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Fer R Jop AN W) 22 0B i HSS-CPSPH Jy ik 3K 15
() u (2, ) O S T 2R 1, I8 L 5 A BT il S SS-
ICPSPH &5 3t 17X} He, 7T LLE H, HSS-CPSPH
gE IR S RAT AT A, (HRE A I 1) A SE S, PR
THZE R RN 22, 31X 5308k [3] o 244 TR

1.0 A SS-ICPSPH
o HSS-CPSPH
o Analytical solution b
0.5+
3
T  OF
~
—0.5+
(a)
~1.0 L

25T AR BIBUAERAU L IR AU,

AR B H B HSS-CPSPH J5 1k 3K fift J& vk
[ PR R RSB RE , 6 1 RIER 2 28 s T AR
PO B 1] PN BB 2 SR iR 2= Ay, ik 1A
R2WLIEM: 1) enbl & B EOWIE T/,
HSS-CPSPH J7 k5 8 iR 228 SS-ICPSPH Jr ik
#/N; 2) HSS-CPSPH J7 k% SS-ICPSPH J7ik E
A HRASGR . it — R BRI ek T
S AE S B S EUERARE B, 3% 3 FIi TR
F oS MR EAEA SIE OL T (W SCHR [15]) PR

£l k =k =1,h=n/64 B LRI Z]H P

RO IR 2% e

Table 1. Error en obtained using two different

methods at different time (k; = ky = 1,h = /64 ).

Al SS-ICPSPH HSS-CPSPH
0.5 1.697 x 107 1.696 x 103
1 3.616 x 103 2.494 x 103
2 7.347 x 103 4.857 x 107
1.0 T3
0.5
5
5 o
~
—0.5 SS-ICPSPH
HSS-CPSPH

Analytical solution &\

0 1 2 3 4 5 6
x

1 ki=k =1, h=mn/64 W RFEIZ u (z,n) ISR WAL (2) t=1;(b) t=3
Fig. 1. Curve of the Re (u (x,m)) along sz-axis at different time with ky =k, =1, h=n/64: (a) t =1; (b) t =3.

A SS-ICPSPH o HSS-CPSPH
Analytical solution

1.0

0.5

Re(u)
<

—0.5

—1.048 .

A SS-ICPSPH o HSS-CPSPH

Analytical solution

K2 k =k =4, h=mn/128 B KRB u (z,n) B SEHAT 228 (a) t=0.1;(b) t=1
Fig. 2. Curve of the Re (u (z,7)) along z-axis at different time with k) = k, =4, h =n/128: (a) t = 0.1; (b) t = 1.
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FK2  ki=ky=1, W ¢ = 10, FRIETEAR [FPRCT AR T #iR 22 Flic sl sy

Table 2.  Error en and convergent order or, obtained using two different methods at ¢ =1 and different particle dis-

tance (k1 = ko =1).

h =m/32 h =mn/64 h =m/128
em ora em ora em ora
SS-ICPSPH 1.381 x 102 3.616 x 1073 1.933 9.0412 x 10* 2.00
HSS-CPSPH 1.381 x 102 — 2.494 x 103 2.47 4.498 x 104 2.47

£33 ki =k =1h=n/64 0], A SAHSHBAE TR, PIFITEIIRZ em
Table 3.  Error en obtained using different methods at different distribution (k1 = k2 = 1,h =n/64).

WAk A5 AL AL 2
t=0.1 t=1 t=0.1 t=1 t=0.1 t=1
SS-ICPSPH 2.776 x 10°* 3.616 x 10 2.944 x 10 3.818 x 10 3.116 x 10 4.082 x 103
HSS-CPSPH 2.774 x 10 2.494 x 103 2.886 x 10 2.527 x 10 2.967 x 10 2.578 x 107

AR RIS 20 ) B KR 25 e HIE 3 ATAHL, BLF 71k
TERL- I3 A1 35 S MR A AR 201 B0 T 45 31 59 (e
SERRZEHR LB, RV T 07 ik o e I H 2
FERLI DR RD AR, ELORFF U ARG

4.2 —HZHEwRARBR T RERE
Ry — 2 R AR SCHE Y ) HSS-CPSPH J7%
REMGUERTIIE 20 B 2 AR P A LA,
A /NAT % B IX ] [—20, 80] L — 4k — 45w JE
SRR 21 T AR LR e v R 1)

. . 1
g + o, + o Uaz + (\u|2 + B|v\2) u=0,

1
vy — iaw, + o Vsa + (\v|2 + 5|u\2) v=0.

