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Abstract: In this study, the generalized AF equation is explored, with symmetry generators
addressing the criteria for Lie invariance. The proposed approach yields the Lie algebra, where
translation symmetries in space and time correspond to mass conservation and energy conservation,
respectively. By employing Lie group methods, the generalized A¥ equation is transformed through
suitable similarity transformations into a system of highly nonlinear ordinary differential equations.
The modified F-expansion approach is then applied to derive soliton solutions. The behavior of
these solutions is visualized in three and two dimensions (3D and 2D), with contour plots, and
the effect of wave speed is studied for specific values of the physical components in the equation.
These results contribute significantly to advancing the field by enhancing the depth and impact
of research. Subsequently, the dynamic behavior of the model was thoroughly investigated, with
particular emphasis on the chaos analysis. The incorporation of an external periodic force led to the
emergence of chaotic and quasi-periodic phenomena. These complex dynamics were illustrated using
time series plots, 2D and 3D phase portraits, return maps, bifurcation diagrams, chaotic attractors,
fractal dimensions, Poincaré maps, and Lyapunov exponent analysis. This comprehensive approach
not only provides deeper insight into the system’s stability and sensitivity but also offers a valuable
framework for identifying and controlling complex behaviors in nonlinear dynamic models.
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1. Introduction

In the upcoming year, nonlinear partial differential equations (NLPDEs) are expected to play
a significant role in modeling various phenomena across disciplines such as physics, chemistry,
biology, engineering, and finance [1, 2]. For instance, in biology, NLPDEs can model tumors’
growth dynamics, while in finance, they provide more accurate frameworks for pricing derivatives
like options and warrants. Their applications in physics are particularly broad, spanning areas like
fluid mechanics, quantum mechanics, and plasma physics [3,4]. NLPDEs are also widely employed
to simulate nonlinear phenomena across several scientific and technological domains [5-7]. Notable
examples include the Heisenberg ferromagnet-type model [8], the stochastic potential Korteweg-de
Vries equation [9], and the fractional Chen—-Lee-Liu equation [10]. Over recent years, researchers
worldwide have introduced numerous methodologies to explore the dynamics of NLPDEs. As a result,
various analytical techniques have been developed, including the generalized Arnous framework [11],
and the Kumar-Malik method [12] among others [14-16].

This article investigates the generalized A¥ equation, which exhibits a wide spectrum of soliton
types and structures. The equation is further extended to a more general form to encompass broader
dynamic features [17]:

(Pt — 2(P) oo + PP, + B(P)? + T + «PH) = 0. (1.1)

Here, T, x, B € R, Y(s, 1) is the dependent variable, while ¢ represents the spatial variable and t denotes
the temporal variable. We refer to Eq (1.1) as the generalized A+ equation. Notably, when I' = 54,
B = 3,7 = ¥372, and k = +3, Eq (1.1) reduces to Alexeyev’s AF equation, whose integrability and
soliton solutions have been studied in the following form [17]:

(Pt — 209 oo + 3P (18TPY,. + (P)* F 2 F 39 = 0. (1.2)

Yan Zhou et al. [17] worked on Eq (1.1), conducting a bifurcation analysis and obtaining exact traveling
wave solutions using the complete discriminant method. Compared with the A+ equation Eq (1.2), the
generalized form Eq (1.1) incorporates a broader set of parameters, suggesting a richer spectrum of
solutions and dynamic properties. In this research, we analyze Eq (1.1) from four different perspectives.

e First, we investigate the Lie point symmetries of Eq (1.1), which helps reduce the differential
equations, leading to exact solutions and invariant forms.

e Second, we derive the conservation laws of Eq (1.1).

e Third, we obtain soliton solutions of Eq (1.1) using the modified F-expansion method.

e Last, we perform a chaos analysis of Eq (1.1). We apply a transformation to convert the
ordinary differential equation (ODE) into a dynamic system, then introduce perturbation terms.
Our investigation elucidates the presence of chaotic and quasi-periodic phenomena, which we
substantiate through the use of various analytical instruments:

e Bifurcation diagrams facilitate the monitoring of behavioral alterations within the system as the
parameters fluctuate, thereby elucidating transitions towards chaotic states.

e The fractal dimension serves to quantify the complexity inherent in the system while
differentiating chaotic motion from regular trajectories.

e Lyapunov exponents provide a metric for the system’s sensitivity to the initial conditions, which
is a fundamental hallmark of chaotic behavior.
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e Chaotic attractors graphically represent the long-term dynamics of the system, unveiling
trajectories that, while irregular, remain bounded.

e Poincaré maps transform continuous dynamics into discrete intersections, thereby underscoring
both periodic and chaotic regimes.

e Return maps scrutinize the recurrence characteristics, enabling use to distinguish stable, periodic,
and chaotic motion.

e Two-dimensional (2D) and three-dimensional (3D) phase portraits illustrate the trajectories of the
system, revealing patterns of divergence or convergence.

e Multistability analysis investigates the simultaneous existence of multiple stable states contingent
upon varying initial conditions.

e Time-series analysis assesses the evolution of signals, effectively identifying irregular oscillations
that typify chaotic behavior. These analytical tools collectively furnish a robust framework for the
identification and comprehension of chaotic dynamics as described in Eq (1.1).

