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Abstract. In this paper, we investigate a nonlinear partial differential
equation (NLPDE) known as the (2+1)-D Zoomeron model. This model
is widely used in fluid dynamics, SONAR (Sound Navigation and Rang-
ing) systems, optical fiber communication, and various other mathemat-
ical, physical, and technological fields. The exact solutions are obtained
with the help of two advanced methodologies, the Sardar sub-equation
technique and a new extended algebraic technique, that can offer a variety
of soliton solutions with unique dynamic characteristics. These method-
ologies are efficient in understanding the complex behavior of the model.
Traveling wave solutions are obtained in the paper with the help of Math-
ematica software, to explain a sound and effective new mathematical ap-
proach. The generated solutions cover a wide range of phenomena. These
techniques give results in the form of plane wave solutions, hyperbolic
solutions, periodic solutions, mixed periodic solutions, shock wave solu-
tions, exponential solutions, and trigonometric solutions. Moreover, to
understand the behavior of the obtained results, draw it in 3D, 2D as well,
and contour from. The research outcomes increase the model’s accuracy
and demonstrate the new concept’s value in learning technical physical
systems. The next study in the domains of theoretical physics and applied
mathematics is made possible by this work.

AMS (MOS) Subject Classification Codes: 35Q51; 35C07; 25U09; 35Q53
Key Words: (2+1)-D Zoomeron model; Sardar sub-equation technique; New extended di-

rect algebraic approach; Exact solutions; Non-linear partial differential equation (NLPDE?s).

1. INTRODUCTION

Solitons are an interesting phenomenon in nonlinear science. They occur due to the deli-
cate interaction of a medium’s dispersive and nonlinear properties. Solitary waves can arise
as aresult of nonlinear effects, which enable waves to interact, and dispersive effects, which
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cause waves of various frequencies to move at different speeds, can counteract dispersion
and keep the soliton’s shape as it propagates [26, 19]. In the context of optical fibers,
solitons are solitary waves that propagate through the fiber while retaining their amplitude
and shape [8]. Solitons offer an effective solution to signal deterioration in long-distance
underwater communications [14]. Additionally, SONAR (Sound Navigation and Ranging)
systems may find use for solitons. SONAR systems use sound waves to detect and locate
objects underwater [17]. In optical fiber and telecommunication systems [39, 4, 2].

To find the exact solutions various techniques are utilized. Many different kinds of non-
linear problems have developed in the field of nonlinear science, featuring models such
as He’s Variational Method [27], the (F-expansion) method [30], Hirota bilinear forms
[24], the new extended generalized Kudryashov method [41], and the 1°¢ Integral Method
[43]. Utilizing the extended tanh-function technique [40], Semi-analytical methods [5], the
function method [15], new auxiliary method [6], simple direct method [23], the (é) tech-
nique [11], Lie symmetry analysis [21], tanh method [38], bilinear residual network method
[45], modified auxiliary equation method [20], bilinear neural network [44], % method-
ology [13], Jacobi elliptic function method [32], homogeneous balance method [29], the
Miura transformation [22], cubic B-spline [28] and Wronskian determinant technique [33].
These methods provide exact soliton solutions, offering insights into the model’s behav-
ior across various scenarios. Techniques such as the Bécklund Transformations, Hirota’s
Direct Method, and the Inverse Scattering Transform allow for a thorough investigation of
soliton dynamics in a variety of mathematical and physical contexts [25, 46, 31, 1].

