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Abstract: Symmetries are crucial to the investigation of nonlinear physical processes, particularly the
evaluation of a differential problem in the real world. This study focuses on the investigation of the
Kadomtsev-Petviashvili (KP) model within a (3+1)-dimensional domain, governing the behavior
of wave propagation in a medium characterized by both nonlinearity and dispersion. The inquiry
employs two distinct analytical techniques to derive multiple soliton solutions and multiple solitary
wave solutions. These methods include the modified Sardar sub-equation technique and the Darboux
transformation (DT). The modified Sardar sub-equation technique is used to obtain multiple soliton
solutions, while the DT is introduced to develop two bright and two dark soliton solutions. These
solutions are presented alongside their corresponding constraint conditions and illustrated through
3-D, 2-D, and contour plots to physically portray the derived solutions. The results demonstrate
that the employed analytical techniques are useful and have not yet been explored in the context of
the analyzed models. The proposed methodologies are valuable and can be applied to additional
nonlinear evolutionary models employed to describe nonlinear physical models within the domain
of nonlinear science.

Keywords: (3+1)-dimensional Kadomtseva-Petviashvili model; the modified Sardar sub-equation
technique; Darboux transformation; soliton dynamics

1. Introduction

Recently, a higher-dimensional integrable system’s physical and mathematical aspects
have been addressed. A tremendous amount of research has gone into developing and
understanding integrable models because of their major effects in scientific fields. Many
investigations have been conducted on higher-dimensional integrable equations in many
different sectors, including solitary wave theory and plasma acoustic waves, as well as
many more scientific fields. Many soliton solutions can be found in [1-14].

A nonlinear partial differential equation, the (3+1)-dimensional Kadomtsev—Petviashvili
(KP) model describes wave events in a four-dimensional space—time context. It is an ex-
tension of the (2+1)-dimensional KP model and is applied to the study of many physical
systems, such as fluid dynamics, nonlinear optics, and plasma physics. The soliton so-
lutions, which are localized wave packets that can travel through the medium without
changing their shape or amplitude, are of great importance in the (3+1)-dimensional KP
model. Numerous scientific phenomena, including wave propagation, energy transport,
and information encoding, depend heavily on soliton behavior. A (3+1)-dimensional KP
model was presented in [1] as
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which allows for a weak dispersion factor M yyyy. Its integrability was examined by using
the Backlund transformation in Equation (1). The suggested version of Equation (1) is
not in the form of Painlevé integrability. To expand and generalize integrable systems to
larger-dimensional models, researchers have conducted a lot of work. The development of
numerous higher-dimensionally integrable systems is the result of these efforts. Through
the application of a number of potent approaches, the higher-order integrable model enables
the determination of the dynamic behavior of the solution. Recently, there have been two
thorough reviews of the subject of nonlinear wave structures in various physical contexts,
including consideration of nonlinear optics, photonics, and matter waves in Einstein Bose
and the condensation products [15,16]. Addressing the context of liquid crystals, molecular
Einstein’s condensates, photonic systems, and other fundamental contexts, researchers
have examined the two- and three-dimensional resonances and associated states, such as
quantum droplets [17]. In addition, new information on light bullets, the generation of
few-cycle (ultra-narrow) optical pulses and their many uses, and the appearance of rogue
waves in a variety of media was formally provided in the overview published in [18]. The
extended (3+1)-dimensional Painlevé integrable equation is now examined as:

o2

4 + 4 6 222 3 2 .2
oMy — B OB 3BT ) aMa + bMuy +cMsz +dMzz +eMyz + My =0, (2)
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The majority of phenomena can be represented by nonlinear differential equations (NDEs).
Determining an exact solution for nonlinear differential equations is significantly more
difficult in this circumstance. Numerous analytical techniques have been employed to
solve nonlinear issues, including the Adomian decomposition technique and the varia-
tional homotopy perturbation technique, the variational iteration technique, the homo-
topy perturbation technique, the differential transform technique, and the variational
iteration technique.

Additionally, several intriguing techniques have been researched to find precise so-
lutions for nonlinear PDEs, including the prolonged sin-Gordon expansion technique,
the modified Tanh-function technique, and the modified Kudryashov technique. For
Schamel’s equation, accurate nondifferentiable solutions have been found. For nonlin-
ear PDEs defined in the sense of conformable and local fractional derivatives, several
of the aforementioned techniques have been attained. The Hirota bilinear technique is
perhaps one of the most fascinating exact solution techniques in solution theory for solving
nonlinear integrable equations.

Lie group theory plays a significant part in symmetry reduction, whenever the tra-
ditional methods for minimizing the number of independent components in a problem
are the solution under some subgroup of the symmetry group of that system. Numerous
scientists have claimed that finding the approximate solution to such problems is very
important either by using numerical or analytical techniques. Therefore, symmetry analysis
is a very useful system for identifying PDEs, especially when the equations are derived
from the ideas of mathematical accounting. Although symmetry is an essential compo-
nent of nature, the majority of the findings are not symmetrical. An effective approach
for hiding symmetry is to offer unexpected symmetry-breaking phenomena. Discrete
and continuous finite symmetries come in two different varieties. Parity and temporal
inversion are two examples of natural symmetries that are discrete, whereas space is a
continuous transformation.

Each of these techniques has pros and cons. The optimum auxiliary function technique,
a novel methodology, has been similarly expanded to partial differential equations (PDEs).
Recent years have seen a boom in research on multiple soliton solutions and lump solutions
because of their significance in nonlinear scientific domains. High-amplitude localization
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is a feature of lumps. The Hirota bilinear form [19-21], can be used to produce lumps
and solitons. A lump may physically separate (or emit) from a line soliton, survive for a
momentary interval, and then meld with the following soliton. Recently, Wazwaz used
this model to explore nonlinear integrable models and a number of potent approaches,
including the Hirota method and the Darboux transformation method [22-24]. Darboux
transformation is a powerful mathematical technique used in the study of integrable
systems and nonlinear partial differential equations. It was first introduced by the French
mathematician Gaston Darboux in the late 19th century as a way of constructing new
solutions to differential equations from known ones. The Darboux transformation works
by converting a given differential equation solution into a new solution that uses the same
differential equation but has different boundary conditions. The Darboux matrix, a new
function that is used to methodically alter the initial answer, is introduced in order to make
this transformation. One of the key benefits of the Darboux transformation is that it enables
the building of an endless number of new solutions to a given differential equation, which
can provide important information about how the system under study behaves. Numerous
physical systems, such as quantum mechanics, fluid dynamics, and nonlinear optics have
all been studied using it.

