ractal and fractional N
L /et and opy
Article

Dynamical Behavior Analysis of Generalized Chen-Lee-Liu
Equation via the Riemann-Hilbert Approach

Wenxia Chen 1, Chaosheng Zhang 1'*

check for
updates

Academic Editor: Yusuf Giirefe

Received: 12 March 2025
Revised: 18 April 2025
Accepted: 20 April 2025
Published: 26 April 2025

Citation: Chen, W.; Zhang, C.; Tian, L.
Dynamical Behavior Analysis of
Generalized Chen-Lee-Liu Equation
via the Riemann-Hilbert Approach.
Fractal Fract. 2025,9,282. https://
doi.org/10.3390/ fractalfract9050282

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Lixin Tian 12

Nonlinear Scientific Research Center, Faculty of Science, Jiangsu University, Zhenjiang 212013, China;
chenwx@ujs.edu.cn (W.C.); tianlx@ujs.edu.cn (L.T.)

School of Mathematical Sciences, Nanjing Normal University, Nanjing 210042, China

*  Correspondence: 2212302024@stmail.ujs.edu.cn

Abstract: In this paper, we investigate the dynamics of the generalized Chen-Lee-Liu
(gCLL) equation utilizing the Riemann-Hilbert method to derive its N-soliton solution.
We incorporate a self-steepening term and a Kerr nonlinear term to characterize nonlin-
ear light propagation in optical fibers based on the Chen-Lee-Liu (CLL) equation more
accurately. The Riemann-Hilbert problem is addressed through spectral analysis derived
from the Lax pair formulation, resulting in an N-soliton solution for a reflectance-less
system. We also present explicit formulas for solutions involving one and two solitons,
thereby providing theoretical support for stable long-distance signal transmission in optical
fiber communication. Furthermore, by adjusting parameters and conducting comparative
analyses, we generate three-dimensional soliton images that warrant further exploration.
The stability of soliton solutions in optical fibers offers novel insights into the intricate
propagation behavior of light pulses, and it is crucial for maintaining the integrity of
communication signals.

Keywords: generalized Chen-Lee-Liu equation; Lax pair; Riemann-Hilbert approach;
N-soliton solutions

1. Introduction
The following Chen-Lee-Liu (CLL) equation,

iy + e — ifuPuy =0, 1)

with i2 = —1, is recognized as a well-known integrable system in mathematics and
physics [1]. Since it may be produced from the nonlinear Schrédinger (NLS) equation using
the bi-Hamiltonian method [2], it is also known as the derivative nonlinear Schrodinger 11
(DNLS II) equation [3]. There are also two further variants of derivative NLS equations [4,5].
One of them is the KN or DNLS I equation given by

it + e +i(JuPu) =0,
X
and the other is the DNLS III equation, often known as the Gerdjikov-Ivanov (GI) equa-
tion [6],
. : 1
iUy + Uy — i2u* + 5 (\u]‘lu) =0,
where the symbol * denotes the complex conjugate.

The observation of plasma lattice vibration patterns and the simulation-based genera-
tion and control of optical soliton pulses are two applications of the DNLS-type equations

Fractal Fract. 2025, 9, 282

https://doi.org/10.3390/ fractalfract9050282


https://doi.org/10.3390/fractalfract9050282
https://doi.org/10.3390/fractalfract9050282
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com
https://orcid.org/0009-0002-4153-5223
https://orcid.org/0000-0003-4817-8580
https://doi.org/10.3390/fractalfract9050282
https://www.mdpi.com/article/10.3390/fractalfract9050282?type=check_update&version=1

Fractal Fract. 2025, 9, 282

2 of 20

in plasma physics and nonlinear optics fibers [7]. The Chen—Lee-Liu (CLL) Equation (1)
is a crucial tool for understanding the nonlinear propagation process of optical pulses in
optical fibers. However, as the field of ultra-short and high-power optical pulse research
develops, the CLL Equation (1) is no longer sufficient to precisely characterize the prop-
agation properties of optical pulses in specific situations [8]. In order to overcome this
limitation, we investigate the propagation of an optical pulse inside a monomode fiber,
which is described by the generalized Chen-Lee-Liu (gCLL) equation [9]:

. 1 .
iy + St — |u|?u +id|u|?uy = 0, )

where parameter 6 > 0 is typically linked to the phenomenon of self-steepening [10].
We incorporated a self-steepening term and a Kerr nonlinear term that has a significant
impact on the transmission of high-intensity optical pulses by modifying the group velocity
and pulse shape. The gCLL Equation (2) can accurately capture the dynamic changes in
group velocity resulting from variations in pulse intensity [11] with this modification. This
enhancement improves our ability to predict and evaluate the optical pulse propagation
behavior in optical fibers more precisely. Furthermore, this equation is utilized for studying
modulated wave dynamics of waves traveling through a single nonlinear transmission
network, with potentially valuable implications [12].

