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Abstract. In this paper, an efficient time-splitting Fourier spectral method is proposed
to simulate the dynamics of spin-orbit coupled spin-1 Bose-Einstein condensates (SOC
spin-1 BECs). We split the Hamiltonian into a linear part, which consists of the Laplace
and SOC terms, and a nonlinear part that includes all the remaining terms. The linear
subproblem is integrated analytically in phase space by solving an ordinary differential
system of constant coefficient matrix. While, for the nonlinear subproblem, it is proved
the coefficient matrix is actually time-independent in physical space, therefore, the
nonlinear subproblem can be integrated exactly. Based on such two-step splitting,
we construct high-order schemes to simulate the dynamics. Our method is spectrally
accurate in space and high order in time. It is efficient, explicit, unconditionally stable
and simple to implement. In addition, we derive some dynamical properties for SOC
spin-1 BECs. Extensive numerical results are presented to confirm the accuracy and
efficiency, illustrate the dynamical properties at discrete level, and show interesting
physics of SOC spin-1 BECs, such as the SOC effects and different wave patterns.
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1 Introduction

Since its experimental realizations in 1995 [1,[11], the Bose-Einstein condensate (BEC)
has stimulated great excitement in the physical community and regains vast interests
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in atomic and molecular physics as well as condensate matter physics. In particular,
the spin-orbit coupling (SOC), which was found that plays a crucial role in Majorana
fermions [27], spintronic devices [18], spin Hall effect [15] and topological insulators [14],
has been successfully induced in recent experiments in a neutral atomic BECs by dressing
two atomic spin states with a pair of lasers [20-22]]. These experiments triggered a strong
activity in the area of spin-orbit-coupled cold atoms and a number of exciting phenomena
have been discovered. The spin-1 BECs with isotropic spin-orbit coupling and rotation
have been also studied [19,31].

It is well known that, in the mean field regime, the spin-F (F € IN) BEC can be well
described by a system of 2F +1 coupled Gross-Pitaevskii equations (GPEs) when the tem-
perature T is much smaller than the critical temperature T,. Thus the spin-orbit coupled
spin-1 BEC can be described by the macroscopic complex-valued vector wave function
Y=Y(x,t)=(¢1(xt),po(x,t),p_1(x,t))T satisfying the GPEs

: s
i1 (x,t) = [_va2+ V+Bop+B1E:

Y1+ 515131#’0 — Loy,

2

ihdipo(x,t) = [—h+v+ﬁop iy

o+ NG [Frr+F_p_1]—v(Lop—1+Lign),

2m

(1.1)

. n?
ihdp_1(x,t) = [—sz2+V+ﬁop—,51Fz

Y1+ \%Fﬂlio —yLypo,
ve(x,0)=9)(x), ¢=1,0,—1,

where x= (x,y,z)T € R3 is the Cartesian coordinate vector, f is time, % is the Planck con-
stant, m is the atomic mass. By = %(ﬂo—ﬂaz) and B = %(az—ao) are constants ex-
pressed in terms of the s-wave scattering lengths ag and a, for a scattering channel of
total hyperfine spin 0 (antiparallel spin collision) and spin 2 (parallel spin collision), re-
spectively. p = p1+po+p_1 is the total density with p, = |¢|?> (¢ =1,0,—1) being the
density of each spin component. Ly = h(i0x+9y) and L1 =h(ioy —dy) are the spin-orbit
coupling operators, 1y is the spin-orbit coupling strength. V(x) is a given real-valued ex-
ternal trapping potential determined by the type of system under investigation. In most
BEC experiments, a harmonic potential is chosen to trap the condensates, i.e.,

1
V(x)= 5 <w§x2+w§y2+w§zz>, (1.2)

where w, (v=1x,y,z) are dimensionless constants representing the trapping frequencies
in v-direction. The wave function is normalized according to

! 2
”YHZ::/W Y [pe(xt)Pdx=N,

0=—1
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where N is the total number of particles in the condensate. The spin vector F =
[Fo, Fy BT =¥, Y9, Y, Y1 9] T, where ¥ is the conjugate transpose of ¥ and

L (010 ;[0 -1 0 10 0
fe=— (10 1), fp=—(1 0 -1|, £.i=[0 0 o0 |. (1.3)
V2o 1 0 RZAVEE I 00 -1

To be more detailed, we have

F = 7[¢1¢0+¢’0(¢1+¢’ 1) +P-1to],
1

\f[ P10+ Po(Pr1—v-1) +P-1to],

E= i~ [l
with f the conjugate of function f and F; =F, +iF,.
By introducing t — t/w,, with w,, =min{wy,wy,w;}, x = xas with as = \/h/(mwy,,),
¥ — /Ny /a’? (£=1,0,—1), and applying the dimension reduction strategy for a disk-

shaped condensation (i.e., wy ~ wy, and w, > wy) [9], the d-dimensional (d=2 or d=3)
dimensionless GPEs of reads as

. 1 c
101 (x,t) = |:_2V2+V+COP+C1FZ:| l/h—i—\%F—lIJo—'YLol/Jo,

iatil]o (X,t) = [—;VZ+V+CQP:| 1P0+ \é [F+l/)1 +F7170,1] —’)’(L()l/Jfl +L11]J1), (1.4)
i0pp_1(x,t) = [—;V2+V+Cop—611:z] ¢—1+\%F+¢0—’YL11P0,

Y0 =42(x), xER?, (=101,

NpBo 47‘(N(u0+2ﬂ2) NpBq 47TN(L12 ﬂo)

where ¢) = oy = 30 /€1 hom T , Lo=1idy+9y, L1 =idy—dy, and
1{ 7+ ﬁy , d=2,
Vix)=5{ 2 s (1.5)
i’ + ]/ +7z25, d=3,

with 9, = & (v=1x,1,2).
Note that the CGPEs (T) can be written in the following compact form

