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Finding traveling wave (TW) solutions for nonlinear equations has always been one of the most important
concerns of researchers in various mathematics, physics, and engineering fields. In this paper, we employ a
new extended direct algebraic (NEDA) technique to study the modified KdV-Zakharov-Kuznetsov (mKdV-ZK)
equation. In the framework of this technique, various forms of analysis solutions for the equation are obtained,
which have many applications in the field of electric and magnetic fields. The correctness of all the solutions
introduced in this paper has been checked after their direct replacement in the equation. Moreover, numerical
simulations corresponding to some of these analytical solutions are included in the paper.
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1. Introduction

In the past decades, solving nonlinear models has gained
a lot of attention among scholars to model and describe
applied problems in science and technology such as plasma
physics [1], electrical transmission lines [2], ion-acoustic
waves in plasma [3], financial mathematics [4] and many
others applications [5-8]. This high importance for this
group of equations has led to the presentation of many
techniques for solving such problems in the recent litera-
ture. Some of these methods are the improved generalized
Riccati equation mapping technique [9], the new extended
direct algebraic technique [10], the new Sardar sub-ODE
technique [11], the modified Kudryashov technique [12],
the generalized Kudryashov technique [13], the improved
Bernoulli sub-equation function technique [14], the gen-
eralized exponential rational function technique [15], and
the extended ¢®-model expansion technique [16], auxil-
iary equation technique [17], the sine-Gordon expansion
technique [18], the Riccati-Bernoulli Sub-ODE technique

[19], the modified Khater technique [20], the improved
F-expansion technique [21], the generalized exp(—¢({))-
expansion (GEE) technique [22], the Exp-function tech-
nique [23], and so on [24-46].

In this work, we consider the mKdV-ZK equation as
[47-53]:

Xt + ZXZXX + Xxxx + Xxyy + Xxzz = 0 (1)

Where x = x(x,y,z,t) and yx is the amplitude of the rele-
vant wave mode. This equation is one the most widely used
equation in plasma, which is used to describe the evolution
of ion-acoustic perturbations in magnetized plasma with
two negative ion components of different temperatures [47,
48]. Due to its many applications, various techniques and
approaches have been used in solving this equation. For
example, the authors of [49] have utilized the Lie group
analysis to study the similarity reduction and exact solu-
tions of the mKdV-ZK equation. The work of [50] consists
of applying two integration techniques, including the first
integral technique and the functional variable technique,
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in solving model (1). Khan and Akbar [51] have used the
modified simple equation (MSE) technique to discover new
solutions to Eq. (1) and proposed several solitary wave so-
lutions for the model. The variable-separated ODE method
is the integration method used in [52] to solve the con-
formable fractional version of the model. Taking and en-
hanced (G’/G)-expansion technique, the authors of [53]
have derived abundant TW solutions for the model (1). In
the work of [54], the ansatz equation has been extended in
the modified, extended direct algebraic technique to find
optical wave solutions of the three-dimensional form of the
model.

In this article, we try to provide an application of the
NEDA technique in solving model (1). To this end, the pre-
sentation framework for the article is outlined as follows:
Then, mathematical analysis with the NEDA method for
the main model in Sec. 2. In Sec. 4, we give some figures
that show the TW solutions of Eq. (1). The last section of
the article in Sec. 3 is devoted to conclusions remarks.

2. Mathematical analysis for the main model

In this section, we will apply the NEDA technique to con-
struct many new and more general TW solutions for the
mKdV-ZK equation [55].

We use the wave transformation as:
x(xy,zt) = p(0), o=mrx+ry+r3z—wt (2)
To reduce Eq. (1) to the nonlinear ODE below:

we' + ok 0%’ + (K% + K1K3 + K1K§> " =0 (3

where 1, %3, k3 and w are arbitrary constants. Balancing
the nonlinear term > with the highest order derivative
term " in Eq. (3), we have:

©(0) = by + b1G(o) 4)

where by, by are constant coefficients to be determined later.
Substituting Eq. (4) along with

G'(0) = Ln(®) (a +bG(0) + cGZ(o)) , 0401 (5

Where 4,b and ¢ are constants, into Eq. (3), collecting the
coefficients of G! (0) and equating them to zero. Coefficients
of G(0) as follows:

G° :ab; In(©) (w + oK1 b2 +
=0

G! :b; In(©) <wb + (5b1c1b% + 26x1bobya + 6abe (K% + K1K§ + Kﬂ{%)
In%(®) + b <b2 + 2ca> (K% + K1K3 + Kﬂ(é) ln2(®)> =0