Several scientific studies have been conducted on the CLL Equation (1). It has been
studied using the Laplace—~Adomian decomposition method [13], the inverse scattering
transform [14], the Riemann-Hilbert method [15], and other methods [16-18]. At present,
there are few studies on gCLL Equation (2), including applying Lie symmetries to determine
the algebraic solution [9], applying Whitham modulation theory to solve the Riemann
problem [11], applying numerical calculation to find exact solution [19], etc. However,
the soliton solution of the gCLL Equation (2) and its stability have not been studied.

The soliton solution represents a class of localized traveling-wave solutions char-
acterized by a strict mathematical definition within nonlinear integrable systems. Its
fundamental feature lies in the precise balance between nonlinearity and dispersion effects,
which enables the solution to maintain lasting stability in waveform, velocity, and ampli-
tude during propagation. Furthermore, it exhibits complete elastic scattering properties
when colliding with other solitons; only a phase shift occurs without altering its dynamic
parameters [20-22]. The N-soliton solution, as an exact solution of the system contain-
ing N interacting soliton components, can be constructed through rigorous mathematical
methods such as the inverse scattering transform (IST) [23], Hirota’s bilinear method [24],
Darboux transformation [25], Backlund transformation [26], and so on. In the asymptotic
limit (t — $o0), it manifests as a linear superposition of N-soliton solutions propagating
at distinct speeds. Notably, all collision processes adhere to stringent conservation laws
regarding kinematic parameters, thereby providing an essential mathematical foundation
for assessing the integrability of the system.

Previous studies have demonstrated the applicability of the Riemann-Hilbert method
in solving the CLL Equation (1) [7], indicating its potential for solving the gCLL
Equation (2). The main purpose of this paper is to research a new integrable extension of
the gCLL Equation (2) and to derive its N-soliton solution. The soliton solutions existence
proves the complete integrability of gCLL equations, which makes it possible to study
nonlinear waves by analytical methods. The stability of solitons means that they can
maintain the integrity of the signal over long distances, which is particularly important for
fiber optic communication technology. In addition, the study of the stability and interaction
of soliton solutions has promoted an in-depth understanding of the theory of nonlinear
dynamical systems.
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The structure of this document is as follows. In Section 2, we will present the Lax pair
for the generalized Chen-Lee-Liu Equation (2). Subsequently, we will conduct a spectral
analysis leading to the formulation of a Riemann-Hilbert problem on the A-plane for this
equation. The specific Riemann-Hilbert problems with vanishing scattering coefficients will
be solved in Section 3. In Section 4, we will obtain N-soliton solutions for the generalized
Chen-Lee-Liu Equation (2) and provide partial three-dimensional schematic diagrams
illustrating single-soliton and two-soliton solutions. Finally, our conclusions are presented
in Section 5.

2. The Riemann-Hilbert Problem
2.1. The Lax Pair of gCLL Equation

Similar to the inverse scattering approach, the Riemann-Hilbert approach is thought
of as a direct scattering problem. Formulating the relevant Riemann-Hilbert problem is a
step in this process. Consequently, we apply the Jost solution to create the Riemann-Hilbert
problem at the outset of this study.

The Lax pairs of the gCLL Equation (2) are matrices defined as follows [11]:

D (x, 5A) =U(x, EA)P(x, L), Di(x, 5A) = V(x, EA)D(x, 5 A). 3)
Here,
U(x, A7) = Uppn  Upp  V(nEA) = Vi Va2 ’
u21 _ull V21 _Vll
where

ull = —L( 2 —52|M|2+1>, U12 = Z/l)\, U21 = —M*)\,

26
2 5 i
Vi = —@(AZ PJuf +1)" = J(wau” — ) — S Juf?,
1 20,12 i
Vip = ﬁ(/\ + 0% |ul +1>uA Eux/\,

_ 2 2012 N
Voy = — 25(/\ +62|ul +1) WA = SuiA,

Subsequently, Equation (2) is demonstrated to be equivalent to the gCLL Equation (2)
through a straightforward computation. The standard matrix commutator, in this case, is
denoted as [U, V] = UV — VU, and illustrated by the use of square brackets.

2.2. Spectral Analysis

The Lax pairs (3) of the gCLL Equation (2) may be obtained by applying the compati-
bility condition of the following two linear spectrum problems

Dye(x,hA) = — %(/\24—1)0(1)4— [AQ - QQ%}@

SR Sy 3~ 1i22 o3 1 i _
Bi(x,5A) = = 15 (A +1) U¢+{25/\Q ZAQU—#/\LQ + 250 2Qxa} Y}d),
where

Q_u(7+—u o—, Y = Q4 [Q/Qx]/

NPT
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In the discussion that follows, it is found to be more convenient to introduce a new
2 x 2 matrix spectral function | = J(x,t; A) defined as follows rather than working with
the original version of the Lax pair (3)

_ EIY i 2
CD—]exp{ 25(/\ +1)ox 4(52(/\ +1) at}
Here, we define
0=10- 2%,
2
V—i)&Q—iAZQZ +A éQ3+iQ—iQ —-Y @
2% 2RI T T T
Then, we obtain the equivalent Lax pair of J(x, t; A)
i .