1
0¥ =HY = [(—2A+V+cop) Ii+ciF-f —73} ¥, (1.6)

where H is the Hamiltonian with I3 the 3 x 3 identity matrix and

Fz \%F, 0 0 LO 0
Ff=|5F 0 HF |, S=(Li 0 Lo|.
0 %Fﬁ— -F 0 L O
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There have been extensive mathematical and numerical studies on single component
BECs. Most of them are concerned about the existence and computations of ground states
as well as the properties of dynamics [4,6-8]. For the spinor BECs without SOC, the pop-
ular normalized gradient flow method [3,/10] and the time-splitting method [9, 25| 26]
have been successfully applied to simulate the ground states and dynamics, respectively.
In particular, efficient compact two-step time-splitting methods have been developed
to simulate the dynamics of single component BECs [4,5], spin-1 BECs [23] and spin-2
BECs [24] without SOC. Meanwhile, Gawryluk et al. proposed a unified two-step split
operator method (SOM) [13]] for computing dynamics of spinor BECs without and with
dipolar interactions, and of degenerate Fermi gases. These methods take the Laplace and
the remaining parts of the Hamiltonian as the first and second splitting operators, respec-
tively. For the spinor BECs with SOC, a project gradient flow method was proposed to
compute the ground states of the SOC spin-1 BEC [29]]. And, a first-order standard Lie
time-splitting Fourier spectral method, which is composed of four subproblems at each
time step, was developed to simulate both the dynamics of SOC spin-1 BECs [16] and
SOC spin-2 BECs [2].

It is worthwhile to point out that the proper way of splitting is interesting and impor-
tant in terms of accuracy and efficiency. In this paper, we aim to carry out a comprehen-
sive investigation of an efficient numerical method to simulate the dynamics of the SOC
spin-1 BEC. Numerically, the most challenges lie in how to split the Hamiltonian into
proper parts and solve the corresponding subproblems accurately and efficiently. In par-
ticular, if the Hamiltonian can be split into two parts with each corresponding subprob-
lem being solved exactly and efficiently, it will be very convenient to construct high-order
schemes for the CGPEs (L.4), thus reduce the computational costs to a great extent. To
this end, we propose a high-order time-splitting Fourier spectral method to solve CGPEs
(L.4). Actually, inspired by the splitting strategy proposed for the spin-1 BECs without
SOC [23], we group the Laplace and SOC terms together as the linear part and denote it
by A as follows

A= (—%A) 13—’)’8,
and leave the remaining part of the Hamiltonian as the nonlinear part, denoted by B, as
follows

B=(V+cop)I3+c1F-f.

In this way, the corresponding subproblem can be efficiently and exactly solved in either
Fourier or physical space, regardless of the potential V(x). Our method is spectrally
accurate in space and high order in time. It is efficient, explicit, unconditionally stable
and simple to implement. Meanwhile, the total computational cost is CNjoilog(Njor ) with
Niot being the total grid number.

The rest of the paper is organized as follows. In Section 2, some dynamical properties
of the spin-orbit coupled spin-1 BEC are demonstrated. In Section 3, we propose the
efficient and exact time-splitting Fourier spectral method to numerically solve the CGPEs
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(1.4), and based on this, construct high order schemes to simulate the dynamics of SOC
spin-1 BECs. In Section 4, extensive numerical results are presented to investigate the
convergence order, efficiency and to demonstrate the dynamical properties of SOC spin-
1 BECs. Finally, conclusions are drawn in Section 5.

2 Dynamical properties

In this section, we demonstrate dynamical laws of mass, energy, magnetization and con-
densate width of the SOC spin-1 BEC (1.4). These dynamical laws are briefly presented
and can be used as benchmarks for testing our numerical methods. From here after, we
denote R(f) the real part of the function f in this paper.

Mass and energy. Define the mass and energy of the spin-orbit coupled spin-1 BEC
(1.4) as

NO=N¥C0)= [ T gl @)
(=-1
and

I _ ! 1 2 0
e =£¢ )= [, | & (FI0P+vent) +
—|-C21<|F+|2—|-|Fz|2>_f)/(LollJolpl—FLol[J11[_70+L1l/11l/_)0—|—L11/)01[_Jl) dx. (2.2)

It is easy to check that the SOC spin-1 BEC (1.4) has two important invariants [16]: the
mass (or normalization) of the wave function and the energy per particle, i.e.,

NECH))=N(E(0)=1,  EF(,1)=E(Y(-0)). (23)
Magnetization. The magnetization of the spin-orbit coupled spin-1 BEC reads as

M=M(¥ Z/emxudx
=—1
- /R [ GeDP =191 (0] ax @4
By direct calculations, we obtain
AW _ [ i) 2 or ()]
=29 [ [§-1(05+2, )0~ 91 (3:-+10, ) o] dx. (25)

Thus the magnetization is conserved (i.e., M (t)=M(0)) for y=0, while this conservation
cannot be guaranteed if y #0.
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Condensate width. The condensate width of BEC at the direction of « is 0, = /8, (f)
(t>0, a=x,y or r=/x2+1?) is defined by

6= Y 6us(t) 6)

(=—-1
with
Boo(t) = /R @[y ()P 2.7)

In particular, when d =2, we have the following lemma for its dynamics.

