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Abstract This paper addresses highly dispersive optical solitons with
quadratic–cubic nonlinear form of self–phase modulation. Lie symmetry anal-
ysis reduced the governing model to an ordinary differential equation which
was further analyzed using two approaches. The series expansion approach
and the F–expansion scheme yielded soliton solutions as well as an abundance
of additional solutions to the model. The parameter restrictions were also
enumerated to provide a formidable structure to the solutions.

Keywords Solitons, Lie symmetry, highly dispersive.

MSC(2010) 22E70, 35Q51, 35C08.

†The corresponding author.
1School of Mathematics and Statistics, Hebei University of Economics and
Business, Shijiazhuang 050061, China

2School of Mathematical and Physical Sciences, Wuhan Textile University,
Wuhan 430200, China

3Department of Computer Engineering, Biruni University, 34010 Istanbul,
Turkey

4Department of Mathematics, Near East University, 99138 Nicosia, Cyprus
5Department of Mathematics and Physics, Grambling State University, Gram-
bling, LA 71245–2715, USA

6Mathematical Modeling and Applied Computation (MMAC) Research Group,
Center of Modern Mathematical Sciences and their Applications (CMMSA),
Department of Mathematics, King Abdulaziz University, Jeddah 21589, Saudi
Arabia

7Department of Applied Sciences, Cross-Border Faculty of Humanities, Eco-
nomics and Engineering, Dunarea de Jos University of Galati, 111 Domneasca
Street, Galati 800201, Romania

8Department of Mathematics and Applied Mathematics, Sefako Makgatho
Health Sciences University, Medunsa 0204, South Africa
∗The authors were supported by Natural Science Foundation of Hebei Province
of China (No. A2023207002), ‘333 Talent Project’ of Hebei Province (No.
C20221021), Youth Key Program of Hebei University of Economics and Busi-
ness (2018QZ07), Key Program of Hebei University of Economics and Busi-
ness (2020ZD11, 2023ZD10), Youth Team Support Program of Hebei Univer-
sity of Economics and Business.
Email: gangwei@hueb.edu.cn(G. Wang), 2579676196@qq.com(M. He),
qinzhou@whu.edu.cn(Q. Zhou), yakupyildirim110@gmail.com(Y. Yıldırım),
biswas.anjan@gmail.com(A. Biswas), hmalshehri@kau.edu.sa(H. Alshehri)

http://www.jaac-online.com
http://dx.doi.org/10.11948/20220417


Highly dispersive optical solitons. . . 683

1. Introduction

The concept of highly dispersive (HD) optical solitons was conceived a few years
ago as an extension to cubic–quartic (CQ) optical solitons. These concepts emerged
when chromatic dispersion carries a low count in optical fibers whence it had to be
supplemented with additional dispersion terms. Thus, CQ solitons were introduced
and examined.

The concept of HD solitons conceived from possible catastrophic consequences
that would ensue when the chromatic dispersion (CD) count would be low with
a possibility of its depletion. Therefore, the concept of CQ solitons emerged to
compensate for the low count of CD. Thus, with two dispersive effect being in place
the contribution towards the existence of the delicate balance between CD and
self–phase modulation (SPM) would still be questionable. Hence, the inclusion of
the six dispersive terms would ensure the existence of this delicate balance between
dispersive and SPM effects. This would guarantee the stable propagation of solitons
for intercontinental distances. The cons of the inclusion of six dispersion terms
are nevertheless overlooked and discarded. These include the pronounced soliton
radiation and slow–down of solitons. With this reasoning in place, the concept of
HD solitons emerged.

The governing model is the nonlinear Schrödinger’s equation (NLSE) that was
considered with various forms of nonlinear refractive index structure. Moreover,
it is well known that the nonlinear Schrödinger’s equation belongs to the class of
nonlinear partial differential equations. For nonlinear partial differential equations,
there are many literatures to study them, such as [9–12, 19, 21–23] and their cited
papers.

The current paper will therefore address the governing NLSE with CQ form of
self–phase modulation (SPM). The integration methodology is two–fold. First of
all, the model which is a partial differential equation (PDE) is reduced to a pair of
ordinary differential equations (ODEs) with Lie symmetry reduction. Subsequently,
these ODEs, upon integration, provide the velocity with which the HD solitons
travel and the soliton solutions to the model along with the parameter constraints
that must be maintained for the solitons to sustain. The two distinct approaches to
analyze the ODEs are the series solution method and the F–expansion approach.
These give way to a number of solutions to the model including optical solitons. The
details are sequenced in the rest of the paper after a succinct intro to the governing
model.

1.1. Governing model

The HD–NLSE with non–Kerr law of nonlinearity, in general, is written as [1–7]

iqt+ia1qx+a2qxx+ia3qxxx+a4qxxxx+ia5qxxxxx+a6qxxxxxx+F
(
|q|2
)
q = 0. (1.1)

In the dimensionless form of equation (1.1), the dependent variable q(x, t) arises
from the soliton profile and denotes a complex–valued function where x and t are
the independent variables which depict the spatial and temporal co–ordinates in
sequence. The first term represents temporal evolution with i =

√
−1. The coeffi-

cients of aj for j = 1 · · · 6 are the represent inter–modal dispersion, CD, third–order
dispersion, fourth–order dispersion, fifth–order dispersion and sixth–order disper-
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sion in sequence. The functional F stems from the nonlinearity structure of the
fiber refractive index that forms the SPM.

2. Quadratic–cubic law

The HD–NLSE with QC nonlinearity is [1–3]

iqt+ia1qx+a2qxx+ia3qxxx+a4qxxxx+ia5qxxxxx+a6qxxxxxx+
(
b1 |q|+ b2 |q|2

)
q = 0.

(2.1)
Equation (2.1) is a special case of (1.1) in which the refractive index structure is of
QC form. The SPM effects comes from the coefficients of bj for j = 1, 2 which give
the quadratic and cubic effect in sequence.