]X+5(/\2+1)[0'r]} =Uuj, (5)
Ji + 5 (A2 120, ]] = V], (6)

462
where [0, ]| = 0] — Jo.

We now build two 2 x 2 matrix Jost solutions for the spectrum problem (5) taking into
account the direct scattering process, as shown in [27]:

J+ = (Uxl1, Ul2),

where [J+]; and [J+]; denote the first and second columns of the matrix []+], respectively.
In other words, both of them are 2 x 1 column vectors.
Under boundary conditions

Jr =1, x— Foo, (7)

where I is the 2 x 2 identity matrix. [J+] are uniquely determined by the Volterra integral
equations [28], and the Jost solutions that could be solved are

Ju(x,A) = T+ [ exp [w 1o - x)} C(E M) (2 A) exp {%(Az +1)o(x g)} d.

The diagonal form of ¢ and the structure of U in (4) allow us to observe that the first

column of J+ contains the exponential factor exp [%(/\2 +1)(x— C)} , while the second

column contains the element exp [%(/\2 +1)(¢ - x)} . This suggests that [J_]; and [J]2

are analytic for A € C; and continuous for A € C; U R UiR. As an alternative, [J]; and
[J-]2 are analytic for A € C_ and continuous for A € C_ U R UiR [29], where

C, = {/\arg()\) € (02) U (n32”> }
C_= {A|arg(/\) € <72T,7r) U (327-[,271) }

Here, we note that R UiR denotes the union of real numbers and pure imaginary numbers
within the complex plane.
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After defining E = exp [ - 2% (A% + 1)(7x} , we can easily compute J_E and J, E. Since

these two solutions to (5) are distinct, they are connected by a scattering matrix S(A) [29]:
J-E=]J+ES(A), AeRUIR. (8)

It can also be written as
J-=J+ES(ME7!, A €RUIR. )

From (9), det S(A) = 1 is obtained.
The determinants of ]+ are constants for all x, provided that tr(Q) = 0 and Abel’s
identity are satisfied [30]. Combining (7) with the boundary conditions, we can obtain

detJi =1.
Then, for x — +00, scattering matrix S(A) can be given as
S(A) = (Sij)2><2 = xgl};loc E_1],E

=T+ /_:o exp [215(?\2 + 1)06} Uj- (g, A) exp [— %(?\2 +1)o¢|di, AeRUIR

To obtain the behavior of the Jost solution for a very large A, we need to consider the
following expansion [31]:

1
J= ]+h /{22+(’)</\3), A = co. (10)
After comparing the coefficients of A and substituting (10) into the spectral problem (5),
it becomes
5 i
) ol =
0W): 3510711 = Qh

O) : Jox + 5[0 Jo] + 551, o) = O — 5 Q0

Upon observing the diagonal element of O(1), we obtain

2% [U Jil =QJo, Jox =0.

There exists a solution Q of the gCLL Equation (2), and it can be easily seen that Jy = I, so
we have

25[0 il =Q.

To formulate the Riemann-Hilbert problem, it is necessary to establish a new Jost
solution for (5) as

521

Py = ([J-Ji, [J+]2) = J+E (S” 2) E' =] ES,E},

which exhibits asymptotic behavior at large A and is analytic for A € C as

P+—>H, )\EC+—)OO.
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The analytic matrix P_ in C_ is then constructed, taking into account the adjoint scattering
equation of (5) [32]:

i, -
K+ 55(A* 4+ 1)[o, K] = K. (11)

The adjoint Equation (11) and the boundary conditions J;! — T as x — oo are clearly
satisfied by J;'. Furthermore, it can be observed that the matrix function ([J=']*, [J:1%)T
is analytic in A € C_ using a similar approach as before. For convenience, we designate
the k-th row vector of J:! as [J1!]¥, k = 1,2. This allows us to define a matrix function
as follows

P—(U*PJEH%T—E(%lrf)B*ﬂﬂ—ER+B*ﬂ%

where
R(A) = (rij)axa = ST (A).

P_ exhibits asymptotic behavior and is analyticin C_ as
P —-1I AeC. — oo

For each A € Cs, there exist two analytic matrix functions P4 (x, A). Furthermore, it
has been established that the solution to the gCLL Equation (2) can be obtained by solving
a Riemann-Hilbert problem using these two functions as described below [31]:

P_P, = G(x,A\) =ER,S,E ' = E( 1 ru) £l
521 1

1 exp [ 124 1)x} 12 (12)

exp [%(/\2 + 1)x} o1 1

We apply the identity s11711 + s12721 = 1in (12). For this specific Riemann-Hilbert
problem, the jump matrix is denoted as G = G(x, A) in (12), and the canonical normalizing
conditions are: Py -, A € Cy — 4o0,and P— -, A € C_ — —o0.

