%43 % £ 21 #/2023 £ 11 B/RFZFR
i 25 N
EERFIK

1 e BILTE RS 5 75 Sy DRI AN R ke
Bz, REHE, AF

L RFEYH AR, L 200444

WE R T B IR T IR SRR B TR A ASE T D E T BEIR R R L Y LT W BT M N . FER LS
JCTE I TSI R A 04 B (-2 (R i M R SR M T A A A RS R (Y 22 s i A AEZS R T ORI R S 00 A2 A G o e
AEAV, 3 PIF AR 8 X T HEAT I R E R BT, R TR TE AT A S RS ] X 4 Bh S ER O I R AR E Y

BV e 3 R B BE S U5 R R R ARSI o S BE A Y gl ) AL 4 s R R R ARE PERE S AR A R I IR
K T HS TR ARPUERG; B0 NIHEER K RN R E

FESES 0431.2 XERFRERS A

1 51 5

PR E P (MD 2 AR Mg Ty i m s 4
FEZFMAGEPRA T 2R ZARERARE
P T BCEA B0/ IR W 4 R I B B B, AT AR
TR MR 4 SRy 3 o 7 A A AN R A A O AL
TE T 2 58 09 1 A7 3R 4P T A0 40 02 18] 9 AH AR T, &
NS AT EPERG K o AR A A B E R A BF 5
L — MR R A AR 20 A MR £ P D Bl T R A AR
FITERAN IR R G B AT AR E MR . AR
K, NATTIT Uy 5 1 v i3~ A v 1 B (5 - 22 TR 307 3H
R IFIF IR TARZ X m Moo (-2 R i 1
5 TR AL T 5 A ) AN R E PR AR A B X R O
ZARGE AR LA IS T O R A S5E, T Ll
Ao 925 T B an ot 2 T B s 2% A U (Feshbach)
SR AR HEATRS AR o BPLZH G B - TR 30 4 5 5
EREPHATAREHEC RN T ZmR 14
B A 4518 2 2 73 B (0 - 2 DR A0 HE B R A A I 5 1 R
LR AMEAH ELAE R A AT RE ) BV A R M, B -2
PRI S8 4L 56 5 A v ) 08D ) AS A P TT U T 5T Y
WH9E . 5B Iy RGEAHLL , P 2H 3 B (0 - 2 PR 20 3H B5E 5%
B 250w W BRI o Y 4 o3 2 R A AH AR
568 T 2H 0 PN B4 R EL A R, 24950 64 7 4 03 B (- 2 T
Wrin BER A R BN A B AREME T Ak,
RAFAELMERE S, I AL o> Z )2 B e ik, OF B
A RE 2 U AR O B AN AR E PR R I B R, HATE 227
g G BRSNS 2 IR TE T S B
- PR T 3H 5 2R A e, R PRI/ e L O T

DOI: 10.3788/A0S5230955

(] AN B E P A i AR PERY AT REVE o Bl B BIF ST R
W, 76 W20 53 3 60 PR T S BE R AR R e v, R A7 A
HEFAH AR BT REAF A R AR e M
3 181 HE Rk AR LA AT G 2H 20 P9 HE e R 5L A R B S s 3
N o e 22 i 2 v A BRI, O T
AFEEVE R BT TS R R, B H OB BUIE R 1 B
- DT L BE R AR 2 3 T I AR S 2 06T X
JEEIA A BEPUIE A W] LAY R AL S0 3 -2 N
ST 1 O RS A R S A B R D, DT G EL A
Z B A IV

BRI 22 51, BF 5T 3 0 T B % 3 i E A 0 3
T2 BTG E PEAFAE A R B D48 FE RN AFTE H i
BUE RS R 02 I HBERAR R G h, BT 2 eSS
E SRS [, R T AR SO Z, A e H0E
BB R Bl RSB R PUE R A A AR
WO R EELE[ARE . Wang F 7 i R T
T AT ARRPLEMS TR 3 )22 AR e .

