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Abstract

This study aims to propose a class of binary Darboux transformations for an integrable
nonlinear Schrodinger system with two symmetric matrix potentials. The associated
Lax pairs of AKNS type ensure the existence of these binary Darboux transformations,
whose explicit single-step applications yield soliton solutions. Notably, the M-matrix
appearing in the formulation of the binary Darboux transformations must be constructed
within an extended framework, allowing for cases where eigenvalues coincide with adjoint
eigenvalues, thereby encompassing generalized Darboux transformations as well.
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1. Introduction

Integrable models play a fundamental role in the study of important coherent struc-
tures, such as solitons, breathers, lump waves, and rogue waves. These systems are
often constructed from Lax pairs consisting of spatial and temporal matrix eigenvalue
problems [1]. Based on such Lax pairs, a variety of analytical techniques have been system-
atically developed for solving integrable models, including the inverse scattering transform,
Darboux transformations, and the Riemann-Hilbert approach (see, e.g., [2-5]).

A Lax pair defines two linear eigenvalue problems:

pr = Up = U(u, \)§p, pr =V = V(u,A)¢, 1)

where U and V are square matrices, u = u(x,t) is the potential, and A is the spectral
parameter. The Lax pair determines an integrable model [6], through the compatibility
condition ¢y; = ¢ry, which is equivalent to the zero-curvature equation:

U — Ve +[U, V] =0. (2)
The corresponding adjoint matrix eigenvalue problems are defined by
Yx = —pU, P = —yV, 3)

whose compatibility condition ¢x; = ¥ty leads to the same zero-curvature equation as
in (2).
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In this study, we consider an integrable nonlinear Schrodinger (NLS) system with two
symmetric matrix potentials p and g:

1 1
pr=5(per = 2pp), gt = =5 (@ —29pq), p' =P, ' =4 (4)
This system is associated with the following Lax pair, which belongs to the symplectic Lie
algebra sp(2m):
U ALy P ,
g —Aly

I 0 0 -
0 —In q 0 G —qp
where I, is the m x m identity matrix, and p and g are m x m symmetric matrices.

A binary Darboux transformation (DT) is implemented via a gauge transformation
(see, e.g., [7]):

¢ =St ¢ =S, ST =ST(u,A), ST =5 (u,A), (6)

where ST and S~ are mutual inverses and can be derived from an M-matrix formulation
(see, e.g., [7] or Section 3 for a general framework). The key transformation conditions are:

SH(ST) T+ stu(st)t =u/,r), -
SH(SH 1 +stv(st) L=V, A),
where
u' = f(u). 8)

Consequently, ¢’ and ¢’ form a new pair of eigenfunction and adjoint eigenfunction,
satisfying the eigenvalue problems:

¢r=U'¢, ¢y =V'¢, ©)

and
¥y = —y9'U’, gy = —y¢'V, (10)

where U’ and V' retain the same structure as U and V, namely,
U =u@,r), v =vu, ). (11)

These transformed eigenfunctions ensure that the new Lax pair (U’, V') still satisfies the
original zero-curvature equation, with u being replaced by u’. Hence, the transformed
potential u’ provides another solution to the integrable model associated with the given
Lax pair (U, V).

In soliton theory, binary DTs have been widely applied to integrable models, including
the NLS system, the modified Korteweg—de Vries system and the modified Kadomtsev—-
Petviashvili equation (see, e.g., [8-11]), particularly for constructing N-soliton solutions, as
well as breather, rogue, and lump wave solutions. In the case of Lax pairs with reductions, it
has been noted recently (see, e.g., [8]) that orthogonality conditions between eigenfunctions
and adjoint eigenfunctions must be imposed, especially when eigenvalues coincide with
adjoint eigenvalues.
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In this paper, we propose a class of binary DTs for the matrix integrable NLS system
with two symmetric potentials introduced above. These transformations are constructed
via an M-matrix generating procedure, which requires an extended formulation of the M-
matrix to accommodate the case where eigenvalues may coincide with adjoint eigenvalues.
Single applications of the proposed transformations yield explicit soliton solutions. The
paper concludes with a summary of the main results and concluding remarks.