G? by In(©) (we + 5c1<1b3 + 26bx1boby + (Saxlb%—i—

(bz + an> (K% + K1K3 + K1K§) ln(®)>

6ac? <K:1)) +K1%5 + K1K§) In*(©)
+6b*c (Kl + K1K3 + K1K3> In*(@®)+
c (bz + 2ca> <K1 + K1K3 + KlKg) In?(®) =0
G? by In(©) (zml boby + bk b3+
12bc? <K‘;’ + K1K3 + K1K§> ln2(®)> =0
G cby In(®) (81163 + 662 (i} + K113 + x113) In2(©) ) = 0

By solving the above algebraic equations using Maple,
we have:

6 6 6
A bln(@)\/ (k2 + K2+ K3),

= +cIn(@ \/ 6 K1+K2+K3), ©)

( 4ca)

(Kl +K5+ Ks)

The solutions of Eq. (1) according to these values

WhenY = b2 — 4ac<0andc;£0
Xli = :th’l \/ +K2+K3 \/7 tang (£ ):|
Xz = +In(@)4y/ — K+K2+K3 b+rcot@ <£ )}
XE=+In(® \/ K1+K2+K3)
b— T <tan@(\/ Yo) = \/pqsece(V— o))]

6 K1+K2+K3)

Xi =+In(0)
b— g <—cot@(\/70)j:\/7]csc@(\/70)>
& —1n(®) w (g

D

_fY(t<V?>_t< : ))

1
0 = K1X + KoY + K32 — (§K1Y1n2(®) <1<% + K% + K%)) £

where

WhenY = b% —4ac > 0and ¢ # 0,
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2 2 2 2 2 2
—+In 28T 4 VY tanhg ( %Yo) |, = AT tanhe (v/—aco
xe = +in(@)y/ - LB [ 4 ¥ tanng (7o) 1 = In(02)y) “ U tanng (/~ac0)
2 2 2 2 2 2
— +1n _ ; + VY cothg ( %X , = et His) cothg(v/—aco
x# = £1n(@)) ~ L) [ 4 V¥ cothg (o) 1 = +in(Q)) “EE) g (v =aco)
6 (k2 4 12 1+ 12 6 2,2 2
wE =t ln(@)\/ o+t thar ) 3 = £ In()y ST ) thr )
b— g (— tanhg (V' Yo) £ i\/ﬁsech@(ﬁo))] <_ tanhe (2v/—aco) + iy/pg seche (2 —aco))
6ac (12 + k% + x2
6 (2 + 12 +12) Xﬁ—iln(ﬂ)\/< 1 5 2+15)
Xs =+hn(@) ——1—2-—32 52 3
) N (— cothg (2v/—aco) + \/pq csch@(Z\/—aco)>
po Y 2,2 2
3 7 ( cothg (VYo0) £ \/pg csch@(\FYo)> Xzi() _ iln(Q)\/&lc (x% er(;cz +«3)
6 (13 + 12 +x3)
+ _ 1Tk TR - =
vl =iy (o (550) oo (Y525)
hy
b+ g (tanh@ <\{fo> + cothg (?0))] where
where 0 = K1X + KoY + K3z + <2aCK1 In?(0) (K% + K% + K%)) t
Whenb =0and c =gq,
_ 1 2 2 2 2 2.2, .2
0 = K1X + KoY + K32 — (Eleln (©) (Kl + x5 + K3> t X2i1 — +aln(Q) _6(K1+§2+K3) tang (0)
2 2 2
Xziz = +aln(Q) —w cotg(a0)

6 (i + 13+ 13)
6

(tang (240) + /pq sece(2a0))

6 (k2 + 3 + x2)

Xéts =+aln(Q)

&

When ac > 0and b =0,

+ bac(12+13+x3)
X1 = +In(Q) —%23 tang (1/aco) Xi — +aln(Q)

«

0
+ _6aC(K%+K%+K§)
Xip = +1n(Q) s cote (v/aco) (— cotg(240) £ /pq csce(2a0))
6ac (k% + x2 + x2 2,2, .2
xﬁ = :tln(Q)\/—< 1 5 2+53) X§E5 = +aln(Q) —W (tang (§0) — cotg (50))
(tang (2v/aco) £ \/pq secg (2v/aco)) where
6ac (k2 + k3 + x3)
+ _ 1 2 3
Xia = EIn(Q))/ -~ 5 0 =KX + Ky + K3z + (2a2K1 In*(Q) (K% +x%+ K%)) t
(— cote (2v/aco) + \/pq csce (2v/aco))
3ac (k2 + k2 + 2 Whenb =0and ¢ = —a,
+ 6(12+x3+x2) nh
Jac Jac X3p = Faln(Q)|/ ——-—F—* tanhg(a0)
tan@ TO — COt@ TO N 6(K2+K2+K2)
X5y = aln(Q)/ ————*—2* cothg(a0)
where
6 (12 + 13 + «3)
+ 1 2 3
= +aln(Q)y] -1 T2
X28 aln( )\/ 5
(— tanhg (2a0) + i/pq sechg(2a0))
- 2acky In2(Q) (12 + 12 +x2) ) ¢ L 6 (1f +15 +x3)
0 = K1X + Koy + K3z + ( ackq In“(Q)) <K1 + K5 +K3>> X&y = +aln(Q) -