3. Inverse Scattering Transform

The Riemann-Hilbert problem (12) needs to be solved in order to investigate the
inverse scattering transformation of (2). It is evident that, generally, the problem (12) does
not have a unique solution unless the zeros of det P, and det P_ are specified. The kernel
structures at these locations can be found in [31,33-35]. To proceed with this examination,
we will now consider the potential zeros of det Py and det P_. By recalling the definitions
of Py and P_, we have

detPy(A) =s11(A), A€Cy, (13)

detP_(A) =r1(A), AeC_. (14)
To obtain these zeros of P+, we observe the symmetric relationships of Q,
Qr=-Q Q'=-Q
where the superscript t denotes the Hermitian conjugate. Therefore, we obtain

Jo(x,t,—A) = 0]+ (x,t,A)o, and JL(x,t,A*) = JE (%, t,A), A €R UIR.
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There, it follows from (8),
S(=A) =0S(A)o, and ST(A*) = S71(A) = R(A), A€ R UIR,
which gives the following relationships
si(=A) =su(A), AeCy, (15)
—521(—)\) = 571 ()\), A € R UIR,
si(A") =ru(A), AeC, (16)
s51(A*) =11 (A), A €RUIR.

Moreover, we can derive the following relationship from the definitions of P, and P_:

P+(/\) = 0'P+(*/\)0', AE C+, (17)
PI(A*)=P_(A), AeC-. (18)

From (13)—(16), it can be inferred that if A is a zero of the determinant of P, then A* is
a zero of the determinant of P_, and —A is another zero of the determinant of P,. It is
assumed that the determinant of P4 has 2N simple zeros, denoted as /\]- (1 <j<2N),
satisfying the condition that Ay, = —A; (I = 1,2,...,N), and all these zeros are in
region C4. Simultaneously, the determinant of P_ possesses 2N simple zeros denoted as 5\]-
(1 <j <2N) inregion C_. Furthermore, it holds that ;\j = A]’f [36,37].

To solve the Riemann-Hilbert problem (12), we define v; as a non-zero column vector
and 9; as a non-zero row vector, both satisfying

Py(Aj)vj =0, 9;P_(A;) =0. (19)

From (17)—(19), we can derive the following relationship

U]‘ZU’U]‘,N, (N+1 S]SZN)/ (20)
o =of, (1<j<2N). (21)

Then, we obtain the vectors v;, (1 < j < N). By taking the partial derivative of
P4 (A;)v; = 0 with respect to x and applying (5), we derive
i

Pr(A)) (0% + 55(A] +1)ow) =0, (1<j<N),

i

55 (A2 +1)ox (o0, (1<j<N). (22)

Z)j = exp

So far, we have focused solely on solving the gCLL Equation (2) at a fixed time.

In order to find solutions of (2) at any given time, it is necessary to understand the temporal

evolutions of the scattering data [38]. Utilizing (6) and (9), along with the rapid decay of u
on the boundary, we derive

i

5 ="

(A2 +1)2[o,S]. (23)
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Equation (23) yields the time evolution of the scattering matrix entries,

S11,t = s = 0,

1
s12 = 512(A,0) exp [— ?()\2 + 1)21‘} ,

S21 = S21 ()\ 0) exp l: 252 (/\2 -+ 1) :|
Taking in account (6), we gain
dA;
U],t 452 (/\ + 1) (T'U dt 0.

Therefore, v; is independent of x.

In this paper, we only consider the RH problem without reflection. As explained
in [36,39—-41], to derive soliton solutions for the gCLL Equation (2), we choose the jump
matrix G to be the 2 x 2 identity matrix. This guarantees that the reflection does not exist in
the scattering problem by setting the vanishing coefficient s»; = s1» = 0. Thus, the solution
to this Riemann-Hilbert problem can be represented as [15,31,33,36]:

2N 2N UkU](M k—

—H—ZZ , (24)

my = s, 1<k j<ON. (25)

With the assistance of (25), we will restructure the potentials u. In fact, it is necessary
to consider the asymptotic expansion of P, as

1) )
P P 1

when A — oo, from which we derive

I Y
Q=55 7P
Subsequently, a direct calculation yields the potential function
i

u=5 (") (27)

where (PJ(:) ) denotes the entry in the (1, 2) position of the matrix function PJ(:). Combin-
12

ing (26) with (24), we can derive the function PS) as follows

2N 2N

P == Y Y oty (M) (28)
k=1j=1
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4. Soliton Solutions
4.1. N-Soliton Solutions

To deduce the solutions for the gCLL Equation (2), it is necessary to derive the temporal
evolutions of the scattering data. Combining (20)—(22), we obtain

exp (0:0)vig, 1<j<N,
{ P(])],O ] 29)