In this manuscript, to obtain the exact soliton solutions two methodologies are applied.
Namely, the Sardar sub-equation technique and the new extended direct algebraic approach.
These models give results in the form of shock solutions, singular solutions, mixed complex
solitary-shock solutions, mixed singular solutions, mixed shock-singular solutions, mixed
trigonometric solutions, complex solutions, trigonometric solutions, mixed trigonometric
solutions, periodic and mixed periodic solutions, single and mixed wave compositions, and
mixed hyperbolic solutions. The Sardar sub-equation method includes four cases, each
with five to six sets of conditions. The advantage of this technique is that it is easy to
solve and gives exact solutions in some steps and these solutions also satisfy the original
equation. The other model is a new extended direct algebraic method. It consists of twelve
cases with different cases and each case has four to five numerous sets. This method is
beneficial for both new and experienced investigators as it provides accurate solution solu-
tions quickly and easily. Its effectiveness, simplicity of use, and accessibility enable fast
understanding and analysis, offering insightful information in a variety of fields. The mo-
tivation for our outcomes is that it can be used in are often employed in systems for optical
fiber communication. Here are some applications and uses of our outcomes, in optical fiber
communication, one of the primary benefits of solitons is their long-range shape and inten-
sity maintenance, which allows for reliable information transfer. Results are employed in
water wave and optical systems, and they can also occur in some kinds of sound systems.
Also helpful in SONAR systems, which use sound waves for underwater navigation and
detection. Certain ideas on nonlinear wave propagation and solitons may have an impact
on the development and functionality of cutting-edge SONAR systems.

The paper is divided into different sections. In Section 2, we explain the analytical
method and explore some beneficial factors of the new extended direct algebraic technique
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and Sardar sub-equation method. Section 3 focuses on developing solitary wave solutions,
accompanied by a clear graphic representation. Moving on to Section 4, to present and
discuss the results. The final part of the paper is a conclusion summarising the entire
research.

2. GOVERNING MODEL

A focus of research is the (2+1)-D Zoomeron model, which presents an extensive array
of nonlinear dynamics that resist considered mathematical models. soliton solution of the
(2+1)-dimensional Zoomeron equation [18]. Mathematical methods for a reliable treat-
ment. By exposing the interactions between the velocities of solitons generated for this
equation and the impacts of gradient flow directions, it seeks to obtain a physically dis-
tinct viewpoint. Furthermore, with the assistance of bilinear formalism, a direct method is
utilized for obtaining solitary wave and rogue wave solutions employing certain auxiliary
functions [10]. As such, there have simply been two different types of solitons. The first is
called an accelerated soliton, which originates from one side in a distant time and returns
to that side at the same speed in the distant future. The second was a trapped soliton, which
oscillated repeatedly in the same direction around a fixed point in space. Boomeron was
the first, and Trappon was the second. This led to the derivation of the classical Zoomeron
equation [16]. The non-linear partial differential Zoomeron equation is,

me me 2 _
<F>tt<F)m+2(F)“O’ @1

were, F(x,y,t) represents the magnitude of a soliton, z, and y denote the positional
components, and ¢ represents the time component. In this study, we execute an in-depth
examination of the (2+1)-D Zoomeron equation, utilising new mathematical methods to
identify the complex solutions that emerge in this enlarged framework. Our intention is to
make an important addition to the rapidly evolving field of nonlinear dynamics by provid-
ing both theoretical understanding of the behaviour of waves and solitons and prospective
applications in a variety of interdisciplinary fields. We seek to learn more about dynamic
systems in higher dimensions and discover new aspects of nonlinear processes as we work
through the difficulties of the (2+1)-D Zoomeron equation [37].

3. REPRESENTATION OF THE ANALYTICAL METHODS
The suggested approach is efficaciously relevant to complex non-linear utilize systems:
A(FvoaFtantamey-“) = 07 (3 2)

where, A is the polynomial function in F, and F(x, t)is in fact an undefined function. Its
impartial variables are temporal and spatial.

C(K,K',K",...)=0. (3.3)
By simply taking the use of the given transformation:

F(z,t) = K(9), (.4
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were, § = Yz — ¢t.
To set up a travelling wave transformation to reap the effects of Eq. (2. 1).