2. An Integrable NLS System with Symmetric Matrix Potentials
Let m be an arbitrary natural number. We consider the following coupled system of

integrable NLS equations:

1
pr = 5 (pxx —2pap),
(12)
1
gt = —5 (qxx = 2qpq),
where p and g are two m x m symmetric matrices. This model is generated from the Lax
pair of matrix eigenvalue problems:

(PX - U(Pr (Pt - V(P/ (13)
where U and V are associated with the symplectic Lie algebra sp(2m) and are given by (5),
namely,
L, O 0 p
U=U(u,A)=AA+P, A= , P = , (14)
0 —1Iy g 0
and 1
V=V(,A) = A2A+ AP~ SA(P2 = Py), (15)

with u = u(p, q). The symmetric conditions p” = p and g7 = g are equivalent to the reduction

APA™' = —PT, A = 0 In , (16)
—In O

which ensures that P, and hence U and V, lie in the symplectic Lie algebra sp(2m).
The coupled integrable NLS system (12) possesses an infinite number of commuting flows:

[k+1]
up = XM = X[k]<u) - [_Zsc[k-kl]] k=0, (17)

which are generated from the Lax pair (U, VI ), where

M= 3 kil = [a0 b
v :l;)/\ wil, whl= |- (18)
Here, the Laurent series
W — Z WA=l wlol = A, (19)
I>0
is assumed to solve the stationary zero-curvature equation Wy = [U, W]. To uniquely

determine the hierarchy, we impose the normalization condition wll lu=0 =0, I > 1 (see,
e.g., [12-14]). The member corresponding to k = 2 is precisely the matrix integrable NLS
model (12), since

v = A2l w4 w2, (20)
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The commutativity of these flows,
[xH, x17 .= x®7 @) [xH) — xWw)[xH) =0, k1 >0, (21)

can be verified using the Lax operator algebra (see, e.g., [12]).

The integrable NLS model (12) encompasses typical examples of coupled integrable
systems and further extends the class of multi-component integrable NLS-type models (see,
e.g., [15-18]). Through appropriate reductions, one can derive scalar or matrix integrable
equations. For example, by taking

V2 1. V2 4 1.
p(t,x) = TU(Elt,lx), q(t,x) = iTU (ilt,zx), (22)
where 1 denotes the Hermitian conjugate, the model (12) reduces to the matrix focusing or
defocusing NLS equation:

iU 4+ vy £ 00TV =0, (23)

where v is a square matrix. A linear combination of this equation with the first linear
member of the hierarchy (corresponding to k = 0) provides a mathematical framework for
describing soliton formation and evolution in fiber lasers (see, e.g., [19]). Furthermore,
when v is scalar, the matrix equation further reduces to the standard scalar focusing and
defocusing NLS equation:

ivy + vy £ 0?0 =0, (24)

which has various applications in nonlinear optics [20].

3. Binary Darboux Transformations

For the matrix integrable NLS system (12), associated with the Lax pair (13), we aim to
construct a class of binary DTs. This is achieved by employing pairs of eigenfunctions and
adjoint eigenfunctions, together with an M-matrix formulation, to systematically generate
the binary DTs.

3.1. The Unreduced Case

Let N be an arbitrary natural number and let u be a given solution of the integrable
NLS model (12). For the Lax pair (13), with U and V defined by (14) and (15), respec-
tively, we construct a class of binary DTs based on N pairs of eigenfunctions and adjoint
eigenfunctions, in the case of unreduced matrix potentials p and 4.

Assume that, for given eigenvalues A; and adjoint eigenvalues A; (1 < i < N),
the corresponding eigenfunctions v; and adjoint eigenfunctions 9; satisfy the matrix
eigenvalue problems:

vix = U(u, Ay)vj, vip = V(u,Aj)v;, 1 <i <N, (25)

0y = —0;U(u, A;), 0,y = =0,V (u,A;), 1 <i<N, (26)

where U and V are defined by (14) and (15), respectively. These eigenfunctions and adjoint
eigenfunctions serve as the fundamental building blocks for constructing N-fold binary
DTs. This framework enables the generation of new solutions to the coupled integrable
NLS system (12) through a superposition principle.

