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Abstract: The current study employs a transformation-based analytical technique, namely Riccati
modified extended simple equation method (RMESEM) to construct and examine soliton phenomena
in a prominent (2 + 1)-dimensional mathematical model namely Nizhnik-Novikov-Veselov system
(NNVS), which has potential applications in exponentially localized structure interactions. The
suggested RMESEM uses a variable transformation to turn the desired NN'VS into a nonlinear ordinary
differential equation (NODE). The resulting NODE is then assumed to have a closed-form solution,
converting it into an algebraic system of equations. When the resulting algebraic system is dealt with
RMESEM’s strategy using Maple, a range of dark and bright soliton solutions in the form of rational,
exponential, periodic, hyperbolic and rational-hyperbolic functions are revealed. Some 3D, contour
and 2D graphs are plotted for visual representations of these soliton solutions that demonstrate their
versatility. The findings deepen our understanding of the NNVS’s dynamics, shedding light on its
behavior and potential uses.
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1. Introduction

Nonlinear partial differential equations (NPDEs) are widely used in various disciplines, including
mathematical engineering and physics [1-5]. The explicit solutions of NPDEs are a key component
of nonlinear scientific research. Several effective techniques have been developed to analytically solve
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NPDE:s, including the Bicklund transformation method [6], the inverse scattering transform [7], the
Darboux transformation [8], the (G’/G)-expansion method [9, 10], the exp-function and Jacobi elliptic
function method [11-13], the Riccati mapping method [14], the Hirota bilinear method [15], the
unified method and its generalized form [16, 17], the sech-function method [18], extended direct
algebraic method (EDAM) [19]. It is important to recognize that while these methods greatly
enhance our understanding of soliton dynamics and help us relate them to the frameworks that
explain phenomena, they may also have drawbacks and shortcomings (such as the seven common
errors) [20,21]. Furthermore, many of these techniques are based on the Riccati equation [22] which
are helpful for analyzing soliton phenomena in nonlinear models, considering that the Riccati equation
has solitary solutions [23].

The study of nonlinear differential equations and their solutions has been a cornerstone of
mathematical physics, with diverse applications across disciplines. For example, Kai and Yin explored
Gaussian traveling waves in Schrodinger equations and soliton molecules in Sharma-Tasso-Olver-
Burgers equations, respectively, highlighting intricate wave dynamics [24, 25]. He and Kai [26]
further analyzed wave structures and chaotic behaviors in Kudryashov’s equation, while Xie et al. [27]
examined fractional damping in Duffing systems.

Soliton solutions have garnered a lot of attention recently considering that they have applications
in a variety of nonlinear settings, such as nonlinear optics, shallow-water waves, Bose-Einstein
condensates and plasma [28-33]. For example, analyses in detail the soliton solutions for several
well-known NPDEs, including the Sine-Gordon equation, nonlinear Schrédinger equation, and
Korteweg-de Vries (KdV) equations in [34]. Freeman’s work [35] shows soliton solutions for
three significant nonlinear evolution equations namely nonlinear Schrédinger equation, Kadomtsev-
Petviashvili equation and Davey-Stewartson equation using Wronskian determinants which also
highlights challenges in the Davey-Stewartson setting including phase variables associated with soliton
count, requiring distinct Bicklund transformations and demonstrates the intricacy of the soliton
solutions of these equations. Javeed et al. [36] claim that the exponential function technique, which
is based on a series of exponential functions, may be used to precisely solve Burger’s equation,
KdV equation and Zakharov-Kuznetsov (ZK) equation. By using the dressing approach, Wang et al.
were able to correctly extract the three-component coupled Hirota hierarchy in [37]. Tian et al. [38]
presented an open study concerning symmetries and the multipliers of conservation law, as well as an
efficient and straightforward method for studying the symmetry-preserving discretization for certain
types of generalized higher order models. Furthermore, Li et al. [39] provided the N-soliton solutions
for the Cauchy problem of the generic n-component nonlinear Schrodinger equations. Additionally, a
hypothesis on the fundamental principle of nonlinear wave transmission was put forth. Furthermore, Li
et al. have performed some intriguing work using the steepest descent approach to derive the solutions
of the Wadati-Konno-Ichikawa equation and the complicated short pulse equation [40]. In addition
to proving the soliton resolution conjecture and the asymptotic stability of these equations’ solutions,
they also resolved the long-time asymptotic behavior of their solutions.

In this study, we aim for investigating and assessing the soliton solutions for (2 + 1)-dimensional
NNVS. The mathematical representation of NNVM is articulated as [41]:

St + OSyyy + PSxxx + GSy + 08, — 3Q(SZ)y = 3p(sr), =0, (1.1)

ry—=25,=0, z,—s,=0,
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where s = s(x,y,1), r = r(x,y,t) & z = z(x,y,t) and are the components of the dimensionless
velocity [42], p,0,0 & ¢ are constant coefficients. NNVS is the only isotropic Lax expansion of
the KdV equation currently [43]. The NNVS is a mathematical model for nonlinear dynamics and
theoretical physics. It is mostly employed to characterize particular kinds of integrable systems, such
as integrable hierarchies and soliton theory. Since its proposal by Nizhnik in the 1980s [44], the
model has been the subject of much mathematical physics research. It has applications in fields
like fluid dynamics and plasma physics and is helpful in comprehending the behavior of various
physical systems. In the realm of incompressible fluids, the NNVS is crucial for phenomena such
as long internal waves, shallow-water waves and acoustic waves. A mechanical perturbation in
an incompressible fluid that travels as a pressure variation without triggering significant changes in
the fluid’s density is known as an acoustic wave. Numerous scholars have examined the NNVS
using a variety of techniques. For example, Boiti et al. tackled NNVS using inverse scattering
transformation [45]. Osman et al. addressed this model using several analytical techniques [46].

In view of given literature, the primary objective of this work is to employ an efficient
transformation-based method, namely RMESEM, for generating new families of soliton solutions for
NNVS, including bright and dark soliton solutions. In the context of the NNVS, the recommended
RMESEM for producing soliton solutions is incredibly robust because it is straightforward and
effective algebraic analytical approach, which does not require complex numerical processes or
linearization. Dependability and accuracy are ensured by the method’s direct calculations, and its
capacity to generate various families of soliton solutions provides important information about the
fundamental characteristics of the NNVS model. Because of its simplicity and wide solution space,
the RMESEM is also a powerful tool for studying the complex behavior of acoustic waves in the
realm of incompressible fluids. Its potential applications cover several fields of shallow-water waves,
protracted internal waves, and related disciplines.