ASCHT T BA LS00 R R A BEPLER S Y
—2E WU 2H o3 Bl - % DR 30T 2 R SRR R 4 0 O oA B E
M, K BLZ R GEATAE 4 Bl AR 9 % 3 1 25, Hh PR 2%
AL, 73 IR B o SCHERL 19-28 1 FUR & X Her — b
AN H B E B ST TR T . A SO BT A Y
T BB HEATRE T, R E T A S5,
XLE SRR A TRE R . BIERI B A EEN S
Joi 33X SO S HR S A A 14, DR JHORE 3 S 3 B R RS E PR
“H BB A T RN E LT AR AN AR RE
8 — A 2T 5 B e A X SR B A, R B
A ASEEE P AT DL I A 2R TR 5

KRB 2023-05-09; fEEIBH: 2023-06-09; RABH: 2023-06-14; WEEHX BH: 2023-06-28

EETB.: FERHAKBFIESE (11974235, 11774219)
EE1EE . “yongpingll@t.shu.edu.cn

2102001-1


https://dx.doi.org/10.3788/AOS230955
mailto:E-mail:yongping11@t.shu.edu.cn
mailto:E-mail:yongping11@t.shu.edu.cn

2 B AR

W98 R G0 — A HA A BERE RS A 09— 4k W 41 5
B £ DR 4H 6 SR L 2% 11 R S Pl B SO R
BIRFRERIE W . & 0T DL & 2 Hir - e 38 1S R H 3 77
T2 (GPEs) H i i
ii)—fz%‘fwﬂaaﬁyp,,as)qurH,,w, (1)
R R (2, 0)=[V (2, 1), ¥, (2, )],
X H W, W, 5y 5 R AL 5 B0 PR p, = — 10/ 0x
R 2 05 1 0 B i AT (o, 0.) RN bR HE R LA A
JVE A 4 5 Q R R P LB A RS s yp. o — 4k 1 EFLIE
AKX,y NERE . 16 GPEs W, - Y3740 B /E H 7T
VI H, SR H 38 -

%43 % 21 #1/2023 £ 11 B/RFZFR

H — g’q’1| +g12|W2‘ ?O 9),
0 glz\‘Fll"ﬂLg\%\"
s g 1 gy, 20 0 R 41 43 9 R 4 T] 9 4R BAE FH &R 8
THEWE SEBIHK ERIE . FRE(DEXENL,
DI TRAE 5 . i T RGE M [\ 53 A 2 B 5 1,
I 7 R (D) R Al LA an T P B X

W(I,Z):exp< —i,xl#—i/e,,x)(j), (3)

e Ak, T 2 05 1) R UE S 5 A EA JE 4L
W2 il 4 1ol = 1o K F P ACA I (D) )5, 7]
ARG B AR LM A HIOC 2R (e, ) FIURH L B ARAE 25

SE g ST 3 OIS I I N W S TR D N
Bogoliubov de Gennes (BAG) /7 2 15 2 K5 5 . 76 4%
Pesh s in 2 75 7 (3) /Y - i P e 45 3

¥ (x,1)=exp(—ipt+ik,x) X

¢+ Uy exp(ig.x — iwt)+ Vi exp(—ig.x +iw't)
¢, + U, exp(iql.x — iwz‘)vL \%8% exp(*iqlvx -+ iw*z) , (4)

AU AV R AR IR 5 0 S I BE A 5 g, D ¥ o 07 [ B B v sl i o K X (A ARATDT R (1) I (8 B S I i

MY, 15 3 LT BAG 7 e

U, U,
V. vV,
= H.. 5 5
@ U, BdG U, (5)
V, V,
BdG i i i
L+ vq. gSﬁ Q+glz¢1¢§ i1,
Hyyo = _g(’bii _£l+yQI _glzsb;(’b; _‘Q_gjzsbisbz , (6)
(2+g12¢1¢2 i, Ezi}’qx g¢:
*gus/!’fsé; *Q*glzs!usbz *gsflﬁz 75277([1
1 . 2 2 2eR % BRI EIR S BB A EIAS
2 B, A ‘1’1‘2(1,1:0):¢1,2(1+O.OlR),/H\:
L=t rgle bgdal. (9 TROHIILISD. BRI

BdG Wy % 1 2 R T oK 9, PR e 2 B AR RS AiE
B T HEG)PAENS, MR BIG HF P o B
A HORE MRS 2 IR R RS E 1Y o 24 Hh B O
B, 5 & (4) i P 3h & B4R Fo KR IR R s 1
PER .

