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ARTICLE INFO ABSTRACT
MSC: The analytical soliton solutions place a lot of value on birefringent fibres. The major goal of this
39A12 study is to generate novel forms of soliton solutions for the Radhakrishnan-Kundu-Lakshmanan
39B62 equation, which depicts unstable optical solitons that arise from optical propagations using
gzizg birefringent fibres. The (presumably new) extended direct algebraic (EDA) technique is used
26A51 here to extract a large number of solutions for RKLE. It gives soliton solutions up to thirty-seven,
which essentially correspond to all soliton families. This method’s ability to determine many
Keywords: sorts of solutions through a single process is one of its key advantages. Additionally, it is simple
Extended direct algebraic (EDA) technique to infer that the technique employed in this study is really straightforward yet one of the quite
Radhakrishnan-Kundu-Lakshmanan equation effective approaches to solving nonlinear partial differential equations so, this novel extended
(RKLE) direct algebraic (EDA) technique may be regarded as a comprehensive procedure. The resulting
Optical solitons solutions are found to be hyperbolic, periodic, trigonometric, bright and dark, combined bright-
Soliton solutions dark, and W-shaped soliton, and these solutions are visually represented by means of 2D, 3D, and

Birefringent fibres density plots. The present study can be extended to investigate several other nonlinear systems to

understand the physical insights of the optical propagations through birefringent fibre.
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1. Introduction

Nonlinear partial differential equations (PDEs) are important for modelling, analyzing and explaining a wide range of scientific
phenomena. It is necessary to solve the models under discussion precisely by using suitable methods. The study of exact solutions to
nonlinear PDEs has been an active field of research which plays an important role in the study of their applications in the real world
[1-4]. Various computational techniques have been proposed until now for obtaining the exact solutions to nonlinear equations. For
instance, to determine solitary, periodic, and compacton-like solutions, the exp-function approach is utilized [5], a number of exact
solutions for travelling waves may be produced by using the extended trial equation approach [6], the voltage in transmission line
issues can be observed by using different methods [7], and it is also possible to build some non-topological solitons and closed-form
solutions [8]. The phenomenon of travelling waves is widely investigated by means of the soliton theory which is an effective area
of study for nonlinear partial differential equations like Kodomtsev-Petviashvili (KP) equation, the Schrodinger equation, Kundu-
Eckhaus equation and many more that arise in disciplines like mathematical physics, nuclear physics, optics, and telecom engineering
[9-11]. As a result, the researchers have created a wide range of analytical schemes to develop different type of solutions like the
rational, rogue, breather, solitary, periodic, singular and optical wave solutions [12]. Several analytical methods have been employed
to create the soliton solutions, including the modified auxiliary equation method [13], the Jacobi elliptic function method [14], the
sine-Gordon expansion method [15], and the Lie symmetry analysis [16]. One of the nature’s most fascinating nonlinear wave
occurrences is the soliton, which is defined as a self-sustaining localized structure [17-20]. By simulating the occurrence in a wave
tank, John Scott Russell initially proposed the concept of solitons in 1834. Optical solitons are a particular kind of solitary waves
that travel over great distances without dispersing. They were found by Zhakarov and Sabat in 1971. In optical theory, linear
and nonlinear effects are weakly balanced in the medium, so solitons may be used to refer to any optical field that does not vary
throughout propagation. Optical solitons have been divided into spatial and temporal solitons. The dynamics of optical solitons are
essential to the growth of the telecommunication sector. Due to their wide applicability the study of optical solitons solutions are
considered by professionals and academics, in recent years. Numerous significant methods have been put out, including motion
of solitary waves in the nonlinear optics [21], lipid sensor [22], the analysis method [23], generalized Jacobi elliptic expansion
method [24], the trial equation technique [25], propagation of ultrashort optical pulses [26], pulses propagation in nonlinear optical
systems [27], modulation instability criteria [28], stability of solitons [29], evolution of dark solitons [30], intermodal dispersion
effect [31], and soliton solutions in birefringent optical fibre [32]. Soliton propagation dynamics through a fibre with maintained
polarization are governed by the Radhakrishnan-Kundu-Lakshmanan equation (RKLE) which is a generalized version of the nonlinear
Schrodinger’s equation. Radhakrishnan, Kundu, and Lakshmanan initially introduced RKLE in 1976, and it has since been used in
a wide variety of physics, chemistry, and engineering contexts. The Radhakrishnan-Kundu-Lakshmanan equation (RKLE) has been
used widely by recent researchers in order to examine how optical solitons move along optical fibres [33-36]. The Radhakrishnan-
Kundu-Lakshmanan equation (RKLE) may be used to study dispersive optical solitons exhibiting the Kerr law nonlinearity without
the four-wave mixing (4WM) effect which is regarded as being the basic case of fibre nonlinearity. The recent popularity of several
optical fibres makes them compliant with this law. This medium shows self-phase modulation, and the frequency-shifting of a pulse
of light as it moves towards a fibre nonlinearity [37]. Consequently, in this work, we investigate the coupled Radhakrishnan-Kundu-
Lakshmanan equation to obtain the soliton solutions by using a (presumably new) extended direct algebraic (EDA) technique. In its
dimensionless form, RKLE is given as follows (see [38-40]):