F(z,t) =K(9), § = x + ey — e1t. 3.5

where, €, is constant and € is wave speed. Applying the formerly mentioned travelling
wave transformation inside Eq. ( 3. 2 ), and get the ODE,

e (1)K — 26K — QK = 0. 3.6)

3.1. Sardar sub-equation method. Consider Eq. ( 3. 3 ) have the solutions as follow
[3,35]:

M
GEDD [Ajﬂj (o] : 3.7

=0
where Aj(O < j < M) are constants.
(Q(0)? =G+ FO*(C) + 24(0)), 3. 8)

where G and F’ are real constants and Eq.( 3. 8 ) yields the sets of solutions as:
Case 1: When F' > 0 and G = 0, then

O (¢) = £v/—Fpgsechyy (VFO), (3.9)
05 (¢) = +v/=Fpaescypg (VFQ), (3. 10)

where,

2
Sechpq(g) = W,Cschpq(c) = W (3 11)
Case 2: When I' < 0 and G = 0, then

QF(¢) = £1/—Fpgsech,,(vV—F¢), (3. 12)
Q5 (¢) = /= Fpgescypg (V=FC), (3. 13)

where,
h = 2 h = 2i 3. 14
sechpq () = peiC 4 ge—ic ©5€ pa(C) = peiC + qe (3. 14)

Case 3: When F' < 0 and G:Z—Z then,

0F (¢) = =y~ tanhp (- 5.0), 6.15
QGi(C) = :l:\/ _gcmthz)q(\/ _§C)7 (3. 16)

QE(¢) = :I:\/—g(tanhpq(\/—ZF(j) + iy/pgsech,yq(n/—2F()), (3. 17)
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0F (¢) = 1/~ (cothyg (V-2FQ) + i/eschyy (v =2FQ),

0 (¢) = 1~ 5 (tamhy (1 ~ 5 0) + cotpaly = =),

. peS + ge~¢
- pet —gqe=¢

where,
pes —qe¢

tanh =—,
an PQ(C) p6<+q€7C

cothpg(C)

Case 4: When F' > 0 and G=§ then,

() = i\/ftanhpqq/fo,
210 = iﬁcotm\/fo,

D5(¢) = i\/f(mnpq(\/ﬁC) + Vpgsecp(V2F()),

QI_LLS(O = i\/f(wtpq(\/ﬁ() + \/Paescpg (v 2FQ)),

25(0) = i\/famnpq(\/fo + cotpq(\/fc»,

_ pe'S +qeic

(€)=

where,

_peic — qeﬂ'C

tan,, () = —zpieiC e COtpg

Zpiez( p—

.

.

3.

3.

. 18)

. 19)

20)

21)

.22)

23)

24)

. 25)

26)

3.1.1. Applications of Sardar sub-equation Method: To achieve the soliton wave structures
of (2+1) D Zoomeron Model, the SSM is applied on Eq. ( 3. 6 ). By balance rule on terms

of K" and K? in Eq. (3. 6), gives Q = 1, so Eq. (3. 7) changes to
V(¢) = eo + eaf2(¢),

.

27)

where e, e; are constants. Replacing the Eq.( 3. 27 ) along with Eq. ( 3. 8 ) into Eq. ( 3.
6 ), and gets the set of equations in €y, €1, and ). On resolving the system of equations, to

attain

co(ef — 1)

Q=Feg(el —1),e0=0,e1 = + .
1

3.

28)
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Case 1: When F' > 0 and G = 0 then,

2 _1
Ki‘: (Jf,y,t) =+ 60(61 ) + 7qu560hpq(\/ﬁ<)a 3.
€1
2
1
K3 (z,y,t) =+ “o(r = 1) — Fpqescyg(VFC). 3.
€1
Case 2: When F' < 0 and G = 0 then,
+ colef — 1)
K5 (z,y,t) = £ ——= £ v/ —Fpgsechpq(vV—F(), (3.
€1
+ eoef — 1)
K7 (z,y,t) =+ — + v/ —Fpgcscp(V—FC). 3.
1

Case 3: When F' < 0 and G:j—z then,

(x,y,t) 1/ 61 —b T4/ tanhpq \/— C 3.
(z,y,t) = “ 61 —D £4/- cothpq A/ = C (3.

co(ef — 1)

K?(m,y,t) =4 o + i@sechpq(\/jﬁr)), (3.
2 _

KE (2, y,1) = + 60(6271) + i\/paeschpg(vV—2FC)), 3.
1

Ki (z,y,t) =+ 60(6;_ 1) + (/- tanhpq \/— C + coth,q(y/ — 8()))(3.

