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1. Introduction

The fundamental principle which permits optical solitons to sustain during long haul communications is the existence of a delicate
balance that persists between dispersion and nonlinearity which is also known as self-phase modulation (SPM) [1-15]. However,
when SPM is minimal or totally absent, solitons still do persist as described by Biswas-Arshed model [4,11]. This paper studies optical
solitons when, on the other hand, dispersive effect is a dominating factor. In addition to group velocity dispersion (GVD), when
higher order dispersion terms are also present, one encounters, highly dispersive optical solitons. This paper addresses the governing
nonlinear Schrodinger's equation (NLSE) in presence of inter-modal dispersion (IMD), third-order dispersion (30D), fourth-order
dispersion (40D), fifth-order dispersion (50D) and sixth-order dispersion (60D) terms. The model is considered with quadratic-cubic
(QC) nonlinearity. While such solitons with Kerr law nonlinearity has already been addressed in the past using the method of
undetermined coefficients as well as F-expansion scheme, this paper utilizes the second methodology. After a quick intro to the
model, the results are derived and sequentially enumerated.

1.1. Governing model

The dimensionless form of NLSE with QC nonlinearity in presence of dispersion terms of all orders is [6,7]:

iq, + ia1q, + a2q,, + (830, + A1l + 185Gy + 6T + (b1 1g1 + b2 1g2)g = 0. )]
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Here, in (1), q(x, t) represents soliton molecules and other forms of nonlinear waves where x and t are independent spatial and
temporal variables respectively. The first term represents linear temporal evolution, while a;, as, as, a4, as and ae are coefficients of
IMD, GVD, 30D, 40D, 50D and 60D respectively. Finally, while b; and b, together comprise the QC nonlinearity. The complex-
valued function q(x, t) is the wave profile that is the dependent variable. The coefficients are all real-valued constants whilei = ~/—1.

2. Mathematical analysis

In order to tackle (1), the starting hypothesis is selected as follows:
q(x, 1) = g(s)e™0, (@)
where g(s) represents the shape of the pulse and
s=x-—Vt, 3)
where v is the velocity of the soliton and
$(x, t) = —1x + wt + 6. (C))]

From the phase component ¢ (x, t),  is the soliton frequency, while w is the soliton wave number and 6 is the phase constant. Insert
(2) into (1) and then split into real and imaginary parts respectively. Thus real part give rise to

— (@ + x(—ay + x(ay + x(az — x(as + asx) + agk®))))g + b1g> + byg3
+ (ay + 3a3x — 6a4x* — 10asx® + 15a6x*)g” + (a4 + 5asx — 15a4x*)g@ + aeg® = 0, )

while imaginary part implies

v — @ + 24, + 3a3x2 — daux® — Sask* + 6a¢x7)g + (—az + 2x(2ay + 5x(as — 2a¢x)))g” — (as — 6agx)g® = 0. ©6)
From (6), one has the constraint as

as = 6agk. 7
Therefore, the coefficients of the remaining linearly independent functions lead to the other constraint condition

a; = 4x(as + 10a4x?), 8)
and then the velocity of the soliton emerges as

vV =qa — 2a,x — 8asx® — 96asx°. 9

Eq. (5) will now be examined by F-expansion scheme [9,10,13] in the next section.

3. F-expansion scheme

In order to kick off the integration process, the solution to (5) is taken to be
N
g(s) = ) $Fi(s),
j=0 (10
where 9; are constants to be determined and also F = F(s) is a solution of
(F')? = PF* + QF? + R, (11)

where P, Q and R are constants. Balancing g° with g©

in (5) gives N = 3. Thus one reaches
g(8) = 8y + Y F(s) + 9,F?(s) + 8:F3(s). (12)

Putting (12) into (5), collecting the coefficients of F, and solving the resulting system one has

_ VR0 + N1 _ X _ _
S = PN =7 =0, H=39,
w = Hg+ag(1580 + 1581 — PNy («9%‘7‘(9 + 5PR; (83(1177x2 — 8649Q) + 1343P X))
- 583 ’
_ 2 _ ag(Hio+ L5+ N3)
@ = Aak” =3kt T
. = 43575
as (83P(\/’Hn +JZo)+ S3(15x2 + TSQ)) —as8;
as = 583x ’
- 7235a6P3/2[Ro + Ry b, = 20160a6P3
V= am 2=
3 3 (13)
where
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/ 92P(90833Q2 — 4P R 3y — JH;
+ Lo(—6090~93P2Q\/WO + 2193P (90833Q2 — 1112004P R) + - 1)

302432 94P2,/ L (4611P2R? — 1104PQR — 16Q%)

N1=—

3;3‘7‘(2— JHL

N, = Ho +2H, + Lo

3.1. Jacobi elliptic function solutions

N, = 3607298P (1580711P\/Hg /Lo + 93(111469x2 + 335895Q)(v/Ho + v/L0))
’ 8 (14)
and
_ Ha 1008Hs _ Yra-yH
Lo = 4Ho  1343P3YHp— G 402932p3
[Ho3Hr— JHL
L = 1343})37,{3/2 + He — W
L, = 31582P\/Ho (8591Q2 — 64464P R)
2= 1343
L, = 48720094 (5441984Q* — 40431015PQ2R)
3= 2422300607P[Ho
L. = 30243/2 94P2,[H (4611P2R? — 1104PQ?R — 16Q*)
! JH2— JHy
L= 18832093Q (40431015P R — 5441984Q2)
’ PHo (15)
in which
Hy = 6+ 1’008 A Y- v;’o +3€1
1343P30, - oo + 01 402932 P
H = 6+ 6
7‘{2 = €2
_ 5693(36261P R +9508Q2)
H; = 1803649P2
H, = 64083Q (40431015P R — 5441984Q2)
A 2422300607P3
Hs = &
Mo = 593Q(812971620P R — 1142904209Q%)
6 = 1803649
7_{7 — 93483Q
1343P
Hy = 9B(Gayx + 213 (503 — 8asx) + ag(—65x° + 9Q(83x* — 13320P R)
+ 756012P R + 55125Q3% — 9455%2Q3?))
Hy = 747x* — 98280P R + 85455Q2% — 13870x*Q
Hiy = 20145(1343(1343x* + 42588P R) + 99905925Q2 + 7802830x2Q). (16)
Also here
6y = — 206391214080912P°Q%(30579312213P%R? — 5666847084P>Q?R2 + 530650080PQ*R — 19159424Q5)
& = 174142586880912P'OR*(127450522724P?R? — 173539586829PQ%R + 107366239041Q%)
6, = —9331285P3(1141749P3R3 — 1128194P2Q2R? + 294848PQ*R — 21312Q°)
o = 2893(36261P R + 9508Q2)
37 1803649P2
& = 3/291P2(—4611P2R* + 1104PQ%R + 16Q%). a7
As a result, the formal solution of Eq. (1) can be written as:
IRy + R N
g, ) = {2 4 2R (s) + 8,F3(s) b expli(—xx + wt + 6)].
24./358;, P2 2 (18)

By utilizing the solutions of (11), one can reveal Jacobi elliptic function solutions to the model as below:
Case l: P=m?>, Q=-(1+m), R=1,

E(s) = sns,

932
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[Ro+ R N
q(x, = {241,'3?793}3/2 + fsn [x = (a1 — 2a,x — 8a,x® — 96asx®)t]

+ 83s0° [x — (a1 — 2a,% — 8asx® — 96asx°)t]}

. H, 1580 + 1581 — PRy (82Hg + 5PNy (83(1177x% — 8649Q) + 1343P R
xexp[l{—xx+( 8 +a6 (1580 + 158 2 (95H9 + 5PN (93(1177x Q) + 2))))t+ 9}]