W, +dU,, +e|UPU = (U PU), —vU,,,  (1:=V=1), 1.1

where U is a wave profile having complex values, d is the chromatic dispersion coefficient, e is the Kerr nonlinearity, u is the
self-steepening coefficient, and v is the third-order dispersion coefficient.

The coupled Radhakrishnan-Kundu-Lakshmanan equation (RKLE) is a nonlinear PDE that explains how coupled oscillations be-
have dynamically in a system of two or more oscillatory components. It can be regarded as given below (see [41,42]):

W, +d U, + (e;|U> + f11VIPU = 1w, (|UPU), + v, U,) = 10,U,,,, 1.2
WV, +dyV,, +(ea|[VI2+ folUPY =iy ([VI*V), +,V,) — 10,V

The wave profiles are presented by the wave potentials U(r,r) and V(r,7). These wave potentials take on complex values. Here,
for i = 1,2, ¢; is the self-phase modulation, f; shows the cross-phase modulation, x; and v; are the self-steepings when there is no
four-wave mixing (4WM).

In this paper, the novel extended direct algebraic approach is used to provide a successful explanation for the dynamical behaviour
of optical solitons of the RKLE without four wave mixing (4WM) effect.

The article is structured as follows: The mathematical computation for the coupled Radhakrishnan-Kundu-Lakshmanan equation
(RKLE) is explained in Section 2. Explanation of the EDA approach is given in Section 3. Section 4 covers the application of the EDA
technique to the RKLE and the graphical description is presented in Section 5. Finally, conclusion is given in Section 6.

2. Mathematical computation

Let us suppose the following transformations for both U and V, respectively.

Ur,0)= ey, (), 2.1)
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V(1) =€ (),
where &(r,1) = —ar + bt + 6, and n = r — ct. Furthermore, y;(n) gives the amplitude of soliton i = (1,2), ¢ is the speed of wave and « is
the frequency, whereas b represents the wave number, £(r, 1) is phase component of pulse and 6, is the phase constant.
Putting Equation (2.1) with the transformations in Equation (1.2) and separating the real and imaginary parts, we get
—d,@ g — @ —by + ei)(,-3 + fi)(i)(jz - al‘i){; - aVi)(i)(jZ +d;y" +3aw, " =0, (2.2)

and

—2d;ay —dy - 3"20’:’)([, - 314,')(52)(,', - Vi)(jz)(j, - 2";)(,')(/)(/, +w1"" =0. (2.3)

Equation (2.2) and Equation (2.3) imply that y; = y; by using the balancing principle for both i=1,2 and j =3 —i.
2 3 3 3 3 3 " " _
—dia” i —aw;—byi ey + fixg —apx; —avix; +dix +3awx" =0, 2.4)
and

—2d;ay” —dy’' - 3azwi)(,~' - 3;41;(1.2)(,-’ - vi)(izj(,-’ - 2‘/1)(,-2)(1'/ +w, 7" =0. (2.5)
Integrating Equation (2.5) with respect to # and putting the constant of integration equal to zero, we get

—(2d;a+c+ 3a2v,~))(i —(u; + vi)}(? + w,-;(i” =0. (2.6)

Equation (2.4) and Equation (2.6) are the same if and only if

d;+3aw; —(d;@*+dw;+b) e+ f;—au; —av,
= = (2.7)
; 2d;a+ ¢ +3dcw; —(u; +v;)
where
_ fio; +d;p; +2a0;p; + d;v; + 2aw;v;
i = o, ,
and
Zdiza +d;c +8d;a*w; + 3acw; + 8a3a)i2
b= .
@;
3. Explanation of the EDA technique
Let us consider a general nonlinear PDE given by

G Xes X Xut> Xrps Xr> ) =0, (3.1)
which can be converted into an ODE of the following form:

HY.,Y',Y", ..)=0, 3.2)
by using the following transformation:

2 =Y(&e", (3.3)
where & =mr+m,t and 5 = msr + myt.