The novelty of this work is that the Darboux transformation and the modified Sardar
sub-equation technique are applied to the KP model in this study to evaluate and analyze
their impacts. New soliton solutions, new aspects of the model’s behavior, or other char-
acteristics that have not yet been investigated in the literature may be found through this
approach [25-27]. This paper has the potential to increase knowledge and comprehension
in the area of the KP equation by utilizing these methodologies and examining their con-
sequences. It might offer fresh perspectives, illuminate the integrability characteristics,
unearth more symmetries, or make known KP model-related events that were previously
unknown. The study of systems that can be precisely solved using analytical techniques is
the focus of the field of integrable systems, which includes the Darboux transformation as
a key tool. It has played a central role in the development of many important mathematical
concepts, such as soliton theory and the inverse scattering method [28-30].

In this paper, we use different techniques, the modified Sardar sub-equation technique
MSST and DT, to find soliton solutions.

Additionally, we improve the discussion on the theoretical implications of our research.
We illustrate our ability to achieve significant theoretical advancement by describing the
exact analytical framework used and highlighting the innovative methods used, such as
the MSST and DT. With the help of these innovations, we identify new solitons, which
are essential for comprehending the behavior of the (3+1)-dimensional KP model. The
discussion of the potential applications resulting from the derived soliton solutions is
expanded. Numerous disciplines are included in these applications, including wave
phenomena, nonlinear optics, fluid dynamics, and plasma physics.

The layout of the paper is as follows: Section 2 explains the general description of the
used techniques and the application of the governing model. In Section 3, we discuss the
DT of the given model. The results and discussion are provided in Section 4. Section 5
provides the conclusion.

2. General Description and Application of the Proposed Methods

This section provides a detailed explanation of the methodology used for Equation
(PDE) to produce soliton solutions. The following form is the generic NLPDE:

S(w/ wX/ wt/ wXX/ th/-"> == 0/ (4)
where w = w(x, t) is an unexplained function. Applying the transformation

w(x, t) = W(1), T=x—0t, (5)
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Equation (1) can be changed into an ODE, as
ROV, W W, ..) =0, 6)

where v and W' represent the constant velocity and ‘%, respectively.
The methodology is described in the following subsection.

2.1. The Modified Sardar Sub-Equation Technique

The given form describes the general solution of Equation (6), as per the method.
N .
W(t) =Ro+ ) _RiP'(1), Ri # 0, 7)
i=1

where W = W(7), and the following equation is the first-order differential equation that
satisfies the general solution to Equation (7).

P'(1)? = &P(1)* + 1P (1) + €, ®)

where €9 # 1 and €7 and e; # 0 are integers. We calculate the constants Ry, Ry, and Ry,
and additionally, it is possible for R; to be zero. We determine the value of N using the
balance principle. Following are the solutions to Equation (8).

Case 1:
e Ifeg=0,61 >0,and e # 0, then

Pi(t) =,/ —gsechwaw +1)), ©)

o Ifeg=0,61 >0,and e # 0, then

Po(1) = | /—%CSCh(\/a(U +1)). (10)

Case 2:
e  For constants f1 and f, letey = 0,e1 > 0, and e, = +4f1 fo; then,

B 4f1/€1
P3(C) = (4f? — e) sinh(\/e1 (17 + 7)) + (4f7 — €2) cosh(/e1(7 + 7)) (11)

Case 3:

2
e For constants R; and Ry, let ¢y = 4%,61 < 0,and €; > 0; then,

Pu(t) = \/gtam(\/T;(ﬂ+T)). (12)

2
e  For constants R; and Ry, let g = 4%,61 < 0,and € > 0; then,

Ps(7) = —2% coth(\/—Tzl(qur)). (13)

2
€1
4ey’

Po(T) = 61(tanh(\/Tzl(nH))+isech(\/761(11+T))>- (14)

e  For constants R; and Ry, let ¢y = €1 < 0,and €, > 0; then,
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2
e  For constants R; and Ry, let ¢y = 4%,€1 < 0,and e; > 0; then,

Py (T) = _8% (tanh<\/—7€8}(17 + T)> +coth<\/—7;1(17 + r)>). (15)

2
e  For constants R; and Ry, let ¢y = 4%, €1 < 0,and e, > 0; then,

\ /—2%12 cosh(y/—2€1(17 + 1))

= 16
Ps(T) sinh(v/—=2e1 (4 1)) +i (16)
Case 4:
o Leteg=0, 1 <0,and e # 0; then,
Po(T) = ,/—2—1 sec(v/—€1 (7 + 1)). (17)
2
o Leteg=0, €1 <0,and e # 0; then,
€
Pio(T) = ,/—e—; csc(v/—e1(n +1)). (18)

Case 5:
2

e Letegy= 4%12,61 > 0,6, > 0,and R% — R% > 0; then,

Pry(t) = \/76612 tan(\/ezT(ﬂ + T>). (19)

€1 >0, >0,and R% — R% > 0; then,

Pra(t) = —@cot(ﬁ(ﬂ—i—r)). (20)

€1 >0, >0,and R% — R% > 0; then,

2

€
* Leteg= g,

2
€1

4ey”

Pi3(1) = — —%(tan(@(n +T)) —sec(\/2?1(17+r))). (21)

€2

. Leteg =

2
o Letey= 4%12,61 > 0,6 > 0,and R? — R3 > 0; then,

Pra(t) = —Seelz(tan(\/(;T(U+T)> —cot(\/eg(ﬁf)))- (22)

