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Abstract: In this article, the dynamic behavior and solitary wave solutions of the Akbota equation
were studied based on the analysis method of planar dynamic system. This method can not only
analyze the dynamic behavior of a given equation, but also construct its solitary wave solution.
Through traveling wave transformation, the Akbota equation can easily be transformed into an
ordinary differential equation, and then into a two-dimensional dynamical system. By analyzing
the two-dimensional dynamic system and its periodic disturbance system, planar phase portraits,
three-dimensional phase portraits, Poincaré sections, and sensitivity analysis diagrams were drawn.
Additionally, Lyapunov exponent portrait of a dynamical system with periodic disturbances was drawn
using mathematical software. According to the maximum Lyapunov exponent portrait, it can be
deduced whether the system is chaotic or stable. Solitary wave solutions of the Akbota equation are
presented. Moreover, a visualization diagram and contour graphs of the solitary wave solutions are
presented.
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1. Introduction

In recent years, chaos theory [1,2] has been widely applied in fields such as physics, chemistry,
biology, economics, and control. Chaotic behavior [3-5] is a complex and interesting stochastic
behavior in chaos theory, and it is highly sensitive to initial conditions. Specifically, when there is a
slight disturbance in the initial conditions of the system, as the system evolves over time, its orbit will
deviate from the original orbit and the system will exhibit chaotic behavior. In recent years, with the
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development of nonlinear dynamics, it has been found that two-dimensional planar dynamical systems
can exhibit orbital properties with chaotic behavior under small disturbances [6], that is, the orbital
properties of the system will show chaotic behavior. Obviously, chaotic behavior is universal, and
research has shown that studying chaotic behavior has broad application prospects, for example, the
Chen system, the Lorentz system, and Duffing system. Current researches have shown that the theory
and methods of chaos apply to many fields such as natural science and engineering technology [7—10].
Moreover, research on nonlinear dynamics has shown that the Lyapunov exponent is an important
measure for qualitatively characterizing complex systems. As it is well known, the positive or negative
Lyapunov exponent can characterize a dynamical system as chaotic or stable.

Nonlinear partial differential equations (NLPDEs) [11-17] can be used to simulate nonlinear
problems from fields such as physics, chemistry, biology, electronic communication, and engineering
technology [18-25]. Moreover, in recent years, researchers have conducted extensive research on
NLPDEs. Particularly, many experts have been devoted to the study of bifurcation, chaotic behavior,
and solitary waves of NLPDEs, and some very important results have been reported. However,
research on the bifurcation, chaotic behavior, and solitary waves of more complex NLPDEs are still
in the enlightenment stage. Based on the research of chaos theory mentioned above, this article will
consider the study of bifurcation, chaotic behavior, and solitary waves of the Akbota equation, which
is described as follows [26,27]:

i, + Qi + Puy + yvu = 0,
(1.1)
Ve = 20alul} + Blul}) = 0, ¢ = =1,

where v = v(x, t) and u = u(x, t) represent a real values function and a complex function, respectively.
a, B, and vy are the arbitrary constants. When a@ = 0, the Akbota equation becomes the Kuralay
equation. When S = 0, the Akbota equation becomes the well-known Schrodinger equation. The
Akbota equation is an integrable coupled partial differential equation, which was proposed in the study
of the Heisenberg ferromagnetic equation. This equation has significant theoretical implications for
studying nonlinear phenomena in magnets, nonlinear optics, and curve and surface geometry. In [26],
Faridi and collaborators gave the optical soliton solutions of Eq (1.1) by using an explicit approach.
In [27], Mathanaranjan and Myrazakulov studied the optical soliton solutions of Eq (1.1) by using the
extended auxiliary equation method. However, the analysis of the dynamic behavior of Eq (1.1) has
not yet been reported. Moreover, a more general Jacobian function solution has not been provided.
Therefore, in this article, we will use the method of planar dynamical system analysis to analyze
the dynamic behavior of the two-dimensional dynamical system of the equation and its perturbation
system.