AR EEM RS BN F A i BAG R
T B R ARG AR e RN, 2 AL
X gy e AN SRR, R TR R T R R A e TR A
S EPE R AR E Y B TR R S m AL, BER
AR AN R e ol 57 A TR R B A A 0 TR R 4
¥ 3h 12, il A EPE RS A2, R 50 A
R4 R AR o) B el [ e Rl B o TR R | -
Wil o AR SCRE R T 7 AR (1) bt At 18] 36 £k T8 AR G 3F 26 44 3h

M7k Ok ST R, BOME B B A R
Nz €[ —200, 200],
3 iR
JE A EPE R A AR R s S A
52 AR R (3) 9 S T I it 3 8 25 A7 A O R B
HOBEBLE R A o 8 7 R (3) P R e g & S AR A
GPEs ", 145
ﬂ¢1:<g

¢1|Z+g12 ¢2‘2>¢’1+\Q¢2

2 2 RENC)

/x¢2=(g|¢2| +g12|¢1| >¢2+-Q¢1

4ia LIRS R FM 0 f + 1.l = 1K A%,
A5 B 4R R 0 s A 23

2102001-2



&5 43 % % 21 H1/2023 4 11 B /%3340

1 1 = =
do| ﬁ _ﬁ , /14 f , J1+f (10)
" ) A g+ g 1+ | g+ ge 1+ £
J é+2g12+0 gJ;gI?_Q 2 + 0 o 5 +n o,
0 0 fi—1 fi—1
T © T
d—en 1 [a—gu) \ () 77 75 1 B e T A 28 4 A0 0 T R A 1
Aefe="50" %5 Q') bre BT AR Bk BT 05805 b ROR [ i
e e e e bt e HA R IR R R M . F SO 2 7 2 0 [y 2
WAL B Sy RS LG E Xy 9 B0 15 TSRO, B o R e 1
J=<WPHW =y < W |W >e,=y(s— ¢i)e [T
(1 L - ’

Ao A ERAT . W(10)F B, A P FE 3 & 25
TR, 5 A B B AR . 7R e T B S ,
C X5 — PP JC B S BEAT 1R A AR A Lt B
FIZEWRFE T BN SR A5 B0 B4 AR L A3 BT, B R SR
S —Bh A E TR 28 AR SOIR S B F 5006 2 R A
Je R o 2 O 2 B4 9 A AN RS AR SC R L, BN R

S

Si e
J1+ /7 J1Ff
& 1 1
(/jZ _ ,\/1+f12 /\/1+_f22
Ia g+g13 1+ﬁz g+g12 1+ﬁ2
J , 0 2f; , 9 2f,
flz_le fF—1
T ® T
(12)
ZBHEAEW KN g — gl = 20, W2 RS
(@) 0.25
0.20 H n
0.15
0.10
0.05

3.1 g=1.8:=0.2.2=0.2.y=1

AT IR T S HGE N 0 2 ol i A i R A
e, g Bm M Eg=1.4.=0.2.0=0.21
DU AAAE I 20 % 3h 2 BAUA BAG . Wk o 1Y
WE AN 2 W) 2 8 H A R AR E T

1R T sh sl & g, Fl w 19 I 38 B K 4 XHE
EREAMLEG , Hp é=max(Im [w ]])s AT LAEE],
A A B A AR 0 P R OE . S LRI, S A
RSB, RE A NAHEAEH R K TH
) A0 B AR H R 8 M AR e EERGREA 4405032
Sy TR /INUE S8 BT 2 A4 4 32 B[R S sk, AR
Ry A B M Ab T AR ME Bl R B Y 2443
LRI TR R E Al o Y 2 R AR A BLAE
HB = HE R AH B AE R B oo R O R e v s BT —
) PRI X 336 2% DAL Ay V9 B A P S 2 HE e 18, X6 T 0 ol
AREMEAEA T, (B2 ARPEM G WAL, N
I 8- DA 0 3H B IR AR R G R 1 — FlOB i I R B
EPERRAS . K 23R A ATEPLER G AR BT , 8
Uit & Bl A B A FR e PR AR T RE AR AE -

() 0.25

w ||

0.15

un

0.10

0.05

Bl YMg=1.£,=0.2.0=0.2.y= 10 JAHEIARCEHENEGER . (a)/,=3.7321;(b)f,=0. 2679
Fig. 1 Gainimages of the Ml forg=1, g,=0.2, 2=0.2, and y = 1. (a) /; = 3. 7321; (b) /, = 0. 2679

