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In this paper, the governing model with the inclusion of parabolic law nonlinearity, weakly non-local non-
linearity in addition to perturbation terms is examined for the sake of uncovering quite important optical soliton
solutions. Dark, bright and singular solitons in addition to singular periodic solutions are yielded with the
modified simple equation technique and trial equation architecture along with parameter restrictions.

1. Introduction

We know from technological developments that the optical soliton
pulses form of the essential gradient for soliton communication tech-
nology. These pulses along optical waveguides are used in optical fi-
bers, data transmission, telecommunications industry and transconti-
nental distances over the globe in a few seconds. The dynamical
analysis of these pulses has increased the technology to the top level.
These developments have prompted more comprehensive researches
from the point of view of physical and engineering aspect. One of the
important investigations in this fields is to study the considered gov-
erning model with optical nonlinearities The most important one of the
governing models is the nonlinear Schrodinger equation (NLSE) which
models light waves in optical fibers. Over the past few decades, NLSE
has been intensely investigated in polarization preserving fibers, pho-
tonic crystal fibers, birefringent fibers and dense wavelength division
multiplexing (DWDM) system along with Kerr law and non-Kerr law
fiber nonlinearities [1-28]. In the open literature not only Kerr law
fiber nonlinearity but also a variety of non-Kerr law fiber nonlinearities
that are studied in various cases [1-27] such as power-law, quad-
ratic-cubic law, parabolic-law, dual-power law, log-law, anti-cubic law,
cubic-quintic-septic law, and triple-power law fiber nonlinearities [1].
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We observe very recently -besides those nonlinearities- a new kind of
non-Kerr law fiber nonlinearity which is called weak non-local law fiber
nonlinearity [2-17]. From point of view of optics, nonlocality of non-
linearity means that the light-induced refractive index change of a
material at a particular position is defined by the light intensity in a
certain neighborhood of this position [12]. Nonlocality has an im-
portant impact on the propagation of beams and their localization. For
instance, nonlocality can raise modulational instability in self-defo-
cusing media, or suppress it in self-focusing media. Nonlocality may
also suppress transverse instability of optical waves and prevent the
catastrophic collapse of self-focusing beams in nonlinear media. Also,
the nonlocal nonlinearity impacts the interactions between bright so-
litons as observed in experiments with lead glasses and nematic liquid
crystal [12]. The nonlinear Schrodinger equations in Refs. [2-17]
comprise only the usual group-velocity dispersion (GVD) and the
parabolic law nonlinearity coupled with weakly non-local nonlinearity.
GVD is an important feature of a dispersive medium and is used often to
evaluate how the considered medium will impress an optical pulse
traveling through it. The parabolic law fiber nonlinearity occurs in the
nonlinear interaction between Langmuir waves and electrons. This
nonlinearity describes the nonlinear interaction between the high fre-
quency Langmuir waves and the ion-acoustic waves [18]. Unlike all of
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these studies in Refs. [2-17], the model will be studied from a different
perspective in this work. This work will consider the governing model
with the inclusion of the spatio-temporal dispersion term (STD), the
GVD, the inter-modal dispersion, the self-steepening, the higher-order
dispersions, the full nonlinearity and the parabolic law nonlinearity
coupled with weakly non-local nonlinearity. STD is a union of the
spatial dispersion and the temporal dispersion. The temporal dispersion
usually occurred in optics describes the memory effects in the con-
sidered model. On the other hand, spatial dispersion defines spreading
effects and is usually important only at small length scales and also
assists quite small perturbations to optics. Thus, the inclusion of the
STD term in the considered model prompts it into a generalized and
well-posed problem for better understanding the optics perspective. In
addition, in the model, the perturbation terms throughout the full
nonlinearity parameters are considered for giving a generalized view-
point. Because of these reasons, finding optical soliton pulses to the
model in polarization preserving optical fibers becomes very important.
To achieve this goal, the model is going to be investigated to obtain
optical soliton pulses with the help of modified simple equation
methodology [16,17] and trial equation approach [16,17,19,20]. These
two schemes will reveal dark soliton, bright soliton with singular so-
liton type solutions that will be presented throughout their presence
criterion. The details of the analysis are investigated in the progressive
segments of this study.

1.1. Governing model

Throughout parabolic law, weakly non-local nonlinearity spatio-
temporal dispersion term and perturbation terms, the governing model
called the perturbed nonlocal nonlinear Schrédinger’s equation
(NNLSE) will be employed as follows

ig, + aq,, + bg,, + (c1 19 + ¢ 1g")q + c3(191*)xeq
= ilpg, + o (IgP™q), + ¥ (IgP™).ql. @

The first term on the left side of this model accounts for the temporal
evolution of pulses and also the presence of spatio-temporal dispersion
term and group velocity dispersion sequentially is provided by the
coefficient of b and a. The complex valued function q(x, t) with the
inclusion of x, t independent variables stands for the wave profile. The
coefficients of ¢; and c, are called as the nonlinear terms which re-
spectively are refered to as cubic and quintic nonlinearities.
Additionally, the coefficient of c; represents weakly non-local non-
linearity. The perturbation terms o implies to self-steepening effect, p
corresponds to the inter-modal dispersion and y signifies the nonlinear
dispersion. Finally, the full nonlinearity is given as the exponent m.

2. A quick skim through trial equation approach

A quick glance over the trial equation methodology [20,21] is
yielded with a view to study quite important solitons.
Step-1: A nonlinear evolution equation can be given by

\P(G, 61, Bx, Bits Oxts Oxxs ) =0 2

with the dependent function and its partial derivatives shown as
6, 6, O, By, Oy, Oxx, ... and also this equation is decreased in

F(W, ¥, ¢, 9", ..)=0 3)

by using of the conversion

B(x, t) = ¥(p) C)]
with
@ =Xx—VL. (5)

The dependent function and its derivatives are given by
W, W, p” g ... sequentially in the ordinary differential Eq. (3). The
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parameter v corresponds to the velocity of the soliton while the in-
dependent variables xand t represent spatial and temporal variables
respectively.

Step-2: The ancillary equation which is the key point of the scheme
is yield as

N
U =H(P) =y &%
() = H(¥) gl ©
having the essential constant coefficients dy, di,..., On.

Step-3: The application of Eq. (6) is attached to the N number which
can be obtained with the aid of balancing rule in the ordinary differ-
ential Eq. (3).

Step-4: The overdeterminet equations are acquired with the aid of
putting Eq. (6) in Eq. (3) and setting of the constant coefficients of the
same functions namely ¥ i=0, 1,2, ..to zero. Thus, the requisite
constants d, d, ..., Oy can be given with the aid of solving the equa-

tions.
Step-5: The following equation can be reached as
d¥y
+@-p)= [

| N
5w
2 o

by using of Eq. (6). The solitons to Eq. (2) are acquired if the dis-
criminants of H (¥)in (7) is classified [19,20].