A crucial step in constructing the N-fold binary DTs is the introduction of an N x N
matrix M = (m;;), whose entries encode the interactions between the eigenfunctions and
adjoint eigenfunctions [10]. Specifically, we define
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0;0; A
17]A if )\] 7& )\i,
M = (mij)NxN, ml-]- = A] - /\i where 1 S l,] S N, (27)

m;?]-(x, t), if )\] = /A\Z‘,
where v; and 9; are the eigenfunctions and adjoint eigenfunctions introduced in (25) and (26).
The entries m¢ (x t) are placeholders for the coinciding-eigenvalue case A; = A;, defined by
l]x =0,0;v;, if Aj = (28)

and

1]t =0; E,‘]'U]', if /\] = )A\i, (29)

where 1 <i,j < N. Here

~

U(u, )\]) — U(u,;\i) AT — V(M, )L]) — V(u, )\1')

0 = , By = <
K Aj— A

=\ +A)A+P. (30)

This M-matrix plays a central role in forming the higher-rank projector that defines the
binary Darboux matrices.

When the N x N matrix M defined in (27) is invertible, we can construct the N-fold
binary DTs as follows. More precisely, the Darboux matrices are defined by

N o. (M 1)..5;
St=S"AN)=Lm— Y, ulM™ )i

ij—1 A=A
(31)
ST =S5 (A)=hu+t Z oM
= = lom AoA,
ij=1
together with their leading-order terms at infinity:
ST = lim [A(SF(A) — L)) (32)

A—r00

Here v; and 9; are the eigenfunctions and adjoint eigenfunctions defined in (25) and (26),
respectively.

Based on the binary DT theory, we need to verify the following two gauge conditions.
The first condition is

ST =u'st -stu, (33)
where
U =AA+P, (34)
with
/ 0 p/ + _
P = 7 0 =P+SIA+AS]. (35)
The second condition is
S =V'st—-stv, (36)
where 1
V' = A2A+ AP — EA(P’z —P)). (37)

Verification of (33) and (36) ensures that a class of binary DTs can be established for the
coupled integrable NLS system (12).
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We remark that if the eigenvalues satisfy the non-degeneracy condition
MII<i<NIN{A|1<i<N}=@ A #M, A #4;, 1<i,j <N; (38)

then (31) reduces to Darboux matrices in the standard N-fold DT formulation, which has
been extensively analyzed in the literature (see, e.g., [3,5,21-23]). If some eigenvalues
coincide with adjoint eigenvalues, then the matrix M must be chosen with care, and the
resulting construction leads to more intricate solutions [10]. Such situations naturally arise
in the context of spectral matrices associated with symplectic Lie algebras.

We can now readily establish the following three propositions, as has been done in
many other cases (see, e.g., [8,10]).

Proposition 1. For the Darboux matrices defined in (31), the following properties hold:
ST(A)v;=0,9,5"(A;)=0,1<i<N, (39)
provided that S (A;) and S~ (A;) are well-defined.

Employing the formulas for the two Darboux matrices ST and S~ in (31), one can read-
ily derive their partial fraction decompositions, as summarized in the following proposition.

Proposition 2. Let ST and S~ be the Darboux matrices defined by (31). Then their partial fraction
decompositions are given by

St = Ly — é ;f_AvAl 5 = by, +ié - f’A; (40)
where the vectors vM and oM are defined in terms of the N x N matrix M as
(U{VI, véw, e ,vAN’I)M = (v1,v2, - ,UN), a
M@, (04T, -, (08)T)T = (8T, o+, 6})T.
From the above proposition, we can further deduce the following result.
Proposition 3. The Darboux matrices ST and S~ satisfy
ST(A)S™(A) = Ly, ST =-57, (42)
provided the orthogonality condition
0;0; =0, if \j = A;, where1 <i,j <N, (43)

is satisfied.

The condition (43) is necessary when some eigenvalues coincide with adjoint eigenvalues.
In particular, the first equality in (42) ensures that ST (1) and S~ (A) are mutual inverses.
For clarity, we define the block vectors:

U:(01102/"'101\1)/ﬁ:(01/02/”'/ﬁg)T/ (44)

and the diagonal matrices

https://doi.org/10.3390/axioms15090661
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{ F:diag(A_l—)\l, A—L/\z’ ,ﬁ), )
F= diag(f}\l, /\_1;\2, cee, ﬁ)
Using these notations, the Darboux matrices take the compact form:
ST =Ly — oM 'Fd, S~ = Iy, + vFM 0. (46)
One can directly verify the key identity
tv=F"M— MF!, (47)
which holds entrywise. Using this, it is straightforward to check that
STS™ = Iy — oM 0 + oFM ™16 — oM™ FooFM ™16 = Iy,,.
Taking the limits at infinity gives the leading-order terms:
N N
Si=-Y (M Y0, =—oM 19, Sy = Y (M )00, =M 15, (48)
ij=1 ij=1
which immediately shows that S” = —S; .