(— cothg(2a0) & /pq cschg (240))
X3y = £aln(Q) —w (tanhg (50) + cothg (50))

Whenac < 0and b =0, Whena =0and b # 0,
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6 (K2 + 12 4 2
X;:ibln(ﬂ)\/—(l 5 )

1
kb+(w%@wﬂ—gﬂ@@®+pﬂ
6 (1 + 15 +13)

)
{1 (sinhg(vo) + coshg(bo)) }

X =+ bIn(Q)|/

2 (sinhg(bo) + coshg(bo) + q)

where
o—x (1o .o 2, .2, .2
=KX + 1Y + K32 2b x1In"(©) (k7 + 15 +x5) ) £

Whenb =A,c = @A (@ #0)anda =0,

6 2 2 2
Xﬁ_iMm@¢—(M+?+ﬁ>

1 B @p@Ao
2 p—@q@

where
o—x (1o .o 2,.2., .2
=KX + 1Y + K32 2)\ 1 In°(O©) (k7 + x5 +x3) | ¢t

We have checked the correctness of all the solutions
presented in this paper by inserting them directly into the

main nonlinear equation.

3. Physical explanation

We have successfully obtained TW solutions for the mKdV-
ZK equation, encompassing a range of soliton types such
as dark, periodic, singular, and others. To obtain a thor-
ough grasp of their physical behavior, we illustrated cer-
tain solutions graphically. The subsequent results were ob-
tained and are depicted in the accompanying figures to aug-
ment our comprehension of the underlying physical phe-
nomenon. Figs. 1 to 3 depict the 2D, 3D, and contour plots
of the absolute of x;(x,y,z,t),i = 1,6,33. Fig. 1 demon-
strates that the absolute values of x (x, y,z,t) form a singu-
lar periodic wave solution with the duration —5 < t,x <5
when, while t = 0.0 (red), t = 0.1 (blue), t = 0.2 (black).
It can be observed from Fig. 2 that the absolute value of
X6(x,y,z,t) exhibits a dark kink wave solution with a dura-
tion of —5 < t,x <5whena =0.5b=15,c=0.75,x1 =
—2,kp = 2,k3 = 05,6 = =05,y = 1,z = 1,0 = ¢,
p =19 = 1whilet = 0.0 (red), t = 0.1 (blue), t = 0.2
(black). Based on Fig. 3, it can be observed that the abso-
lute value of x33(x,y, 2, t) represents a solitary wave solu-
tion. This solution has a duration of =5 < t,x < 5 when
A=15w =2,k = =2,k = 2,k3 = 05,6 = —15,
y=1,z=1p=19=12,0 = ¢, whilet = 0.0 (red),
t = 0.1 (blue), t = 0.2 (black).

4. Conclusions

In this survey, a NEDA technique has been successfully
applied to find TW solutions of the mKdV-ZK equation.
Thereupon, some new sets of analytical solutions are de-
termined. In the framework of the technique, the acquired
solutions are determined in terms of some generalized
trigonometric and hyperbolic functions where their use is
very straightforward. It is worth noting that the technique
employed in this article is very powerful and efficient in
finding TW solutions to other well-known nonlinear mod-
els. Therefore, one of our future research goals will be to
employ this effective technique in determining TW solu-
tions for other models in the literature.

References

[1] N. Cheemaa, A. R. Seadawy, and S. Chen, (2019)
“Some new families of solitary wave solutions of the gener-
alized Schamel equation and their applications in plasma
physics” The European Physical Journal Plus 134:
117. DOI: 10.1140/ epjp /i2019-12467-7.

[2] D.Kumar, A. R. Seadawy, and M. R. Haque, (2018)
“Multiple soliton solutions of the nonlinear partial dif-
ferential equations describing the wave propagation in
nonlinear low-pass electrical transmission lines” Chaos,
Solitons Fractals 115: 62-76. DOI: 10.1016/j.chaos.
2018.08.016.

[3] A.Goswami,]. Singh, D. Kumar, and S. Gupta, (2019)
“An efficient analytical technique for fractional partial dif-
ferential equations occurring in ion acoustic waves in
plasma” Journal of Ocean Engineering and Science
4: 85-99. DOI: 10.1016/j.joes.2019.01.003.

[4] A.Ara, N. A. Khan, O. A. Razzaq, T. Hameed, and
M. A. Z. Raja, (2018) “Wavelets optimization method for
evaluation of fractional partial differential equations: an
application to financial modelling” Advances in Differ-
ence Equations 2018: 1-13. DOI: 10.1186/513662-017-
1461-2.