IG5 1
u(z,0) =4 /%sech (\/ﬁ (x — aco)>
x exp{i[(c — a) (z — zo)]},
12fﬂsech (\/%(3: - xo))
x exp{i[(c —a) (z — z0)]},
HP S8 a =05 8=2/3, c=1,a=1, 29=0.
BA = IFREAERRPIG 40 2 R

3 .
u(x,0) = Zl 1/ fjjﬁsech(\/faj(z — ;)

xexp{i[(¢c; — a) (x —z;)]},

v(r,0) = z_; \/ fjjﬂsech (v2a; (z — z;))

xexp{i[(c; — a)(z —x;)]},

v (z,0) =

Hira=05, 8=2/3,c1=1, c =01, c3=—1,
ar =1, a3 =072, a3=036, =0, x5 =25,
x3 = 50.

JAW R 5w (2, t) = w (x +100,t), FiRPT
Pl Uhs 5514 X0 A S ATT A T 2 DL SR [14).

Kl 3 FIE 4 25 T BRI [R5 254 T LA
Ay 220 B i w OO TR BB 5 2R . R &) 3 &l 4 AT
1, HSS-CPSPH 2553 5 b i AHAT &, BRI 7E 3K
RARA 1] BL; $2 H  HSS-CPSPH 5 e e
PRI, FALRE &7 7 4 ; HSS-CPSPH J5 % 7]
DIERRAS 31— 2 B 1) LIS - AL R o .

4.3 ZHEFE—LKBRTILREE
I AIEEE ) HSS-CPSPH 5 v R ity o —
Kk FARL M IR U R, A S — A

AN EIX IR0, 2n)” PR T AE AR MR E T AR
100 = (e ) + V)t
(z,y)€[0,2n)?,
WIE ZAF R ug (z,y) = sinzsiny, 5 — KA F %K
PE AT LIS 3y R AT AR AR R, PV (2,y) = 1-
sin®asin®y . XF B 5 FE AT # N texaet (2,4, 1) = sinz
siny exp (—i2t).
I AR 5 BT BFORL T iR AR
TR A5 22 USSR B . T ¢ 4 RNk 5 mIAT, FEAs
LSS — 2830 {8 NLS J5 R B, A< SCH8 i Y HSS-
CPSPH J5 4 3CHik [15] H Ak T 36 BAT B/ R
ZE LRI SIGR BE . HeAh, o T AR SAR SCOR s ik
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K 3

(d) t=50.

& 4

1.0r(a)

0.8

SS-ICPSPH
HSS-CPSPH
Analytical
solution

o p

1.0k (©

0.8}

a SS-ICPSPH
o HSS-CPSPH
——Analytical
solution

IG5 1T, 7E 4 A AT B 20 97 35 R A |u
Fig. 3. Solitary wave propagation process of |u| at different time with the initial condition 1: (a) t =0; (b) t =20; (¢) ¢t = 30;

1.0 §

0.8 —

a SS-ICPSPH

, o HSS-CPSPH
y —— Analytical
solution

1.0

0.8

1 & SS-ICPSPH
o HSS-CPSPH
4 —— Analytical
i solution

1.0k (b) a SS-ICPSPH
L o HSS-CPSPH
0.8 —— Analytical
solution

1.0+

0.8+

@) 4 ssicpspH
o HSS-CPSPH
—— Analytical

solution

e 1 i AR

(a) t=0;(b) t=20; (c) t=230;(d) t =50

1.0}

(b) @ | » SS-ICPSPH
o HSS-CPSPH
I —— Analytical
3 solution

1.2

1.0
0.8

0.6]

0.4

WIHR AT 2T, 78 4 AR 20 = IIRSL T30 R R | 9 2 5 0oL 72

[ (d)
r a SS-ICPSPH
- o HSS-CPSPH
| —— Analytical #
solution

20 0 20 40 60 80

Fig. 4. Solitary wave propagation process of |u| at different time with initial condition 2: (a) ¢ =0; (b) ¢

(d) t = 50.
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FK 4 h=n/64RF, ZAARERZIBF AR RR
i%% €m
Table 4. Error en obtained using two different

methods at three times (h =n/64).