2.1. Implementation to the governing model

With a view to study quite important optical solitons with the
governing model, the following transformation

q(x, £) = P(§)ei#x0 (8)
with
E=x—ut ©)]

will be considered. The function P(£) means the amplitude component
and the function ¢(x, t) signifies the phase component that can be
supposed by

d(x, £) = —xx + wt + 6. (10)

The parameter ¥ means soliton frequency and the parameter w stands
for soliton wave number whilst the parameter 6 signifies soliton phase.
The imaginary part is recovered by

—2ax + b — p + bw —v — (2m + 1) + 2my)P?" =0 (11

because of inserting Eq. (8) into Eq. (1). If we set the coefficients of the
linearly independent functions to zero in the imaginary component, we
can easily obtain the relationship between the self-steepening effect
and the nonlinear dispersion along with the full nonlinearity

@2m + 1)o + 2my =0 12)
while the velocity is located
- 2ax + p — bw

T obk-1 (13)

We would like to emphasize that it is possible to apply the modified
simple equation methodology and the trial equation approach without
taking into account the restrictions mentioned in Eqgs. (12) and (13)
because Eq. (11) is not an ordinary differential equation. Moreover, the
methods can only be applied to ordinary differential equations where
the balancing rule is applied.

Also, if Eq. (8) is put in Eq. (1), the real part is acquired as

(a — bv)P” + 2¢3P?P" — (w + ax? — bxw + px)P + ¢, P? + ¢, P5 + 2¢3P
(P')? = xgP¥m+1 = 0. 14

In the rest of the article, we will consider Eq. (14) which is an ordinary
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differential equations where the balancing rule is applied.
Case-1:
Eq. (6) can be yield by

(P') = 8y + 6,P + 8,P? + §;P° + 6,P* (15)

because of N = 4 which can be obtained by using of balancing rule P?P”
or P(P’)* between P° throughout the full nonlinearity m = 1 in the or-
dinary differential Eq. (14).

The overdetermined equations are acquired as follows

P> Coeff.:

6c30, + ¢, =0, (16)
P* Coeff.:

5¢30; = 0, a7
P3 Coeff.:

2(a — bv)d, + 4c36, + ¢ — ko = 0, (18)
P? Coeff.:

3(a — bv)d; + 6¢36, = 0, (19)
P Coeff.:

(a — )8, — (w + ax?® — bxw + px) + 2¢36, = 0, (20)
PO Coeff.:

(a—bv)s; =0 (21

because of putting Eq. (15) in Eq. (14) and setting of the constant
coefficients of the same functions to zero. The following results are
given by

1
8= — D (—12ac?x? + b2c;v? + 12bcZxw — 3bczkov — 2abe,v + 3acsk

4c3
o + 3bcicsv—12¢ixp + a’c, — 3acic; — 12¢iw),

—bcyv + 3c3k0 + acy — 3¢163

h=0 &= 12¢7
3

»

6C3 ’ (22)

Through the medium of the following transformation

P = +1(48,) 3w, (23)

Eq. (15) can be transformed into the following integral

. dw
+ ()-8 = | —————
+ (46,36 - &) f w(w? + byw + by) @9

where
by = 43,(48,)73,

bo = 48, (464)°3. (25)

According to Liu’s method of complete discrimination for polynomial
[19,20], we can solve the integral (24).

Type 1:

The solitons of the governing model are emerged as follows:

[=beav + 3e3xa + ac, — 3cic |—=beav + 3c3xo + acy — 3cic
q(x,t):i’ 2 3K0 2 13><sech 2 302 2 1C3
\ 2c,¢3 12¢3

x (X _ 2ax + p — bw t):|ei(71a+wt+9).

b — 1 (26)

The solution (26) points out bright soliton (see Figs. 1 and 2) provided
that

/\ =b2—4by > 0, by =0,

W>—b1, 52>0, 54<0. (27)
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Fig. 1. 3D plot of the bright soliton (26) setting all arbitrary parameters to unity
except b =2, ¢; = —1.

Fig. 2. Contour plot of I (x, t)I? corresponding to the bright soliton (26) setting
all arbitrary parameters to unity except b = 2, ¢; = —1.

46, 1) = +\/ —bcyv + 3c3xk0 + acy — 3cics y Csch[\/—bczv + 3c3x0 + acy — 3cic3

2¢563 12c

X(x _2ax+p—bw t):lei(_m+mt+e)'

bk — 1 (28)
The solution (28) points out singular soliton provided that
/\ = b2 —4by >0, by =0,
W>—b1, 62>0, 54>0. (29)
g D=+ “I—bczv + 3c3xo + acy; — 3cic3 « sec —bcav + 3c3x0 + acy — 3c1c3
\ 2c3¢3 12¢
_2ax+p—bo i(—rc+wt+6)
X(" b 1 ’)]e ’ (30)
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q‘—bczv + 3c3xo + acy — 3cic3 | —bcav + 3c3ko + acy — 3cic3
x esc |
2cac3 [

x, t) =+ |
9 \ 12c

x (x _2ax+p— b t) ol (—rx+t+6)
bk — 1

(31

The consequences (30) and (31) signify singular periodic solutions on
condition that

/\ =b—4by >0, by =0,
W>—b1, 52<0, 54>0. (32)

Type 2:
The solitons of the governing model are emerged as follows:

| —bcav + 3c3xo + acy — 3c1c3

[—beav + 3c3xo + acy — 3cic3 |
| 24c3

qx, 1) = J_rvw 4ot

X tanh[

" (x _ mt)]eu-mm@_

b —1 (33)

The solution (33) points out dark soliton (see Figs. 3 and 4) provided
that

A =b2—4by=0, w>0, §,<0, & >0,

(=bcyv + 3c3x0 + ac, — 3¢i¢3)?

50 = 3
96¢,¢; (34)
a0 ==+ “q—bczv + 3c3ko + acy — 3cic3 « coth ““ —bcav + 3c3xo -;— acy — 3c1c3
\ 4cac3 \ 24c3
2ax + p — bw ) i (—oc+at+0)
X x - ——t e .
( bx—1 (35)
The solution (35) points out singular soliton provided that
AN =b—4by=0, w>0, 5,<0, & >0,
5= (=beyv + 3c3k0 + ac, — 3¢i¢3)?
0 — - B
96¢c,¢3 (36)
a0 =t ““‘ —bcav + 3c3k0 + acy — 3c1c3 « tan ‘q‘—bczv + 3c3Kx0 42— acy — 3c1c3
\ 4cz03 \ 24c3
2ax +p — bw ) i(—xx+wt+0)
X [x — ————«]|e ,
( bre —1 37)
gt D=+ “q —bcav + 3c3x0 + acy — 3c1c3 « cot ““—bczu + 3031«?-; acy — 3cic3
\ 4czc3 24c3
2ax + p — bw ) i (—1oc+wt+6)
X|x = —t e .
( b — 1 (38)

2
lg(x, 1) 6

Fig. 3. 3D plot of the dark soliton (33) setting all arbitrary parameters to unity
except b = 2.