2
o Letey= 4%12,61 > 0,ep > 0,and R% - R% > 0; then,

- V=3 (/R = R — Wy cos(v2e1(y + 7)) )
15 =

Ry + Wy sin(v/2e1(n + 1)) , (23)
B \/%COS(\/E(U—FT))
Pre(T) = Sn(vZe (1) -1 (24)
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Case 6:
e Leteg=0ande; > 0; then,
4616\/a(ﬂ+T)
= . 25
Pr(r) e2Velli+7) _ 4e e, )
e Letey =0ande; > 0; then,
4616\/a(ﬂ+7)
= . 2
PlS(T> 1 _4€1€232\/a(7]+'f) ( 6)
Case 7:
e Leteyg=0,e; =0,and e; > 0; then,
1
Hio(T) = NCICETI) (27)
e Leteyg=0,e; =0,andep > 0; then,
i
Pao(T) = NGICET3h (28)

2.2. Application of the Modified Sardar Sub-Equation Technique

The extended form of the (3+1)-dimensional Kadomtsev—Petviashvili model reads as

4_6 2 2+ 4 3 2 _ .2
“Mxt - %Mxxxx - w(/\/{z)xx + aMxx + bey + Csz
(29)

2
e
+szz + eMyz + QMW/ = O,
where B,a,b,c,d, and e are real coefficients, but o, d # 0, and M = s(x,y, z, t) is a function

that, with relation to the spatial and temporal variables, is sufficiently differentiable. The
modification described by

M(x,y,2,t) = s(T), T=x+y+z—0t (30)
is used to reduce Equation (1) into the following ordinary differential equation

4 _ £,2pR2 4 2 _ .2 2
4 6“16ﬁ +P ”—3(ﬁ4“)sz+(a+b+c+d+e+i—d—tw)s:0, (31)

which is second-order nonlinear. Applying the homogeneous balancing principle, we
obtain N = 2. By utilizing the modified Sardar sub-equation technique, we consider the
following form of analytical solution

M(t) = RyP(1)? 4+ RyP(7) + Ro. (32)

Putting Equation (27) into Equation (26) and utilizing Equation (8), we obtain an algebraic
system by equating all the coefficients of the various powers of (P(<)) to zero. The
following is the solution to the system of algebraic equations.
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Family 1:

{ e1(a® — 7atB? + 702p* — pO) — \/(E% — 3egey) (a6 — 7at B2 + 7a2pt — B6)’
Ry — 5 ,
6(a? — p?)

Ry = 0,Ry — s A= 02— B2

ex(a* — 6a2p% + ) 1 < \/(G% — 3egez) (a6 — 7a4 B2 + 7a2p — pO)? (33)
2(a2 — pB2) 4

2
—4b—4C—E—4d—4€+40(U .

The following solutions have been acknowledged as satisfying Family 1:
Case 1:

e Ifeg=0,61 >0,and ep # 0, then

e1(a® — 7atB? + 702p* — pO) — \/(e% — 3egey) (a6 — 7a4B2 + 7a2p4 — B6)’

My = -
6(“2 - ,32) (34)
e1(w* — 607p% + p)sech’® (\/er (i — to +x +y +2))
2(a% — B?) ‘
o 1Ifeg=0,6 >0,and e; # 0, then
Moo= e1(a® —7atp? +7a2p% — B°) — \/(e% — 3egey) (w6 — Tadp2 + Ta2ph — B6)>
o ola — ) ! )
e (et — 6022 + BH)esch?(\Je1(n — to + x +y +2))
2(a% — B2) '

Case 2:
e  For constants f; and f,, letey = 0,e; > 0, and ep = +4f1 f»; then,

e (a® —7aB? + 707p* — ) — \/ (7 —3epez) (a6 — 7atp? + 7024 — po)’ N
6(a2 — p2)° (36)
8f2e1en (at — 6a2p2 + B4)
(a2 — B2)((4f2 — e2) sinh(y/E1 (7 —tv+ x +y +2)) + (4f7 — €2) cosh(y/E1(7 —tv+x+y +2)))?

Case 3:

M1,3 =

2
e  For constants R; and Ry, let ¢y = 4%, €1 < 0,and e, > 0; then,

e1(a® — 7atB? + 7a2B* — B°) — \/(e% — Beper) (a6 — 7atB? + 7a2 Bt — B6)°

M pu—
14 6(a? — ﬁz)Z -
) (a4 —6a2p + '34) tanh?2 ( \/—Tl(ri—\t/v;xwﬂ))
4(a? — p?)

2
e  For constants Rj and Ry, let ¢y = %,61 < 0,and €; > 0; then,



Symmetry 2023, 15, 1364 8 of 27

e1(a® — 70t B> + 702p* — pO) — \/(e% — 3epey) (a6 — 7atB2 + 7a2p4 — B6)’

M =
; ofe =) 8)
e1(at —6a2p% + p) coch( Vel (Wff/z’;wyﬂ))
4(a? — p2)
2
e  For constants R; and Ry, let ¢y = 4%12,61 < 0,and e; > 0; then,
M e1(a® — 7atp? +7a2p% — B°) — \/(e% — 3egen) (a6 — 7a4BR + 702t — BO)’
16 = -
° 6(0‘2 - 182)2 (39)
e1(a* — 6a?pf? + B*) (tanh( - 761('775};”%2)) + isech(ﬁd—q(;y —to+x+y+ z)))2
4(a? — p?) '
e  For constants R; and Ry, let g = %,el < 0,and €, > 0; then,
Mo (a6 — 7ap? + 70>t — B°) — \/(e% — 3egey) (a6 — 7a4 B2 + 7a2pt — BO)’ ~
17 6(a2 — p2)? w0
Ve (p—totx+y+ J=e(y—totxty+
e1(at — 6a2p% + p) (tanh( €1y 2\/05 Y Z)) + COth( ey vaﬁx L Z))>2
16(a% — B2) ’
e  For constants R; and Ry, let ¢y = %,61 < 0,and €; > 0; then,
Mo (a6 — 7ap® + 702 p* — BO) — \/(e% — 3egey) (a6 — 7at B2 + 7a2pt — B6)? B
. 6o — )
41
e1(a* — 6a2p% + B) coshz(ﬁ\/—el(n—tv+x+y+z)) )
4(a% — B?) (sinh(ﬂ\/—el(iy —tv+x+y —|—z)) + i)z .
Case 4:
o Leteg=0, €1 <0,and e, # 0; then,
M e1(a® — 7atp? +7a2p% — BO) — \/(e% — 3egen) (a6 — 7a4BR + 702t — BO)’
19 = -
6(a2 — p2)* (42)
e1(at —6a2p% + p*) sec?(y/—e1(n —tv+x +y +z))
2(a? — p?) '
e Leteg=0, ¢1 <0,and e # 0; then,
Mo e1(a® — 7a*B? + 702p* — BO) — \/(e% — 3eger) (a0 — 7atB? + 7a?pt — B6)? ~
o 6(a2 — p2)° )
4200 | pd\ o 20 _
e1(a* —6a?p? + B*) esc?(/—€1(n —tv + x +y +z2))
2(a% — B2) '