583
Case2:P=-m?, Q=2m?>-1, R=1-m? F(s)=cns,

q(x, t)= + ?cn [x — (@ — 2a,% — 8a,x> — 96a4x>)t]

VR0 + Ry
24,/358; P3/2

+ 9;cn? [x — (ag — 2a,x — 8asx® — 96a4x°)t]}

. H 1580 + 1581 — PRy (83Hg + SPR; (83(1177x2 — 8649Q) + 1343P N,
xexp[l{—1cx+( 8+ a6 (15R0 + 158 2 (B5Ho + 2 (83(1177x Q) + 2))))t+ 6}]

583

Case3:P=1, Q=—-(1+4+m?», R=m? F(s)=nss,

[Ro+R N
qx, )= {MN\B%T;/Z + TZDS [x = (@1 — 2a,% — 8a,x® — 96agx®)t]

+ 9;ns3[x — (a1 — 2a,% — 8asx® — 96asx°)t]}

. H, 1580 + 1581 — PRy (82Hg + 5PNy (83(1177x% — 8649Q) + 1343P R
Xexp[l{—xx+( 8 +a6 (1580 + 158 2 (95H9 + 5PN (93(1177x Q) + 2))))[+ 9}]

593
Case4:P=1, Q=-(1+m?», R=m? F(s)=dcs,

{ VR0 + Np

AN+ X _ _ _ 3_ 5
TR + 5 dc[x — (a; — 2a,x — 8ayx® — 96asx>)t]

q(x, )=

+ 8;dc3[x — (a1 — 2a3% — 8asx® — 96asx°)t]}

. Hs + a6 (15R0 + 1581 — PRy (83Hg + 5P R (83(1177x2 — 8649Q) + 1343PN;
Xw%{ﬂ“+(8%(o 1~ P (83Ho + 5PN, (83(1177¢2 — 86490) zmy+ﬂ}

583

Case5:P=1-m% Q=2-m? R=1, F@)=scs,

JRo+ 8y
24,/358; P3/2

q(x, )= {

+ 835¢3[x — (a1 — 2a,% — 8aux> — 96asx)t]}

+ %sc[x — (@1 — 2a% — 8asx® — 96asx°)t]

3
593

. Hg + 1580 + 15 8] — PRy (92H9g + 5PNy (83(1177x2 — 8649Q) + 1343P R,
XeXpl:l{—Kx+( s+ a6 (1589 1 2 (93H9 2 (83(1177x Q) 2))))[_’_6}].

Case6:P=1, Q=2-m? R=1-m? F@s) =css,

q(x, t)= + ?cs [x — (@ — 2a,% — 8a,x> — 96a4x>)t]

VR0 + Ry
24,/358; P3/2

+ 9383 [x — (a1 — 2a,x — 8asx® — 96asx°)t]}

. Hg + a6 (150 + 158 — PRy (83Hg + 5P R (83(1177x2 — 8649Q) + 1343PR;
xexp[l{—xx+( 8+ ae (1580 1 2 (85H9 2 (83(1177x Q) 2))))t+6}].

583

Case7:P=1/4, Q=1 —-2m?/2, R=1/4, F(s)=nss = css,

Ro+ 8y
24./358; P3/2

at 0= {

+ 9(ns[x — (a; — 2a% — 8ayx® — 96agx>)t] + cs[x — (@ — 2a,%x — 8aux> — 96a4x°)t])3}

. Hg+ 15R0 + 158] — PRy (82H9g + 5PN (83(1177x% — 8649Q) + 1343P N,
XeXp[l{—m+( 8+ a6 (1589 1 2 (93H9 2 (83(1177x Q) 2))))[+9}:|.

3
593

Case8:P=(1-m»D/4, Q=Q0Q+m?»/2, R=(1-m?/4, F(s)=ncs = scs,

VR + R

q(x, = {

24,/3583 P3/2

+ 83(ncx — (a1 — 2a,% — 8asx® — 96asx°)t] + sc[x — (a; — 2a,x — 8asx> — 96asx°)t])3}

. H 1580 + 1581 — PRy (83Hg + 5PR; (83(1177x2 — 8649Q) + 1343P N,
xexp[l{—xx+( 8+ a6(15R0 + 158 2 (B5Ho + 2 (83(1177x Q) + 2))))t+6}].

583
Case 9: P=m?/4, Q= (m®>-2)/2, R=m?/4, F(s)=sns * icns,

933

+ %(ns [x — (a1 — 2a,% — 8a,x® — 96asx)t] + cs[x — (@ — 2ak — 8asx® — 96asx>)t])

+ %(nc [x = (a1 — 2a,x — 8asx® — 96asx°)t] + sc[x — (a1 — 2a,x — 8asx> — 96asx>)t])

a9

(20)

(21)

(22)

(23)

(24)

(25)

(26)
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q(x l)= VR0 + N1
’ 24,/3583 P3/2

+ 83(sn[x — (a1 — 2a,% — 8asx® — 96aex>)t] + icn[x — (@ — 2axkx — 8asx> — 96a,x>)t])*}

. Hs + ag (1580 + 15R1 — PRy (83H9 + 5P Ry (83(1177x2 — 8649Q) + 1343P N,
Xexp[l{—xx+( 8+ a6 (1589 1 2 (95H9 = 2 (83(1177x Q) 2))))[+ 9}]
3

+ %(sn [x = (a1 — 2a,% — 8asx® — 96aex>)t] + icn[x — (@ — 2a,k — 8asx> — 96a4x>)t])

27)

Case 10: P=m%/4, Q= (m?>-2)/2, R=1/4, F(s)= 2

1+ dns’

qx, t)= { VRo+ X1 N2 ( sn [x — (a1 — 2azx — 8aqx3 — 96ag1)t] )

24.,/3583P3/2 2 \ 1+ dn[x— (a1 — 2a2x — 8a4x3 — 96agx>)t]

1+ dn[x — (a1 — 2azx — 8aqx® — 96agK>)t

. H 1580 + 1581 — PRy (83Hg + SPR; (83(1177x2 — 8649Q) + 1343P X,
xexp[l{—xx+( 8+ a6 (15R0 + 158 2 (B5Ho + 2 (83(1177x Q) + 2))))t+ 6}]

+ 193( sn [x — (a1 — 2a2% — 8a4 x> — 96a6x7)t] ] )3 }

583 28)

Case11: P= —1/4, Q=m?+1)/2, R=(1-m??/4, F(s)=mens + dns,

/No + N1
X, )= { Y ———
qx, 1) {24\/35«93P3/2

+ %(m cnfx — (@ — 2ax — 8asx® — 96agx°)t] + dn[x — (a1 — 2a,x — 8asx® — 96asx>)t])

+ 83(menfx — (a1 — 2a,x — 8asx® — 96ax°)t] + dn[x — (a; — 2a,x — 8asx® — 96asx°)t])3}

. Hs + a6 (15R0 + 1581 — PRy (83Hg + 5P Ry (83(1177x2 — 8649Q) + 1343PR
xexp[l{—xx+( 8+ ag (1580 1 2 (85H9 = 2 (83(1177x Q) 2))))t+ 6}]
3

(29)
Case 12: P=(1 — m®)*4, Q=(@m>+1)/2, R=1/4, F(s)=dss * css,

JRo+ 8y
24.,/3583P3/2

atr. 0= {
+ 93(ds[x — (@1 — 2a,% — 8aux> — 96ask>)t] + cs[x — (a; — 2a;x — 8ayx® — 96asx°)t])%}

. Hs + a6 (15R0 + 1581 — PRy (83H9 + 5P Ry (83(1177x2 — 8649Q) + 1343PN;
XeXp[l{—m+( s+ a6 (1580 1 2 (93H9 b 2 (83(1177x Q) 2))))[+ 6}]
3

. _ mZQZ _ _ sz _ Q
Case13:P >0, Q <0, R= Temiie F(s) = TP sn( | Tond s),

R
qx, )= { VRot® ﬁ( mQ sn( Q [x = (a1 — 2a,% — 8asx® — 96a67c5)t]))

24./358; P3/2 2 1 +m3)P 1+ m?

