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Abstract

In this paper, we first propose a general strategy to implement the Perfectly Matched Layer (PML) approach
in the most standard numerical schemes used for simulating the dynamics of nonlinear Schrédinger equations.
The methods are based on the time-splitting [I5] or relaxation [24] schemes in time, and finite element or
FFT-based pseudospectral discretization methods in space. A thorough numerical study is developed for
linear and nonlinear problems to understand how the PML approach behaves (absorbing function and tuning
parameters) for a given scheme. The extension to the rotating Gross-Pitaevskii equation is then proposed by
using the rotating Lagrangian coordinates transformation method [I3] [16], 39], some numerical simulations
illustrating the strength of the proposed approach.
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[6 _Conclusion 15

1. Introduction

Since its first experimental creation in 1995 [3, 26 [34], the Bose-Einstein condensation (BEC) phenomena
provides an incredible glimpse into the macroscopic quantum world and has opened a new era in atomic and
molecular physics as well as in condensed matter physics. It has been extensively studied both experimentally
and theoretically, and is still a very active research topic [I, 2, 17, 25| [33] B8] [40] [43] 44, [45] 49 B0]. At
temperatures 7" much smaller than the critical temperature T,, the properties of a rotating BEC are well
described by a macroscopic complex-valued wave function 1 (x,t) whose evolution is governed by the three-
dimensional (3D) Gross-Pitaevskii equation (GPE). Solving the d-dimensional (d = 2 or 3) dimensionless
GPE with a rotation term [I1], [14] leads to the following boundary-value problem: for a given initial state
o, find the complex-valued wave function ¥ (x,t) solution to

0u0(05,1) = | -7+ Vo 1) — o+ BIVE | w0,
P(x,t =0) = o(x), x € RY, t>0,

(1.1)

where x := (z,y, 2) (:= (x,y) in 2D) and t are the space and time variables, respectively. Denoting by V the
gradient operator, V? is then the laplacian operator, and V(x,t) is a real-valued function corresponding to
the potential. The real-valued constants [ and w respectively represent the nonlinear interaction strength
and the rotating frequency. In addition, L, = i(y0, — x0,) is the z-component of the angular momentum
[T, [14]. When w = 0, the GPE is also often called the nonlinear cubic Schrodinger equation. Let us remark
that many more complex models involving GPEs are widely used in the literature [I1], 14], including in
particular nonlocal dipolar interactions or multi-components gases.

When computing the dynamics of the rotating GPE, one can use various stable and efficient schemes
that are known to also respect some dynamical properties (mass/energy conservation, time invariance,
dispersion relation, time reversibility,...). Here, we do not want to review all the possible methods and
we rather focus on two widely used time discretization schemes, i.e. the (Strang) time-splitting [I5] and
relaxation [24] methods which are second-order accurate in time. We refer to [5l [11] [I4] for more details
about the most popular schemes and their properties. When computing fast rotating BEC through the
GPE, quantized vorticity takes place and then highly accurate spatial discretization schemes are required
to capture the dynamics of the small quantum defects. Among the available numerical methods, the most
standard way [, [TT], 4] is to use FFT-based pseudospectral approximation schemes in cartesian coordinates.
Indeed, such approximations are easy to implement, efficient and highly accurate [9 10, 11]. In particular,
they can be trivially included into time-splitting schemes by a direct integration in the Fourier domain.
The implementation work for the relaxation scheme is a bit more involved, but it remains quite simple
as it relies on well-known computational bricks (i.e. FFTs, Krylov subspace solvers and simple matrix-free
preconditioners). We also consider in this paper the (linear) finite element method for comparison, which is
nevertheless only second-order in space (but higher order polynomials could also be used).

In some situations arising in BECs (as well as in many situations related to the nonlinear Schrodinger
equation, e.g. in quantum optics or nonlinear wave propagation), the condensate expands. This can be
the case for example when a BEC is created and then the confining potential is no longer active. In other
situations related to the nonlinear Schrédinger equation, considering that the wave function propagates
out of the a priori fixed computational domain is very standard. In these cases, one needs to use a very
large computational box, leading then to extensive computational costs and memory storage limitations.
An alternative approach consists in considering a fixed box and then setting suitable boundary conditions
at the domain interface. According to their mathematical properties, such boundary conditions are called
transparent, artificial or absorbing boundary conditions (see [4, [12] for some recent reviews in quantum and
relativistic mechanics). While being now widely used in practice, their implementation in a finite-difference
or finite element scheme is far from being trivial. In addition, considering such boundary conditions in
a FFT-based pseudospectral approximation scheme is not possible since periodic boundary conditions are
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already imposed at the domain boundary. An alternative is to use Perfectly Matched Layers (PMLs) as
introduced in computational electromagnetism by Bérenger [19] 20], 21], 48], [55]. This method is now widely
used in many areas of computational physics and engineering [6, [18], 22} 23] 27, 29| [30} 311 4T, 42}, 54 55} [57]
since it is easy to implement and accurate. Concerning the application of the PML method to linear and
nonlinear Schrédinger-type equations, we refer to [4l [7, 12} 28] [35], 37, [47, 53], [58] where various developments
are available in the framework of the finite-difference/finite element methods. (Let us remark that the PML
method is different from the exterior complex scaling methods [32], 46} 53], (56].) To the best of the authors’
knowledge, there is no contribution until now related to the application of PMLs in the context of FFT-based
methods, for both the time-splitting and relaxation schemes applied to Schrédinger equations and GPEs.
The aim of this paper is to address this question, to show that this can be done without great effort and
that the resulting scheme is indeed numerically efficient, accurate and that the reflection at the boundary
is relatively small.