The remaining part of this article is arranged as follows: In Section 2, the phase portraits of
the dynamical system are plotted. Moreover, the phase portraits, sensitivity analysis, and Lyapunov
exponent of its perturbation system are discussed. In Section 3, the solitary wave solutions of the
Akbota equation are constructed. In Section 4, the graph of the obtained solution is plotted. In
Section 5, a brief conclusion is given.
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2. Qualitative analysis

2.1. Mathematical derivation

Firstly, we consider a wave transformation
u(x,t) = U©e", v(x,1)=V(&), £=x-6t, n(x,1)=—kx+wi,

where U(¢) and V() are the wave’s amplitude components. J, k, and w are constants.
Substituting Eq (2.1) into Eq (1.1), we obtain the imaginary component

(Ko —w+kwB + yVEUE) + (@ - BOU" (&) = 0,

(—2ka — 6 + kB + wB)U =0,

— 49(a - BOYUEU (&) + V'(¢) = 0.

From Eq (2.4), we have
2ka + 6 — k3o
W= ——,

B
Integrating Eq (2.3), we can obtain the relationship between U(£) and V(€) as follows

V(§) = 20(a - BSYU* ().
Substituting Eqgs (2.5) and (2.6) into Eq (2.2), we can also obtain the real part
Bla = BOYU” (€) + 2Byb(a — BOU(€) + [—6 + k(kB — 2)(a — BO)IU(€) = 0,
where ( — B5)8 # 0.

2.2. Bifurcation analysis

When d?U = ¢, we can obtain the dynamic system of Eq (2.7) as

du _
& =D
d
d_g = r3U3 —VlU,

with Hamiltonian function

1 rs I
HWU,q) = =¢* - =U*+ =U? = h,
(U, q) 7YV 3
where 54 k(KB — 2 5
r3 = 2yf and ro=— Tk = 2)a = ).

Bla - f0)
h is an integral constant.
Let
fU) =rU° -nU.

2.1)

(2.2)

2.3)
(2.4)

(2.5)

(2.6)

2.7)

(2.8)

(2.9)
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f(U) has three equilibrium points of system (2.8), which are (0, 0), ( \/g, O), and (— \/%, O). The
Jacobian of system (2.8) is

J(U,q) = = -3rU% - r = —f(U). (2.10)

0 1
3r3U2—r1 0

Thus, the eigenvalue is obtained when the equilibrium points of system (2.8) are E;(U;,0) (j =0,1,2)

A=+ /Uy, j=0,1,2. 2.11)

By using the theory of planar dynamical systems, we know that the equilibrium point E;(U, 0) of
system (2.8) is the saddle point when f’(U;) > 0, the equilibrium point E;(U , 0) of system (2.8) is the
center point when f’(U;) < 0, the equilibrium point E£;(U;,0) of system (2.8) is the degenerate point
when f'(U;) = 0, where j = 0,1,2. Using mathematical software, we have drawn the planar phase
portrait of (2.8) as shown in Figure 1.

From Figure 1, it can be seen that the orbit corresponding to curve I'y, I'g, and Iy is the homoclinic,
the orbit of curve I'3, I'4, I'7, and I'g is the periodic, and the orbit to curve I's and I's is heteroclinic.
The homoclinic orbit of the dynamical system (2.8) corresponds to the solitary wave of Eq (1.1).
Heteroclinic orbits correspond to twisted or anti-twisted waves. Periodic orbits correspond to periodic
waves. Therefore, through the analysis of planar dynamic systems, we can obtain various types of
wave solutions for Eq (1.1).
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(C) r3>0,r1>0 (d) r3<0,r|<0

Figure 1. Phase portrait of system (2.8).
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2.3. Perturbed dynamical system

By adding a periodic disturbance to system (2.8), we can present a two-dimensional dynamical
system with periodic disturbances [28-30],

du _
d_f 8

d_g = rU? — U + Asin(wé),

(2.12)

where A and @ represent the amplitude and the frequency of system (2.12), respectively.

Remark 2.1. The Lyapunov exponent is an important tool for describing the dynamic properties of
a nonlinear system. When the maximum Lyapunov exponent is greater than zero, the system (2.12)
is considered chaotic. When the maximum Lyapunov exponent is greater than zero, the system (2.12)
is stable. In Figures 2 and 3, we respectively depict the qualitative behavior of system (2.12). In
Figure 4, we present the bifurcation diagram of system (2.12). In Figure 5, we plot the maximum
Lyapunov exponent of system (2.12).