Case 5:
62
. Leteg = L

1oy €1 > 0,e; >0,and R% — R% > 0; then,
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e1(a® — 7a*B? + 702p* — &) — \/(e% — 3egey) (a6 — 7a4B2 + 7a2pt — B6)°

M =

2
6(0‘2 - ﬁ2> (44)
e1 (e — 60202 + B4 tan2(\/a(’7_t\”/;x+y+z))
4(a> — p?) '
e Letey= %,61 > 0,6, > 0,and R% — R% > 0; then,
M e1(a® — 7a*B? + 702 B — &) — \/(e% — 3egey) (a6 — 7atB2 + 7a2pt — B6)°
112 = 5 _
6(0‘2 - fg2> (45)
e1(at — 60202 + B4 Cotz(ﬁ(ﬂ—f\v/%rxwﬂ))
4(a> — p?) '
e Letegy= %,61 > 0,6, > 0, and R% — R% > 0; then,
M e1(ab — 7atp? + 702 — BO) — \/(e% — 3epey) (a6 — 7at B2 + 7a2pt — BO)°
1,13 = _
6(0‘2 - 182)2 (46)
e1(at — 6a2p? + p) (tan(ﬁ\/a(q — tv+x+y—|—z)) — sec(ﬁ\/a(iy — tv+x+y+z)>)2
4(a> — p?) '
o Letey= %,61 >0,e; >0,and R? — R3 > 0; then,
M e1(a® — 7a*B? +7a2p* — o) — \/(e% — 3ege;) (a6 — 7at B2 + 7a2Bt — B6)*
114 = 5 _
6(0‘2 - :82) (47)
e (lx4 — 602 + 54) (tan(‘/a(”_ézi;;w”)) _ Cot(\/a(ﬂ—;)/;xwﬂ))y
16(a? — B?) ’
e Letegy= %,61 > 0,6, > 0, and R% - R% > 0; then,
e1(a® — 7atp? +702p* — BO) — \/(e% — 3epey) (a6 — 7atB? + 7a2Bt — B6)?
M1,15 - 6(0{2 _ ‘32)2 -
204 _6a2 B2+ 84)?
e1(at — 6a?p? + p*) (5\/—62(“ (azéi:z)jﬁ R cos(V2/er(n —to+x+y+ Z))) ? 4%
4_ 60282 4
4(a2 — B2) <€2(a2(a620:§2;rﬁ ) + W sin(ﬁ\/a(n —tv+x+y+ z)))2
€1(a® — 7a*B? + 702p* — &) — \/(e% — 3epey) (a6 — 7at B2 + 7a2Bt — B6)’
Mij6 = T o2 -
6(a* — f2) 19)

e1(a* — 6a2p% + B*) cosz(\/i\/a(n —to+x +y+z))
4(a? _ﬁ2)<sin(ﬁ\/a(17 — tv+x+y+z)) _ 1)2 :
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Case 6:
e Leteg=0ande; > 0; then,

e1(a® — 7a*B? + 702 B — &) — \/(e% — 3egey) (a6 — 7a4B2 + 7a2pt — BO)° .

Maaz =
6(a2 — p2)° (50)
8626% (CK4 _ 60(le2 + ‘34)62\/5(;77tv+x+y+z)
(a2 — B2) (62\/§(n7tv+x+y+z) _ 46162)2
e Leteyg=0ande; > 0; then,
M e1(a® —7ap? +7a2p% — BO) — \/(e% — 3egey) (a6 — 7a4B2 + 7a2pt — BO)°
1,18 — +
6(a2 — p2)° -
86262 (ah — 6022 + pH) Va1 —to+rty+2)
(a2 — B2) (1 _ 4616282\/5(117tv+x+y+z)>2
Case 7:
e Leteyg=0,e;1 =0,and e; > 0; then,
Mo L T 4 T ) V(€2 —3eger) (a6 — 702 + 7a2pt — o) .
1,19 = 2
6(a? — p?) (52)
at — 6042[32 + [34
22— B —tv+x+y+2z)*
e Leteg=0,e1 =0,and e; > 0; then,
M €1(a® — 7atp? +702p* — BO) — \/(e% — 3egey) (a6 — 7atB? + 7a2pt — B6)?
120 =

' 6(a2 — p2)? (53)
B at — 6a2p% + g
22 —B)(n—to+x+y+2z)?

3. Darboux Transformation
The corresponding Lax representation of Equation (1) takes the form:

Y, =VY, Yy = (2ap +4Bu*) ¥y + (+6ap®) ¥, + UY, (54)
in which
i
V=-—i + Vo, U=ul) +Uy+——U_4,
THwy 0 pi 0 T 1
1 0 0 m —1
w = (0 _1>, Vo= <_n 0), U, = (fq g),
. i 0 —amy — By, +iym
= N y xy
Uy = ywy + 2iBwq VOy/ Uy zuwl + <i1xny i ,any - 0 )

If A is a complex spectral parameter that is independent of time (¢), then ¥ = ¥ (x,t) =
(p(x,t),¢(x,1))T (T) denote the transpose of the complex eigenfunctions. The zero curva-
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tures equation V; — Uy + [V, U] = 0, where V and U are 2 x 2 matrices that meet the linear
isospectral problem, is identical to Equation (1). According to Equation (54), the Lax pair of
Equation (1) is:

¥ = VY, V= < i ’.”), (55)
—om* iy
ig i
wty TG ™M
¥, = UY, u= . (56)
I 4 m* @'
2(¢+y) 't T uty

3.1. The N-Fold DT

The N-fold DT of (1) is developed in this section. First, we apply the gauge modification,
shown as follows.