This paper’s remaining sections are organized as follows: We outline the operational mechanism
of the RMESEM in Section 2. We construct soliton solutions for the NNVS using the RMESEM in
Section 3. The dynamics of obtained soliton solutions are graphically represented and discussed in
Section 4, An overview and a summary of our investigation’s findings are provided in the conclusion
section while last section gives an appendix.

2. The operational procedure of RMESEM
In this section, we outline the RMESEM’s working mechanism. Consider the following NPDE:
E(S,7,2, 8¢, Ty 2y Sxlt, 2xSy .. .) = 0, 2.1

where s = s(t, x,y), r = r(t, x,y) & z = z(t, x, y). To solve Eq (2.1), we follow the subsequent procedure:
First, a variable transformation is performed as:

s(t, x,y) = S (v),
r(t,x,y) = R(v),
1, x,y) = Z(v),
Uv=«k(x+y— wt).

(2.2)
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Equation (2.1) is transformed into the subsequent NODE by this transformation:
G(S,S",R,R',Z,Z',SR',Z'S",RS’,...) =0, (2.3)

where the derivatives of S, R, and Z with respect to v are represented by primes. Sometimes, we
integrate Eq (2.3) to meet homogeneous balance criterion.
Next, we suppose the following series form solution for NODE in (2.3):

n n-1 ’ J 1
soro=zo= S (G - SalS) () e
J=

j=0

In this equation, the parameters p;(j =0, ...,n) and ¢;(j = 0, ...,n — 1) represent the unknown constants
that need to be discovered later, while /(v) represents the solution to the resulting Riccati equation:

W' (v) = A+ By(v) + C(v)), (2.5)

where A, B and C are constants.

Following that, the highest-order derivative and the greatest nonlinear term in Eq (2.3) are balanced
homogenously to get the positive integer i required in Eq (2.4).

Then, when (2.4) is inserted into (2.3) or in the equation that results from the integration of (2.3), all
the terms with the same powers of y/(v) are brought together. By using this procedure, an equation in
terms of ¥(v) is produced. An algebraic system of equations encoding the parameters p;(j = 0, ...,n7)
and ¢;(j = 0,...,n — 1), along with additional associated parameters, are produced by setting the
coeflicients in this equation to zero.

An analytical evaluation of the resultant system of nonlinear algebraic equations is performed using
Maple.

Subsequently, to construct new plethora of soliton solutions for (2.1), given in the corresponding
Table 1, we compute and replace the values of unknown parameters with y/(v) ((2.5)’s solution) in (2.4).

3. Application of RMESEM

In this section, we aim to address NNVS given in Eq (1.1) to construct new families of soliton
solution for it using RMESEM. We start with the transformation defined in Eq (2.2) which converts
Eq (1.1) into the following NODE’s system:

(—w+g¢+0)S" + KZ(Q +0)S"”" =3[p(SR) +0(SZ)]1=0
kS’ = «kR’, 3.1
kS’ =«kZ'.

Integrating all of the equations in (3.1) with respect to v while keeping the integration constant zero
results in:

(—w+s+)S +K20+p)S” —3[p(SR) +0(SZ)] =0
S =R, 3.2)
S =Z.
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The following single NODE is obtained by placing the second and third parts of Eq (3.2) in the first
part:

(—w+s+0)S +K+p)U" =3 +0)S*=0. (3.3)

The principle of homogeneous balance between the nonlinear term S 2 and the highest order derivative
S” yields n+2 = 2n, which suggests 7 = 2. The following series form solution for Eq (3.3) is obtained
by replacing n = 2 in Eq (2.4):

) , j 1 ’ J
,7[/ (U) w (U) 1
o | ' =) 34
(v) E pf(w(v)) +]Z:(;q’(w(v)) (lﬁ(v)) oY

J=0

We obtain an expression in y(v) by inserting Eq (3.4) in Eq (3.3) and collecting each term with the
same powers of ¥(v). The following algebraic system of nonlinear equations is produced by setting all
of the coeflicients to zero:

—3pp*Ct + 6170 pC* +6K°p prC* =30 p*C* = 0,

—60p1C’py+2K0p1C° —6ppC’py — 12p py* BC
+ 14 %0 prBC* — 120 p,*BC° + 2 k%0 p1C° + 14 °p p, BC? = 0,
—6pp2Cq1 + 6 p2C* — w p2C* + 8 k%0 prAC’ — 180 p1Bp,C* + 10&°0 p,B*C* = 3 p p;*C?
— 120 p*AC° = 180 p2* B’ C* — 60 p2Cq1 — 6. p pop2C* — 18 p p2* B*C? — 6.0 pop,C*
+ 8 K20 pLAC® + 10&%p p2B*C? + 3 k%0 p1BC? — 18 p p1 Bp,C? + 0 p,C? + 3 k%0 p1 BC?
—12p p*AC* =30 p°C* =0,
10 k*0 p,ABC? + 10 *p p,ABC* + 2 0 p,BC + 26 p,BC — 2 w p,BC — 6 p pop,C
—6ppi>BC = 12p pr°B’C = 6 p,C?qy — 60 pop1C = 60 pi°BC — 60 p1Cq,
—120p"B’C =60 p2C?qo + s piC —wpiC = 18p p1 B prC + 2K°p prB°C
+2K%0 p1AC? + K’0 p1B*C + 2K%0 p2B°C — 12 p pop>BC — 18 p p1Ap,C?
— 36,0 p2’ABC* - 18 p p,BC*qy — 120 pop2BC — 18 0 p1Ap,C*
— 360 p2*ABC? — 180 p,BC?q; + 2 K*p p1AC? + K’p py B*C
— 180 p1B°pC + o piC - 6p p;C*q; =0,
—~ 2w prAC = 6p pop1 B + 26 p,AC + 4 «*p prB*AC — 6 p pop2B* + 2 k%0 p1 BCA
+4 k%0 p2B*AC — 36 p p,*AB*C + K*0q1 B*C — 12 p pop,AC — 12 p p1Bq,C + k*p qoBC
+2°p I AC + Kpq1B’C = 30q,°C* =3ppi°B* + 0 q1C - 30 p°B* = 3p p)°B’
—wpB - wqiC+¢pB* —wpiB-6ppoqiC+0 prB>—30p°B* +5¢,C
-3pq°C*+spB+0pB-6pp°’AC —6pp B’ p, - 6p piCqy — 18 p p,*A’C?
— 60 pop1B — 60 pop2B* — 60 poqiC — 60 p1B’pr — 60 p1Cqo + 4 K° p,A*CP(p + 0)
+ k%0 qoBC + 2 K%0 1 AC? + 20 p,AC — 18 0 p*A*C* — 18 p p,AC?*q, — 18 p p,B*q,C
—12p p2BCqy — 120 pop2AC — 120 p1Bq1C — 36 0 p,°AB*C — 180 p,AC’q,
— 180 p2B*q,C — 120 p,BCqy — 36 p p1Ap>BC — 36 0 p1Ap,BC + 2 k°p pyBCA + 0 py
+spo—wpo—3ppo° —30ps° —60p*AC =0,
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20 p2AB +8K°p 1 BCA - 6040q1C — 6 p qoq1C — 6 p q1°BC — 60 pop1A — 60 pog1 B
~60p1’AB—60p1Bgo—60p1B*q1 — 120 p2°AB* — 60 p2B’qo — 60 p2B*q1 + § p1A + 0 piA
—6p pogo—60pogo —wP1A - wqiB+sqB+0qB-60q°BC —wqy+ 0 qo+5qo
+10k%0 p2A*BC + 8 K*0q1 BCA — 36 p pABq,C — 360 p2ABq,C + 2 k*p p,B°A + 2 *p qoAC
+ KzgpleA - 12p p1Aq,C + 2K2szB3A + 2K2Q qoAC — 12 p pop2AB — 18pp1A2p2C
— 120 pop2AB — 180 p1A>p>C — 36 p p2>A*BC — 180 p1Ap,B* — 120 p1Aq,C — 36 0 p2>A*BC
— 120 prACqy + 2 K*p p1CA* + K’p p1B*A + 10 k%0 poA’BC — 18 p p1Ap, B* + 2 k%0 p1CA?
+26p2AB = 2w prAB + K°p qoB* + KCpqi B’ + 120 qoB> + K0 q1 B’ — 6 p pop1A — 6 p pogi B
—6pp1’AB—6p p1Bgo—6p p1Bq1 = 12p p,>AB> = 6 p p1B’qo — 6p p2B*q1 — 12 p prACqo = 0,
— 6 poprA’ +3K°p p1A’B + 10K%p pyB*A* — 6 p pogiA — 6 p p1Ago — 12p p1Agi B — 18 p prA’q, C
+ 820 prA’C +3K%p qoAB + 8 K2 p q1CA* + TK*p ¢\ B*A + 3 k%0 pL\A*B + 0 p,A* + 0 q 1A
+sPA’ + S QA -~ w P A’ —w A =30 pPA’ = 3ppiPA -30q°B - 3pqi’B’ - 12p p,"A’C
+ 10 k%0 p2B*A? + 8 K0 prAC — 120 prABqo — 18Qp2ABZq1 — 18/0})2214282 -6pq0q:B
— 60 poprA” — 60 poqiA — 60 p1Agy — 120 p2°A’C — 180 p2°A’B* — 60 goq1 B — 6.0 q1°AC
+3K%0qoAB + 8Kk*0qCA* + TK*0q1B*A — 18 p p1A*p,B — 12 p p,ABqy — 18 p p,AB*q,
— 180 p1A>pB — 120 p1AqiB - 180 p2A*qiC = 3p q* = 30490> — 6p ¢1*AC =0,

14 %0 pA’B — 120 p*A’B + 12 K%p q1A’B + 2 %0 p1 A + 2K p qoA* — 6 p p1A%q,

+ 12670 1A’B = 60 prA’qo — 6 p 1A’ py — 18 p p2A°q1 B + 14K°p pA’B + 2 °p p1 A

— 180 2A’q1B = 60 qoq1A — 6 p Goq1A — 60 1A Py — 6p PrA°qo — 60 q1*AB + 2 k%0 goA>

—12p p2*A’B - 60 p1A*q, — 6pq*AB = 0,

and
6 %0 1A’ + 61%0 prA* +6KC0 qiA’ — 60 prA’q1 — 3041°A
—3pqi’A* =3p pAt = 6p pAPq + 6 5p prAt =30 p At = 0.

The ensuing five cases of solutions are provided by using Maple to solve this system:
Case 1.

Po=0,p1=0,p,=0,q0=0,q; =2A*, 0w = W,k = K,p = p,

) 3.5
0o=0,0=0,d=—0+w—KYy (©@+p).
Case 2.
K>y
=2 p=0,p,=0,90=0,q, = 2AK*, w = w,
Po 3 P1 )% 90 qi K,w=w (3.6)
K=Kp=p,0=0,0=0,6=-0+w+Ky (@+p).
Case 3.
= O, = —2K2B, = 2K2’ = O, = —2AK2,CU = w,
Po P P2 qo q (3.7)

K=Kp=p0=0,0=0,6=—0+w—Kx (@+p).
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Case 4.
1, 2 2 2
= —KY,p1 = -2k'B,py =2«°,q0 = 0,9, = -2 Ak",
Po 3 X> D1 ) 2) qo0 qi (3.8)
W=WK=KP=p,0=0,0=0,¢=—-0+w+Ky (©+p).
Case 5.

Po = Po>P1 = P1,P2 = P2:490 = 40,91 = 41, W = W,
K=Kp=p,0=—p,0=0,§d=W—0.

(3.9)

The subsequent families of soliton solutions result from assuming Case 1 and using Eqgs (2.2)
and (3.4) with the corresponding solutions of (2.5) given in Table 1.

Family 1.1. Given y < 0,C # 0,

A’y (1 + (tan( —)(v))z) (_% g % V=xtan(s HU))
s11(tx,y) = 1 , (3.10)
(B— \/_tan(i V—xv ))
A’y (1 + (cot(% —Xv))z) (_% B_1 Vxeol(s Hv))
s12(1, X, y) = , (3.11)
(B+ Hcot(% —)(v))
2 A%y (1 + sin(ﬁv))( 12,1 Vx(tan( Hv)“eC( Hv))) .
Sl = (cos( —/\(v)) (B cos( —)(v) — /=X sin ( Hv) - H) '
and
—2 A%y (sin (v=yv) - 1) (—% byl Vo(and HU)_S“( H”)))
s14(t, x,y) = : (3.13)
(cos ( Hv)) (B cos ( —)(v) /=X sin ( Xv) + —)()
Family 1.2. Given y > 0,C # 0,
—A> 1+ (t h 2 ____1\ftd“h(z\fv)
s15(1,x,y) = Kx ( ( an ) )1( )’ (3.14)
(B+ /X tanh (5 \/)?v))
~2Ak%x (=1 + isinh (yiv)) (_% 5 _ 1 i) i m))) .
o) = (cosh (yrv)) (Bcosh (yirv) + yisinh (viv) +ivk) |
2 A% (1 +isinh () (_% 5 _ 1 Eanh()ieeh( m))) e
)= (cosh (yirv)) (Beosh (yirv) + virsinh (viv) - ivE) |
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and

%AKZX( (cosh (& \/—U)) )( L _ 1 YE(anh(G o)-con(3 V2 «fv)))

s18(t, x,y) = ) (3.17)
’ (cosh (Z \/)?v)) (sinh (i \/)?v)) ( Bcosh (i )(v) sinh (% )(v) - \/)7)
Family 1.3. Given y =0, B # 0,
2,2
s1o(f, x,y) = 8 2252 (3.18)
Family 1.4. Given B=n, A =In(l # 0)and C =0,
sLio0(t, x,y) = 2 kne™. (3.19)

The subsequent families of soliton solutions result from assuming Case 2 and using Eqgs (2.2)
and (3.4) with the corresponding solutions of (2.5) given in Table 1.