Results in Physics 13 (2019) 102334

Fig. 4. Contour plot of Ig(x, t)I* corresponding to the dark soliton (33) setting
all arbitrary parameters to unity except b = 2.

The consequences (37) and (38) signify singular periodic solutions
provided that

A =br—4by=0, w>0, §>0, & >0,

(=becyv + 3c3x0 + ac, — 3¢i¢3)?

S =
0 96¢c,¢5 (39)

Case-2:
Eq. (14) can be yield by

(@ = b)(=(V')? + 2VV") + 2¢3V (—(V')* + 2VV") — 4(w + ax? — bxw + px)
V2 + 40, V3 + 4e, VA + 203V (V') — 4oVmH2 = 0 (40)

through the medium of the transformation P = %3 Eq. (6) can be yield
by

(Vl)z = 60 + 51V + 52V2 + 53V3 (41)

because of N =3 which can be obtained by using of balancing rule
V (V')* or V2V" with V* throughout the full nonlinearity m = 1 in the
ordinary differential Eq. (40),

The overdeterminet equations are acquired as follows

V* Coeff.:

60305 + 4c, = 0, (42)
V3 Coeff.:

2(a — bv)8; + 4¢38, + 4c; — 4o = 0, (43)
V2 Coeff.:

(a — bv)§, — 4(w + ax? — bxw + px) + 2¢36, = 0, 44)
V0 Coeff.:

(a—bv)§, =0 (45)

because of putting Eq. (41) in Eq. (40) and setting of the constant
coefficients of the same functions to zero. The following results are
given by

1
8§, = ——5(—12acix® + b2c;v? + 12bcixkew — 3beskov — 2abev + 3acsk
C3

o+ 3bclc3v—1263zxp + a’c, — 3acic; — 1203260),
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_ =bcyv + 3csxo + ac, — 313

& = ,

: 3¢}

2¢,

=0, &=—-——=

’ TS (46)

Through the medium of the following transformation
f 1

V=) 3w, (47)

Eq. (41) can be transformed into the following integral

1 dw
+ (8:)3(8 = = —_—
£ @NCE -8 = [ e 48)

where
2
d, = 5,(63) 73,

d = 8,(85)°3. (49)

According to Liu’s method of complete discrimination for polynomial
[19,20], we can solve the integral (48).
The solitons of the governing model are emerged as follows:

—bcyv + 3¢ + acy — 3cic [—bcav + 3¢ + acy — 3cic
q(x, t)={ 2 3%9 2 13 sech?| | 2 3K9 2 193

2cz¢3 \ 12¢f

1
x(x _ 2ax+p - bo t) ]}Zei(—zcx+wt+9)A

bk —1 (50)
The solution (50) points out bright soliton provided that
A =d}—4d, >0, d =0,
w> — dz, 52 >0, 53 < 0. (51)
a6 0= {_ —bcav + 3c3xko + acy — 3cic3 « Cschz[\/‘—bczv + 3c3xo -;— acy — 3cyc3
2cac3 12c3
1
2ax +p — bo )]}5 i(—xx+wt+0)
X|x - ——————t e .
( bk —1 (52)
The solution (52) points out singular soliton provided that
A =d}—4d, >0, d =0,
w> — dz, 52 >0, 53 > 0. (53)
a6 0= {_ —bcav + 3c3xko + acy — 3cic3  sec? [\j —bcav + 3c3ko -;— acy — 3c1c3
2ca¢3 12c3
1
2ax +p — bo )]}E i(—1c+wt+06)
X[x - ————¢ e ,
( b — 1 (54)
g0 D) = { —bcyv + 3c3x0 + acy; — 3cqc3 % cscz[ “J —bcav + 3c3xo -12— acy — 3c163
2c¢3 / 12c5
1
_Zaxtp - b ) 2 Ji(—rxtat+6)
X(x e — 1 t ]} e . (55)

The consequences (54) and (55) signify singular periodic solutions
provided that

AN\ =d}—4d >0, d =0,
w > —dz, 52<0, 53<0. (56)

Case-3:
Eq. (6) can be yield by

(P'Y’ = 8y + 6,P + 6,P* + 8;P° + 6,P* (57)

because of N = 4 which can be obtained by using of balancing rule P?P”
or P(P')* between P° throughout the full nonlinearity m = 2 in the
ordinary differential Eq. (14).

The overdeterminet equations are acquired as follows

Results in Physics 13 (2019) 102334

P> Coeff.:

6c30, + ¢, — k0 = 0, (58)
P* Coeff.:

5c303 =0, (59)
P3 Coeff.:

2(a — bv)d, + 4c30, + ¢ =0, (60)
P? Coeff.:

3(a — bv); + 6¢36, = 0, (61)
P Coeff.:

(a — )8, — (w + ax? — bxw + px) + 2¢36, = 0, (62)
PO Coeff.:

(a—bv)s; =0 (63)

because of putting Eq. (57) in Eq. (14) and setting of the constant
coefficients of the same functions to zero. The following results are
given by

1
8 = ——3(—b21<av2 + 2abxov — 12a0321<2 + b%cv2 + 12b0321<cu — a?

ko — 2abcav + 3bcics
24¢3

v — 120321<p + a?c; — 3acics — 12::320)),

bxov — axg — bc,v + ac, — 3c1¢
6=0, &= 22 2 13
12¢5

85,=0, 6 = KO'——Cz.
6C3 (64)

Through the medium of the following transformation

P =44 (454)‘%w , (65)

Eq. (57) can be transformed into the following integral

s @G-t = f——
£ €=t = [ s (66

where

b, = 46, (454)_%,

bo = 48, (48,)73. 67)

According to Liu’s method of complete discrimination for polynomial
[19,20], we can solve the integral (66).

Type 1:

The solitons of the governing model are emerged as follows:

bxov — axg — bcov + acy — 3cic3 ‘\‘bm:rv — axg — bcov + acy — 3c1c3

qlx, 1) = i\‘g pya— X sech \“ 12632
_2ax+p— be oI (—Kx+wt+0)
x(x - t)] . ©3)
The solution (68) points out bright soliton provided that
A\ =bl—4by >0, by=0,
w> — bl, 52 >0, 54 <0. (69)
g D=+ “Jlnccrv — axo — bcav + acy — 3cic3 « csch s‘bxm} — axo — bcav + acy — 3c1c3
\ 2e3(xo — ¢2) \ 12¢3
_ 2ax+p—bo i(—x+wt+0)
x(x L t)] . 70)
The solution (70) points out singular soliton provided that
/\ =b%—4by >0, by=0,
w> — bl’ 52 >0, 54 > 0. (71)
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[ — _ — [ — — —
a0 = i\g‘ bxov axc; (bczv + (;cz 3cic3 % sec[ “w_ bxov — axo b;zz + acz — 3ci1c3
c3 (ko — ¢ / 12c5
x (x _2ax+p— bw t) ei(—rxtar+6)
bx —1 (72)
r T
460 1) = iv‘ brov — amz —(bsz + ¢;62 — 3cic3 % CSC[\/ bxov — axo — 113221; + ac; — 3cic3
c3 (ko — 2 c3
2ax +p — bw ) i(—x+wt+0)
X|x— ————t||e .
( b — 1 (73)

where Egs. (72) and (73) mean singular periodic solutions whenever
/\ =b%—4by >0, by=0,
w>—b;, 8, <0, §>0. 74)