F2MmE3SHRTH Y g=1.g,=0.2.0=
0. 2.y = 10F, JEH AR 2 5 5 00 B fal etk g . R

A B B AT AN [, S EUA 2 FIEL S R PN 4L a3
Tk 4 8 B /NS 52 A A IR (ELJR: WA 2 20 19 4 R

2102001-3



F43% F 21 /2023 £ 11 B/ RFEFR

Density
() J— 2.8

x /107

Friis v 3 WSS S S 0
0 100 200 300 400 0 100 200 300 400
t 4 Density

_40 100 200 300 400 o 100 200 300 400 0
4 t
K2 Hg=1g,=0.2.0=0.2.y=1/=23. 73211, ZHEgha &M FEAARE . (a)n, = ¢, ()P A(D)n, = |¢, (2] 7 B 25
V] £ 7 A 2 % ) AR IS5 (o = |, (R)F AN, = [, (& I“Hﬂ‘(’EKJJE&:IEﬂW]/\?Hﬁ%FE’J@%I’EH%
Fig. 2 Time evolution of zero-quasimomentum states for g=1, g,=0.2, 2=0.2, y=1, and f,= 3. 7321. Density evolution of
two components in coordinate space with (a) n,= ¢, (2)f and (b) n,=|¢, (2 \ den%ity evolution of two components in

quasimomentum space with (c) n; = |¢; (£)[ and (d) n, = |¢, (£)f

Density
2.8

0 100 200 300 400 0 100 200 300 400

4 Density

-4

0 100 200 300 400 0 100 200 300 400 0
¢ ¢
K3 Yg=1.8,=0.2.0=0.2.y=1/=0.2679 I, 3 50 I EE AL E B () ny = g0 (2)F B n, = [, (2)F I 2
[F] £ P95 A 2 4% B 1 AR IS 5 (oomy = o, (RO RT(d) my == |ps (Je )P IF 9 )y et 28 ] W 1> 4 4328 114 i A 15145
Fig. 3 Time evolution of zero-quasimomentum states for g=1, g,=20.2, 2=0.2, y=1, and f, = 0. 2679. Density evolution of
two components in coordinate space with ( =g, (2)f and (b) n,=|¢,(x)[; density evolution of two components in

quasimomentum space with (¢) n, = |</)1 ) and (d) n, =g, (k)

TR, IF Hr B B e BHAE Ty S Ry s R SR AT IR MR . TR S i A ) P I eR
S B IR A IERS RO (=505, iR BEh rsE v, AT DLk — 0 R B A A A AN TR 9z Bh

2102001-4



LT b, b 3 SR X B L AL — s B RS
PR 2 53 359 0 it B /N 04 JRy 343 A, A6 T Bl A DY
TE A DB R A A B SR R S A I R
P AT T BT, T BOME S 2 0] 0% B 5 A5 )
T 32 A R AR T T L () 1 B i A (R] T B A R
() Py JE 4, o B i s [R] 1 38 o B A 3 1 7 3 kA
AN FRE AT, B 5 T U R AR AT Y U Bl 1 25 (]
B3 AT IR T AL o
3.2 g=1.g8.=1.8.2=0.2.y=1
AWERg=1.2.=1.8.0=0.20 , R E
EAMRARMAREN., B3 1W M. Yg=1.g,=
0.2.02=0. 20, REM AT ATE RS S B4
() 0.35
0.30

0.25
0.20

wun
0.15
0.10
0.05
0 bt L !
-2 -1 0 1 2

4,

&5 43 % % 21 H1/2023 4 11 B /%3340

332, 4y R A A TR /INE Bl B O A 32 O RS R
PR T I3 AT T 388 K 2l B A 0 O A B PR
MAASE B2 () o B 1 2 [R) A A % R v Ak RIS & B, T
A G 55 9] A o M G B i — B . ER 7
HTIE KB, FEOR A B e PR A R P LA A R
g ARG OL T BAE g RN (15 g << g, &5 1f
A5 VR AN R M R RAEAE A 43 52, B R R AR R
FE PR R SRR e MR T (B 4) o X AT LA
P Ay 20 53 1] 0 HE Fe AR 3G K 450 45 P A A B2 1 43
THAT AL B B RSN A, B
P 32 R AN B MR AR R TR L, o i Y o Bl A )
AR,

(b) 0.35
0.30

0.25
0.20

up
0.15
0.10
0.05
0= I !
-2 -1 0 1 2

4.