[5] J.Bergand K. Nystrom, (2018) “A unified deep artificial
neural network approach to partial differential equations
in complex geometries” Neurocomputing 317: 28—41.
DOI: 10.1016/j.neucom.2018.06.056.

[6] H. Dehestani, Y. Ordokhani, and M. Razzaghi, (2018)
“Fractional-order Legendre—Laguerre functions and their
applications in fractional partial differential equations”
Applied Mathematics and Computation 336: 433—
453. DOI: 10.1016/j.amc.2018.05.017.


https://doi.org/10.1140/epjp/i2019-12467-7
https://doi.org/10.1016/j.chaos.2018.08.016
https://doi.org/10.1016/j.chaos.2018.08.016
https://doi.org/10.1016/j.joes.2019.01.003
https://doi.org/10.1186/s13662-017-1461-2
https://doi.org/10.1186/s13662-017-1461-2
https://doi.org/10.1016/j.neucom.2018.06.056
https://doi.org/10.1016/j.amc.2018.05.017

Journal of Applied Science and Engineering, Vol. 27, No 10, Page 3327-3336 3331

i {2"# I.
I

| |
SRRy Ji il

| ! R | |
REERTS I B
dil K I |
Mt
I A1 [ 1 SR 1
1| I Lo )| 1h !
AR I
! !

AL A 1
AviZ AN ARl A /AN

£ L AL L
PSS Sl ARV SN

-4 -2 0 2 4

[——t=00 —— 0 ——=0.2]
(a) 2D
(b) 3D (c) Contour

Fig. 1. 2D, 3D, and contour plots of |x1| witha =0.5,b =1,c =15,k = =2,kp = 1,43 =1.5,6 = —0.5,-p =12, =11
withy =z=1and © = 2.6.

Table 1. Comparison of time performance and performance with different superpixel methods

[7] K. M. Owolabi, A. Atangana, and A. Akgul, (2020) [8] Q.Pan, T. Rabczuk, and X. Yang, (2021) “Subdivision-
“Modelling and analysis of fractal-fractional partial differ- based isogeometric analysis for second order partial differ-
ential equations: application to reaction-diffusion model” ential equations on surfaces” Computational Mechan-
Alexandria Engineering Journal 59: 2477-2490. DOI: ics 68: 1205-1221. DOI: 10.1007 /s00466-021-02065-7.
10.1016/j.a€j.2020.03.022.

[9] M. Senol, (2020) “New analytical solutions of frac-
tional symmetric regularized-long-wave equation” Re-


https://doi.org/10.1016/j.aej.2020.03.022
https://doi.org/10.1007/s00466-021-02065-7

3332

Bolun Ding et al.

24

22

-4 -2

a

x
— — =00 —— =01 ——=0.2

(@) 2D

(b) 3D

(c) Contour

Fig. 2. 2D, 3D, and contour plots of | 4| witha = 0.5,b =1.5,¢c = 0.75,ky = —2,kp = 2,3 =05, = =05, p=1,4=1
withy=z=1and © =e.

[10]

(11]

vista mexicana de fisica 66: 297-307. DOI: 10.31349/
revmexfis.66.297.

K. S. Nisar, L. Akinyemi, M. Inc, M. Senol, M. Mirza-
zadeh, A. Houwe, S. Abbagari, and H. Rezazadeh,
(2022) “New perturbed conformable Boussinesg-like equa-
tion: Soliton and other solutions” Results in Physics 33:
105200. DOI: 10.1016/j.rinp.2022.105200.

M. Inc, A. Houwe, and H. Bicer, (2021) “Ellipticity
angle effect on exact optical solitons and modulation in-
stability in birefringent fiber” Optical and Quantum

(12]

(13]

Electronics 53: 1-18. DOI: 10.1007/s11082-021-03297-
w.

N. M. Rasheed, M. O. Al-Amr, E. A. Az-Zo’bi, M. A.
Tashtoush, and L. Akinyemi, (2021) “Stable optical
solitons for the Higher-order Non-Kerr NLSE via the mod-
ified simple equation method” Mathematics 9: 1986. DOI:
10.3390/math9161986.

M. Kaplan, A. Akbulut, and N. Raza, (2022) “Research
on sensitivity analysis and traveling wave solutions of the
(4+ 1)-dimensional nonlinear Fokas equation via three


https://doi.org/10.31349/revmexfis.66.297
https://doi.org/10.31349/revmexfis.66.297
https://doi.org/10.1016/j.rinp.2022.105200
https://doi.org/10.1007/s11082-021-03297-w
https://doi.org/10.1007/s11082-021-03297-w
https://doi.org/10.3390/math9161986

Journal of Applied Science and Engineering, Vol. 27, No 10, Page 3327-3336 3333

2000 JI
|
|
3000} .
I
|
|
2000 | -+
I
|
|
00— |
I
|
1
T e
|——1.=n.u——1=u.1——n=ok_z\
(a) 2D
(b) 3D (c) Contour

Fig. 3. 2D, 3D, and contour plots of |x33| withA =1.5,0 =2,k = —2,kp =2,k3 =0.5,0 = —1.5,p = 1,9 = 1.2. with
y=z=1and® =e¢.

different techniques” Physica Scripta 97: 015203. DOI: tion” The European Physical Journal Plus 133: 142.
10.1088/1402-4896/ac42eb. DOTI: 10.1140/epjp/i2018-11984-1.