Family 2.1. Given y < 0,C # 0,

( 2C (cos (& v=rv))’ +3A)

At x,y) = —1/6 (3.20)
§2,1(Z, X, y C(cos (% _XU))2
Y (—2C +2C (cos (4 Hv)f + 3A)
$20(t,x,y) = 1/6 > (3.21)
C(—l + (cos (% Hv)) )
2 (- —v)) C+3A+3Asin( =
L (- (cos (v=rv) 34 w) .
(cos( —)(v)) C
and
2x |(cos ( vV=x *C+3Asin(V=v) - 34
S24(t, X%, y) = 3 i (( ( XU)) 21 ( XU) ) (3.23)
(cos( —)(v)) C
Family 2.2. Given y > 0,C # 0,
2y (-2¢ (cosh (4 434
s25(t,x,y) =—1/6 A ( (COS (2 \/)?U)Z ), (3.24)
C (cosh (% \/)?v))
2y (=2.C (cosh (1 "434
S26(t,x,¥) =—1/6 S ( (COS (2 \/)?U)Z ), (3.25)
C (cosh (% \/)_(v))
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3

2 (= (cosh *C+3A+3iAsinh
Szj(t,x’y):_lk)(( (Cos (\/)?v)) 2 iA sin (\/)?v)), (326
(cosh(\/)?v)) C
and

| (-8C(cosh (% vw)) +8C (cosh (} viw)) + 64 (cosh (4 vw)) - 34)
s28(1, X, y) = —54

C ((cosh (i \/)?v)) )(cosh( \/_v))

(3.27)
Family 2.3. Given y =0, B # 0,

1 A22
§29(2, xy)——K)(+8

. (3.28)
B?v?
Family 2.4. Given B=n,A = In(l # 0) and C = 0,

1
s2.10(8, X, y) = §K)( + 21 Akn*e™.

(3.29)
The subsequent families of soliton solutions result from assuming Case 3 and using Eqgs (2.2)
and (3.4) with the corresponding solutions of (2.5) given in Table 1

Family 3.1. Given y < 0,C # 0,

2

k*By (1 + (tan (% - ))2)
SS,l(ta X,y) == 1 +
B — y/[—xtan(5 vV—x )

K*x (1 + (tan (% —)(v))z)
(3 v
Ay (1 + (tan(i _Xv))z) (_

(B — +/—xtan (% —Xv))z

(3.30)
1B 1 Novan(s vox ))
2 C 2 C

(B— Htan(% V—xv )

ey (1 eo(§ v)f) (1 feor(d 7))
» (t’ ’ ) = —
$32(1, %,y B+ y=x cot (5 v=ixv) E (B+ vxcot (L y=ro)) (3.31)
A’y (1 + (cot(% Hv)f) (—% g _1 HCOt(Cz V=X ))
) (B+ v=rcot(t v=xv)) ’
2 . —
S3’3(l‘, x,y) =2 K BX (1 + SlIl( XU))

cos ( —)(v) (B cos ( —)(v) — 4/=x sin ( Hu) - ﬁ)
K*y? (1 + sin( —XU))Z
(cos ( Hv))z (B cos ( —)(v) /= sin ( _XU) Hy (3.32)
24k (1 + sin( —Xv))( 15,1

(cos ( —)(v)) (B cos ( —)(v) -

—X sm( —)(v) - H)
AIMS Mathematics

1 H(tan( Hu)+ﬂec( HU)) )
2

Volume 10, Issue 2, 3306-3333.



3315

K*By (sin( —)(v) - 1)
cos( —Xv) (B cos( —Xv) — Hsin( —)(v) + —X)
Ky (sin ( Hv) — 1)2

s34(t, x,y) =2

" (con(vo0)) (Beos(vo0) - vosin(vTT) + N

24 (sin (yTrw) - 1) (~4 & + § Sl ER (R0

(cos ( —)(v)) (B cos ( —Xv) - V=X sm( —)(v) —X)

Family 3.2. Given y > 0,C # 0,

By (‘1+(tanh(% \/)?v))z) 1 KX ( 1+ (tanh (5 Vv ))2)
s35(t,x,y) = B+ \/ytanh(l \/_U) + (B+ \/_tanh( Vv ))2
) A’y (_1 +(tanh( \/_v)) )(___ -1 «Ftanh(z Vi )

(B + +/x tanh (% )(v))

K*By (=1 + isinh (yAv))
cosh (/xv) (Bcosh (yv) + i sinh (yiv) + i vx)
i 22 (=1 + isinh (Virv))
(cosh (iv))” (Beosh (i) +  sinh (yirw) +ivx)

2AKZX (_1 n zsmh(\/)?v)) (_% g _ % \/)?(tanh( \/)?vgﬂ'sech( \/)?v)))

(cosh ( \/)?v)) (B cosh ( \/)?v) + /[y sinh ( \/)?v) +1 \/)?)

