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Nonreciprocal soliton scattering dynamics
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Fig. 1. Symmetry-breaking dynamics in nonreciprocal fractional soliton scattering. Parameters: fractional order « = 1.8, incident

velocity v = 0.35 ; reciprocal coupling 712 = 21 = 1.0, nonreciprocal coupling =12 = 1.5,721 = 0.5.
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Fig. 2. Evolution of velocity asymmetry, total momentum, and soliton separation during vector soliton collisions. Parameters: frac-

tional order o = 1.8 , propagation evolution 7'= 60.0, incident velocity v = 1.0, nonreciprocal coupling parameters Y;o = 1.5, Y5; = 0.5.
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Fig. 3. (a) Evolution of total phase shift and velocity asymmetry versus nonreciprocal imbalance |A~y| with fixed a=1.8;

(b) evolution of peak density and radiation loss versus fractional order o (12 = 1.3, v21 = 0.7 ), showing a pronounced radiation-

loss peak around « & 1.43, corresponding to the resonant radiation response.
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Fig. 4. Regulation of radiation intensity and spectral response in soliton collision by fractional diffraction: (a) Evolution of radi-
ation loss with fractional order; (b) normalized power spectral density at collision moment, comparing spectral responses between
classical limit and resonant regime. Parameters: fixed nonreciprocal coupling ~12 = 1.3, 21 = 0.7, fractional order scanning range
a € [1.2,2.0] ; adaptive initialization for o < 1.3 and standard initialization for o > 1.3.
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Fig. 5. Robustness verification of resonant collapse via two-dimensional scanning of incident velocity and soliton normalized power:

(a) Radiation loss Ry versus fractional order o for different incident velocities v with fixed normalized power N = 5.0; (b) radi-

ation loss curves for different normalized powers N with fixed velocity v = 1.0. Parameters: nonreciprocal coupling coefficients

v12 = 1.4 and 721 = 0.8, with the scanning range « € [1.2,2.0]. A uniform initialization and numerical setting are adopted for

all cases to avoid bias in locating the resonant point induced by inconsistent initial configurations.
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46032 K BE I 0, (1) ~ Y/ | IRT-ASAF 58 13 i €5
HI-AR 2R P 6 2R R AR AR T4 P A4
tine ~ 20 /v , PRI AT AAH B AR FH X 8] i iz RUE N

05 ~ (20 /0) (26)

Wk iz RBE o™ 5 90T AE 55 BT DT JC AN
JE R B AT S5 AL A RO 7 ) — 28
() RUBE TR, TH Al [ 8 2 i B 1 i
WM. o~ 1.43 1% N BEVC R 4 SR A X ], A3
TS T2 SR e PO B 1 B T RS S, LR T
Py 5 T

(a=18,T=60), Ay =|y12 —y21| - FEFXFRME v12 < 721 , TUER v12 <

Collision diagnostics under nonreciprocity scan (o = 1.8, T'=60), Ay = |y12 — 721 - By symmetry ~12 <> 21 ,

Y12 Y21 Ay Hey SRS Ppeak |Av|

0.6 1.4 0.8 2.7 x 1072 6.48 x 1072 5.67 1.67 x 1072
0.7 1.3 0.6 1.0 x 1072 6.48 x 102 5.67 2.54 x 10~2
0.8 1.2 0.4 4.3 x 1073 6.48 x 1072 5.67 2.74 x 1072
0.9 1.1 0.2 3.9 x 1073 6.48 x 1072 5.67 9.80 x 1073
1.0 1.0 0.0 6.2 x 1073 0.00 x 10° 5.67 0.00 x 10°
1.5 0.5 1.0 7.8 x 1072 1.49 x 1071 5.95 4.91 x 10~2
1.6 0.4 1.2 1.4 x 1071 1.49 x 1071 5.95 8.48 x 1072

# 3 FHEEEERE BN o RIFISER (712 = 1.3, 721 = 0.7, Ay =0.6)

Table 3. Dependence of collision characteristics on fractional order a (712 = 1.3, 721 = 0.7, Ay =0.6).