A i) ¢ SS-ICPSPH HSS-CPSPH
0.5 9.131 x 10* 4.512 x 10
1 1.828 x 107 8.135 x 10
2 3.658 x 107 1.623 x 1073

FEATIR BT A RCR R B B R P
MPI Jf 4758, RH T 24 CPU #4171+ A L
L, BOKL T 50h 66049 (2572), B E]) 25K A dt =
5 x 107°. il SEPRIFHAERLIAL, FH—4> CPU $17
TR, BITE 1R EI 4N 49.89 s, 25
100 2802 1.5 s; 22K 4> CPU I, iz
755 1 A HYIHE 29 4 12.0586 s, ZJ5 100 £°F-1

BN 025s. FTLVEM, 8179 1L 44
CPU WyITH B [ 54 2 14> CPU 35 AT ]
1) 1/4, THEAEBIE NS, 4 4 CPU X440
LRGN T 1A CPU P55 E] Y 1/4.
XSHAN 1/4 6 —E W2, rTReJEEAA T L
J 1) F— 5 EARE CPU 2 ) iR B )l
BN 2) AL Ry AR X R BN SRR Z Y
s 3) R8N RS AT & AR 25, YRR T
B (I 5.2 15 = G X S s KL E T K L
RF), CPU MBS NI 7E R [R T i Bi, &l
PR B2 A TS TR BE n, AN [R] 7 553 TRIH AR
ARV RE, BOR 8 SERRBLRAS 8 i 2516 &5 5 SEBRit
BISHIST A, BB CPU B i, HE80R
B B 1 R B /N T CPU I A A5 50 (1R L
5.2 TIHATIHHRRCR ).

K5 t=1WRRZS RGO PIFORL T 5 75 AR 22 A ST
Table 5. Error and order of convergence by different methods at ¢t = 1 and different h.
h =mn/32 h=m/64 h=mn/128
em org em ora em ora
SS-ICPSPH 7.553 x 103 — 1.828 x 103 2.046 4.316 x 10 2.082
HSS-CPSPH 4.534 x 103 — 8.135 x 10* 2.476 1.379 x 104 2.560

5 GP 7 & EEW

AT S A BB B R T3 B SRR T
D7 A NLS /GP (R e AL R, A5 e i
T T I i A A NILS [l LA A
BEC T AN, i) GP [a)R5, 435 F50) 1 Jil 4
BRI TR i 75 45 PEFT BEC T & 1Lin
TP R, IR RS R AR 5 vk B2 3
SLERASON L. BLAL it = 4ER IR TR
BPRR TR AT MPL TR SRR
DB

5.1 Z4FEHAN R IERE NLS 18

% 11K 110, 20] x [0, 20) - 99 Lt ¥y

s
iug + Au + ﬁ|u|2u =0,

WHE N u (2, y,0) = (1 +sinz) (2 + siny), S5
5= 1, LIRS (2n, 21).

3R NLS Jy Ry ) a6 AR 7T 97+
R b i B AT SR v OB R, H RO R R
Brfidt, 05 FH R B0 IR i Y S Aty R A s L T 9K

S F AR R AR A AT EEE (WLSCHR [3]). B 5 AHT
WA B ZIA ¢ = 0.108 B 2 = FP & 77 3 i AR 40 45
B 5 AT, 76t = 0.108 B 30 B 5 9K ST
WAy SR e, SR BUESS RS, P RIAA
SCHE PR T A RIS U B4R A A
FENEE).

5.2 =% Gross-Pitaevskii 72

Z e =4 BEC Ny ieik Uil Gross-Pitaevskii

Jy 7 1)
.0 1
lai; = = 5 (tae gy +uze) +V (2,9, 2)u

+ ﬂ|u\2u — QL u, (x,y,2) € [-10, 10]3,
LGS L)

Yovyr2)
27‘[3/4

Horr V(z,y,zt) = ('yggx2 + Y2 + 'yzzz) /2, S
=075, (Ya, 7y, 7=, 8) = (1.2,0.8,2,50).

2] HSS-CPSPH 7 ik =4 GP [n] &
B AT SEHE RN BEC TSR] B 3 pR AU E b s
[ a2 R E L 1 T T N
BAE ML, & 7 45 1 T 1 HSS-CPSPH J7 45 %

u(r,y,2,0) = e~ (e e +1.2%) /2
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=

azfq
A

------------ SS-ICPSPH

= [\v]

()
6

ey

o
=
[ )
8 w1
'y
w
(=2}

Bl 5 FEWASAS R i 220 AN [l (7 A3 B A |u| S B 20 A
(a) t=0;(b) t=0.108

Fig. 5. Contours of |u| obtained using different methods at
two different times: (a) ¢t =0; (b) ¢t = 0.108.

1 3 ASAS TR B Z w (0, y, 2) Al (2, y, 0) P A T
e R EUE AL 1B 6 ThAS SO AR R A2 fL

t=0.1

t=3.2

0.064 —— HSS-CPSPH
| —+—HO-sSFDM

0.054

0.04+

Jul?