B4 Mg=1.g,=18.0=0.2.y= 10 JFHEIANFEEENHEEER.(a) fi=—0.2679;(b) f, =—3.7321
Fig. 4 Gainimages of the Ml forg=1, g,=1.8, 2=0.2, and y = 1. (a) /= —0. 2679; (b) /, = — 3. 7321

yﬂT%\iﬁﬁgﬁ%ﬁﬁﬁfﬁﬁﬁﬁ,ﬁg: 1\g12: 1.8.
0=0.2.y= 1B B3R % gy i S U AT B (]38 1k 50 A

@ 2

0 100 200 300 400

0 100 200 300 400
t

SERANEL S A 6 Frs o ] LAE R, i T OO AR E
PRI R 07 B s ) A1 30k BRI R 8 A R R R AR AT

Density

) 2 2.8

o 0
0 100 200 300 400
4 Density
16000

0

0 100 200 300 400
t

B5 Heg=1g,=18.0=0.2.y=1/=—0. 2679, %Az &m0 R L EG ()n, =g, () F(b)n, = |, () F B E
23 [8) A WA 2H 0 % 1 i AB TR 5 (o) = |y (R ATy = |, (R )P IS HE Bl 88 25 8] PGS 20 40 %5 1 A9 7 Ak 1R 4R

Fig. 5 Time evolution of zero-quasimomentum states for g=1, g,=1.8, 2=0.2, y=1, and f,= —0. 2679. Density evolution

of two components in coordinate space with (a) n; =|¢, (2 )f and (b) n, = |¢,(x)[; density evolution of two components in

quasimomentum space with (c) 72, = |, (&) and (d) n, = |¢, (%)

‘2

2102001-5



&5 43 % % 21 H1/2023 £ 11 B /%3340
A 1) il IE 7 1) 5 R 7 s sl S H AR T A L, KBRS B A A E . X AR AR AL S
1z B AR A5 A AN BT, HLUR eR B AT IR T IR 3 1Y 3.1 AR ], o 2 B A o S B A AR (R AR
i 18] A T $ B, KMEAE (=20 J5 st BE R W22 2, [R] i, PR KR BN 77 2 A A2 B 5 ) 1 L oE Bl A ) Y 0 R
& 5 5 [ 6 BT s 1 P9 AN 41 43 Ak % B R /NS 58 4 A A E T EEE AR E R T ENESESE, 5
[F] | 3 2 FH W) A5 B 0 A AN [ 3000 o X0 o 3 2t 25 () 3.1 AN Rl B s B A B R Y A S
B U pR B AL AT 0 A, A RT L ke B R AR AL o A A [ S‘Z EDE}F]%JT%“”%?E PR I % o R T 4R TR T R
Wiz gk B OC T k, Bl ARRE B X FRbe | O Bl 2 B 1] U 2R 7 AE 3 S B2 8 R AT A 1E B i S ]
I, 7 A 3 /N B JRy B8R40 A, FE U Bl i S 8] Y OE i Kﬁﬁo

Density

@ 2 2.8

0 100 200 300 400 0 100 200 300 400
4 Density

0 100 200 300 400 0 100 200 300 400
t

B6 Mg=1.g,=18.0=0 2.y=1./=—3. 73210, FAE gm0 EHRENE KBS (0, = |, ()P F1(b)n, = |, (2] B &
25 (6] 9 P A~ 41435 B B3 AR RS 5 (o) my = Iy (RDP ANy = |p, (R )[ B1E Bl B 25 [60) 19 A 2 4345 138 1 v £k PR

Fig. 6 Time evolution of zero-quasimomentum states for g=1, g,,= 1. 8, N=0.2, y=1, and f,=—3. 7321. Density evolution
of two components in coordinate space with (a) 7, = [¢, ( \2 and ( = |¢, ( \2- density evolution of two components in
quasimomentum space with (¢ |¢/1 \Z and (d) n, = |, (£)f
4 45 e 5 % ¥ W
E}% T fﬂﬁ [é[ "ZFjL‘LﬁEA Effjgéﬁf—p‘}jéﬁﬁlgz@f [1] Zakharov V E, Ostrovsky L. A. Modulation instability: the
beginning[J]. Physica D, 2009, 238(5): 540-548.

