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The phenomenon of shallow water waves in nature attracts the attention of scholars and plays an important role in
fields such as marine ecology, tidal waves, solitary waves, and offshore engineering. To better understand the phenomenon
of shallow water waves, we investigate the (2 + 1)-dimensional Caudrey-Dodd-Gibbon-Kotera-Sawada (2D-CDGKS)
equation from the perspective of integrable decomposition. By utilizing the Lax pairs and formal variable separation
(FVS) method, the 2D-CDGKS equation can be decomposed into the Sharma—Tasso—Olver (STO) equation, the integrable
Svinolupov—Sokolov (SS) equation, and the Sawada—Kotera (SK) equation. We construct some novel exact solutions by
linear superposing the integrable decomposition relations. Additionally, the superposition of two-soliton solution with
three-soliton solution, two-soliton solution propagating on periodic cnoidal background waves, and soliton—cnoidal wave
interaction solutions with interesting dynamics, are explored. Our results have important significance for understanding
of the physical events consolidate the complex system under consideration and offering vital insights into the intricate
dynamics of its behavior. Furthermore, the present work will enrich the investigation of nonlinear dynamics in high-
dimensional nonlinear system, and provide theoretical support for the related experimental phenomena.

Keywords: (2+ 1)-dimensional Caudrey—Dodd-Gibbon—Kotera—Sawada equation, integrable decomposition,
linear superposed solutions, nonlinear wave interaction
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1. Introduction

Nonlinear partial differential equations (NPDEs) are in-
dispensable mathematical tools for understanding the com-
plex dynamic behavior of real natural phenomena. They have
been extensively permeated in several disciplines, including
quantum mechanics, fluid mechanics, nonlinear optics, water
waves, biology.[!*! Since the NPDEs are the most represen-
tative mathematical models of nonlinear phenomena indicated
above, it has aroused the curiosity of scholars and carried out

[5.6

plenty of substantial explorations on NPDEs.[>-® Therefore,

NPDEs have emerged as a hot research topic in the current
field of mathematical physics.!-8!

In order to discover and understand the essence of com-
plex nonlinear phenomena inherent in NPDEs, it is imper-
ative to investigate methods for finding exact solutions of
NPDEs.

doms described by ordinary differential equations (ODEs),

In contrast to nonlinear systems with finite free-

there is currently no universal analytical theoretical method
available to obtain exact solutions for systems with infinite
freedoms described by NPDEs. In recent years, some effec-
tive method with various exact solutions for different types
of NPDEs have been identified,*!?! encompassing the in-
verse scattering transformation,!!!) Hirota bilinear derivative
method, >4 Painlevé analysis method, '] Darboux trans-
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formation approach,'®!7 and improved physics-informed
neural network method.!'7-!8] The widespread application of
these NPDEs solving methods are significantly important to
simulate complex nonlinear phenomena more comprehen-
sively, which enabled researchers regarding the exact analyti-
cal solutions of NPDE:s are hot topic.[!°-21]

Integrable systems are important category of NPDEs,
possessing a rich variety of exact analytical solutions, Lax
pairs, recursive operators, and infinite conservation laws. Re-
cently, Alexandrov imparted a provocative insight: integrable
systems are the important part of modern mathematics and the-
oretical physics.[??! Establishing connections between differ-
ent integrable systems can uncover unexpected relationships
between different mathematical physics problems, thereby
solving related problems. In certain physical scenarios, the
originally integrable system cannot directly reflect the mecha-
nism of manipulating nonlinear waves (specific types of ex-
act analytical solutions). Fortunately, it becomes feasible
within the subsystems obtained after integrable decomposi-
tion. Nevertheless, despite the reasonable improvement and
expansion of the aforementioned methods, research on un-
covering potential integrable decompositions of NPDEs, ob-
taining new types of exact analytical solutions, and clarifying
the intrinsic connections among various integrable systems re-
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mains inadequate. If a complex equation or system can be
decomposed into several relatively simple and solvable parts,
then it is said to possess an integrable decomposition. Inte-
grable decomposition offers a powerful tool for studying com-
plex mathematical and physical systems. By breaking down
complex problems into simpler, solvable parts, it enables re-
searchers to gain a deeper understanding of and solve these
issues. 2324 To exemplify this concept, the integrable decom-
position method is applied to the generalized coupled (2+1)-
dimensional Sharma—-Tasso—Olver—-Burgers (STOB) equation
with dissipative and dispersive effects, revealing that this
dissipation-dispersion equation can be solved for exact solu-
tions via a dispersionless system.!>! The method is further
extended to investigate the multi-component decomposition of
the BKP equation hierarchy and its linear superposition solu-
tions; therefrom, a new integrable coupled KdV-type system
with abundant high-order symmetries is derived.*®! Thus, the
study of integrable decomposition is very important.[?7-28]

(29301 j5 a fun-

[31-33]

Formal variable separation (FVS) method
damental tool in the study of integrable decomposition,
which can apply to non-Lax integrable systems due to this
method do not rely on the Lax pairs of nonlinear systems.
In terms of FVS method, its essence is to use a set of self-
consistent over-determined and formally variable-separated
low-dimensional equations to solve high-dimensional nonlin-
ear equations, which provides a way to solve high-dimensional
problems and reveals the inherent structure and properties of
NPDEs.
the intrinsic relationship between classical integrable systems.