At this stage, we are ready to present a class of general binary DTs for the coupled
integrable NLS system (12), without imposing the symmetric reductions on p and g.

Theorem 1. Let v; and 9; (1 < i < N) be defined by (25) and (26), respectively, and let the M-
matrix be given by (27), with the entries ml?j defined via (28)—(30). Assume that the orthogonality
condition (43) holds. Then the coupled integrable NLS system (12) admits the following binary DT:

¢' =S, ¢ =¢9S~, PP =P+ S/A+AS], (49)
where S* and SljE are defined by (31) and (32), or equivalently by (46) and (48).

Proof. Assume that U’ and V' are defined by (34) and (37), respectively, with P’ given
by (35). Our proof consists in verifying the two gauge conditions (33) and (36).
We first verify the spatial condition (33). From the eigenvalue problems, we have

vy = AvD + Pv, 9y = — (DA + 0P), (50)

where
D = diag(A, Ay, - ,AN), D = diag(Ay,Ag, - -+, An). (51)

Using the definition of M in (27) together with (28) and (29), we obtain
My =900, © = (0;;)NxN = (A)NxN, (52)
and
M; = 980, E = (Ej)nxn = ((Aj +A)A+P) .y = DA+ AD + (P)nxn.  (53)

Next, using the compact forms (46) and (48) for S™ and S f, together with the derivative
formulas (50) and (52), a direct computation gives

https://doi.org/10.3390/axioms15090661
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S; = (~AvDM ™ 'Fo — PoM~'F9) + oM 'oAvM ' Fo
+(vMYEDOA + oM 1FoP),
U'st = (AA+ P — oM 19A + AoM~19) — (AAoM ' Fo + PoM 1 Fd
—oM Y AvM ED + AoMYooM 1 FD),
STU = (AA + P) — (A\oM'FoA + oM~ EoP).
Combining these expressions and using the identities

D=—F"14Aly, D=—F '+l (54)

we find
Sf—-u'st+stu

= —AvDM 0+ oM IEDOA + oM 1oA — AoM ™19
FAAOM ED + AoM YooM 1 B — AdoM 1 EOA
= AvF "M 10 — AoM™ 10+ AoM YooM1Fo = 0,

where the last equality follows from (47). Thus, the spatial condition (33) is satisfied.
The temporal condition (36) can be verified in an analogous manner.
Note that we have

vy = AvD? + PoD + Wy, 6, = —(D*0A + DoP + oW1), (35)
where W is defined by
1
W2 — v A\2A — AP = _EA(PZ_P")' (56)

A direct computation yields

St = —o M 1Eo+ oM MM~ 1EFd — oM~ Fo,
= —(AvD? + PoD + WRlo)M—1Fo
+oM~Y(6DAv + dADv + 6Pv) M~ Fd

+oM~1E(D20A + DoP + oW E)),

and
VISt — StV = (A2A + AP' + W) (I, — oM~ F8)—

— (I — oM™ FD) (A2A 4+ AP + W),

Moreover, we compute

P'=P+S7A—AS] =P —oM A+ AoM~ 19,

— + +
Py =Py + S/ A—AS],
Sic=—vxM 10+ oM MM ™19 — oM 10,
= —(AvD + Po)M 1'% + oM~ 19AvM 16 + oM~ (DOA + 6P),
1

Wi = —EA(P’Z — P).

Substituting these expressions, Wl from (56) and D, D from (54), into the formulas for

S;“ ad V'St — §*V, rewriting them in terms of v, 9, F, £, M, P, and P, and applying the
identity (47), one can verify, through a similar, though more involved calculation, that

https:/ /doi.org/10.3390/axioms15090661
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the temporal condition (36) holds. Therefore, the temporal condition of the binary DT is
satisfied, completing the proof. [J

3.2. The Reduced Case

The transformed potential P’ defined by (35) must satisfy the symplectic symmetry
condition associated with sp(2m):

AP'ATY = —(P)T, (57)

where A is defined in (16). Equivalently, in terms of the binary DT in (49) and using (42),
this reduction condition can be expressed as

AIST, AIAT = [(ST)T, A, (58)

where S is given explicitly by (48).
To the end, we choose the adjoint eigenvalues

