephson junction (or an external driving field) can be well described by
the coupled Gross-Pitaevskii equations (CGPEs) [19, 131,134, 185,195],

. h?
ihoy), = {vaz + V(x) + 16 + gui|vn ] + 912¢2|2] U1 + Mg,
(9.1)

‘ h?
10 = |5V + V0 + il + gl v+ N, xR

Here U := W(x,t) = (1(x,1t),%2(x,t))T is the complex-valued macroscopic wave
function, V(x) is the real-valued external trapping potential, A is the effective Rabi
frequency describing the strength to realize the internal atomic Josephson junction
(JJ) by a Raman transition, § is the Raman transition constant. The interactions
of particles are described by g;; = %za” with a;; = a;; (j,1 = 1,2) being the s-
wave scattering lengths between the jth and Ith component (positive for repulsive
interaction and negative for attractive interaction). It is necessary to ensure that
the wave function is properly normalized. Especially, we require

/ [[¢1(x,1)* + [¢2(x,1)[*] dx = N = N + Ny, (9.2)
R3
where

Ny = /RS 1;(x,0)|?dx,

is the particle number of the jth (j = 1,2) component at time ¢ = 0 and N the
total number of particle in the two-component BEC.

By properly nondimensionalization and dimension reduction, we can obtain the
following dimensionless CGPEs in d-dimensions (d = 1,2, 3) for a two-component



114 W. BAO AND Y. CAI
BEC [19,195]

Oy = {;Vz + V(%) + 0+ (Bl ” + ﬂ12|¢2|2)} 1+ Ay,  x€RY
(9.3)
Bub2 = | =52+ VG + (Bl + fali®) | w2+ M, xR

Here U := U(x,t) = (Y1(x,t),¥2(x,t))T is the dimensionless complex-valued macro-
scopic wave function, V(x) is the dimensionless real-valued external trapping po-
tential, (11, 812 = [B21, P2z are dimensionless interaction constants, § and A\ are
dimensionless constants. In addition, the wave function is normalized as

1913 = [ (o) + o, = 1. 94)
The dimensionless CGPEs (9.3) conserves the total mass or normalization, i.e.
N(t) = 2 0)]* = Nu(t) + Na(t) = |, 0)]P =1, ¢>0, (9-5)
with
N (t) = Il (x, )13 = Il (x, )13 = /Rd 9,02 dx, t>0, j=1,2, (9.6)

and the energy
B) = [ |5 UT0P +96) 4 VIl + 102 + 811+ Fulial

+%522|1/)2\4 + Bzl |*|tha]® + 2 - Re(%%)} dx. (9.7)

In addition, if there is no internal Josephson junction in (9.3), i.e. A = 0, the mass
of each component is also conserved, i.e.

Ny (t) = /d |91(x,0)[2dx ==, No(t) = /d [ (x,0)[2dx := 1 — a, (9.8)
R R
with 0 < a <1 a given constant.

9.2. Ground states for the case without Josephson junction. If there is no
external driving field in (9.3), i.e. A =0, for any given « € [0, 1], the ground state
P2(x) = (¢§(x), p3 (x))” of the two-component BEC is defined as the minimizer of
the following nonconvex minimization problem:
Find (@g‘ € SQ), such that

Ey = Ey ((I)Z‘) = <II>I€11§1, Ey (D), (9.9)

where S, is a nonconvex set defined as

Sai= {0 = (01,02)7 | |61l = v 6all =1 - o, Bo(®) <oc},  (9.10)
and the energy functional Fy(®) is defined as

Bo®) = [ 5090 +1960R) 4 VI + 1) + 8 + Guleal

+%522|¢2|4+512|¢1\2|¢2\2 dx. (9.11)
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Again, it is easy to see that the ground state ®§ satisfies the following Euler-
Lagrange equations,

i1 ¢1 = {—;VQ + V(%) + 0+ (Bui|n > + ﬂ12¢22)] ®1, x € RY,
(9.12)