+ %(ds [x — (a1 — 2a,x — 8a,x® — 96asx)t] + cs[x — (a; — 2ax — 8asx> — 96asx>)t])

(30)

3
+ 83( _mq_ sn( Q_[x — (@ — 2ayx — Sa,x® — 96a6k5)t])) }

T a+mdP T1em?

. H 1580 + 1581 — PRy (83Hg + SPR; (83(1177x2 — 8649Q) + 1343P R,
xexp[l{—xx+( 8+ a6 (1580 + 158 2 (B5Ho + 2 (83(1177x Q) + 2))))t+ 6}]

583 31

~ m2-22p’

/R + R
q(x, t)= { yRor®™ %(\/ (2_?”2)}7 dn(\/2 9 [x = (& — 2a,x — 8a,x3 — 96a61<5)t]))

24,/358;P3/2 —m?

3
+ S@(J—ﬁ dn(\/zfm2 [x = (a1 — 2a,x — 8asx® — 96a6x5)t])) }

. Hg+ 1580 + 15 8] — PRy (92H9g + 5PNy (83(1177x2 — 8649Q) + 1343P R,
XeXpl:l{—Kx+( 8+ a6(15N9 1 2 (93H9 2 (83(1177x Q) 2))))[_’_6}].

) _ a-m@ - [ Q_
Case14:P <0, Q >0, R="7"2% F(S)—\/ @—mdp dn(\/zfmzs)’

3
593

(32)

Case15:P=1, Q=m’+2, R=1-2m>+m' F(s)= 0

N

(X t)— VRo + Xy Ry [ dn[x— (a1 —2a2 — 8aq13 — 96a6x>)t] cn [x — (a1 — 2apx — 8aqx3 — 96agxd)t]
gt 24.,/358; P3/2 2 sn [x — (a1 — 2a2% — 8ag x> — 96a6x7)t]

+9 dn [x — (a1 — 2a2x — 8a4x3 — 96agx>)t] cn [x — (a1 — 2azk — 8a4x3 — 96agxd)t] 3
3 sn [x — (a1 — 2a2% — 8agx3 — 96a6x7)t]

. Hg + ag (1580 + 1581 — PNy (82Hg + SPR; (83(1177x2 — 8649Q) + 1343P N,
xexp[l{—xx+( 8+ a6 (1580 1 2 (95H9 = 2 (83(1177x Q) 2))))t+ 9}]
3

(33)

2(m—1)2 2 2
Case 16: P = w’ Q= m2+1 +3m, R= (m—1) , F(s) = dnscns

442 A+ sns)(1 +msns)’

934
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m sn? [x — (a1 — 2axx — 8ag x> — 96agx)t] + 1

qx, )= _YRo+R1
’ 24,/358; P3/2
+ Ry dn [x — (a1 — 2a2x — 8a4x3 — 96a6k>)t] cn [x — (a1 — 2a2k — 8aqx3 — 96agxd)t]
2 \A(1 + sn[x— (a1 — 2a2x — 8a4x3 — 96agx”)t])(1 + m sn [x — (a1 — 2a2x — 8agx3 — 96agx7)t])
+9 dn [x — (a1 — 2a2x — 8a4x> — 96a6x7)t] cn [x — (a1 — 2a2k — 8a4x> — 96a6x>)t] 3
3\ A+ snlx— (a1 — 2a2x— 8a4x3 — 96agx)])(1 + m sn [x — (a1 — 2a2% — 8a4x® — 96agx)1])
. Hg + a6 (15R0 + 15X — PRy (83H0 + 5PRy (83(1177x2 — 8649Q) + 1343PR3)))
Xexpfiq—mx S t+6}|
593
4 d
Case17: P=——, Q=6m—-m’-1, R=-2m’+m'+m?, F(s) =25,
m msn®s+1
gl = |
’ 24,/358; P3/2
+ X ( m en [x — (a1 — 2ap% — 8aaxc — 96a6x) 1] dn [x — (a1 — 2ap% — 8aax® — 96aex>)t] )

+8 men [x — (a1 — 2apx — 8agx3 — 96agx5)t] dn [x — (a1 — 2a2x — 8ag x> — 96ask>)t] 3
3 m sn? [x — (a1 — 2a2% — 8ag x> — 96agx)t] + 1

. Hg + ag (1580 + 1581 — PRy (93Hg + 5PNy (83(1177x2 — 8649Q) + 1343P R
xexp[l{—xx+( 3+ a6 (1580 1 2 (83Hy 2 (93(1177x Q) 2))))t+9}].

583
. _ _ 1—2m? _ __sns
Case 18: P=1/4, Q= 2 R=1/4, F(s)= 1+ cns’
_ R+ R Ry [ sn[x— (a1 — 2ayx — 8aqr3 — 96a6x)t]
q(x, D)= {24\/?33})3/2 + 2 (1¢ en [x — (a1 — 2azx — 8aax® — 96a6x>)t]

+9 sn [x — (a1 — 2a2% — 8a4x3 — 96a6x7)t] 3
3\1 + cn[x — (a1 — 2a2x — 8agx® — 96agx)t]

. H 1580 + 1581 — PRy (83Hg + SPR; (83(1177x2 — 8649Q) + 1343P X,
xexp[l{—xx+( 8+ a6 (1580 + 158 2 (B5Ho + 2 (83(1177x Q) + 2))))t+ 6}]

583
Case19: P= =7 Q=1tm p_l=m  p- oo
T a2 - 2 2 -4 ~ 1xsns’
(X t)_ VRo + ¥ Ny cn [x — (a1 — 2azx — 8agx3 — 96a6x5)t]
g% D= 24\/35493,P3/2 2 \ 1+ sn[x—(a; —2a2x — 8agx> — 96asx>)t]

+ 93( cn [x — (a1 — 2azx — 8a4x3 — 96agx)t] : )3 }

1+ sn[x— (a1 — 2azx — 8agx3 — 96agx>)t

. H; 15N 158) — PRy (83H. 5PNy (83(1177x2 — 8649 1343PN;
Xexp[l{_xx*_( s+ a6 (158 + 15N — PNo (9Ho + SPRa (83(17722 ~ 8649Q) + ﬁ»)[+_9}].

3
583

2—m?—2m 2
R= L

2—m2—2m1 m? mesnscns
s p=2"MTom =" _q1- = F =———
Case 20 4 , Q 2 3my, 4 ’ ) sn?s+(1+mp)dns—1—my’

qlx, =
’ 24,/3583P3/2
Ry m?sn [x — (a1 — 2a2x — 8aax3 — 96a6x>)t] cn [x — (a1 — 2azx — 8agx> — 96agx>)t]
2\ sn? [x — (a1 — 2ap% — 8aqx3 — 96agx5)t] + my dn [x — (a1 — 2axx — 8agx> — 96agx>)t] — my

+ m? sn [x — (a1 — 2ap% — 8ag k3 — 96a6x>)t] cn [x — (a1 — 2a2x — 8agx> — 96asx>)t] 3
3 sn2 [x — (a1 — 2a% — 8aqx3 — 96agx>)t] + my dn [x — (a1 — 2azx — 8ag x> — 96agx)t] — my

. Hg + ag (1580 + 1581 — PRy (83Hg + 5PNy (83(1177x2 — 8649Q) + 1343P R
xexp[l{—Kx+( 8+ a6 (1589 1 2 (95Ho = 2 (93(1177x Q) 2))))t+ 6}],
3

where my =1+ m; .