Ai=A;, 1<i<N, (59)
and define the adjoint eigenfunctions according to the symmetry of U and V:
0; =0l AT = —0IA, 1 <i<N. (60)
We impose the orthogonality condition

6v; =0, when A; = A;, 1 <i,j <N, (61)

to guarantee that the two Darboux matrices ST and S~ are inverses of each other. For
)A\]« # Aj, one can verify that

?3]'01' UJTAUi Z)lTAUj @‘Z)j
m;, = = — = — = = M;;.
g A=A A=A A=A A=A n
For )A\]- =A;, 1 <1i,j < N,wehave
(mfj - mJC‘i)x = (mfj - m]c'i)l‘ =0, (62)
so that we can demand MT = M. Then, from (48), it follows that
ASTATY = —($1)T, (63)
and together with
AANTY = A, (64)

this guarantees (58) and hence the reduction property (57) for the transformed potential
matrix P'.
We summarize the result in the following theorem.

Theorem 2. Let the adjoint eigenvalues {A;|1 < i < N} and the adjoint eigenfunctions {0; |1 <
i < N} be defined by (59) and (60), respectively. Assume that M is defined by (27), and that
whenever ;\j = A;j for 1 < i,j < N, the elements mfj of M are determined by (28) and (29),
satisfying

mg; = mS;, when A=A, 1<i,j<N, (65)

https://doi.org/10.3390/axioms15090661
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so that MT = M. If, in addition, the orthogonality conditions (61) are satisfied, then (49) defines a
binary DT for the symmetric matrix integrable NLS model (12).

3.3. A Demonstrative Example

Let us now consider a case m = N = 2 and present an instructive example. We take
the zero-seed solution, so that the associated eigenfunctions are defined by

v; = (e)\ier)\iztdi]T,ef/\ixf)\ftgg]T)T, 1<i<2, (66)
and the adjoint eigenfunctions are determined by
0= —vlA 1<i<2, (67)

where (j][i], 1 <1i,j <2, are arbitrary complex two-dimensional column vectors.
Since we take
A=A, 1<i<2, (68)

it is required to impose
00, =0,1<i<2, (69)

which holds automatically. Furthermore, if we take
mi; =ms, =0, (70)

two additional sets of orthogonality conditions, arising from the definitions (28)—(30) of the
entries mfj, must be taken into account. The first set is

0iAv;=0,1<i<2 (71)
Equivalently, this yields
e =0 1<i<2 (72)
The second set is
200;Av; =0,1<i <2, (73)

which follows directly from (71). Therefore, it suffices to impose only the conditions in (72).
Observing

Pl =[S, A2 = =2(5 )2, 4 = [S{, Ala1 = 2(S] )1,

we can explicitly determine

Ply = 4(Ar — /\2)51,1,152,1,1, Phy = (A A2)§1’1'2€2’1'2,
hy hq (74)
€11,18212 + 81128211
Pla = Pa1 =2(A1 — Az) I ,
and
g1 =4(A — /\ﬁm, fhy = 4(A — Az)m,
hy hy 75)
€12,16222 + 81228221
T2 = 921 = 2(A1 — A2) I ,

https://doi.org/10.3390/axioms15090661
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where

_ 2 N 2
h = (E1218211 + E1208210)e 2T — (81118501 + 81108000 )e 2 AX A,

2 2
hy = (E1218211 + C1028012)e2 XA (&) 11851 + &1 1082 00)e2MFFA),

In the above formulas, we denote

P = (pi)2x2 4 = (@)2x2, C][-i] = (8ij1 Gij2)  1<i,j<2. (76)

With the orthogonality conditions in (72), these functions explicitly solve the matrix inte-
grable NLS model with symmetric matrix potentials in (12).

4. Concluding Remarks

This study investigates binary DTs for the integrable NLS system with two symmetric
matrix potentials via the M-matrix generating scheme. These DT structures play a funda-
mental role in understanding the integrable dynamics of the matrix NLS model. Starting
from the vacuum state, successive applications of the resulting binary DTs yield a wide
variety of explicit soliton solutions.

The concrete examples presented here provide coupled systems of nonlinear integrable
equations, demonstrating the practical applicability of the theoretical framework and high-
lighting the rich integrability structures of these systems. In particular, the M-matrix must
be extended to accommodate cases where eigenvalues coincide with adjoint eigenvalues,
rendering the classical formulation of the M-matrix inapplicable.