f I =¥ H ) . - .
%.ﬂﬁi TGRSR AR 9 L A A B 1 B L 5 B B ) 27 (2] EAEHE, 255, WA 4, & BT 80 PR AR R %
L LRMAFERLAN A B g — gol = 20T, S MKT]. WOk 5 e Tk, 2022, 59(2): 0222001

2, E=X o Xia J H, Li F, Deng S J, et al. Design and test of high-
%ﬁﬁfﬁlﬁxﬂﬁﬁfﬂﬁ A H A 2R S W, o o o ot o .
resolution imaging system for ultracold atoms[J]. Laser &
S 2 FRAS AN I o 3 4 FAS 97 R IR AN IR i A e Optoelectronics Progress, 2022, 59(2): 0222001.
EHEA DRE M H 2 B PUE RS & 00 S T RGN (3] 2303, Xwe, F A, S5 o R R T 95 0 P 4k L B R
JE AR, BRI TREZ I BA NI A’ SEy AR TS S BT h EEOE , 2022, 49(11): 1112001,
. N " , Li W W, Liu Q, Liang A A, et al. Integrated design and
/—*E‘Iﬁ KB - é' ﬁT*J_ ke %% s HA 7™ PFHFL’VEFH j(ﬂ: implementation of two-dimensional magneto-optical trap system
HArEIAE B AE AR, R AR EEE G S H A 4709 for space ultra-cold atom experiment[J]. Chinese Journal of
I~ | 7R PN [ Lasers, 2022, 49(11): 1112001.
SE ’ ]ifjj\jwj Eﬂﬁﬂ * ] i'ﬂi’%ﬂﬁj U\ﬂfﬁjxﬁg [4] Nicholson T L, Blatt S, Bloom B J, et al. Optical Feshbach
FEPEAT 5 M4 4y AR TR /N T 20 43 TR0 A EAE R A resonances:  field-dressed  theory and comparison  with
ir‘ﬁ[J K%%A@ & ’f?ﬁ ])'IJJ = ﬁ w\]‘/l\i}»jz R Jﬂﬁﬁl‘ , | ir‘ﬁ[l Z(jﬁ%\% experiments[J]. Physical Review A, 2015, 92(2): 022709.
N . w s [5] Chin C, Grimm R, Julienne P, et al. Feshbach resonances in
M5 &40 AE 4 2 b — 5l
P Iﬁ o EI/JE”E 3%‘ izj‘] 71 %{ﬁ e iﬁ Eﬁ} il ﬁ M ultracold gases[J]. Reviews of Modern Physics, 2010, 82(2):
Ui B R AR e R T DA R R R 1225-1286.

2102001-6



&5 43 % % 21 H1/2023 4 11 B /%3340

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Stenger J, Inouye S, Andrews M R, et al. Strongly enhanced
inelastic collisions in a Bose-Einstein condensate near Feshbach
resonances[J]. Physical Review Letters, 1999, 82(12): 2422-
2425.

Cornish S L, Claussen N R, Roberts J L, et al. Stable 85Rb
Bose-Einstein condensates with widely tunable interactions[J].
Physical Review Letters, 2000, 85(9): 1795-1798.

Theocharis G, Rapti Z, Kevrekidis P G, et al. Modulational
instability of Gross-Pitaevskii-type equations in 1+ 1 dimensions
[J]. Physical Review A, 2003, 67(6): 063610.

Salasnich L, Parola A, Reatto L. Modulational instability and
complex dynamics of confined matter-wave solitons[J]. Physical
Review Letters, 2003, 91(8): 080405.

Law C K, PuH, Bigelow N P, et al. "Stability signature" in two
-species dilute Bose-Einstein condensates[J]. Physical Review
Letters, 1997, 79(17): 3105-3108.

Timmermans E. Phase separation of Bose-Einstein condensates
[J]. Physical Review Letters, 1998, 81(26): 5718-5721.

Nicklas E, Strobel H, Zibold T, et al. Rabi flopping induces
spatial demixing dynamics[J]. Physical Review Letters, 2011,
107(19): 193001.

Goldstein E 'V, Meystre P. Quasiparticle
multicomponent atomic condensates[J].
1997, 55(4): 2935-2940.