2—m2+2m1 m? 2—m2+2m1 m?snscns
Case 21: P = ———~— =—-143m R=——F"— F(s) =
4 2 Q 2 + 1 4 ’ ( ) sns+ (=1 +my)dns—1—m’
q (x l)_ VR0 + N1
’ 24,/3583 P3/2
Ry m? sn [x — (a1 — 2a2x — 8a41x3 — 96agx5)t] en [x — (a1 — 2azx — 8agx> — 96agx>)t]
2\ sn? [x — (a1 — 2azx — 8agx3 — 96agx>)t] + m3 dn [x — (a1 — 2ax — 8agx> — 96agK>)t] — my

+ m? sn [x — (a1 — 2apx — 8aqx3 — 96agx5)t] cn [x — (a1 — 2axx — 8ag x> — 96asK>)t] 3
3\ sn2 [x — (a1 — 2a2% — 8ag x> — 96a6x7)t] + m3 dn [x — (a1 — 2azx — 8ag x> — 96agxk)t] — my

. Hg + a6 (15R0 + 15X — PRy (83Hg + 5P Ry (83(1177x2 — 8649Q) + 1343PR
xexp[l{—xx+( 8+ ae (15N 1 2 (85H9 = 2 (83(1177x Q 2))))t+6}],
3

where mg = —1 + m;y.

935

Optik - International Journal for Light and Electron Optics 182 (2019) 930-943

(34)

(35)

(36)

(37)

(38)

(39
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| B2-c2
|———>—5 + sns
. C2m* — B2+ C2)m2 + B2 m2+1 m2—1 _ \B2-2m2
Case 22: P = . s Q=75 R=iGopm, FO= "o m
/No + Ny
X, t)= =
q0x, 1) {24\/3583P3/2
[ B2-c2 3
N 5 \‘wm + sn [x — (a1 — 2a3% — 8aq k3 — 96agkO)t]
2 | Ben[x— (a1 — 2a2x — 8agx® — 96agx>)t] + C dn [x — (a1 — 2azk — 8a4x3 — 96agx5)t]
[B_c2 3
‘Cﬁ + sn [x — (a1 — 2apx — 8asx3 — 96agx5)t]
+8 VB2 C2m
3 Ben [x — (a1 — 2a2x — 8ag k3 — 96agx>)t] + C dn [x — (a1 — 2axx — 8ag x> — 96acx>)t]
. Hg+ ag(15R0 + 158 — PRy (9%’7‘19 + 5PR; (83(1177x2 — 8649Q) + 1343P X))
X exp[l{—xx + ( 553 t+ 6} “40)
[Cm2ep2-C2 o
. p_ B2+Cm? _1 2 _ 1 _\ B+
Case23: P=-""", Q=,-m), R= 5 oo, Fl)=""""r "
¢ )
No + X
gl = ==
24,/3583 P
[c2m2+B2-C2
® \‘C% + cn [x — (a1 — 2a2x — 8aqx3 — 96a6x7)t]
2 | Bsn[x— (a1 — 2ap% — 8aqx3 — 96agx5)t] + C dn [x — (a1 — 2azk — 8a4x3 — 96agxd)t]
[+ B2_c2 3
\‘ﬁ + cn [x — (a1 — 2a2x — 8aq x> — 96a6x>)t]
+ \ B2+ C2m
3 Bsn [x — (a1 — 2azx — 8a4x3 — 96a6x5)t] + C dn [x — (a1 — 2a2x — 8agx> — 96agx>)t]
. Hg+ag(15R0 + 1581 — PRy (83Hog + 5PNy (83(1177x2 — 8649Q) + 1343PRy)))
X exp[l{—xx + ( 5] t+ 0} | 1)
| B2+ 2 - C?m?
C 24 P B2+ (2 m? 1 R m* F \4“ B2+C2 + dns
ase24: P=——, Q=7 -1, = aBic ) = Fmsrcms
/N + R
qlx, = =
24,/353; P
| B2+ C2 - C?m? 3 5
® V‘W + dn[x — (a1 — 2a2x — 8aax® — 96agx>)t]
2 | Bsn[x— (a1 — 2a2x — 8aqx3 — 96agx>)t] + C cn [x — (a1 — 2a2x — 8ag x> — 96a6x>)t]
| B2+ 2 - C?m? :
|[— =+ dn [x — (a1 — 2a2% — 8a4 x> — 96a6x7)t]
+3 V. B2icC
3] Bsn [x — (a1 — 2a2x — 8ag k3 — 96a6x>)t] + C cn [x — (a1 — 2axx — 8ag x> — 96agx7)t]
. Hg + ag (1580 + 1581 — PRy (83Hg + SPN; (93(1177x2 — 8649Q) + 1343PNy)))
xexp[l{—xx+( R t+0r |
3 (42)
3.2. Weierstrass elliptic function solutions
Upon recapitulating, Weierstrass elliptic function is defined as [15]:
p( )=+ ! !
Z, W1, Wy) = — Z - .
T z? (z + 2mw; + 2nw,)?>  (2me; + 2nw,)? 43)

{m,n}#{0,0}

Now, by the help of the solutions of (11) given in [12], one can recover Weierstrass elliptic function solutions as:

Case 25: g, = +(Q> — 3PR), g, = 32(-2Q> + 9PR), F(s) = J;[go(s; g &) - 1],
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q(x, t)= {V/NO—NI + % %[@(x — (a1 — 2ax — 8aqx® — 96asx)t; 85, &;) — lQ]

24,[3583P3/2 3

3
+ 93(\/%[@@ — (m — 2mx — 8asx® — 96a6x)t; g5, &) — %Q]) }

. Hs + a6 (150 + 1581 — PR3 (83Hg + SP Ry (83(1177x2 — 8649Q) + 1343P N
XeXp[l{—Kx+( 3+ a6 (1589 1 2 (935H9 2 (83(1177x Q) 2))))t+9}].

583
.o =402 — R _H02 — 3R
Case 26: g, = 3(Q 3PR), g 27( 2Q%* + 9PR), F(s) ErTeraramrE
_ VR0 +R; Ny 3R
q(x’ t)_ {24\/'?93P3/2 + 2 3!,,21(x—(a1—2a2;<—8a4k3—96&(,;{5)[;g2,g3)—Q

3
3R
+9 3 3 o
% (x— (a1 — 2a2x — 8agx> — 96a6x")t; 85, 83) — Q

583

. H 1580 + 1581 — PRy (83Hg + SPR; (83(1177x2 — 8649Q) + 1343P X,
xexp[l{—xx+( 8+ as(15R0 + 158 2 (B5Ho + 2 (83(1177x Q) + 2))))t+ 6}]

5QD + 4Q2 + 33PQR _ 21Q%D — 63PRD + 20Q3 — 27PQR _ J12R@ (5;82,83) + 2R(2Q + D)
—_—— = g, = ,F(s) =

Case 27: g, = 2 ) 3 26 Lp(ierg) +D s

(x [)— NOTESS Ny Vr“lzR % (x— (a1 — 2a2x — 8a4x3 — 96a5x5)t;g2,g3) +2R(2Q+D)
g, b= 24,/3583 p3/2 2 129 (x— (a1 — 2a2x — Sagx3 — 96a6K5)t;g2,g3) +D