Now, q(x, t) being a complex–valued function, splitting into imaginary and real
parts in the form q = u+ iv, which decomposes Eq. (2.1) into the following couple
of relations:

ut + a1ux + a2vxx + a3uxxx + a4vxxxx + a5uxxxxx + a6vxxxxxx

+ b1
√
u2 + v2v + b2u

2v + b2v
3 = 0, (2.2)

− vt − a1vx + a2uxx − a3vxxx + a4uxxxx − a5vxxxxx + a6uxxxxxx

+ b1
√
u2 + v2u+ b2v

2u+ b2u
3 = 0. (2.3)

2.1. Symmetry analysis and symmetry reduction

2.1.1. Symmetry analysis

Consider the Lie group of point transformation [8, 13]

V = ξt(x, t, u, v)
∂

∂t
+ ξx(x, t, u, v)

∂

∂x
+ ηu(x, t, u, v)

∂

∂u
+ ηv(x, t, u, v)

∂

∂v
, (2.4)

and {
t∗ = t+ εξt(x, t, u, v) +O(ε2), x∗ = x+ εξx(x, t, u, v) +O(ε2),

u∗ = u+ εηu(x, t, u, v) +O(ε2), v∗ = v + εηv(x, t, u, v) +O(ε2).
(2.5)

For equations (2.2) and (2.3), sixth order prolongations formula is given by

Pr(6)V =V + ηtu
∂

∂ut
+ ηtv

∂

∂vt
+ ηxu

∂

∂ux
+ ηxv

∂

∂vx
+ ηxxu

∂

∂uxx
+ ηxxv

∂

∂vxx

+ ηxxxu

∂

∂uxxx
+ ηxxxv

∂

∂vxxxx
+ ηxxxxu

∂

∂uxxxx
+ ηxxxxv

∂

∂vxxxx

+ ηxxxxxu

∂

∂uxxxxx
+ ηxxxxxv

∂

∂vxxxxx
+ ηxxxxxxu

∂

∂uxxxxxx

+ ηxxxxxxv

∂

∂vxxxxxx
,

(2.6)

where ηtu, η
t
v, η

x
u, η

x
v , η

xx
u , ηxxv , ηxxxu , ηxxxv , ηxxxxu , ηxxxxv , ηxxxxxu , ηxxxxxv , ηxxxxxxu and

ηxxxxxxv are functions to be determined. Consider invariance conditions Pr(6)V (∆)
= 0, where ∆ = 0 in equations (2.2) and (2.3).
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As a result, the following results are derived based on Ref. [15]

ηu = c3v, ηv = −c3u, ξx = c2, ξ
t = c1. (2.7)

Thus, the Lie algebra is spanned by the infinitesimal generators

V1 =
∂

∂x
, V2 =

∂

∂t
, V3 = −u ∂

∂v
+ v

∂

∂u
. (2.8)

In this case, the one-parameter Lie symmetry group comes out as

G1 : (x, t, u, v)→ (x− ε1, t, u, v) ,

G2 : (x, t, u, v)→ (x, t− ε2, u, v) ,

G3 : (x, t, u, v)→ (x, t, u cos ε3 − v sin ε3, v cos ε3 + u sin ε3) .

(2.9)

Also, Lie-Backlund symmetry for high order are as follows:

(uxa6 + va5)
∂

∂u
+ (vxa6 − ua5)

∂

∂v
,

ux
∂

∂u
+ vx

∂

∂v
,

(2.10)

where a5 and a6 are constants.

2.1.2. Symmetry reductions

Based on paper [16], we also consider the following cases:

Case–1. V1

Invariant and invariant function are given by

ξ = t, u = f(ξ), v = g(ξ). (2.11)

Inserting (2.11) into (2.2) and (2.3), the responding ordinary differential equations
are

fξ + b1
√
f2 + g2g + b2f

2g + b2g
3 = 0,

− gξ + b1
√
f2 + g2f + b2g

2f + b2f
3 = 0.

(2.12)

For this systems, some results are given by

f = C1, g == ±if, (2.13)

f (ξ) = C1, g (ξ) = ±

√
−b22 (f (ξ))

2
+ b1

2

b2
. (2.14)

Substituting them into q = u + iv, one can get the solutions of original equation
(2.1).

Case–2. V2

For this case, invariant and invariant function are displayed by

ξ = x, u = f(ξ), v = g(ξ), (2.15)
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also, inserting (2.15) into (2.2) and (2.3), we arrive

a1fξ + a2gξξ + a3fξξξ + a4gξξξξ + a5fξξξξξ + a6gξξξξξξ

+ b1
√
f2 + g2g + bf2g + bg3 = 0,

− a1gξ + a2fξξ − a3gξξξ + a4fξξξξ − a5gξξξξξ + a6fξξξξξξ

+ b1
√
f2 + g2f + bg2f + bf3 = 0. (2.16)

Case–1. λV1 + V2

For traveling wave transformation, one can derive invariant and invariant func-
tion

ξ = x− λt, u = f(ξ), v = g(ξ). (2.17)

Plugging (2.17) into (2.2) and (2.3) paves way to

− λfξ + a1fξ + a2gξξ + a3fξξξ + a4gξξξξ + a5fξξξξξ + a6gξξξξξξ

+ b1
√
f2 + g2g + bf2g + bg3 = 0,

λgξ − a1gξ + a2fξξ − a3gξξξ + a4fξξξξ − a5gξξξξξ + a6fξξξξξξ

+ b1
√
f2 + g2f + bg2f + bf3 = 0. (2.18)

3. Explicit solutions using series expansion method

Consider the transformation [1–3]

q(x, t) = g(s)eiφ(x,t). (3.1)

Here φ and g(s) are given by Refs. [1–3].
Substituting (3.1) into (2.2) and (2.3), one can get imaginary part is the same

result to Refs. [3, 16](
−v + a1 − 2a2κ− 3a3κ

2 + 4a4κ
3 + 5a5κ

4 − 6a6κ
5
)
g′

+
(
a3 − 4κa4 − 10κ2a5 + 20κ3a6

)
g′′′ + (a5 − 6κa6) g(5) = 0, (3.2)

the velocity is given by v = a1−2a2κ−3a3κ
2+4a4κ

3+5a5κ
4−6a6κ

5, the constraint
conditions are

a3 − 4κa4 − 10κ2a5 + 20κ3a6 = 0,

a5 − 6κa6 = 0.
(3.3)

However, one more item b1g
2 in the real part(

−ω + κa1 − κ2a2 − κ3a3 + κ4a4 + a5κ
5 + a6κ

6
)
g + b1g

2 + b2g
3

+
(
a2 + 3a3κ− 6a4κ

2 − 10a5κ
3 + 15a6κ

4
)
g′′

+
(
a4 + 5a5κ− 15a6κ

2
)
g(4) + a6g

(6) = 0.