[14] G. Yel, T. A. Sulaiman, and H. M. Baskonus, (2020) [16] B. Ghanbariand D. Baleanu, (2019) “A novel technique
“On the complex solutions to the (3+ 1)-dimensional con- to construct exact solutions for nonlinear partial differen-
formable fractional modified KdV—-Zakharov-Kuznetsov tial equations” The European Physical Journal Plus
equation” Modern Physics Letters B 34: 2050069. DOI: 134: 506. DOT: 10.1140/epjp/i2019-13037-9.
10.1142/50217984920500694. [17] A. Houwe, S. Abbagari, Y. Salathiel, M. Inc, S. Y.

[15] B. Ghanbari and M. Inc, (2018) “A new generalized Doka, K. T. Crepin, and D. Baleanu, (2020) “Complex
exponential rational function method to find exact special traveling-wave and solitons solutions to the Klein-Gordon-
solutions for the resonance nonlinear Schrodinger equa- Zakharov equations” Results in Physics 17: 103127.

DOT: 10.1016/j.rinp.2020.103127.


https://doi.org/10.1088/1402-4896/ac42eb
https://doi.org/10.1142/S0217984920500694
https://doi.org/10.1140/epjp/i2018-11984-1
https://doi.org/10.1140/epjp/i2019-13037-9
https://doi.org/10.1016/j.rinp.2020.103127

3334

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Bolun Ding et al.

M. A. Kayum, S. Ara, M. S. Osman, M. A. Akbar,
and K. A. Gepreel, (2021) “Onset of the broad-ranging
general stable soliton solutions of nonlinear equations
in physics and gas dynamics” Results in Physics 20:
103762. DOI: 10.1016/j.rinp.2020.103762.

E. H. M. Zahran, M. S. M. Shehata, S. M. Mirhosseini-
Alizamini, M. N. Alam, and L. Akinyemi, (2021)
“Exact propagation of the isolated waves model de-
scribed by the three coupled nonlinear Maccari’s sys-
tem with complex structure” International Journal
of Modern Physics B 35: 2150193. DOI: 10.1142 /
S0217979221501939.

M. Khater, A.-H. Abdel-Aty, G. Alnemer, M. Zakarya,
and D. Lu, (2020) “New optical explicit plethora of the
resonant Schrodinger’s equation via two recent computa-
tional schemes” Thermal Science 24: 247-255.

A. Akbulut, M. S. Hashemi, and H. Rezazadeh, (2021)
“New conservation laws and exact solutions of coupled
Burgers’ equation” Waves in Random and Complex
Media: 1-20. DOI: 10.1080/17455030.2021.1979691.

D. Kumar, M. Kaplan, M. R. Haque, M. S. Osman,
and D. Baleanu, (2020) “A variety of novel exact solu-
tions for different models with the conformable derivative
in shallow water” Frontiers in Physics 8: 177. DOI:
10.3389/ fphy.2020.00177.

H. A. Ghany, A.-A. Hyder, and M. Zakarya, (2020)
“Exact solutions of stochastic fractional Korteweg de—Vries
equation with conformable derivatives” Chinese Physics
B 29: 030203. DOI: 10.1088/1674-1056 /ab75c9.

A. Biswas, M. Mirzazadeh, M. Savescu, D. Milovic,
K. R. Khan, M. F. Mahmood, and M. Belic, (2014) “Sin-
gular solitons in optical metamaterials by ansatz method
and simplest equation approach” Journal of Modern
Optics 61: 1550-1555. DOIL: 10.1080/09500340.2014.
944357.

A. Biswas, H. Rezazadeh, M. Mirzazadeh, M. Eslami,
Q. Zhou, S. P. Moshokoa, and M. Belic, (2018) “Op-
tical solitons having weak non-local nonlinearity by two
integration schemes” Optik 164: 380-384. DOI: 10.1016/
j.ijle0.2018.03.026.

M. Mirzazadeh, M. Ekici, A. Sonmezoglu, S. Or-
takaya, M. Eslami, and A. Biswas, (2016) “Soliton
solutions to a few fractional nonlinear evolution equations
in shallow water wave dynamics” The European Physi-
cal Journal Plus 131: 1-11. DOT: 10.1140/epjp/i2016-
16166-7.