Type 2:
The solitons of the governing model are emerged as follows:

[ "bxov — axa — beyv + acy — 3cics

[ brov — axo — beav + acy — 3exc
2 2 1% x tanh |

qCe ) ==+ |

\ 4c3(ka — ¢2) 24c¢3
_2ax+p— bew i(—xx+wt+0)
x(x *o t)]e . 75
The solution (75) points out dark soliton provided that
AN =b2—4by=0, w>0, 5,<0, &>0
5 = (bxov — axag — bcyv + ac, — 3ci¢3)?
96 (ko — ¢;)c3 (76)
J‘ bxov — axo — bcav + acy — 3cic3 [ bxov — axo — beyv + acy — 3c1c3
_— h
a0 i\f 4c3 (ko — ¢2) X cot [\/ 243
_Zax+p— bew i(—xx+wt+0)
x(x 2o t)]e A o
The solution (77) points out singular soliton provided that
A =b>—4by=0, w>0, 6,<0, &>0
5 = (bxov — axo — bcyv + ac, — 3c1¢3)?
96(xo — ¢;)c3 (78)
=+ [brov — axa — beav + acy — 3cics « tan g‘bmrv — axg — beyv 4+ acy — 3163
U= 4es (k0 — c2) | 24c}
_2ac+p—ba i(—1c+wt+6)
x(n- e f)] ’ 79)
o)==+ [brov — axo — beav + acy — 3cic3 « cot [bxov — axo — beav + acz — 3cic3
U= 43 (ko — c2) \/ 24c}
_2ax+p— bw i(—x+wt+0)
| )

The consequences (79) and (80) signify singular periodic solutions
provided that

AN\ =b2—4by=0, w>0, 5,>0, &>0

_ (bxov — axg — be,v + ac; — 3ci63)?

50 3 .
96(xo — c3)c; (81)
Case-4:
Eq. (6) can be yield by
(VI)Z = 50 + 51V + 52 V2 + 53V3 (82)

because of N = 3 which can be obtained by using of balancing rule
V (V')? or V2V" with V* throughout the full nonlinearity m = 2 in Eq.
(40).

The overdetermined equations are acquired as follows

V* Coeff.:

6c30; + 4c, — 4x0 = 0, (83)
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V3 Coeff.:

2(a — bv)8; + 4c36, + 4¢, = 0, (84)
V2 Coeff.:

(a — bv)8, — 4(w + ax? — bxw + px) + 2¢36, = 0, (85)
VO Coeff.:

(a—bv)§, =0 (86)

because of putting Eq. (82) in Eq. (40) and setting of the constant
coefficients of the same functions to zero. The following results are
given by

1
6 = —F(—bzxcvz + 2abxov — 12as321<2 + b%cv2 + 12b0321<cu — a?xg — 2abcyv + 3bcics
c3

v — 125321<p + a?c; — 3acicz — 12532w),

5, = bxov — axo — bczzv + ac; — 3clc3, 85y=0, 6= 2(xo — cz).
3C3 3c3
(87)
Through the medium of the following transformation
‘ 1
V= +(8) 3w, (88)

Eq. (82) can be transformed into the following integral

Sty [ dw
*(6):(6 - &) fm (89)

where
2
d, = 5,(83) 73,

d = 8,(8:) 3. (90)

According to Liu’s method of complete discrimination for polynomial
[19,20], we can solve the integral (89).
The solitons of the governing model are emerged as follows:

bxov — axo — bcav + acy — 3cic3 ‘\‘bxav — axo — bcav + acy — 3cic3
|

\ 12¢4

qx, ) = {— x sech? [

2c3 (ko — ¢3)

1
x(x _ 2ax+p— bwt)]}zei(—mwwwﬂ

brc— 1 91)
The solution (91) points out bright soliton provided that

A =df—4d >0, d=0,

w>—d,, 6>0, d<0. 92)
o, )= {bxcrv - axzcz(i.;z\: +C;;c2 —3ae Cschz[ V brov — axo — 11);2; ¥ ac, -3¢0

1
X(X — m[)]}zei(—ﬂoﬁwwe)'

b — 1 (93)
The solution (93) points out singular soliton provided that
A =di—4d >0, d=0,
w>—d, 6 >0, &>0. 94)

bxov — — b -3
qx, 1) = KoV — ako — bc,v + ac, C1C3
2¢3(ko — ¢;)

 sec? ‘q_bKO'v — axo — bcv + ac, — 3¢1¢3
| 12¢

1
x(x _ 2ax+p— bw t):l}zei(—xx+wl+6),
bx—1 (95)
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qlx, 1) = {

1
x| x — mt) zei(—xx+col+9)'
bk — 1

bxov — axo — beyv + acy — 3cic3 « csc? “‘ bxov — axo — bcyv + acy — 3cic3
2¢3 (ko — ¢3) / IZC32

(96)

The consequences (95) and (96) signify singular periodic solutions

provided that
A =dji—4d >0, d=0,

w>—d), 6,<0, d<0. 97)

3. A quick skim through modified simple equation approach

A quick glance over the modified simple equation methodology [18]
is yield with a view to study quite important solitons.
Step-1: A nonlinear evolution equation can be given by

lp(e, et’ ex, 911, ext’ Qxx, ) =0 (98)

with the dependent function and its partial derivatives shown as
6, 6, O, 6y, Oy, Oy, ...and also this equation is decreased in

FW, W, W, W, ..)=0 (99

by using of the conversion

O(x, 1) = ¥(p) (100)
with
®=x— V. (101)

The dependent function and its derivatives are given by
W, W, P, g7 ...sequentially in the ordinary differential Eq. (99). The
parameter v corresponds to the velocity of the soliton while the in-
dependent variables xand t represent spatial and temporal variables
respectively.

Step-2: The ancillary equation which is the key point of the scheme
is yield as

J P'(e))’

¥(9) ZO a‘,( )
having the essential constant coefficients &y, d1,..., Oy

Step-3: The application of Eq. (102) is attached to the N number
which can be obtained with the aid of balancing rule in the ordinary
differential Eq. (99).

Step-4: The overdeterminet equations are acquired with the aid of
putting Eq. (102) in Eq. (99) and setting of the constant coefficients of
the same functions namely P~#(8), i = 1, 2, ...to zero. Thus, the explicit

solutions to Eq. (98) are acquired if the requisite constants &, J,..., Oy
can be given with the aid of solving the equations.

(102)

3.1. Implementation to the governing model

The application of the approach is yield in this section with a view
to study quite important solitons of the governing model.

Case-1:

Eq. (102) can be yield by

W(’s’))
(&)

because of N = 1 which can be obtained by using of balancing rule P”
with P3 throughout m = 1 in the ordinary differential Eq. (14).