(3.4)

Combining them together, one can derive(
−ω + κa1 − κ2a2 − 3κ4a4 − 33a6κ

6
)
g + b1g

2 + b2g
3

+
(
a2 + 6a4κ

2 + 75a6κ
4
)
g′′ +

(
a4 + 15a6κ

2
)
g(4) + a6g

(6) = 0, (3.5)
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Mg + b1g
2 + b2g

3 +Ng′′ +Ag(4) + a6g
(6) = 0, (3.6)

where

M = −
(
ω + κ

(
−a1 + κ

(
a2 + κ

(
a3 − κ (a4 + a5κ) + a6κ

3
))))

,

A =
(
a4 + 5a5κ− 15a6κ

2
)
,

and

N =
(
a2 + 3a3κ− 6a4κ

2 − 10a5κ
3 + 15a6κ

4
)
.

It is clear that this equation is different from equation (24) in Ref. [16], because this
equation has an additional squared term b1g

2. In order to get explicit solutions we
still assume that this equation (3.6) has solutions of the form

g(s) = c0 + c1s+ c2s
2 + · · · =

∞∑
n=0

cns
n. (3.7)

Putting (3.7) into (3.6), one has

Mc0 +M

∞∑
n=1

cns
n + b1c

2
0 + b1

∞∑
n=1

n∑
k=0

ckcn−ks
n

b2c
3
0 + b2

∞∑
n=1

n∑
k=0

(n+ 1− k)cn+1−k
∑

l1+l2+l3=k

cl1cl2cl3s
n

+ 2Nc2 +N

∞∑
n=1

(n+ 1)(n+ 2)cn+2s
n

+ 24Ac4 +A

∞∑
n=1

(n+ 1)(n+ 2)(n+ 3)(n+ 4)cn+4s
n

720a6c6 + a6

∞∑
n=1

(n+ 1)(n+ 2)(n+ 3)(n+ 4)(n+ 5)(n+ 6)cn+6s
n = 0.

(3.8)

Comparing coefficients for n = 0 in Eq. (3.8), we can get

c6 = −Mc0 + b1c
2
0 + b2c

3
0 + 2Nc2 + 24Ac4

720a6
. (3.9)

Therefore, for n ≥ 1, one arrives

cn+6 =− 1

a6(n+ 1)(n+ 2)(n+ 3)(n+ 4)(n+ 5)(n+ 6)

×
(
b2

n∑
k=0

(n+ 1− k)cn+1−k
∑

l1+l2+l3=k

cl1cl2cl3

+A(n+ 1)(n+ 2)(n+ 3)(n+ 4)cn+4

+N(n+ 1)(n+ 2)cn+2 +Mcn + b1

n∑
k=0

ckcn−k
)
. (3.10)
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In this case, one can obtain

g(s) =c0 + c1s+ c2s
2 + c3s

3 + c4s
4 + c5s

5 + c6s
6 +

∞∑
n=1

cn+6s
n+6

=c0 + c1s+ c2s
2 + c3s

3 + c4s
4 + c5s

5 − Mc0 + b1c
2
0 + b2c

3
0 + 2Nc2 + 24Ac4

720a6
s6

+

∞∑
n=1

− 1

a6(n+ 1)(n+ 2)(n+ 3)(n+ 4)(n+ 5)(n+ 6)

×
(
b

n∑
k=0

(n+ 1− k)cn+1−k
∑

l1+l2+l3=k

cl1cl2cl3

×A(n+ 1)(n+ 2)(n+ 3)(n+ 4)cn+4 +N(n+ 1)(n+ 2)cn+2

+Mcn + b1

n∑
k=0

ckcn−k
)
sn+6,

(3.11)
in the next step, substituting the traveling wave transform s = x−λt into the above
equation (3.11), it generates the following results

g(s) =c0 + c1 (x− λt) + c2 (x− λt)2 + c3 (x− λt)3 + c4 (x− λt)4 + c5 (x− λt)5

+ c6 (x− λt)6 +

∞∑
n=1

cn+6 (x− λt)n+6

=c0 + c1 (x− λt) + c2 (x− λt)2 + c3 (x− λt)3 + c4 (x− λt)4 + c5 (x− λt)5

− Mc0 + b1c
2
0 + b2c

3
0 + 2Nc2 + 24Ac4

720a6
(x− λt)6

+

∞∑
n=1

− 1

a6(n+ 1)(n+ 2)(n+ 3)(n+ 4)(n+ 5)(n+ 6)

×
(
b

n∑
k=0

(n+ 1− k)cn+1−k
∑

l1+l2+l3=k

cl1cl2cl3

×A(n+ 1)(n+ 2)(n+ 3)(n+ 4)cn+4 +N(n+ 1)(n+ 2)cn+2

+Mcn + b1

n∑
k=0

ckcn−k
)

(x− λt)n+6
,

(3.12)
where ci, (i = 1 · · · 6) denote nonzero constants.

Finally, substituting Eq. (3.12) into (3.1), one can get the solutions of original
equation (2.1) as follows

q(x, t) =g(s)eiφ(x,t)

=

(
c0 + c1 (x− λt) + c2 (x− λt)2 + c3 (x− λt)3 + c4 (x− λt)4 + c5 (x− λt)5

+ c6 (x− λt)6 +

∞∑
n=1

cn+6 (x− λt)n+6

)
eiφ(x,t)
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=

(
c0 + c1 (x− λt) + c2 (x− λt)2 + c3 (x− λt)3 + c4 (x− λt)4 + c5 (x− λt)5

− Mc0 + b1c
2
0 + b2c

3
0 + 2Nc2 + 24Ac4

720a6
(x− λt)6

+

∞∑
n=1

− 1

a6(n+ 1)(n+ 2)(n+ 3)(n+ 4)(n+ 5)(n+ 6)

×
(
b

n∑
k=0

(n+ 1− k)cn+1−k
∑

l1+l2+l3=k

cl1cl2cl3

×A(n+ 1)(n+ 2)(n+ 3)(n+ 4)cn+4 +N(n+ 1)(n+ 2)cn+2 +Mcn

+ b1

n∑
k=0

ckcn−k
)