(27]

(33]

(34]

H. Rezazadeh, H. Tariq, M. Eslami, M. Mirzazadeh,
and Q. Zhou, (2018) “New exact solutions of nonlin-
ear conformable time-fractional Phi-4 equation” Chinese
Journal of Physics 56: 2805-2816. DOI: 10.1016/j.cjph.
2018.08.001.

K. Hosseini, M. Mirzazadeh, D. Baleanu, S.
Salahshour, and L. Akinyemi, (2022) “Optical solitons
of a high-order nonlinear Schrodinger equation involv-
ing nonlinear dispersions and Kerr effect” Optical and
Quantum Electronics 54: 177. DO1: 10.1007 /s11082-
022-03522-0.

L. Akinyemi, M. Senol, and O. S. Iyiola, (2021) “Exact
solutions of the generalized multidimensional mathemati-
cal physics models via sub-equation method” Mathemat-
ics and Computers in Simulation 182: 211-233. DOI:
10.1016/j.matcom.2020.10.017.

M. T. Darvishi, M. Najafi, L. Akinyemi, and H.
Rezazadeh, (2023) “Gaussons of some new nonlinear
logarithmic equations” Journal of Nonlinear Opti-
cal Physics Materials 32: 2350013. DOI: 10.1142 /
S0218863523500133.

A. Houwe, S. Abbagari, L. Akinyemi, H. Rezazadeh,
and S. Y. Doka, (2023) “Peculiar optical solitons and
modulated waves patterns in anti-cubic nonlinear media
with cubic—quintic nonlinearity” Optical and Quantum
Electronics 55: 719. DOT: 10.1007 /s11082-023-04950-
2.

A.R. Adem, B. P. Ntsime, A. Biswas, S. Khan, A. K.
Alzahrani, and M. R. Belic, (2021) “Stationary op-
tical solitons with nonlinear chromatic dispersion for
Lakshmanan-Porsezian-Daniel model having Kerr law
of nonlinear refractive index.” Ukrainian Journal of
Physical Optics 22: DOI: 10.3116 /16091833 /22/2/
83/2021.

E. Zayed, R. Shohib, M. Alngar, A. Biswas, M. Ekici,
S. Khan, A. Alzahrani, and M. Belic, (2021) “Op-
tical solitons and conservation laws associated with
Kudryashov’s sextic power-law nonlinearity of refractive
index” Ukrainian Journal of Physical Optics 22: DOI:
10.3116/16091833/22/1/38/2021.

A. Biswas, ]J. Edoki, P. Guggilla, S. Khan, A.
Alzahrani, and M. R. Belic, (2021) “Cubic-quartic opti-
cal soliton perturbation with lakshmanan-porsezian-daniel
model by semi-inverse variational principle” Ukrainian
Journal of Physical Optics 22: 123-127. DOI: 10.3116/
16091833/22/3/123/2021.


https://doi.org/10.1016/j.rinp.2020.103762
https://doi.org/10.1142/S0217979221501939
https://doi.org/10.1142/S0217979221501939
https://doi.org/10.1080/17455030.2021.1979691
https://doi.org/10.3389/fphy.2020.00177
https://doi.org/10.1088/1674-1056/ab75c9
https://doi.org/10.1080/09500340.2014.944357
https://doi.org/10.1080/09500340.2014.944357
https://doi.org/10.1016/j.ijleo.2018.03.026
https://doi.org/10.1016/j.ijleo.2018.03.026
https://doi.org/10.1140/epjp/i2016-16166-7
https://doi.org/10.1140/epjp/i2016-16166-7
https://doi.org/10.1016/j.cjph.2018.08.001
https://doi.org/10.1016/j.cjph.2018.08.001
https://doi.org/10.1007/s11082-022-03522-0
https://doi.org/10.1007/s11082-022-03522-0
https://doi.org/10.1016/j.matcom.2020.10.017
https://doi.org/10.1142/S0218863523500133
https://doi.org/10.1142/S0218863523500133
https://doi.org/10.1007/s11082-023-04950-2
https://doi.org/10.1007/s11082-023-04950-2
https://doi.org/10.3116/16091833/22/2/83/2021
https://doi.org/10.3116/16091833/22/2/83/2021
https://doi.org/10.3116/16091833/22/1/38/2021
https://doi.org/10.3116/16091833/22/3/123/2021
https://doi.org/10.3116/16091833/22/3/123/2021

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Journal of Applied Science and Engineering, Vol. 27, No 10, Page 3327-3336

Y. Yildirim, A. Biswas, P. Guggilla, S. Khan, H. M.
Alshehri, and M. R. Belic, (2021) “Optical solitons in fi-
bre Bragg gratings with third-and fourth-order dispersive
reflectivities” Ukrainian Journal of Physical Optics
22:239-254. DOI: 10.3116/16091833 /22 /4/239/2021.