The overdeterminet equations are acquired as follows

> coeff.:

P&) =6+ 51( (103)

87 (W) (e267 + 6¢3) = 0, (104)

P~ coeff.:
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562 (W)} (28067 + 2¢380)% — 238:9") = 0, (105)
=3 coeff.:

519 ((10¢,68 82 — k007 + €107 + 4c36¢ — 2bv + 2a)(W')* — 16¢38,6,

PP +203 2P Y + 20362 (")) = 0, (106)
=2 coeff.:
81 (10,838, — 3xka8,8; + 361600 (W')* + (—6¢362 + 3bv — 3a)y
W 48081 YY" + 203808,(Y")) = 0, (107)
P! coeff.:
81((5¢28¢ — 3x00¢ — ax? + bxw + 3¢,6¢ — xp — w)
Y+ (2c36¢ — bv + a)P”) = 0, (108)
Y0 coeff.:
80(c,8y — ko8¢ — ax? + bxw + ¢;6¢ — kp — w) = 0. (109)

because of putting Eq. (103) in Eq. (14) and setting of the constant
coefficients of the same functions to zero. The following results can be
given by

R

6 = i\/—%,
C2

PR bvc, — 3xocy — acy + 3¢1¢3
o=+ |—
4C2C3 ’

1

w= 27(—16%202@2 + b22e3 — 2bxoveyes — 3x202c — 2abvei + 2axocy
16¢c2c5 (1 — bx)

€3 + 2bvejcacs — 16xpcacd + 6rocicd + a?ed — 2acicacs — 3efcd) (110)
and
- | bvey — 3koc; — ac, + 3cic v
\ 6c3 (111)
W = bve, — 3xocs — acy + 3ci¢3 .
6c? (112)
The following equations can be reached as
I | bvep—3xoc3—acz+3c1c3
| 6c? P R
Y == 3 x ke \/ 6cf ,
\ bve, — 3xoc; — acy + 3cic3 (113)
and
| bvey—3xoc3—acy+3cic3
6c2 3 | PR IOC—aea 30163 ¢
P = 3 X ke \ 65 + k
bvc, — 3xoc; — acy + 3¢1¢3 (114

with k; and k, integration constants by means of using Eqgs. (111) and
(112). The solitons of the governing model are emerged as follows

[ bvey — 3xoc3 — acy + 3cic " 6e
q(x, ;):{i\“ 2 3 2 1€3 t\j_g

| 4cae3 (%)

| 2
6¢.
+ 3
bvep — 3koc3 — acp + 3c1c3
P
. sbvc2—3x5¢3—zuc2+3q¢3 (x—vb)
x ke \ 6c3

X ei(—xx+mz+s)
6632

bvep — 3koc3 —acp + 3c1¢3
[bucy—3koc3—aca+3c1cs
. “‘bwz 3kacs: 2a¢2+3c1c3 (x=v)
x ke \ b3 +hy

(115)
on account of inserting Eqgs. (113) and (114) into Eq. (103). If we set

[ bvcy—3xoc3—ac+3c1c3
bvc, — 3xoc; — ac, + 3¢i¢3 N T e
= 3 xe \ 6c3 , k= +1,
6c3

ky

we get:
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[ —_ — i —_ —
a0 ==+ “g bvey — 3xocs — acy + 3c1c3 « tanh “‘bvcz 3xocs 2acz + 3cic3
\ 4caes \ 24c$
2ax + p — bw ) i
xlx—- 22287 7y el (mx+wt+0)
(e e 117)

The solution (117) points out dark soliton (see Figs. 5 and 6) provided
that

bvc, — 3koc; — acy + 3cic3 > 0. (118)
== “q bvey — 3xocs — acy + 3c1c3 « coth ““bvcz — 3xoc3 —zacz + 3cic3
\ 4coc3 \‘\ 24c3
2ax + p — bw ) (et i +6)
X[x—- ———r+ .
(s 25 ) | (119)
The solution (119) points out singular soliton provided that
bvc, — 3xocs — acy, + 3cic3 > 0. (120)
== ‘gbvcz — 3xoc3 — acy + 3c1c3 « tan ““ bvcy — 3kocz — acy + 3c1c3
\ 4eaes w 24¢3
2ax + p — bw ) i (—ix+wt+6)
x|x - =+ ,
[" o1 T ]e (121)
qte == ‘gbvcz — 3xoc3 — acy + 3c1c3 « cot “\‘ bvey — 3xocs — acy + 3c1c3
\ 4czc3 | 24c}
2ax + p — bw ) i(—ctt+6)
- =t
(" o1 % ]e (122)

where Egs. (121) and (122) mean singular periodic solutions whenever

bve, — 3koc; — acy + 3cic3 < 0. (123)
Case-2:
Eq. (102) can be yield by
10! y©Y
V) =6+6 d
©=o+ l(w(c“)) " 2(1#(5)) (124)

because of N = 2 which can be obtained by using of balancing rule (V')
or VV” with V3 throughout the full nonlinearity m = 1 in the ordinary
differential Eq. (40).

The overdetermined equations are acquired as follows

=8 coeff.:

483 () (c26; + 6c3) = 0, (125)
Y77 coeff.:
867 ()°((2¢,618; + 7e301)¢P — 5¢36,9") = 0, (126)

= coeff.:

48, () (—x082 + 4¢,8,87 + 6C,028, — 2bvS, + €167 + 12¢3808, + 10c3
% + 2a8,) () — 23¢38: 5 YY" +203659P" + 2¢385 (")) = 0,
(127)
> coeff.:

A} ((—3k08,62 + 12¢,808,62 + 4¢,878, — 3bv8, 8, + 3¢,8,67 + 1655,
816, + 2¢367 + 3a6,8,)(@')* + (3bvdZ — 20c36007 — 16362
8, — 3a8D) Y +5¢:8, 839 P" + 4c38,67 (")) = 0, (128)
= coeff.:

— (@)*((128,8,bv — 463 bxew + 128062x0 + 12026,x0 — 48¢,8052
8, — 12608,a + 362bv — 24¢3836, — 16036007 + 467 ax? + 45}
ok — 128,07 ¢; — 12626,¢1 — 24¢,036% — 4¢,681 — 367a + 46} w)
@) + (—18bv8, 8, + 104¢3806,6, + 12¢38; + 18a8,6,)
YY" + (4bvSF — 16¢36,67 — 16¢3075, — 4ad3)
PP +(—16¢38085 — 8¢3676,) (")) = 0, (129)

=3 coeff.:

Results in Physics 13 (2019) 102334

— 20 ((4ax?5,6, — 4bxwd, 6, + 12k06,6,0, + 2x08; — 24¢,636,6, — 8¢,0,
83 + 2bv6o8; + 4x08,8, — 12¢1600:8, — 2167 — 4¢3648; — 2ad,
81 + 4wd8,)(Y)* + (—=10bv8,8, — 2bvS2 + 20c36¢8, + 12¢38,
82 + 10a8,8, + 2ad) PP’ + (3bv8, 5, — 12¢38,6,8, — 2c;