Based on the FVS method, we can also indicate

Specifically, Hao and Lou constructed linear superposition so-
lutions of nonlinear systems such as the BKP equation, Heav-
enly equation, and sine-Gordon equation based on the sepa-
ration of variables method.**37] However, the existing im-
proved FVS methods still cannot effectively solve the accu-
rate description of wave formation, propagation, and interac-
tion mechanisms in different nonlinear system environments
(plasma physics, nonlinear optics). Thus, it cannot help re-
searchers understand complex wave phenomena. This is pri-
marily because the localized waves involved in various con-
texts in nonlinear systems ranging from fluid dynamics to non-
linear optics remain challenging to predict, control, and com-
prehend their transitions.

Considering the above issues, the main research objec-
tives of this article are listed as follows.

(i) To investigate the integrable decomposition relation-
ship of the 2D-CDGKS model in the sense of Lax integrability
based on the FVS method, as well as the impact of its param-
eters on nonlinear wave dynamics.

(ii) To identify a simple yet effective mathematical tool
for constructing complex waveforms holds significant impor-
tance in predicting ocean disasters and facilitating soliton fiber

optic communication.

Thus, our research mainly focuses on the linear superpo-
sitions of the special decomposition for 2D-CDGKS equation,
obtained by the new integrable decomposition method are still
the solutions of the original equation under certain constraints,
and study the salient dynamics characteristics of linear super-
positions solutions achieved via simple systematic technique
and graphical demonstrations.

To achieve above, in the forthcoming Sections 2 and
3 of this article, taking the 2D-CDGKS equation as simple
example, the integrable decomposition relations are explic-
itly given via the formal variable separation (FVS) method,
it is revealed that these integrable decomposition are all
KdV decomposition and explored the intrinsic relationship
between the Sharma-Tasso—Olver (STO) equation, the inte-
grable Svinolupov—Sokolov (SS) equation, and the Sawada—
Kotera (SK) equation. Advancing to Section 4, we delve
into the linear combinations of these integrable decomposi-
tion and construct abundant linear superposed solutions of the
2D-CDGKS equation, and we also utilized the symbolic com-
putations and categorical graphical illustrations to intuitively
investigate the impact of parameters and constraints on the dy-
namic behavior of the solutions. The conclusion section gives
a summary and discussion.

2. Derivation of integrable decomposition rela-
tions
Inspired by the existing interesting research results, we
anchor our discussion in the higher-order generalization of the

ubiquitous Korteweg—de Vries (KdV) equation, which leads to
the 2D-CDGKS equation:

36u; + tys + 15u ity + 15uu,3 +45u2ux — Sty
—15uuty — 15u,9; 'uy — 59, "uyy =0, (1

where u = u(x,y,t),u, = dut, uy, = d2u, and the operator 9!
denotes the inverse operator of ;.

By a transformation, the 2D-CDGKS Eq. (1) is equivalent
to the following system

36u; + uys + 15u iy + 15uu,3 +45u2ux
—5Suy3 — 15uvy — 15uv +5v, =0,
Uy = Vy, (2)

which is one of the most mystery models having significant
integrability and has rich applications in nonlinear dispersive
physical phenomena. In order to obtain integrable decompo-
sition relations of Eq. (1), we need to consider the potential
form of Eq. (1) by using u = w,,

36Wy = —Wye — 15w w3z — 15w owyy — 45w§

+5wy3y + I5wewyy + 15wiwy, + Swyy. 3)
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We all know that the symmetry of the field quantity w is
the specific solution of the linearized equation of the potential
CDGKS (pCDGKS) Egq. (3)

360y = (503 + 150wy + 15w,0, — Oys — 150,Wx3

— 15w, 0,3 — 450,w% — 59 o3y, 4)

which means that equation (4) is invariant under the infinites-
imal transformation w — w + e with infinitesimal parameter
€ (e < 1). Generally, symmetry properties can provide clues
and methods for finding exact or approximate solutions to in-
tegrable models, such as formally separating variables for a
high-dimensional integrable model. Thus, we try to apply the
symmetry constraints on its Lax pair to separate variables for
the (2+ 1)-dimensional pCDGKS Egq. (3). After surveying rel-
evant studies, it becomes evident that the (2 4 1)-dimensional
pCDGKS equation possesses the Lax pair

Wy = 3lel/x+ WX37 (5)
1295 = 3s + 15we Y3 + 15w + 15wl s
+5Wyl//x+ 10w,3 Y. (6)

By inserting o = y, with Egs. (5) and (6) into Eq. (4), one
can ascertain that y, is exactly one of the non-local symmetry
of the pCDGKS equation (3). Substituting the symmetry con-
straints W, = w,, that is, ¥ = w into the Lax pairs (5) and (6),
the resulting equations appear as

wy = 3w; + w3, )

dw; = wys + 10w,wyg + Swow,s + 10w)3c. (8)

It is well-suited that equation (7) is not explicitly #-dependent
and equation (8) is not explicitly y-dependent, which means
that the (2 + 1)-dimensional pCDGKS Eq. (3) has now been
decomposed into a pair of (1 4 1)-dimensional equations,
namely the KdV equation (7) and the fifth-order KdV equa-
tion (8), respectively. Then it is also a solution of the pPCDGKS
Eq. (3). The integrable decomposition obtained via the above
variable separation method is also known as nonlinearity be-
cause w is still a function of variables y and ¢. This method is
also named the formal variable separation method.