Y. Yildrim, A. Biswas, A. Dakova, P. Guggilla, S.
Khan, H. M. Alshehri, and M. R. Belic, (2021) “Cubic-
quartic optical solitons having quadratic—cubic nonlinear-
ity by sine-Gordon equation approach.” Ukrainian Jour-
nal of Physical Optics 22: DOI: 10.3116 /16091833 /
22/4/255/2021.

E.M.E. Zayed, R. Shohib, M. E. M. Alngar, A. Biswas,
Y. Yildirim, A. Dakova, H. M. Alshehri, and M. R.
Belic, (2022) “Optical solitons in the Sasa-Satsuma model
with multiplicative noise via It6 calculus.” Ukrainian
Journal of Physical Optics 23: 9-14. DOI: 10.3116/
16091833/23/1/9/2022.

Y. Yildirim, A. Biswas, S. Khan, M. F. Mahmood, and
H. M. Alshehri, (2022) “Highly dispersive optical soliton
perturbation with Kudryashov’s sextic-power law of non-
linear refractive index.” Ukrainian Journal of Physical
Optics 23: 24-29. DOI: 10.3116/16091833/23/1/24/
2022.

O. Gonzalez-Gaxiola, A. Biswas, Y. Yildirim, and
H. M. Alshehri, (2022) “Highly dispersive optical soli-
tons in birefringent fibres with non) local form of nonlin-
ear refractive index: Laplace—Adomian decomposition.”
Ukrainian Journal of Physical Optics 23: DOI: 10.
3116/16091833/23/2/68/2022.

A.Q. AA,B. AM, M. ASHF, A. AA, and B. HO, (2023)
“Dark and singular cubic—quartic optical solitons with
Lakshmanan—Porsezian—Daniel equation by the improved
Adomian decomposition scheme.” Ukrainian Journal of
Physical Optics 24: DOI: 10.3116/16091833/24/1/
46/2023.

A. H. Arnous, A. Biswas, Y. Yildirim, L. Moraru, M.
Aphane, S. P. Moshokoa, and H. M. Alshehri, (2023)
“Quiescent optical solitons with Kudryashov’s generalized
quintuple-power and nonlocal nonlinearity having nonlin-
ear chromatic dispersion: generalized temporal evolution.”
Ukrainian Journal of Physical Optics 24: 105-113.
DOI: 10.3116/16091833/24/2/105/2023.

A. Kukkar, S. Kumar, S. Malik, A. Biswas, Y. Yildirim,
S. P. Moshokoa, S. Khan, and A. A. Alghamdi,
(2023) “Optical solitons for the concatenation model
with Kurdryashov’s approaches.” Ukrainian Journal of
Physical Optics 24: 155-160. DOI: 10.3116/16091833 /
24/2/155/2023.

(43]

[46]

(49]

3335

A. Biswas, J. M. Vega-Guzmadn, Y. Yildirim, S. P.
Moshokoa, M. Aphane, and A. A. Alghamdi, (2023)
“Optical solitons for the concatenation model with power-
law nonlinearity: undetermined coefficients.” Ukrainian
Journal of Physical Optics 24: 185-192. DOI: 10.3116/
16091833/24/3/185/2023.

O. Gonzalez-Gaxiola, A. Biswas, J. R. de Chavez, and
A. Asiri, (2023) “Bright and dark optical solitons for the
concatenation model by the Laplace-Adomian decomposi-
tion scheme.” Ukrainian Journal of Physical Optics
24: 222-234. DOI: 10.3116/16091833/24/3/222/2023.

R. Kumar, R. Kumar, A. Bansal, A. Biswas, Y. Yildirim,
S. Moshokoa, and A. A. Asiri, (2023) “Optical solitons
and group invariants for Chen-Lee-Liu equation with time-
dependent chromatic dispersion and nonlinearity by Lie
symmetry” Ukrainian Journal of Physical Optics 24:
4021-4029. poI: 10.3116 /16091833 /24 /4 /04021 /
2023.

Z. Elsayed, R. Shohib, A. Biswas, Y. Yildirim, M.
Aphane, S. Moshokoa, S. Khan, and A. Asiri, (2023)
“Gap solitons with cubic-quartic dispersive reflectivity and
parabolic law of nonlinear refractive index” Ukrainian
Journal of Physical Optics 24: 4030-4045. DOT1: 10.
3116/16091833/24/4/04030/2023.

F. Demontis, (2011) “Exact solutions of the modified
Korteweg-de Vries equation” Theoretical and Mathe-
matical Physics 168: 886-897. DOI: 10.1007 /s11232-
011-0072-4.

K. P. Das and F. Verheest, (1989) “Ion-acoustic solitons
in magnetized multi-component plasmas including nega-
tive ions” Journal of plasma physics 41: 139-155. DOTI:
10.1017/50022377800013726.