Lemma 2.1. Suppose ¥ (x,t) be the solution of the with the radially symmetric harmonic
trap ([1.2)), i.e., yx="yy:="yy, it holds

d26,(t)  d?o.(t) d*é,(t)
a2 4 dar2
= —49262(1) +4E (¥(,0)+ G (1, ¥ (1)) (2.8)

with
Gr ) =47 [, ol + 1P+ 11

+ix (Yroyhr — P19y P-1) — iy (Y101 —p-19xp_1) | dx,

where 6,(£) :=8,(£)+6, (), 6" =5,(0)+6,(0) and 6" = 6,(0)+4,(0). Furthermore, if d=2,
v =0 and the initial data 1I’O(x) is radially symmetric, we have for t >0,

1 5(0) (0) (Sr(l) . 29
5x(t):5y(t):§5r(t): 272 [1—cos(29,t)]+6, cos(2’)/rt)+2—%sm(2’)frt). (2.9)

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

Proof. Noticing (2.6)-(2.7) and taking (I.4) into account, we have

dd, 1 (t ) .
dlt( ) :/]Rdaz(aflpllpl +1p104Pr ) dx

=i [[ [0 -0

= Je [i‘"“”laa‘h ~10ar) +icia (G -1 — 93yl

— a1y (95 +i0y ) o — ya? Py (O — iay)wo] dx. (2.10)
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Similarly, we obtain
ddy ) o ) o -
Lﬁt(t) :/w [1“(¢03a¢0—¢03a¢0)+2101“2(¢3¢1¢1—11151/)111)1)
—7a2¢70(8x—i8y)1ﬁ1—7w2¢o(ax+iay)lf’—1
— 0o (3 +idy ) 1 — Yoo (dx _iay)lp—l] dx, (2.11)

d(sa';(t) /[i“(lﬁlaal/_)1—1/313a¢1)+i01“2(1/3c2)¢11/)1—1/131/31#]_1)
]Rd

—ya?p_1 (O +idy ) o — ya*P_1 (dx — iay)lpo] dx. (2.12)

Combining (2.10))-(2.12)), one obtains

do,(t 1 L
=[] L intaadi— g

=1
+2ya (q;lzpo(ax 10y )a+1potp1 (0x —idy )
s B, fupa (B ), (213)

d%5, d /(. .
dtz(t) :/]Rd [dt (l“(lPlaalﬁl—#JlaalIJl))

+ % (ilx(llloaal/_lo - lpoaalpo))

+;t <iﬂc(¢—1aa1ﬁ—1 —ll_J—laleP—l))
+% <2’)/DC (1p11/30(8x+i8y)0c+1/101/31 (ax —iay)lx
+ o1 (ax+iay)a+¢0¢_1(ax—iay)a)ﬂ dx

—I+II+I1I+1V. (2.14)

Differentiating the above equation with respect to t, plugging into each parts of
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(2.14) and applying the integration by parts, we obtain
IiZ/W [i“(atlplaalpl+¢laatlpl_atﬁz’laaﬁbl_ﬂz’laaﬂbl)} dx
-/, [Z(X ((iatlpl)aalpl+(—iat1pl)aa¢1> + <1I71(iattp1)+lp1(—i8tlﬁ1))]dx
—=2280(0)+ [ [ 201 2can s Poup~2cral i PO

—V2e1R (F_ypoip1) —2V2c1aR (PrpodaF- + F_19u o)

29 ((Loyo)§1) —47063%(@0%)3&%51)](17‘/ (2.15)

ti==27280(0)+ [, [20upul=2cun lpol2sp
+2v/2¢1aR (Fy 1040+ F_1_1943P0) 41 |F1 |

—29R((Lop—1)o+ (L1gp1) o) —4yaR ((LolP—l +L11/11)3all20) } dx, (2.16)

111::—273(5,,¢,,1(t)+/w [2|aa¢1|2—2c0a|¢1|2aap+2c1a|¢1|2aa1?z
— V201 R (Fypoip_1) —2V2c1aR (P_1900u Fy. +Fy _19a o)
—29R((L1po) 1) —4fya§f3((L1¢0)aaq3_1)} dx, (2.17)
=t I, [zw (l[)ﬂ[]g(ax—i—iay)ﬂc—l-l/)ol[_h(ax—iay)tx
o1 Dy +idy )+ Potp_1(dy —iay)aﬂ dx
R (123, )a | (pdr-+00)
+7 (“(Lollﬂfl)l/ll +a(Lothr )1 — (Loa) o] — (Lllx)llfll/ll) ] dx. (2.18)

Summing (2.15)-(2.18), we obtain

d?6,(t)
dt2

1
2
2—273(5(»((15)-1-/]{{‘1 {ijz;l‘aallij‘ +eop?+er |Eo >+ | Fi|?

—29R((Loo) 1) —29R((Lop—1)Po+(L1gp1) o) —29yR((Latpo) P-1)
+G(oc,fy,‘1’)] dx, (2.19)
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with

Gi1(a,7,¥) =—4yaR [(Lollﬁo)aalpl +(Lop—1+L141)0utpo+ (Lllpo)aalpfl]
+47%[Gax—aﬁa<(¢&h¢—r+¢ﬁh¢®

+7 (a(Lolel)’le +a(Lor) 1 — (Low) o] *— (Llf’é)l/ﬂlllll) >] :

Hence, we have

d26:(t) _ d*ox(t) N a6, (t)
dt2 dt? dt?

1
= 4925, (1) + [z Vi |2+ V(%) ;]
w0+ [ 22 (199 +veols )
+2c0p” +2¢1 |Fz|*+2¢1 |F | = 29R ((Lotpo) 1)
—29R((Loy—1)Po+ (L1p1)tho) —2yR((L1po) 1)
+G1(x,7,¥)+G (y,'y,‘{’)} dx
= 47707 (1) +4E(Y(-0)) +G (7, ¥ (1)) (2.20)

with
G(71,¥)=Gi1(x,7,¥)+Gi(y,7.Y)

R [ [ (20l

i (91— 12y ) —iy<¢1ax¢1—¢_1ax¢_1>)]dx.