We assume that Equation (3.2) has a solution of the following form:
N
Y& =Y mFo), (3.4)
k=0

where

F’(§)=1nf(9+¢F(§)+lI/(F(§))2) (#0,D), (3.5

and 0, ¢ and y are constants having real values. The general form of the solutions of Equation (3.5) with respect to these parameters
is given as detailed below:
1. For ¢? — 40y < 0 and y # 0, we have
\-r \-r
Fi(§)= —i + —— tan, <T§),

2y 2y (3.6)
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F2<:>=—% - ‘g—;_pcog(@:),
F3(e:)=—2i \/; (tan (v/=r¢) + Voo sec, (\/_—pg)),
F(&)= —% + 5 (cotT (\/—_pé) + \/%cscr (\/——pg))

and

Fs@-——w ‘i—; < (@g) —cot, (@z;))

2. For ¢? — 40y > 0 and y # 0, we have

F6(¢)=—%—2—‘{ftanh,<¥:>,
F7(§>=—%—2i5cothr<§g>,
Fg(f)———w \f( tanh, (/7€) £ 1V/50, (1/72) ).
Fo(&) = —zi ;£ (—coth, (y/pE) £ Voo, (v/p¢) )

and

p P p
Fip(©) = 2q;/ ‘\1/11: (tanh, <4§> + coth, <\/T—§>> .

3. For Oy > 0 and ¢ =0, we have

Fy(6)= [tan (Mf)

Fip(9)= —\/jcot (\/ﬁéf)
Fi38)= \/7(tan (2@5) + \/5_0'secT (2@5)) ,
F14(z§):\/7( cot, (2\/@5) \/gcscr (2@5))

0 6
Fi5(= %ﬁ(tan, <g§> + cot, (gf))

4., For Oy <0 and ¢ =0, we have
F16<¢)=—\/——tanh (V=owe).
Fi7(8) =— /—— coth, <\/—91,/§)

and

Fis@=1[~& (—tanh, (2000 ) £.1Voo, (2v/=0¢) ).

Fio@1= [~ (~coth, (2v/70ve ) = Vs, (2v700) )

and

Fyo() = —%, /—5 <tanhT < Y _29”/ g) +coth, < Y _29"’5)>.

5. For ¢ =0 and 6 =y, we have

F5() =tan, (65)
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Foy(&) = —cot, (0&) (3.27)
Fyy (&) =tan, (20) + \/60 sec, (208), (3.28)
Fyy(€) = —cot, (208) + V60 csc, (208) (3.29)
and
Pys(&) = % (tanT (%5) — cot, (g:)) (3.30)
6. For ¢ =0 and w = —6, we have
F,(&) = —tanh_ (0¢), (3.31)
Fy7(§) = —coth, (6%), (3.32)
Fyg(&) = —tanh, (26¢) £ 1\/30, (206), (3.33)
Fyo(&) = —coth, (26¢) + V30, (26¢) (3.34)
and
F30(§)=—% (tanhT (25) +coth, (gé)) (3.35)
7. For ¢* =460y, we have
_ —20(¢péIn(r) +2)
F5(8) = 70525 In(0) . (3.36)
8. For ¢ =x,0 =xy (y#0) and y =0, we have
Fyp@)=7%—y. (3.37)
9. For 0 =y =0, we have
F33(8) =0 In(7). (3.38)
10. For ¢ =0 =0, we have
-1
F3 (&)= Vi) (3.39)
11. For ¢ #0 and 6 =0, we have
o
F. =-— 3.40
»@ w (cosh, (&) — sinh, (&) + &) (340)
and
sinh sh
Fa(®)= - qj(sm «(98) +cosh, (98) (3.41)
w (sinh, (¢¢) + cosh, (¢¢) + o)
12. For ¢ =x,y =xy (y#0) and 6 =0, we have
x¢&
F37(8) = —5_"‘;?, (3.42)
sinh, (&) = M,cosh,(g) L A PR el s 2 (3.43)
2 616 +o17¢
_ 2 _ _ 618 +or¢
csc, (&) = o mp— sec, (&) = o ap— ,coth (&) = o — (3.44)
. 61¢ — o7 61¢ + o7 61 — o177
sin (&) = 27l,cosr(§) = f,tanr(.f) = _lm (3.45)
and
_ 21 _ 2 _ 61¢ + o7
cser(&)= 1€ —or ¢ secr(8)= 7€ +or¢ c0t, (&)= p— (3.46)

where the deformation parameters § >0 and ¢ > 0 are arbitrary constants.
4. Application involving RKLE

By using the transformations, we get Equation (2.5). Therefore, the homogeneous balancing constant N =1 between y,” and ;(‘.3.
Thus, the solution is given as follows:
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Y& =ho+ M F(O), 4.1

where

Fl(©=In() (0 +$F +y (FE)). (4.2)

Upon substituting the solution of Equation (4.1) and Equation (4.2), we collect the coefficients of powers of F(¢). Thus, an
algebraic system of equations is obtained. Solving that system, we get

hy=Ad, h; =2Ay, (4.3)
where
H;,
A=—il —.
in(z) 2H,,

We also have

_ = +w)
o

—(2d;a + ¢ +3a%;)