Case 4: When F' > 0 and G=7 then

2 _

Klio(x,y,t) ::I:HM:I:\/Etanhpq(\/EC), (3.
€1 2 2

Klil (z,y,t 1/ 61 —1) +4/ cotpq 1/ C 3.

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)
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K (2, y,t) = + 60(61_1) + (\/f(tanpq(\/ﬁ() + /pgsecyq(v/2F())), (3. 40)
Kit?)(x?:%t) == 60<6i1_1) + (\/E(COtpq(\/ﬁC) + \/]chscPQ( \% 2FC)))> (3 41)

Kﬁ(x, y,t) ==+ @ £ ( 5(@“”1%1(\/50 + COtpq(\/iC)))- (3.42)

€1
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FIGURE 1. The solution K (z, y, t) is represented in 3D ,2D and contour

plot.
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FIGURE 2. The solution of K;3(x,y,t) is represented in 3D, 2D, and
contour plots.
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3.2. New extended direct algebraic method. Suppose that Eq. ( 3. 3 ) has the solution
of the form given in Eq. (3. 4) [7, 12],

K(6) = {ri(Z((S))Z] , (3.43)
1=0
and
Z'(8) = In[o] (o + BZ(8) + LZ*(5)) , 0 # (0,1), (3. 44)

Eq. (3. 44 ) has extended roots in several families by selecting parameters where «, 3, and
{ represent the actual values.
Group 1: When 82 — 40/ < 0, and £ # 0,

71(6) = —% + %tang (?5) , (3. 45)

Z(8) = —2% - % cot, <\/?5) , (3. 46)

Zs(6) = —2% n % (tang (\/36) + /mmsec, (\/35)) , (3. 47)

2a() =~ + X (cot, (VD) £ vimmase, (VES)). (3.4

Zs(6) = —% + % (tang (?6) — cot, <\/?6>> . (3. 49)
Group 2: When 82 — 4a¢ > 0, and ¢ # 0,

Zo(5) = —% - g tanh, (*?e) : (3. 50)

Z7(6)=—%—§co‘chg (‘/f ) 3. 51)

Zs(8) = —2% + \g—f (— tanh, (VE6) + ivmnsech, (V). (3. 52)

Zo(8) = —% + g (- coth, (VES) & vimnesch, (V). (3. 53)

Z1o(6) = —% - g (tanhg (?5) + coth, <¢fa>) . (3. 54)
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Group 3: When o/ > 0 and 8§ = 0,

Z11(6) = \/gtang (\/@5) ,
Z12(0) = —\/; cot, (fé)

Zaa(6) = \/i (tan, (2vats) + v sec, (2vads)),

Z14(0) = ﬁ (— cot, (2\/@5) + Wcscg (2\/@5)) )

Z15(6) = ;ﬁ (tang <\/;76> — cot, <\/20[75)> .

Group 4: When of < 0 and § = 0,

Z1o(8) = —H tanh, (@5) ,
Z7(8) = —H coth, (\/—7125) ,

Z13(6) = H (— tanh, (2\/—70455) + iv/mnsech, 2\/75>)

(
Z19(0) = H (— coth,, (2@5) + v/mnesch, (

26 = -1 (i (L525) 4 o (@g)) |

Group 5: When 3 =0and o = ¢,

Z1(6) = tan, (af),
Zg2(0) = — cot, (al)

Z23(0) = tan, (2af) £ v/mnsec, (2a¥) ,

Z24(6) = — cot, (2a) = /mn csc, (2a) ,

@a.

@a.

3.

3.

@a.

@a.

3.