The paper is organized as follows. In Section [2| we introduce the PML formulation in cartesian coor-
dinates for the GPE without rotating term, which means that w = 0 in system . We introduce some
notations and give six types of PML absorbing functions that will be tested later. In Section |3 we consider
first the time discretization of the PML formulation of the GPE based on the Strang splitting scheme as well
as relaxation scheme. Then, we detail how to discretize the formulation in space, first by a finite element
method but most importantly next by an FFT-based pseudospectral approximation scheme. In Section[d] we
develop a thorough numerical study of the approximation schemes and in particular we focus on the choice
of the PML absorbing function and its tuning parameters in the case of the highly accurate pseudospectral
schemes. The direct extension to the rotating GPE is non trivial as it is explained in Section [5] since a
gradient term is involved into the GPE arising in system . We then propose a relatively simple solution
by considering an equivalent formulation in rotating Lagrangian coordinates which allows to extend the pre-
vious PML framework with pseudospectral approximation to the rotating case. Some numerical simulations
illustrate the efficiency and accuracy of the method. Finally, we conclude in Section [6}

2. PMLs formulation in cartesian coordinates for the GPE without rotation (w = 0)

Let us assume that the initial profile 1y is compactly supported into a bounded domain of physical
interest Dpyy with boundary I'ppy := 0Dppy . To solve the GPE (1.1]), we consider now that the equation
is set in the truncated domain Dppy

i0pp(x,t) = %W + V(x,t) —wL, + Blv|? | ¥(x,1), X € Dpy. (2.1)

Therefore, to get a complete initial boundary value problem, additional boundary conditions (BCs) are
required at the domain boundary I'pny := 0Dpyy. Most particularly, when the potential V(x,t) is not
trapping, then outgoing waves may emerge and thus suitable BCs are needed to be reflection-less or non-
reflecting [4, [12]. Our analysis starts in this Section with the non-rotating GPE (w = 0), the extension to
the rotating case will be next studied in Section

Let us first introduce the concept of PML [4, 12] by considering the toy model for the 1D linear
Schrédinger equation, i.e.

1
i0pp(v,t) = —iagz/}(u, t), veR. (2.2)
We assume that Dpy,y := [—L7, L}] and consider the right traveling outgoing waves only. The PML technique
can be carried out by stretching the real coordinate into the complex plane [58]:
v=v+e / o(s)ds, o(s)=0if s< L. (2.3)
L

Here, 9, € (0, 75) is a real constant and o(s) is a real-valued function called absorbing function. Plugging

(2.3) into ([2.2)), we obtain the corresponding PML equation
1 1
0, )+ —=—0,| =—=0.u(,t)) =0, R, 2.4
0:00:0)+ 550500 (000 ve (2.4
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where S(v) = 1+ e’ o (v). Constant ¥, and function o(v) are chosen such that ¢ is damped and decays
fast enough in v € [L}, +00). Hence, it suffices to truncate the semi-infinite interval [L%, +00) as a finite
right PML region [L}, L,] and to impose a homogeneous Dirichlet or periodic BC on ¢ at v = L,,. A similar
treatment can be applied to the left semi-infinite interval (—oo, —L}]. Denote the computational domain as
D= DphyUDpML = [—Ly, Ly], with Dpmr = [—Ly, —L;';]U [L;, Ll,}, and set I' := 0D := {—Ll,, Ll,} Then,
the Schrédinger equation can be approximated by the following PML equation within the domain D:

10 (v, 1) + %(V)au (S(ly)am(y, t)> —0, wveD, (2.5)

Y(v,t) =0, v==%Ly,, or P(=Ly,t)=v¢(Lyt), >0, (2.6)

with
1, lv| < L%,

S(v) = _ 2.7
®) { 1+eo(lv|—L,), Ly <|y|< L,. @7)

Here, 9, is a given constant which is fixed as ¥, = § [7, 58] hereafter, and o(v) is a given absorbing
function. In this paper, we consider the following six types of absorbing functions which are well studied
and successfully applied e.g. to scattering problems [22] 23]

Type 1: o (v +6,)?, Type 3: —op/v, Type 5: — o9/v —0¢/0,,

Type 2: oo (v +4,)3, Type 4: o¢/v?, Type 6 : 0¢/v? — 00/52, @8
with §, = L, — L}, being the thickness of the PML layer. Notice that S(v) is discontinuous at the interface
v = L} if the Type 3 or Type 4 absorbing functions are chosen. We are going to compare these six types
of absorbing functions and find the (range of) optimal absorbing strength agpt for each type of profile with
different thickness §, and discretization schemes for the full GPE.