1
H2 2 = {—2V2 + V(%) + (Br2lon|* + /322|¢2|2)] b2, x € RY,
under the two constraints
ol = [ loPax=a ol [ mPdx=1-a, (013

with g1 and ps being the Lagrange multipliers or chemical potentials corresponding
to the two constraints (9.13). Again, the above time-independent CGPEs (9.12) can
also be obtained from the CGPEs (9.3) with A = 0 by substituting the ansatz

Y1 (x,t) = e 1y (x), Pa(x,t) = e "y (x). (9.14)

Considering the case a € (0, 1) in minimization problem (9.9), denote

611 = aﬁlla 652 = (1 - 01)622, ﬂiZ =V Oé(l - a)ﬂl?u of = Oé(l - 0()7

and
Bir Pz > / < B Bra )
B= ) B' = .
( P21 P22 Ba1 B
Then the following conclusions can be drawn [19].

Theorem 9.1. (Existence and uniqueness of (9.9)) Suppose V(x) > 0 satisfying
lim|x| 00 V(x) = 00 and at least one of the following condition holds,

(i) d=1;

(i) d =2 and B1; > —Cs, By, > —Cy, and B, > _\/(Cb + B811)(Co + Bs);

(#ii) d =3 and B is either positive semi-definite or nonnegative,

then there exists a ground state ®, = (¢9,69)7 of (9.9). In addition, ®, =
(€91 pd|, e'%2|¢3|) is also a ground state of (9.9) with two constants 01 and 0. Fur-
thermore, if the matriz B’ is positive semi-definite, the ground state (|¢7|,|¢3])T of
(9.9) is unique. In contrast, if one of the following conditions holds,

(i) d=2and B, < —Cy or sy < —Ch or Bi5 < 72%/? (aBi; + (1 —a)Bhy + Cb);
(it) d =3 and B11 <0 or Bz <0 or B2 < —55 (a?Br1 + (1 — a)?Ba2).

there ezists no ground states of (9.9).

9.3. Ground states for the case with Josephson junction. The ground state
D, (x) = (¢7(x),¢3(x))T of the two-component BEC with an internal Josephson
junction (9.3) is defined as the minimizer of the following nonconvex minimization
problem:

Find (®4 € 5), such that

E,:=E(®,) = glelgE (@), (9.15)

where S is a nonconvex set defined as

si={o = @uan] [ (61097 +6a007) ax = 1 B@) <o f. (910
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It is easy to see that the ground state ®, satisfies the following Euler-Lagrange
equations,

oy = Hv? + V) + 0+ (B 2 +612|¢2|2)] b1+ by, x €RY
(9.17)

o2 = [—;VQ + V(%) + (B12]|¢1]* + ﬁ22|¢2|2)} ¢2 + A1, x € RY,
under the constraint
1913 = 1013 = [ 6160 + o] dx = 1. (918)

with the eigenvalue p being the Lagrange multiplier or chemical potential corre-
sponding to the constraint (9.18), which can be computed as

i w@) = [ |5 (90 + [9627) + VOl + lonf) + 0l + Suleal

+Ba2|d2|* + 2812|611 d2]> + 2X - Re(d10,) | dx. (9.19)

In fact, the above time-independent CGPEs (9.17) can also be obtained from the
CGPEs (9.3) by substituting the ansatz
P1(x,1) = e" i (x), ba(x,1) = e a(x). (9.20)

The eigenfunctions of the nonlinear eigenvalue problem (9.17) under the normaliza-
tion (9.18) are usually called as stationary states of the two-component BEC (9.3).
Among them, the eigenfunction with minimum energy is the ground state and those
whose energy are larger than that of the ground state are usually called as excited
states.

It is easy to see that the ground state ®, defined in (9.15) is equivalent to the
following:
Find (®, € S), such that

E(®,) = glelrle((D) = aren[gll] E(a), E(a) = Jin E(D). (9.21)

Denote
D={®=(¢1,¢2)" |V]g;]> € L'(R?), ¢; € H'(R)) N L*(R?), j =1,2}, (9.22)

then the ground state ®, of (9.15) is also given by the following:
Find (®, € D;), such that

By = B (®,) = min B (%), (9.23)

where
D=0 {0 = (007 |18 = [ (6100 + 020 dx =1} (020

In addition, we introduce the auxiliary energy functional
~ 1
E(®) =/d {2 (Vo +[Vesl?) + [V(x) (|61 + [62]?) +6lenl’]  (9:25)
R L