¥Y=TY, (57)

whereas ¥ satisfies the Lax pairs Equations (55) and (56), 7 is a 2 x 2 Darboux matrix,
which is provided here, and ¥ = ¥(x,t) = (¢(x,t), (x,t))7 should maintain the same
shape as the Lax pairing. Equations (4) and (5), excluding the replacement of V and U with
V and U, are

¥, - VY, 9:(‘%*W) (58)
—om* iy
i& i i
N o ~ n+y 2(u+y) ot
Y, =UY, U= , (59)
ic ot _iE
2(p+y) ot pty

where i1 = 7ii(x,t), and & = &(x, t) are novel prospective capabilities that can also address
Equation (1). Using Equations (55)—(59), we have

= (T +TV)T, U= (Ti+TU)771, (60)
wherein we deduce
Vi—Ue+VU-UV =T (V; — U+ VU -UV)T Y, (61)

considering that the equation for zero curvature V; — Uy + VU — UV in the Darboux
matrices is zero 7T, that is, nonsingular. So, YV — le + VYU —UY = 0, and it can also
provide the same Equation (1) inm, { — m, Z, ie., i, ¢ are still a solution for Equation (1)
determined by an innovative spectral issue of Equations (58) and (59). In other words, for
solitons, we can generate novel solutions to the existing ones via the gauge transformation.
It is crucial to choose a suitable Darboux matrix (7). By doing this, we develop a certain 7
in the following form:

Tu(p) Tiz(w) M+ MOt Al Y MO By
T =T = - ] @
Tn(n) To(n) —o Y MBIy My Mo ATy

whereas the complex variables A’ and B! (i = 0,1, ..., M — 1) are 2M. When the linear arith-
metic problem is solved, it is possible to provide indeterminate functions 7 (), ¥4 (p)q =
0(g=1,2,.., M) with 2M equations, i.e.,
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M-1
yév{ +) A (Vq)f‘q] ¢q(pq) + 2 B (ug) qu(Vq) =0,
i=0
(63)
—c+ ) B (P‘q)%lq] $q(pg) + (1" + Y B'(pg)g | 9q(pq) =0,
i=0 i=0 |
as ¥q(pg) = (¢q(pq, (Pq(l/lq)T = (g, (pq)T (9 =1,2,.., M), which are M solutions for the

Lax pairing of Equations (55) and (56) regarding the particular spectrum characteristics y,

and the original solutions my = mg(x,t), o =

So(x,t), pg(pg #miy q#1,9i=12,..,

M),

according to the determinant of the equation’s coefficients, have certain diverse parameters

that have been chosen appropriately (63).

M
detT (u
q

We substitute Equation (62) into Equation (59) with Equation (63).

Theorem 1. Assume ¥1(p1), ¥Y2(uz), ...

(=) (h—#;)-

(64)

, ¥ m(pnm) are the responses to M, a varied unit vector

addressing the spectral issues for Equations (55) and (56) of the spectrum parameter uy, Ha, ..., Upm
and the original solution my, o to Equation (1); then, using the following formulas,
g = mg + 2iBMD, En = o —iAMY, (65)
where BIM=1) — 7ABXM71>, AM-1) — 7/3“4&/;1) with
AL i P p AWRE 91
P2 P2 $2 P2 Ha 92 P2
Vﬁ_lqﬁi\/f Vﬁ_zfl’y Pm Vﬁ_lq)m* #ﬁ_zq)M* PM
(W) 91 (W172) 03 oi  —o () e —or () ¢ —c* 5 |
(W) oz (172) 03 o @ o (W) e ot (M) 95 . o
() oi (2) o - o~ (M) ei —o (W) b -~k

while AAM=Y) and ABM=1) are expressed through the determinant Ay by replacing its first and
(M +1)-th columns with the column vector (— M@y, - - -, —uMar, — (uM) "%, — (b)) 93, - -,

—(@M) 93n)7, respectively .

The N-fold DT of Equation (1) is transformed to Equations (57) and (65) using the
spectrum variables M and y,;. Theorem 1’s proof is provided by simple calculation; the
readers are left with the task of determining the specifics of the proof’s procedure in light
of the fact that they can consult the pertinent literature [27] for further information.

3.2. Asymptotic State Analysis and Solutions to Bright—Dark Multi-Soliton Systems

By utilizing the DT obtained in the preceding part, we can generate solitons on a
constant background of Equation (1). In order to produce a single fundamental solution
with p = p4 as shown below, we first take the initial solutions my = 0 and o = 1 as the
constant solution.
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i(—y%x—yqvxﬂ)
e Mgty
vo=(%\=| ¢ | . (66)
q)q —1(—;4qx—;4q'yx+t)
e gty

The following always uses the parameters ¥ = ¢ = 1 to conveniently gain the dynamic
properties of soliton solutions. The M-soliton solutions of Equation (1) can therefore
be obtained from Equation (65). We depict their structures as seen in Figures 1-13 to
better comprehend their physical characteristics and interactions in Figures 14-16 when
M=1,234.

x\ T
-0.05

-00
-0.15
020
0.25

-0.30
(c)

Figure 1. The parametric values £ = 0.5, fop = 0.2, m = 0.3, and s, = 0.1 display the graphical
representation of My ; in Equation (34). (a) Three dimensions at y = 2, z = 0.3. (b) Contour at
y=2,z=03.(c) Two dimensionsaty =2, z=03, t = 1.

(b)

Figure 2. Cont.
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()

Figure 2. The parametric values £ = 0.15, fo = 0.5, m = 0.3, and s, = 1.1 display the graphical
representation of M, in Equation (35). (a) Three dimensions at y = 1, z = 0.3. (b) Contour at
y=1,z=03. (c) Two dimensionsaty =1, z=03,t = 1.

() (b)

(c)

Figure 3. The parametric values £ = 0.9, fy = 0.8 m = 1.3, and s, = 0.9 display the graphical
representation of M 3 in Equation (36). (a) Three dimensions aty = 1.6, z = 0.5. (b) Contour at
y =16, z=0.5. (c) Two dimensions aty = 1.6, z = 0.5, = 1.
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(c)

Figure 4. The parametric values £ = 1.5, fo = 0.3, m = 0.3, and s, = 0.4 display the graphical
representation of M 4 in Equation (37). (a) Three dimensions at y = 3.1, z = 1.3. (b) Contour at
y =3.1, z=1.3. (c) Two dimensionsaty = 3.1, z=1.3,t = 1.