Let us derive the PML equation of the GPE (2.1)) with w = 0 in Cartesian coordinates. Here, we only
show the 2D case, the extension to the 3D case is straightforward and is omitted for brevity. Without loss
of generality, we assume that the computational domain of interest is a rectangle, i.e., Dpny = [—L%, L%]
[~L;, L;]. Analogous to the derivation of , placing a PML region Dpmry, =: [— Ly, Lz] X [— Ly, L]\ Dphy
surrounding Dpyy, stretching the coordinates in both the z- and y-directions, i.e., taking the following

substitutions
Oy Oy

Oy — , Oy — , 2.9
5 (@) " ) 29
we obtain the PML equation for the non-rotating GPE (2.1)) in the computational domain D := [—L,, L] X

[—Ly, Ly] = Dphy @] DPML:

i0p = f% {Szl(x)am <Sml($>am> + Syl(y) a, <Syl(y) ayﬂ b+ (v + 5|¢|2)¢, xeD, t>0. (2.10)

The homogeneous Dirichlet or periodic BCs can then be applied at the boundary I" := dD. To simplify the
presentation, hereafter, we let S¥(v) = S(v) (v = x,y), with S(v) reading as (2.7) and denote the linear
differential operator in (2.10) as

L= —% [le(x)ax <le(x)am) + %@(%@)} (2.11)

3. Discretization (w = 0)

In this section, we propose different approaches to discretize equation (2.10). To this end, we choose
At > 0 as the time step size and denote the time steps by ¢, = nAt, for n > 0.



8.1. Time discretization

A first well-known approach to deal with the nonlinearity in the GPE (2.10)) is to apply the time-splitting
technique [5], 14}, [15], i.e., one solves

i0p(x,t) = LY(x,1),  x€D,  tn <t <lpg, (3.1)
for the time step of length At, followed by solving
i0pb(x,t) = [V(x,t) + Bv(x, ) ?] ¥(x,t), x€D,  t,<t<tnuq, (3.2)

for the same time step. Equation (3.1)) will be further discretized in the next subsection. For t € [t,, tn11],
Eq. (3.2) leaves the density |¢(x,t)[* invariant, i.e., [1(x,t)]*> = |¥(x,t,)|? := [¢"(x)[>. Therefore, (3.2)

collapses to be a linear ODE, which can be integrated analytically as
b(x,t) = e—i[v(x,tn,t)% \¢"(X)\2(t—t7z)]¢(x7tn)7 XED, tE [t tnil-

Here, for any a,b € R, function V(x, a, b) reads

b
V(x,a,b) =: / V(x,7)dr.
Another popular approach is to use the relaxation technique introduced by Besse in [24]
IS = LynTE o (VP E 4 pntEyyntE i D, (3.3)

with ontz = 28y |2 — "3, for n > 0. Here, we set: ¢~ 2 = Blbo(x)|?, Y™ (x) = w(x,t,), 6™ =
(T — ™) /At and it = (f" 4+ f™)/2 (f = V and ). The relaxation scheme owns the important
property that the resulting equation is linear and therefore does not need any nonlinear solver unlike
the standard Crank-Nicolson scheme, which greatly reduces the computational time and memory cost.

3.2. Space discretization

We now introduce two approaches to further discretize the equations (3.1))-(3.3)) in space. The first one is
based on the Finite Element Method (FEM) [36] while the other uses a Fourier Pseudospectral (FP) scheme
[5, [14].

Let us start with the FEM. To this end, we simply impose homogeneous Dirichlet BCs for (2.10) at T,
and hence for Eqs. (3.1]) & (3.3]). The weak formulation for (3.1)) reads as follows: find 1 (x,-) € H3(D) such
that for V¢ € H}(D), we have

1
iz / W(x, 1) $STSdx = / QVi(x,1) - Vb dx. (3.4)
On the other hand, the weak formulation for (3.3 reads: find ¢! € H}(D) such that for V¢ € H}(D)
1 1 1 1 1
z/ S BST SVdx — 5/ QVynti -v¢dx+/ (VFh 4t E )yt 57 Sv dx, (3.5)
D D D

In the above two equations, the 2 x 2 diagonal tensor @) is defined as
Q = diag([S¥(5") 71, S7(5*) 7).