(x− λt)n+6

)
eiφ(x,t). (3.13)

4. Explicit solutions using F–expansion approach

In this part, we use the F–expansion method [3,16] to deal with equation (3.6). As
pointed out in [3, 16], from the terms g3 and g(6), let

g = m0 +m1φ+m2φ
2 +m3φ

3, (4.1)

in this paper, however, we assuming that φ satisfies the following equation

φ′ = n0 + n1φ+ n2φ
2. (4.2)

Putting them into equation (3.6), one has

φ9 : 20160a6m3n
6
2 + b2m

3
3 = 0,

φ8 : 5040a6m2n
6
2 + 83160a6m3n1n

5
2 + 3b2m2m

2
3 = 0,

φ7 : 720a6m1n
6
2 + 19440a6m2n1n

5
2 + 59760a6m3n0n

5
2 + 136800a6m3n

2
1n

4
2

+ 360Am3n
4
2 + 3b2m1m

2
3 + 3b2m

2
2m3 = 0,

φ6 : 2520a6m1n1n
5
2 + 13440a6m2n0n

5
2 + 29400a6m2n

2
1n

4
2 + 189000a6m3n0n1n

4
2

+ 113400a6m3n
3
1n

3
2 + 120m2n

4
2 + 1080m3n1n

3
2 + 3b2m0m

2
3 + 6b2m1m2m3

+ b2m
3
2 + b1

m2
3 = 0,

φ5 : 1680a6m1n0n
5
2 + 3360a6m1n

2
1n

4
2 + 38640a6m2n0n1n

4
2 + 21840a6m2n

3
1n

3
2

+ 62832a6m3n
2
0n

4
2 + 223104m0n

2
1n

3
2 + 48972a6m3n

4
1n

2
2 + 24Am1n

4
2

+ 336Am2n1n
3
2 + 816Am3n0n

3
2 + 1164m3n

2
1n

2
2 + 12NM3n

2
2 + 6b2m0m2m3

+ 3b2m
2
1m3 + 3b2m1m

2
2 + 2b1m2m3 = 0, (4.3)

φ4 : 4200a6m1n0n1n
4
2 + 2100a6m1n

3
1n

3
2 + 12096a6m2n

2
0n

4
2 + 40152a6m2n0n

2
1n

3
2

+ 8106a6m2n
4
1n

2
2 + 138936a6m3n

2
0n1n

3
2 + 119532a6m3n0n

3
1n

2
2

+ 10101a6m3n
5
1n2 + 60 Am1n1n

3
2 + 240 Am2n0n

3
2 + 330 Am2n

2
1n

2
2

+ 1680 Am3n0n1n
2
2 + 525 Am3n

3
1n2 + 6Nm2n

2
2 + 21Nm3n1n2
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+ 6b2m0m1m3 + 3b2m0m
2
2 + 3b2m

2
1m2 + 2b1m1m3 + b1m

2
2 = 0,

φ3 : 1232a6m1n
2
0n

4
2 + 3584a6m1n0n

2
1n

3
2 + 602a6m1n

4
1n

2
2 + 22960a6m2n

2
0n1n

3
2

+ 17920a6m2n0n
3
1n

2
2 + 1330a6m2n

5
1n2 + 26928a6m3n

3
0n

3
2

+ 101520a6m3n
2
0n

2
1n

2
2 + 27666a6m3n0n

4
1n2 + 729a6m3n

6
1

+ 40 Am1n0n
3
2 + 50 A m1n

2
1n

2
2 + 440 Am2n0n1n

2
2 + 130 A2n

3
1n2

+ 576 Am3n
2
0n

2
2 + 1062 Am3n0n

2
1n2 + 81 Am3n

4
1 + 2Nm1n

2
2 + 10Nm2n1n2

+ 18 N3n0n2 + 9Nm3n
2
1 + 3b2m

2
0m3 + 6b2m0m1m2 + b2m

3
1 + 2b1m0m3

+ 2b1m1m2 +M3m3 = 0,

φ2 : 1848a6m1n
2
0n1n

3
2 + 1176a6m1n0n

3
1n

2
2 + 63a6m1n

5
1n2 + 3968a6m2n

3
0n

3
2

+ 13320a6m2n
2
0n

2
1n

2
2 + 3096a6m2n0n

4
1n2 + 64a6m2n

6
1 + 34440a6m3n

3
0n1n

2
2

+ 26880a6m3n
2
0n

3
1n2 + 1995a6m3n0n

5
1 + 60 Am1n0n1n

2
2 + 15 Am1n

3
1n2

+ 136 Am2n
2
0n

2
2 + 232 Am2n0n

2
1n2 + 16 Am2n

4
1 + 660 Am3n

2
0n1n2

+ 195 Am3n0n
3
1 + 3Nm1n1n2 + 8m2n0n2 + 4m2n

2
1 + 15Nm3n0n1

+ 3b2m
2
0m2 + 3b2m0m

2
1 + 2b1m0m2 + b1m

2
1 +Mm2 = 0,

φ1 : 272a6m1n
3
0n

3
2 + 720a6m1n

2
0n

2
1n

2
2 + 114a6m1n0n

4
1n2 + a6m1n

6
1

+ 3696a6m2n
3
0n1n

2
2 + 2352a6m2n

2
0n

3
1n2 + 126a6m2n0n

5
1 + 3696a6m3n

4
0n

2
2

+ 10752a6m3n
3
0n

2
1n2 + 1806a6m3n

2
0n

4
1 + 16Am1n

2
0n

2
2 + 22Am1n0n

2
1n2

+Am1n
4
1 + 120Am2n

2
0n1n2 + 30Am2n0n

3
1 + 120Am3n

3
0n2 + 150Am3n

2
0n

2
1

+ 2N1n0n2 +m1n
2
1 + 6m2n0n1 + 6N3n

2
0 + 3b2m

2
0m1 + 2b1m0m1 +M1 = 0,

φ0 : a6m1n0n
5
1 + 272a6m2n

4
0n

2
2 + 62a6m2n

2
0n

4
1 + 540a6m3n

3
0n

3
1 +Am1n0n

3
1

+ 16Am2n
3
0n2 + 14Am2n

2
0n

2
1 + 36Am3n

3
0n1 +Nm1n0n1 + 2Nm2n

2
0 +Mm0

+ b1m
2
0 + b2m

3
0 + 136a6m1n

3
0n1n

2
2 + 52a6m1n

2
0n

3
1n2 + 584a6m2n

3
0n

2
1n2

+ 1440a6m3n
4
0n1n2 + 8 Am1n

2
0n1n2 = 0. (4.4)