1 1
+ <2511|¢1|4 + §5z2|¢2|4 + 512¢1|2¢22> = 2|\l - 1] - |P2] }dxa
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and the auxiliary nonconvex minimization problem:

Find (®, € D;), such that

E(®,) = foin E (). (9.26)
For ® = (¢1, $2)T, we write E(¢y, o) = E(®) and E(¢y, ¢) = E(®). Then we

have the following lemmas [19]:

Lemma 9.1. For the minimizers ®4(x) = (¢{(x), #3(x))" of the nonconvex mini-
mization problems (9.23) and (9.26), we have

(i). If ®, is a minimizer of (9.25), then ¢J(x) = e1|¢{(x)| and ¢9(x) =
€'%2|¢9 (x)| with 0, and 0y two constants satisfying 01 = O if X < 0; and 6; = Oy £ 7
if A > 0. In addition, 59 = (e2¢], ei94¢g)T with 03 and 04 two constants satisfying
O3 =04 if A< 0; and O3 = 04 £ 7 if A > 0 is also a minimizer of (9.253).

(ii). If ®, is a minimizer of (9.26), then ¢J(x) = e|¢{(x)| and ¢3(x) =
e'%2|¢3(x)| with 01 and O two constants. In addition, fi)g = (ew3¢’1’,ei94¢g)T with
03 and 04 two constants is also a minimizer of (9.26).

(i11). If 4 is a minimizer of (9.23), then ®g4 is also a minimizer of (9.26).

(iv). If ®, is a minimizer of (9.26), then ®, = (|69, —sign(N)|¢3)" is a mini-
mizer of (9.23).

For the auxiliary minimization problem (9.26), we have the following results
generalizing the single component BEC case in section 2.

Theorem 9.2. (Ezxistence and uniqueness of (9.26) [19]) Suppose V(x) > 0 sat-
isfying lim V(x) = oo, then there exists a minimizer ®> = (¢5°,¢5°)T € Dy of

|x|—o00
(9.26) if one of the following conditions holds,
(i) d=1;
(i) d =2 and B11 > —Cy, Baz > —Cs, Br2 > —Cp — /Cp + P11V Cp + Paz;
(#ii) d =3 and B is either positive semi-definite or nonnegative,

where Cy is given in (2.12). In addition, if the matriz B is positive semi-definite
and at least one of the parameters 0, X\, v, and 72 are nonzero, then the minimizer
(1651, [65°)T s unique.

Combining Theorem 9.2 and Lemma 9.1, we draw the conclusions [19]:

Theorem 9.3. (Ezistence and uniqueness of (9.15)) Suppose V(x) > 0 satisfying

| l‘im V(x) = oo and at least one of the following condition holds,
X|—00

(i) d=1;

(i) d =2 and P11 > —Cy, Paz > —Cy, and 12 > —Cp — /Cy + B11V/Cp + PBaz;
(ii) d = 3 and B is either positive semi-definite or nonnegative,
there exists a ground state ®, = (¢, ¢9)T of (9.15). In addition, ®, := (e"1]$7], e |¢3))
is also a ground state of (9.15) with 61 and 0 two constants satisfying 01 — 03 = £
when A > 0 and 61 — 0 = 0 when A < 0, respectively. Furthermore, if the matrix
B is positive semi-definite and at least one of the parameters d, A\, y1 and 2 are
nonzero, then the ground state (|¢9|, —sign(\)|¢3])T is unique. In contrast, if one
of the following conditions holds,

(i) d =2 and 11 < —Cy, or Baz < —C} or 12 < —Cp — /Cp + P11V Cp + Baz ;

(ii) d =3 and B11 < 0 or Bag < 0 or Bia < 0 with %5 > B11P22;
there ezists no ground state of (9.15).
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When either |4 or [A| goes to infinity, the two component ground state problem
(9.15) will collapse to a single component ground state problem in section 2 [19].

For fixed 11 > 0 and P22 > 0, when 12 — oo, the phase of two components of
the ground state ®, = (¢7, #9)" will be segregated [63,66,92], i.e. ®, will converge
to a state such that ¢9 - ¢3 = 0.