Symmetry analysis can be traced back to the contributions of Sophus Lie (1842-1899), who
pioneered Lie group theory as a systematic approach to the examination of differential equations [14].
His seminal work expanded upon classical concepts of symmetry, thereby laying the groundwork
for the development of Lie point symmetries and their associated transformations within the realm
of modern mathematics. Over the years, methodologies rooted in symmetry have found extensive
application across various domains, including engineering and nonlinear scientific inquiry. The
importance of symmetry analysis is underscored by its capacity to facilitate the simplification of
differential equations, either by diminishing their order or by converting them into forms that are
amenable to analytical resolution [18]. This analytical framework not only fosters the identification
of exact solutions but also contributes to the systematic classification of differential equations while
elucidating the conservation principles as articulated by Noether’s theorem (1918). Additionally,
symmetry methods are integral to the fields of integrability, stability analysis, and perturbation theory,
with particular relevance to the study of nonlinear dynamical systems [19, 20]. The applications of
symmetry analysis are diverse, encompassing areas such as fluid dynamics, plasma physics, relativity,
optics, quantum mechanics, and financial mathematics. It serves as a powerful instrument for modeling
phenomena such as wave propagation, solitons, and chaotic systems, thereby affirming its status as a
vital resource in contemporary theoretical and applied sciences [21-23].

Conservation laws play a crucial role in integrability, numerical method development, and analyzing
the behavior of solutions for differential equations in nonlinear phenomena. A well-established
approach for determining the conservation laws of partial differential equation (PDE) is Noether’s
theorem [24], which is closely associated with the existence of a classical Lagrangian. However, some
differential equations, such as scalar evolution equations, do not possess a Lagrangian formulation [25].
To address this, various alternative methods have been developed, including the multiplier method, the
direct method, partial Lagrangian method, and the non-local conservation method [26].

In 1834, John Scott Russell [27] first identified solitons while observing a solitary wave generated
by a canal boat that stopped abruptly. This wave traveled for miles without dissipating or losing its
shape, leading Russell to name it a “soliton”. A soliton is a unique traveling wave that, even after
colliding with another soliton, retains its original form. Solitons are solutions of PDEs that describe
various physical phenomena, including water waves and wave propagation in weakly anharmonic
mass-spring chains. Their defining characteristic is the presence of exponential tails, which allow their
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solutions to be expressed using exponential functions. Additionally, solitons follow a superposition-
like principle, meaning they pass through one another without alteration. Further developments
include theories on dispersion-managed solitons and quasi-linear pulses. In optical communication
systems, dark solitons are known to be more stable in noisy environments and experience slower
dispersion under loss conditions compared with bright solitons. In this paper, we employ the
modified F-expansion technique and highlight its advantages, including its efficiency in obtaining
exact solutions, its adaptability to various nonlinear equations, and its ability to generate diverse wave
structures. The modified F-expansion technique presents significant benefits owing to its capacity
to produce an extensive array of precise solutions, encompassing solitons and periodic waves, that
are pertinent to nonlinear differential equations. It offers a methodical and unambiguous framework,
thereby diminishing computational intricacies. Furthermore, it effectively incorporates a variety
of nonlinearities and parameter fluctuations, thereby augmenting its relevance to intricate physical
models [28-32].

The article is structured as follows: Section 2 explores Lie point symmetries, the symmetry group
of the generalized AF equation, and similarity reductions. Section 3 derives the conservation laws,
while Section 4 examines localized wave structures. Section 5 analyzes the physical behavior of the
solutions, and Section 6 discusses the chaotic characteristics. Section 7 discuss the analytical tools for
detecting chaos analysis. Section 8 presents the conclusions.

2. Insights from symmetry analysis

In this section, we discuss the results of Eq (1.1) to determine the Lie point symmetries, the
symmetry groups, and equation reduction using similarity variables.

Theorem 1. Equation (1.1) possesses a 2D Lie algebra generated by translation symmetries.

Proof. Consider a one-parameter local Lie group of transformations involving the variables ¢, t, and ¥,

defined as follows [14]:
s =¢ + Boi(s, 1, V) + OD),

t* =t + Gooa(s, t, ¥) + OWD}), (2.1)
¥ =¥ + %A, 1, ) + O;).
Here, 9y € R represents the group parameter. The corresponding vector field = for the equation is
given by
- 0 0 0
=01, ‘I’)& + 05(6, 1, ‘P)& + A(g, 1, T)a—\y. (2.2)

Applying the Z® to Eq (1.1), we have
EV((P)it — 209)ggs + VoMY W + BW)* + T + k¥ = 0.)lg, (1.1)=0 = 0. (2.3)
After simplifying Eq (2.3), we obtain the following equation:
EVRPY - B + TPV W oo + 3PP — O W — 36 WY W — 12(F) + Tl g (11720 = 0. (2.4)

The third-order extension 2 is defined as follows:

L S LAY O L AN
A A Y.

(2.5)
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We also have the corresponding coefficients

A' = Dy(A) — Y Di(oy) — ¥ Di(02),

AS = D(A) =¥ D(o1) — ViD(0),

A = D(AY) =Y D(01) — Vi D(02), (2.6)
A = D(A*) = VYoo Do(01) — Yige D (072),

A = DA(AS) = Yoo D(01) = Proee D(02).