Uj =
g exp (ijNO—)Uij,Or N+1 S ] S ZN,
t * H
5 ;o exp (9]- (7), 1<j<N, 30)
j vthlo exp (07 yo)o, N+1<j<2N,
where 6; = ~35 ()\2 +1)x — 452 ()\2 +1)%t, with A; € C4, and v being complex constant

vectors. The complex constant vectors v; g are then defined as («;, /3]) ,for (j=1,2,..,N).
Utilizing (27)-(30), the N-soliton solution formula for the gCLL Equation (2) is derived
as follows

U= %(PJ(:)>12 =~ L T arBj exp [gk - 9]*} (Mil)kj
+3 Tl TNt aBi_y exp {gk - Gf—N] (M)

N * * -1 (31)
-3 Zk N+1 Zj:l “ka,B]' exp [Qka - 9]'} (M )kj
+5 ey N+1 Z]ZEN+1 ap—NBj_N exp [gka - Gth} (Mil)kj’
where M = (1my;)2nx2N is a non-singular matrix with
apoj exp {9,’; + 6]} + BiBjexp {— 0 — 6]}
A=A /
1<kj<N,
AN exp [6,’; + Gj_N} — BiBj-nexp [— 0F — Gj_N}
—A-N = A '
1<k<N,N+1<j<2N,
mkj =
N JeXP[ N+0} Pr-nBjexp [ N 91}
}\]‘ + Aka !
N+1<k<2N,1<j<N,
fp_NOj—N exp [ kN T 0 N] + Br_nPj-nexp [ O N ej*N}
_)\ij + Aka !
N+1<kj<2N.
_ 2 2 H—
and 0; = —25(/\ +1)x — @(A -I—l) t,AjeCy,j=12,...,N.
In order to satisfy the condition Ay y; = —A;, (I = 1,2,...,N), it was postulated

that det P has a total of 2N simple zeros in C;. This hypothesis led to the derivation
of the formula for the N-soliton solution (31). According to this assumption, each zero
A;j possesses a non-zero real component. We will now consider another type of zeros of
det P, in order to obtain alternative soliton solutions for (2). In this scenario, we assume
that each A, is purely imaginary, and that det P} has a maximum of N simple zeros in C..
Consequently, we denote by A; = /\]’-‘ that det P_ contains N simple zeros. The column
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vectors v; and the row vectors 9;, which satisfy P, (A;)v; = 0, are obtained similarly
as (29) and (30). The expressions 0P ()A\]-) = 0 can be computed in each case as follows

vj = exp (9j0> vjo, 0= U}IO exp (9}‘(7), 1<j<N,

where 6; = —2—15()\]2- +1)x — ﬁ(/\f +1)2t, and vj0 = (wj,B;)T are complex constant
vectors. Then, analogous to the derivation of the N-soliton solution (31), another N-soliton
solution for the gCLL Equation (2) is obtained.

. N N
u= —% k:”; zxle;‘eXp [Gk - 6]*} (Mil)k]‘, (32)

B apojexp [6}; + 6]} + BrBjexp [— 0 — 6]}
NxN Aj— A

where myj = (mk]-) , 1<k j<N.

4.2. Single-Soliton Solutions

The simplest scenario arises when N = 1 in the formula for the N-soliton solution (31).
To illustrate the single-soliton solution explicitly, we specifically assume that A, = a1 +iby,
where (a7 # 0, by > 0). As a result, an exact soliton solution of the gCLL Equation (2) is
derived from (31):

i My + Mip — Mo — My
U=— g(xlﬁ’{exp [91 — 9}‘} ™ ,

where M = (mkj)2><2 with

|¢t1|2 exp [91* + 91] + \ﬁl\zexp [— 07 — 91}

= 2ib ’
o exp [0} + 6] — |81 exp | — 67 — 1]
my = a0 ,
o1 *exp (67 +61] — |1 exp | — 67 — 6]
mp1 = 2a; ’
|0c1|2 exp [9{ + 91} + \,Bl\zexp [f 07 — 91]
o = ~2ib, ’

and 91 = —%[({11 + ibl)z + 1]x - ﬁ[(b‘ll + ibl)z + 1]2t, while miy1Mipp — MqpMnq 75 0.

Similarly, we can obtain another single-soliton solution from (32). Setting

ﬁlﬁT — 6721’]1
* 7
x1oq

then we obtain bif:
1 * *
U= 5“{ exp {91 —0] + 771} sech (91 +0] + 171). (33)

The propagation characteristics of single-soliton solution u in (33) are shown in
Figure 1.
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(© (d)

Figure 1. (a) Modulus of the single-soliton solution u in (33) with a; = 05,b; = 1,47 = 2i,
B1 = —5i, 6 = 1. (b) Modulus of the single-soliton solution u in (33) witha; =1, b; =1, a1 =2,
B1 =1, 6 = 1. (c) The soliton along the x-axis with different times in panel (a). (d) The soliton along
the x-axis with different times in panel (b).