To further discretize and , we define T}, as a family of partitions (e.g. triangulations or quadrangu-
lations) of the domain D with mesh size h, i.e. Dy, := Urep, T. The notation 7 designates an element of the
partition 7;, and T'j, is the partition of the boundary I'. Moreover, let P* (k = 1 latter in the simulations)
be the space of polynomials with degree less or equal to & > 1 and define the finite element spaces

Vh={yh e COD) |yt e PF, VT € Th}, V= {¥" e V", =0}. (3.6)
5



The FEM approximation of (3.4]) for the splitting scheme reads:

iAh%d’h(t) = Bppn(t), (3.7)

where 1,(t) is the nodal FEM vector and Aj;, and By, are respectively the generalized mass and stiffness
matrices corresponding to the following bilinear forms: V(uy,vs) € VJ* x Vi

1
(Apup,vp) = S®SYupvpdx, (Brup,vp) = 3 QVuy, - Vo, dx. (3.8)
Dh, Dh,

The resulting system (3.7)) is a linear ODE system, which can be further solved with a well-adapted high-
order time discrete scheme. In the present paper, we restrict ourselves to the standard Crank-Nicolson
scheme. Combined with (3.2), a fully discrete second-order Strang time-splitting FEM (TSFEM) scheme
reads:

B = g et (Va2 1A W) (3.9)
=B @ = (LAt i, )0 (3.10)
At 2 At 2 ’ '

Lo (@) i (VA 2t )8 P P/2), (3.11)

Here, V(s,q) is the vector containing the elements V(x, s, q) for all x at the grid nodes and * means the
component-by-component product of two complex-valued vectors. Let us remark that the second step of
the TSFEM algorithm can be mostly pre-computed once before entering into the time loop by considering
a LU factorization since A, and B}, are (symmetrical) matrices that do not depend on n. Therefore, each
solution of the second time step only requires the computation of the forward/backward substitution which
has a linear cost with respect to the finite element space dimension. Finally, the extension to higher-order
TS schemes is direct.
As for , the FEM approximation leads to the following relaxation FEM (ReFEM) scheme

i 1 1 n n+l _ i 1 1 n n
(AtAh - iBh - 26h> h - <AtAh + 2Bh + QCh) '(,bh, (312)
where CJ! is the matrix related to the finite element approximation of the bilinear form: V(uy,vs) € V& x V!

(Chup,vp) = / (V"+% + ¢"+%)Sx5yuhvhdx. (3.13)
Dy,

Let us remark that C;; must be recomputed for each n, and the corresponding linear system must be rebuilt
and solved, which is finally computationally highly expensive.
The second spatial discretization scheme is based on the Fourier pseudospectral method. To this end,
periodic BCs on the boundary I' must be imposed for equation , and hence to both and .
2

Let L and M be two even integer numbers. We define h, = Qif and hy = AL; as the mesh sizes in the x-

and y-directions, respectively. To simplify the notations, we introduce the indices and grid points sets as
well as the basis functions as

Tiv = {({,m)eN’[0<(<L,0<m<M},
Tiv = {(p9)€Z’| -L/2<p<L/2-1, -M/2<q<M/2-1},
Gey = {(@e,ym) = (=Lg +Lhy, =Ly +mhy), (£,m) € Tra},

Wye(x) = etp@tla) ginglytly) s =1p/Ly, pY =7q/Ly, (p,q)€7~'LM.



Let fir, (f =, ¢, V, S*, S¥ ) be the approximation of f(x¢,ym,tn) for (¢,m) € Tpay and n > 0. We
denote by " (f = ¢, ¢, V, S*, S¥) as the vector with components {f;. , (¢,m) € Trar}. The Fourier
pseudospectral discretization of a function v is given by

L/2-1 M/2—1

¢(I7y7t) = Z Z ¢pq pq 93 y) (314)

p=—L/2q=—M/2

where the Fourier coefficients ﬁpq(t) read as

—1M-1

¢pq Z Z Wi ()6~ 5 FetLa) g=iny (ym+Ly) (3.15)

j=0 k=0
Hence, the Fourier pseudospectral discretizations of 0,1 and 0,1 are respectively given by: for (¢,m) € Tr,

L/2—1 M/2-1

(10:1w), = 3 3 i Gpa W (e, ym), (3.16)

p=—L/2q=—M/2

L/2—1 M/2—1

([[a“]]'lp) Z Z it Y Popg () Wipg (0, Yim ) (3.17)

p=—L/2q=—M/2

Furthermore, we define the operators [£], S; ', S, ! , V3 and [t 2] as follows
[£] = — 5 (S:* 121 (5 12:1) + ;12,1 (S, ' [,1) ) (3.18)
(5:1%), =vem/Sh (Vo) = (Vi Vi o (3.19)
T om m Im> m 2 m /m mo

(55'9), =ven/Str  (I"H1), =5 (A" + o) bim. (320)

The first scheme brings together the time-splitting and spectral methods, e.g. a second-order Time-Splitting
Fourier Pseudospectral method (TSFP) as follows: for (¢,m) € Trum

) = s i (VA28 B /2) (3.21)

I
- 1 _ L 22
i - safs = [ig+51a]et, (322)
Pt = @ g o (VA2 ) 480 PP /2) (3.23)

Here Vi, (t1,t2) = V(x4 Ym, t1, t2), (m)pq and (9?),, are the discrete Fourier series coefficients of the
vectors 97 ,,; and ¥?) | respectively.