Thus, we arrive a set of special solutions:

A = 83 a6
(
4n0n2 − n12

)
,

M = 2520 a6
(
64n0

3n2
3 − 48n1

2n0
2n2

2 + 12n1
4n0n2 − n16

)
,

N = 946 a6
(
16n0

2n2
2 − 8n0n1

2n2 + n1
4
)
, a6 = a6,

b1 = 15120
n2

3a6(4RootOf (4n2
2 Z2+16n0

3n2−3n0
2n1

2+(−12n0n1n2+2n1
3) Z)n2

2)
m3

− 15120
n2

3a6
(
6n0n1n2 + n1

3
)

m3
,

b2 = −20160
a6n2

6

m3
2
,

m0 =
RootOf

(
4n2

2 Z 2 + 16n0
3n2 − 3n0

2n1
2 +

(
−12n0n1n2 + 2n1

3
)

Z
)
m3

n2
,

m1 = 3
m3n0
n2

,m2 = 3/2
m3n1
n2

,m3 =

√
−20160a6n62

b2
, n0 = n0, n1 = n1, n2 = n2.

(4.5)
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Equation (4.2) [17] has a great of many solutions, therefore, one can get solutions
of (2.1):

Family–1: When n1n2 6= 0 (or n0n2 6= 0) and n21 − 4n0n2 > 0,

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
n21 − 4n0n2 tanh

(√
n21 − 4n0n2

2
s

)])

+
3n1
2n2

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
n21 − 4n0n2 tanh

(√
n21 − 4n0n2

2
s

)])2

+

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
n21 − 4n0n2 tanh

(√
n21 − 4n0n2

2
s

)])3

,

(4.6)

g(x, t)

=m0 −
3n0
n2

√
−2016a6n62

b2

1

2n2

[
n1 +

√
n21 − 4n0n2 coth

(√
n21 − 4n0n2

2
s

)]

+
3n1
2n2

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
n21 − 4n0n2 coth

(√
n21 − 4n0n2

2
s

)])2

+

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
n21 − 4n0n2 coth

(√
n21 − 4n0n2

2
s

)])3

,

(4.7)

g(x, t)

=m0 −
3n0
n2

√
−2016a6n62

b2

1

2n2

[
n1 +

√
n21 − 4n0n2

(
tanh

(√
n21 − 4n0n2s

)

± isech

(√
n21 − 4n0n2s

))]

+
3n1
2n2

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
n21 − 4n0n2

(
tanh

(√
n21 − 4n0n2s

)

± isech

(√
n21 − 4n0n2s

))])2

+

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
n21 − 4n0n2

(
tanh

(√
n21 − 4n0n2s

)

± isech

(√
n21 − 4n0n2s

))])3

, (4.8)
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g(x, t)

=m0 −
1

2n2

[
n1 +

√
n21 − 4n0n2

(
coth

(√
n21 − 4n0n2s

)

± icsch

(√
n21 − 4n0n2s

))]

+
3n1
2n2

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
n21 − 4n0n2

(
coth

(√
n21 − 4n0n2s

)

± icsch

(√
n21 − 4n0n2s

))])2

+

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
n21 − 4n0n2

(
coth

(√
n21 − 4n0n2s

)

± icsch

(√
n21 − 4n0n2s

))])3

, (4.9)

g(x, t)

=m0 −
3n0
n2

√
−2016a6n62

b2

1

4n2

[
2n1 +

√
n21 − 4n0n2

(
tanh

(√
n21 − 4n0n2

4
s

)

+ coth

(√
n21 − 4n0n2

4
s

))]

+
3n1
2n2

√
−2016a6n62

b2

(
− 1

4n2

[
2n1 +

√
n21 − 4n0n2

(
tanh

(√
n21 − 4n0n2

4
s

)

+ coth

(√
n21 − 4n0n2

4
s

))])2

+

√
−2016a6n62

b2

(
− 1

4n2

[
2n1 +

√
n21 − 4n0n2

(
tanh

(√
n21 − 4n0n2

4
s

)

+ coth

(√
n21 − 4n0n2

4
s

))])3

, (4.10)

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

1

2n2

[
− n1

+

√
(E2 + F 2)(n21 − 4n0n2)− E

√
n21 − 4n0n2 cosh(

√
n21 − 4n0n2s)

Esinh(
√
n21 − 4n0n2s) + F

]

+
3n1
2n2

√
−2016a6n62

b2

(
1

2n2

[
− n1
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+

√
(E2 + F 2)(n21 − 4n0n2)− E

√
n21 − 4n0n2 cosh(

√
n21 − 4n0n2s)

Esinh(
√
n21 − 4n0n2s) + F

])2

+

√
−2016a6n62

b2

(
1

2n2

[
− n1

+

√
(E2 + F 2)(n21 − 4n0n2)− E

√
n21 − 4n0n2 cosh(

√
n21 − 4n0n2s)

Esinh(
√
n21 − 4n0n2s) + F

])3

, (4.11)

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

1

2n2

[
− n1

−
√

(F 2 − E2)(n21 − 4n0n2) + E
√
n21 − 4n0n2 sinh(

√
n21 − 4n0n2s)

Ecosh(
√
n21 − 4n0n2s) + F

]

+
3n1
2n2

√
−2016a6n62

b2

(
1

2n2

[
− n1

−
√

(F 2 − E2)(n21 − 4n0n2) + E
√
n21 − 4n0n2 sinh(

√
n21 − 4n0n2s)

Ecosh(
√
n21 − 4n0n2s) + F

])2

+

√
−2016a6n62

b2

(
1

2n2

[
− n1

−
√

(F 2 − E2)(n21 − 4n0n2) + E
√
n21 − 4n0n2 sinh(

√
n21 − 4n0n2s)

Ecosh(
√
n21 − 4n0n2s) + F

])3

. (4.12)

Here F 2−E2 > 0. Also, F and E are non-zero constants. Eq. (4.6) stands for dark
soliton, Eq. (4.7) depicts singular soliton, Eq. (4.10) denotes combo dark–singular
soliton, Eq. (4.11) signifies combo singular soliton and Eq. (4.12) purports combo
bright–dark soliton. Eqs. (4.8) and (4.9) also depict complexion solutions.