87—3a8,:8,)PP" — 8¢360616,(®")*) = 0, (130)

=2 coeff.:

(—8ax25,8, — 4ax25? + 8bxwdyd, + 4bxwd? — 12ka638, — 12x0d,
82 + 160,638, + 24¢,0882 — 818,06, — 4xpS7 + 12018368, + 12¢16,
52 — 8wy, — 4wSD(Y)* + (6bvdS; — 12¢3628; — 6ad,5;)
YUY + (—4bvd8, — 2bvS? + 8c3636, + 836,67 + 4adyS, + 2a87)
YY" + (—4bvd 8, + bvd? + 8c3628, + 4ady8, — adD(Y")* = 0,

(131)
P! coeff.:
— 2606, ((4ax® — 4bxw + 6xa8y — 8¢,0¢ + 4xp — 6¢,8) + 4w)
P+ (bv = 2¢380 — A)yp”) =0, (132)
Y0 coeff.:
— 482 (ax? — bxw + ka8 — €208 + xp — €100 + w) = 0 (133)

because of putting Eq. (124) in Eq. (40) and setting of the constant
coefficients of the same functions to zero. The following results are
given by

5 = i\/— 12(bvc, — 37<oc32— ac, + 3cic3) 5= 0,
C
6
52 = —ﬁ, w
C2
1
= ———(—12ax%? + b*2c, — 3bxovc; — 2abve, + 3axoc; + 3
12¢2(1 = bo) ( 3 2 3 2 3
bveies — 12xpc? + a’c, — 3acics) (134)
and
- | bve, — 3xocs —2 ac, + 3cic3 v,
\ 3c; (135)

lg(x, 1)

Fig. 5. 3D plot of the dark soliton (117) setting all arbitrary parameters to unity
exceptb = 2.
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Fig. 6. Contour plot of Iq (x, t)I* corresponding to the dark soliton (117) setting
all arbitrary parameters to unity except b = 2.

bvc, — 3koc; — acy + 3c¢163 W

V= 3c2 (136)

The following equations can be reached as

r bvcy—3xoc3—acy+3c1c3
| 3¢ 5 -G .

W=+ |- x ke | = ,
\/ bvc, — 3xoc; — acy + 3c¢163
(137)
and
| bvep—3xoc3—acz+3c1c3
3c2 £ |-———
¥=- ] ke | 3 +h
bvc, — 3xacs — acy + 3¢1¢63
(138)

with k; and k, integration constants by means of using Egs. (135) and
(136). The solitons of the governing model are emerged as follows

2

G t) = {i\/_ 12(bve, — 3xocy — acy + 3cic3)
5}

2
U . S
- bvey — 3xoc3 — acy + 3c1¢3

_ bvep—3xoez—acp+3c1e3
N A (x—vt)
X ke \ 3
2
S S
bvcy — 3xoc3 — aca + 3c1c3

[ bvea—3xoc3—aca+3cies
+ “‘_bvcz 3kac3 2acz+3clc3 (e—vt)
X ke \ 3e3 + Kk

6(.'3
)
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o=

e S 2
3c3

+ [
bvey — 3xac3 — acz + 3c1c3

+ I_ bvcz—3K0c3—2acz+3c1c3 (x—vt)

3cg

Xkle\“

2
I S
bvcy — 3xoc3 — acy + 3c1c3
+ ‘_bvc2—37(cm3—zac2+3c1c3 (x—vt)
X kle \ 3eg + kz

% el (-oc+at+0) (139)

on account of inserting Egs. (137) and (138) into Eq. (124). If we set
[ bvep—3koc3—aca+3cic3
—_ — 4 | £
_bve, — 3kacy d ac, + 3¢,c3 < e \j ) 0
3¢y

k=

we get:

q(x, t)={

bvey — 3kocs3 — acy + 3cic [“bve, — 3xocs — acy + 3eic
2 3 2 193 o sech? | 2 3 2 1€3

2c5¢3 12¢3

1
o x — 2ax +p — bm[ +§ 2 % el(—rx+ar+6).
bx — 1

(141)

The solution (141) points out bright soliton (see Figs. 7 and 8) provided
that

bve, — 3koc; — acy + 3c1¢c3 < 0. (142)
r
g6 D) = {bvq — 3xocz — acy + 3c1c03 « csch? “w bvcy — 3xocs —2acz + 3cic3
2cyc3 | 12c5
1
2ax + p — bw )] 2 i(— )
X|x — —————t+ ¢ x el(-rxtot+0),
( b —1 0 (143)
The solution (143) points out singular soliton provided that
bve, — 3koc; — acy + 3ci63 < 0. (144)
a0 = {_ bvcy — 3xoc3 — acy + 3c103  sec? ‘g‘bvcz — 3xoc3 —zacz + 3cic3
2cyc3 12c5
1
2ax + p — bw )] 2 i (—10c+wt+6)
Xlx— ————t+ X e s
(s i (145)
a0 = {_ bvey — 3xocs — acy + 3cic3 « csc? [buey — 3xocs —zacz + 3c103
2¢cyc3 12c5
1
2ax + p — bw )] 2 o o
Xlx— —/— t+ & x el (—rxtwi+6)
( be — 1 0 (146)

where Egs. (145) and (146) mean singular periodic solutions whenever

bvc, — 3kocz — acy, + 3cic3 > 0. (147)
Case-3:
Eq. (102) can be yield by
1!)’(5))
P)=6,+ 96
©=% 1( »(E) (148)

because of N = 1 which can be obtained by using of balancing rule P”
with P3 throughout the full nonlinearity m = 2 in the ordinary differ-
ential Eq. (14).

The overdetermined equations are acquired as follows

Y5 coeff.:

— 82 (W) (kodE — 6% — 6¢3) = 0, (149)
= coeff.:
— 582 () (k06682 — 28067 — 2¢360)Y + 2¢36:9") = 0, (150)

=3 coeff.:
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819 ((—10k08282 + 10c,0282 + €182 + 4c36¢ — 2bv + 2a)(Y')* — 16¢35,

SYY+2es80 YY" + 2630 (YY) = 0, (151)
Y2 coeff.:
— 8,((10ka83 8, — 10¢,638, — 3¢1808) (W) + (6¢36¢ — 3bv + 3a)y’
Y — 4c;808, P —2¢3808 (")) = 0, (152)
P! coeff.:
— 8,((5ka8 — 5¢,8; + ax? — bxw — 3¢,6¢ + xp + w)
P + (=20365 + bv — a)p”) = 0, (153)
Y0 coeff.:
8o (—xa8y + 285 — ax?® + bxw + ¢;6¢ —xp — w) =0 (154)

because of putting Eq. (148) in Eq. (14) and setting of the constant
coefficients of the same functions to zero. The following results can be
given by

bxov — axo — bve, + ac; — 3c1¢;
5() == |- s
4¢3 (ko — ¢3)
6C:
Si=+ |——,
KXo — C
1