As a result, when v =0, we have G(0,%) =0. Thus the ¢,(t) given in (2.9) is the unique

solution of the second order ODE 1} with the initial data §,(0) = 5\ and 5,(0)= 5.
Furthermore, if ¥9 (x) is radial symmetric, the solution ¥ (x, ) is also radial symmetric
since yx = 7,, which implies that [4]

The proof is completed. O

3 Numerical method

In this section, we present a two step time-splitting method to solve the CGPEs for
studying the dynamics of SOC spin-1 BEC.
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Due to the trapping potential, the wave function decays to zero exponentially fast at
the far field. Thus in practical computation, we truncate the problem into a sufficiency
large bounded computational domain D with periodic boundary conditions. To simplify
the presentation, we will present the specific discrete scheme for the 2-dimensional (2D)
case. Generalized to the 3-dimensional (3D) case is straightforward and the results re-
main valid without modifications. We choose the domain D := [—L,L]Z, the spatial mesh
size h=(2L)/N for N an even positive integer. The numerical results show that L should
be chosen larger when the atom interaction parameter co, the SOC strength parameter y
and the evolution time T increase. Define the Fourier, physical index and grid points sets
respectively as

In {(],k)GZZ‘O<J<N 1,0<k<N- }

Tn= {(p, eZZ)——<p<5—1 -5 <4< g }
Q:{ Xj, Yk Z:(—L+]h,—L+kh), (], )ETN}.

For a given time step T >0, we define the time sequence as t, =nt forn=0,1,---. Let ‘P}“k

be the numerical approximation of ¥ (x;,yx,t.) for (j,k) € In,n > 0. The wave function is
well approximated by Fourier spectral method. To be exact,

P mPr(x)i= Y Pupg MW, g=1,0,-1, (3.1)
(pq )TN

where 1, =2mp/(2L), py=2mq/(2L). The Fourier coefficients

‘prq 2L /Qbe —ipp(x+L) p—=ipg (y+L) 4x

are well approximated by applying trapezoidal rule to the above integral as follows
Pipg™ 12 Y. e —iup(x5+L) g—ipg (yetL)
N (jk)EIn

which can be accelerated by the discrete Fast Fourier Transform (FFT) within
O(N?logN?) float operations. In the following, we shall focus on the numerical com-
putation of the linear and nonlinear subproblem in details.

3.1 Exact integrator of the linear subproblem

The first step of the time-splitting method is to solve the linear subproblem

/Y (x,t)=AY(x,t), t,<t<t,11,
{ ) = A¥(x) a o)

Y(x,t,)=1", xeD,
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where A is the Laplace-SOC operator given below

1 0Ly 0
=|—5A)—y|L 0L ).
A ( 2 >3 7<01L100>
Taking Fourier transform at both sides of (3.2), for any fixed Fourier mode (p,q) € Ty, we
obtain the constant coefficient linear ODE system in the phase space below

a
N 2 b 0 -
0¥ pg(t)=|1c 5 b | ¥pa(t):=A¥py(t), tn<t<tui1, (3.3)
0 7c 3

~ ~ -~ ~ T . .
where ¥, (£) = (1,55 (1), 0,pq (), 91,04 (£)) , a=p+p3, b=pp—ipg and c=pp+ipy. Ob-
viously, the solution to reads as

‘qu(t) e (= t")A‘Y q(tn) 1= Wpy(t) ITr]aq(tn)/ by <E<tyy1. (3.4)

The matrix Wy, is reduced to identity matrix I3 for (p,q) = (0,0) since a=b=c
nonzero Fourier modes, i.e., (p,q) # (0,0), due to A is a Hermitian matrix, i.e., (A)H =4,
similar to the trick of diagonalizing the matrix [2,16,23], we can diagonalize A explicitly
using a unitary matrix U (ie., UU" = UMU = L) to a real diagonal matrix, such that
A=UAU". That s,

|~
|~

b
E 2\/a 2\/a )\100
U=| o -2 2|, A=|0 A 0
~Vm i aa 0 0 A

with Ay =7, A2 =7 —v/2a and A3 = 5 ++/2a. Direct calculations yields

A 371/\1 (t—tn) 0 0 H
Wpe(t)=e "MA=U( " o mem g u
0 0 —iAg(t—tn)

—e ™ [Al—kcos(\/»’Y(t tn))Az_\/;*aSinQ/ﬂrY(t_tn))AB]' 9
1
2

Al( 0 0 0 )
-£ 0 1

0 b
P A3 =|lc O
) 0 ¢
Now, the solution to the linear subproblem (3.2) can be obtained.

Z [qu(t){fqu(tn)} ei,up(erL)eiyq(erL)’ by <t <tpi1, (3.6)
(P 7)€TN

Lemma 3.1. Assume ¥ (x,t) is the solution of (3.2), then it holds
where Wy, (t) are given by (3.5).

with

(e}
|
K=
\_/
o
N
|
/-~
o ONI-
S~ O
NI O R
o T O
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Proof. Taking (3.1) and (3.4)-(3.5) into account, Lemma [3.1]is proved. O

Then we consider the conservation property of total mass at the discrete level. Define
the discrete I>-norm of ¥"(x) = (¢ (x), 98 (x), 9", (x)) " on the interval D= (—L,L)2 as

‘I’”IlzJ( > Z Yol : (3.7)
l=—1(jk)eln

with 1/12”].,{ the approximation of tpg(xj,yk,tn) (£=1,0,—1).

Lemma 3.2. The solution (3.6) to the fist subproblem of the time splitting method is uncondition-
ally stable for the GPEs in 2D space, that is,

¥ ONe=11¥"2, ¥t [tntns]-

Proof. According to (34), we have Vt € [ty tyi1], ¥py(t) = e*i(t*t")A‘/I\”;q with (A)H = A.
Therefore

("qu(t)>H1?m(t):(‘?;) 91, tE [t tar).