0.034
0.024

0.014

0
—10

10

B o6 AEIZ] iyl (= 0,2 = 0) 2Ll Zk
Fig. 6. Curve of |u|? along y-axis (z =0,z =0) at differ-

ent time.

i1 2k 5 HO-SSFDM J i 1 25 2 — 5, (K8 T
HSS-CPSPH J5 i A4 il = 4 GP [n] 2 A 4L
P14 0 PRSP W B o TR £t B P28 /NS AR Y
A, AR Y SR AR L A28 18 A8 /N, Tl it
SREEIE] 7 AT, AN AT L B R Ak 0 pR AU Y
Ay RN L AR, LS5 2 0 A Bt Fiof ] ZE <
B/

Sk il — 2 A BB FH AR SORE T 7 AR R 4
GP A @ Hf 5] A MPI 347535 LUd /> CPU JH#E
FRF [E0) A D0 B2, Ko T 1 BRI 8 e 5 o 17
PR AR TF CPU AN B T 58RI AT T 40 i
(W 6 FE 7). ACOIFATIHHEHLR N Red Hat

t=6.5

7 AE 3R] [u* A AR AL (a
Fig. 7. Contour of |u|? along different profile at different time: (a) (0,v,2); (b) (z,y,0).

) (0,y, z) #ifi; (b) (x,y,0) #k
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Enterprise Linux 5.8 x 86 64 ##/E &4, MPI 2§
71 Intel MPI Toolkits 4.0.3, st 17 4~ IBM
BladeCenter HS22 1837 1., AR M ALHE 12 4>
Wi/ CPU, CPU A5 Intel Xeon 6C X5650,
FHW K 2.67 GHz. £ 6 51 H T [& & b 74 161°
(ZIVUE £ 07) B CPU ANBUE B Fis i1 ARl 8L
B ETIHAERY CPU ], 2% 7 50 T RFRRL 40T
ANF CPU BT, 1247 5] 1000 25 i) -3 5525 B
THFERY CPU BHE]. O 7 5N B 175
SRR S, LA SCRIXTHINE L S Sk sty
S B I ATRENE AT A /N AN IR
BATIHE] (AT A E 124 CPU). % 6
12, 24, 36, 72 4> CPU 7ZEI1HE 2 1000 2} 14 B[]
YERBFFEXT G2, 3% 1, 2, 3, 6 95,

H# 6 F13k 7 v LI E], B CPU NS
i, AR R AR R, EI AR S F (e
fKF CPU A tefl, X2 H A CPU ML
BTG AN CPU 11531485 JAH EL i TR A I ) 5
B, M Fe A e AR AR 1,
2, 3N, TR AT TR, 1
WA T CPU GG Heff, 32 i AR 1 A5 = (8]

# 6  KTHCH 16130, AR CPU AN isfTE
RIFIE RO A A (fir: )

Table 6. Consumed CPU time (unit: s) of differ-
ent calculated time step with particle number 1613
at different CPUs.

CPU%H: AEXT I LS
num = 1 num = 10 num = 1000
2 97805.9 107508 1174728 —
12 16716.9  18516.7 215526.7 —
24 8388.87 9404.37  120284.37 1.792
36 5603.29  6344.98 87524.98 2.462
72 2948.83  3189.24 48564.28 4.438

£ 7 EAFRKTFE AR CPUANET, 173
1000 2B IFF-X 420 BT AR 8] (B4 )

Table 7. The average consumed CPU time (unit: s)
of calculated time step 1000 with different particle
number and different CPUs.

CPU%#
12 24 36 72
1213 44955  82.926  45.962  35.000 19.585

LA

1613 1076.922 198.810 111.90 81.922 47.363
1813 1558.445 292.711 164.838 120.886 65.437
2013 2190.921 425.688 235.775 179.856 96.836

I AE— 2 AR [R] 2500, (E 27 s Bk sk
TNE] 6 A7 s i, 38 I AR R bl 2 5, AR
TR RCR I 2%, W BAKT CPU i e fi,
XS EYU ST RISt AT & THE DL
B TS — N FE CPU IR 5 2Lis 170 3425
AL CPU BRI BB 5508 s 4~ 71 #E
CPU I [a] ) FUE ZEAR A, X R 7E 15 4 B
R B A B 8 BEASRL T AR AR, obr e i
] BEORL TR hnmi g n; e CPU O ZZ 15 L
~, BEE KT I8N R I AE CPU B
[ AR, FAZAR KB ] (B S T4t
AR, B FASCRAM AT 2R
I CPU MNEOR IR B TR RCR, Rl CPU 4L
TRBEE AR, 15 24> CPU FRYITHA:
55 A CPU M8 45 B e — 80w, i AN
CPU A S PRB 4Bl 45 S e & PRS2 ik, A
FHZ CPU T IR fif o 2 ] 5.