Single-soliton solutions are of great importance in fiber optic communications because
they are able to maintain signal integrity over long distances. By analyzing the propagation
properties of solitons, we find that there are two types of solitons: periodic collapse solitons
and non-singular solitons.

In the case of periodic collapse solitons, their amplitude increases periodically to
infinity or decreases to zero. It is a property that may be used in practical applications for
specific optical signal modulation techniques. Non-singular solitons maintain constant
amplitude and do not collapse during propagation. This stability makes them an ideal
information carrier in optical fiber communication.

Figure 1 shows the modulus of two single-soliton solutions. It can be seen from
Figure 1a,c that periodic collapse solitons exhibit periodic amplitude changes during
propagation. In Figure 1b,d, the amplitude of the non-singular solitons remains stable
at different times. The stability characteristics of these two soliton solutions provide a
theoretical basis for the design of optical fiber communication systems, especially in the
high-power, ultra-short pulse transmission scenarios.

4.3. Double-Soliton Solutions
By taking N = 2 in (31), we can obtain the double-soliton u

U= —jYi1 L akexp [ek - 9]*] (M1); + § Tiog Djms axexp [Gk - 9]‘*—2] (M),
-3 Z%:S Z;z':l Xk—2 €Xp [9k72 - 9]*] (M_l)kj +3 Z%:a Z?:a Xk—2 €Xp [9k72 - 9;12] (M_l)kj’
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where M = (mk]')4><4 with

myp =
mp =

mi3 =

M3 =
Mg =
mzp =
Mgy =
msz =
m3zq =
My =
My =

my3 =

Myy =

i

and()j: Y

|1Jc1|2 exp [9{ + 91} + \ﬁ1|2 exp [f 07 — 91}

M — AT ’
ajay exp [91‘ +92} + BiB2exp {— 07 — 92]
Ay — AT '
o exp [6f + 61| — B2 exp | 6] — 1
A — AT ’
ajao exp [95 —|—91] — BiBaexp {— 05 — 91]
—Ap — AT '
ayng exp [9; + 91} + B3B1 exp {f 65 — 91]
A — A '
|oc2|2 exp [9; + 92} + \/32|2 exp [— 05 — 92}
Ay — A '
ajoq exp [9; + 91} — B3B1exp {— 05 — 91]
—A — A% '
02l exp (65 + 62 — |Baf* exp | — 65 — 6]
A — A '
|1 |* exp [QT +91} — |B1l*exp [— 01 —91]
M+ AT ’
wjazexp (6] + 0] — BiBaexp [ — 0] — 62]
A Jr}q !
a1 |* exp [91* + 91} + |B1)*exp [— 07 — 91]
AT ’
wiazexp (0] +62] + BiBaexp [ — 0 — 6]
—An Jr/\i‘ ’
ajoy exp [95 + 91] — B3B1exp {— 05 — 91]
M+ A '
|1ch|2 exp [9; + 92] — \[52|2 exp [— 05 — 62]
A+ A3 '
wjarexp [0 + 01| + B3Brexp [ — 65 — 1
At '
|0c2|2 exp [9;‘ + 92} + \ﬁ2|2 exp [f 05 — 92]
—Ay -‘r—/\; !

(A2 +1)x — ﬁ()@ +1)%, while j = 1,2.

Similarly, when N = 2 in (32), we can obtain another double-soliton solution u

u=—

SSTESS

i

5|M]|

2 2
1(:21]; o exp {Gk — 9]*} (M_1>kj

(a1B1ma + a1 Brmin — apfimyr — apPsmiy), (34)
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where M = (mkj)2><2 with

|1Jc1|2 exp [91‘ + 91} + \/31|2 exp [f 0 — 91}

myp = A ,
ajay exp [91‘ + 92} + BiB2exp [ -0 — 92}
miz2 = A=Al ’
ajal exp [9; + 91} + B1B5 exp [ — 05 — 91}
My = FRpY: ,
a2l exp [85 + 6] + Bl exp [ 65 — 03]
Mpp = N2 A3 ,

and mqymy — mipmay # 0.

Research on the double-soliton solutions of gCLL Equation (2) are mainly divided
into two categories: collision of solitons and non-collision of solitons. The propagation
characteristics of double-soliton solution u in (34) are shown in Figures 2-9.

In the actual optical fiber communication system, the optical pulses may interact with
each other, so it is important to study the interaction characteristics of the double-soliton
solution. By analyzing the solution of double solitons, we find that the interaction is mainly
divided into collision and non-collision cases.

When two solitons do not collide, their directions of motion may be parallel or offset
due to interaction. In the case of parallel motion, as shown in Figure 2, the double soliton
solution has similar stability to the single soliton solution, and its amplitude does not
change with time.

(b) ©

Figure 2. (a) Modulus of the double-soliton solution via (34) with 6 = 2, and Ay = %(\@ —1i),
Ay = —%(\/3—4—1), a; = —0.2, ap = —0.5, B = —0.1, B = —0.3. (b) The density distribution of
double-soliton solution in panel (a). (c) The double-soliton solution along the x-axis with different
times in panel (a).