The second scheme brings together the relaxation technique and spectral method, i.e. the relaxation
Fourier Pseudo-spectral methods (ReFP) reads:

£ _ } _ 1 n+% _ 1 n+% n+l __ I n+2 n+2 n
i AR et | P [ R 5 B VAR | AN CE 8

For solving the linear systems and (3.24), a direct solution cannot be used since all the matrix
operators are related to variable coefficients PDEs, in particular because of the presence of the PML layer.
An alternative approach [8], [0l [10] consists in using a preconditioned Krylov subspace iteration solver. In
the present paper7 we use the GMRES [B1l (2], accelerated by suitable preconditioners [8, [0 10], e.g.
(ia; — 3[Lo]) ", where Ly is the laplacian operator (for o = 0) in the extended domain D. This operator
can be trivially computed by FFT since it is a constant coefficients linear operator and can then serve as a

matrix-free preconditioner to (3.24]).



4. Numerical results (w = 0)

In this section we first carry out, on a linear case, a detailed performance comparison of the TSFEM
-, the ReFEM , the TSFP — and the ReFP (3.24) methods proposed in the
previous section. Then, we further compare the TSFP and ReFP wia a nonlinear case. Finally, we apply
the TSFP method to simulate the dynamics of a ground states that released from its trapping potential.
To simplify the comparison, we only consider two-dimensional examples. The physical domain is fixed to
be a square centered at the origin i.e., Dppnys = [~L, L]2. Moreover, the size of the PML domain and the
strength of the absorbing functions in the z- and y-directions are chosen to be identical, i.e., §; = 0, =9
and of = of = o for some provided constants 6 and o. Hence, the computational domain is set to be
D = [-L — 6, L+ 6] Furthermore, for the FEM-based methods, the computational domain is partitioned
by uniform rectangles with mesh sizes h, and h, in the x- and y-directions, respectively. For all the four
methods, we choose h, = hy, = h and denote ¥}, as the vector consisting of the numerical solution of
¥(x,t,) on given grids that lie in the physical domain Dpyys. Meanwhile, we denote by !, the reference
solution in Dpypys. To quantized the error, we define the relative £°° errors as:

_ ||11br?um — w&f”oo

et =t,) = :
= ! 17l o

where || + || represents the standard £>°-norm on a vector space.

(4.1)

4.1. Linear case

Here, we consider a non-rotating linear case, i.e., we set = w = 0. Moreover, the potential V' and
initial data ¢y are chosen respectively as

Vix,t) = —8x%,  wo(x)=e 8" (4.2)

With these parameters, the linear Schrodinger equation admits the following exact solution which spreads
out as the time evolves

’(/}(X’ t) =

—8|x|2sech? (4t) 4 34i|x|? tanh(4t) } (4.3)

, ex
i — 4 tanh(4t) P { 1+ 16 tanh?(4t)

Unless stated otherwise, we fix L = 2 and At = 10~%. In addition, the relative solution Pl in (4.1)) is taken
as the exact solution (4.3) at the grid points at time t = t,,.

Example 4.1. We first compare the different kinds of absorbing functions and we determine the associated
optimal absorbing strength o for each type, and for the four schemes: ReFEM,TSFEM, ReFP and TSFP.
To this end, we take h = %. Fig. shows €¢1(0.24) for the six types of absorbing functions with PML
sizes 6 = 0.25 and § = 0.5. From the figures, we can see that: (i) For ReFEM and TSFEM, all the 6 types
absorbing functions are almost of the same quality. They have different “optimal” regions of ¢, which are
simply a “shift” from each other. A similar conclusion can be made for both the ReFP and TSFP schemes.
(ii) For ReFEM and TSFEM, as ¢ increases, the relative error is saturated for all o, which indicates that the
discretization error is reached (second-order accuracy in space of linear elements). For this case, it seems
better to use a PML of type 4 or 6 as § gets larger since the range of o parameters appears to be larger as
well. Meanwhile for ReFP and TSFP, the error still decays to its discretization error as ¢ increases, which
is much smaller than those in FEM-based schemes. (iii) ReFEM and TSFEM behave similarly for each
fixed absorbing function and parameter §. This is similar for ReFP and TSFP with small §. While for a
larger value of &, ReFP is more accurate than TSFP. (iv) Although these four schemes have similar region
of “optimal” o, Fourier spectral-based schemes outperform the FEM-based schemes in terms of accuracy
in the optimal region and are memory cheap since they are matrix-free. Let us remark that ReFEM needs
the reconstruction of the matrix of the linear system at each time step, which is quite time consuming
and therefore not as efficient as the TSFEM. The preconditioned solution of the linear systems is also very
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efficient through the preconditioned GMRES for the FP approaches. (v) For all the four schemes, the region
of optimal ¢ are approximately the same for the types 1 and 2, types 3 and 4 and types 5 and 6, respectively.
For types 1 and 2, larger values of o are preferred while smaller values o are better for types 5 and 6. We
recommend the use of intermediate values of o for types 3 and 4. (vi) In terms of both accuracy and
efficiency, we conclude that ReFP and TSFP outperform ReFEM and TSFEM.
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Figure 4.1: €¢/(0.24) in Example for the schemes ReFEM,TSFEM, ReFP and TSFP (from left to right) with different
absorbing strengths o and PML sizes 9.