The operators Dy and D, represent the total derivatives with respect to time and space, respectively.
Utilizing the third-order extension and substituting the values of Af, AS, ASS, and AS, we obtain

0 0 o2 2 0
1822 = 0, 18%1=2 = 0, 1892 = 0, 36¥'S5 = 0, 18— =0,
S 'S
620'2 60’2 60’2 620'2 60'2 60’2
1893 T2——=W? 2 T¥2 =0, 18¥° 36—Y? - T2 =0,
ap2 oy v oco¥ "o o
(920'2 80’2 60’2 (90'2 (920'2 80'2
3693 T2—W?2 2 STY2 =0, — —T¥ + 189 —= +36—¥2 = 0, 2.7
ocov "o oc aw a9z T 5w @.7)
630'2 (90'1 620'2 (920'2
3 3 2 2 _
18¥ PR +95—T‘P + 36 P | . P ry? =0,
oA OA PA A
—YY + —kP - 6P — + 33— = 0.
9 + agK 6 9 +3 m 0

This system (2.7) can be solved either manually or using software such as Maple using the Gem
package. By solving the system (2.7), we obtain the infinitesimals

A=0, 0y =C, 01 =G, (2.8)

where €; and €, are arbitrary constants. Consequently, the Lie algebra of translational symmetry for
Eq (1.1) is spanned by two vector fields

El = — Ez = (29)
O

2.1. Applying Lie symmetry reduction to the Eq (1.1)

This section focuses on obtaining exact solutions for the generalized AF equation using the Lie
symmetry method. First, PDEs are reduced to ODEs via Lie symmetry, and then an appropriate
technique is applied to solve them. The reduction process involves the subalgebras E; and =,.

i

Condition a. E; = 7.

The characteristic equation derived from &, is
—=—=—. (2.10)
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As aresult, we arrive at the transformation
¥ =dy(R), R= ¢

By inserting the expressions for ¥, ¥, ¥, and ¥} and into Eq (1.1), we get

12(Df)* - 360, DDy — 6DFD, + TONDLDY + (D))’ B + TP + kD)) = 0.

Condition b. Z, = a%

The equation characterizing =, takes the form

dt ds d¥
0o 1 0

This leads to the following transformation
Y=0,(R), R=+t
Plugging the computed values of ¥, ¥, Y., and ¥ into Eq (1.1), we derive
307(D)) = 0.
From the solution of Eq (2.15), we obtain the trivial solution
d, =y
Applying the backward transformation (2.14), we obtain the solution of Eq (1.1)
Y(s, 1) =U;.

Condition ¢. Z + 115, = & +pla%.
The equation characterizing =, + u; =, takes the form
dt d¢ d¥
1 w0
This leads to the following transformation

Y(s, 1) =VR), R=¢—t,

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

where p; shows the wave speed. By substituting Eq (2.19) into Eq (1.1), with the condition I = 2°B,

we transform the PDE into an ODE in terms of V(R)

—3V* V' 1y = 12(V') =36 VV'V" = 6V*V" + 2V BVYV” + BV + V'Y +V'«kV* =0 (2.20)

Integrating Eq (2.20) once concerning R, and setting the integration constant to zero, we obtain the

final reduced equation for V(R)

1
g(VSK — V3 + VY + (V)BY - 2VV? - 6V>*V” =0

(2.21)
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3. Conservation laws of Eq (1.1)

Conservation laws constitute a pivotal element in the examination of dynamic systems and are
thoroughly implemented across a multitude of scientific disciplines. These principles articulate
essential physical characteristics of PDEs that characterize a variety of natural phenomena.
Historically, their origins can be traced to classical mechanics, wherein they regulated the conservation
of energy, momentum, and mass, the subsequently extending their influence to fluid dynamics,
electromagnetism, and quantum mechanics [24]. In contemporary applications, conservation laws
assist in evaluating the integrability and linearization of PDEs, in facilitating the derivation of first
integrals for ODEs, and in the identification of potential functions. They also enable the development
of non-locally connected systems and enhance the precision of numerical simulations. Within the
realm of engineering, they contribute to the refinement of computational models of fluid dynamics ,
thereby ensuring stability and accuracy in simulations. In the field of plasma physics, these laws are
instrumental in the analysis of wave propagation and energy transfer phenomena [33, 34].

3.1. Review of the multiplier approach to identify conserved quantities
Here, we present an in-depth explanation of the multiplier approach [24].
Step 1. Suppose we are dealing with an s-order PDE:
36, ¥, ¥, ¥s, ..., ¥y) = 0- (3.1)

In this expression, W is the dependent variable, ¢ = (¢', ¢, 63, ..., &) indicates the set of independent
variables, and ¥, and ¥, correspond to the first- and sth-order derivatives of ¥ with respect to ¢ .
Step 2. The form of the Euler operator is given by

6 0 (9+z)(9 0

— = —D,— — — : 2
v 9w D oY, oY, Do O pgm ’ G2

Step 3. The total derivative operator can be written as

0 0 0
D, =—+Y ¥, — +
p PQa\I]q

50 Yot gy ,1<p<n (3.3)

It acts as a derivative operator concerning space and time.
Step 4. Assuming the s-tuple Q = (Q!, Q2 Q3, Q% ..., Q”), we have:

D=0, 1<p=<n (3.4)

Satisfaction of all conditions in Eq (3.1) implies that Eq (3.4) represents a local conservation law.
Step 5. The multiplier (¢, t, V') related to Eq (3.1) is defined such that it satisfies the condition

D,Q" = xH, (3.5)

for any function ¥ defined over the variables (¢', %, s>, ...., 5*).
Step 6. Taking the derivative of Eq (3.5) leads to the determining equations for the multiplier (¢, t, V)

0
ﬁ(%H) =0 (3.6)
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Eq (3.6) is formulated for any function ¥(s',¢?, 3, ¢*, ....., ¢*), not only for those satisfying Eq (3.1).
Step 7. Once the multipliers x(g,t, V) are obtained from Eq (3.6), Eq (3.5) is used to determine the
conservation laws.