In the other case, when the direction of motion is shifted, the solitons’ stability is still
maintained despite the interaction between them (see Figure 3).

When two solitons in a double soliton solution collide, there are three main cases: the
cross collision produced by the breath, the energy at the collision increased, and the energy
at the collision decreased.

Figure 4 shows that under the cross collision of solitons, the solitons appear as
breathers, as shown in Figure 4a,b. With the change in the real part of A, the respira-
tory characteristics of the breathers disappear, and the respirators transform into periodic
waves, as shown in Figure 4c¢,d.
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(b)

Figure 3. Moduli graphic of the double-soliton solution (a) and its density distribution (b) with
§=2A =—-1+405, A =05—1, a1 =1, a0 =1, By =i, fo = 1.

Figure 4. Moduli graphics of the double-soliton solution and its density distribution via (34)
withé = 2and (ab) Ay = 14+05i, A =i, a7 =1L, ap = 1,8 =1,8 =1, (¢cd) Ay = 15,
A2:1.li,a1:1,a2:1,‘31:1,,32:1.

Due to the nonlinear superposition effect of the two solitons and the interaction of
the two solitons, the energy is concentrated in the central collision region, and the energy
of the collision point is increased. In Figure 5, the energy of the two solitons in Figure 5a
is enhanced only at the collision, and the energy remains unchanged before and after the
collision, showing good stability. In Figure 5b, we can observe that one of the periodically
collapsed solitons decays its amplitude after the collision, while the other non-singular
soliton maintains its amplitude before and after the collision. Both solitons in Figure 5c
have amplitude attenuation after collision.

In contrast to the increased energy, the energy will be dispersed at the collision center
due to nonlinear effects, which will reduce the energy at the collision point. Similar to
the situation in Figure 5a, the energy of the two solitons in Figure 6a only decreases at
the collision, and the energy remains unchanged before and after the collision; they also
have good stability over a long period of time. One soliton in Figure 6b is unchanged in
amplitude, while the other is stabilized after attenuation. The two periodically collapsed
solitons in Figure 6c, both experienced attenuation.

In particular, as shown in Figure 7, when the two collider solitons are periodically
collapsed solitons, the energy increase or decrease at the collision center is small, and it
has good stability, which will also provide meaningful theoretical support for the gCLL
Equation (2) and the study of simulating ultra-short and high-intensity pulse transmission
in nonlinear optical media.

In scenarios where there is an increase or decrease in energy at the collision point,
the nonlinear superposition effect and interactions between solitons lead to a concentration
or dispersion of energy within the collision region. By adjusting various parameters, we
observe the stability of solitons under different energy variations. These findings offer
significant theoretical support for analyzing the stability of multi-pulse transmission in
optical fiber communication.
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()
Figure 5. Moduli graphics of the double-soliton solution and its density distribution via (34)
with § = 2 and (ad) Ay = —05+4+i, A = 1-05,a7 = La = 1,8 = 1,8 =1

be)A =142i, A =1—1, a1 = 4(44—1), ay = 2i, /31 = %(1—81), B2 =05 (c.f) A; = -05+1i,
A=1-05i,a1=1a=1+1, =1 B =1

(d) (e) ()

Figure 6. Moduli graphics of the double-soliton solution and its density distribution via (34) with
0 =2and (ad) Ay = 07402i, Ay = —02+0.7i, 0y = —i,ap = 0.5i, f; = i, B = —0.5i;
(be) Ay = 1405, A = —05+4+i,a; = 07i,ap = 07+03i, By = 03i, 2 = 034 0.75;

(c£) 14051, Ay = —0.5+1i, a3 = —i, ap = 0.5+ 0.5, B =1, B» = —0.50.

For the research of soliton solution dynamics, it is necessary to consider the influence
of rogue waves on soliton stability. After study, Figures 8 and 9 show several representative
strange waves in the gCLL Equation (2).

The three rogue waves in Figure 8 are produced when soliton collisions occur.
The strange wave in Figure 8a is the most common type, and the energy of the soliton in
the collision increases dramatically, several times higher than the original amplitude of the
soliton. The solitons in Figure 8b are decaying in central energy. Before the collision, we
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can observe a surge in energy and then a sharp decline in amplitude. Unlike Figure 8a,b,
the solitons in Figure 8c do not experience a spike in energy at the center of the collision.
The spike in energy is experienced at some point before the collision occurs, and then
returns to normal.

(b)

Figure 7. Moduli graphic of the double-soliton solution (a) and its density distribution (b) via (34)
with5:2,)»1 = 1+21, )\2 :2—1,111 =1, L%) =i, ,31 =i, '322 1.