We assume that any (2 + 1)-dimensional nonlinear evolu-
tion equation possesses a solution in the decomposed form

W)' = F(W7WX7WX2a"-7me)) (9)

wy = G(vaanXZa"'vwxn)v (10)
and the compatibility constraint condition
Wy[_W[y:[F7G]:O (11)

should be satisfied. Using symbolic calculation method and
combining pCDGKS Eq. (3) and the compatibility condi-
tions (11), we can obtain the exact forms of the functions F

and G. In detail, the following decomposition proposition is
proposed by us.

Proposition 1 If wi, wy, ws, wy, ws, and wg are solutions
of the following integrable decomposed systems

2
Wiy = Wi + 3w, +cowix +ci,

1 5 5 3
Wi = WS + FWLWi3 + T3 €03 + 5V
5 5 5 5
+ZCOW%X+%czwlx+%C1W1x+ZW%x2, 12)
3
W2y = W23 + EW%X +Cl7
1 5 5,
Wy = szxs + ZWZxW2x3 + §W2x2
5 5
+§W%x+ ECIWZJC"’CZ’ (13)
1 3
w3y = _§W3x3 - EW%X +cowsy +ci,
1 5 5
w3 = —Ewm - §W3x3w3x - gng
5¢2 5
+§W3x+ﬁclw3x—1*6w%x2+c37 (14)
3 3
W4y = Wax3 + Ewi‘ + ZW2W4x + EWW4x27
2
W = w4+ §C07
1 5 5 , 15
W4 = ZW4)C5+§WW4X4+ §W +§W4x Wax3
25 5
+ <8WW4x + 16W3) Wax2
15 5 5 15
+T6W2W£x+6jw4w4x+ Zwix2+176w43¥x7 (15)
3w, 3
W5y = W53 — Z% + Ewgﬁ'cla
W1 = wsy+co,
e — Lo dWsaWsy S Wi
5= WS T g Wi 16 W,
5 Swi, 5 15wse\
+ <4W5x+ 7 WTZ W53 + 2 16 Wi W5x2
35wk, 5 5¢1
S E Tt Ty Wt (16)
1
Wey = CoWex +C1,
1 5 SC() 3
Wer = —%Ws)cs - EW6xW6x3 + ¥W6x3 - ﬁwﬁx
5¢2 5¢ 5¢q
—1—3—60w6x+ﬁw%x+ﬁw6x+cz, (17)

with ¢; (i = 0,1,2) being arbitrary constants, then w; (i =
1,2,...,6) are also solutions of the pPCDGKS Egq. (3).

The detailed proof process of Proposition 1 is given in
the subsequent appendix. According to the existing liter-
ature, the first three decomposition relations (12)—(14) be-
long to KdV-type integrable decompositions. When the con-
stants cg,cy, and ¢, take the value 0, the integrable decom-

position relation (12) is reduced to the decomposition rela-
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tions (7) and (8) under symmetry constraint. The first equa-
tion of the decomposition relations (15) is a specific form of
the Svinolupov—Sokolov (SS) equation which discussed in the
related investigation. The decomposition (16) is related to the
celebrated Sharma—Tasso—Olver (STO, a class of higher-order
modified KdV equation). 3331 The decomposition (17) is just
a Sawada—Kotera-type decomposition. Based on the above in-
tegrable decomposition relationships, we can construct a new
type of nonlinear local excitation solutions—linear superposed
solutions of the (2+1)-dimensional pCDGKS equation.

3. Linear superposed solutions inherent in the
2D-CDGKS equation

Starting from a known solution to the NPDEs, another
solution to the NPDEs is determined through a specific rela-
tionship. In this cycle, a plethora of exact solutions to the
equation can be generated. The above mentioned specific
relationship can be called Bécklund transformation/Darboux
transformation. [**#?! Actually, the above type of transforma-
tion reflects the common nonlinear superposition relationship
that exists between the solutions of nonlinear systems. In non-
linear systems, linear superposition of solutions cannot hold
as a general principle. However, the research findings ob-
tained on the basis of the 2D-CDGKS equation indicate that
the linear combination of specific integrable decompositions
derived through the new integrable decomposition method re-
mains the solution of the original equation under certain con-
straint, which are linear superposed solutions inherent in the
NPDEs.