Theorem 2. Eq (1.1) permits the presence of local conservation laws:

1 1
Dy(p,) + Dilg;) =0, 37)
2 2 :
D(¢,) + Dilg;) = 0,
where ¢!, ¢Z, ¢}, and ¢} are defined as follows:
3611 —36WTEIT i
I _ 1 2 _ — 2 _ Pt
YT A T T V2 + 488 — 60T + 324, Il = Wi *3+7
| 12(-TRBIY2 + T BT - [LI2Y2 + I TLIY, + T8ILBY2 + 1211, BY2 - 1211 TLY2 — 24T BY,,
s = (78 — T + II){1; — T + 30))
, 1284TI0Wg, - SATLTT ¥, — uTLT + TTLI - 93611, W2 — kTL,T + W51 HI1, — 133293~ H+ 7w,
(78 =T +I0,)(IT; — I + 30)
12(78 T3 1+ % 4 3051+ )
(3.8)

(78 =T +I)AL =T +30)
~ IZ(HZ%FTE + Hz%‘l’grh + Her‘PEg +ILHILTY . — 781_[2?3‘1"3 - 121_[21"\{’3 - IZHQHI\PZ + 24T, BY,)
(T =78 + 1), +T - 30)
12(=84TLIW,, — S4TLTL, + TTLIT, + 936TLW2 + A¥5 ~H- BT 4 W5 ~H- B 11, + 133297 i~ By
(T =78 + )T, +T - 30)
12(YTLT - 78rp 5 -t — 30K\It§—%_%)
i (T =78+ T +T - 30)

;=

§§)

The full set of local conservation laws for Eq (4.1) with the paramters I1; and I1, is given by {x;, %,} =

_ In _ I
{‘I’1£+3+121, Pt }, fully capturing all local conservation laws of the equation.

Proof. Using the details from Eq (3.4), we derive the following system of equations:

—xgl WV + 2%B + 1209V — »I
6P?
Consequently, the corresponding solution of Eq (3.9) is obtained as follows:

Hypy = , At = 0, Ao = 0- (39)

15| -r,3_ I

% =g PititT 4 o WTI T T = VI2 + 488 — 60T + 324- (3.10)

The constants g; (for i = 1,2) are arbitrary. The solution Eq (3.10) further confirms the validity of
Theorem 2 when the conservation law multipliers are given by

P, a) = {wteieit pobedoit) (3.11)

O

4. Localized wave structures of Eq (1.1)

In this section, we investigate the localized wave structures of Eq (1.1) using the modified F-
expansion method. Additionally, an overview of the modified F-expansion method is provided.
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4.1. Overview of the modified F-expansion approach

This section presents the modified F-expansion method for solving nonlinear PDEs of the form
G(T’ \Ilgw Tb \Ilg‘ga Tgta Ttta lIlgg‘§9 L ) = O’ (4‘1)

where & is a polynomial in (g, t) and its derivatives. The key steps of the approach are outlined below.
Step 1. Consider the following wave transformation.

Y, ) =VR), R=¢—mt, (4.2)

where u; shows the wave speed to be determined. When describing the dynamics of wave
propagation, u; is essential.
Step 2. Substituting Eq (4.2) into Eq (4.1) yields a nonlinear ODE for V(R)

KV, V., V", V", V", ..)=0. (4.3)

Step 3. Assume that the solution ‘V of Eq (4.3) can be represented as a finite series in the form

3
VR) = 50+ ) 550" (R) + 1@ (R): (4.4)

b=1

Here, sy, 55, 1, are undetermined constants, and the right-hand side of Eq (4.4) is a polynomial in @(R),
which satisfies an auxiliary ODE

O'(R) = x + nO(R) + £®*(R)- 4.5)

Step 4. The integer & is determined by balancing the highest derivative with the nonlinear term of the
highest-degree in Eq (4.3).

Step 5. Substituting Eq (4.4) into Eq (4.3) and using Eq (4.5), we collect terms with the same degree
of ®(R), forming a polynomial in @(R). Setting each coeflicient to zero gives a system of algebraic
equations for sg, Sp, rp, and p;.

Step 6. Solving the algebraic equations gives the constants s, s, 1, and y;.

Step 7. The known solutions of Eq (4.5), as shown in Table 1, are then substituted into Eq (4.4),
yielding more exact solutions of Eq (4.1).
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Table 1. Parameter-solution relations in Eq (4.5).

Conditions on parameters

Corresponding solutions of O(R)

x=0,n=1e=-1
x=0,np=-1,e=1

N =

X:%,U:O,e:—

®(R) = 0.5 + 0.5 tanh(0.5R)
0,(R) = 0.5 — 0.5 coth(0.5R)
®5,(R) = coth(R) F csch(R)
{ ®3,(R) = tanh(R) F i sech(R)
04,(R) = tanh(R)
{ @41,(9?) = COth(R)
B5,(R) = sec(R) + tan(R)
{ ®5,(R) = csc(R) — cot(R)
B6.(R) = sec(R) — tan(R)
{ B¢ (R) = csc(R) + cot(R)
07,(R) = tan(R)
{ 07,(R) = cot(R)

X#0,n=€=0 O(R) = PR
—P + exp(SR
x#0,n#0,€=0 %(@:%

4.2. Application of modified F-expansion method on Eq (2.21)

By applying the homogeneous balancing method between V>V” and V°, the assumed solution in

Eq (2.21) is truncated as follows:

Equation (4.6) satisfies an auxiliary ODE:

V(R) = 50 + 5,OR) + @Z ;{). (4.6)
’ _ 2
@'(R) = y + 1O(R) + sO*(R), W

0" (R) = nO'(R) + 2eO(R)O’'(R)-

Substituting Eqs (4.6) and (4.7) into Eq (2.21) and setting the coefficients of ®(R) to zero results in the

following system of equations:

AIMS Mathematics
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(V_I(R) : 2Ks QSX 52 111 —4Bynsosir — Z%Xeslrl 5877 slr1 + 2%nes0r1 + Be? r1 + Ks0r1
+ 6KS0S17‘] - 12/\(es0r1 - 12)(es1rl 677 s0r1 677 slr] 367]6S07‘1 — 126 3,u1s0r1 3,u1s1rf +Yr =0,

(V_Z(R) D - 223)(2s0s1r1 - 2%)(7]s1r% + Z%Xesor% + %nzsor% + 2%179? + ZKSSr% + 4/<sos1r?
- 18,\/77s%r1 - 18/\{r]s1r% - 48,\/es0r% - 241}250r% - 30r]erf - 3u sor% =0,
V3R): — ?B,\{zslr% + Z%anor% + Z%Xer? + 5237]21"? + 2KS(2)}’? + Kslr‘]1
- 12)(2s%r1 - 12X2s1r% - 60)(77s0rf - 36X6r? - 181721*? —,ulrf =0,
VHR) : %)(ZS()F% + Z%an? + /<s0r‘11 - 36)(2s0r% - 42/\/77r? =0,
(V_S(‘R) : %rl)( + Krl 24r1/\/2 =0,
"VO(R) : 4/<s(3)s1r1 + 6KS()S%I‘% — 6usos ) + %s%so)(z - 121‘%&)62 - 6s(2)slr])( - 6s%r177)( + Tso

- 12s%s0)(2 - 6slr%ne - 6s(2)r1ne + %r%soez + %KS(S) 150 2Bs? rxn = 2%s1rlne
- 28511, s0n2 —4Bsrisoxe =0,

VHR) : %X2s3 + Z%Xr]sos% - Z%Xes%rl %n slrl 4Bnesysir — 2362s1r% + ngsl
+ 6KS0S1I‘] + 2/(5 - 12X2s? - 36)(77s0s1 - 12)(65%5‘1 - IZXES%rl 61> sos] 61 5% i
- 3,uls0s1 - Sulslrl +YTs; =0,

VAR) : 2%)(17s? + Z%Xesos% + %nzsos% - Z%nes%rl —2Be%sosir + 2KS(3)S% + 4KS0S?I’1
- 30)(77s? - 48)(es0s% - 247]2s0s% - 18nesgs1 - 187763‘%1’1 - 3/,11s0s% =0,

V3(R) : 2%,\(es? + B’ s? L+ Z%nesosl Be’s? 1+ 2Ks0 1+ kst - 36)(65‘? - 187]2s?

— 60n€esgsT — 12€% 5551 — 12€s7r — i 53 = 0,

VHR) : 2BnesT + Be>sos? + ksos| — 42nes? — 36€%sps7 = 0,

V(R) : 23 24S16 + Ks1 0.
By solving the algebraic system (4.2) using Maple, we obtain the following values

_5(B-24)(16By*e* - 8Byne + By — 192x%€* + 96xn* — 1217%)

24,12
16T o % # b b
Bn? 5 2n VY
T=7, uy =2veB - —— —36ex +97°, r1 =0, 50 = ,
2 (4ye—nH) V12 - B (4.8)

2e VT
(4ye—P)VI2— B
Utilizing Eqs (4.6) and (4.8) about the solution sets under the various conditions specified in Eq (4.7),

the solutions of Eq (1.1) are given as follows.
Fory=0,n=1, e=-1,and B # 12, the solution of Eq (2.21) and Eq (1.1) is obtained as follows:

S1 =

AIMS Mathematics Volume 10, Issue 9, 22150-22179.
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—2VT 2 V(0.5 + 0.5 tanh (0.5(R)))

ViR) =

Vi2— % Vi2— 38
. (4.9)
oty = = VT 2eVY(05+0.5tanh (05— (-2 + 9)t))).
T Vo Vi2— %

A solution to Egs (1.1) and (2.21) is obtained under the conditions y =0, n = -1, e = 1,and B # 12

VT .2 V(0.5 - 0.5 coth (0.5R))

Vy(R) =
W= Vi2- 3B (4.10)
Wy VT2 V(0.5 - 0.5 coth (0.5(s - (2 - 9)1)) '
b)) = + '
Y Vi2- %

Under the specific conditions y = 0.5, n = 0, e = —=0.5, and B # 12, Eqgs (1.1) and (2.21) admit
a solution

ViR = VT(coth(R) F _csch(R))
Vi2-%8
ooty - VT(coth(s = (5 =9 F eschis = (G —Nt).
V128 @.11)
Vol R = V(tanh(R) ¥ isech(R))
Vi2-3%
Woe.t) = V(tanh(s — (2 = 9)t) ¥ isech(s — (2 - )
V12- %8
Settingy =1, 7=0, e=—-1,and B # 12, leads to a solution of Eqs (1.1) and (2.21)
Vi(R) = VT tanh(R).
2V12- B
(o) = VT tanh(s - (36 - 2B)t)
2VI2-3 4.12)
Vip(R) = \/?coth(R).
2VI2-B
o, = VT coth(s — (36 — 2B)t).
2V12- %8

Imposing the constraints y = 0.5, n =0, € = 0.5, and B # 12, we derive a solution for Eqs (1.1)
and (2.21)
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VY (sec(R) + tan(R))

Vs.(R) = N :
Woloot) - V(sec(s — (2 - 9)t) + tan(s — (2 - )

V2 -8B 4.13)
Vi (R) = 'A% (csc(R) — cot(R))'

V12 -8

ooty - JLlesels = (G = —cotls = G~ )

Vi2-3

Given y = -0.5, =0, e = -0.5,and B # 12, it follows that Eqs (1.1) and (2.21) have a solution

— VY (sec(R) — tan(R))

Vea(R) =

6a(R) N

— W(SGC(S‘ — (B - 36)t) — tan(¢ — (B — 36)t))
\P6a(g’ t) = .
129 (4.14)