2.0

o

=

e
&«

0.0

Figure 5. The parametric values £ = 0.7, fo = 1.2, m = 0.3, and s, = 1.1 display the graphical
representation of the S; 5 in Equation (38). (a) Three dimensions at y = 3.1, z = 1.3. (b) Contour at
y =3.1, z=1.3. (c) Two dimensionsaty = 3.1, z=1.3,t = 1.
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(b)

Mg

3

2

N

g 5] 5 10

i
-2
K

(c)

Figure 6. The parametric values £ = 1, fy = 1.2, m = 0.8, and s, = 0.2 display the graphical
representation of M ¢ in Equation (39). (a) Three dimensions at y = 2, z = 0.3. (b) Contour at
y =2, z=0.3. (c) Two dimensions aty =2, z=0.3,t = 1.

15
10
05
0.0
10 -5 o 5 10
(b)

(©)

Figure 7. The parametric values £ = 2.5, fo = 1.2, m = 0.4, and s, = 0.8 display the graphical
representation of the M 7 in Equation (40). (a) Three dimenions at y = 1, z = 1.3. (b) Contour at
y=1,z=13. (c) Two dimensionsaty =1, z=13,t = 1.

w = o o =
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|

Mig
015
A 010
" 0.05
‘ 4 \‘z 2 Fi
/ 0.05
010
(c)

Figure 8. The parametric values £ = 0.5, fp = 0.2, m = 0.3, y =2, z = 0.3, and s, = 0.1 display
the graphical representation of Mg in Equation (41). (a) Three dimensions at y = 2, z = 0.3.
(b) Contour aty = 2, z = 0.3. (c) Two dimensionsaty =2, z =0.3,t = 1.

/’3"‘“-\.‘_\_“

NN
JUUU

Figure 9. The parametric values £ = 0.66, fo = 0.112, m = 0.3, and s, = 0.56 display the graphical
representation of M g in Equation (42). (a) Three dimensions at y = 2, z = 0.43. (b) Contour at
y =2, z=043. (c) Two dimensions aty =2, z = 0.43,t = 1.
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N

0|

(b)

M1.1D

i

6

UL,

(c)

Figure 10. The parametric values £ = 0.55, fy = 0.12, m = 0.3, and s, = 0.71 display the graphical
representation of M 19 in Equation (43). (a) Three dimensions at y = 2, z = 0.63. (b) Contour at
y =2, z=0.63. (c) Two dimensions aty =2, z = 0.63,t = 1.

(b)

4
0.2\\
0 10 10 0

(c)

Figure 11. The parametric values £ = 0.25, fy = 0.42, m = 0.3, and s, = 0.71 display the graphical
representation of 51 15 in Equation (48). (a) Three dimensions aty = 1.2, z = 0.63. (b) Contour at
y =12, z=0.63. (c) Two dimensions aty = 1.2, z = 0.63,¢ = 1.
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(a) (b)

Mia
-0 —

o

-0.24
-0.26
-0.28

-0.30

(©)

Figure 12. The parametric values £ = 0.75, fy = 0.2, m = 0.3, and s, = 0.1 display the graphical
representation of My 17 in Equation (50). (a) Three dimensions aty = 1, z = 0.3. (b) Contour at
y=1,2z=03. (c) Two dimensionsaty =1, z=0.3,t = 1.

(©)

Figure 13. The parametric values £ = 0.5, fy = 0.5, m = 0.3, and s, = 0.4 display the graphical
representation of M 5o in Equation (53). (a) Three dimensions at y = 2, z = 0.3. (b) Contour at
y =2, z=0.3. (c) Two dimensions aty =2, z=0.3,t = 1.
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(b)

Figure 14. The parametric values £ = 0.5, fy = 0.2, m = 0.3, and s, = 0.1 display the graphical
representation of Re[ri;] in Equation (68). (a) Three dimensions at y = 2, z = 0.3. (b) Contour at
y =2, z=0.3. (c) Two dimensions aty =2, z=0.3,t = 1.

N

Figure 15. The parametric values £ = 0.5, fy = 0.2, m = 0.3, and s, = 0.1 display the graphical
representation of Re[& ] in Equation (68). (a) Three dimensions at y = 2, z = 0.3. (b) Contour at
y =2, z=0.3. (c) Two dimensions aty =2, z=0.3,t = 1.
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-15 -10 -05 0.0 0.5 1.0

(@) (b)
Re[rm;]
4
3
2
P i 1 Pl
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15 -10 -05 05 10 15
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2
(0)

Figure 16. The parametric values £ = 0.5, fy = 0.2, m = 0.3, and s, = 0.1, display the graphical
representation of Re[ri;] in Equation (71). (a) Three dimensions at y = 2, z = 0.3. (b) Contour at
y=2,z=03.(c) Two dimensionsaty =2, z = 0.3,t = 1.
3.2.1. Dynamic Analysis and One-Soliton Solutions

For M =1, 41 = ¢+ di, where c and d are constant, from Theorem 1, we obtain the

solution o o
A8 [ DAL
= 2i A §1—1—z< A )t (67)
where
a=| 0 AA0 = ' AP WY B I ‘
! —HeT e P1 TP
We convert the responses to their equations to examine their physical characteristics in
Equation (67) as
~ 2if z 22
my = 2de”'*m sech(20ge), ¢1=1-— T sech”(2{Rre), (68)

as (ge = <dx+ %t),&m = [—cx—i— (c+1)ﬂ,withq =c2+d?>+2c+1.