(a) 2D phase portrait (b) 3D phase portrait
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(c) Sensitivity analysis (d) Poincaré section

Figure 2. The qualitative analysis of system (2.12) withr; =5,r; = 1,A = 1.1,@w = 0.8.
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(a) 2D phase portrait
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Figure 3. The qualitative analysis of system (2.12) with r; = =5,r; = -1,A =5.1,@ = 0.8.
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Figure 4. The bifurcation of system (2.12) with r; = —1,r;3 = —1,r = /g* + U
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Figure 5. Lyapunov exponents of system (2.12) when r; = -10,r; = -18,A = 6, w = 2.
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3. Solitary wave solutions of Eq (1.1)

After assuming that hy = H(0,0) = 0, hy = H (i \/g, O) = %, we construct the solitary wave
solutions of Eq (1.1) by the theory of planar dynamical system.

Casel.r; >0,r3>0,0<h< - System (2.8) can be rewritten as

2 4h
¢ =2 -0+ ) = D, - U n, - UP), (3-1)
2 r3 rs 2
where
i + \[r? —4rsh ) — \Jr? —4rsh

Substituting (3.1) into fl—g = ¢ and integrating it, the Jacobian function solutions of Eq (1.1) are

presented
ui(x,t) = =Yy,sn (Tz;, 1, (x o), ) i(— kx+wt)

T
vi(x, ) = 20(a — B8) Y%, s (‘rM 2 - o), —1h)
2 Lo

Case2.r;>0,r3>0,h = g. When 13, = 13, = =L, the solitary wave of Eq (1.1) can be derived

MZ(X, l) =+ ﬂtanh( E(x _ 61‘)) ei(—kx+wt)’
N 73 V 2
2 _
VQ(X, l) = Mtanhz ( ,%(x _ 5[)) '
3

Case 3. r; <0,r3 <0, ;- <h <0. System (2.8) can be rewritten as

2r

q = ‘%(—’ﬂ + U —) = — 2 (U = T30, - U, (3.2)
where
_ /r12 — 4r3h + \[r? —4rsh
‘I’gh = and T2, = .
r

Similar to the situation in Section 3.1, we can also obtain, the Jacobian function solutions for
Eq (1.1),

2 2
r3 Yo = Lo Qi)
usz(x,t) = £Y3,dn| Tz _E(X -o0t), ——

b
L
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T2 —
5 1o rs an 13,
V36, 1) = 20 — B6)Y2,dn2 | Tap [~ (x - 61), |
2 Tup

Cased.r; < 0,73 <0,h=0.If 12, = 22 and T2, = 0, the solitary wave of Eq (1.1) can be derived

r3

/2 .
ug(x, 1) = ﬁsech ( V=ri(x - 6t)) elkxtwn
r3

sech’ ( V=ri(x - 6t)) )

Case 5. r; <0, r; <0, h> 0. System (2.8) can be rewritten as

L2 4
J 2 r3 rs

r+ 1/}’% —4rsh
r3

) = —r—;(‘rgh + UD(T2, - UP), (3.3)

where

‘I‘gh = and Téh =

r - 1/1"12 —4rsh
rs ’

Similar to the situation in Section 3.1, the Jacobian function solutions of Eq (1.1) can be derived

r(T2, + T2) o -
MS(X, t) = iTéhCn \/—35}’—6}’()6 _ 50, # el(—kx+wt)’

2
V5 + Ye,

r 3(15, + 1) (x = 61) Yo

> — |
V5 + Ta,

vs(x, 1) = 20(a — BS)Yg,en’ \/

4. Graphical analysis

In this section, we plot the modular length of the solution of u(x, 1), u»(x, t), and u4(x, t) including
a 3D graph, 2D graph, and counter graph as shown in Figures 6-8, respectively. From Figure 6, the
solution u;(x, t) is a Jacobian function solution, which is a periodic function solution. The solution

ur(x,t) in Figure 7 is a dark soliton solution. The solution u4(x, ) in Figure 8 is a bright soliton
solution.
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(a) 3D graph (b) 2D graph (c) Contour graph

Figure 6. The modular length of the solution u(x,?) withr; = 1,r3 = 1, = 2,6 = 1,6 =
Lk=1+V3,y=10=nh=2.
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Figure 7. The modular length of the solution u(x, ) with r; = 1,3 = 1, =2, = 1,0 =
Lk=1+V3,y=10=1h=1

(a) 3D graph (b) 2D graph (c) Contour graph

Figure 8. The modular length of the solution us(x, ) withry = -1,r; = -1, a =2, = 1,0 =
Lk=2,y=1,0= —%,h =0.
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5. Conclusions