. 55)

. 56)

.57)

58)

.59)

. 60)

. 61)

62)

63)

. 64)

65)

66)

67)

68)
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| —

Zos(6) = (tang (%5) — cot, (%5)) .
Group 6: When 3 =0 and { = —q,

Z26(8) = — tanh, (ad),
Zg7(6) = — coth, (ad),
Zsg(6) = —tanh, (2a0) £ iv/mnsech, (2a6) ,

Zag(6) = — coty (2a0) £ /mn eschy, (2a0) ,

1 « @
Z30(6) = —5 <tanhg (55) + coth, (§6> )
Group 7: When 82 = 4a/,

—2a(B5 In[o] + 2)
824 In]o]
Group 8: When « = pq, (¢ #0),8 =p,and ¢ =0,
Z32(6) = 0 —q.
Group 9: When 3 = ¢ =0,
Z33(0) = ad1n[g].
Group 10: When 8 = a =0,

Z31(6) =

-1
Z34(0) = 05[]’
Group 11: When o = 0 and 8§ # 0,
mB
Zss(0) = =7 (cosh,, (88) — sinh, (B) +m)’
Zo(8) = — 8 (sinh, (89) + cosh, (86))

¢ (sinh, (B0) + cosh, (88) +n)’
Group 12: When ¢ = pg, (¢ #0), 8=p,and a =0,

mgp5
Zan(8) = —— &
37( ) m— qngp67
5 .6 s -
snl(5) = ME 1 () - e ne”

@a.

3.

3.

3.

3.

@a.

@a.

3.

3.

@a.

3.

3.

3.

69)

70)

71)

72)

73)

74)

75)

76)

7)

78)

79)

80)

81)
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tanh,(d) = m, coth,(8) = m

sechy(0) = mg%ng";’ csch,(8) = mg%ngﬂ;’

siny(d) = M’ c0s,(8) = M,
tang(§) = —iMET =T (g T ne

mgzﬁ + 7197“57 mgzé _ TLQiZé ’

where, X = 82 — 4af and m,n > 0 are variables experiencing constant deception.

3.2.1. Application of new extended direct algebraic method. There is an assumed new
expanded direct algebraic method. To generate a traveling wave transformation to obtain
effects of Eq. (2. 1).

F(z,t) =K(9), d = x + ey — €1t. (3. 82)

Utilizing the formerly mentioned travelling wave transformation inside Eq. ( 3. 2 ), and get
the ODE,

o -1)K —26K® — QK =0. (3. 83)

By using the balancing rule K* and K" to get J = 1, so the predicted solution in Eq.( 3. 5
) is truncated as,

K(d) = ao + CL1Z((5>. (3. 84)

Next, put the solution from Eq. ( 3. 84 ) into Eq. ( 3. 83 ) and calculate the coefficients for
the various powers.

7(8)° : cgarB (In (0))* aver? — €garB (In ()% a — 2, €1 ag® — Qao,

Z(8)* : ega1 8% (In (o N2 1?2 — egarB? (In (0))* + 2 €0arl (In (Q))2 ae? —2eparl (In (o)’ o
—6e€1 ap’ar — Qar, (3. 85)
Z(6)? : 3eparB (In (o)) Le1? — 3egarB (In (0))* € — 6 €g apay?,

Z(6) : 2e0ar ?In (0) €12 — 2€0ar P In (0)* — 261 a1 .

The system explained in Eq.( 3. 85 ) is solved with the help of the Mathematica.
Class 1:

/ / 2Q
[al +2¢ 1%6 ,a9 = Ft 1:£ f{lng (1_6 1k (3. 86)

To obtain the general solution for Eq.( 2. 1), insert Eq.( 3. 86 ) into Eq. ( 3. 84 ):
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B Q Q
K(z,y,t) = 1 261%3 +2 261%&2(6)], (3. 87)
where,
X =82 — 4ad. (3. 88)

To decide on solutions for the use of (NEAM), we consciousness entirely on the primary
set and punctiliously discover all answers in diverse cases as defined below:

Set 1: If 82 — 4af < 0, and ¢ # 0, the following describes how mixed trigonometric
solutions are formed.