S. Sahoo, G. Garai, and S. S. Ray, (2017) “Lie symme-
try analysis for similarity reduction and exact solutions of
modified KdV—-Zakharov-Kuznetsov equation” Nonlin-
ear Dynamics 87: 1995-2000. DOI: 10.1007 /s11071-
016-3169-3.

M. Eslami, H. Rezazadeh, M. Rezazadeh, and S. S.
Mosavi, (2017) “Exact solutions to the space—time frac-
tional Schrodinger—Hirota equation and the space—time
modified KDV—-Zakharov-Kuznetsov equation” Optical
and Quantum Electronics 49: 1-15. DOI: 10.1007 /
s11082-017-1112-6.

K. Khan and M. A. Akbar, (2013) “Exact and solitary
wave solutions for the Tzitzeica—Dodd—Bullough and the
modified KdV-Zakharov—Kuznetsov equations using the
modified simple equation method” Ain Shams Engineer-


https://doi.org/10.3116/16091833/22/4/239/2021
https://doi.org/10.3116/16091833/22/4/255/2021
https://doi.org/10.3116/16091833/22/4/255/2021
https://doi.org/10.3116/16091833/23/1/9/2022
https://doi.org/10.3116/16091833/23/1/9/2022
https://doi.org/10.3116/16091833/23/1/24/2022
https://doi.org/10.3116/16091833/23/1/24/2022
https://doi.org/10.3116/16091833/23/2/68/2022
https://doi.org/10.3116/16091833/23/2/68/2022
https://doi.org/10.3116/16091833/24/1/46/2023
https://doi.org/10.3116/16091833/24/1/46/2023
https://doi.org/10.3116/16091833/24/2/105/2023
https://doi.org/10.3116/16091833/24/2/155/2023
https://doi.org/10.3116/16091833/24/2/155/2023
https://doi.org/10.3116/16091833/24/3/185/2023
https://doi.org/10.3116/16091833/24/3/185/2023
https://doi.org/10.3116/16091833/24/3/222/2023
https://doi.org/10.3116/16091833/24/4/04021/2023
https://doi.org/10.3116/16091833/24/4/04021/2023
https://doi.org/10.3116/16091833/24/4/04030/2023
https://doi.org/10.3116/16091833/24/4/04030/2023
https://doi.org/10.1007/s11232-011-0072-4
https://doi.org/10.1007/s11232-011-0072-4
https://doi.org/10.1017/S0022377800013726
https://doi.org/10.1007/s11071-016-3169-3
https://doi.org/10.1007/s11071-016-3169-3
https://doi.org/10.1007/s11082-017-1112-6
https://doi.org/10.1007/s11082-017-1112-6

3336 Bolun Ding et al.

ing Journal 4: 903-909. DOI: 10.1016/j.asej.2013.01.
010.

[52] K. S. Al-Ghafri and H. Rezazadeh, (2019) “Solitons
and other solutions of (3+ 1)-dimensional space—time frac-
tional modified KdV—Zakharov—Kuznetsov equation” Ap-
plied Mathematics and Nonlinear Sciences 4: 289—
304. DOI: 10.2478 / AMNS.2019.2.00026.

[53] M. H. Islam, K. Khan, M. A. Akbar, and M. A.
Salam, (2014) “Exact traveling wave solutions of modified
KdV-Zakharov—Kuznetsov equation and viscous Burgers
equation” SpringerPlus 3: 1-9. DOI: 10.1186 /2193-
1801-3-105.

[54] D.Lu, A.R. Seadawy, M. Arshad, and ]. Wang, (2017)
“New solitary wave solutions of (3+ 1)-dimensional non-
linear extended Zakharov-Kuznetsov and modified KdV-
Zakharov-Kuznetsov equations and their applications”
Results in physics 7: 899-909. DO1: 10.1016 /j.rinp.
2017.02.002.

[55] H. Rezazadeh, (2018) “New solitons solutions of the
complex Ginzburg-Landau equation with Kerr law non-
linearity” Optik 167: 218-227. DOL: 10.1016/j.ijleo.
2018.04.026.


https://doi.org/10.1016/j.asej.2013.01.010
https://doi.org/10.1016/j.asej.2013.01.010
https://doi.org/10.2478/AMNS.2019.2.00026
https://doi.org/10.1186/2193-1801-3-105
https://doi.org/10.1186/2193-1801-3-105
https://doi.org/10.1016/j.rinp.2017.02.002
https://doi.org/10.1016/j.rinp.2017.02.002
https://doi.org/10.1016/j.ijleo.2018.04.026
https://doi.org/10.1016/j.ijleo.2018.04.026

	Introduction
	Mathematical analysis for the main model
	Physical Explanation
	Conclusions