H,=1 H;, and H,,=

The following general solution of Equation (1.2) is obtained by substituting Equation (4.3) into Equation (4.1):

Yi(r,1) = Ag + 28y Fy (£). 4.4

Here, we have p = ¢? — 40y . After using different values of F, from Equation (3.6) to (3.42), we get many corresponding solutions.
(1) For ¢? — 40y <0 and y # 0, we have

Xig(rit)= [A —ptan, (@f)] e, (4.5)
Xia(r,)=— [A —pcot, <@§>] e, (4.6)
K30 = [ 8/ (1an, (v=5¢) £ Vaasee, (v=7¢) )] e”. 4.7)
Zialr,)= [A\/——p (cot, (v=p&) + \/gcscf <\/—_p§)>] oM (4.8)

and

= 5 o (20) s (220 )]

(2) For ¢* — 40y >0 and y # 0, we have

Zigrt)=— [A ptanh, (#5)] e, (4.10)
Zig(rst)=— [A pcoth, <g§>] e, 4.11)
Kis(r0) = [83/p (~tanh, (v/58) £1V6o (/o£) )] e, (4.12)
Zio(r, )= [A\//_) (—coth, (\/Eﬁ) + \/%r (\//_)5))] e (4.13)

and

X0l 1) = [% V) <tanh, (\/ng> + coth, (?g))] e, (4.14)

(3) For 0y >0 and ¢ =0, we have
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0= 280y (tan, (Vowe ) )] e,
K0 == [28/0y (ot (VowE) )] e,
Kuasr.0) = [280w (tan, (2v/69¢) ) = Vo sec, (2v/0we )] e,
Zas(ri0) = 280w (=cot, (2v/6we ) ) £ Vooese, (2/0we) | e

Zias(rt) = [A Oy <tanT (@f) —cot, (@5))] e,

(4) For 0y <0 and ¢ =0, we have

and

x
3
=
X
N’
Il
|
—
)
>
|
>
<
—
o
=]
2
=
=
|
=
<
Y

and

Hino(r D) =— [A " <tanhT < v _9"’5> +coth, < v _9"’5>>] o,

(5) For ¢ =0 and 6 =y, we have

Xin1(r,) = [240 (tan, (08))] €™,

Koo (r,) == [2A8 (cot, (6£))] €,

Kis(r.0) = 280 (1an, 200) = Voo sec, 2609) ) e,

K2 = [280 (=cot, 200 £ Voo ese, 200)) | e
and

Xins(rt)= [AG (tan, (§§> —cot, (%é))] e,

(6) For ¢ =0 and 6 = —y, we have
Zio6(r.) = [2A0 (tanh, (08))] €,
Xiar(ri1) = [2A0 (coth, (88))] €™,
Xios(rD)=— [2A9 (—tanhf (208) + 1\/s0, (295)” o,
Xipo(rit)=— [ZAG (—cothr 208) + Véo, (295))] o
and
6 0 ,
Zizo(r, )= [AG (tanhT <5§> + coth, (55) )] e,

(7) For ¢* = 40y, we have

— —2A i}
)(i,31('3 1= [_fln(r)] e,

(8) For ¢ =x,0 =xy (y#0) and w =0, we have

izt =(Ax)e".
(9) For ¢ =y =0, we have
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Zi33(r 1) =0. (4.37)
(10) For v=¢ =0, we have

2A ],

Xiza(r, 1) =— [«fln(r)] e (4.38)
(11) For ¢ # 0 and 6 =0, we have

Yias(r )= £A¢ |1 - 20 o (4.39)

13530 cosh, (¢p&) — sinh, (&) + & )
and
_ cosh, (¢¢€) + sinh, (¢&) -

Zi3o(r:0) = £A9 [1 2 (coshT (@) + sinh. (&) + o >] e (4.40)

(12) For ¢ =x,y =xy (y#0) and 8§ =0, we have
x&
iz (D)= Ax [1 - 62—5i—‘;1)‘5] e, (4.41)

5. Graphical description

In this section the final results are graphically illustrated by using the 2D, 3D and density graphs, to understand the dynam-
ical behaviour of coupled Radhakrishnan-Kundu-Lakshmanan equation. The solutions are visualized as real and imaginary parts
separately because these answers are included in the category of complex numbers. Since these solutions involve a variety of
arbitrary constants, the graphical representation of these solutions highlights the rich physical phenomena and localized waves
of RKLE for the appropriate choice of the involved constants. The discovered solutions are hyperbolic, periodic, trigonometric,
bright and dark, combined bright-dark, and W-shaped soliton. These solutions have some physical significance. For example, a
dark soliton has lower intensity than background. It isn’t produced by a conventional pulse and essentially have no energy in a
continuous time beam. Also periodic wave refers to a wave whose wavelength and frequency are determined by a repeating con-
tinuous pattern. The real and imaginary parts for Equation (2.7) are represented by the 3D, 2D and density plots with parameters
1=2,6=0.07,6=05y=3,0=2,¢=4,a=05b=-775c=-3.5u; =-25,v, =2,f, = LLw, =0.5,d, = 1.5,¢;, = 1, and for =1 in
Fig. 1 (a-f).