Ki(z,y,t) = F4/ % tan, (;% (x + eoy — €1t)> , (3. 89)
Kao(z,y,t) = £4/ 2%1 cot, (;% (x + €0y — elt)) , (3.90)
Ks(z,y,t) = F4/ 2% <tang (\/ —X(x+ ey — elt)>

(3.9D
+ v/mnsec, (\/ —X (x+ ey — elt)) )7
Ky(z,y,t) = Fy/ 22 (cotg (\/ —X(x+ ey — elt))
“ (3.92)
+ v/mncsc, (\/ —X(z + €0y — elt)) ),
Ks(z,y,t) = :F%w / % (tang < ;% (x + €0y — elt)>
! (3. 93)

— cot, (? (x + €0y — elt)> )

Set 2: If 82 — 4af > 0, and £ # 0, the obtain solutions in the various forms mentioned
below.
‘When a shock solution is obtain as,

Ke(z,y,t) = Ftq/ % <tanhg <\/2§ (x + €0y — eﬂf))) . (3. 94)
1

Accordingly, the singular solution is,

K7 (x,y,t) = Fq/ % <cothg (\/2¥ (x + €0y — elt)>> ) (3. 95)
1



Dynamic Analysis of the (2+1)-Dimensional Zoomeron Model Using Advanced Analytical Techniques

557

To find a complex mixed solitary wave solution,

Ks(x,y,t) = % QQ ( — tanh, (\/? (x + €0y — elt))

+ iv/mn, (\/ﬁ% (x + €0y — eﬁ)) )

This is the method used to obtain the mixed singular result,

Ko (z,y,t) = £¢ 22 < — coth, (\/% (x + €0y — elt))

€1
+ mn, (\/? (x + €0y — elt)) )
We get mixed shock singular solutions in the following format,

VX
Kio(z,y,t) = :F% % <tanhg <4 (x + €y — €1t)

+cmhg<é$<m+aw—fﬂ)>>,

(3. 96)

(3.97)

(3. 98)

Set 3: If af > 0 and 8 = 0, In the form of trigonometric expressions, we have the

solution,

Ky (z,y,t) = i\/gtang (\/@ (x + eoy — elt)> ,

Kia(z,y,t) = :F\/gco% (\/@ (x4 €0y — 61t)> .

These solutions initiate the mixed trigonometric solutions,

Kiz(z,y,t) = £4/ 2%1 <tang (2\/@ (z + eoy — elt))

+ v/mnsec, (2\/@ (x + €0y — 6175)) >7

Kia(z,y,t) = £4/ % ( — cot, (2\/@ (x + €0y — elt))

i¢%nm%<m&w@+qwqﬂ>),

Kis(z,y,t) = :5:1 22 (tang <\/2&7 (x + €0y — 61t)>

2 €1

— cot, (V;ié (x + eoy — eﬁ)) )

(3.99)

(3. 100)

(3. 101)

(3. 102)

(3. 103)
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Set 4: If ol < 0 and 3 = 0, we obtain solutions identified in the form of shock solutions,

Kig(z,y,t) = £4/ 22 tanh, (\/ —al (z + ey — elt)) , (3. 104)
€1
The way to obtain the unique solution is as follows,
Ki7(z,y,t) = 4/ 22 coth, (\/—ae (z + eoy — epﬁ)) : (3. 105)
€1

The unique solutions for complex combinations are generated as,

Kis(z,y,t) =+ QQ (—tanhg (2\/—0% (z + eoy — elt))

+ivmn, (2\/ —al (z + €y — eﬂf)),
_ 4 e (_ J=al _
Kig(z,y,t) = £ 5 coth, (2 al (z + eoy elt))
€ (3. 107)
+ v/mn, (2@@ + €y — 6175)) ),
Koo (z,y,t) = i% 22 (tanhg < o (z + ey — €1t)>
‘1 (3. 108)

+ coth, (\/? (x + eoy — elt)> )