Remark 9.1. If the potential V(x) in the two equations in (9.3) is chosen to be
different in different equations, i.e. Vj;(x) in the jth (j = 1,2) equation, and they
satisfy V;(x) > 0, lim V;(x) = oo (j = 1,2), then the conclusions in the above

|x|—00
Lemmas and Theorems 9.2-9.3 are still valid under the similar conditions.

9.4. Dynamical properties. Well-posedness of Cauchy problem of the CGPEs
(9.3) in energy space is quite similar to that of single GPE (cf. section 2), and we
omit the results here. If there is no internal Josephson junction, i.e. A = 0, the
density of each component is conserved. With an internal Josephson junction, we
have the following lemmas for the dynamics of the density of each component [195]:

Lemma 9.2. Suppose (¢1(%,t),12(x,t)) is the solution of the CGPEs (9.3) with
potential V(x) + & for the first component 11 replaced by Vi(x) and potential V (x)
for the second component 1y replaced by Va(x); then we have, for j =1,2

N;j(t) = =202 [2N;(t) — 1] + Ej(t),  t>0, (9.27)
with initial conditions
NO
Ni0) = N = [ 860 ax = . (9.25)
3,(0) = N _ 2, /}R T [0900) (97,09 ] ax: (9.29)

where k1 =2, ko = 1 and fort > 0,
B0 = [ @, +457) [ Vi, (0 - 0
(B35 — B sl + (Bryk, — By, F} dx, >0,

From this lemma, we have [195]

Lemma 9.3. If § = 0 and $11 = P12 = P21 = Paz in (9.3), for any initial data
U(x,t=0)= )(x),9(x))T, we have, fort >0,
1
_ 2 _ (o 1 N [
N;(t) = v t)ll; = (N7 — 3 cos(2At) + sin(2At) + 5 J= 1,2.(9.30)

J 2

Thus in this case, the density of each component is a periodic function with period
T =7 /|\| depending only on A.

9.5. Numerical methods for computing ground states. To find the ground
state, we first present a continuous normalized gradient flow (CNGF) method dis-
cussed in section 3.1 and then propose a GFDN method based on discretization of
CNGEF.
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9.5.1. Continuous normalized gradient flow and its discretization. In order to com-
pute the ground state of two-component BEC with an internal Josephson junction
(9.15), we construct the following CNGF [19]:

5(251(;;( 2 { V2= V(x) =6 = (Bulo] + 512|¢22)] b1 — Ap2 + pa(t) o1,
8¢2(X t) (9.31)

L LV? “V(x) — (Bualda]? + ﬂ22|¢2|2>] 63— Aobr + 10 (t) s,

where ®(x,t) = (¢1(x, 1), p2(x,t))T and pe(t) is chosen such that the above CNGF

is mass or normalization conservative and it is given as
1
wolt) = rmom | [ (IVo1]? + [Val) + Vx) (1 [ + [62]?) + bl
2
+B11|p1|* + Bazldal* + 281211 d2]” + 2X Re(d10,) | dx

We( 1)
wonE t2o (9.32)

For the above CNGF, we have [19]

Theorem 9.4. For any given initial data
®(x,0) = (¢](x),93(x))" =20 (x),  xeR, (9.33)

satisfying | @2 = 1, the CNGF (9.31) is mass or normalization conservative and
energy diminishing, i.e.

et = 1eV5 =1,  E(®(,1) < BE(®(,s), 0<s<t.  (934)

For practical computation, here we also present a second-order in both space
and time full discretization for the above CNGF (9.31). For simplicity of notation,
we introduce the method for the case of one spatial dimension (1D) in a bounded
domain U = (a,b) with homogeneous Dirichlet boundary condition

®(a,t) = B(b,t) =0, t>0. (9.35)

Generalizations to higher dimensions are straightforward for tensor product grids.
Let ®7 = (¢} ;, ¢5 ;)" be the numerical approximation of ®(z;, t,) and ®" be the

solution vector with component ®7. In addition, denote <I>n+1/ 2 (¢n+1/ 2, q5n+1/ 2)

with

/2 (¢"+1+¢;fj), j=0,1,2,....M, 1=1,2. (9.36)