Example 4.2. In this example, we take the same parameters as in Example [{.1] We further consider the
stability region at different times. Fig. shows the corresponding results for types 2, 4, 6 for 6 = 0.5
for various types of absorbing functions. From this figure and additional experiments not shown here for
brevity, we can see that: (i) For fixed h and 4, the stability of the optimal region for o is not fundamentally
changed for different times. (ii) For other values of §, the conclusion is similar. (iii) The results for types 1,
3, 5 is similar to types 2, 4, 6, respectively. (iv) ReFEM behaves the same as for TSFEM. TSFP is clearly
better than ReFEM and TSFEM, while ReFP has the best accuracy.

Example 4.3. We now consider different mesh sizes h with fixed time and PML sizes §. From now on, since
the FP-based approaches are better than FEM-based schemes in terms of accuracy and efficiency, we only
consider the ReFP and TSFP methods. We fix the mesh size as h = % and varies the absorbing strength
o and PML sizes §. Fig. shows €:¢1(0.25) for ReFP and TSFP with the absorbing functions of types 2,
4, 6. From this figure and additional figures not shown here, we can see that: (i) As ¢ increases, the error
decreases for a fixed value of o. (ii) The performance of types 1, 3 and 5 are the same as those of types
2, 4 and 6, respectively. (iii) Generally, the errors of types 2, 4 and 6 are smaller than those of types 1, 3
and 5, respectively. (iv) For both ReFP and TSFP, as ¢ changes, the optimal region of ¢ is shifted a lot for
the absorbing functions of types 1 and 2, while for the other four types, the stability region of o does not
change significantly, especially when § is large enough. For this reason and together with comment (ii), it is
preferable to use an absorbing function of type 4 or 6. Again, ReFP is more accurate than (but comparable
with) TSFP.
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Figure 4.2: e¢!(t) at different times ¢ and various absorbing strengths o for the PML size § = 0.5 in Example for ReFEM,
TSFEM, ReFP and TSFP (from left to right) with absorbing functions of types 2, 4 and 6 (from top to bottom)

Example 4.4. Here, following the last example, we consider the error with respect to different mesh sizes
h. We fix the PML sizes § = 0.25 and vary the mesh size h as well as the absorbing strength o. Fig. [£.4]
illustrates €:¢/(0.25) for ReFP and TSFP with absorbing functions of types 2, 4, 6. From this figure and
additional figures not shown here, we can see that: (i) As h decreases, the error for the same parameter o
usually decreases for both ReFP and TSFP. (ii) As h decreases, the stability region of o enlarged significantly.
(iii) However, the error is saturating for a fixed thickness ¢.

4.2. The nonlinear case

In this section, we apply the proposed methods to study the nonlinear Schrédinger equation, i.e., 8 # 0.
Recall that from the previous section the FFT-based schemes outperform the FEM-based methods and
absorbing functions of types 4 & 6 work better than other types for each method. Therefore, we only
consider the TSFP and ReFP methods with absorbing functions of types 4 & 6 in the following cases.

Example 4.5. We first compare the performance of TSFP and ReFP methods for a manufactured example.
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Figure 4.4: €2¢(0.25) vs. o for TSFP (top) and ReFP (bottom) for the absorbing function of types 2, 4, 6, with PML size
8 =0.25, and for different mesh sizes hy = hy = h in Example [£:4]

To this end, we let 5 = —1. The trapping potential and initial data are chosen respectively as
1
V(x) = —3 sech?(x — t)sech?(y — t) (cosh(2(z — t)) + cosh(2(y — 1))), (4.4)
Yo(x) = sech(z) sech(y)e' @Y, (4.5)

With these parameters, the nonlinear Schrédinger equation admits an outgoing solitary solution which can
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be solved analytically as ,
Y(x,t) = sech(x — t) sech(y — t)e!@+Y), (4.6)

For both methods, we choose L = 32 and At = 1073. The reference solution % in is taken as the
exact solution at the grid points at time ¢t = ¢,,. We fix the mesh size as h = % and vary the absorbing
strength o as well as the size of the PML domain §. Fig. depicts e:!(31) for the ReFP methods with
different PML sizes ¢ and absorbing functions. Fig. shows the e™!(¢) at different times for both methods
with PML size § = 2 and type 6 absorbing function. From these figures and other numerical experiments
not reported here for conciseness, we could see that: (i) The performance of the TSFP method is similar
as the one of ReFP. (ii) The performances of TSFP & ReFP are similar as for the linear cases shown in
the previous sections, i.e., the error decays as the PML size § increases. However, the optimal region of
absorbing strength o is different from the linear cases. (iii) Absorbing function of type 6 is more accurate
than the one of type 4 in the optimal region. Moreover, the optimal region of type 4 function will shift as
the PML size § changes. Therefore, we suggest to use the absorbing function of type 6 for the practical
computations. (iv) For both types absorbing functions, usually ReFP is more accurate than TSFP (cf. fig.
[4.6). However, due to the nonlinearity, the preconditioner of ReFP (3.24) needs to be rebuilt at each time
step, which thus is less efficient than for the TSFP (3.21))-(3.23]) where the nonlinear part can be integrated
explicitly. (v) Now that the acuracy of TSFP is not far from ReFP, we suggest that the TSFP method is
used with the absorbing function of type 6 in practice.