Proposition 2 If wi, wy, ws, wy, ws, and wg are the solu-
tions of the pCDGKS Egq. (3) with the conditions

2
Wiy = W13 + 3w, + coWwiy,

1 5 5,
Wi = =Wixs+ | Wi+ Wi | o

4 12 4
5¢2 2 53 5,
+ Té)Wu + §W1XW1x3 + §W1x + ZWIXZ +cr,  (18)
way = W3+ 3W%x — COW2y,
1 5 5,
Wy = ZWQXS - EWZ)C:S + Zw2x €0
5¢2 2 5 5
+ 3—60W2x + §W2xw2x3 + Eng + ZW%XZ +c, (19
W3y = W3x3 + 3W%x7
1 5 5 5
w3 = ZWSxS + §W3xw3x3 + EW%X + ZW%X27 20)
3 5
W4y = W43+ §W4m
1 5 5 5
Wy = Zw4x5 + ZW4xW3x3 + gwix + ngztxb 2D
2 C%
Wsy = W5x3 + W T g

1 5 5 5 5¢3
Wws; = ZWSXS + ZWSXW4X3 + gng + gngz — 7722W5x> (22)
3 c?
Wey = Wex3 + Ewéx - 327
1 5 5 5 5¢3
Wer = ZwﬁxS + Zw6xw6x3 + gng + gngz - 7*22“’6)6» (23)

with ¢; (i = 0,1,2) being arbitrary constants, then the follow-
ing linear superpositions

1 1
w7 =wi +wy, W8:§(W3+W4)7 W9:W5+§W6 (24)

are also solutions of the pCDGKS Egq. (3).

Proof By inserting the above linear superposition rela-
tions as shown in Eq. (24) along with the integrable decompo-
sition results from Eqs. (12)—(17) into pPCDGKS Egq. (3), one
is able to directly prove the proposition.

As can be seen from Proposition 1, the pCDGKS equa-
tion has six sets of possible integrable decomposition rela-
tions. However, upon careful verification, it was discovered
that only the first two types of integrable decompositions,
namely Eqgs. (12) and (13), can still construct new types of
nonlinear localized excitation solutions after appropriate lin-
ear superposition.

Next, we construct several typical linear superposition so-
lutions and conduct a detailed study on their dynamical be-
haviors for the 2D-CDGKS Eq. (2). Furthermore, we investi-
gate the propagation and superposition dynamics and provide
graphical illustrations for a better understanding.

Case 1 Superposed phenomena between a two-soliton
solution and a three-soliton solution

In this case, we construct a two-soliton solution and a
three-soliton solution. For this purpose, we select the follow-

ing exponential test function as an initial seed solution*?!

wi = 2(Infy )y,
fo = L+exp(&) +exp(&) +ap,exp(81 + &),

wy = 2(Infy s,

5 = 14exp(m) +exp(2) +exp(13) + af; exp(m1 + 1m2)
+azzexp(M2 +n3) +azexp(ni +1s)
+apagalyexp(m + 12 +ms), (25)

& = kio+ki_(k} —co)y
+ <1k~5 - icokf_ + Sc(z)l’q_)t7
Niy = kip +kiy (k,-2+ +co)y

1 5 5
+ <4k,'5+ + ﬁcok?+ + %C%ki+>ta

ki —kjx)?
aiﬁ _ (kix J¥)2’ (26)
(kix +kjz)
with k;-, c¢ being arbitrary constants. Combining expres-
sions (25) and (26), we get the superposed phenomenon be-

tween a two-soliton solution and a three-soliton solution with
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the constraint conditions ¢g = 0.15, k;_- = 0.8, k. = —1.25,
ki+ =—1, koy = —1.25, k34 = 1.5 at y = 0 plane as depicted
in Fig. 1. The above solution (25) with expressions (26) is

nothing but the 2D-CDGKS equation (1) with u = w, and ex-
pressed in Proposition 2 with Egs. (18)—(23) and the linear
superpositions solutions (24).

_gq 80

Fig. 1. The superposed phenomenon between a two-soliton and a three-soliton: (a) two-soliton solution # = wyy, where w; is defined by Eq. (25) for the
decomposition relation (18); (b) three-soliton solution u = wy, is defined by Eq. (25) for the decomposition relation (19); (c) the linear superposition of

the two-soliton and the three-soliton yields u = wy, + wo,.

Case 2 Superposed phenomena between a two-soliton
solution and a periodic cnoidal solution

Proceeding further, we discuss the superposed phenom-
ena between a two-soliton solution and a periodic cnoidal so-
lution. In case 1, if one of w; and w, is replaced by a peri-
odic cnoidal solution, then the linear combination of the two-
soliton and the periodic cnoidal structure will further enrich
the solution patterns, making them more complex and intrigu-
ing. Thus, we select the traveling wave solutions of Eq. (18)
in the form!#*!

wy = W (kox + soy + ant) = W (X). 27
Inserting Eq. (27) into Eq. (19), we have

—3W)%k(2) + (Coko —|—S0)WX — Wxxxkg =0,
5 5
~cokgWy + ((00 - %0(2)

5
1 ko — —kéWxxx) Wy

2

5 3 s

+ ECOkOWXXX - ZkOWXXXXX
5 .45

Wik — ZW§Xk3 —¢;=0. (28)