Then a second-order full discretization for the CNGF (9.31) is given, for j =
1,2,....M —1and n >0, as

S o, e 200+ el T
T o 2h2

]' n n n n 1/2

-3 [511 (|¢13—1|2 + |1 j|2) + P12 (|¢2}_1|2 + ‘¢2,j|2)] ?—; / )

¢)n+1 _ ¢’£LJ ¢n+1/2 _ 2¢n+1/2 n+1/2

2,7+1 j—1 n+1/2 n+1 2 n+1 2
- == o2 {V(xj) _:u<1>,h/ } 2,5 / (15 /

- % [B12 (|¢71L,J;1|2 + 167 17) + Baz (|¢n+1|2 + |5 ;1%)] ¢n+1/27

[V e
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where
Dn+1/2
R T Y peel (9.37)
n—+ n—+
ny (lens 2R+ 1ess )
7=0
with
M—-1
n+1 2 n+1/2 n+1 2 n+1/2 n+l 2
Dy hZ{Z(W T = A Vo) + alo
7=0
n n 1/2 1 n n 1/2
+§ﬂu<|¢lf|2\+|¢1,j|2)|¢>§i§/ [*+ 5B2(05 11 + 108171655 2
1 n n +1/2 n n +1/2
58 (95512 + 195, 10T5 212 + (035 1+ Lot ) ep 2]
+2) Re (¢"+1/ Zga 2) } (9.38)
The boundary condition (9.35) is discretized as
=t =enh =9bh =0, n=01,2,.... (9.39)
The initial data (9.33) is discretized as
¢ ;= oY (z), 9 =¢5(x;),  j=0,1,...,M. (9.40)

In the above full discretization, at every time step, we need to solve a fully nonlinear
system which is very tedious in practical computation. Below we present a more
efficient discretization for the CNGF (9.31) for computing the ground states.

9.5.2. Gradient flow with discrete normalization. Another more efficient way to dis-
cretize the CNGF (9.31) is through the construction of the following GFDN [19]:

% = sz —V(x) =6 = (Bulor* + 512¢2|2)} b1 — Ao,
(9.41)
% = [;VQ — V(%) = (Brzln|* + 522|¢2|2)} B2 — Ap1, tE€ (tn,tns1),

followed by a projection step as

¢l(x7tn+1) - ¢l( X, n+1) - U[ s (bl( ) n+1) l= ]-727 n Z 0, (942)

where ¢y(x,t,;) = tiigl di(x,t) (I = 1,2) and o]"' (I = 1,2) are chosen such
o
that
120, tnrn)lI” = llf1 (%, tus) 13 + [ f2(x, tns) I3 =1, n2>0. (9.43)

The above GFDN (9.41)-(9.42) can be viewed as applying the first-order splitting
method to the CNGF (9.31) and the projection step (9.42) is equivalent to solving
the following ordinary differential equations (ODEs)

Op1(x,1) Opa(x,t)
_— t _—

ot pa(t) 1, ot
which immediately suggests that the projection constants in (9.42) are chosen as

ottt = gntt n > 0. (9.45)

= pao(t)p2, ty <t <tpga, (9.44)
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Plugging (9.45) and (9.42) into (9.43), we obtain

1 1
O'ILJ'_I = O';L-"_l = > = = , n 2 0. (9.46)
12Ctslllz Mot ) I3+ 116 t0) 13

Then, BEFD in section 3.2 can be used to discretize the GFDN (9.41)-(9.42) and
we omit the detailed scheme here, as the generalization is straightforward.