Based on the eigenvalues of the associated matrix eigenvalue problems, soliton solu-
tions can be classified into different types, such as negatons, positons, and complexitons.
These solutions can be further categorized into solitons, breathers, kinks, anti-kinks, lump
waves, rogue waves, and various mixed interaction solutions. Notably, interaction solutions
may involve arbitrary functions. Some of these solutions arise through specific reductions
of wave numbers in general soliton solutions (see, e.g., [24,25]). Moreover, lump wave
solutions have recently been extensively studied for nonlinear models in (2+1)-dimensions
(see, e.g., [26-29]). In particular, interaction solutions may have potential applications in
describing rapid motions, such as jumping, which involve the rapid conversion of potential
energy into kinetic energy, as observed in robotic systems [30].

As the number of dependent variables increases, or as higher powers of the spectral
parameter appear in the spatial spectral matrix, progressively larger and more intricate inte-
grable systems can be constructed (see, e.g., [31,32]). The resulting complexity, particularly
with the emergence of nonlocalities, poses additional analytical challenges. Nevertheless,
the classification of these extended integrable systems and the study of their soliton struc-
tures continue to provide valuable insights into the fundamental mechanisms governing
nonlinear dynamics and integrability in mathematical physics [33].

Funding: The work was supported in part by NSFC, under the grants 12271488 and 11975145, and
the Ministry of Science and Technology of China (G2021016032L and G2023016011L).

Data Availability Statement: All data that support the findings of this study are included within
the article.

Conflicts of Interest: The author declares that there is no known competing interest that could have
appeared to influence this work.

https://doi.org/10.3390/axioms15090661



Axioms 2026, 15, 661 12 of 13

References

1.  Lax, PD. Integrals of nonlinear equations of evolution and solitary waves. Comm. Pure Appl. Math. 1968, 21, 467-490. [CrossRef]

2. Ablowitz, M.J.; Segur, H. Solitons and the Inverse Scattering Transform; SIAM: Philadelphia, PA, USA, 1981. [CrossRef]

3. Gu, CH,; Hu, HS.; Zhou, Z.X. Darboux Transformations in Integrable Systems; Springer: Dordrecht, The Netherlands, 2005.
[CrossRef]

4. Doktorov, E.V.; Leble, S.B. A Dressing Method in Mathematical Physics; Springer: Dordrecht, The Netherlands, 2007. [CrossRef]

5. Novikov, S.P; Manakov, 5.V.; Pitaevskii, L.P.; Zakharov, V.E. Theory of Solitons: The Inverse Scattering Method; Consultants Bureau:
New York, NY, USA, 1984.

6. Tu, G.Z. On Liouville integrability of zero-curvature equations and the Yang hierarchy. J. Phys. A Math. Gen. 1989, 22, 2375-2392.
[CrossRef]

7. Ma, WX, Batwa, S. A binary Darboux transformation for multicomponent NLS equations and their reductions. Anal. Math. Phys.
2021, 11, 44. [CrossRef]

8.  Ma, W.X. A novel kind of reduced integrable matrix mKdV equations and their binary Darboux transformations. Mod. Phys. Lett.
B 2022, 36, 2250094. [CrossRef]

9.  Miiller-Hoissen, F. A vectorial binary Darboux transformation for the first member of the negative part of the AKNS hierarchy. J.
Phys. A Math. Theoret. 2023, 56, 125701. [CrossRef]

10. Ma, W.X. Binary Darboux transformation of vector nonlocal reverse-time integrable NLS equations. Chaos Solitons Fractals 2024,
180, 114539. [CrossRef]

11.  Niu, C.Y,; Zuo, D.W. Analytical solutions for a modified Kadomtsev-Petviashvili equation via binary Darboux transformation.
Phys. Lett. A 2026, 571, 131294. . [CrossRef]

12. Guo, FK. A variant of Lax representations and Lax representations of hierarchies of Hamilton’s equations. Acta Math. Sinica 1994,
37,515-522. [CrossRef]

13. Ma, W.X,; Khalique, C.M. Matrix integrable models associated with reduced AKNS Lax pairs. J. Geom. Phys. 2026, 222, 105772.
[CrossRef]

14. Ma, W.X. Reduced matrix mKdV integrable models via the dual-reduction technique. Proc. Rom. Acad. Ser. A 2026, 27, 25-33.
[CrossRef]