In this article, we study the dynamic behavior and solitary wave solutions of the Akbota equation
from magnets, nonlinear optics, curve, and surface geometry. We transform the Akbota equation into
a two-dimensional planar dynamical system by controlling the parameters A, ry, and r; of the two-
dimensional dynamical system, and use mathematical software to draw the planar phase portraits of
the system. From the plane phase portrait, we can easily observe the orbital properties of the dynamic
system. What’s more, we add a periodic disturbance term to the two-dimensional dynamical system
and draw two-dimensional phase diagrams, three-dimensional phase portraits, sensitivity analysis
diagrams, bifurcation diagrams, and Lyapunov exponent diagrams. Through the above dynamic
analysis, we present the dynamic behavior of the disturbance system. Moreover, we also combine
the definition of Jacobian functions and the analysis method of planar dynamical systems to obtain
the solitary wave solution of the Akbota equation and draw its three-dimensional, two-dimensional,
and contour maps. Through the research in this article and compared with existing literature, we not
only obtain the dynamic behavior of the two-dimensional dynamical system of the Akbota equation
and its perturbation system, but also the solitary wave solution of the Akbota equation. This study has
significant theoretical value for understanding the dynamic behavior of the Akbota equation and the
transmission of solitary wave solutions in nonlinear optical fibers.

Author contributions

Zhao Li: Writing-Review & Editing; Writing-Original Draft; Formal Analysis; Shan Zhao:
Software. Both authors have read and approved the final version of the manuscript for publication.

Use of Al tools declaration
The authors declare they have not used Artificial Intelligence (Al) tools in the creation of this article.

Contflict of interest

The authors declare no conflicts of interest.

References

1. M. H. Rafig, N. Raza, A. Jhangeer, Nonlinear dynamics of the generalized unstable nonlinear
Schrédinger equation: a graphical perspective, Opt. Quant. Electron., 55 (2023), 628.
https://doi.org/10.1007/s11082-023-04904-8

2. B. Sivakumar, Chaos theory in geophysics: past, present and future, Chaos Soliton. Fract., 19
(2004), 441-462. https://doi.org/10.1016/S0960-0779(03)00055-9

3. A. Tiwari, R. Nathasarma, B. K. Roy, A new time-reversible 3D chaotic system with coexisting
dissipative and conservative behaviors and its active non-linear control, J. Franklin Inst., 361
(2024), 106637. https://doi.org/10.1016/j.jfranklin.2024.01.038

AIMS Mathematics Volume 9, Issue 8, 22590-22601.


http://dx.doi.org/https://doi.org/10.1007/s11082-023-04904-8
http://dx.doi.org/https://doi.org/10.1016/S0960-0779(03)00055-9
http://dx.doi.org/https://doi.org/10.1016/j.jfranklin.2024.01.038

22600

&

10.

11.

12.

13.

14.

15.

16.

17.

J. C. Xing, C. Ning, Y. Zhi, I. Howard, Analysis of bifurcation and chaotic behavior of the micro
piezoelectric pipe-line robot drive system with stick-slip mechanism, Commun. Nonlinear Sci.
Numer. Simul., 134 (2024), 107998. https://doi.org/10.1016/j.cnsns.2024.107998

M. H. Rafig, N. Raza, A. Jhangeer, Dynamic study of bifurcation, chaotic behavior and multi-
soliton profiles for the system of shallow water wave equations with their stability, Chaos Soliton.
Fract., 171 (2023), 113436. https://doi.org/10.1016/j.chaos.2023.113436

C. S. Liu, A novel Lie-group theory and complexity of nonlinear dynamical systems, Commun.
Nonlinear Sci. Numer. Simul., 20 (2015), 39-58. https://doi.org/10.1016/j.cnsns.2014.05.004

Y. X. Li, W. E Sun, Y Kai, Chaotic behaviors, exotic solitons and exact
solutions of a nonlinear Schrodinger-type equation, Optik, 285 (2023), 170963.
https://doi.org/10.1016/].ij1e0.2023.170963

Z. T. Ju, Y. Lin, B. Chen, H. Wu, M. Chen, Q. Xu, Electromagnetic radiation induced
non-chaotic behaviors in a Wilson neuron model, Chin. J. Phys., 77 (2022), 214-222.
https://doi.org/10.1016/j.cjph.2022.03.012

B. Liang, C. Y. Hu, Z. Tian, Q. Wang, C. Jian, A 3D chaotic system with multi-
transient behavior and its application in image encryption, Phys. A., 616 (2023), 128624.
https://doi.org/10.1016/j.physa.2023.128624