9.6. Numerical methods for computing dynamics. To compute dynamics of
a two component BEC, finite difference time domain methods in section 4.2 can be
directly extended to solve the CGPEs (9.3). Here we focus on the time splitting
methods. For n =0,1,..., from time t =t, = nr tot =t,41 = t, + 7, the CGPEs
(9.3) are solved in three splitting steps [181,183,195]. One first solves

.0 1, )
- =5 j =12 A4
¢ at 2v 1/}15 J )<y (9 7)
for the time step of length 7, followed by solving
2
9y 2 =1,2 9.48
il = Vit + D Balvly;,  i=12 (9.48)
=1

for the same time step with Vi(x) = V(x) + 6 and Va(x) = V(x), and then by
solving

8’¢1 81/J2

T e, i 222 = 9.49
"o o i ¥ (9.49)

for the same time step. For time ¢ € [ty,t,41], the ODE system (9.48) leaves

|th1(x,t)| and |¢2(x,t)| invariant in ¢, and thus it can be integrated exactly to

obtain [31,33,47,48,193], for j = 1,2 and ¢ € [tn, tp+1]

Yi(x,t) = (%, t,) exp

—t (Vj(X) +_ Bitlin(x, tn)l2> (t - tn)] - (9:50)

1=1
For the ODE system (9.49), we can rewrite it as

oV . (01 (i
g = —AAY, with A= ( 1 0 > and W= ( b ) (9.51)

Since A is a real and symmetric matrix, it can be diagonalized and integrated
exactly, and then we obtain [15,195], for t € [t,, tn41]

cos (A(t—tn)) isin(A(t—tn))
isin(M(t—ty)) cos(A\(t—t)) )Tt
Then, time splitting spectral method introduced in sections 4 and 6 can be applied

to compute the dynamics of the CGPEs (9.3), by a suitable composition of the
above three steps (cf. section 4.1). The detailed scheme is omitted here for brevity.

W, 1) = M ) =

9.7. Numerical results. In this section, we will report the ground states of (9.15),
computed by our numerical methods.

Example 9.1. Ground states of a two-component BEC with an external driving
field when B is positive definite, i.e. we take d = 1, V(z) = %xz and (11 : P12 :
P22 = (1:0.94:0.97)8 in (9.15) [15,19]. In this case, since A < 0 and B is positive

definite when 8 > 0, thus we know that the positive ground state ®, = (¢, #2)T
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FIGURE 9.1. Ground states ®; = (¢1,¢2)” in Example 9.1 when
6 =0 and A = —1 for different 5.

is unique. In our computations, we take the computational domain U = [—16, 16]
with mesh size h = 35 and time step 7 = 0.1. The initial data in (9.33) is chosen as

1 2

) (z) = ¢5(z) = 771/4\/56_:6 2 x €R. (9.52)

Fig. 9.1 plots the ground states ®, when 0 = 0 and A = —1 for different 3. Fig. 9.2

shows mass of each component N(¢;) = ||¢;]* (j = 1,2), energy E := E(®,) and

chemical potential p := pu(®,) of the ground states when 8 = 100 and 6 = 0,1 for

different A, and Fig. 9.3 depicts similar results when g = 100 and A = 0, -5 for
different 4.

10. Perspectives and challenges. So far, we have introduced mathematical re-
sults and numerical methods for ground states and dynamics of a single/two compo-
nent rotating/nonrotating BEC with/without dipole-dipole interactions described
by mean field GPE. Despite these BEC systems, much progress has been made to-
wards realizing other kinds of gaseous BEC, such as spinor condensates, condensates
at finite temperature, Bose-Fermi mixtures, etc. These achievements have brought
great challenges to atomic physics community and scientific computing community
for modeling, simulating and understanding various interesting phenomenons.

10.1. Spin-1 BEC. In earlier BEC experiments, the atoms were confined in mag-
netic trap [12,59,86], in which the spin degrees of freedom is frozen. In recent
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FIGURE 9.2. Mass of each component N(¢;) = [¢;]1* (j = 1,2),
energy E := E(®,) and chemical potential p := p(®,) of the
ground states in Example 9.1 when 5 = 100 and § = 0, 1 for differ-
ent A.

years, experimental achievement of spin-1 and spin-2 condensates [50, 124] offers
new regimes to study various quantum phenomena that are generally absent in a
single component condensate. The spinor condensate is achieved experimentally
when an optical trap, instead of a magnetic trap, is used to provide equal confine-
ment for all hyperfine states.