a Herr Ppeak TRl 2 Ry a Herr Ppeak [GRlINL Y A R
1.20*  3.1x107* 4788 9.7x1072 6.0x107*  1.66 4.7 x 1072 7.08 2.3 x 10° 6.3 x 1073
1.26*  4.0x 1073  46.00 9.8 x 10~2 1.5 x 1073 .71 2.1 x1072 6.32 1.2 x 100 4.3 x 1073
1.31 9.1x107% 4279 12x10°! 59x1073 177 1.6x1072 6.20 8.0x10"t 29x1073
1.37 6.6 x 1073 18.12 5.9 x 109 1.9x1072 183 44x1073 5.66 3.8x 1071 2.3 x1073
1.43 1.8 x 1071 19.05 6.7 x 10° 2.9 x 1072 1.89 6.9x 1073 5.42 2.0 x 1071 1.6 x 1073
1.49 1.9 x 1071 11.66 3.9 x 10~ 1! 14x1072 1.94 47x1073 4.64 1.5x1071  7.0x 1074
1.54 1.1 x 1071 9.48 2.5 x 109 1.3x 1072 200 1.3x1072 4.49 59x 1072  5.0x107%
1.60 2.4 x 1071 7.72 2.8 x 100 1.0 x 1072

T * R G R R A TT SR B AR E
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FEE E TR N = 5.0 %44 F, Stttz
B 7E 3 B IX 6] v € [0.50, 1.50] P9 78 £k I B /N T
+0.01, XoF I 58 S RE G [ Roag ~ 0.029 , iR N
VC BCAIL ) 3 22 h 43 B S 1 P S R A il i
AN SR, [, IFHRIE N € [3.0,7.0] EEHR
BN RFGMETER e ~ 1.30 — 1.50, (S HERE T
T /N o R RBEICHL, 27653 (ores) = 1.43 5
& 3 B — B, PRI IS PR R S TR

5 & @

AR Strang 43 2451 Bt ik, 454G
SPEEIZW SRS RECEL 8, REVF5E
TAEE SRR G B =- kAR e S 2 40+
RAEINF RREHE S 1224728, R TAEE 51540
BN AT E X DA ELAE B i Rl e AL .

FEAE B 5 FE WA T T, B R B BR N R S
PESFIETAEAL, AR A R 250 6.2 x 1073,
RS 0.0000, Flf 18 52 0 LAY SRR ECRHREAE.
AL Dy G T TRE AR TR A AR 5 2 40 7 0
Haom, 559E B 5 X [R5 9 R 25 R RS UE , iR
H G5 T iR 22 g K. S S BAR E st il i
AWk H 5 a5 AE B 5 T4

TEST BN BRI 45 7 I, 2 BB o = 2.0 5% 1F
TR ST FE R A, AR 5.0 x 1074, Rl ELT R A1
I SRR RO, SR FE RS TAEIX. o~ 1.48
BT AEAE S5 LR GR AT, SR BAE R 0.0562, 0
FEIk 6.67, FEARFERU ST, Toi ™Ak Mk (0 75 3 &
P AR o DX B SR AR AN, U {E B EE A
o = 2.0 I AY 4.49 B E o = 1.20 B AY 47.88, iEH
TR R, A o > 188 a < 1.24F
SRIRF PR L o

AL T 45 R IRAL T X 7 BB A Ze vk e il
RGP sh 1 I B, AR E S o
iz AU AR T 2 A 0 PR R S R R R T
EERERIE IS S %, RSt nl NE gy e
S¥EM I miE A R, B RN = T M
Ph_Ezs(al, WhoR AR B 2 G o B R 48 I E IR
F NGRS A A Rl B )2, HEoR o BN AT
SRR Mar T S I AR Rl A IR LS. EFRE
S AR BRI T T, W 5] A 5 S HFENLE, 2
SCAEE GG - B AR TE KA, BESE PT XS FReE
Tl fife 2 2 S i R DRI 720, AT 48 5 4LFEF

XN REE M RERIKE 5 A 1B E AR LA
A m] A AR R B AR LA R N, 5 SRR AR AT
SR AT L AR B D PR D RIS, 48 7R E )7
SC RS DOESR L v ZORSE L IR [E IR e IN
JEE DI BEIE 5 SRR W 5 1, AT R R ] B X
SR PR RS Y 22 ROBEVEFC RS, A7 AT ST RO | 9K

To R GARLRNE R L IS — iR, KRR
W, FFAh S el s | RS ESRT f, JF
JEBOUZ K Y B R SRS ITSE, S BE T
SR RS AR F .