3
8 \,"IZR@ (x— (a1 — 2azx — Bagx® — 96a5k5)t;g2,g3) +2R(2Q+D)
3 12¢0 (x — (a1 —2a21<—8a4x3—96a(,x5)t;g2,g3)+ D

3
583

. H, 1580 + 1581 — PRy (82Hg + 5PNy (83(1177x% — 8649Q) + 1343P R
Xexp[l{—xx+( 3+ a6 (1589 1 2 (93H9 2 (83(1177x Q) 2))))[+ 9}]

VR[6% (5:85.83) + Q
390 (538283

>

Case 28: g, = -Q> + PR, g =5-QB6PR - Q?), F(s)=

(x, )= VRo + Ry R VR [6 (x — (a1 — 202 — 8a4x® — 96a6x°)1; 85, 83) + Q|
g, b= 24,/358;P3/2 2 3¢ (x— (a1 — 2a2k — 8a4x> — 96a6x)t; 85, 83)

+5 VR [6% (x — (a1 — 2a2x — 8agx® — 96a6K5)t;g2,g3) +Q] 3
3 3¢ (x— (a1 —Zazk—8a4x3—96a5x5)t;g2,g3)

A Hg + ag (1580 + 1581 — PRy (83Hg + 5PNy (83(1177x2 — 8649Q) + 1343P R
xexp[l{—xx+( 8+ a6 (1580 1 2 (83Hy 2 (83(1177x Q) 2))))t+9}].

3
593

. _ 1~ _ 1 _ N2 _ 39 (5:82.83)
Case 29: g, = SQ*+ PR, g = 216Q(36PR Q%), F()= TFlop g0+ Q1

(X [)_ JRo + Ny N 3¢’ (x— (a1 — 2azx — 8aax® — 96a6x5)t;g2, £)
qix, b= 24/358; P3/2 2 JP[6g (x— (a1 — 2a2x — 8agx® — 96a6x°)t; g5, 83) + Q|

+8 3¢’ (x— (a1 — 2a2 — 81147(3 - 96a(,1(5)t;g2, &) 3
3 JP[6 (x— (a1 — 2apx — 8agx3 — 96a5K5)t;g2,g3) +Q]

. H, 1580 + 1581 — PRy (83Hg + 5PR; (83(1177x2 — 8649Q) + 1343P N:
xexp[l{—xx+( 8+ ae (1580 1 2 (85H9 2 (83(1177x Q) 2))))t+6}].

583

2 2 3 [-15Q/ 2P g (s; ).
Case 30: R = 5Q g = %, g = % F(s) = QUISQ /2P o (si8.83)

36P° 547 3psgme)+Q
x, )= YRo + Xy Ry QY =15Q /2P g (x — (a1 — 2azx — 8a4x> — 96a6x7)t; 85, 83)
qtx, b= 24Vr’3583P3/2 2 3 (x — (a1 — 2azk — 8agx3 — 96a6KO)L; 8,83 +Q

5 Qy=15Q/ 2P g (x — (a1 — 2az2k — 8a4x3 — 96a6x>)t; 85, 83) 3
3 3¢ (x— (a1 — 2a2k — 8a4x> — 96a6K7)t; 85, 83) + Q

5983

. H, 1580 + 1581 — PRy (83Hg + SPR; (83(1177x2 — 8649Q) + 1343P N,
xexp[z{—xx+( s+ ae (1580 1 2 (85H9 2 (83(1177x Q) 2))))t+ 6}]

3.3. Soliton and other solutions

(44)

(45)

(46)

(47)

(48)

49

When the modulus m — 1, bright, dark and singular solitons, the combined solitons, and complexiton solutions are derived as:
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VR0 + N1
24,/3583 P3/2

q(x, )= {
+ 8stanh3[x — (a; — 2a,% — 8asx® — 96asx°)t]}

. Hs + ag(15R0 + 15R1 — PRy (83H9 + 5P Ry (83(1177x2 — 8649Q) + 1343P N,
xexp[l{—xx+( 8+ a6 (1589 1 2 (93H9 = 2 (83(1177x Q) 2))))t+ 9}]’
3

+ %tanh [x — (@, — 2a,x — 8a,x> — 96a4x>)t]

(50)
—
— VR0 + Ry N _ _ _ 3 _ 5
q(x, t)= {24¢F‘:>3P3’2 + = sech [x — (a1 — 2a,x — 8asx® — 96asx°)t]
+ 93sech’ [x — (@ — 2a,% — 8asx® — 96asx®)t]}
H R Ny — PR (83H0g + 5PN (8 2 PR
% exp[i{—xx + ( s+ ag(1580 + 158 2 (83 9+;93 2 (8311772 — 8649Q) + 1343 2))))t + 6}],
3 (51)
No+ R N
q(x, D= {w + fcoth[x — (a1 — 2a,% — 8asx® — 96asx°)t]
+ Sscoth’[x — (a; — 2a,x — 8aux® — 96asx°)t]}
*H, R R — PRy (93H Ny (8 2 R
xexp[i{—xx+( 5+ a6 (15N + 158 — PRy (83 9+5591; 2 (83(1177x% — 8649Q) + 1343P 2))))[+ 9}]
3 (52)
Solutions (50)—(52) are dark, bright and singular solitons respectively.
No+ R Ny .
q(x, t)= {W + Zsinh[x — (@ — 265 — 8agx® — 96a5x°)t]
+ 85sinh?[x — (a1 — 2a,x — 8aysx® — 96asx°)t]}
. H R Ny — PRy (82H9 + 5PN, (8 2_ PR
% exp[l{—Kx + ( 8 + a6 (1580 + 158] 2 (82 9+;93 2 (83(1177x2 — 8649Q) + 1343 2))))t + 9}],
3 (53)
(x, )= RorR 2 esch[x — (@ — 2% — 8a4x3 — 96a4x5)1]
EA 24/3583P3/2 2 1 2 4 6
+ 93csch’[x — (a; — 2a;% — 8ayx® — 96asx°)t]}
H, R R — PRy (93H Ny (8 2 R
xexp[i{—;cx+( 8+ ag (150 + 158y — PRy (83 9+521; 2 (83(11772 — 8649Q) + 1343P z))))[+ 6}],
3 (54)
Solution (54) is the second form of singular soliton solution to the model.
_ VR0 + N1
ate 0= {00
+ %(coth[x — (a1 — 2ayx — 8agx® — 96a¢x°)t] + csch[x — (a; — 2a,% — 8asx® — 96asx°)t])
+ 93(coth[x — (@ — 2a,% — 8asx® — 96a¢x>)t] + csch[x — (a1 — 2a,%x — 8azk® — 96ax°)t])%}
H R Ny — PRy (83H, Ny (8 2 N,
xexp[i{—;cx+( 5+ a6 (1500 + 158 — PRy (83 9+521; 2 (93(1177% — 8649Q) + 1343P 2))))t+ 6}],
3 (55)
_ VR0 + R
e B
+ %(cosh[x — (a1 — 2a3% — 8ayx® — 96asx°)t] + sinh[x — (@, — 2a,% — 8a,x> — 96asx>)t])
+ 93(cosh[x — (@ — 2a,% — 8asx3 — 96a¢x>)t] + sinh[x — (a1 — 2a,x — 8asxk> — 96asx°)t])%}
H ® Ny — PRy (83H, Ny (8 2 N,
xexp[i{—;cx+( 8+ ag (150 + 158y — PRy (83 9+521; 2 (83(11772 — 8649Q) + 1343P z))))[+ 6}],
3 (56)
Solution (55) and (56) also represents singular solitons.
_ VR0 + N1
q(x, = {72 WD
+ %(tanh[x — (a1 — 2a3% — 8asx® — 96ax°)t] + isech[x — (a1 — 2a;% — 8asx® — 96asx°)t])
+ 9(tanh[x — (@, — 2a,x — 8asx® — 96a¢x>)t] + isech[x — (@, — 2a% — 8asx® — 96a4x>)t])*}
H N Ny — PRy (83H, N (8 2 R
xexp[i{—xx+( 5+ a6 (15 R0+ 158 — PRy (63 9+:; 2 (83117762 — 8649Q) + 1343P z))))H_ 6}],
3 (57)