The theoretical studies of spinor condensate have been carried out in several pa-
pers since the achievement of it in experiments [115,128]. In contrast to single com-
ponent condensate, a spin-F (F € N) condensate is described by a generalized cou-
pled GPEs which consists of 2F'+1 equations, each governing one of the 2F+1 hyper-
fine states (mp = —F, —F+1, ..., F—1, F') within the mean-field approximation. For
a spin-1 condensate, at temperature much lower than the critical temperature T,
the three-components wave function ¥ := W(x,t) = (¢1(x,t),%o(x,t),v_1(x,t))T
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FIGURE 9.3. Mass of each component N(¢;) = |¢;]1* (j = 1,2),
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different 9.

are well described by the following coupled GPEs [36,124],

ih Oy (x,t) = —%VQ + V(%) + (co + c2) (J1]* + |thol?) + (co — C2)|¢—1|2] Y1
by R, (10.1)
ihOypo(x,t) = —%V2 + V(%) + (co + ) ([vnl? + [v-a*) + Co|¢o|2} Yo
20201 Do, (102)
MO-1(0,0) = [ g2 4 V0 + (e ca) (l? + [0f?) + (o — el ] o
—-1—02 Y2y, x = (z,y,2)" € R>. (10.3)
Here V(x) is an external trapping potential. There are two atomic collision terms,
co = 4;“;;2 (ag+2as2) and ¢y = 4;“5 (a2 —ap), expressed in terms of the s-wave scatter-

ing lengths, ag and aq, for scattering channel of total hyperfine spin 0 (anti-parallel
spin collision) and spin 2 (parallel spin collision), respectively. The usual mean-field
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interaction, cg, is positive for repulsive interaction and negative for attractive inter-
action. The spin-exchange interaction, ¢y, is positive for antiferromagnetic interac-
tion and negative for ferromagnetic interaction. The wave function is normalized
according to

1

1
MW= [ wecnPax= [ 30 benPac= 30 falf =N, (104
I=—1

I=—1

where N is the total number of particles in the condensate. This normalization is
conserved by coupled GPEs (10.1)-(10.3), and so are the magnetization

M(¥(-t)) := / [[1(x,8)]* = |1 (x,1)[*] dx = M(¥(-,0)) = M (10.5)

R3
and the energy per particle

1 h2
B(0) = [ {3 (3 ival + VeIl + (o= eoliaflvmst
l=—1
+ 2ol + LT [l [l 2ol (190 + 9 )]

rea (9000 + voaTiin) f dx = BR0), £20.000)

Then ground states of spin-1 BEC can be defined as the minimizer of energy E
under the normalization and magnetization constraints [26, 36, 45]. In particular,
when the external traps for all the components are the same, ground states for
ferromagnetic and antiferromagnetic spin-1 BECs can be simplified [26]. Generally
speaking, for spin-F BEC, the complicated nonlinear terms in (10.1)-(10.3) lead to
new difficulties for mathematical analysis and numerical simulation [182]. Much
work needs to be done in future, especially when rotational frame and dipole-dipole
interactions are taken into account in spin-F BECs [124].

10.2. Bogoliubov excitation. The theory of interacting Bose gases, developed
by Bogoliubov in 1947, is very useful and important to understand BEC in dilute
atomic gases. One of the key issue is the Bogoliubov excitation.

To describe the condensate, we have the lowest order approximation, i.e., the
Gross-Pitaevskii energy by assuming that all particles are in the ground state. How-
ever, due to the interactions between the atoms, there is a small portion occupying
the excited states. Thus, if a higher order approximation of the ground state en-
ergy is considered, excitations have to be included. Using a perturbation technique,
Bogoliubov has investigated this problem and shown that the excited states of a
system of interacting Bose particles can be described by a system of noninteracting
quasi-particles satisfying the Bogoliubov dispersion relation.