Set 5: If § = 0 and o = /¢, we examine periodic and mixed periodic set solutions by
analysing the category of periodic and mixed periodic solutions,

Ko (x,y,t) = i\/g(tang (0 (z+ ey — et))), (3. 109)
Koo (z,y,t) = F4/ 2%1 (coty (£ (z + €0y — €1t))) , (3. 110)
Kos(z,y,t) = %4/ 22 <tang (20 (x + eoy — €1t))

“ 3. 111)
+ Vmnsec, (20 (z + ey — €1t)) ) )

_ Q
Kos(z,y,t) =+ oyl cot, (20 (x + eoy — €1t))
! (3. 112)

+ v/mncsc, (26 (z + eoy — €1t) )) ,
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Kos(z,y,t) = j:%1 / 2Q1 (tang (5 (z+ eoy — elt)>
l
— cot, <2 (x4 ey — elt)) )

Set 6: If 8§ = 0 and ¢ = —q, to produce the single and mixed-wave compositions in the
following category,

(3. 113)

Kog(z,y,t) = ¢ tanh (a(z + eoy — €1t)), (3. 114)

@@

Kor(z,y,t) = +¢ coth, (o (@ + oy — €1t)), (3. 115)

2¢

;-.

Kog(x,y,t) = Fe % ( —tanh, (2a (z + eoy — e1t))
1

[\]

(3. 116)
+ivm (Qa (x—i—eoy—qt)))

Kag(z,y,t) = Ftq/ % < —coty, (20 (z + oy — €1t))
1

(3. 117)
+ vmn, <2a (z + eoy — €1t) >) ,
L Q «
Kso(z,y,t) = :l:§ 5 tanh, ( (z + eoy — elt))
“ (3. 118)
+ coth, ( (x + ey — eﬁ)) )
The (Set 7), (Set 8), (Set 9), and (Set 10) have constant results.
Set 11: If « = 0, 8 # 0, The following gives the mixed hyperbolic solution,
Kss(x,y,t) = ti4/ QQ
“ (3. 119)
1 2m
{ (4 (cosh, (B (z + eoy — e1t)) —sinh, (B (x + €0y — €1t)) + m))]
K36('ra Y, t) = :tb\/ %
! (3. 120)

{1 Ly < B (sinh, (B (x + oy — €1t)) + cosh, (B (x + eoy — €1t))) ﬂ
£ (sinh, (B (z + oy — €1t)) + cosh, (B (z + eoy — e1t)) +n) J |’
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Set 12: If £ = pq, (¢ # 0), 8 = p, and o = 0, In the following, we derive the plane

solution,
_ [Q 2m P (*teoy—eit)
Ksr7(z,y,t) = £¢ % 1— m— qnoreraran ) |- (3. 121)
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4. RESULTS AND DISCUSSION

The researchers examined the most notable applications of the (2+1)-D Zoomeron Model.

The Sardar sub-equation method and the new extended direct algebraic method will find
considerable value in the results of this paper.

Figure. 1 represents the composite multi-crested solutions with decay and bright soliton at
variation in e; = 0.6, e; = 0.06, and e; = 0.006 and fixed the values eg = 0.2, F' = 0.3,
p = 0.1, and ¢ = 0.1. For more visualization, contour plots and 3D, while 2D shows a soli-
ton solution. These solutions describe wave packets that initially form multiple crests but
gradually diminish in amplitude over time, resembling energy dissipation in optical fibers
or plasma waves, where nonlinearity and dispersion balance each other.

Figure. 2 represents the periodic solitary wave with different amplitude, by changing the
values of eg = 0.009, ey = 0.09, eg = 0.9 and fixed the values ey = 0.7, FF = 0.7,
p = 0.1, and ¢ = 0.1. For more visualization, contour plots, in 3D, while 2D shows a soli-
ton solution. Periodic solitary waves with different amplitudes, appear in fluid dynamics
and nonlinear optics. These waves maintain a repetitive oscillatory pattern and can model
water waves in deep oceans or light pulses in photonic devices.