The real and imaginary parts for Equation (2.7) are represented by the 3D, 2D and density plots with parameters r =2,6 =0.07,0 =
05,w=3.0=2¢=4,a=05b=-775c=-35u =-25,v,=2f, =10, =05,d, =1.5,¢, =—1, and for t = 5 in Fig. 2 (a - d).

The real and imaginary parts for Equation (2.7) are represented by the 3D, 2D and density plots with parameters r =2,6 =0.07,0 =
0.5,y=3,0=2,¢=4,a=05b=-775c=-35u=-25v,=2f =1,0,=05,d, =15,¢, =—1, and for t =9 in Fig. 3 (a - d).

Finally the 2D visualization of real and imaginary solutions for three different values of ¢ is given in Fig. 4 (a, b), which represents
the effect of time on the shape of soliton.

6. Conclusions

In this article, we implement the extended direct algebraic approach to extract the novel soliton solutions, to the Radhakrishnan-
Kundu Lakshmanan equation (RKLE). The resulting solutions for travelling waves have a single velocity and they assist in improving
the efficiency of transmission networks used in the telecommunications industry. They have a considerable impact on optical fibre
as well. The obtained results are hyperbolic, periodic, trigonometric, bright and dark, combined bright-dark and W-shaped soliton.
To show the physical behaviour of solutions certain results are shown in 2D, 3D and density graphs by selecting the suitable
choices of the parameters. The purpose of this work is to locate new, precisely determined solitons for the Radhakrishnan Kundu
Lakshmanan model that have never been found before. The computational work and simplicity of the extracted solutions show that
the applied methodology is concise, direct, and effective and may be useful in many domains, such as telecommunication engineering,
mathematical biology, mathematical physics, and optical fibre. In future it may also be applied to more complicated phenomena with
the use of symbolic computation to obtain a range of solitons using a single approach.
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Fig. 1. For real and imaginary part of solution y, ;, 3D, 2D and density plots with parameters 7 =2,6 =0.07,0 =0.5,y =3,0 =2,¢=4,a=0.5,b=-7.75,c = =3.5, 4 =
—25v,=2,f,=1,0, =05,d, =15,¢, =—1, and for 1 = 1.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.



A. Mahmood, H.M. Srivastava, M. Abbas et al. Heliyon 9 (2023) 20852

(c) 2D real plot (d) 2D imaginary plot
5 5
4 . v . v L y v v y ’ v Y af) u . . . . " . . . . . . !
3 | 3 |
2 1 2 1
1 1 1 1
0 - 0 _
-4 -2 0 2 4 -4 -2 0 2 4
(e) Density real plot (f) Density imaginary plot

Fig. 2. For real and imaginary part of solution y, ;, 3D, 2D and density plots with parameters 7 =2,6 =0.07,0 =0.5,y =3,0 =2,¢=4,a=0.5,b=-7.75,c = =3.5, 4 =
—25,v,=2,f,=1,0, =05,d, =1.5,¢, =—1, and for 1 =5.

Data availability statement

No data was used for the research described in the article.

10



A. Mahmood, H.M. Srivastava, M. Abbas et al. Heliyon 9 (2023) 20852

A /
VARV

r
-4 -2 2 4 6
-1
\/—2 \/

(c) 2D real plot (d) 2D imaginary plot
9 9

6|y s o o ] 6| e o ]
. | !
+ [ !
d i ]
2 1 ]
1 - 1 _
[1] A - 0 A _
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

(e) Density real plot (f) Density imaginary plot

Fig. 3. For real and imaginary part of solution y, ;, 3D,2D and density plots with parameters 7=2,6=0.07,6 =0.5, =3,0 =2,¢ =4,a=0.5,b=~7.75,c = =3.5, y; =
-25,v=2,f,=1,w,=05,d, =1.5,¢; =—1, and for r =9.

Acknowledgements

Researchers Supporting Project number (RSP2023R153), King Saud University, Riyadh, Saudi Arabia.

11



A. Mahmood, H.M. Srivastava, M. Abbas et al. Heliyon 9 (2023) 20852

© o =

.. -

(a) 2D real plot (b) 2D imaginary plot

Fig. 4. For real and imaginary part of solution y, 5, 2D plots for different values of 7.