15.  Fordy, A.P; Kulish, P.P. Nonlinear Schrodinger equations and simple Lie algebras. Commun. Math. Phys. 1983, 89, 427-443.
[CrossRef]

16. Geng, X.G.; Li, RM.; Xue, B. A vector general nonlinear Schrodinger equation with (im + 1) components. J. Nonlinear Sci. 2020, 30,
991-1013. [CrossRef]

17.  Wang, H.F; Zhang, Y.F. Application of Riemann-Hilbert method to an extended coupled nonlinear Schrodinger equations. J.
Comput. Appl. Math. 2023, 420, 114812. [CrossRef]

18.  Zhou, R.G.; Zhu, H.Y. An integrable matrix NLS equation on star graph and symmetry-dependent connection conditions of
vertex. Comput. Appl. Math. 2023, 42, 69. [CrossRef]

19. Jia, YH.; Wang, D.L.; Shen, B.; Ju, Z.T.; Huang, Q.Y.; Wang, X.P.; Zhang, ].H.; Wang, Y.Y.; Liu, W.; Dai, C.Q. Predicting ultrafast
soliton evolution via a parameter-driven neural network. Laser Photonics Rev. 2026, 20, e03212. . [CrossRef]

20. Hasegawa, A. Optical Solitons in Fibers; Springer: Berlin, Germany, 1989. [CrossRef]

21. Matveev, V.B,; Salle, M. A. Darboux Transformations and Solitons; Springer: Berlin, Germany, 1991.

22. Terng, C.L.; Wu, ZW. Darboux transformations for the Agl) -KdV hierarchy. J. Geom. Anal. 2023, 33, 111. [CrossRef]

23.  Yang, J. Nonlinear Waves in Integrable and Nonintegrable Systems; SIAM: Philadelphia, PA, USA, 2010. [CrossRef]

24. Guo, B.L,; Ling, L.M.; Liu, Q.P. High-order solutions and generalized Darboux transformations of derivative nonlinear Schrédinger
equations. Stud. Appl. Math. 2013, 130, 317-344. [CrossRef]

25. Yang, S.X.; Wang, Y.F,; Zhang, X. Conservation laws, Darboux transformation and localized waves for the N-coupled nonau-
tonomous Gross-Pitaevskii equations in the Bose-Einstein condensates. Chaos Solitons Fractals 2023, 169, 113272. [CrossRef]

26. Ma, W.X. Dispersion-governed lump waves in a generalized Calogero Bogoyavlenskii Schiff-like model with spatially symmetric
nonlinearity. Axioms 2025, 14, 869. [CrossRef]

27. Ma, W.X,; Batwa, S. Studying lump waves in a (2+1)-dimensional spatially symmetric generalized Korteweg-de Vries model.
Indian J. Phys. 2026, 100, 1585-1592. [CrossRef]

28. Yang,].Y.; Ma, W.X. Lump-wave structures and their dynamic behavior in a refined Bogoyavlensky-Konopelchenko-like model.
Wave Motion 2026, 146, 103758. [CrossRef]

29. Ma, W.X. Dispersion-driven lump waves in a (2+1)-dimensional generalized Bogoyavlensky-Konopelchenko-like model. Proc.
Natl. Acad. Sci. India Sec. A Phys. Sci. 2026, 96, 7. [CrossRef]

30. Wang, D.L.; Liu, Z.X.; Zhao, H.P; Qin, H.Q.; Bai, G.X.; Chen, C.; Shi, PJ.; Du, YJJ.; Zhao, Y.S.; Liu, W.; et al. Launching by cavitation.
Science 2025, 389, 935-939. . [CrossRef] [PubMed]

31. Zhang, Y.F; Han, Z.; Zhao, Z.L. Applications of a few Lie algebras. Acta Math. Appl. Sin. Engl. Ser. 2016, 32, 289-304. [CrossRef]

https://doi.org/10.3390/axioms15090661



Axioms 2026, 15, 661 13 of 13

32. Geng, X.G; Jia, M.X,; Xue, B.; Zhai, Y.Y. Application of tetragonal curves to coupled Boussinesq equations. Lett. Math. Phys. 2024,
114, 30. [CrossRef]

33. Ma, WX. Nonlocality, integrability, and solitons. Theoret. Math. Phys. 2025, 224, 1220-1233. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/axioms15090661