L. Xiang, J. C. Chen, Z. T. Zhu, Z. Song, Z. Bao, X. Zhu, et al., Enhanced quantum
state transfer by circumventing quantum chaotic behavior, Nat. Commun., 15 (2024), 4918.
https://doi.org/10.1038/s41467-024-48791-3

T. Mathanaranjan, M. S. Hashemi, H. Rezazadeh, L. Akinyemi, A. Bekir, Chirped optical solitons
and stability analysis of the nonlinear Schrodinger equation with nonlinear chromatic dispersion,
Commun. Theor. Phys., 75 (2023), 085005. https://doi.org/10.1088/1572-9494/ace3b0

T. Mathanaranjan, New Jacobi elliptic solutions and other solutions in optical metamaterials
having higher-order dispersion and its stability analysis, Int. J. Appl. Comput. Math., 9 (2023),
66. https://doi.org/10.1007/s40819-023-01547-x

T. Mathanaranjan, S. M. Rajan, S. Veni, Y. Yildirim, Cnoidal waves and solitons to three-copuled
nonlinear Schrodinger’s equation with spatially-dependent coefficients, Ukr. J. Phys. Opt., 25
(2023), 1003. https://doi.org/10.3116/16091833/Ukr.J.Phys.Opt.2024.S1003

C.Y. Liu, Z. Li, The dynamical behavior analysis and the traveling wave solutions of the stochastic
Sasa-Satsuma equation, Qual. Theor. Dyn. Syst., 23 (2024), 157. https://doi.org/10.1007/s12346-
024-01022-y

M. S. Gu, C. Peng, Z. Li, Traveling wave solution of (3+41)-dimensional negative-
order KdV-Calogero-Bogoyavlenskii-Schift equation, AIMS Math., 9 (2024), 6699-6708.
https://doi.org/10.3934/math.2024326

A. Q. Khan, F. Nazir, M. B. Almatrafi, Bifurcation analysis of a discrete Phytoplankton-
Zooplankton model with linear predational response function and toxic substance distribution, Int.
J. Biomath., 16 (2023), 2250095. https://doi.org/10.1142/S1793524522500954

A. Q. Khan, S. A. H. Bukhari, M. B. Almatrafi, Global dynamics, Neimark-Sacker bifurcation
and hybrid control in a Leslie’s prey-predator model, Alex. Eng. J. 61 (2022), 11391-11404.
https://doi.org/10.1016/j.aej.2022.04.042

AIMS Mathematics Volume 9, Issue 8, 22590-22601.


http://dx.doi.org/https://doi.org/10.1016/j.cnsns.2024.107998
http://dx.doi.org/https://doi.org/10.1016/j.chaos.2023.113436
http://dx.doi.org/https://doi.org/10.1016/j.cnsns.2014.05.004
http://dx.doi.org/https://doi.org/10.1016/j.ijleo.2023.170963
http://dx.doi.org/https://doi.org/10.1016/j.cjph.2022.03.012
http://dx.doi.org/https://doi.org/10.1016/j.physa.2023.128624
http://dx.doi.org/https://doi.org/10.1038/s41467-024-48791-3
http://dx.doi.org/https://doi.org/10.1088/1572-9494/ace3b0
http://dx.doi.org/https://doi.org/10.1007/s40819-023-01547-x
http://dx.doi.org/https://doi.org/10.3116/16091833/Ukr.J.Phys.Opt.2024.S1003
http://dx.doi.org/https://doi.org/10.1007/s12346-024-01022-y
http://dx.doi.org/https://doi.org/10.1007/s12346-024-01022-y
http://dx.doi.org/https://doi.org/10.3934/math.2024326
http://dx.doi.org/https://doi.org/10.1142/S1793524522500954
http://dx.doi.org/https://doi.org/10.1016/j.aej.2022.04.042

22601

18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

@ AIMS Press

.M. Berkal, M. B. Almatrafi, Bifurcation and stability of two-dimensional Activator-
Inhibitor model with fractional-order derivative, Fractal Fract., 7 (2023), 344.
https://doi.org/10.3390/fractalfract7050344

A. Q. Khan, M. Tasneem, M. B. Almatrafi, Discrete-time COVID-19 epidemic
model with bifurcation and control, Math. Biosci. Eng., 19 (2022), 1944-1969.
https://doi.org/10.3934/mbe.2022092

M. Berkal, J. F. Navarro, M. B. Almatrafi, M. Y. Hamada, Qualitative behavior of a two-
dimensional discrete-time plant-herbivore model, Commun. Math. Biol. Neurosci., 2024 (2024),
44. https://doi.org/10.28919/cmbn/8478