One of the essential aspects of soliton theory is the evo-
lution of nonlinear waves on variable backgrounds. In order

x

to search for the periodic cnoidal background waves of Jacobi
elliptic functions, we assume that

dw

ax Bo + Bien(kox + soy + aot|mo), (29)

where cn are Jacobi elliptic function with elliptic modulus .
Among them, myg indicates not only the modulus of the Jacobi
elliptic function, but also the amplitude of the Jacobi elliptic
function. Substituting expression (29) into Eq. (19), we get the
following parameters constrains

ﬁo = k()Z()7 ﬁl = 2k0m%,
so = 6Zokg 4 kg (8m3 — 4) — coko,

4 , 4 , 4

4
— o komg (mg — 1) (2mg — 1),

9
5
wy = —zzocokg + (4mg — 4md + 4)k;
5 10 5
+ <§C0 — ?m%C()) kg + %C(z)ko,

4 2
Zy = —gm%—&-gj:\/mg—mg—kl. (30)

_go 80

Fig. 2. The superposed phenomenon between a two-soliton and a periodic cnoidal solution: (a) two-soliton solution # = wy,, where wy is defined by
Eq. (25) for the decomposition relation (18); (b) periodic cnoidal solution u = wy, is defined by Eq. (25) for the decomposition relation (19); (c) the
linear superposition of the two-soliton and the periodic cnoidal u7 = wiy + woy.

040201-5
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After integrating solution (29) over X once, we obtain the de-
composed periodic wave solutions for Eq. (19)

wy = 2koEe(sn(kox + soy -+ @otmg)|mo)
+ (koZo + 2kom3 — 2ko) (kox + soy + axot),  (31)

where E is the second incomplete elliptic integral, sn is Jacobi
elliptic function with elliptic modulus mg. Taking ¢y = —0.15,
mgy = 0.85, ko = 0.18 in the decomposed periodic wave solu-
tions (31) with parameter constraints (30), we derive the so-
lutions u = w7, = w1 + wo which can describe the superposed
phenomenon between single two-soliton wave and one peri-
odic cnoidal wave, as shown in Fig. 2. As can be seen from
Fig. 2, the amplitude and shape of the two-soliton wave remain
unchanged after superposition. Meanwhile, the amplitude and
shape of the periodic cnoidal wave, which acts as the back-
ground wave, have also remain unchanged.

Case 3 Superposed phenomena between a two-soliton
solution and a soliton—cnoidal interaction solution

In order to study the superposed phenomena between a
two-soliton solution and a soliton—cnoidal interaction solu-

0.07

tion, we establish the connection between the decomposed
solution (20) and the standard elliptic function. By utilizing
a specific solution of the elliptic equation in the form of Ja-
cobi elliptic function, the detailed expression for the interac-
tion solution between a soliton and a cnoidal periodic wave is

obtained. ™ If ws is fixed as
15 1

Wi = f2+ 7%2 _1fe +2fp tanh(f) — 2% tanh?(f), (32)
415 254

and combined with the above integrable decomposition rela-
tionship (20), the following compatibility conditions should
be satisfied

3 3 fx22
fx3_2fx +fy_§7+2'fx:07 (33)
L, fuh [ 2Afofy 1fafi 24,
fy2+§fxt fx + 3 fx 9 fx 3 fxy _Oa (34)

wherein A is an arbitrary constant. It should be noted that

equations (33) and (34) are compatible with each other. That
is to say, fizy2 = fiox3-

Fig. 3. The superposed phenomenon between a two-soliton and a periodic cnoidal-soliton interaction solution: (a) two-soliton solution u =
Wax = Walcy—0, Where wy is defined by Eq. (26) with Eq. (25) for decomposition relation (18); (b) periodic soliton-cnoidal solution u = w3,
is defined by Eq. (39) with Egs. (36), (38), and (40) for decomposition relation (20); (c) the linear superposition of the two-soliton and the

periodic cnoidal u = %ng + Wyy.

To obtain the soliton—cnoidal periodic interaction solu-
tion, we examine the solution formed by the combination of
different functions

f=kix+hLy+oit+Wkx+1ly+ or)
= khix+hy+ot+W(2), (35)

where k, ki, [, [, ®, @ are real constants. Substituting
ansatz (35) into Eq. (34), we naturally obtain the following

expression

. kO)] —k](l) 31

TR (36)

Next, inserting Eq. (35) into the condition equation (33) and
letting Wz = W;(Z), we find that equation (33) transforms to
be a standard elliptic equation

Wi = waWit + 1iW3 + oW + W + o, (37)

with coefficients y; (i =0, 1,2,3,4) taking the form

((lus + 121k — Sky oy — )k,
k3 (kly — lky)
(36k3 — wk; — 9 1)k2 4312
3kA (kly — lky) kS (kly — lky)’

3ushk?  2kjoq +31% — (913 + 9611 )k3
k(kly —Iky) 3k2(kly — lky)

2ky (481k3 — wky + 121,1) 9/%k3

33 (kly — Lky) k4 (kly — Lky)’

3kihus @) — (9lus+720)k2
kly — lky 3k(kly — lky)

(72k3 +151) — wk 51%k3
3k2(kly — Lky) I3 (kly — lky)’
pa = 4. (38)

_ ki usly
12 (ki — Iky)