It is simple to observe that 75 is a bright soliton framework, and 51 is a dark soliton,
from the solutions to Equation (68), and the physical characteristics, such as the intensity,
dimension, speed, wave numbers, main phase, and energy, which are listed in Table 1, can
also be easily probed. For m; and &j, the energies are defined as Fy,, = [ |m; |2dx, F =

2 (& - 1)2dx. We can easily observe the amplitudes and velocities of one-soliton solu-
tions depending on the spectral parameter y;. Figures 15 and 16 show the bell-shaped
bright one-soliton structure of 777 and the anti-bell-shaped dark one-soliton structure of &,
when g =1+2i(ie,c=1,d=2).
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Table 1. The one-soliton solutions” physical characteristics.
Solitons Intensity ~ Dimensions  Speed Nt‘l/\r’lir;rs Phlf:;els Energies
i 1 _1
le 2252 21C ? x ’ ;lci

3.2.2. Analysis of Two-Soliton Solutions Asymptotically

When M = 2, 1 = c1 +dqi, yp = ca + dai, where ¢y, ¢, d1, da, according to Theorem 1,
are positive independent variables, and twofold DT can provide the following;:

ABD [ AAD
flp = 2i——, =1- , 69
m =2 Bl T ) (©9)
where
B nl(gg; + nzeCT+g2+€§ _|_ n;egT + nngl"_CT"'g; - Gl

o)

= 3 (eéi‘+éz + e¢1+€§> + 1y (1 + eé1+€f+§2+§;) + s (eé'ﬁél* e ) , (= o

(70)

where

G1 =W cosh(Z} — §3) + Wacosh({y + £3) + Wy cosh(Z7 + 02) + Wy cosh({y — £2) + W3 cosh[(02 — &3) — (81 — £7)]
+ Wy cosh (1 + 7 + 02 +83) + Wscosh(Zz + £5) + We cosh[Ty + {7 — ({2 + 03)] + W7 + Wg cosh(Zq + 7)),

G2 qullh |:W9 COSh(

él = 2(d1 + cli)x +

€1—CT—(52—C§)>+chosh<61+€i‘+€z+€§>+Wncosh<€1+Ci‘—(€z+C§)>r

2 2 2

with
Z(dl — Cli — 1) ¢

n
Z(dz — Czi — Z)

7

Cz = —2(d2 — Czi)x -,

q2

g1 =c3+di+2c1+1,

g =c3+d3+2004+1,

ny = {4d2(c1 — 02)2 + 4d35 — 4d%d2} — 8d1dy(c1 — ¢2)i,
1y = [4d1(c1——cz)2+—4d?——4d1d§}——8d1d2(cz——c1ﬁ2,
ny = Wog = —4dqdo,

ny = Wi = (c1 — c2)* + (d1 + do)?,

ns = Wiy = (c1 — c2)* + (d1 — da)?,

Wp:PMMw%ﬁq—ﬁé—ﬁﬁ@—ﬁﬁ+qé+qqﬁ+qqﬁ—éﬁ—ém@—ﬁ@—ﬁﬁ

— dldg + ci’ + c%cz + clc% + cld% — 2c1dqdy — cld% + cg — czd% — 2cpdqdy + czd% + 20% +2c1c2

+k§4mq+mﬁiq+Q}wm@@@@+@m+m+@X&—é+ﬁ—£+krﬂqy

Wy = [—8d1d2n4 (C?Cz - C%C% -+ C%Chdz - C%d% -+ C]C% + Clczd% + C1C2d% - C%d% + C%dldz + dcl)’dz - d%d%

+ dld% + C:l5 + C%CZ + C1C% + Cld% + 2C1d1d2 — Cld% + C% — Czd% + 2C2d1d2 + Czd% + ZC% + 2c1¢cp
+2C% + 2d1dy + 2¢1 +2¢0 + 1)} + 8d1dyng(crdy — cody — di + dp) (C% — C% + d% — d% +2c1 — 2C2)i,
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Ws = d3d3 [16(c1 + 1) + 1643 [ (c2 + 1) + 3],
Wy =n3[(er+ 17 + & [+ 1) + 3],
Ws = 2n415 [—3d% + (g +1)? [(cz +1)% 4+ d%},
We = n2[(c1 +1)? + 2] [(c2 + 1) + ],

L
Wy = {360@ —12(co + 1)2} s + {—8{1% + [60& + (112¢5 + 232)c; — 962 — 80c; + 76} 3 — 20 [c% — (24c
+0.4)cy +1.203 — 0.2} (c2+ 1)2}171‘11 + {36d§ + [—%c% + (112¢ — 80)c; + 603 + 232¢; + 76] d

+ [1264 + (160c, +208)c + (~288¢F — 96cs + 264 ) F + (160c} — 96c3 — 192, +112) ey + 12

+2086] + 26463 + 11265 + 56| d3 — 4(c1 — c2)*(c2 +1)° [} + (—6¢2 — 4)c1 + 36 — 2| }a} + 4|3

+(e1 — cz)z] ’ [—3d§ +(c2+ 1)2} (1 +1)?,

Ws = 2n415 [(c1 +1)72 4+ dﬂ [—3d§ + (e + 1)2]

The expression of Equation (68) is a solution with two solitons. The distinctive feature
of an elastic collision is that system’s total energy is unaffected by the collision either before
or after it occurs. To determine that whenever two objects collide, the solitons are elastics,
the asymptotic of the soliton collision is a very effective technique. These are the two states
of the two solitons at zero and infinity. We correlate these to the two temporal patterns that
we depict in the propagation process. Of course, we can also speculate about the particular
set of parameters ¢c; > 0,c; > 0,d; < 0,dp < 0. The examination of the asymptotic states
for possibilities of Equation (68) obtains the following eight asymptotic expressions.