Veo(R) = — V(ese(R) + cot(R)

v V12 -8
We(c,t) = — V¥ (cse(s — (B — 36)t) + cot(s — (B — 36))

o Viz-%

When the parameters satisfy y = =1, n = 0, e = 1, and B # 12, Eqgs (1.1) and (2.21) produce

a solution

F2 \/?tan(R).
V12- %8
F2 ﬁtan(g - ,ult).
V12-%
F2 \/?cot(sfz)_
Vi2-38
T 2 VT cot(s — puit)
Vi2-9%

V7a(R) =

\P7a(g’ t) =
(4.15)
Vu(R) =

lI"7b(§, t) =

5. Wave behavior visualization

Visualizing the results through multiple graphical techniques enables a deeper understanding
of waves’ characteristics and their behavior under varying conditions. Surface plots effectively
demonstrate the spatial distribution and evolution of wave patterns, while contour plots highlight key
amplitude and intensity variations. A 3D graphical approach, enriched with color-coded elements,
provides a clear representation of how the spatial and temporal dimensions interact. In this section,
specific physical parameters have been chosen to explore the correlation between the newly derived
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soliton solutions and the governing equation. To further examine the effects of parameters ¢ and t,
we utilize 3D, 2D, and contour plots. Figures 1-5 offer a detailed depiction of the behavior of dark,
bright-dark, and periodic waves, as well as kink and anti-kink solitons.

In Figure 1(a)—(c), the wave behavior of the solution ¥, (g, t) is illustrated by choosing the parameter
values T = 0.78 and B = 1.23, with the domain of ¢ and t set as (—4.4,4.4). For a positive wave
speed of 8.385, the solution exhibits a kink soliton. In Figure 1(b), we use the same parameter values
but fix ¢ = 1.45 to obtain a 2D plot. On the other hand, in Figure 2(a)—(c), by keeping the same
parameters but considering a negative wave speed of —8.385, the kink soliton transforms into an anti-
kink soliton. Kink and anti-kink solitons are fundamental entities in the domain of nonlinear wave
dynamics, manifesting in a variety of physical systems, including fluid dynamics, optical fibers, and
condensed matter physics [35,36]. They serve as representations of topological solitons within the
framework of field theory, facilitating the exploration of domain walls and phase transitions. In the
realm of plasma physics, they are employed to model energy transport phenomena and nonlinear wave
interactions [37,38]. Optical solitons that are predicated on kink structures are vital for ensuring
stable signal transmission within fiber optic systems. Furthermore, these solitons are also observed
in biological contexts, such as the dynamics of DNA and the propagation of nerve impulses. The
inherent stability and robustness of these solitons render them indispensable for elucidating nonlinear
phenomena across a myriad of scientific and engineering disciplines [39,40].

In Figure 3(a)—(c), the wave dynamics of the solution ¥3,(¢,t) are depicted using the parameter
values 1" = 2.3 and B = 0.23, with the domain of ¢ and t set as (7.6, 7.6). For a positive wave speed
of 8.850, the solution exhibits a right-dark soliton. In Figure 3(b), the same parameter values are used,
but with ¢ fixed at 2.45 to generate a 2D plot. Conversely, in Figure 4(a)—(c), by maintaining the same
parameters but considering a negative wave speed of —2, the right-dark soliton transforms into a left-
dark soliton [41,42]. Right-dark and left-dark solitons are significant in the study of nonlinear wave
dynamics, especially in the contexts of optical fiber communications, Bose-Einstein condensates, and
fluid dynamics. Their stability and robustness contribute to their utility in information transmission
within optical systems, where they play a critical role in minimizing dispersion and enhancing the
integrity of signals [43,44].

In Figure 5(a)—(c), the wave dynamics of the solution ¥;,(¢,t) are depicted using the parameter
values T = 2.3 and B = 0.20, with the domain of ¢ and t set as (-5.4,5.4). For a positive wave
speed of 17.80, the solution exhibits a family of periodic solitons. In Figure 5(b), the same parameter
values are used, but with ¢ fixed at 3.5 to generate a 2D plot. The class of periodic soliton solutions is
integral to the comprehension of nonlinear wave propagation across diverse physical systems [45,46].
These solutions depict stable, recurrent wave formations that emerge in integrable and near-integrable
models, rendering them indispensable for the exploration of nonlinear dynamics [47,48].
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Figure 1. Visualization of ¥,(¢, t) with positive wave speed, resulting in the emergence of a
kink soliton.
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Figure 2. Illustration of ¥,(¢,t) influenced by a negative wave speed, generating an anti-
kink soliton.
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(a) 3D visualization (b) 2D visualization (¢) contour visualization

Figure 3. Representation of ¥3,(¢,t) under a positive wave speed, forming a right-
dark soliton.
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(a) 3D visualization (b) 2D visualization (c¢) Contour visualization

Figure 4. Graphical depiction of W3,(¢,t) under a negative wave speed, showcasing a left-
dark soliton structure.
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Figure 5. Visualization of ¥,(s,t) demonstrating the effect of a positive wave speed,
yielding a family of periodic solitons.

6. Characteristics of the dynamic system

In this section, we study the characteristics of the dynamical system using the Hamiltonian function
and chaos analysis.