=

My =

Uz = Uz,
We choose the solution of the elliptic equation as
_ciczen(Zm)dn(Z|m)

M2 = 1—c3sn?(Z|m) 9
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where c; and ¢, are two free constants, sn, cn, and dn are Ja-  special superposed phenomenon between the two-soliton so-
cobi elliptic functions with elliptic modulus m. Substituting  lution and the periodic cnoidal—soliton interaction solution on
solution (39) into elliptic equation (37) and the following pa-  the y = 0 plane.

rameters conditions are obtained Case 4 Superposed phenomena between two different
1 k periodic cnoidal solutions
‘=5 a=mn ki = 2’ Similar to the specific calculation process of case 2, we
S (6m* —36m* +30)k° — 0+ 2, obtain the decomposed periodic cnoidal wave solutions of
- (30m2 — 30)k? ’ Eqgs. (22) and (23). It can be demonstrated that the decom-
. (54m* — 84m> +30)k> + ® — 2 | @0) posed equation (22) has periodic cnoidal solution

(60m2 — 60)k2
ws = 4k Ee(sn(k1x+ S1y + (l)1t|m] ) |m1 )

1 Figure 3. displays the plots of the solution u = wgy = +(kiZy +2k1m%—2k1)(k1x+s1y+a)1t), (41)
7W3x +wa, with parameters k; =0.1, k=0.2,m=0.1, 0 =4,

o) = 0.5, k3 = 0.25, ks = 0.4. They demonstrate that the with the following constraints

|

Bo = Ziki, Bi=4kim?, 51 =8kim} +3Z1k; —4k;,
3 = —9k{Z) + (24k} — 48kim?)Z, — 48kim] + 48Kk}m?,

52,5, (40,5 5 205 52 o i 52 5,
= -Z7k kimi——k{ |Z k —kim 4k
(] 211+(3 3 1+3 3 +

7y = {80m} —40m?(30A+B)'/> +2(30A + B)*/* — 80m? +20(30A + B)'/3 + 80} /{15(30A + B)'/},

A= \/ —60m}% — 180m}® — 435m8 + 570m$ — 435m¢ + 180m?} — 60,
B = 100m$ — 150m] — 150m? + 100, (42)
and further extending the result to Eq. (23)
we = dkaEe (sn(kox + 52y + @t [my) [my) + (kaZy + 2kom3 — 2k3 ) (kax + s2y + aat), (43)
with
Bo = Zoki, Pi=4kam3, sy =8kam3+3Zok3 —4k3,
3 = —9K37Z, + (24k5 — 48k3m3) Zy — A8k3m5 + 48k3m3,

5 40,5 , 20 52 ¢ 52
W = zz§k§+<3 k3m3 3 k5>Zz+ 3 —kSmj — ?kgm%+4k§,

Zy = {80m3 —40m3(30C + D)3 +2(30C + D)*/* — 80m3 +20(30C + D)'/? +-80} /{15(30C +D)'/3},

C= \/ —60mi? — 180m1® — 435m$ + 570m$ — 435m4 + 180m3 — 60,
D = 100mS — 150m3 — 150m3 + 100, (44)

where my, mo, k1, kp are arbitrary constants. Figure 4 displays the profiles of linear superposed interaction of two periodic cnoidal
wave solutions u = wg, = %(st + we,) with wave parameters being fixed as m; =my = 0.7, k; = 0.12, kp = 0.15.

(a) (c)
" 0.005
30.015 B s 3 0.0203Y/
‘ 0.035
80
= 5080 - 7380 $0

Fig. 4. The superposed phenomenon between two periodic cnoidal solutions: (a) the periodic cnoidal solution u = ws,, where ws is defined by
Eq. (41) with Eq. (42) for decomposition relation (22); (b) the periodic cnoidal solution u = wg, is defined by Eq. (43) with Eq. (44) for decomposition
relation (23); (c) the linear superposition of the two-soliton and the periodic cnoidal u = wg, = %(wsx + Wex)-
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4. Concluding remarks

In this paper, the integrable decomposition of 2D-
CDGKS equation is studied by means of recursive relations
and symmetry reductions, and it is found that the 2D-CDGKS
equation possesses six decomposition relations, which provide
the interrelations between different classic integrable systems
involving ubiquitous KdV equation, SK equation, STO equa-
tion and integrable SS equation. The proposition in this paper
intimates the tantalizing possibility of the existence of linear
superposition in nonlinear systems. Some new linear superpo-
sition solutions of 2D-CDGKS equation are derived by linear
combined of the above-mentioned integrable decomposition,
including two-soliton, three-soliton, periodic cnoidal waves,
interaction solutions of soliton and periodic cnoidal wave. We
illustrate our results via categorical graphically with specific
parameters that ensure better understanding. We delineates
an innovation methodology for resolving new exact solutions,
with a pronounced emphasis on linear superposition solutions.
These solutions are inextricably linked to the integrable de-
composition of NPDEs, this enables researchers to get better
understanding of the connections between NPDEs under con-
sideration and make more precise predictions regarding its be-
havior.

Appendix A: Proof of Proposition 1

This part is the proof of Proposition 1.