By using the identities
Y ei27r(k1ll)j/MeiZH(kzlz)k/N:{O/ ky—lh#mM or ky—Ila#nN, (3.8)
(j k) eIy MN, k]—llzmM & kz—lzan,
and
ei2n(k1—ll)p/MeiZTr(kz—lz)q/N:{01 ki—li#mM or ky—lL#nN, (3.9)
(pg)eTn MN, k1—11:mM & kz—lzan,
with m and n being integers, it yields
¥ ()17
oL Nz Z Y (gl
Zi_l]k EIN
2
Nz Y X | L emtrintng “Y T ffem0F
t==1(jk)€Iy |(pg)€Tn t==1(pg)€Tn
~ H_. ~ ~
= L (‘qu(t)) Fpgt)= 3 <‘Iﬂ;q> Py
(P)ETN (pa) €Ty
2
1 . .
-y ¥ ’ qu‘ Z Y | T ermbtheimlt gy
t==1(pqg)eTn (==1(p.)€Tn | (k) EIN
2 1Y
Z )3 = , (3.10)
N2 i ’ (2L)?

which implies ||¥(¢)||2 = |¥"||;2, ¥V t € [tn, tnt1]- O
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3.2 Exact integrator of the nonlinear subproblem

The second step is to solve the nonlinear subproblem

i/ Y (x,t)=B(Y) ¥(x,t), t,<t<t,.1, (3.11)
Y (x,t)="", x€D, '
where )
E BP0
B:(V—i—Cop)Ig,—f—Cl %ﬂ 0 %P— =B+ Bs.
0 %a —F,

Fortunately, the coefficient matrix B is actually time independent, i.e., B(t) = B(t,),Vt €
[t4,tn+1]. Noticing the facts that f, (v=1x,y,z) and B are all Hermitian matrices, i.e.,

fi'=fu B"=B,

and they satisfy the commutating relations [fy,fy] := fxfy— fyfx = ifz, [fy,fz] =ifx and
[f2, fx] =ify, we obtain the following lemma.

Lemma 3.3. Assume ¥ (x,t) is the solution to (3.11)), then the coefficient matrix B('Y) (3.11) is
independent of time t, that is

B(Y(#)=B(Y"), Ba(¥(t))=Ba2(Y"), Via<t<tns1.
Proof. 1t is sufficient to prove d;p =0 and 0;F, =0 (v=1x,y,z). We have
dp=0:(¥MY) = (at‘PH)‘P+‘FHat‘I’:i(‘PHBHat‘F—‘FHBat‘I’) —0,
and
OF, =0; (YN £, %) =iY"Bf, Y —i¥Y" £, BY
=icy¥"[F-£ £, |¥ =ictYP [Fefo+ Fy fy + Eofo, fu] ¥
=ic1 (RY" [ fo, A]Y +E YO [fy, )Y+ EYV A, £]F) =0, v=xy,z.

These imply that the total density p(¥(t)) =p(¥"), the spin vector F,(¥(t)) =F,(¥") is
conserved, B(Y(t))=B(Y") and B, (¥ (1)) =B2(¥"), V £, <t <t,41. O

It is clear that Eq. (3.11) becomes a linear ordinary differential system and the exact
solution is given explicitly in the following lemma.

Lemma 3.4. Assume that ¥ (x,t) is the solution to subproblem (3.11)), then

¥ (x,t) =e ) VEeor) | cos (cp (E—t,) [F"|) " Zn|sin(c1(t—tn)|F”\)B§‘i’” , (3.12)

_]F

where matrix By := By (¥ (tn)).
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Proof. Obviously, the exact solution of (3.11)) reads as follows

T(X,t) :e—i(t—tn)B”\Fn :e—i(t—tn)(V+C0pn)e—iC1 (t_t”)BZIYn. (313)
One finds that the eigenvalues of B, are |F"|,—|F"| and 0. The associated eigenvectors
are v}, v§ and v} =|F" |*12*% (—Fﬁ,\/ﬁPf,FJ’Z)T. In fact, we can expand the wave function

vector ¥" with respect to the above eigenvectors as ¥ = a0} +a,05 +a305. It is easy to
prove that a3 = (¥",v4) =0 by substituting the explicit formula of &} as follows

as=(¥",v5) = F"| (=g FL/V2+y{Fl+¢" \F" /V2)
=|F" 7N (=9 (@5 + 99" )+ 95 (197 12— 9" 1 ) + 9" (W7 95 + 95 97 1))
=0.

Therefore, we have ¥Y" = a0 +a,v5. Since B'Z" = [3,, we obtain

. B e*ifl(f*tn)‘l:” 0 0 (v;l)H
e~ icr(t=tn) 2‘I’”=(v¥,v§,v§)< 0 gic1 (t=t) | F1| 0> @HP | (aq 0] + a0}
0

0 0/ \ ()"

— Dcleficl(tftn”lf”\viz +Dc2€ic1(t7t,1)|lf”\v£1

i
=cos(c1(t—tn) |F”])‘I’”—Wsm(c1(t—tn) |F"|) By ¥™".

This completes the proof. O

Similarly, the solution to the nonlinear subproblem (3.11)) preserves the conservation
property of total mass on the discrete level.