W IR AT, AR SCEE T MPL AT
FHEZ5 Y HSS-CPSPH J5 48l = 4k GP )3
SRR ATEEAY.

5.3 442 Gross-Pitaevskii FTE
itk — 2 s 4 A HSS-CPSPH 5 i il il
BEC " ft - 1 Jie Bi i (1] 38 Ak o 72 1 mT Sk, A</
WX E -8, 8)° | 4t /& BEC T yigh
Ty Gross-Pitaevskii 2 Bl
i% 132u1 182u1
ot 2 Oz2 2 0y?

. 8u1 5”LL1 -
+wi (z,y) ur +160 <y5x - x@y) =0,

+o (|ul|2 + <|u2|2) Uy

i% 132u2 182112
ot 2 90x2 2 0y?

+ Wy (x,y)u2+i@< Ous 8“2> =0.

+o (|uz|2 + <|u1|2) U

Yor — 7 oy
WIE SRR

. 2,2
U1 (.’IJ,y,O) = i\/?:yexp l_w , on Qa

. 2,2
U2 (x7y’0) = x\—;ﬁly exp [_W , on ‘97
uy (z,y,t) =0, on 92 x [0, T,
us (x,y,t) =0, on 002 x [0, T,

Hop ) w;(z,y) = 1522 + 0552, i=1,2, ©=0.7,
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[ua

030k @ m-a-- 0.30f (®) --a--
[ HSS-CPSPH I HSS-CPSPH
0.25 SS-FDM 0.25 i SS-FDM
020} 020
Foast 0.15F l
0.10} 0.10F
0.05 0.05F
0

x x

B8 PANAFBZT [ui Wl (y =0.5) W7AEfL  (a) t =0.05; (b) t =0.25
Fig. 8. Curve of |ui| along z-axis (y = 0.5) at two different time: (a) ¢ = 0.05; (b) ¢ = 0.25.

Re(u)

0.30

0.20

0.10

0

—0.10 >
—0.20

—0.30

(u1)
0.30
0.20
0.10

Re(u1)

0.25
0.20
0.15
0.10
0.05
0
—0.05
—-0.10
—0.15
—0.20
—0.25

5

Tm (uy)

0.25
0.20
0.15
0.10
0.05

—0.05
—0.10
—0.15
—0.20
—0.25

—0.10
—0.20
—0.30

|
0.26
0.24

0.20
0.16
0.12

0.08

0.04
0.02

B9 BPAARREBZTt=0EE—3)At=025 3 3) =B EEEEHL  (al), (a2) Re(ur); (bl), (b2) Im(u1);
(c1), (c2) |ua]
Fig. 9. Contours of three physical quantities at two different times ¢ = 0 (the first row) and ¢ = 0.25 (the second row): (al), (a2) Re(u1);
(b1), (b2) Im(u); (c1), (c2) Jual.
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Abstract

To improve the numerical accuracy and computational efficiency of solving high-dimensional nonlinear
Schrodinger/Gross-Pitaevskii (NLS/GP) equation by using traditional SPH method, a high-order split-step
coupled with a corrected parallel SPH (HSS-CPSPH) method is developed by applying virtual particles to the
boundary. The improvements are described as follows. Firstly, the nonlinear Schrédinger equation is divided
into linear derivative term and nonlinear term based on the high-order split-step method. Then, the linear
derivative term is solved by extending the first-order symmetric SPH method in explicit time integration.
Meanwhile, the MPI parallel technique is introduced to enhance the computational efficiency. In this work, the
accuracy, convergence and the computational efficiency of the proposed method are tested by solving the NLS
equations with the periodic and Dirichlet boundary conditions, and compared with the analytical solutions.
Also, the singularity of solitary waves under the periodic boundary condition is accurately obtained using the
proposed particle method. Subsequently, the proposed HSS-CPSPH method is used to predict the results of
complex two-dimensional and three-dimensioanl GP problems which are compared with other numerical results.
The phenomenon of singular sharp angle in the propagation of nonlinear solitary wave and the process of

quantum vortex under Bose-Einstein condensates with external rotation are presented accurately.

Keywords: nonlinear Schridinger equation, smoothed particle hydrodynamics, time split-step, Bose-Einstein

condensates
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