Type 4 Type 6

Figure 4.5: ero‘fjl(31) for ReFP with different PML sizes § and absorbing functions of type 4 & 6 in example
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10 ‘ :
- = ReFP, t=27
—-—TSSP, {=27
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/
~— /
10
10

10° 102 10" o 100 10" 102

Figure 4.6: egl(t) at different time ¢ for ReFP and TSFP with PML sizes § = 2 and type 6 absorbing functions in example
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Example 4.6. In this example, we apply the TSFP method to simulate the dynamics of the GPE with a
strong nonlinearity. To this end, we choose 8 = 500, w = 0 and L = 16. First, we prepare the initial data
by computing the corresponding ground state of the GPE with trapping potential V(x) = |x|?/2. Then,
we release the ground states from the trap, i.e., we set V(x) = 0 and simulate the dynamics using TSFP
methods. Under this set-up, the ground state is expected to extend and spreads out which would cause
problems wherever it is close to the computational domain if a PML technique is not applied. We fix the size
of the PML region, the mesh size and discretization time step respectively as § = 2, h = 1/16, At = 1073.
The absorbing function is chosen as the Type 6 function with absorbing strength ¢ = 100. To compare, we
also report the results obtained by using TSFP without PML (i.e. set ¢ = 0). Fig. shows the contour
plots of the density |1(x,t)|? at different times for the TSFP method with and without PML techniques.
From the figure we can see that the waves are reflected back into the physical domain leading to a nonphysical
dynamics if no PML is imposed. In contrast, adding a PML region can absorb the outgoing waves well, and
the dynamics of the ground states in the physical domain can be well reproduced.

%108
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t=1.8
a ig
-16 x 16
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4.2
16
=
-16
- xr 16

16
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[N

-16

-16 x 16 16

Figure 4.7: Contour plots of |¢(x,t)|? at different times for examplesolved by TSFP without PML (upper) and with PML
(Lower). The red solid lines represents the interface of the PML region and Physical domain.

5. Extension to rotating BECs (w # 0)

5.1. Direct PML formulation in cartesian coordinates

Let us consider the full GPE (2.1) with rotating term. Basically, the main difference now is that the
z-component of the angular momentum —wL, = —iw(yd, — xd,) is involved into the equation. Extending
the previous PML technique in a stable way is not trivial here. One possible direction could be inspired by
the case of the convected Helmholtz equation (set in the frequency domain) which writes according to the
pressure field p

(1—M?)0Zp+ 9;p + 2ikM8,p + k°p = f, (5.1)

in Dpunys. Here, M = vg/co and k = @/cy, are the Mach number (=1 < M < 1) and the wavenumber,
respectively. In addition, ¢y is the sound velocity in the fluid, @ > 0 is the pulsation of the wave, f is a
source term, and the mean velocity vg is subsonic and uniform. Following [I§], a well-suited stable PML for
the duct problem (along the z-direction) can be introduced as

(1 — M?*) ()0, + iX(x))*p + 851) + 2ikM (a(2)0y + iX(x))p + k*p = f, (5.2)

in D. The function « := (1 + i0 /&)~ must satisfy R(a) > 0 and S(a) < 0, and A(z) € R. The choice of
A depends on the constants M and k. Extending a similar approach to the rotating GPE is not clear for
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many reasons: the domain is not a duct but a rectangle, the operator L, is much more complicated since
it involves a linear combination of terms 0, and yd, with variable dependent coefficients (i.e. = & y). For
example, a direct PML approach via coordinate stretching leads to the following PML formulation of the
rotating GPE: forx € D, t >0

11 1 1 1 ) |y sy r 57
10 = 5 [Smam (S“’aw> + gay (‘S'yay>:| Y+ [V + BlY| }T/J —w ?am T Oy | ¥, (5.3)
with .
/ o, (s)ds, v> Ly,
. 9, L,
S =1+ 0, —L, <v< Ly, v=ux,y. (5.4)
v v
/ o, (s)ds, v<—L,,
—L,

However, this PML approach will result in inaccurate computations (not reported here). Blow-up always
arises at the interface between PML region (i.e. Dpwmr,) and the physical domain (i.e. Dpyys) for all the
proposed absorbing functions and numerical schemes.