6.1. Hamiltonian function

The analysis of chaotic characteristics involves decomposing Eq (2.21) into a planar system as
follows [49]:

d
Y _
dw _«V: wV T 2WB oW V40 ‘
dR 30 6 6V e% v '
The Hamiltonian condition is:
0 d d 0
H B vV W_ H 62)

AW~ dR’ dR ~ 9V’
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The Hamiltonian H(V, W) is derived using Eq (6.2) along with the first equation from the
system (6.1), resulting in [50]

OH
. 6.3
ow w (63)
By integrating Eq (6.3) with respect to ‘W, we get
W?
HV, W) = - + Z(V). (6.4)

Here, Z(V) denotes an arbitrary function of V that needs to be determined. The second equation of
the system (6.1) is given by

AW VoV T 22U 2W?
R -30 6 Tev v V7O 6.5)

Differentiating Eq (6.4) partially with respect to V, we obtain

oH
o (V) (6.6)

Substituting Eqgs (6.5) and (6.6) into the second condition of Eq (6.2), we obtain

v KVE VT 2WEB W2
L=y T ey T T

V £ 0. (6.7)

By integrating the equation above with respect to V, the potential energy is obtained

V4V ()
120 12 6

Z(V) = - +2W2A B + DIn(V), V £ 1. (6.8)

Thus, the Hamiltonian function is determined as

W? K(V4 M1 (Vz ‘I’ln(‘V)
HY W) == -1+ 1o "%

The total derivative of H(V, W) with respect to R is expressed as

dH _OHdV  OH oW
dR ~ OV dR  dW dR

+2WHB + DIn(V), V # 1. (6.9)

(6.10)

For Hamiltonian conservation, the total derivative must be zero. Since “% # 0, for general

parameters, H(V,W) is not conserved. This non-conservation may arise from non-Hamiltonian
behavior or external energy exchange, potentially leading to complex and chaotic dynamics. The

regular form of the system (6.1) is given by

d
dV

dR (6.11)
dW _ KV oV T 2WASD) AW o '
dR 30 6 6V 4% ’ T dR oV
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6.2. Chaos anaysis

Nonlinear systems often exhibit chaos due to their irregular and unpredictable evolution, yet they
follow deterministic equations. To analyze the chaotic behavior of Eq (6.11), we introduce an external
periodic force, A cos(SR), and proceed as follows [51]:

dv
— =V,
5(751/ Vv T 2W (B + 1) (6.12)
1
= — — -+ U .
R 30 3 +6(V v +Acos(SR), V # 0

Here, & represents its frequency, while 2 denotes the amplitude of the external force. Figures 6-9
illustrate the impact of perturbations on the solution’s dynamics through 3D and 2D phase portraits,
time series representations, and return maps of the system (6.11), considering different cases of u, Y,
and k with appropriate values of U and ©.

e When « = 0.28, yy = 4.2, and T = 0.29 with A = 0.01,8 = 0.3, and S = 2.6, the system
described by Eq (6.12) exhibits chaotic motion, as depicted in Figure 6(a)—(d).

e When « = 1.33, yy = 096, and Y = 0.84 with A = 0.01,B = 0.3, and S = 1.6, the system
governed by Eq (6.12) displays chaotic behavior, as illustrated in Figure 7(a)—(d).

e When « = 0.43, y; = 0.16, and T = —0.24 with A = 0.01,B = 1.3, and S = 0.56, the system
governed by Eq (6.12) exhibits quasi-periodic motion, as shown in Figure 8(a)—(d).

e When « = 0.13, u; = 0.36, and T = —-2.44 with A = 2.01,B = 1.3, and S = 1.56, the system
described by Eq (6.12) demonstrates chaotic behavior, as illustrated in Figure 9(a)—(d).

0.90 095 1.00 105 110 0 20 20 60 80 100 120

4 R

(a) 2D Phase portrait plot (b) Time series representation

(¢) 3D phase portrait plot (d) Poincaré map
Figure 6. Illustration of chaotic motion in Eq (6.12) using A = 0.01 and & = 2.6.
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Figure 7. Illustration of chaotic motion in Eq (6.12) with 2 = 0.01 and S = 1.6.
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Figure 8. Illustration of quasi-periodic motion in Eq (6.12) using A = 0.01 and S = 0.56.
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Figure 9. Illustration of chaotic motion in Eq (6.12) using A = 2.01 and & = 1.56.

7. Analytical tools for detecting chaos analysis

In this part, we detect chaotic behavior using bifurcation diagrams, Poincaré maps, chaotic
attractors, fractal dimensions, and Lyapunov exponents.

7.1. Return map

The return map, defined as a plot of V(R) versus V(R +¢) with small decay ¢, captures the system’s
recurrence behavior. In Figure 10, the system is examined for u; = 0.33, k, = 0.76, T = 0.44,
and B = 0.3, using different values of S and . Figure 10(a) shows a spiraling structure that indicates
weak chaos with quasi-periodic traces. Figure 10(b) shows closed loops, representing regular periodic
motion. In Figure 10(c), a scattered pattern suggests the emergence of chaos. In Figure 10(d), the
return map becomes highly irregular, confirming strongly chaotic behavior [54,55].

7.2. Bifurcation diagram

A bifurcation diagram visually represents how the qualitative behavior of a system changes as
a parameter varies. It helps identify transitions from periodic to chaotic regimes [53]. Bifurcation
diagrams are widely used in nonlinear dynamics to trace critical parameter thresholds leading to chaos
in physical, biological, and financial models. Chaotic motion in the system (6.12) is illustrated through
the bifurcation diagram for y; = 0.33, x, = 0.76, and 1" = 0.44 with A = 0.01, B = 0.3, and S = 1.6,
as shown in Figure 11(a) for two different initial conditions: (0.55,0.1) in blue color and (0.88,0.1) in
red color.
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7.3. Chaotic attractor

Chaotic attractors are bounded, non-repeating trajectories in phase space that exhibit sensitive
dependence on the initial conditions. They characterize long-term behavior in chaotic systems [53].
Applications include modeling weather systems, turbulence, and heartbeat rhythms, where
deterministic chaos is observed despite apparent randomness. Chaotic motion in the system (6.12)
is visualized via chaotic attractors for u; = 0.33, k, = 0.76, and Y = 0.44, with A = 0.01,B = 0.3,
and S = 1.6, as shown in Figure 11(b).