To determine the Bogoliubov excitation spectrum, we consider small perturba-
tions around the ground state of Eq. (1.19). For simplicity we assume a vanishing
harmonic potential V(x) = 0 and homogeneous density v. A stationary state of the
GPE (1.19) is given by 1(x,t) = 9(t) = e~ ***\/v with the chemical potential

w= Bu. (10.7)
Now we add a local perturbation &(x,t) to the stationary state (t), that is,
P(x,t) = e " [/v + £(x,t)]. We expand the perturbation in a plane wave ba-
sis as £(x,t) = [ps (ugqe@*wat) 4 pge~i(@x=wat))dq and insert ¥(x,t) into Eq.
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(1.19). Here, wq are the excitation frequencies of quasimomentum q and uq, vq are
the mode functions. Keeping terms linear in the excitations uq and vq we find the
Bogoliubov-de Gennes equations

2

q
Wqllq = 7“(1 + vB(vg + uq),

2
q
~Wqlq = Vg + vB(vgq + uq)-

(10.8)

Then we can find the eigenenergies of Eq. (10.8) by solving the eigenvalue problem.
The resulting Bogoliubov energy Fp(q) = wq is determined by

2 /2
Bj(a) = 5 (‘12 + 251/) . (10.9)
When an external potential is considered, the Bogoliubov energy would be more
complicated. In 1999, the Bogoliubov excitation spectrum was observed for the
first time in atomic BEC [170], using light scattering. Later in 2008, observation of
Bogoliubov excitations was announced in exciton-polariton condensates [179]. Such
elementary excitations are crucial in understanding various phenomenon in BEC.

10.3. BEC at finite temperature. The process of creating a BEC in a trap by
means of evaporative cooling starts in a regime covered by the quantum Boltzmann
equation (QBE) and finishes in a regime where the GPE is expected to be valid.
The GPE is capable to describe the main properties of the condensate at very low
temperatures, it treats the condensate as a classical field and neglects quantum
and thermal fluctuations. As a consequence, the theory breaks down at higher
temperatures where the non-condensed fraction of the gas cloud is significant. An
approach which allows the treatment of both condensate and noncondensate parts
simultaneously was developed in [39,190].

The resulting equations of motion reduce to a generalized GPE for the condensate
wave function coupled with a semiclassical QBE for the thermal cloud:

ihop(x,t) = P gy (ne(x,1) + 2n(x,1))g — iR(x,1) | ¥,

" 2m (10.10)
p _

E‘f‘%'vxF_va.va_Q(F)—'—QC(F)’

where n.(x,t) = [1(x,t)|? is the condensate density, F := F(x,p,t) describes the

distribution of thermal atoms in the phase space and it gives the particle num-

ber with momentum p at position x and time ¢ in the thermal cloud. n(x,t) =

Jgs F(x,p,t)/(27h)3dp, V(x) is the confining potential and g = 4wh®as/m. The

collision integral Q(F’) is given by

Q(F)ZQQQ/ S(P+ps—p —plL) xd(ete —€ —¢)

(2m)5A7 JRsxR3 xRS : :
x[(1+F)(1+ F.)F'F,— FF.(1+ F')(1+ F))|dp. dp’ dp’,,

where € = U(x,t) + p?/2m, U(x,t) = V(X) + 2gn.(x,t) + 2gn(x,t) and (-) is the
Dirac distribution. Q.(F) which describes collisions between condensate and non
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condensate particles is given by
2
Q) =gy [ dmvetp.—p < pl)

X d(ec + e — € —€)[0(p —ps) = d(p —p') = d(p — P.)]

X [(1+ F)F'F ~ F(1+ F')(1+ F))] dp, dp' dp..
where )

ec(x,t) = imvc(x, )% + pe(x, 1), (10.11)

and v, is the quantum hydrodynamic velocity, pu. is the effective potential acting
on the condensate [108,190]. R(x,t) is then written as

h Qc(F)
R(x,t) = dp. 10.12
()= 5 | G (1012)
Note that for low temperatures T — 0 we have n, R — 0 and we recover the

conventional GPE. The system (10.10) is normalized as N.(0) = N and N;(0) = N}
with

Nc(t):/]RS b (x, £)[2 dx, Nt(t):/Rg n(x,t)2dx, t>0, (10.13)

where N? and Ny are the number of particles in the condensate and thermal cloud
at time ¢ = 0, respectively. It is easy to see from the equations (10.10) that the
total number of particles defined as Niota1(t) = Ne(t) + Ne(t) = N2 ,.; = N0+ N7 is
conserved. For this set of equations, the GPE part can be solved efficiently, and the
main trouble comes from the Boltzmann equation part. Alternatively, projected
GPE model is also used for simulating BEC at finite temperature [85,87].
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