5.2. PML formulation in rotating Lagrangian coordinates

To get a well-posed PML formulation for the rotating GPE, we consider here an alternative based on a
reformulation of the initial problem into a rotating Lagrangian coordinates framework [16]. For any time
t >0, let R(t) be the orthogonal rotational matrix

_ cos(wt)  sin(wt) i
R(t)—( ( )>, if d =2,

—sin(wt) cos(wt

cos(wt)  sin(wt)
R(t)=| —sin(wt) cos(wt)
0 0

0 (5.5)
0|, ifd=3.
1

It is easy to check that R™1(¢t) = RT(¢), for any ¢t > 0 and R(0) = I, where I is the identity matrix. For
any t > 0, we introduce the rotating Lagrangian coordinates X as [13}, [16], [39]

x=R't)x=R'(t)x < x=R@O)X, x € RY, (5.6)

and we denote by 1 := ¥ (X, t) the wave function in the new coordinates system

V(X t) = (ROX,t), xR t>0. (5.7)

Therefore, the rotating GPE can be rewritten as a GPE without rotation term but with a time-dependent
potential

0D, 1) = | -5+ VRIOK.0) + B0 | 9(%.0), (53)

setting V2 = 8% + 8@%. Now, the PML technique can be directly applied to the new GPE 1} All the
details remain the same by just changing the symbols z, y to Z, g, respectively. The TSFP and ReFP (as
well as TSFEM and ReFEM) proposed for the non-rotating GPE extend here. For the TSFP, the use of
a numerical integration [13| [16, B9] is needed for evaluating the time-dependent potential. Let us remark
that a different transformation was applied in [35] when dealing with cross-derivatives into the nonlinear
Schrodinger equation and using a fourth-order spatial finite-difference scheme and a fourth-order additive
Runge-Kutta time scheme.
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5.3. Numerical examples

Example 5.1. Here, we apply the TSFP method to simulate the dynamics of the rotating GPE with strong
nonlinearity. To this end, we fix 5 = 10000 and study two cases: one with rotating frequency w = 2.5 while
the other considers w = 4. The initial data are prepared by computing the ground states of the GPE with
the same values of 8 & w under the quadratic-quartic trapping potential:

3(x? +y?)? — 4(2® +y?)
40 '

V(z,y) = (5.9)
The contour plot of the density of the ground states, and hence for the initial data |[¢)(x,t = 0)|2, for each
case is illustrated in the first subfigure in Fig. & respectively. We then release the ground states
from the trapping potential (i.e. set V(x) = 0) and simulate the dynamics, which is solved by the TSFP
method with absorbing function of type 6 in rotating Lagrangian coordinates. For both cases, the physical
domain (in Cartesian coordinates) is set to be Dppys = [—16,16]%. To recover the wave function ¢ (x,t) in
Dphys (which is transformed back from i[:(i, t)), in the rotating Lagrangian coordinates we set the “physical
domain” and computational domain as 5phys = [—24, 24]2 and D = [—27, 27 , respectively. Moreover, the
mesh size and time step size are chosen as h = 1/16 and At = 1073, Flg- (w = 2.5) and [5.9 - (w=4)
show the contour plots of |¢(x,t)|? at different times in Cartesian coordinates. From the ﬁgure we can see
clearly that the TSFP method works very well. Due to the absence of trap, the wave function in both cases
will spread out and hence all the vortices will exit and nothing left finally in the physical domain.

%107 t=0.6 %1073 t=1.2 x10™
22 6.4
1.1 3.2
0 0
t=5 %107 %108
16
> 4 3
-16
-38 8 0 0
38 -6 T 16 38 38 -16 T 16 38 38 -16 T 16 38

Figure 5.8: Contour plots of |[¢(x,t)|? at different times for example for w = 2.5. The green solid lines represents the
interface of PML region and “Physical domain” Dpy,y, in rotating Lagrange coordinates. The black dashed lines represents the
physical domain Dpyy in Cartesian coordinates.

6. Conclusion

In this paper, we proposed and implemented in a relatively simple way the PML formulation of the
rotating GPE in cartesian coordinates for the time-splitting and relaxation pseudospectral schemes. A
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Figure 5.9: Contour plots of |1(x,)|? at different times for examplefor w = 4. The green solid lines represents the interface

of PML region and “Physical domain” Dpy,y in rotating Lagrange coordinates. The black dashed lines represents the physical
domain Dpy,y, in Cartesian coordinates.

thorough numerical study shows that the PML absorbing functions proposed in [22], 23] are best suited in
terms of accuracy and numerical stability, thanks to the tuning parameters. In addition, a high accuracy of
the pseudospectral approximation schemes is observed, outperforming as expected a low-order finite element
approximation. In the case of the rotating GPE, a Lagrangian coordinates transformation is used to rewrite
the original equation in the framework of non-rotating GPEs with time-dependent potential. Following
this approach, the PML formulation is directly extended to the rotating case, showing that the method
remains very efficient and accurate for truncating the infinite spatial domain. Future investigations concern
the extension of the PML formulations to polar coordinates and to more general GPEs, including dipolar
interactions and multi-components problems.
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