7.4. Fractal dimensions

Fractal dimensions quantify the complexity of an object by describing how the detail in a pattern
changes with the scale at which it is measured [53]. Chaotic systems often exhibit fractal geometry.
This measure is used in analyzing strange attractors, pattern formation in nature, and signal complexity
in physiological and ecological data. In the system (6.12), the fractal dimensions are used to visualize
the dynamics for y; = 0.33, k, = 0.76, and T = 0.44, with A = 0.01, B = 0.3, and S = 1.6, as shown
in Figure 11(c),(d) for two different initial conditions: (0.55,0.1) shown in green and (0.88, 0.1) shown
in red. The green trajectory exhibits quasi-periodic behavior with a fractal dimension of 1.2, while the
red trajectory shows chaotic behavior with a fractal dimension of 5.2.

7.5. Lyapunov exponents

Lyapunov exponents measure the average rates of divergence or convergence of nearby
trajectories [53]. A positive Lyapunov exponent indicates chaos. They are crucial in chaos detection,
particularly for quantifying sensitivity to the initial conditions in systems like climate models and
population dynamics. Chaotic motion in the system (6.12) is illustrated using Lyapunov exponents for
the parameters p; = 0.33, k, = 0.76, and Y = 0.44, with A = 0.01, B = 0.3, and S = 1.6, as shown in
Figure 11(d). The computed Lyapunov exponents are oy = 5.312 and 0, = —5.312. The presence of a
positive Lyapunov exponent confirms the chaotic nature of the system.

7.6. Multistability analysis

A dynamic system can exhibit multiple coexisting solutions depending on specific initial conditions
and parameter values, a phenomenon known as multistability distribution, which we investigated in our
previous research [56]. To analyze this behavior, we examined phase portraits and time series graphs
for the system described by Eq (6.12). For validation, we set the parameters as follows: u; = 0.33,
kp =0.76,and T = 0.44, with A = 0.31, B = 1.3, and S = 1.6, with the corresponding phase portraits
illustrated in Figure 12(a),(b). The trajectories for the initial conditions (V, W) = (0.66,0.01) in
green, (V, W) = (0.44,0.01) in red, and (V, W) = (0.22,0.01) in purple initially exhibited chaotic
behavior. Similarly, Figure 12(c),(d) presents the results for the parameter values u; = 0.33, k, = 0.76,
and T = 0.44, with A = 0.01, B = 0.31, and S = 5.6, where two distinct phase portraits were obtained
for the initial conditions (V, W) = (0.66,0.01) in green and (V, W) = (0.44,0.01) in red. The system
displayed chaotic trajectory behavior for these conditions.
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Figure 10. Quasi-periodic and chaotic motion of the system (6.12) illustrated using the
return map for varying 2 and G.
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Figure 11. Chaotic motion in the system (6.12) visualized via different computational tools
for u; = 0.33, k, = 0.76, and T = 0.44, with A = 0.01, B = 0.3, and S = 1.6.
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Figure 12. Chaotic trajectory of the system (6.12) visualized through multistability analysis
for u; = 0.33, k, = 0.76, and T = 0.44.

8. Conclusions

This study examines specific mathematical equations using analytical techniques, with a particular
focus on the generalized ¥ equation, which arises in nonlinear wave propagation across various
physical systems, including optics, fluid dynamics, and plasma physics. The symmetry properties of
this equation are explored through Lie analysis, where the associated vector fields and Lie groups
are determined. Utilizing the optimal system, symmetry reductions are applied, transforming the
generalized ¥ equation into a nonlinear ODE. The modified F-expansion method is then employed
to derive solitary wave solutions for the reduced equation. To visualize these solutions, graphical
representations of selected traveling wave solutions are generated using appropriate parameter values.
As a result, various solutions are obtained, including mixed hyperbolic, periodic, mixed periodic,
mixed trigonometric, trigonometric, kink singular, anti-kink singular, right-dark singular, left-dark
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singular, and shock wave solutions, as shown in Figures 1-5. Additionally, the multiplier approach is
applied to compute conserved vectors for the generalized ¥ equation. The study further investigates
the periodic, quasi-periodic, and chaotic responses of traveling waves under an external periodic
disturbance. As the intensity of this disturbance increases, the system transitions from periodic
behavior to chaotic dynamics. These complex dynamics were illustrated using time series plots, 2D
and 3D phase portraits, return maps, bifurcation diagrams, chaotic attractors, fractal dimensions,
poincaré maps, and Lyapunov exponent analysis, as shown in Figures 6-12. All graphs were plotted
using Python, which was also utilized to verify the obtained solutions by substituting them back into
the original equation. These findings have potential applications in the analytical study of NLPDEs
within mathematical physics, plasma physics, applied sciences, nonlinear dynamics, and engineering.
In the future, this study can be extended by exploring lump, breather, and rogue wave solutions, and
by incorporating neural networks such as physics-informed neural networks (PINNs) for data-driven
modeling. Advanced numerical techniques like the Adomian decomposition method , the variational
iteration method, the homotopy perturbation method, and the differential transform method can be
employed, along with analytical techniques, to obtain more accurate and diverse results. Additionally,
the model can be generalized to include fractional-order dynamics, stochastic perturbations, and
symmetry-based reductions, enhancing its applicability to real-world nonlinear systems.
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