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

[
2n0 cosh(

√
n2
1−4n0n2

2 s)

√
n2
1−4n0n2 sinh(

√
n2
1−4n0n2

2 s)−n1 cosh(

√
n2
1−4n0n2

2 s)

]

+
3n1
2n2

√
−2016a6n62

b2

([
2n0 cosh(

√
n2
1−4n0n2

2 s)

√
n2
1−4n0n2 sinh(

√
n2
1−4n0n2

2 s)−n1 cosh(

√
n2
1−4n0n2

2 s)

])2

+

√
−2016a6n62

b2

([
2n0 cosh(

√
n2
1−4n0n2

2 s)√
n21 − 4n0n2 sinh(

√
n2
1−4n0n2

2 s)− n1 cosh(

√
n2
1−4n0n2

2 s)

])3

,

(4.13)
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g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

[
−2n0 sinh(

√
n2
1−4n0n2

2 s)

−
√
n2
1−4n0n2 cosh(

√
n2
1−4n0n2

2 s)+n1 sinh(

√
n2
1−4n0n2

2 s)

]

+
3n1
2n2

√
−2016a6n62

b2

([
−2n0 sinh(

√
n2
1−4n0n2

2 s)

−
√
n2
1−4n0n2 cosh(

√
n2
1−4n0n2

2 s)+n1 sinh(

√
n2
1−4n0n2

2 s)

])2

+

√
−2016a6n62

b2

([
−2n0 sinh(

√
n2
1−4n0n2

2 s)

−
√
n2
1−4n0n2 cosh(

√
n2
1−4n0n2

2 s)+n1 sinh(

√
n2
1−4n0n2

2 s)

])3

,

(4.14)
g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

×

[
2n0 cosh(

√
n2
1−4n0n2s)√

n2
1−4n0n2 sinh(

√
n2
1−4n0n2s)−n1 cosh(

√
n2
1−4n0n2s)±i

√
n2
1−4n0n2s

]

+
3n1
2n2

√
−2016a6n62

b2

×

([
2n0 cosh(

√
n2
1−4n0n2s)√

n2
1−4n0n2 sinh(

√
n2
1−4n0n2s)−n1 cosh(

√
n2
1−4n0n2s)±i

√
n2
1−4n0n2s

])2

+

√
−2016a6n62

b2

×

([
2n0 cosh(

√
n2
1−4n0n2s)√

n2
1−4n0n2 sinh(

√
n2
1−4n0n2s)−n1 cosh(

√
n2
1−4n0n2s)±i

√
n2
1−4n0n2s

])3

,

(4.15)

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

×

[
2n0 sinh(

√
n2
1−4n0n2s)√

n2
1−4n0n2 cosh(

√
n2
1−4n0n2s)−n1 sinh(

√
n2
1−4n0n2s)±

√
n2
1−4n0n2s

]

+
3n1
2n2

√
−2016a6n62

b2

×

([
2n0 sinh(

√
n2
1−4n0n2s)√

n2
1−4n0n2 cosh(

√
n2
1−4n0n2s)−n1 sinh(

√
n2
1−4n0n2ξ)±

√
n2
1−4n0n2s

])2

+

√
−2016a6n62

b2
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×

([
2n0 sinh(

√
n2
1−4n0n2s)√

n2
1−4n0n2 cosh(

√
n2
1−4n0n2s)−n1 sinh(

√
n2
1−4n0n2ξ)±

√
n2
1−4n0n2s

])3

,

(4.16)

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

×

[
4n0 sinh(

√
n2
1−4n0n2

4 s) cosh(

√
n2
1−4n0n2

4 s)

−2n1 sinh(

√
n2
1−4n0n2

4 s) cosh(

√
n2
1−4n0n2

4 s)+2
√
n2
1−4n0n2 cosh2(

√
n2
1−4n0n2

4 s)−
√
n2
1−4n0n2

]

+
3n1
2n2

√
−2016a6n62

b2

×

([
4n0 sinh(

√
n2
1−4n0n2

4 s) cosh(

√
n2
1−4n0n2

4 s)

−2n1 sinh(

√
n2
1−4n0n2

4 s) cosh(

√
n2
1−4n0n2

4 s)+2
√
n2
1−4n0n2 cosh2(

√
n2
1−4n0n2

4 s)−
√
n2
1−4n0n2

])2

+

√
−2016a6n62

b2

×

([
4n0 sinh(

√
n2
1−4n0n2

4 s) cosh(

√
n2
1−4n0n2

4 s)

−2n1 sinh(

√
n2
1−4n0n2

4 s) cosh(

√
n2
1−4n0n2

4 s)+2
√
n2
1−4n0n2 cosh2(

√
n2
1−4n0n2

4 s)−
√
n2
1−4n0n2

])3

.

(4.17)
Eqs. (4.13), (4.14), (4.16) and (4.17) stands for combo singular soliton and Eq.
(4.15) depicts complexion solutions.

Family–2: When n21 − 4n0n2 < 0 and n1n2 6= 0 (or n0n2 6= 0),

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

1

2n2

[
−n1 +

√
4n0n2 − n21 tan

(√
4n0n2 − n21

2
s

)]

+
3n1
2n2

√
−2016a6n62

b2

(
1

2n2

[
−n1 +

√
4n0n2 − n21 tan

(√
4n0n2 − n21

2
s

)])2

+

√
−2016a6n62

b2

(
1

2n2

[
−n1 +

√
4n0n2 − n21 tan

(√
4n0n2 − n21

2
s

)])3

,

(4.18)

g(x, t)

=m0 −
3n0
n2

√
−2016a6n62

b2

1

2n2

[
n1 +

√
4n0n2 − n21 cot

(√
4n0n2 − n21

2
s

)]

+
3n1
2n2

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
4n0n2 − n21 cot

(√
4n0n2 − n21

2
s

)])2
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+

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
4n0n2 − n21 cot

(√
4n0n2 − n21

2
s

)])3

,

(4.19)