()

Figure 8. Moduli graphics of the double-soliton solution and its density distribution via (34)
with § = 2and (ad) Ay = 14050, Ay = 05—1i, a7 = 2 (2+i),ap = i, f1 = (1 -3i),
Bo =1 (be) Ay = 1+2i,A =11, = 4(4—!&), ay =1, 61 = 4(1 —4i), B = 0.5i;
©H A = 2(1+4i), Ag = 2(1—2i), a1 =i, ap = 1, By = 050, B = 1.

The two rogue waves in Figure 9 are produced when the two solitons do not collide.
In Figure 9a, the energy of the two solitons increases significantly when the two solitons
are closest to each other under the interaction. Similar to Figure 8c, in Figure 9b, solitons do
not experience a sudden increase in energy at the closest point but a sudden, sharp increase
at some point and then a return to normal.

Clearly, by adjusting different parameters, numerous phenomena worthy of further
study can still be observed. We will continue this discussion in subsequent research
endeavors.
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(d)
Figure 9. Moduli graphics of the double-soliton solution and its density distribution via (34)
with 6 = 2 and (ab) Ay = —14+05i, Ay = 05—, a7 = 1, a0 = —i, ‘31 = —i, /32 =1,

(d) Ay =—1405i, Ay =05—1i, a1 =1, ap = —i, By = 051, B = —0.5.

Remark 1. We observe that by removing the self-gradient term and setting 6 = %, the resulting
N-soliton solution (31) aligns with the N-soliton solution of the CLL Equation (1).

N N
U= Zik;; P exp [ek - gﬂ (M_1>kj

N 2N

+2i) ), wpiyexp {Gk - ef—N] (M_l)kj

k=1j=N+1
2N N

-2 ) Eﬂékaﬁ}F exp [kaN N GJ*} (Mil)kj

k=N+1j=1
2N 2N

2 k:§+1 j:%:ﬂ &—NPBj N exp [gk_N N 9}‘_1\]} (M_l)kj’

where M = (my;)anx2n is a non-singular matrix with

agojexp {9,}* + 9]} + BiBjexp [_ O — 9]}

A=A '
1<kj<N,
Qg N exp [9;{“ + Gj,N} — BiBj-nexp [— 0 — Gj,N}
AN A '

1<k<N,N+1<j<2N,
0p_ N0 exp [975—1\1 + 91} — Br_nBjexp [ 0N~ 9]‘]
)\]' + )LZ—N ’
N+1<k<2N,1<j<N,
fp_NOj—N eXp [%LN + 9]'—N] + Br_nBj-Nexp [ — N J'—N]

—Aj-Nt AN

mkj =

7

N+1<kj<2N,

and 0; = —iAfx —iAft, Aj € Cy, j=1,2,...,N.

Although the coefficient of the second-order partial derivative term of u with respect to x differs
from that of the CLL Equation (1), resulting in a different form for 0;, the characterization of the
N-soliton solution remains consistent.

Furthermore, setting 6 = % and removing the self-gradient term, (32) reduces to another
N-soliton solution for the CLL Equation (1).

U= —2i % % apjexp {9’( — 6 ] (M_l)kj'

k=1j=1
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B apojexp [0;; + 6]} + BrBjexp {— 0 — Bj]
NxN Aj—Af

where myj = (mk]-> , 1<k j<N.

5. Conclusions

In this paper, we study a variant of the Chen-Lee-Liu Equation (2) and obtain its
N-soliton solution by the Riemann-Hilbert approach. We start by conducting spectral
analysis of the Lax pair of the generalized Chen-Lee-Liu Equation (2), and then formulate
a Riemann-Hilbert problem on the A-plane. By solving specific Riemann-Hilbert problems
with vanishing scattering coefficients, corresponding to reflection-less cases, we obtain
N-soliton solutions for (2). The main procedure involves utilizing the symmetry relations
of the potential matrix Q. Using these symmetry relations enables us to analyze the zeros of
det P and det P_. It is noteworthy that the well-known Chen-Lee-Liu equation, an impor-
tant model in fiber optics, is a special case of our proposed generalization. Consequently,
N-soliton solutions for the Chen-Lee-Liu Equation (1) can be derived by reducing those
for (2). Furthermore, by adjusting parameters and conducting comparative analyses, we
generate three-dimensional soliton images that warrant further exploration. The stability
of soliton solutions is essential for maintaining communication signal integrity, offering
new insights into light pulse propagation behavior within optical fibers.

Finally, it is worth noting that a thorough investigation of the long-term asymptotic
behavior of soliton solutions can be attempted via the Riemann-Hilbert approach to ex-
amine the asymptotic stability of the solutions [42], particularly when the generalized
Chen-Lee-Liu Equation (2) is irregular. However, there are various other efficient tech-
niques available for obtaining accurate solutions for nonlinear evolution equations, such as
the Darboux transformation [43], the dressing method [44], the bilinear method [45], and so
on. The consideration of whether these methods apply to the generalized Chen-Lee-Liu
Equation (2) will be reserved for later discussion.
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