Then, solution (57) represents complexiton solutions.
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(X l)— JRo + N Ry tanh[x — (a1 — 2a2x — 8agx> — 96agx>)t]
qe 24,/3593P3/2 2 \ 1+ sech[x— (a1 — 2azx — 8a4x3 — 96agx)t]

+ 83( tanh[x — (a1 — 2a2x — 8a4x3 — 96agx>)t] ] )3 }

1+ sech [x — (a1 — 2az% — 8aqx3 — 96agxd)t

. Hg + a6 (15 R0 + 15X — PRy (82H0g + 5P Ry (83(1177x2 — 8649Q) + 1343PN;
xexp[l{—xx+( 8+ a6 (15Ro 1 2 (85H9 2 (83(1177x Q) 2)>))t+6}],

3
593 (58)
q(x, t)= Ror N, sech [x — (a; — 2a,% — 8asx® — 96a4x°)t]
’ 243583 P32 1
+ 883sech? [x — (@ — 2a,% — 8ayx® — 96agx>)t]}
H. R Ri — PRy (83Hg + 5PN, (8 2 — 8649 343PR
xexp[i{—xx+( 5+ a6 (15 R0 + 15 — PRy (82 9+5533 5 (831177 Q) +1 2))))t+ 6}]
3 (59
= R0 R N esch 2 8a,x3 — 96a6x
qx, t)= PN + Ny csch [x — (q) — 2a,x — 8ayx® — 96asx°)t]
+ 893 csch?[x — (a1 — 2a,% — 8asx® — 96a4x°)t]}
H. R Ri — PRy (83Hg + 5PN, (8 2 — 8649 343PR
xexp[i{—xx+( 5+ a6 (15R0 + 158 — PRy (82 9+5533 2 (83117762 — 8649Q) + 1 2))))t+ 6}]
3 (60)
Next, (59) and (60) are bright and singular solitons respectively.
JE—
_ VRo+ Ry X Q Q 3
q(x, t)— {W + 7( 2 tanh( - [x - (al — 2a,x — 8asx’ — 96a67<5)t]))
3
+ 83( —% tanh(J—% [x = (a1 — 2a,% — 8ayx® — 96a61<5)t])) }
H, R Ry — PRy (83H Ny (8 2 R
xexp[i{—kx+( 5+ a6 (15N + 158 — PRy (83 9+5591; 2 (83(1177x2 — 8649Q) + 1343P 2))))[+ 9}]
3 (61)
[Ro+ R R
qx, t)= {241/32—7;/2 + 72(4/—% sech (/Q [x — (@ — 2a,x — 8a,x® — 96a(,1<5)t]))
3
+ 83(,/—% sech (\/Q [x — (@) — 2a,% — 8ayx® — 96a6x5)t])) }
*H, R R — PRy (83H Ny (8 2 R
X exp i{—xx+( 5+ a6 (1500 + 158 — PRy (83 9+5591; 5 (93(1177% — 8649Q) + 1343P 2))))[+ 9} ’
3 (62)

Again (61) and (62) are dark and bright solitons respectively. The solution (61) is valid for Q < 0 and P > 0 while the solution (62)
exists forQ > Oand P < 0.

_ VR0 + R 3 5
q(x, t)= {W + Nycesch2[x — (a; — 2a,% — 8ayx® — 96asx)t]

+ 8893csch2[x — (@) — 2arx — 8asx® — 96a¢x®)t]}

. Hs + a6 (15R0 + 158 — PRy (83Hg + 5P Ry (83(1177x2 — 8649Q) + 1343P N,
xexp[l{—xx+( s+ ae (1580 1 2 (85H9 = 2 (83(1177x Q) 2))))t+ 9}],
3

(63)
Eq. (63) represents singular solitons.
— VR0 + Ry Ny _ _ _ _ 3 _ 5
q(x, t)= {24¢T93P3/2 + . exp(—2[x — (a1 — 2a,x — 8ayx® — 96a4x°)t])
3
+ Xzexp(—6[x — (a1 — 2a% — 8ayx® — 96(161{5)[])}
» exp[i{—kx . (‘H3+a5(15No+ 158 — PRy (83Ho +55;N2 (83(1177%% — 8649Q) + 1343px2))))[ + 9} ]
3 (64)
— J YRt ) —(q — _ 3 _ 5
qx, t)= {24V’T«93P3 7t sech2[x — (a; — 2a,x — 8a4x> — 96a4x>)t]
+ 93sech32[x — (@, — 2a,% — 8ayx® — 96agx>)t]}
« exp[i{—;cx + (’Hx+as(15Nn+ 1581 — PRy (83Ho :;Nz (83(1177x2 — 8649Q) + 1343PN2))))t + 6} ],
3 (65)

Eq. (65) is another form of bright solitons.

939



A. Biswas et al. Optik - International Journal for Light and Electron Optics 182 (2019) 930-943

(X l)— JRo + N Ry tanh[x — (a1 — 2a2x — 8agx> — 96agx>)t]
qe 24,/3593P3/2 2 \ 1+ sech[x— (a1 — 2azx — 8a4x3 — 96agx)t]

+ 83( tanh[x — (a1 — 2a2x — 8a4x3 — 96agx>)t] ] )3 }

1+ sech [x — (a1 — 2az% — 8aqx3 — 96agxd)t

. Hg+ 1580 + 158 — PRy (82H9g + 5PN; (83(1177x2 — 8649Q) + 1343P N
XeXpI:l{—Kx+( s+ a6 (1580 1 2 (93H9 bt 2 (83(1177x Q) 2))))t+ s}:l’
3

(66)

q (x t)— { VN0 + R Ny ( sech [x — (a1 — 2azx — 8a4x3 — 96a6x5)t] )
, D= X2

24J35~93P3/2 2 \ 1+ tanh[x — (a1 — 2a2x — 8agx3 — 96agx>)t]

+9 sech [x — (a1 — 2a2% — 8a4x3 — 96agx>)t] 3
3 1+ tanh[x — (a1 — 2a2x — 8a4x3 — 96agx3)t]

. Hg + a6 (150 + 158 — PRy (83Hg + 5P Ry (83(1177x2 — 8649Q) + 1343PN;
xexp[l{—xx+( s+ a6 (1580 1 2 (85H9 = 2 (83(1177x Q) 2))))t+ 9}],
3

(67)

_ VR0 + N1 Ry X — (a1 — 2azx — 8a4x> — 96agx>)t
q(x, t)= {7 +35 coth [

24,/3583 P3/2 2

2

. Hg+ 15R0 + 158 — PRy (82H9g + 5PN (83(1177x% — 8649Q) + 1343P N
XeXp[l{—m+( s+ a6 (1589 1 2 (93H9 2 (83(1177x Q) 2))))[4_6}]’

+8 COth3 [ x— (a1 — 2a3x — 8a4x3 — 96a6x5)t ] }
3

3
593

(68)

/NRo + Ry Ny X — (a1 — 2azx — 8agx3 — 96agx)t
x, 1) =4{—Y2" — Z2tanh
q(x, 1) {24v’3593P3/2 2 2

_ 83tanh3 [ x — (a1 — 2axx — 8agx> — 96agx)t ] }
2

. Hs + a6 (150 + 15X — PRy (83Hg + 5P R (83(1177x2 — 8649Q) + 1343PR;
xexp[1{—1cx+( 8+ a6 (1580 1 2 (85H9 2 (83(1177x Q) 2))))t+6}],

5983

(69)
Finally, (68) and (69) respectively represent singular and dark solitons to the model.