Lemma 3.5. Suppose ¥ (x,t) is the solution to subproblem (3.11)), then
¥ Ole=1¥"le, Yt [t tura]-
Proof. Since B" is a Hermitian matrix, therefore, its eigenvalues are all real. Then we have
[ (£)][7 = e~ B 7 |13 = |||, (3.14)

which completes the proof. O

We remark that, using Lemma [3.2and Lemma [3.5] we can see that our time-splitting
Fourier spectral method is unconditionally stable.
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3.3 Algorithms for the time-splitting Fourier spectral method

In this subsection, we construct high-order time marching schemes to implement the
time-splitting Fourier spectral method. Denote ¥ (t)=e /(! #)A¥" and ¥ (t)=¢~ /(- 1)Bg"
the solutions of the subproblems and (B.11), respectively. In principle, splitting ap-
proximations of higher order accuracy can be constructed as [28]

11;11—‘,—1 — (ﬁe—iajT.Ae—ibjTB> 1{;11, (315)

j=1

where the coefficients a; and b; (j=1,---,m) are chosen properly. The classical second-
order Strang splitting [4,/6] is m =2, a1y =a,=1/2, by =1, b =0. And, one of the most
frequently used fourth-order symplectic time integrators is m =4, that is

1 21/3
ﬂ1:ﬂ3:m/ ﬂzz—m, ay=0,
s (3.16)
bimbi= o hy=by= 2
LR TP T VE E R A YOI TV

In practice, from time t=t, to t =t,,1, we combine the splitting steps via the standard
Strang splitting and present detailed step-by-step algorithm proposed in Algorithm
The algorithm for the Yoshida fourth-order scheme [7,/12,28] can be similarly proposed,
here we skip it for brevity.

Algorithm 1 Second-order splitting Fourier spectral method
1: Solve ODEs (3.11) by (3.12) for half time step 7/2 with initial data given at t =t,,.
2: Solve ODEs by for one step T starting with the data obtained from step 1.

3: Solve ODEs (3.11)) by (3.12) for half time step 7/2 again with the initial data obtained
from step 2.

Remark 3.1 (Efficiency). For each time step, by the adopt of FFT in spatial, the compu-
tation costs of the second-order Strang splitting and the fourth-order Yoshida splitting
scheme are 8Njo; +3Niot10g(Nior) and 16Nyt +6Niorlog(Nior ) respectively.

Remark 3.2 (Arbitrary high-order schemes). It is simple to construct arbitrary high-
order schemes based on (3.15) since both subproblems can be exactly integrated.

We point out that the only time discretization error of above second- and fourth-order
time-splitting scheme are the splitting errors, which are second and fourth order in T for
any fixed mesh size h >0, respectively. Also, the schemes are explicit and unconditionally
stable.
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4 Numerical experiment

In this section, we first test the accuracy and efficiency of our numerical method for com-
puting the dynamics of SOC spin-1 BECs (1.4). Then, we study the dynamical prop-
erties, including the energy, mass, magnetization and condensate widths. Finally, we
apply our method to investigate some interesting phenomena. All algorithms were im-
plemented in Matlab (2022a) and run on a 1.60GH Intel(R) Core(TM) i5-8265U CPU with
a 6 MB cache in Windows. From here after, we adopt the length, time, and energy units

as a;=+/h/(mwy,), ts=1/wy, and hw,,, respectively.

4.1 Accuracy and efficiency test

In this part, the numerical error is measured in following norm:

B L OO R e RN 41
RO b

where 1p,(,? ) (t) is the numerical solution at time f obtained with mesh size h and time
step T, P, (t) is the “exact” solution. Hereafter, we denote the second-order time-splitting
Fourier spectral method based on the Strang splitting as TS2, and the fourth-order time
splitting method based on the Yoshida scheme as TS4.

To investigate the convergence, let ¢,,(t) represents the numerical solution by the
TS4 with very fine mesh size h=1/64 and small time step T= 10~%, and assume it to be a
sufficiently good representation of the exact solution at time t. Meanwhile, the efficiency
performance of our TS2 and TS4 can be tested by investigating the computational costs,
in terms of computational time, as a function of the total grid number.

Example 4.1. In order to show the accuracy of TS2 and TS4, set d=2, D=[—8,8]2, V(x)=
%(xz—i—yz), co=100, c; = —2, 7=0.5. Choose ®°(x) with ||®°||. =1, e.g.,

o_ 0.3343 0.8812 (x) o _ 03343
11[]1 - \/E \/E qj ’ llj—l — \/E

with ¢(x) =e~(+¥")/2 Then compute the numerical errors by TS2 and TS4, respectively,
for

$(x), Yo=

$(x), (42)

e Casei:T=10"*and h=1/2,1/4,1/8,1/16.
e Caseii: h=1/64and 7=1/40,1/80,1/160,1/320,1/640.

Tables [12|list the spatial errors and temporal errors of Example(4.1|at time t =0.4 for
the 2D CGPE, from which we can conclude that TS2/TS4 is second /fourth order accurate
in time and spectrally accurate in space. A higher order operator splitting scheme is
possible because both subproblems can be integrated exactly.
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Table 1: Spatial discretization errors at time t=0.4 in Example

h 1/2 1/4 1/8 1/16
TS2
& 214E-01 3.95E-03 4.23E-08 7.91E-10
& 1.53E-01 2.94E-03 290E-08 4.84E-10
£_1 2.10E-01 3.83E-03 4.23E-08 7.87E-10
TS4
&1 214E-01 3.95E-03 5.99E-08 4.06E-12
& 1.53E-01 2.94E-03 3.35E-08 3.88E-12
£.1 2.10E-01 3.83E-03 6.14E-08 3.67E-12

Table 2: Temporal discretization errors at time t=0.4 in Example

T 1/40 1/80 1/160 1/320 1/640
TS2
& 494E-03 1.21E-03 3.03E-04 7.59E-05 1.89E-05
rate 2.01 2.00 2.00 2.00
& 3.00E-03 7.43E-04 1.85E-04 4.63E-05 1.15E-05
rate 2.00 2.00 1.99 2.00
E_1 494E-03 1.21E-03 3.03E-04 7.59E-05 1.89E-05
rate 2.01 2.00 2.00 2.00
TS4
&1 622E-04 4.09E-05 2.59E-06 1.63E-07 1.02E-08
rate 3.92 3.97 3.99 3.99
& 3.78E-04 256E-05 1.63E-06 1.03E-07 6.45E-09
rate 3.88 3.99 3.99 3.99
.1 622E-04 4.09E-05 259E-06 1.63E-07 1.02E-08
rate 3.92 3.97 3.99 3.99