References

[1] S. Malik, H. Almusawa, S. Kumar, A.M. Wazwaz, M.S. Osman, A (2+1)-dimensional Kadomtsev-Petviashvili equation with competing dispersion effect: Painleve
analysis, dynamical behavior and invariant solutions, Results Phys. 23 (2021) 104043.
[2] A.M. Wazwaz, Partial Differential Equations and Solitary Waves Theory, Springer Science & Business Media, 2010.
[3] R. Ansar, M. Abbas, P.O. Mohammed, E. Al-Sarairah, K.A. Gepreel, M.S. Soliman, Dynamical study of coupled Riemann wave equation involving conformable,
beta, and M-truncated derivatives via two efficient analytical methods, Symmetry 15 (2023) 1293.
[4] H. HamaRashid, H.M. Srivastava, M. Hama, P.O. Mohammed, M.Y. Almusawa, D. Baleanu, Novel algorithms to approximate the solution of nonlinear integro-
differential equations of Volterra-Fredholm integro type, AIMS Math. 8 (2023) 114572-114591.
[5] J.-H. He, X.-H. Wu, Exp-function method for nonlinear wave equations, Chaos Solitons Fractals 30 (2006) 700-708.
[6] A.R. Seadawy, J. Manafian, New soliton solution to the longitudinal wave equation in a magneto-electro-elastic circular rod, Results Phys. 8 (2018) 1158-1167.
[7] M.A. Akbar, M.A. Kayum, M.S. Osman, A.H. Abdel-Aty, H. Eleuch, Analysis of voltage and current flow of electrical transmission lines through mZK equation,
Results Phys. 20 (2021) 103696.
[8] C.M. Khalique, O.D. Adeyemo, A study of (3+1)-dimensional generalized Korteweg-de Vries-Zakharov-Kuznetsov equation via Lie symmetry approach, Results
Phys. 18 (2020) 103197.
[9] A.R. Seadawy, N. Cheemaa, Improved perturbed nonlinear Schrodinger dynamical equation with type of Kerr law nonlinearity with optical soliton solutions,
Phys. Scr. 95 (2020) 065209.
[10] N. Boutabba, H. Eleuch, H. Bouchriha, Thermal bath effect on soliton propagation in three-level atomic system, Synth. Met. 159 (2009) 1239-1243.
[11] U. Al Khawaja, H. Eleuch, H. Bahlouli, Analytical analysis of soliton propagation in microcavity wires, Results Phys. 12 (2019) 471-474.
[12] H.F. Ismael, H. Bulut, C. Park, M.S. Osman, M-lump, N-soliton solutions, and the collision phenomena for the (2+1)-dimensional Date-Jimbo-Kashiwara-Miwa
equation, Results Phys. 19 (2020) 103329.
[13] S. Bibi, N. Ahmed, U. Khan, S.T. Mohyud-Din, Auxiliary equation method for ill-posed Boussinesq equation, Phys. Scr. 94 (2019) 085213.
[14] Z. Yan, The extended Jacobian elliptic function expansion method and its application in the generalized Hirota-Satsuma coupled KdV system, Chaos Solitons
Fractals 15 (2003) 575-583.
[15] K.K. Ali, A M. Wazwaz, M.S. Osman, Optical soliton solutions to the generalized nonautonomous nonlinear Schrodinger equations in optical fibers via the
sine-Gordon expansion method, Optik 208 (2020) 164132.
[16] M.S. Osman, D. Baleanu, A.R. Adem, K. Hosseini, M. Mirzazadeh, M. Eslami, Double-wave solutions and Lie symmetry analysis to the (2+1)-dimensional coupled
Burgers equations, Chin. J. Phys. 63 (2020) 122-129.
[17] Y.S. Kivshar, G.P. Agrawal, Optical Solitons: From Fibers to Photonic Crystals, Academic Press, 2003.
[18] Z. Chen, M. Segev, D.N. Christodoulides, Optical spatial solitons: historical overview and recent advances, Rep. Prog. Phys. 75 (2012) 086401.
[19] P. Grelu, N. Akhmediev, Dissipative solitons for mode-locked lasers, Nat. Photonics 6 (2) (2012) 84-92.
[20] Y.V. Kartashov, B.A. Malomed, L. Torner, Solitons in nonlinear lattices, Rev. Mod. Phys. 1 (2011) 247.
[21] Z. Li, X. Xie, C. Jin, Phase portraits and optical soliton solutions of coupled nonlinear Maccari systems describing the motion of solitary waves in fluid flow,
Results Phys. 41 (2022) 105932.
[22] F.J. Barrantes, Structure and function meet at the nicotinic acetylcholine receptor-lipid interface, Pharmacol. Res. 190 (2023) 106729.
[23] Z.Li, C. Huang, Bifurcation, phase portrait, chaotic pattern and optical soliton solutions of the conformable Fokas-Lenells model in optical fibers, Chaos Solitons
Fractals 169 (2023) 113237.
[24] M. Gaballah, R.M. El-Shiekh, L. Akinyemi, H. Rezazadeh, Novel periodic and optical soliton solutions for Davey-Stewartson system by generalized Jacobi elliptic
expansion method, Int. J. Nonlinear Sci. Numer. Simul. (2022), https://doi.org/10.1515/ijnsns-2021-0349.
[25] R.M. El-Shiekh, H. Hamdy, Novel distinct types of optical solitons for the coupled Fokas-Lenells equations, Opt. Quantum Electron. 55 (3) (2023) 251.
[26] M. Gaballah, R.M. El-Shiekh, H. Hamdy, Generalized periodic and soliton optical ultrashort pulses for perturbed Fokas-Lenells equation, Opt. Quantum Electron.
55 (4) (2023) 364.
[27] R.M. El-Shiekh, M. Gaballah, Novel solitary and periodic waves for the extended cubic (3+1)-dimensional Schrodinger equation, Opt. Quantum Electron. 55 (8)
(2023) 679.
[28] E. Parasuraman, Modulational instability criterion for optical wave propagation in birefringent fiber of Kundu-Eckhaus equation, Optik 243 (2021) 167429.
[29] E. Parasuraman, Stability of kink, anti kink and dark soliton solution of nonlocal Kundu-Eckhaus equation, Optik 290 (2023) 171279.
[30] E. Parasuraman, Evolution of dark optical soliton in birefringent fiber of Kundu-Eckhaus equation with four wave mixing and inter-modal dispersion, Optik 243
(2021) 167380.
[31] E. Parasuraman, Effect of inter modal dispersion on modulational instability of optical soliton in Kundu-Eckhaus equation with the presence of SPM and XPM,
Optik 270 (2022) 170020.
[32] E. Parasuraman, Soliton solutions of Kundu-Eckhaus equation in birefringent optical fiber with inter-modal dispersion, Optik 223 (2023) 165388.
[33] A. Biswas, 1-soliton solution of the generalized Radhakrishnan, Kundu, Lakshmanan equation, Phys. Lett. A 373 (2009) 2546-2548.