Kasamatsu K, Tsubota M. Multiple domain formation induced

instabilities in

Physical Review A,

by modulation instability in two-component Bose-Einstein
condensates[J]. Physical Review Letters, 2004, 93(10): 100402.
Kasamatsu K, Tsubota M. Modulation instability and solitary-
wave formation in two-component Bose-Einstein condensates[J].
Physical Review A, 2006, 74: 013617.

Wen L, Liu WM, Cai Y Y, et al. Controlling phase separation
of a two-component Bose-Einstein condensate by confinement
[J]. Physical Review A, 2012, 85(4): 043602.

Vidanovi¢ I, van Druten N J, Haque M. Spin modulation
instabilities and phase separation dynamics in trapped two-
component Bose condensates[J]. New Journal of Physics, 2013,
15(3): 035008.

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

Eto Y, Takahashi M, Kunimi M,

dynamics induced by miscible-immiscible transition in binary

et al. Nonequilibrium

Bose-Einstein condensates[J]. New Journal of Physics, 2016, 18
(7): 073029.

Bhat 1 A, Mithun T, Malomed B A,
instability in binary spin-orbit-coupled Bose-Einstein condensates
[J]. Physical Review A, 2015, 92(6): 063606.

Bhuvaneswari S, Nithyanandan K, Muruganandam P, et al.
Modulation
coupled Bose-Einstein condensates[J]. Journal of Physics B:
Atomic, Molecular and Optical Physics, 2016, 49(24): 245301.
Congy T, Kamchatnov A M, Pavloff N. Nonlinear waves in

et al. Modulational

instability in  quasi-two-dimensional  spin-orbit

coherently coupled Bose-Einstein condensates[J].
Review A, 2016, 93(4): 043613.

Li X X, Cheng R J, Zhang A X, et al. Modulational instability
of Bose-Einstein condensates with helicoidal spin-orbit coupling
[J]. Physical Review E, 2019, 100(3): 032220.

Singh D, Parit M K, Raju T S, et al. Modulational instability in
a one-dimensional spin - orbit coupled Bose-Bose mixture[J].
Journal of Physics B, 2020, 53(24): 245001.

Li G Q, Chen G D, Peng P, et al. Modulation instability of a

Physical

spin-1 Bose-Einstein condensate with spin-orbit coupling[J].
Journal of Physics B, 2017, 50(23): 235302.

Otlaadisa P, Tabi C B, Kofane T C. Modulation instability in
helicoidal spin-orbit coupled open Bose-Einstein condensates[J].
Physical Review E, 2021, 103(5): 052206.

Mithun T, Kasamatsu K. Modulation instability associated
nonlinear dynamics of spin-orbit coupled Bose-Einstein
condensates[J]. Journal of Physics B, 2019, 52(4): 045301.
Wang C J, Gao C, Jian C M, et al. Spin-orbit coupled spinor
Bose-Einstein condensates[J]. Physical Review Letters, 2010,
105(16): 160403.

Tabi C B, Otlaadisa P, Kofané T C. Modulation instability of
two-dimensional Bose-Einstein condensates with helicoidal and a
mixture of Rashba-Dresselhaus spin-orbit couplings[J]. Physics
Letters A, 2022, 449: 128334.

Spin-Orbit-Coupling-Induced Modulation Instability

Zhai Yunjia, Chen Yuanyuan, Zhang Yongping
Department of Physics, Shanghai University, Shanghai 200444, China

Abstract

Objective

Modulation instability is a crucial phenomenon in the study of nonlinear dynamics, where an unstable system

results in the destruction of its original states, accompanied by the rapid growth of small perturbation instabilities. The

Bose-Einstein condensate serves as an ideal platform for exploring modulation instability due to its precise experimental

control over the system's nonlinear dynamics. Therefore, studying modulation instabilities holds profound significance in

comprehending the nature of Bose-Einstein condensate systems. In this paper, we reveal that spin-orbit coupling can

always introduce modulation instability into a kind of specific state. We call it spin-orbit-coupling-induced modulation

instability. The states are specific as they are zero-quasimomentum states. We find that there exist four different zero-

quasimomentum states, and we classify them as no-current-carrying states and current-carrying states according to whether

the states carry current or not. In literature, modulation instability of the no-current-carrying states has been investigated.