VR0 + R Ny

_ _ _ — 3 _ 5
q(x, t)= {72”%})3,2 G+0 exp[x — (@ — 2apx — 8ayx® — 96asx>)t]

9
+ (BJrsc)s exp 3[x — (@ — 2a,x — 8a,%> — 96(167{5){]}

. Hg+ 15R0 + 158 — PRy (82H9g + 5PN (83(1177x% — 8649Q) + 1343P N
x eXp[l{—?OC " ( s+ a6(15N9 1 2 (93H9 = 2 (83(1177x Q) 2))))[ " 9}],
3

(70)

VR0 + X1
24./358; P3/2

atr. ) = {
‘3372 + sech [x — (a1 — 2azx — 8ag x> — 96a6x7)t]
Ny \VB2+c2
2 | Btanh[x — (a1 — 2a3x — 8agx3 — 96agx>)t] + C sech [x — (a1 — 2azx — 8aq1x3 — 96agx)t]

3

| B2
\ B2+ 2
Btanh[x — (a1 — 2a2x — 8aqx> — 96agx>)t] + C sech [x — (a1 — 2a2x — 8aqx> — 96a6x7)t]

+ sech [x — (a1 — 2a2x — 8agx® — 96agx>)t]

+9;

. Hg + a6 (150 + 1581 — PRy (83Hg + 5P Ry (83(1177x2 — 8649Q) + 1343PR;
xexp[l{—xx+( 8+ a6 (1580 1 2 (85H9 = 2 (83(1177x Q) Z))))t+ 6}]
3

(71)

3.4. Trigonometric function solutions

However, if m — 0, periodic waves, periodic singular waves and a combination of such solutions fall out as follows:

q (X [)= VR0 + R
’ 24,/3583 P3/2

+ 85sin’[x — (@) — 2axx — 8asx> — 96a4x>)t]}

. Hs + ag(15R0 + 15R) — PRy (83H0 + 5P Ry (83(1177x2 — 8649Q) + 1343P N,
xexp[l{—xx+( 8+ a6 (1589 1 2 (95H9 = 2 (83(1177x Q) 2))))t+ 9}]’
3

+ %sin [x — (@, — 2a,x — 8a,x® — 96a,x°)t]

(72)
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q(x, )=

q(x, )=

q(x, )=

q(x, )=

q(x, )=

q(x, )=

q(x, )=

q(x, )=

q(x, )=
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Ror 22 cos[x — (@1 — 2a,k — 8asx® — 96a5x°)t]
24,/3583 P3/2 2 1 2 4 6

+ 85c083[x — (a1 — 2a,x — 8asx® — 96asx°)t]}

. H, 1580 + 1581 — PRy (82Hg + 5PNy (83(1177x% — 8649Q) + 1343P R
xexp[l{—xx+( 8 +a6 (1580 + 158 2 (95H9 + 5PN (93(1177x Q) + 2))))t+ 9}]’

583
JE—
VR0 + Ry Ny _ _ _ 3 _ 5
{72%,%})3,2 + 5 csclx — (@ — 2a,% — 8ayx® — 96asx°)t]

+ 93cs¢3[x — (a1 — 2a% — 8asx® — 96aex>)t]}

. H 1580 + 1581 — PRy (83Hg + SPR; (83(1177x2 — 8649Q) + 1343P N,
xexp[l{—xx+( 8+ as(15R0 + 158 2 (B5Ho + 2 (83(1177x Q) + 2))))t+ 9}],

5983

N

[Ro + %y
N —=

PN sec[x — (@ — 2ax — 8asx> — 96a¢x®)t]
N

+ 93sec[x — (@ — 2a,% — 8ayx® — 96a¢x>)t]}

. Hg+ 15R0 + 158 — PRy (82H9g + 5PN (83(1177x2 — 8649Q) + 1343P N
x exp[l{—xx 4 ( 8+ a6(15N9 1 2 (93H9 bt 2 (83(1177x Q) 2))))[ " 9}],
3

{ JRot %tan[x — (a4 — 2a;x — 8a,4%® — 96asx°)t]

24,/3583 P3/2

+ Sstan®[x — (@, — 2a,x — 8a,x> — 96agx>)t]}

. H 1580 + 1581 — PRy (83Hg + SPR; (83(1177x2 — 8649Q) + 1343P X,
xexp[z{—xx+( 8+ a6(1580 + 158 2 (85H9 + 5P Ry (83(1177x Q) + 2))))t+ 9}],

5983

VRo+ R R —(a — _ 3 _ 5
{zw?sgfﬁ 7t cot[x — (a1 — 2a,x — 8ayx® — 96a4x>)t]
+ 9sc0t3[x — (a1 — 2a3% — 8ayx® — 96asx°)t]}

R Hg + a6 (150 + 15R) — PRy (83Hg + 5P R (83(1177x2 — 8649Q) + 1343PN;
XeX];)I:l{—KX+( 8+ a6 (1580 1 2 (95H9 = 2 (83(1177x Q) 2))))t+ s}:l’
3

VR0 + R
24,/3583 P3/2

+ %(csc[x — (a1 — 2a3% — 8ayx® — 96asx°)t] + cot[x — (a1 — 2a,x — 8asxk> — 96asx°)t])

+ 93(cscx — (@ — 2ax — 8ayx® — 96agx>)t] + cot[x — (a; — 2a,x — 8ayx® — 96asx>)t])%}

. Hs + a6 (1580 + 15R) — PRy (83Hg + 5P Ry (83(1177x2 — 8649Q) + 1343P N,
XeXp[l{—m+( s+ a6 (1580 1 2 (93 H9 b 2 (83(1177x Q) 2))))[+ 9}],
3

VR0 + N1
24,/3583 P3/2

+ %(sec [x — (@, — 2a,% — 8asx® — 96a¢k>)t] + tan[x — (@, — 2a,k — 8asx® — 96agx>)t])

+ 9s(sec[x — (a1 — 2a,x — 8aux> — 96ak°)t] + tan[x — (a; — 2a,x — 8aux> — 96asx°)t])3}

. Hg+ 15R0 + 158 — PRy (82H9g + 5PN (83(1177x% — 8649Q) + 1343P N,
XeXp[l{—m+( 3+ a6(15N9 1 2 (93H9 b 2 (83(1177x Q) 2))))t+ 6}]’
3

JRo + N
24.,/358; P3/2

+ %(sin[x — (a4 — 2a,x — 8asx® — 96asx°)t] + icos[x — (a1 — 2a,x — 8asx® — 96a4x>)t])

+ 9;(sin[x — (a; — 2a;% — 8asx® — 96asx°)t] + icos[x — (a; — 2a,x — 8asx> — 96asx°)t])3}

. Hs + a6 (15R0 + 158 — PRy (83Hg + 5P Ry (83(1177x2 — 8649Q) + 1343PR;
xexp[l{—xx+( 8+ ae (1580 1 2 (85H9 = 2 (83(1177x Q) 2))))t+ 9}],
3

{ JRo+ Ry

Ny . 3 5
————— + —=sin|x — (g — 2a,% — 8ayx> — 96a4x°)t
24\/'35~93P3/2 4 [ ( 1 2 4 6 ) ]