S3,6(t9 X, )’) :2

+

«*By (1 +isinh (yiv))
cosh ( \/)?v) (B cosh ( \/)?v) + 4/x sinh ( \/)?v) -1 \/)?)
-~ 2 (1 + isinh (o))
(cosh ( \/)?v))2 (B cosh ( \/)?v) + 4/x sinh ( \/)?v) —1i \/)?)2
2 Ak (1 + isinh (yirv)) (_1 5 _ 1 ()i v)?v)))

2C 2

(cosh ( \/)?v)) (B cosh ( \/)?v) + 4/x sinh ( \/)?v) -1 \/)?) ’

s37(t,x,y) = =2

(3.33)

(3.34)

(3.35)

(3.36)
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and

K>By (2 (cosh (;11 \/)?v))z - 1)
53 8(1, X, =— —
(a0 ==3 cosh (;11 \rv) sinh (4 \/)?v) (2 Bcosh (} \//?v) sinh (§ \//\71}) - VX)
2 (2 (cosh (4 viw)) - 1)

1 (3.37)
T3 2, 2 ] 2 '
8 (cosh(}—l \/)?v)) (smh (}1 \/)?v)) (2Bcosh(3—l Vi) smh(}—1 Virv) - \//?)
2 anh( 1 v)—coth( % ]
LAy (2 (cosh(‘—lt \/)70)) B 1)(_% z_1 Vi(tanh( g \/)?2 th(§ Vi )))
(cosh (4 rv))(sinh (4 ixv)) (2 Beosh (4 viv)sinh (3 irv) - V)
Family 3.3. Given y = 0,B # 0,
K*B K> A%
t,x,y) =4 +8 -8 . 3.38
S3,9( X y) U (BU + 2) U2 (BU + 2)2 BZUZ ( )
Family 3.4. Given y = 0, in case when B = C = 0,
LK 2,2 (3.39)
s3,10(t, x,y) =2 i 2A°. :
Family 3.5. Given y = 0, in case when B=A =0,
2
s311(t,x,y) =2 % (3.40)
Family 3.6. Given B=n,A = In(l # 0) and C = 0,
2 2 nv 2 2 (anv)2
s3(t,x,y) =—=2 K,Z © +2 K (e )2 — 2 Ikn*ne™. (3.41)
e — 1 (em — )
Family 3.7. Given B=n,C = In(l # 0) and A = 0,
K21’1 (_Sesv + Sesu+nvl _ ev(s+n)ln) e—sv
s3,13(1, %, y) = =2 11 e
) 2, (3.42)
K (_Sesu + gesvtnv] _ ev(s+n)ln) (C sv)
+2 > .
(=1 +le™)
Family 3.8. Given A =0, C # 0 and B # 0,
2B (sinh (Bv) — cosh (B 2B (sinh (Bv) — cosh (Bv))*
Soaalt,x,y) = =2 k~ B~ (sinh (Bv) — cosh (Bv)) ) k~ B~ (sinh (Bv) — cosh (Bv)) (3.43)

; + ,
— cosh (Bv) + sinh (Bv) — k; (= cosh (Bv) + sinh (Bv) — k,)*
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and

2B2k 2B2k 2
$315(6,%,y) = =2 o2 (3.44)
cosh (Bv) + sinh (Bv) + kz (cosh (Bv) + sinh (Bv) + ky)*

The subsequent families of soliton solutions result from assuming Case 4 and using Eqgs (2.2)
and (3.4) with the corresponding solutions of (2.5) given in Table 1.

Family 4.1. Given y < 0,C # 0,

2

B (L (n (s var))') 2 1+ (an (3 vo))

s4.1(t,x,y) =3 Ky -

- v=xtan (4 v=yv) ) (B~ y=xtan(} —)(v))2 (3.45)
ARy (1+ (tan (4 yo0))') (-4 £ + § LEUE)
) (B- v=rtan(} v=xv))
TP U e O ) B Ui )
, 3 B+ y=xcot(y vorv) 2 (B+ yErcot() vEiv)) (3.46)
e (1 oot v ) - 1 Ttm)
) (B+ v=reot(t v=))
s43(t,x,y):l o KBy (1 + sin (y=xv))
, 3 cos (y=xv) (Bcos (v=xv) - v=xsin(v=xv) - v=x)
el R
(cos (v=xv)) (Beos (v=xv) = v=iesin(V=iv) - V%) |
2 A%y (1 +sin —xv))( 15,1 r(tan(ﬁv)ﬂec(ﬁv)))
" oo (V) (Boos (Vo) - v sn( V) Vo)
and
1, K*By (sin( v=yv) -1
S4,4(I,X,Y):§KX+2005( —vv) (Beos (_X,J;_\/;Sm)( =)+ V)
retelim) ) (3.48)

(cos ( —)(v))z (B cos ( —)(v) —Y sin ( —)(v) )()2

2 A%y (sin( —)(v) - 1)( 15 B 4 é V=x(tan( Fv) sec( Hv)))

" (cos (vov)) (Beos (vT0) — v sin(voww) + vox)

AIMS Mathematics Volume 10, Issue 2, 3306-3333.



3318

Family 4.2. Given y > 0,C # 0,

e (-1 (tann (S yw))) e (-1 + (ann (4 y)))
545, x,y) =3Kx+ P \/_tanh(l \/_U) +5 (B N \/_tanh( \/)70))2
Ay (=1 + (anh (3 yw))*) (-4 & - § Sl
’ (B+ yrtanh (1 viv))
K*By (=1 + isinh (yv))
cosh (xv) (Bcosh (yfv) + i sinh (yiv) + i vx)
22 (=1 + isinh (yirv))
(cosh (v))” (Beosh (irv) + v sinh (vir) +ivx)
2 Ay (-1 + isinh (Viv)) (—% 8 _ 1 e(tanh(yiv)viseeh( V’?”)))
(cosh ( viv)) (Beosh (yixv) + i sinh ( viv) +ivx)
«*By (1 +isinh (i)
cosh (yixv) (B cosh (yiv) + i sinh (xv) — i v¥)
. 2 (1 +isinh (yiw))
(o (72 (3o o) = vEsi o)~ (8]
24y (1 + isinh () L E(tanh( yev) hech( V¥ f”)))

(_
(cosh ( \/)?v)) (B cosh ( \/_v) + 4/y sinh ( \/)?v) -1 \/)?) ’

(3.49)

1
Sq6(t, X, ) :§ Kz)( +2

+2

(3.50)

1
S4,7(ta X, y) :§ Kz/\/ - 2

B _
C

1
2

(3.51)

and

1 1 K*By (2 (cosh( v )2 )
s48(t, x,y) ——K)(— =

2 cosh( Vi) sinh( irv) (2 Beosh (4 \/_v) sinh (} \/)?v) - VX)
1 K2y ( (cosh( ))2 )
8 (cosh(1 \/_v))2 (sinh(1 \/_v)) (2Bcosh(z \/)?v) sth \/)?v) - \//?)2
! AKz)(( (cosh( \/—U)) _ 1)(_ 1B _ 1 Vx(tanh(} x/)?vc)—coth(% Wv)))

(cosh (Z \/)?v)) (smh (Z \/)?v)) (2 Bcosh (}L \/)?v) sinh (}1 \/}v) - \/)?)