The current-carrying states are unique due to their current originating from spin-orbit coupling, and their existence is

unstable due to nonlinearity. We find that all these zero-quasimomentum states are modulationally unstable in all parameter

regimes. The consequence of such modulation instability is the formation of complex wave structures.
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Methods The properties of modulation instability and the corresponding nonlinear dynamic images are primarily

investigated using Bogoliubov de Gennes (BdG) instability analysis and the split step Fourier method. BdG instability
analysis 1s a widely employed technique for analyzing instability in the study of superfluidity and Bose-Einstein
condensates. It primarily examines the system’s stability and its response to perturbations by solving nonlinear eigenvalue
equations. By diagonalizing the BdG Hamiltonian matrix, the eigenvalues can be obtained. The eigenvalues of the matrix
may be complex due to the non-Hermitian nature of the BdG Hamiltonian. If one or more complex numbers exist in the
eigenvalues, the state becomes unstable. Consequently, any imposed disturbance experiences exponential growth, leading
to the instability of the state. In addition, the split step Fourier method is commonly used for handling time evolution. The
underlying principle of this method is to separate the terms of the system Hamiltonian and process them individually. The

key step involves employing distinct treatments for the nonlinear and linear terms of the equation to be solved.

Results and Discussions Initially, we investigate the case of g=>g,, and observe that the system exhibits a four-band
modulation instability image in Fig. 1. Among these bands, the two branches positioned near the lower quasi-momentum
region are referred to as the primary modulation instability band, while the two branches near the higher quasi-momentum
region are known as the secondary modulation instability band. Notably, it is determined that identical chemical potentials
of the two current-carrying states yield the same modulation instability image. Furthermore, we perform calculations to
ascertain the nonlinear dynamic images (Figs. 2 and 3). The investigation reveals that the density evolution of the two
components follows similar ways, exhibiting trends of movement in both positive and negative directions along the x-axis.
As time progresses, both components undergo chaotic oscillations. In the quasi-momentum space, distinct motion trends
and reversal symmetry are observed between the two components. After a certain period of evolution, significant
separation occurs. This phenomenon arises from the modulation instability being predominantly influenced by different
modulation instability bands at various stages. Initially, the primary modulation instability band dominates, while in later
stages, the secondary modulation instability band takes control. Ultimately, the system tends to approach the quasi-
momentum space of the secondary modulation instability band, leading to chaotic propagation. Simultaneously, we also
examine the scenario where g<_g,, and observe that the system's modulation instability image consists of only two bands
(Fig. 4): the primary modulation instability band. This disappearance of the secondary modulation instability band occurs
as the repulsive interaction between the components intensifies, causing the two unstable branches to merge. Following a
nonlinear dynamic analysis (Figs. 5 and 6), we observe that the motion trends become less pronounced due to the absence
of the secondary modulation instability band. Nevertheless, in this case, the two components still exhibit distinct motion
patterns and maintain reverse symmetry. The reason behind this phenomenon remains consistent with the previous
situation. However, since there are only two branches of modulation instability, the system consistently resides near the

quasi-momentum space of the main modulation instability band once the wave function enters chaotic oscillation.

Conclusions We delve into the examination of modulation instability and its consequential dynamic patterns in one-
dimensional two-component Bose-Einstein condensates with spin-orbit coupling. The study reveals the existence of four
distinct zero momentum states within the system, where two of them carry currents while the remaining two do not under
specific conditions. It should be noted that the generation of these four states is not solely determined by spin-orbit
coupling; however, the presence of spin-orbit coupling does impact the modulation instability of the system. Previous
research predominantly focuses on the zero quasi-momentum state without current carrying, neglecting the investigation of
the zero quasi-momentum state with current carrying. We specifically explore the modulation instability of current-carrying
zero momentum states. The findings indicate that in the presence of Rabi coupling, when the intra-component interaction
surpasses the inter-component interaction, the modulation instability image manifests four branches, consisting of two
main modulation instability bands and two secondary modulation instability bands. Conversely, when the intra-component
interaction is lower than the inter-component interaction, the modulation instability image presents only two branches. We
also establish a correlation between modulation instability and the nonlinear dynamic evolution of the system.

Additionally, the presence of modulation instability can trigger the emergence of intricate patterns.

Key words atomic and molecular physics; spin-orbit coupling; Bose-Einstein condensate; modulation instability
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