(b*%0W? — 2abx*c™ + 16ax’cci — 2b*kov>

W= 3
16(ko — ¢3)cs (b — 1)
¢, 4+ a®¢%? + 4abxove, — 16ax%c,c? 4+ b*vic? — 2bxove;cs + 16x%00
c32 — 2a%oc, — 2abvc22 + 2axoc,c; + 2bveicycz — 16xpc,

2 202 2,2
¢y + a‘cy — 2acicoc3 — 3¢ ¢y

and
W=+ “q‘ bxov — axo — bvc22 + ac, — 3c163 v,
\ —6c; (155)
W = bxov — axo — bvc, + ac, — 3cic3 .
—6c3 (156)
The following equations can be reached as
| brov—axg—bvcp+acy—3c1c3
6c2 s S—
Y=+ 2 x ke 6cf )
bxov — axo — bve, + ac; — 3c¢1¢3
(157)
and
| bxov—axo—bvca+acy—3c1c3
Y= 6cs x ki ei\“i 63 ! +k
" bxov — axo — bvey + acy — 3c1c3 1 2 (1 58)

with k and k, integration constants by means of using Eqs. (155) and
(156). The solitons of the governing model are emerged as follows

[ bxov — axo — bvcy + acy — 3cic3 N [

_ | _6c3
a0 = {i\“ 4e3 (ko — ¢2) - \jxa -

02
6c5

r
[
£
\ bxov — axo — bve + acp — 3c1c3
N ‘w_bxov axg—bvep+acy—3cic3 (x=vi)

- 6c2
xke \ 3 « el (—rx+ot+0)

2
. S
bxov — axo — bve + acp — 3c1c3
[ —axo— oy
L “_bKUU axg—bvep+acy—3c1c3 (x=vt)

* 2
X kie \ beg

th (159)

on account of inserting Egs. (157) and (158) into Eq. (148). If we set

bxov—axo—bvcy+acy—3c1c3 7
0
6C§

bxov — axo — bvc, + ac; — 3cic &N
6c3

5

(160)

we get:

10
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2
lg(x 1)
Fig. 7. 3D plot of the bright soliton (141) setting all arbitrary parameters to

unity except b =2, ¢; = —1.

40

30

X

-40

Fig. 8. Contour plot of Ig(x, t)I> corresponding to the bright soliton (141) set-
ting all arbitrary parameters to unity except b = 2, ¢; = —1.

a0 =t “J bxov — axo — bvey + acy — 3c1c3 « tanh “‘ bxov — axo — bvcy + acy — 3cic3
\ 4c3(xo — c2) \ 24c3
_ 2ex+p— be i(—xx+wt+6)
x(x — t+§0)]e . (161)
The solution (161) points out dark soliton provided that
bxov — axo — bvc, + ac; — 3ci¢3 < 0. (162)

bxov — axo — bvey + acy — 3cic3 bxov — axo — bvey + acy — 3c1c3

[ [
x, t) ==+ |
q(x, 1) e

& xcoth[\j

M (x _ 2ax+p— b‘”l n 50)]ei(”°‘+“”9)-
bk — 1

4c3(xo — ¢3)

(163)

The solution (163) points out singular soliton provided that
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bxov — axo — bvc, + ac; — 3c1¢3 < 0. (164)

gt D=+ ““‘bKUV — axo — bvey + acy — 3c1c3 « tan ‘g‘lncav — ako — bvczz+ acy — 3c1c3
\ 4c3 (ko — ¢2) | 24c?
2ax + p — ba ) i
xlx = t+§ ez(—xx+cu[+s),
( b —1 0 (165)
g D=+ “g‘bkm) — axo — bvey + acy — 3c1c3 « cot [bxov — axo — bvczz+ acy — 3c1c3
\ 4c3 (ko — ¢2) 24c3

y (x - “"Jfﬂt + ;0)]ei(—mc+wt+a>
K

1 (166)

where Egs. (165) and (166) mean singular periodic solutions whenever

bxov — axo — bvc, + ac; — 3ci¢3 > 0. (1e7)
Case-4:
Eq. (102) can be yield by
40! y©Y
VE) =68 +6 [
©=b+ 1(1,0(5)) " 2(1#(5)) (168)

because of N = 2 which can be obtained by using of balancing rule (V')*
or VV” with V3 throughout the full nonlinearity m = 2 in the ordinary
differential Eq. (40).

The overdetermined equations are acquired as follows

=8 coeff.:

— 483 ()} (k08, — €6, — 6c3) = 0, (169)
=7 coeff.:
— 887 (¥)°((2x08,0; — 2,818, — 7¢361) Y + 5¢30,9") = 0, (170)
= coeff.:
48, () (4108083 — 610628, + 4¢20085 + 66,878, — 2bvS, + ¢4
82 + 12¢3800, + 10387 + 2a8,) (W) — 23¢36,8,
PP H2e387P Y + 26385 ()7 = 0, (171)

> coeff.:

A ((—12k0808,83 — 4x0838, + 12¢,608,6% + 4¢,878, — 3bv8, 8, + 3¢,
8182 + 160380010, + 2¢387 + 3a8,8,)(Y)* + (3bvd2 — 20¢;8,
87 — 163678, — 3a0)PYP" + 5¢36,67 PP +4c36:67 (")) = 0,
172)

= coeff.:

— ()((488,020,x0 + 126,8,bv — 452w — 485,078,¢, + 240267
xo — 12808,a + 362bv — 24¢3638, — 16¢36,07 + 457 ax? + 453
ok — 1216067 — 12¢,678, — 245387 ¢c, + 4610 + 403w — 46/
e — 362a)(W')* + (—18bv8,5, + 104¢38,8,8, + 12¢;67 + 18a6,5,)
YY" + (4bvSF — 16¢36,07 — 16¢3678, — 4ad3)

PP +(—16038087 — 8c3678,) (")) = 0, (173)

=3 coeff.:

— 24/ ((24x082 6,8, + 808,57 + 4ax?5,8, — 4bxwd 5, — 24¢,626,8, — 8¢,
8007 + 2bv36; + 4xp818, — 12¢160616, — 2¢167 — 4¢3686, — 2ad,
81 + 4w88,) () + (—=10bv8,8, — 2bv82 + 20c3628, + 12¢38,
82 + 10a8y0; + 2adH) PP’ + (3bv, 5, — 12¢38:6,0, — 2¢367 — 3ad;
8,) Y —8c380610, (P")*) = 0, (174)

=2 coeff.:

11
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(—16K083 8, — 24x083 67 — 8?50, — 4ax®0f + 8bxwsyS, + 4bxwd? + 16
2038, + 24¢,0387 — 808,08, — 4xpSE + 12¢1636, + 12¢18,
62 — 8wBeB, — 4wd)(Y)? + (6bv3eS, — 126,528, — 6adeBy)
YY" + (—4bvS(8, — 2bvS? + 8¢3630, + 838,67 + 4ady, + 2ad7)
WP + (—4bveS, + bud2 + 8c3028, + 4a8y8, — adD)(Y"): = 0,

(175)
! coeff.:
— 2606, ((8ka6¢ + 4ax? — 4bxw — 8¢,08 + 4xp — 6¢,8) + 4w)
P+ (bv — 2¢369 — a)yp™) = 0, (176)
Y0 coeff.:
458 (—x08¢ — ax® + brxw + ¢,68 — xp + €18p — w) = 0 177)

because of putting Eq. (168) in Eq. (40) and setting of the constant
coefficients of the same functions to zero. The following results are
given by

s

b=+ [12(bxov — axo — bve, + ac, — 3cic3)
_\j (xo — ¢;)?