Family 4.3. Given y =0, B # 0,

N (3.52)

k*B K> A2

+8 -8 .
v(Bu+2) 2(Bu+2)  BR?

s49(t, x,y) =4 (3.53)
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Family 4.4. Given y = 0, in case when B = C = 0,

K2
S4’10(l, X,y) =2 — 2A2K2.
v

Family 4.5. Given y = 0, in case when B=A = (),

2
san(t,x,y) =2 "

Family 4.6. Given B=n,A = In(l # 0) and C = 0,

K2 l’l2 e
e —1
K2n2 (enU)Z

(e =1

1
s4.12(1, x,y) =§ Kn -2

— 2 Ikn*ne™.

Family 4.7. Given B=n,C = In(l # 0)and A = 0,

K2n (_sesu + sesUtnU] _ oV (s+n)ln) e %

1 2
sa13(t, x,y) == k'n—2
4131, X, y) 3 o
2
P (_Sesv + gesUtnv] _ av (s+n)ln) (e—sv)2
+2

(-1 + lew)?
Family 4.8. Given A =0, C # 0 and B # 0,

k*B? (sinh (Bv) — cosh (Bv))

—cosh (Bv) + sinh (Bv) — k,

ZK%%mmwm—mmwwf
(= cosh (Bv) + sinh (Bv) — k»)*’

1
S4,14(ta X, y) :§ KZB -

and
1 ) K232k2
Lx,y) =z K B-2 :
S415(1, X, Y) 3K cosh (Bv) + sinh (Bv) + k,
K232k22

+2 - 5
(cosh (Bv) + sinh (Bv) + k)

(3.54)

(3.5%)

(3.56)

(3.57)

(3.58)

(3.59)

The subsequent families of soliton solutions result from assuming Case 5 and using Eqgs (2.2)

and (3.4) with the corresponding solutions of (2.5) given in Table 1.
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Family 5.1. Given y < 0,C # 0,

| PIX (1 + (tan(% Hu))z) . Pay? (1 + (tan(% —)(v))z)z
s5.1(8, X, ¥) =po + 3 -

2 B_Htan(% —XU) " (B—Htan(% _XU))Z

Lau (1+ (tan (3 o)) (~4 2 + 4 R0l

2
(3.60)
" (B- v=xtan(} v=xv))
oo (1 (co (5 vmw))) ) ot (1 + (cor(4 _Xv))z)z
s52(t, %, y) =po + 3 t 2
2 B+ \/:YCO'[(% —XU) 4 (B+ Hcot(% —)(v))
1B 1 v=xcot(3 v=xv)
ta|-3673 c
baue (1 (cot (o)) (-4 £ - 4 SET)
. (3.61)
(B+ Hcot(% —)(v))
" ) 2o + PixX (1 + sin( —)(v))
BB =R cos( —)(U)(BCOS( —)(v)— Hsin( —Xv)— H)
. P’ (1 + sin ( \/;(v))2
(cos( —Xv))2 (Bcos( —)(v) - =X sin( —)(v) - ﬁ)z
1B 1 ﬁ(tan( —)(v)+sec( —)(U))
ta|-3c*3 ¢
g (1 +sin (Vo)) (4 2 + 2 LTI 0)
+ (3.62)

(cos( —/\/v)) (Bcos(ﬁv)— Hsin(ﬁv) - \/—_)’
DX (sin(ﬁv) - 1)
cos( —)(v) (Bcos( —)(v) - V=) sin( —)(v) + —)()

s54(1, X, ) =po —

. )25 % (sin( —)(v) - 1)2
(COS ( \/ﬁv))2 (B cos ( —)(v) — 4/—xsin ( —)(v) + —)()2
1 B N 1 H(tan( —)(v) — sec( —)(v))

+q0|-5 =

2C 2 C
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(3.63)
(COS( —)(v)) (B Ccos ( \/_)(v) - Hsm( —)(v) + \/_)
Family 5.2. Given y > 0,C # 0,
( ) | P (—1 + (tanh(% \/)?v))z) | 1% (—1 + (tanh (% \/)?v))z)
S55(L, X, Y) =po — 5 + - >
T b anh (5 ) 4 (B+ ptanh (3 yiv))
( 1 \/_tanh %Y )]
Law ( 1+ (tanh( \/—U)) )(_l z_1 M)
, (3.64)
(B+ v tanh (% viv))
PLY (—1 + isinh(\/)?v))
85.6(f, X, ¥) =po — : :
cosh ( \/)?v) (B cosh ( \/)?v) + 4/x sinh ( \/)?v) +1 \/)?)
.\ pox’* (—1 + isinh ( \/)?v))z
(cosh ( \/_v))2 (B cosh ( \/)?v) + /[y sinh ( \/)?v) +1 \/)?)2
1B 1V (tanh ( \/)?v) + isech ( \/)?v))
‘' 2¢ 2 C
quy (=1 + isinh (yiv)) (_% 5 _ 1 Ry} isech( v)?v)))
- : : (3.65)
(cosh ( \/)?v)) (B cosh ( ) /x sinh ( \/)?v) +1i \/)?)
PY (1 + zsmh(\//\_/v))
s57(8, X, ¥) =po + . .
cosh ( \/)?v) (B cosh ( \/)?v) + 4/ sinh ( \/)?v) —1 \/)?)
. 5% (1 + isinh ( \/)?v))z
(cosh ( \/_v))2 (B cosh ( \/)?v) + 4/x sinh ( \/)?v) -1 \/)7)2
1B 1V (tanh ( \/)?v) — isech ( \/)?v))
ThITe T c
quy (1 +isinh (yv)) (_% 5 _ 1 V() ieeh(VF \Fv)))
+ (3.66)

(cosh ( \//\711)) (B cosh ( \//\711) /x sinh ( \//\711) —1i \/)_()
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and

e 1 254 (2 (cosh (i \/)_(v))z - 1)
58 X, Y) =Po 4 cosh (i \/yu) sinh (% \/)?v) (ZBcosh (}1 \/)?v) sinh (4—1‘ \/)?v) - \/)?)
: Py’ (2 (cosh (411 \/)711))2 - 1)
16 (cosh (i \/)_(v))z (sinh (‘—1‘ \/)?v))z (2Bcosh (% \/)?v) sinh (i \/)?v) - \/)?)2 (3.67)

1B 1 \/)?(tanh(% \/)?v)—coth(i \/)_(v))
t0| 3671 c

Family 5.3. Given y = 0,B # 0,

) D1 44 D2 .
v (Bu+2) V2 (Bu +2)