+ %Sin3[x — (@ — 2a,%x — 8aux® — 96a67<5)t]}

. Hg + a6 (15R0 + 15X — PRy (83Hg + 5P R (83(1177x2 — 8649Q) + 1343PR;
Xexp[l{_m+( 8+ a6 (158 + 1581 — PN (83Ho + 5PN, (33(1177¢2 — 86490) 2))))t+6}]’

583
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—
VRo+ ¥y

qCx, D= 1
24,/3583 P

+ %(sec[x — (a1 — 2% — 8agx® — 96aex°)t] — tan[x — (a; — 2a;% — 8asx® — 96asx>)t])

+ %(sec[x — (@ — 2a,x — 8asx® — 96asx°)t] — tan[x — (g — 2a,% — 8a,x> — 96a61c5)t])3}

. Hg + a6 (15R0 + 158 — PRy (83Hg + 5P Ry (83(1177x2 — 8649Q) + 1343PR
xexp[l{—xx+( 8+ ae (1580 1 2 (85H9 2 (83(1177x Q) 2))))t+6}],

583

(82)
| B2 2
in[x — (a1 — 2ask — 8aax® — 5 |BZ=C”
(x t)_ \/W » sin[x — (a1 — 2a2x — 8aax> — 96agx>)t] + "5
gt 24,[3583P3/2 2 Beos|x — (a1 — 2a2x — 8a4x3 — 96agx>)t] + C
5 \3
B2 _ 2
sin[x — (a1 — 2a2x — 8a4x3 — 96agx>)t] + V“ B BZC
9
+ 3 Bcos[x — (a1 — 2axx — 8agx3 — 96agx7)t] + C
. Hg + a6 (15 R0 + 15X — PRy (82H0 + 5P Ry (83(1177x2 — 8649Q) + 1343PRy)))
xexp[l{—xx+( 3 5 t+ 06},
i (83)
|B2-c?
cos[x — (a1 — 2azx — 8aax® — 96a6K>)t] + |
q(x t)= \/m +ﬁ [ (a1 2 4 6%)t] Vg2
’ 24,/35%3 p3/2 2 Bsin[x — (a1 — 2ax — 8a4x3 — 96agx>)t] + C
> \3
B2 -2
cos[x — (a1 — 2azx — 8ag x> — 96agx7)t] + | B ZC
+ 9 Y B
3 Bsin[x — (a1 — 2azx — 8a4x3 — 96agx>)t] + C
. Hg + ag (150 + 158 — PRy (82Hg + 5P Ry (83(1177x2 — 8649Q) + 1343PNy)))
xexp[l{—kx+( 3 = t+ 06},
3 (84)
q (X t)= VR0 + N
’ 24,/3583 P3/2
+ 22 2
2 \ Bsin[x — (a1 — 2azx — 8agx> — 96agx>)t] + C cos[x — (a1 — 2azk — 8a4x3 — 96agx)t]
+9 2 ’
3\ Bsin [x — (a1 — 2a2x — 8agx3 — 96agx>)t] + C cos[x — (a1 — 2azk — 8a4x> — 96agx)t]
. Hg + ag(15NR0 + 158 — PRy (82Hg + 5P Ry (83(1177x2 — 8649Q) + 1343PNy)))
xexp[l{—xx+( — t+6t|.
3 (85)

4. Conclusions

This paper reports highly dispersive optical solitons with QC nonlinearity. Bright, dark, singular and combo optical soliton
solutions are retrieved by using F-expansion scheme. Several periodic solutions and other solutions in terms of Weierstrass elliptic
function are also recovered. The results of the paper are extremely promising to venture further into the model. Later, this model will
be studied using additional schemes that are available in the literature. Moreover, this model will be extended to other optoelectronic
devices such as optical metamaterials, optical couplers, DWDM systems and several such. Research work in those arenas are under
way and the results will be soon reported once they are available. This is just a foot in the door.
Conflict of interest

The authors also declare that there is no conflict of interest.
Acknowledgements

The research work of the fourth author (MRB) was supported by the grant NPRP 8-028-1-001 from QNRF and he is thankful for it.

References

[1] A. Bansal, A. Biswas, Q. Zhou, M.M. Babatin, Lie symmetry analysis for cubic-quartic nonlinear Schrédinger's equation, Optik 169 (2018) 12-15.
[2] A. Biswas, H. Triki, Q. Zhou, S.P. Moshokoa, M.Z. Ullah, M. Belic, Cubic-quartic optical solitons in Kerr and power law media, Optik 144 (2017) 357-362.
[3] A.Biswas, A.H. Kara, M.Z. Ullah, Q. Zhou, H. Triki, M. Belic, Conservation laws for cubic-quartic optical solitons in Kerr and power law media, Optik 145 (2017)

942


http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0005
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0010
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0015

A. Biswas et al. Optik - International Journal for Light and Electron Optics 182 (2019) 930-943

[4]

[5]
[6]

[7]
[8]

[9]
[10]

[11]
[12]
[13]
[14]
[15]

650-654.

A. Biswas, S. Arshed, Application of semi-inverse variational principle to cubic-quartic optical solitons with Kerr and power law nonlinearity, Optik 172 (2018)
847-850.

A. Biswas, S. Arshed, Optical solitons in presence of higher order dispersions and absence of self-phase modulation, Optik 174 (2018) 452-459.

A. Biswas, J. Vega-Guzman, M.F. Mahmood, S. Khan, M. Ekici, Q. Zhou, S.P. Moshokoa, M.R. Belic, Highly Dispersive Optical Solitons by Undetermined
Coefficients, (2019) In Press.

A. Biswas, M. Ekici, A. Sonmezoglu, M.R. Belic, Highly dispersive optical solitons with kerr law nonlinearity by F-expansion, Optik 181 (2019) 1028-1038.
A. Das, A. Biswas, M. Ekici, S. Khan, Q. Zhou, S.P. Moshokoa, Suppressing internet bottleneck with fractional temporal evolution of cubic-quartic optical solitons,
Optik 182 (2019) 303-307.

H.T. Chen, H.Q. Zhang, New double periodic and multiple soliton solutions of the generalized (2 + 1)-dimensional Boussinesq equation, Chaos Solitons Fractals
20 (4) (2004) 765-769.

A. Ebaid, E.H. Aly, Exact solutions for the transformed reduced Ostrovsky equation via the F-expansion method in terms of Weierstrass-elliptic and Jacobian-
elliptic functions, Wave Motion 49 (2) (2012) 296-308.

M. Ekici, A. Sonmezoglu, Optical solitons with Biswas-Arshed equation by extended trial function method, Optik 177 (2019) 13-20.

Z. Yan, An improved algebra method and its applications in nonlinear wave equations, MM Res. Preprints 22 (2003) 264-274.

D. Zhang, Doubly periodic solutions of the modified Kawahara equation, Chaos Solitons Fractals 25 (5) (2005) 1155-1160.

Q. Zhou, Q. Zhu, A. Biswas, Optical solitons in birefringent fibers with parabolic law nonlinearity, Opt. Appl. 41 (3) (2014) 399-409.

D.F. Lawden, Elliptic Functions and Applications, Springer Verlag, New York, NY, USA, 1989.

943


http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0015
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0020
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0020
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0025
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0030
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0030
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0035
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0040
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0040
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0045
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0045
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0050
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0050
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0055
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0060
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0065
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0070
http://refhub.elsevier.com/S0030-4026(19)30043-9/sbref0075

	Highly dispersive optical solitons with quadratic-cubic law by F-expansion
	Introduction
	Governing model

	Mathematical analysis
	F-expansion scheme
	Jacobi elliptic function solutions
	We˙ierstrass elliptic function solutions
	Soliton and other solutions
	Trigonometric function solutions

	Conclusions
	Conflict of interest
	Acknowledgements
	References