135

Example 4.2. To study the efficiency of TS2 and TS4, let d =2, D = [-8,8]2, T=1073,
V=21(x2+y?), c0=100, c; =2 and y=1.2. The initial data is chosen as

1
¢?=w8=¢91=ﬁ¢(x),

(4.3)

with ¢(x) = e~ (*+7°)/2 Then we observe the computational time at =1 by TS2 and TS4
for N =64/128/256/512, respectively.
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Table 3: The CPU times (units of wy,') of TS2 and TS4 in Example

N?2  TS2 TS4
64>  1.53 3.52
1282 6.71 14.74
2562 2952  66.33
5122 135.66 297.36
= TS2 e
?1027 o TS4 ////’/ ////’7
) C2Niot 10g(Niot) //e'/ ///’
.‘2 -7 - g ]
E P _- -
= T -7
E10'F -7 -7 1
; //// LS C1 Niot log(Nyot)
5o s
100 | |
642 Niot 1282 2562 5122

Figure 1: Log-log plot of timing results for TS2 and TS4 versus the total grid number Ny in Example [4.2]

T=

Table (3| and Fig. (1) present the computational time from =0 to t =1 with time step

1073 by TS2 and TS4 under different total grid number N;, :=N 2 Tt shows that both

the TS2 and TS4 are efficient and the CPU time scales roughly as CNj,tlog(Njot), which
achieves almost the optimal efficiency.

4.2 Dynamical laws verification

In this subsection, we study the dynamical properties, including the energy/mass/
magnetization conservation and evolution of condensate widths. Hereafter, we take

¢(x) = e~ (*1¥)/2 D =[-12,12]2, the mesh size h =1/16, time step size T=10"3, and
two different types of interactions are considered:

* Case I. With ferromagnetic interaction, e.g., %R, confined in a cigar-shaped trap-
ping potential with parameters: m=1.443x 102 [kg], a9=>5.387[nm), a,=5.313[nm],
wy = wy =27 x 20[Hz] and w, =271 x400[Hz]. This suggests to use dimensionless
quantities in for our computations as: d=2, V(x) = %(x2+y2), co ~ 0.0885N,
and ¢y ~ —0.00041N, with N the total number of atoms in the condensate and the
dimensionless length unit a;=2.4116 x 10~%[m] and time unit ¢, =0.007958]s].
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¢ Case II. With antiferromagnetic interaction, e.g., 23N, confined in a cigar-shaped
trapping potential with parameters: m = 3.816 x1072%[kg|, ap = 2.646[nm], az =
2911 [nm], wy=wy,=27x20[Hz] and w, =271 x400[Hz|. This suggests to us to use di-
mensionless quantities in for our computations as: d=2, V(x)= % (x24y?), co~
0.0241N, and ¢1~0.00075N, with the dimensionless length unit a;=4.6896 x 10~ [m]
and time unit ¢, =0.007958]s].

In this section, we fix N =10%, and consider the following five types of initial data

1
(a) ¢?=¢8=¢91=ﬁ¢<x» (4.4a)
o_.0 _ 1 0_ i
(b) lpl_lp—l_\/ﬁq)(x)l l/)O \/ﬁ (X), (44b)
1 1
(c) ¢9:¢8:E¢<x), ufhzﬁqb(x), (4.40)
(d) p) =9 =¢(x), Yo = (x+iy)p(x). (4.4d)

(e) ¥ =173 (x), with ®%(x)= (¢§(x),¢§(x),¢§1(x))T the ground state of (T.4). (4.4e)

Actually, the three component functions ¥?(x) (£=1,0,—1) of the type (a) initial data are
the same. The type (b) and type (c) initial data possess two equal component functions
P2 (x)=19", (x) and ¢?(x) =9J(x), respectively. The component function ¢J(x) of the type
(d) initial data has a vortex, whereas the type (e) initial data, i.e., the ground state of the
corresponding SOC spin-1 BEC model, always leads to a soliton-type evolution. During
the following examples, we take the SOC strength parameter y=0, 1,3, which mean zero,
medium and strong SOC strength, respectively. In fact, both the ground sates of Case I
and Case II with v =1 have stripe patterns, while the ground sates of Case I with =3
possess square-lattice patterns.

Example 4.3. (Mass and energy). To observe the evolutions of total/component mass
and total energy, we simulate the dynamics of the SOC spin-1 BEC for Case I (ferro-
magnetic) and Case II (antiferromagnetic) with the SOC strength v =1 and the type (a)
initial data, respectively.

Fig. 2| shows the evolution of total mass and component masses for Case I (ferro-
magnetic) and Case II (antiferromagnetic) with the SOC strength v =1 and the type (a)
initial data in Example respectively. Fig. 3| shows the evolution of total energy for
Case I and Case II in Example 4.3|by presenting % —1 (left) and &, 11 (t) — &, (t) (right).
The numerical results illustrate that the total mass of the SOC spin-1 BEC is conserved
while its component masses do not necessarily conserve. Meanwhile, the total energy
is approximately conserved with high accuracy at the discrete level, since our method
possesses second or fourth order accuracy in time direction. These results are consistent

with our previous theoretical analysis.



138

X. Chen, Y. Yuan and Y. Zhang / Commun. Comput. Phys., 39 (2026), pp. 119-146

2 w 2 :
—N(®) —N(¥)
-------- Mi(t) N (t)
15¢ No(t) 1510 No(t) |
-- Na(t) - - N (1)
1 1
0.5r 0.5r
0 ‘ ‘ ‘ 0
2 4 6 8 10 6 8 10
t t

Figure 2: The evolution of total mass A/ (t) and component masses Ny(t) (£=1,0,—1) with y=1 for Case |
(left) and Case Il (right) in Example [4.3]
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Figure 3: The evolution of %71 (left) and &,41(t) —En(t) (right) with ¢y =1 for Case | and Case Il in
Example [£.3]

Example 4.4. (magnetization). To observe the evolutions of total magnetization, we sim-
ulate the dynamics of the SOC spin-1 BEC (1.4) for Case I (ferromagnetic) and Case II
(antiferromagnetic) with the SOC strength v=0, 1 and initial data as type (a)-(c), respec-
tively.