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

1

2n2

[
− n1 +

√
4n0n2 − n21

(
tan

(√
4n0n2 − n21s

)

± sec

(√
4n0n2 − n21s

))]

+
3n1
2n2

√
−2016a6n62

b2

(
1

2n2

[
− n1 +

√
4n0n2 − n21

(
tan

(√
4n0n2 − n21s

)

± sec

(√
4n0n2 − n21s

))])2

+

√
−2016a6n62

b2

(
1

2n2

[
− n1 +

√
4n0n2 − n21

(
tan

(√
4n0n2 − n21s

)

± sec

(√
4n0n2 − n21s

))])3

,

(4.20)

g(x, t)

=Lm0 −
3n0
n2

√
−2016a6n62

b2

1

2n2

[
n1 +

√
4n0n2 − n21

(
cot

(√
4n0n2 − n21s

)

± csc

(√
4n0n2 − n21s

))]

+
3n1
2n2

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
4n0n2 − n21

(
cot

(√
4n0n2 − n21s

)

± csc

(√
4n0n2 − n21s

))])2

+

√
−2016a6n62

b2

(
− 1

2n2

[
n1 +

√
4n0n2 − n21

(
cot

(√
4n0n2 − n21s

)

± csc

(√
4n0n2 − n21s

))])3

,

(4.21)
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g(x, t)

= m0 −
3n0
n2

√
−2016a6n62

b2

1

4n2

[
− 2n1

+
√

4n0n2 − n21

(
tan

(√
4n0n2 − n21

4
s

)
− cot

(√
4n0n2 − n21

4
s

))]

+
3n1
2n2

√
−2016a6n62

b2

(
− 1

4n2

[
− 2n1

+
√

4n0n2 − n21

(
tan

(√
4n0n2 − n21

4
s

)
− cot

(√
4n0n2 − n21

4
s

))])2

+

√
−2016a6n62

b2

(
− 1

4n2

[
− 2n1

+
√

4n0n2 − n21

(
tan

(√
4n0n2 − n21

4
s

)
− cot

(√
4n0n2 − n21

4
s

))])3

,

(4.22)
g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

1

2n2

[
− n1

+
±
√

(F 2 − E2)(4n0n2 − n21)− E
√

4n0n2 − n21 cos(
√

4n0n2 − n21s)
Esin(

√
4n0n2 − n21s) + F

]

+
3n1
2n2

√
−2016a6n62

b2

(
1

2n2

[
− n1

+
±
√

(F 2 − E2)(4n0n2 − n21)− E
√

4n0n2 − n21 cos(
√

4n0n2 − n21s)
Esin(

√
4n0n2 − n21s) + F

])2

+

√
−2016a6n62

b2

(
1

2n2

[
− n1

+
±
√

(F 2 − E2)(4n0n2 − n21)− E
√

4n0n2 − n21 cos(
√

4n0n2 − n21s)
Esin(

√
4n0n2 − n21s) + F

])3

,

(4.23)

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

1

2n2

[
− n1

+
±
√

(F 2 − E2)(4n0n2 − n21) + E
√

4n0n2 − n21 sinh(
√

4n0n2 − n21s)
E cos(

√
4n0n2 − n21s) + F

]
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+
3n1
2n2

√
−2016a6n62

b2

(
1

2n2

[
− n1

+
±
√

(F 2 − E2)(4n0n2 − n21) + E
√

4n0n2 − n21 sinh(
√

4n0n2 − n21s)
E cos(

√
4n0n2 − n21s) + F

])2

+

√
−2016a6n62

b2

(
1

2n2

[
− n1

+
±
√

(F 2 − E2)(4n0n2 − n21) + E
√

4n0n2 − n21 sinh(
√

4n0n2 − n21s)
E cos(

√
4n0n2 − n21s) + F

])3

.

(4.24)

Here F 2−E2 > 0. Also, F and E are non-zero constants. Eqs. (4.18)–(4.24) stands
for singular periodic solutions.

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

[
−2n0 cos(

√
4n0n2−n2

1

2 s)√
4n0n2 − n21 sin(

√
4n0n2−n2

1

2 s) + n1 cos(

√
4n0n2−n2

1

2 s)

]

+
3n1
2n2

√
−2016a6n62

b2

([
−2n0 cos(

√
4n0n2−n2

1
2 s)

√
4n0n2−n2

1 sin(

√
4n0n2−n2

1
2 s)+n1 cos(

√
4n0n2−n2

1
2 s)

])2

+

√
−2016a6n62

b2

([
−2n0 cos(

√
4n0n2−n2

1

2 s)√
4n0n2 − n21 sin(

√
4n0n2−n2

1

2 s) + n1 cos(

√
4n0n2−n2

1

2 s)

])3

,

(4.25)

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

[
2n0 sin(

√
4n0n2−n2

1

2 s)√
4n0n2 − n21 cos(

√
4n0n2−n2

1

2 s)− n1 sin(

√
4n0n2−n2

1

2 s)

]

+
3n1
2n2

√
−2016a6n62

b2

([
2n0 sin(

√
4n0n2−n2

1
2 s)

√
4n0n2−n2

1 cos(

√
4n0n2−n2

1
2 s)−n1 sin(

√
4n0n2−n2

1
2 s)

])2

+

√
−2016a6n62

b2

([
2n0 sin(

√
4n0n2−n2

1

2 s)√
4n0n2 − n21 cos(

√
4n0n2−n2

1

2 s)− n1 sin(

√
4n0n2−n2

1

2 s)

])3

,

(4.26)

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

×

[
−2n0 cos(

√
4n0n2−n2

1θ)√
4n0n2−n2

1 sin(
√

4n0n2−n2
1s)+n1 cos(

√
4n0n2−n2

1s)±i
√

4n0n2−n2
1s

]
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+
3n1
2n2

√
−2016a6n62

b2

×

([
−2n0 cos(

√
4n0n2−n2

1s)√
4n0n2−n2

1 sin(
√

4n0n2−n2
1s)+n1 cos(

√
4n0n2−n2

1s)±i
√

4n0n2−n2
1s

])2

+

√
−2016a6n62

b2

×

([
−2n0 cos(

√
4n0n2−n2

1s)√
4n0n2−n2

1 sin(
√

4n0n2−n2
1s)+n1 cos(

√
4n0n2−n2

1s)±i
√

4n0n2−n2
1s

])3

,

(4.27)