§59(2, X, y) =po —

qoA (Bu + 2) q1A (3.68)
-2 + .
B*v B*?
Family 5.4. Given y = 0, in case when B = C = 0,
ss.10(f, X, ¥) =po + % + % + qoAv + qA. (3.69)
Family 5.5. Given y = 0, in case when B = A = 0,
Pt P2 4o q1
1,X,y) =po— — + —= — — + ——. ,
$5.11(Z, %, ¥) =po ot "ot e (3.70)
Family 5.6. Given B=n,A = In(l # 0) and C = 0,
nv 2 (Anv)2
pine pan- (e") o .
Ss.2(t, X, y) =po + S0 @1y +qo (" — 1) + qine™. (3.71)
Family 5.7. Given B=n,C = In(l # 0) and A = 0,
12 (_sesu + sesvtnv] eu(s+n)ln) e s
t =po +
$5,13(1, X, ¥) =po o
P> (_Sesv + sefvtv] _ o (s+n)ln)2 (e—sv)z
+ (3.72)
(1 + lew)?
qOeSU qi (_sesu + geSvtmv] _ ov (s+n)ln) e SVesV
+ +
1-lew (=1 + le™) (1 — lew)
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Family 5.8. Given A =0,C # O and B # 0,

p1B (sinh (Bv) — cosh (Bv)) N p>B? (sinh (Bv) — cosh (Bv))?
—cosh (Bv) + sinh (Bv) =k, (- cosh (Bv) + sinh (Bv) — k,)*

§5.14(2, x,y) =po +

. (3.73)
B qok.B N q1 B~ (sinh (Bv) — cosh (Bv)) k;
C (cosh (Bv) —sinh (Bv) + k2)  C (cosh (Bv) — sinh (Bv) + ky)?’
and
p1Bk, p2B%ky?
) LXx,y) =po + - +
152 =P+ o By + sinh (Bu) + o (cosh (Bv) + sinh (Bo) 1 ko) .

qoB (cosh (Bv) + sinh (Bv)) B q1B%k, (cosh (Bv) + sinh (Bv))
C (cosh (Bv) + sinh (Bv) + k2)  C (cosh (Bv) + sinh (Bv) + k)*

In above all solutions,
U=k(x+y— wt).

4. Discussion and graphs

The several kink solitons found in the system under study are shown graphically in this section.
Using the RMESEM, we extract and display a variety of wave patterns, most notably dark and bright
kink solitons in 2D, contour, and 3D forms. Different parameter choices provide informative and
intelligible graphics. Notably, the work’s findings are novel, and to the best of our knowledge, no
prior literature has reported the use of these mathematical methodologies to the (2 + 1)-dimensional
NNVS. Our present study is peculiar in that we have discovered novel families of soliton solutions,
such as periodic, exponential, rational, hyperbolic, and rational-hyperbolic families. The ability to
infer solutions obtained by other analytical techniques, like the tan-method, EDAM, F-expansion
method, (G’/G)-expansion method, and numerous others, is another unique advantage of our analytical
methodology.

Axiom 4.1. The following transpires after the setup of p; = p» = g; = 0in Eq (3.4):

S) = 2o 4.1

Y(v)

This displays the closed form solution for the F-expansion, EDAM, and tan-function methods. Thus,
attaining p; = p, = q; = 0, our findings may also provide the solutions generated by the F-expansion
technique, EDAM, and tan-function method.

Axiom 4.2. Similarly, after setting up go = ¢; = 0 in Eq (3.4) the same solution structure emerges:

2 ’ J
Y'(v)
S) = p(—) . 4.2)

ijo o)

This is the series-form solution that is produced by using the (G’/G)-expansion method in conjunction
with the Riccati equation.
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Moreover, dark and bright kink solitons are two types of the found kink soliton wave phenomena
that are essential to the study of the NNVS and associated mathematical frameworks. The presence of
only these two types of kink solitons in NNVS solutions can be attributed to physical characteristics
since in exponentially localized interactions, dark and bright kinks likely represent the fundamental
building blocks of localized waves, governing energy transport and system stability, symmetry
constraints because the inner parameter-dependent symmetry criteria of the KP model, from which
NNVS derives, might limit soliton solutions to transitions between different background states and
integrability properties as NNVS being derived as an isotropic Lax expansion of the KdV equation
inherently restricts its soliton families to stable, localized structures like dark and bright kinks. Each of
these two types of kink soliton has unique characteristics and implications in the context of nonlinear
wave processes. Abrupt field transitions are a common feature of many physical phenomena, including
kink waves. Bright solitons are localized wave packets that exhibit a sudden amplitude change that
mimics a kink in the waveform character. Typically, they signify a sudden change from a situation with
a smaller amplitude to one with a greater amplitude. Bright kink solitons can help us understand how
systems move from one phase to another by modeling phase transitions in a range of physical contexts.
On the other hand, dark solitons show a dip in their wave pattern due to a regional decrease in their
amplitude. They are solutions to nonlinear wave equations that maintain their shape while traveling at
constant speeds. Dark solitons are essential for understanding stability in nonlinear systems. Because
of their resistance to disruptions, they are ideal for use in communication technologies where signal
dependability is crucial. In physical systems, such as Bose-Einstein condensation or certain fluid
dynamics scenarios, dark solitons can be employed to represent regions of low density in a medium.
Lastly, dark-bright solitons are composite wave patterns composed of a bright and a dark soliton.
They often appear in systems when the interplay of two different wave modes produces a stable
configuration. Dark-bright solitons are a balance between attracting and repulsive forces in nonlinear
media. Understanding the coexistence and interaction of different wave types is crucial in fields like
nonlinear optics and plasma physics, and their study helps with this. In conclusion, understanding
nonlinear wave processes requires an understanding of all types of kink soliton discovered. Particularly
in fields like stability and wave propagation, their interactions and other unique properties provide
valuable insights into a variety of physics applications.

Moreover, Figure 1 is drawn for dark multiple bell-shaped kink soliton solution s, 5(¢, x, y) given in
Eq 3.14) with A = 1,B =5,C = 4,k = 1,w = 3,t = 0. Figure 2 is drawn for bright kink soliton
solution s19(¢, x,y) given in Eq (3.18) with A = 4,B = §,C = 4,k = 0.5¢ - 3,w = 0.05,r = 1.
Figure 3 is drawn for bright kink soliton solution s,,(¢, x,y) given in Eq (3.21) withA =1,B=1,C =
I,k = 2, = 0.0015,¢ = 5. Figure 4 is drawn for dark kink soliton solution s,g(#, x,y) given in
Eq (3.27) with A = §,B = 10,C = 2,k = 0.002,w = 0.0075,¢ = 10. Figure 5 is drawn for dark
multiple bell-shaped kink soliton solution s;35(, x,y) given in Eq (3.34) with A = 4,B = 10,C =
4,k = 0.0065,w = 0.0115,# = 20. Figure 6 is drawn for dark bell-shaped kink soliton solution
s3.14(1, x,y) given in Eq (3.43) with A = 0,B = 5,C = 2,k = 0.085,w = 0.0215,¢ = 50,k, = 1.
Figure 7 is drawn for bright kink soliton solution s4(#, x,y) given in Eq (3.45) with A = 1,B =
3,C =5,k =0.055,w = 0.045, ¢t = 100. Figure 8 is drawn for bright kink soliton solution sy 5(%, x, y)
given in Eq (3.57) with s = 3,/ = 2,A = 0,B = 5,C = sl,k = 0.0009,w = 0.0005,¢ = 500.
Figure 9 is drawn for dark-bright or lump-like kink soliton solution ss5(%, x, y) given in Eq (3.67) with
A =12,B = 13,C = 3,k = 0.001,w = 0.0445,t = 10,py = 0,p1 = 1,p» = 1,90 = 2,91 = 3.