Figs. present the evolution of total magnetization under different SOC strength
and initial data in Examples The numerical results tell that when =0, the total
magnetizations conserve for both Case I and Case II, despite different initial data. These
results are consistent with our previous theoretical results. However, when y#0, whether
the total magnetization conserves depends on different initial data. Actually, one finds
that the total magnetizations are conserved for the initial data such that ¥?(x) =¢° (x).
These observations are still open to be verified.
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Figure 5: Dynamics of M(t) with =1 for Case | (left) and Case Il (right) in Example[4.4]

Example 4.5. (condensate width). To observe the evolutions of condensate widths, we
fix initial data as type (a), then simulate the dynamics of the SOC spin-1 BEC for
Case I (ferromagnetic) and Case II (antiferromagnetic) with the SOC strength =0, 3,
respectively.

Figs. [6}{7] show the evolution of the condensate widths with time when v takes dif-
ferent values in Example The experimental results confirm the results of theoretical
analysis: for both Case I (ferromagnetic) and Case II (antiferromagnetic), when =0, the
condensate width evolutions periodically with 6,=¢,= %(2, and when y#0, the evolution
does not show periodicity.
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Figure 7: Dynamics of the condensate widths with oy =0 (left) and 7y =3 (right) in Case Il of Example [4.5]

4.3 Evolution of wave functions

In this subsection, we study the dynamics of wave functions under different SOC
strength and initial data.

Example 4.6. To observe the evolutions of wave functions with different initial data, we
fix the SOC strength 7 =3, then simulate the dynamics of the SOC spin-1 BEC for
Case I (ferromagnetic) and Case II (antiferromagnetic) with the type (d) and (e) initial
data, respectively.

Fig.[8|and Fig.[9|show the evolution of component density functions for Case I (ferro-
magnetic) and Case II (antiferromagnetic) with the initial data chosen as the correspond-
ing ground sates, respectively. It is observed that both the square-lattice pattern of the
ground state solution for the ferromagnetic case and the stripe-pattern of the ground state
solution for the antiferromagnetic case are not changed during the evolution. Moreover,
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Figure 8: Contour plots of the density | 2, |1/)0\2 and |1p_1|2 (from left column to right column) for Case |

with the type (e) initial data in Example
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Figure 9: Contour plots of the density (1|2, [¢o|* and |¢_1|* (from left column to right column) for Case 11
with the type (e) initial data in Example

the numerical results illustrate that the evolutions of SOC spin-1 BECs possess the soli-
tary wave properties if the initial data is chosen as ground states. Fig. [10| presents the
dynamics of the SOC spin-1 BEC for Case I and Case II with an initial data where
#0(x) has a vortex. It is observed that during the evolution, the vortex of the initial data
disappears and the condensate extends outwards with new patterns of the wave func-
tions being generated.
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Figure 10: Contour plots of the density |;|%, |[¥g|* and [p_1|* (from left column to right column) for the type
(d) initial data (the upper row), and the wave functions of Case | (the middle row) and Case Il (the bottom
row) at t=2 in Example [4.6]

o

Example 4.7. To observe the evolutions of wave functions with different SOC strength,
we fix initial data as type (a), then simulate the dynamics of the SOC spin-1 BEC for
Case I and Case II with the SOC strength =0, 1, 3, respectively.

Fig. [11] and Fig. [12| show the evolution of component density functions at t =2 for
Case I (ferromagnetic) and Case II (antiferromagnetic) with different SOC strength. It
is observed that: (1) for both cases, the wave functions of the condensates are no longer
evolved as solitary waves, since the initial data are not taken as the stationary state of
the SOC spin-1 BEC (1.4). However, when y =0, the gaussian type pattern of the type
(a) initial data are not changed during the evolution, with the condensates extending
outwards. (2) when 7 # 0, for both cases the gaussian type pattern of the initial data
changes continuously and new patterns of the wave functions will be generated during
the evolution. (3) when the SOC strength -y turns larger, the condensate extends outwards
more quickly and the component wave functions possess more wavelets.
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Figure 11: Contour plots of the density |1;|%, [#po|* and |_1|* (from left column to right column) at t=2 in
Example [4.7) for Case | with y=0, 1 and 3 (from upper row to bottom row), respectively.

5 Conclusions

We proposed an efficient two-step time splitting Fourier spectral method to simulate the
dynamics of SOC spin-1 BECs. The Hamiltonian was split into the linear part, including
the Laplace and SOC terms, and the nonlinear part (the remaining terms). The linear
and nonlinear subproblems were integrated exactly and explicitly in phase space and
physical space, respectively. Based on such two-step splitting, we constructed the second
and fourth order schemes to simulate the dynamics, noticing that higher-order schemes
can also be easily constructed if necessary. Our method is spectrally accurate in space
and high order in time, and it is explicit and unconditionally stable. The dynamical laws
of total mass, energy, magnetization and condensate widths were derived and confirmed
numerically. The accuracy and efficiency of our method were also verified by extensive
numerical results. Moreover, the method proposed can be readily generalized to simulate
spin-F BECs and other related models, such as the SOC (droplet) dipolar BEC.
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Figure 12: Contour plots of the density |1|%, [#p|* and |_1|* (from left column to right column) at t=2 in
Examplefor Case Il with y=0, 1 and 3 (from upper row to bottom row), respectively.
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