K. Hosseini, F. Alizadeh, E. Hincal, B. Kaymakamzade, K. Dehingia, M. S. Osman, A generalized
nonlinear Schrodinger equation with logarithmic nonlinearity and its Gaussian solitary wave, Opt.
Quant. Electron., 56 (2024), 929. https://doi.org/10.1007/s11082-024-06831-8

K. Hosseini, F. Alizadeh, E. Hingal, D. Baleanu, A. Akgiil, A. M. Hassan, Lie symmetries,
bifurcation analysis, and Jacobi elliptic function solutions to the nonlinear Kodama equation,
Results Phys., 54 (2023), 107129. https://doi.org/10.1016/j.rinp.2023.107129

J. Wu, Y. J. Huang, Boundedness of solutions for an Attraction-Repulsion model with indirect
signal production, Mathematics, 12 (2024), 1143. https://doi.org/10.3390/math12081143

J. Wang, Z. Li, A dynamical analysis and new traveling wave solution of the
fractional coupled Konopelchenko-Dubrovsky model, Fractal Fract.,, 8 (2024), 341.
https://doi.org/10.3390/fractalfract8060341

J. Wu, Z. Yang, Global existence and boundedness of chemotaxis-fluid equations to the coupled
Solow-Swan model, AIMS Math., 8 (2023), 17914—17942. https://doi.org/10.3934/math.2023912
W. A. Faridi, M. A. Bakar, M. B. Riaz, Z. Myrzakulova, R. Myrzakulov, A. M. Mostafa,
Exploring the optical soliton solutions of Heisenberg ferromagnet-type of Akbota equation
arising in surface geometry by explicit approach, Opt. Quant. Electron., 56 (2024), 1046.
https://doi.org/10.1007/s11082-024-06904-8

T. Mathanaranjan, R. Myrzakulov, Integrable Akbota equation: conservation laws,
optical soliton solutions and stability analysis, Opt. Quant. Electron., 56 (2024), 564.
https://doi.org/10.1007/s11082-023-06227-0

Y. L. He, Y. Kai, Wave structures, modulation instability analysis and chaotic behaviors to
Kudryashov’s equation with third-order dispersion, Nonlinear Dynam., 112 (2024), 10355-10371.
https://doi.org/10.1007/s11071-024-09635-3

A. Jhangeer, N. Raza, A. Ejaz, M. H, Rafiq, Qualitative behavior and variant soliton profiles of the
generalized P-type equation with its sensitivity visualization, Alex. Eng. J., 104 (2024), 292-305.
https://doi.org/10.1016/j.aej.2024.06.046

Z. Li, E. Hussain, Qualitative analysis and optical solitons for the (1+1)-dimensional Biswas-
Milovic equation with parabolic law and nonlocal nonlinearity, Results Phys., 56 (2024), 107304.
https://doi.org/10.1016/j.rinp.2023.107304

©2024 the Author(s), licensee AIMS Press. This
is an open access article distributed under the
terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0)

AIMS Mathematics Volume 9, Issue 8, 22590-22601.


http://dx.doi.org/https://doi.org/10.3390/fractalfract7050344
http://dx.doi.org/https://doi.org/10.3934/mbe.2022092
http://dx.doi.org/https://doi.org/10.28919/cmbn/8478
http://dx.doi.org/https://doi.org/10.1007/s11082-024-06831-8
http://dx.doi.org/https://doi.org/10.1016/j.rinp.2023.107129
http://dx.doi.org/https://doi.org/10.3390/math12081143
http://dx.doi.org/https://doi.org/10.3390/fractalfract8060341
http://dx.doi.org/https://doi.org/10.3934/math.2023912
http://dx.doi.org/https://doi.org/10.1007/s11082-024-06904-8
http://dx.doi.org/https://doi.org/10.1007/s11082-023-06227-0
http://dx.doi.org/https://doi.org/10.1007/s11071-024-09635-3
http://dx.doi.org/https://doi.org/10.1016/j.aej.2024.06.046
http://dx.doi.org/https://doi.org/10.1016/j.rinp.2023.107304
http://creativecommons.org/licenses/by/4.0

	Introduction
	Qualitative analysis
	Mathematical derivation
	Bifurcation analysis
	Perturbed dynamical system

	Solitary wave solutions of Eq (1.1)
	Graphical analysis
	Conclusions