Bym R IR A

AHFGE Y B A B AACRS 2 TR ZE GitHub (5 42
https://github.com/locustzhang/Collision-Dynamics-and-
Resonant-Radiation-Nonreciprocal-CF-CQNLS).
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Collision dynamics and resonant radiation mechanism of
vector solitons in nonreciprocal coupled fractional
cubic-quintic nonlinear Schrédinger system®

MIAO Xiaoyu!?

SONG Haoran V)

ZHANG Lipu V1

1) (School of Media Engineering, Communication University of Zhejiang, Hangzhou 310018, China)
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Abstract

The synergistic regulation mechanism of nonreciprocal coupling and fractional diffraction on vector soliton

collision dynamics remains unclear. In this paper, a spatial fractional-order cubic-quintic coupled nonlinear

Schrodinger equation model is constructed, and the Strang splitting Fourier spectral method is employed to

systematically investigate the synergistic effects of nonreciprocal coupling strength and fractional order on

vector soliton collision behavior, revealing the scale-matching mechanism governing resonant radiation and its

universal characteristics.

Methodologically, we unify the nonlocal dispersive properties of the fractional Laplacian operator with

cubic-quintic nonlinear self-interaction and asymmetric cross-phase modulation coupling, establishing a general

theoretical framework for describing vector soliton interactions in long-range correlated media. Numerical

integration adopts the Strang operator splitting scheme, symmetrically coupling linear fractional dispersion
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evolution with nonlinear interaction, ensuring second-order symplectic accuracy and long-propagation stability.
To address the Lévy super-diffusion instability in the low fractional-order regime (a < 1.3), a piecewise
adaptive initialization strategy is proposed, adjusting initial separation, evolution window, and incident velocity
to guarantee comparability of collision events across different parameters.

In the reciprocal coupling limit, the system exhibits typical elastic scattering characteristics with a relative
Hamiltonian error as low as 6.2 x 107® and zero momentum drift, indicating excellent conservation properties;
under nonreciprocal coupling, velocity asymmetry increases monotonically with coupling imbalance |A~v|, while
the Hamiltonian error remains stable in the weak nonreciprocal regime. Regarding fractional-order tuning: the
classical limit (o = 2.0) shows minimal radiation loss (5.0 x 107" ) and near-elastic scattering; the intermediate
fractional-order region (« as1.43-1.48) exhibits weak resonant radiation with a peak loss of 0.0289 and center-
of-mass drift of 6.67; the low fractional-order region (a < 1.2) presents a super-focusing effect, with peak
density sharply increasing from 4.49 at the classical limit to 47.88—more than one order of magnitude
enhancement. Universal verification through two-dimensional parameter scanning reveals that the resonant
position is strictly independent of incident velocity (Aawes =0.06) but systematically dependent on soliton
amplitude (Aars =0.5 for N €[3.0,7.0]), confirming that the effect is jointly determined by the intrinsic
scaling law of fractional-order transport and soliton eigenwidth.

Based on scale-matching mechanism analysis, optimal control windows are proposed—weak nonreciprocity
(Ay < 0.2) for stable elastic collision, «a > 1.8 for low-loss transmission, and « < 1.2 for enhanced local field
intensity. This work, for the first time, unifies nonreciprocal coupling, fractional diffraction, and high-order
nonlinearity in the study of vector soliton collision dynamics, revealing the synergistic competition between
asymmetric momentum transfer and resonant radiation, providing theoretical guidance for the manipulation and

application of coherent structures in nonreciprocal photonics and quantum transport.

Keywords: fractional nonlinear Schrodinger equation, nonreciprocal coupling, vector soliton collision,

resonant radiation collapse
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