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

×

[
2n0 sin(

√
4n0n2 − n21s)√

4n0n2 − n21 cos(
√

4n0n2 − n21s)− n1 sin(
√

4n0n2 − n21s)±
√

4n0n2 − n21s

]

+
3n1
2n2

√
−2016a6n62

b2

×

([
2n0 sin(

√
4n0n2−n2

1s)√
4n0n2−n2

1 cos(
√

4n0n2−n2
1s)−n1 sin(

√
4n0n2−n2

1s)±
√

4n0n2−n2
1s

])2

+

√
−2016a6n62

b2

×

([
2n0 sin(

√
4n0n2−n2

1s)√
4n0n2−n2

1 cos(
√

4n0n2−n2
1s)−n1 sin(

√
4n0n2−n2

1s)±
√

4n0n2−n2
1s

])3

,

(4.28)

g(x, t)

=m0 +
3n0
n2

√
−2016a6n62

b2

×

[
4n0 sin(

√
4n0n2−n2

1
4 s) cos(

√
4n0n2−n2

1
4 s)

−2n1 sin(

√
4n0n2−n2

1
4 s) cos(

√
4n0n2−n2

1
4 s)+2

√
4n0n2−B2 cos2(

√
4n0n2−n2

1
4 s)−

√
4n0n2−n2

1

]

+
3n1
2n2

√
−2016a6n62

b2

×

([
4n0 sin(

√
4n0n2−n2

1
4 s) cos(

√
4n0n2−n2

1
4 s)

−2n1 sin(

√
4n0n2−n2

1
4 s) cos(

√
4n0n2−n2

1
4 s)+2

√
4n0n2−n2

1 cos2(

√
4n0n2−n2

1
4 s)−

√
4n0n2−n2

1

])2

+

√
−2016a6n62

b2
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×

([
4n0 sin(

√
4n0n2−n2

1
4 s) cos(

√
4n0n2−n2

1
4 s)

−2n1 sin(

√
4n0n2−n2

1
4 s) cos(

√
4n0n2−n2

1
4 s)+2

√
4n0n2−n2

1 cos2(

√
4n0n2−n2

1
4 s)−

√
4n0n2−n2

1

])3

,

(4.29)

where Eqs. (4.25), (4.26), (4.28) and (4.29) stand for singular periodic solutions
and (4.27) depict complexion solutions.

Family–3: When n0 = 0 and n1n2 6= 0,

g(x, t) =m0 +
3n0
n2

√
−2016a6n62

b2

(
−n1d

n1(d+ cosh(n1s)− sinh(n1s))

)

+
3n1
2n2

√
−2016a6n62

b2

((
−n1d

n1(d+ cosh(n1s)− sinh(n1s))

))2

+

√
−2016a6n62

b2

((
−n1d

n1(d+ cosh(n1s)− sinh(n1s))

))3

.

(4.30)

Here d is constant. Eq. (4.30) denotes combo singular soliton.

Family–4: When n2 6= 0 and n0 = n1 = 0,

g(x, t) =m0 +
3n0
n2

√
−2016a6n62

b2

(
−1

n1(s) + k

)
+

3n1
2n2

√
−2016a6n62

b2

(
−1

n1(s) + k

)2

+

√
−2016a6n62

b2

(
−1

n1(s) + k

)3

,

(4.31)
where k is an arbitrary constant. Eq. (4.31) denotes plane wave solution.

5. Conclusions

In this paper, HD–NLSE with QC law of nonlinearity was first analyzed using
Lie symmetry analysis. This Lie symmetry reduction made it possible to reduce
the governing PDE to an ODE that was further analyzed with the usage of two
integration algorithms. These revealed a plethora of solutions to the present model
that included soliton solutions as well as other periodic solutions to the current
model. Thus, Lie symmetry analysis together with the series solution technique and
F–expansion scheme collectively proved to be a powerful combination of algorithms
that gave way to an abundance of solutions. The soliton solutions will be of great
importance in optics while other solutions will be applicable to several other physical
systems.

These results together with the applied algorithms are encouraging to look at
the concept of HD–NLSE with other forms of SPM. Additionally, this concept of
HD solitons will be applied to other optoelectronic devices such as Bragg gratings,
magneto–optic waveguides, optical couplers, optical metamaterials and several oth-
ers. Later this would be studied with differential group delay, dispersion–flattened
fibers and several additional situations. Additionally HD solitons will be addressed
with fractional temporal evolution that is one of the key approaches to mitigate
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Internet bottleneck effect. The quiescent optical solitons would also be looked for
whenever one or more of the dispersion terms are rendered to be inadvertantly non-
linear. These are on the bucket list. The results will be aligned with the pre–existing
reports and made visible sometime down the road [5–7]!
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[19] Y. H. Yin and X. Lü, Dynamic analysis on optical pulses via modified PINNs:
Soliton solutions, rogue waves and parameter discovery of the CQ-NLSE, Com-
mun. Nonlinear. Sci., 2023, 126, 107441.

[20] E. M. E. Zayed, M. E. M. Alngar, R. M. A. Shohib, T. A. Nofal and K. A.
Gepreel, Highly dispersive optical solitons in birefringent fibers for perturbed
complex Ginzburg–Landau equation having polynomial law of nonlinearity. Op-
tik, 2022, 261, 169206.

[21] Z. Zhao, et. al., Space-curved resonant solitons and interaction solutions of the
(2+1)-dimensional Ito equation, Appl. Math. Lett., 2023, 146, 108799.

[22] Z. Zhao and L. He, Multiple lump molecules and interaction solutions of the
Kadomtsev–Petviashvili I equation, Commun. Theor. Phys., 2023, 74, 105004.

[23] Z. Zhao, L. He and A. M. Wazwaz, Dynamics of lump chains for the BKP
equation describing propagation of nonlinear waves, Chin. Phys. B, 2023, 32(4),
040501.


	Introduction
	Governing model

	Quadratic–cubic law
	Symmetry analysis and symmetry reduction
	Symmetry analysis
	Symmetry reductions


	Explicit solutions using series expansion method
	Explicit solutions using F–expansion approach
	Conclusions