Proof Inserting Egs. (9) and (10) into the PCDGKS equa-
tion (3) and balancing the highest nonlinearity and dispersive
term, we obtain

n+1=6, 2m=n+1. (AlD)
A simple computation of Eq. (A1) provides us

Therefore, we assume that the decomposition relationships of
Eq. (3) are in the following form

Wy = P(W7 WX7Wx27Wx3>7 (A3)
Wy = Q(W7 WXanZan3an4an5)a (A4)

and the corresponding compatibility condition is
wy —wyy = [P,Q] = 0. (AS)

For the sake of brevity, we denote

P = P(w,wy,wyx2,wy3) = P(xq,X1,X2,%3),
0= Q(W, WX7Wx27Wx37Wx47Wx5)
= O(x0,x1,X2,X3,X4,X5).

Substituting Eqgs. (A3) and (A4) into the PCDGKS Egq. (3), we

obtain
1
p_p +>

Wx6 (QX5 - % 336" B 36

+ W (xo,x1,...,x5) =0, (A6)
where W = W(xp,x1,...,xs) is a function of the
{x0,x1,%2,x3,x4,x5}. Let the coefficient of wys equal zero,
we can get

0= 36(5F2 +5Fy = 1)xs + G (%0, %1,%2,33, %), (A7)

where G (xg,x1,%2,X3,%4) is a function of {xg,x1,x2,x3,%4}.
Inserting Eq. (A7) into Eq. (A6), we obtain

5
AL PX3 + 2) (-x1PX()X3 +-x2leX3 +x3szX3 +X4PJC3)C3)

Wx5 |:Q1)C4 - 36(

5

- — 5
18 X2x3—3gF%,

} + W, =0, (A8)

where W) = W (xo,X1,x2,x3,X4) is wys-independent. Eliminat-
ing the coefficient of w,s yields

5
Ql =3z (PX3 + 2) (x1PX0x3 +-x2P)C1X3 +x3szX3 +X4PX3X3 )-x4

36

5 1
+ EX4PX2 (PX3 + szz) + G27 (A9)
with G, = Ga(xg,x1,x2,x3) being a function of {xq,x;,x2,x3}.
Similarly, substituting the decompositions (A3) and (A4)
with m = 3,n = 5 and the results (A7) and (A9) into the com-
patibility condition (AS5), we have

5
%W)ﬁ (P)q

+x3PX2x3 +x4Px3X3) +Q= 07

- 1)2(x1PXOX3 +x2Px xs
(A10)

where Q = Q (xp,x,...
the lower order differential form of w with respect to x.

,Xg) is a wy7-independent function of

Vanishing the coefficient of w,7w,4 in Eq. (A10), we get
P = Py(x0,x1,%2)x3 + H (x0,X1,%2). (Al1)

Substituting Eq. (A11) into Eq. (A10) and requiring the coef-
ficient of wy7 being zero results Py (xg,x1,X2) = o, a constant.

Thus,
P = ox3 + H(xo,x1,%2). (A12)

Because of the expression (A12), equation (A8) is simplified

to
5
Wx4 [szz 36 (a + 2) (lexoxz +x2Hx1x2 +X3szx2
5
— 36 ((20+ DHy +3(a—1)x +HY)|+Wr=0, (AI3)
with Wa = Wh(xg,x1,x2). Vanishing the coefficient of wy in
Eq. (A13) leads to
5
0= 7 szxz 36 77 (0 +2)x1 Hyyx, + (00 +2)x2Hy vy
+(2a+ 1)Hy, +H2 +30x; —3x1)x3 +J =0, (Al4)
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where J = J(xg,x1,x2). After the above deduction process, the
decomposition relationship is finally simplified to

wy = awg +H, (A15)
5
w, = %((xz +a—1ws+ %(205 + 1)wwuH,,
5 5
+ ﬁX%HX2x2 + 36 (0t +2)x1Hyyx, + (00 +2)x2Hy, x,

+(2a+ 1)Hy, +HZ, +30ax; —3x1)x3+J =0, (Al6)

with single constant & and two undetermined functions H =
H (x0,x1,x2) and J = J(x0,x1,X2).

Inserting Eqgs. (A15) and (A16) into the CDGKS equa-
tion (2) and the consistent condition (A5) and then vanishing
the coefficients of wy;,i > 3 leave the determining equations
on {o,H,J}, and they are solved in three different cases for
a=0,a=1,and a # 0, 1, respectively. We can get the fol-
lowing results, because some expressions are relatively com-

plex, we do not enumerate them one by one herein, but only

present a portion of them

5 aszszz 5 35 az 4
= _— H =
72 18 72 % 0,
1 502 (5 —5)H,,y
- 85 H= 2X2
<3 72 ) 2 % 36 0,
(50 +10)(—1+ @)Hyyxpx, 0
36 ’
Sx1(—1+ @) Hyyy, | S02(—1+0)Hyy, _ 0
36 36 ’
S0 (Hy, o H 5 5
O‘(#M + (g“ _ 12)HW2"2HW2

5 3502
+ (18 - 72)HX1X2)C2)62
5(5a2—2)0  H

————5 (X1, +x2Hy, ) =0,

- (A17)