12


http://refhub.elsevier.com/S2405-8440(23)08060-X/bib5AC09104603448A6F905BD494B6D549Bs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib5AC09104603448A6F905BD494B6D549Bs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib254CBE2B3DADFB6A9C7F3496319BD3F4s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib9D46A9F64BA5A7933E76D3A9B8422852s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib9D46A9F64BA5A7933E76D3A9B8422852s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibA6FB5A545DAC9647849BB804CA6A3D5Fs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibA6FB5A545DAC9647849BB804CA6A3D5Fs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibA64CF5823262686E1A28B2245BE34CE0s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib12A60B1495E19936DBBB52550EE4C1C2s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibE7C41939955C40D1EB57469750E34D1Bs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibE7C41939955C40D1EB57469750E34D1Bs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib97F708F00CED2191C6D8D1E3137C6981s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib97F708F00CED2191C6D8D1E3137C6981s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib1BD6305A555F92079EC2CE85B2DF7F11s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib1BD6305A555F92079EC2CE85B2DF7F11s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib3698478FA069683CEB07FB545767FB72s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib5F3BD6B9A3BBC0EA94C8D26918C7C752s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibC93734F252A1F5B0294E69D3A9A7AB8Fs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibC93734F252A1F5B0294E69D3A9A7AB8Fs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib8115153332991997460B9F236E0DA71As1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibFF9AF30819FB3C2E35A54034824A183Fs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibFF9AF30819FB3C2E35A54034824A183Fs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib7A9B46AB6D983A85DD4D9A1AA64A3945s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib7A9B46AB6D983A85DD4D9A1AA64A3945s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibFAF94CF84FAD5EE8B607AC8996E86E44s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibFAF94CF84FAD5EE8B607AC8996E86E44s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib7CAC6F623260A840506AD4FA4069334Es1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibEF6BF3FD02C2C92BF0E156D4B5B818ACs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibEACB4ED5F5F0C19D61D794AF09814F1Cs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib1B5A087F511ADD115A9C3B07EF6A1BE3s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib750BE00B76FB280157FF49C8818B351Fs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib750BE00B76FB280157FF49C8818B351Fs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibCCCF3CE64F5A5F7CBB3FC19EB1B3BE97s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibEEE36400F167169BA3D89EEC278E632Es1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibEEE36400F167169BA3D89EEC278E632Es1
https://doi.org/10.1515/ijnsns-2021-0349
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib92DBA539EA33400036B1D4E3C1E3F0EFs1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibBADB5EC33AA808A654B72F61FE5A0B43s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibBADB5EC33AA808A654B72F61FE5A0B43s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib9CF613017452B1A648D100BBCE3D293As1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib9CF613017452B1A648D100BBCE3D293As1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib08CA52519210EDD425D6AB62C6483D9Es1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibFD46A88642603003B949571F87416EF8s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib742BAEA62D2286A84DC99687265B6B18s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib742BAEA62D2286A84DC99687265B6B18s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib1E2BED7A992FCDCEF7679CE9D0C91E45s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib1E2BED7A992FCDCEF7679CE9D0C91E45s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib6F18FEB1B1F1C549F2C77DC27BC7A23As1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib3ED3A32C7573DED04AAB25DDED2DFF89s1