(i) With regard to this aspect 1, in the addresses for Equation (68):

Before the collision (f — —o0),

- ni _ : 1 ny
my — e = Z\/ﬁe Qi goch (glRe —5 In 715)/ (€1 + @1‘ ~0, {4+ §§‘ — —oo), o
- n* _ : 1 ny
My — € = Z\/ﬁe Gl sech <52Re +5n 715) (L2483 ~0, L1+ = +oo),
where €;” and €, are asymptotic illustrations of 71, before they smash into one another.
After a collision (t — +00),

iy ef = 2 bl sech (e 5 ), (GHL 0, L+l o),

1 2#1’[47’[5 2 ns (72)
. "M loimi 1, ng «
filp —> gzr = We Cormi sech <€2Re — E In ns), (gz + @2 ~ 0, §1 + éi‘ — —oo),

where €] and €5 are the formulas of tildem, that asymptotically follow their collision.
When assessed by Equations (71) and (72), through direct calculation, we can obtain

(ii) With regard to the element ¢, as solution to Equation (68):

Before the collision (t — —o0),

_ 242 1. W
51—1—>T1——156Ch2(§1Re—1n10>, QAL ~0, L2+ — —oo),

2 W
7 1 (73)
. _ 2d; 5 1. Wy x *
G—1—=1 =——=sech”(fre+sIn—), (r+{~0, {1+ — +),
q2 2 W]1
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where 7,7 and T, , prior to their collision with one another, constitute the asymptotic

interpretations of ¢, — 1.
After a collision (t — +00),

. 242 1
52 -1 — T1+ = —711 sechz(gle—i— El

Wi

“wu>’ (C1+C1~0, o+ — +00),

(74)

z + Zd% 2 1 WlO * *
b—-1—-17 =——sech” (e —sIn— |, (2+{ ~0, {1+ = —),
71 2 Wp

where 7,7, 7, represent the exponential formulations of ¢, — 1 following their collision.

We deduce the respective physical characteristics of & — 1, as shown in Table 2, from the
analysis above.

Table 2. Specifications regarding the two-soliton solution’s physical state 7fty.

Soliton Amplitude Width Velocity Nt‘;\rlzzzrs Pll;i}?;::y Energy
e 2d; ﬁ — qll 2d, In o 4d,
€ 2d, 2172 — qu 2d, —3lnl 4d,
ef 2d, = - ql] 2d; —;Inlk 4d,
& 2 % -1 245 I ad

In view of the aforementioned discussion, we may conclude that the transmission and
impact of two solitons possess the following attributes.

(i) The solitons” amplitudes, lengths, velocity, pulse numbers, formats, and energy are
unaffected by the collision in both the before and after states.

(ii) Only the stages of the two solitons that collided have changed, and they are now
opposite. As a result, we conclude that the collisions of two solitons become elastic. For
a solution to Equation (68), with the parameters y; = 2i and 7y, = i, Figure 16 shows the
significant two-soliton configurations of m; and ¢,. From this, we can see that part 71, is an
exceptional two-soliton framework, while part &; is a dark two-soliton framework.

4. Results and Discussion

This section covers the comparison of the new work to previous work. Wazwaz et al. [31],
studied the (3+1)-dimensional Kadomtsev—-Petviashvili equation to find multiple solutions. We
compared the innovative soliton solution produced by employing the Sardar substitution and
Darboux transformation methods with the preceding article’s analysis of the (3+1)-dimensional
Kadomtsev-Petviashvili (KP) equation determined using the streamlined Hirota’s direct
method. The soliton solution that was found in the present research is different from the
multiple-soliton solutions that Hirota’s direct technique yielded. The solutions of this study
have potential applications in a variety of domains, including nonlinear optics, engineering,
applied sciences, and communications. These solutions also expand our understanding of
nonlinear phenomena. Furthermore, the KP model can be solved using a variety of solutions,
and the suggested method’s robustness is demonstrated by the consistency and correctness of
the results.

This study was used to investigate the (3+1)-dimensional KP model using two different
useful techniques, including the MSST and the DT. The aim was to obtain one and two
bright and dark soliton solutions and multiple solitary wave solutions.

The studies show that any of the two approaches can be used to successfully arrive
at the intended results. Solutions for hyperbolic, trigonometric, singular, dark, and bright
solitons were found using the MSST. Then, two bright and two dark solitons were created
using the DT. The solutions” physical characteristics were reviewed, and the outcomes
were shown using 3-D plots, contour plots, and 2-D curves. The study shows that the
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obtained solutions are reliable and may be applied to many physical phenomena in various
scientific domains. In conclusion, the study illuminates the behavior of the KP model in
(3+1)-dimensional space and emphasizes the efficiency of the MSST and DT in obtaining
various soliton solutions. Future research in mathematical physics, engineering, and
applied mathematics may be affected by the findings.

We were able to solve Equation (34)—(53) using the MSST, and the results are provided
in Figures 1-13, which show the dark, singular, bright, exponential, and periodic solutions
as well as their 3-D, 2-D, and contour plot representations.

We were able to solve Equations (67)-(74) using the DT, and the results are shown in
Figures 14 and 15, which represent the one-soliton dark and bright solutions, and Figure 16,
which represent the two-soliton solutions provided and represented through 3D, 2D, and
contour plots.

Finally, understanding the dynamics and characteristics of the (3+1)-dimensional KP
equation improves our understanding of the behavior of nonlinear waves in a variety of
physical conditions and advances our understanding of wave phenomena in multidimen-
sional systems.

5. Conclusions

The MSST and DT were used in this study to analyze the KP model in (3+1)-dimensional
space using two alternative methodologies. The major goal of the study was to find many
solitary wave solutions, one and two bright and dark soliton solutions and so on. This
paper exhibits the originality of the MSST and DT application to the (3+1)-dimensional
KP model. The obtained innovative soliton solutions not only improve the knowledge
of soliton dynamics in higher-dimensional spaces but also the viability of the suggested
approach. The results show the potential of the MSST and DT for further research on
nonlinear wave phenomena and broaden the KP equation’s applicability. The study’s
findings show that both methods are successful in obtaining the desired solutions. While
the DT was utilized to produce two bright and two dark soliton solutions, the MSST was
employed to provide dark, single, bright, exponential, and periodic solutions. The physical
properties of the solutions were discussed, and the results were depicted using various
visualization techniques. The obtained solutions are stable and can be used to describe
various physical phenomena in different fields of research, such as fluid dynamics, plasma
physics, and nonlinear optics. Overall, this study contributes to the understanding of the
behavior of the KP equation in (3+1)-dimensional space and highlights the effectiveness
of the MSST and the DT in obtaining different types of soliton solutions. Exploring the
(8+1)-dimensional KP model and its soliton solutions has a wide range of potential applica-
tions and future research avenues. Researchers can further expand their comprehension
of nonlinear wave phenomena while also revealing useful applications in disciplines like
optics, fluid dynamics, and plasma physics by exploring these topics.
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