AIMS Mathematics Volume 10, Issue 2, 3306-3333.



3326

Figure 10 is drawn for bright kink soliton solution ss;;(#, x,y) given in Eq (3.70) with A = 0,B =
0,C =5,k =0.054,w = 0.00035,t = 5,pp = 1,p1 =2,p2 = 2,90 = 3,91 = 5. In a nutshell, bright
kinks can represent areas of elevated density, energy, pressure; these are frequently linked to localized
amplification or detrimental interference. These solitons are essential for simulating phenomenon like
rogue or shock waves because they represent regions where wave interactions intensify local intensities.
Dark kink solitons are frequently used to represent areas of decreased densities or energies in physical
systems, such as fluid flow or wave propagation, in the setting of exponentially localized structural
interactions in NNVS. These solitons indicate dispersive or dissipative areas, which are helpful in
comprehending how energy dissipates in fluids or plasmas.

Y d 5

Figure 1. The a. 3D, b. contour and c. 2D (y = 0) plots of kink soliton solution s, 5(z, x, y)
in Eq (3.14) are illustrated with A = 1,B=5,C =4,k = 1,w = 3,¢ = 0. Overall, this profile
shows dark multiple bell-shaped kink soliton.

200000

1500004

5

100000+

50000

Figure 2. The a. 3D, b. contour and c. 2D (y = 0) plots of kink soliton solution s; ¢(%, x, y) in
Eq (3.18) are illustrated with A =4,B = 8,C = 4,k = 0.5¢ — 3, w = 0.05,7 = 1. Overall, this
profile shows bright kink soliton.
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Figure 3. The a. 3D, b. contour and c. 2D (y = 1000) plots of kink soliton solution s; (%, x, y)
in Eq (3.21) are illustrated with A = 1,B = 1,C = 1,k = 2, w = 0.0015,7 = 5. Overall, this
profile shows bright kink soliton.
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Figure 4. The a. 3D, b. contour and c. 2D (y = 0) plots of kink soliton solution s, 5(%, x, y) in
Eq (3.27) are illustrated with A = 8, B = 10,C = 2,k = 0.002, w = 0.0075,¢ = 10. Overall,
this profile shows dark kink soliton solution.
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Figure 5. The a. 3D, b. contour and c. 2D (y = 10) plots of kink soliton solution s35(z, x, y)
in Eq (3.34) are illustrated with A = 4,B = 10,C = 4,k = 0.0065,w = 0.0115,¢ = 20.
Overall, this profile shows dark multiple bell-shaped kink soliton.
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Figure 6. The a. 3D, b. contour and c. 2D (y = 1) plots of kink soliton solution s3 14(%, X, y)
in Eq (3.43) are illustrated with A = 0,B = 5,C = 2,k = 0.085,w = 0.0215,¢ = 50, k, = 1.
Overall, this profile shows dark bell-shaped kink soliton.
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Figure 7. The a. 3D, b. contour and c. 2D (y = 100) plots of kink soliton solution s4 (%, x, y)
in Eq (3.45) are illustrated with A = 1,B =3,C = 5,k = 0.055, w = 0.045, ¢ = 100. Overall,
this profile shows bright kink soliton.
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Figure 8. The a. 3D, b. contour and c. 2D (x = 1) plots of kink soliton solution s43(¢, x, y) in
Eq (3.57) are illustrated with s = 3,/ =2,A = 0,B = 5,C = sl,k = 0.0009, w = 0.0005, ¢ =
500. Overall, this profile shows bright kink soliton.
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Figure 9. The a. 3D, b. contour and c. 2D (y = 0) plots of kink soliton solution ssg(z, x, y)
in Eq (3.67) are illustrated with A = 12, B = 13,C = 3,k = 0.001, w = 0.0445,1 = 10, py =
0,p1 = 1,p2 = 1,90 = 2,41 = 3. Overall, this profile shows dark-bright or lump-like kink
soliton.

Figure 10. The a. 3D, b. contour and c. 2D (y = 3) plots of kink soliton solution ss (%, x, y)
in Eq (3.70) are illustrated with A = 0,B = 0,C = 5,k = 0.054,w = 0.00035,¢ = 5, py =
I,p1 =2,p2=2,q90 = 3,9, = 5. Overall, this profile shows bright kink soliton.

5. Conclusions

In this section, our study of the (2 + 1)-dimensional NNVS produced significant outcomes. Using
the RMESEM, we successfully established a broad range of kink soliton solutions for the aimed model
which prominently reveal dark and bright kink soliton phenomena. These findings are essential to
comprehending the underlying behavior of the NNVS. Some 3D, contour and 2D graphs are plotted
for visual representations of these soliton solutions that demonstrate their versatility. With implications
for long interior waves, shallow-water waves, and beyond, these findings also advance our knowledge
of the dynamics of acoustic waves in incompressible fluids. The importance of the NNVS in theoretical
physics and nonlinear dynamics is highlighted in this work, along with its usefulness and the potential
for further development in related mathematical models and physical systems. Furthermore, while the
RMESEM has greatly advanced our understanding of soliton dynamics and their relationship to the
model under study, it is important to acknowledge the limitations of this methodology, particularly,
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this method fails when dealing with NPDEs with nonlinear terms and highest order derivatives that are
not homogeneously balanced. Notwithstanding this limitation, the present investigation demonstrates
that the methodology employed in this work is extremely straightforward and efficacious for nonlinear
problems in a variety of natural science domains.

Appendix

Since we know from Eq (3.2) that:
S(@) = R() = Z(v). (5.1

As a result, as demonstrated in ((3.10)—(3.74)), the solutions of the system given in Eq (1.1) that
correspond to the functions r(z, x, y) and z(¢, x, y) are the same as those for s(z, x, y). Therefore, in order
to prevent duplication, we do not restate these solutions in the Section 3.
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