6
8 =0, &=—3
KO — Cy

1

w = —5———(b*av? — 2abxav + 12ax2c? — b, + a0 + 2abvc,
12c5 (bx — 1)

— 3bvcics + 12xpc? — aPc, + 3ac;cs) (178)
and
- “e‘bxcn) — axo — bvczz + ac, — 3¢;c3 v,
\ 3¢5 179)
, _ bxov — axo — bvc, + ac, — 3ci¢3
P = > 8
3c (180)

The following equations can be reached as

I bxov—axo—bvca+acy—3cic
W= 3] x ke \ 36322 e
=+ 1 s
\j bxov — axo — bve, + ac; — 3c1¢3
(181)
and
3()2 N bew—axcr—bvcz+acz—30103§
Y= 3 X ke 3 + k
bxov — axo — bvc, + ac, — 3ci¢3
(182)

with k and k, integration constants by means of using Eqgs. (179) and
(180). The solitons of the governing model are emerged as follows

[12(bxov — axo — bvc, + ac — 3eic
ae=1s ( 22 2 163)
\ (ko — c2)
[ 32
Y e R
\‘ bxov — axo — bvep + acp — 3c1c3
+ “‘bm'v—mm—bvc?-acz—.’m]cg, (x—vD)
X ke \ 3cs
2
3cg
bxov — axa — bvep + acy — 3c1c3
. “\bm—am—bvcg+ac2—3qc3 G—v)
X kje \ 3eg + ky
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S
[N

2
+ 3¢
~ '\ bxov — axo — bvey + acy — 3c1c3

L brov—ako—bvea+acy—3c1c3 (x—vt)
=\ 302
3

406 | X ke \ « ei(-rxtar+o)

KT — ¢ 3c?

bxov — axo — bvep + acy — 3cic3
[ —axo—bve —3c1c
4 | bxov—axo—bvep+acz—3cic3 (x—vt)

X ke \ 3} + ky

(183)
on account of inserting Eqgs. (181) and (182) into Eq. (168). If we set

| bxov—akxo—bvea+acy—3c1c3
bxov — axo — bvc, + ac, — 3ci¢3 % e“—’ 2 %
s
3c32

k] =

(184)
we get:

bxov — axo — bvea + acy — 3c1c3

qx, 1) = {—

2¢c3 (ko — ¢3)
1

2ax + p — bw 2
- t+
x be — 1 fo)]}

bxov — axo — bvey + acy — 3cqc
Xsechz[\/ 2+ ac 13><(

12¢f
X ei(—xx+:ut+9)_ (185)
The solution (185) points out bright soliton provided that
bxov — axo — bvc, + ac, — 3cic3 > 0. (186)

a0 = {bxw — axo — bvey + acy — 3c1c3 « csch2 ““bxmz — ako — bvcz2 + acy; — 3ci1c3
2¢3(xko — ¢2) 12¢3
1
2ax + p — bw )] 2 o
X|x — ———F——t+ ¢ x el(—oxtwi+6)
( b —1 0 (187)
The solution (187) points out singular soliton provided that
bxov — axo — bvc, + ac; — 3ci¢c3 > 0. (188)
g0 D) = bxov — axo — bvey + acy — 3c1c3
2c3(ko — ¢3)
1
[ — — — — 2
wsec?| | bxov — axo bvcz2+ acy — 3cic3 x(x _2ax+p bw: + §0)
\ 12c3 br — 1
x el(-Rr+ar+0) (189)

bxov — axo — bvey + acy — 3c1c3
2¢3(xo — ¢2)

qlx, 1) = {

\
x cscz[ |

bxov — axo — bvey + acy — 3c1¢3 x(
\ 12¢}

1
_ 2
X_Zax+p bm:+§0)]}

b —1
(190)

X ei (—1x+wt+6)

The consequences (189) and (190) signify singular periodic solutions
provided that

bxov — axo — bvc, + ac; — 3c¢3 < 0. (191)

4. Conclusions

The governing model with the inclusion of parabolic law non-
linearity, weakly non-local nonlinearity, spatio-temporal dispersion
term in addition to perturbation terms was examined for the sake of
uncovering quite important optical soliton solutions. Dark, bright and
singular solitons in addition to singular periodic solutions were yield
with the modified simple equation technique and trial equation archi-
tecture along with parameter restrictions. Some graphics have been
added to better understand the physical characteristics of the obtained
bright soliton and dark soliton that are quite well known as optical
soliton molecules or pulses in the literature. Comparing our work with
the results of [2-17], Eq. (1) has not been discussed before in literature
and thus our article is very novel study. The models in Refs. [2-17]
include only the usual group-velocity dispersion and the parabolic law
nonlinearity coupled with weakly non-local nonlinearity while this
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article includes the spatio-temporal dispersion term, the usual group-
velocity dispersion, the inter-modal dispersion, the self-steepening for
short pulses, the higher-order dispersion, the full nonlinearity and the
parabolic law nonlinearity coupled with weakly non-local nonlinearity.
When compared the methods, the methods can only be applied to or-
dinary differential equations which have the principle of balancing.
Moreover, the methods cause optical dark, bright and singular soliton
solutions in addition to singular periodic solutions along with para-
meter restrictions. For the full nonlinearity m = 1 and m = 2, optical
bright, dark and singular soliton solutions are emerged from Eq. (14) by
using of the trial equation approach while the only optical dark and
singular soliton solutions are emerged from Eq. (14) by using of the
modified simple equation technique. Also, the only optical bright and
singular soliton solutions are emerged from Eq. (40) by the methods.
Consequently, the trial equation architecture offers more optical soliton
solution types than the modified simple equation technique by using of
Eq. (14). The consequences acquired in this paper causes to consider the
model as more elaborate. The solutions obtained by the two strategic
methods show that the model is an integrable equation. For this reason,
the model can be considered with weakly non-local nonlinearity tied to
non-Kerr type nonlinearities such as power-law, quadratic-cubic law,
dual-power law, log-law, anti-cubic law, cubic-quintic-septic law and
triple-power law fiber nonlinearities. Also, the model can be extended
to not only birefringent fibers with four-wave mixing (FWM) but also
dense wavelength division multiplexed (DWDM) system. Thus, these
new and strategic models in communication technology can be in-
tegrated by using of the two strategic methods and finally optical so-
liton solutions can be obtained by the two strategic methods. The de-
tails of this very valuable work mentioned in this section is going to be
presented respectively.
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