Figure. 3 illustrates the flat kink behavior of soliton solution with the parametric values
a =0.001,1 =0.01,n = 0.3, m = 0.5, Q = 5, at wave velocity ¢; = 0.01, as increasing
the value of wave velocity same behavior can be seen. For more visualization, contour
plots and bright soliton can be seen, while 2D shows a bright singular soliton solution.
Kink behavior of soliton solutions, which represents a topological wave transition between
two distinct states. Such structures are observed in magnetic domain walls, Bose-Einstein
condensates, and signal propagation in nerve fibers.

Figure. 4 illustrates the anti-bell-shaped soliton structure with parametric values 5 = 0.8,
@ = 0.5, m = 0.9, Q = 5 by increasing the wave velocity, the same behavior is observed,
and the contour shows a dark soliton while 2D shows a dark singular soliton. These struc-
tures can be related to dark solitons in optical media, electron density depletion in plasmas,
or structural deformations in solid-state materials.

The (2+1)-dimensional Zoomeron equation plays a crucial role in explaining wave be-
havior in disciplines such as material physics, optics, and acoustics, where understanding
nonlinear interactions is essential. The visual representations generated in this study offer
critical insights into these complex wave phenomena, aiding in the interpretation of soliton
structures and their potential applications. These graphical depictions not only enhance our
comprehension of nonlinear wave mechanics but also provide a foundation for develop-
ing advanced technologies in wave-based communication, laser pulse shaping, and energy
transport systems.

Comparison of different solution types obtained in this study using the Sardar sub-
equation approach and the new extended direct algebraic method.
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TABLE 1. Comparison of obtained solutions.

Methods

Solution Type

Characteristics

Sardar Sub-Equation Approach

Composite multi-crested

solutions with decay
and bright soliton

Localized,
decaying at infinity

Sardar Sub-Equation Approach

Periodic solitary wave

with different amplitude

Oscillatory with
varying amplitudes

New extended direct
algebraic method

Flat kink soliton

Smooth transition
between two states

New extended direct
algebraic method

Anti-bell-shaped soliton

Inverted profile
of flat kink

TABLE 2. Comparison of obtained solutions with previously reported

results in the literature.

Reference

Method

Solutions

Ullah et. al [34]

Extended Jacobian elliptic function

Yang et. al [36]

Modified rational expansion method

Bright soliton
Dark soliton
Periodic soliton

Batool et. al [9]

7 .
& )-expansion method

Exact solutions

Zeng et. al [42]

New extended auxiliary equation approach

Singular soliton
Periodic soliton

Novelty in This Work

SSEM
NEDAM

and wave structures

Bright-dark breather waves
Singular breather waves

New interaction patterns

Introduced anti-flat kink
and decay soliton solutions
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5. CONCLUSION

In this study, the Sardar sub-equation approach and a new extended direct algebraic
method are employed to investigate the (2+1)-dimensional Zoomeron model equation,
yielding a diverse set of solitary and traveling wave solutions. The accuracy of the ob-
tained results is rigorously verified using the computational software Mathematica. The
findings underscore the reliability and efficiency of both methodologies. The study reveals
a variety of novel wave structures, including anti-peaked decay solitons, periodic solitary
waves with varying amplitudes, flat kink solutions, and anti-flat kink solutions. These re-
sults provide valuable insights into nonlinear wave behavior, with significant implications
for applications in optics, fluid dynamics, and material science.

A key contribution of this work is the application of the new extended direct algebraic
method to the study of obliquely interacting surface waves, offering a fresh perspective on
nonlinear wave interactions. The graphical representations presented through 3D, 2D, and
contour plots further enhance the comprehension of these intricate waveforms, contributing
to both theoretical and applied research in wave propagation phenomena. Future research
may extend these methodologies to fractional-order nonlinear equations, facilitating the
study of nonlocal and memory-dependent systems. Additionally, exploring multi-soliton
interactions and collision dynamics within the framework of the Zoomeron model presents
an exciting avenue for further investigation.
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