56 5 5 Sa 5(a+2)(a—1)H,
(m‘m)ﬂxm"’xz*(u‘u)Hw‘ T

5x1 (Ot + Z)onyq

S)Cll‘lx2

(x1Hy, +x2H,,) =0,

_ 5x2(200+ 1)Hyy,

S5 5 SH, H,
- _~ |H. — 12 Jo. —
( 18 36> 0 18 e

S0+ 2)Hey 56 (204 1)Hygg,

 Swx (20 + 1) Hygx vy

36

55200+ DHy o

36 36

18

36
_ Sx(a+2)(a — 1)Hyy,

18 18
_ SX%((X + 2)(06 — 1)HJCoXo)fz

<5x1 (ot —1)Hyyx,

+ S)CQ(OC — I)I'lex2 >Hx2 + 5x1(a ;é)szoxl

B Sxpx1(a+2) (o — 1)Hx0x1x2

36

N 5x(a — 1)2Hy,
36
5)6%(0{ + 2)(06 - l)szxlxl

5
— — —1 =
36 +4OCX2(OC ) 0,

36

2
SxiHyyx,

18
(A18)

(_ SxoHy, SxiHy, SH sx%)Hx B <5x%me N
0

36

2
B 5x2Hx1 B Sx1x0x1

Sxix (0 + 1)Hx0x0

Sx1x0H.
+ X1X2 X0X1 )sz

36 18

B 5x3 (e + 1)Hyy,

+x1‘]x0 +x2jx1 -

36 12 12

B 5x3 (0t 4 1) Hggr, B

Sxpxa(0+ DHggry 5501 (0 + DHyyy 59(00+ DHy iy Sx2(H —3x7)

12
(A19)

36 12

=0,

36 12

36

( 5x)H,, 5xiHy, 5H Sx%)H ( 5x3Hyx,
22 M 2% g4+ - _

B S5x1x2(00+ 1) Hyyx, B 5)(%(06 +1)Hyyx,

50 (0 + D Hygagny

SX%onxO B x1x2H i
36 18 w2

. Sx%xz((x + 1) Hyyxpr,

12 12 36

CSad (ot DHyya  58(0+ DHea  Sn(=3x3 +H)  SuHi  SxxnH,

12

! —‘rlexO —I-XQJXI =0, (A20)

12 36

12

36 12

5 10«
((‘9‘9)%2* 18

5x1(—1+ 0)Hyyryx, n 5x2(—1+ o) Hy,xyxy )H B ( 5
X

SH.H,

5
E + 6a> szszxl

5x2(4a — 7)Hyy, H,x,

2X2

5x1(40t —7)Hyy, (Sa+5)(4a—1)
* 18 B 12 0%

(Sa+10)(40 — 1)Hy, y,

B S5x1 (7062 + 70— S)onxlxz _

18

52 (40 + @ — 2)Hygox,

36 18

 5x0(70% +700— 5)Hyy vy,

5xj (40 + 00— 2)Higrpnry

18 12
 5x5(40% + 0 = 2)Hyy iy,

12

4

5 5
+3a,x, +-0(a—1)— Rl (=14 0t)Hy,y, =0,

12

5
- 6x1x2 (4052 +a-— 2)HXOX1X2X2

(A21)
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From the determining equation (A17), we know that the
determining equations should be solved in three different cases
fora =0, ¢ =1, and a # 0, 1, respectively. By solving the re-
lated determining equations, we can get the following results.

Case 1 When a = 0, the final solutions of H and J read

H=cixi+c;=ciwy+c2,

Sw3 Seiw? (524 15¢)w
g W x i X 4 cs. A22
ot T % +c3 (A22)

Case 2 When a = 1, we obtain four different solutions:

3 2
5 5 5
J= gw§2+ §w§+§clwx+c2, (A23)
H:clwx+3w)%+cz7
J= 5w3 n Sciw? - 5(ct +3c)wy
2 4 36
5 2
+ 22 4, (A24)
godwe 3 2a) 3 2\
T2 a4 3 )72 3 )
J—Ew3—|—E w—l—%c 2wz—l—i w+%
1616 39 6 3
4 8¢
X w3+201w2+7c%w+ﬁ+40wx2 Wy
3 27
5 4 8¢c3
+ 6 (W3 + 201W2 + gc%w—l— 2—71 +4wx2> wy, (A25)
3w 3w?2
H= x2 X
3er—dw, 2 T
. 5w, (27¢3 — 54c3wy + 32w + 56w )?
- 8(4wy —3c2)3
5 3 Sciwy
+§Wx+ B “+c3. (A26)
Case 3 When o # 1, we find that @ should be fixed as
o = —1/2 and the functions H and J are also fixed as
H= —§w2—|—c Wy +c
- 2 X 1 Wx 2
S5w3 5(c3+3c)we Sw?
J=—x ! Sl 2 A27
g T 36 6 (A27)

where c1, ¢2, and c3 in all cases are arbitrary constants. By
substituting the above solutions (A22)—(A27) into the decom-
position relations (A15) and (A16), Proposition 1 is proved.
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