A. Mahmood, H.M. Srivastava, M. Abbas et al. Heliyon 9 (2023) 20852

[34] D.D. Ganji, A. Asgari, Z.Z. Ganji, Exp-function based solution of nonlinear Radhakrishnan, Kundu and Laskshmanan (RKL) equation, Acta Appl. Math. 104 (2008)
201-209.

[35] B. Ghanbari, M. Inc, A. Yusuf, M. Bayram, Exact optical solitons of Radhakrishnan-Kundu-Lakshmanan equation with Kerr law nonlinearity, Mod. Phys. Lett. B
33 (06) (2019) 1950061.

[36] A. Jan, H.M. Srivastava, A. Khan, P.O. Mohammed, R. Jan, Y.S. Hamed, In vivo HIV dynamics, modeling the interaction of HIV and immune system via
non-integer derivatives, Fractal Fract. 7 (2023) 361.

[37] W.-X. Ma, M.S. Osman, H. Arshed, N. Raza, H.M. Srivastava, Practical analytical approaches for finding novel optical solitons in the single-mode fibers, Chin. J.
Phys. 72 (2021) 475-486.

[38] N.A. Kudryashov, D.V. Safonova, A. Biswas, Painlevé analysis and a solution to the traveling wave reduction of the Radhakrishnan—Kundu—Lakshmanan
equation, Regul. Chaotic Dyn. 24 (2019) 607-614.

[39] H.U. Rehman, M.S. Saleem, A.M. Sultan, M. Iftikhar, Comments on “Dynamics of optical solitons with Radhakrishnan-Kundu-Lakshmanan model via two reliable
integration schemes”, Optik 178 (2019) 557-566, Optik 181 (2019) 18-20.

[40] T.A. Sulaiman, H. Bulut, G. Yel, S.S. Atas, Optical solitons to the fractional perturbed Radhakrishnan-Kundu-Lakshmanan model, Opt. Quantum Electron. 50
(2018) 1-10.

[41] Y. Yildirim, A. Biswas, M. Ekici, H. Triki, O. Gonzalez-Gaxiola, A.K. Alzahrani, M.R. Belic, Optical solitons in birefringent fibers for Radhakrishnan—
Kundu-Lakshmanan equation with five prolific integration norms, Optik 208 (2020) 164550.

[42] Y. Yildirim, A. Biswas, Q. Zhou, A K. Alzahrani, M.R. Belic, Optical solitons in birefringent fibers with Radhakrishnan-Kundu-Lakshmanan equation by a couple
of strategically sound integration architectures, Chin. J. Phys. 65 (2020) 341-354.

13


http://refhub.elsevier.com/S2405-8440(23)08060-X/bib536F283947B54396E4DCCB1D996E7CF7s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib536F283947B54396E4DCCB1D996E7CF7s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibB6B186596FDEB03893B05B8C4B6D8064s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibB6B186596FDEB03893B05B8C4B6D8064s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibFBAC80C1D1EA1131D78B15FDDECFD436s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibFBAC80C1D1EA1131D78B15FDDECFD436s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib6372D1F310AB777E1DFBB9CCA878A1E7s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib6372D1F310AB777E1DFBB9CCA878A1E7s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib57713ADFD62D7AADD6F62B8DA6E4A535s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib57713ADFD62D7AADD6F62B8DA6E4A535s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib0A31FBF6BF517E4AB89E09AC60066928s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib0A31FBF6BF517E4AB89E09AC60066928s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibB1545E226F4D608192D45461A36B4C01s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bibB1545E226F4D608192D45461A36B4C01s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib9049755BC995AB01D28A229CDACFC3D4s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib9049755BC995AB01D28A229CDACFC3D4s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib77289DC9A7CEC5B589DCA3749B77A9F6s1
http://refhub.elsevier.com/S2405-8440(23)08060-X/bib77289DC9A7CEC5B589DCA3749B77A9F6s1

	the extended direct algebraic approach
	1 Introduction
	2 Mathematical computation
	3 Explanation of the EDA technique
	4 Application involving RKLE
	5 Graphical description
	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability statement
	Acknowledgements
	References


