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1. Introduction

Dispersive optical solitons is a very viable topic of study in the field of telecommunications engineering. There are several models
that address the study of dispersive optical solitons. While the most visible and well known is the Schrodinger-Hirota equation, there
are other models that addressed dispersive solitons such as cubic—quartic (CQ) solitons [1-5]. The concept of CQ solitons was
introduced when group velocity dispersion (GVD) was low and so to replenish it, higher order dispersion terms were introduced to
provide the necessary balance for the solitons to sustain. However, this paper studies highly dispersive solitons when a variety of
dispersive effects are included. In addition to GVD, the other dispersion terms are inter-modal dispersion (IMD), third-order dis-
persion (30D), fourth-order dispersion (40D), fifth-order dispersion (50D) and sixth-order dispersion (60D). The governing non-
linear Schrodinger's equation (NLSE) is studied by the aid of F-expansion to retrieve solitons and other solutions to the model. This is
a very powerful scheme that has been successfully applied to various forms of nonlinear evolution equations in fluid dynamics and
other areas of applied sciences [6-9]. The detailed analysis is enumerated in the subsequent sections.

1.1. Governing model

The dimensionless form of NLSE with Kerr law nonlinearity in presence of dispersion terms of all orders is [1-5]:
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iq, + imq, + @Gy + (3G, + Qalyyy + 18500y + 605 + b 197 = 0. (¢})

Here, in (1), q(x, t) represents the soliton molecule with x and ¢ being the independent spatial and temporal variables respectively.
The first term represents linear temporal evolution, while a3, a,, as, a4, as and ag are coefficients of IMD, GVD, 30D, 40D, 50D and
60D respectively. Finally, b is the coefficient of self-phase modulation based on the type of nonlinearity. The complex-valued function
q(x, t) is the wave profile that is the dependent variable. The independent variables are x and t which represent spatial and temporal
variables respectively. The coefficients are all real-valued constants while i = v/—1.

2. Mathematical analysis

In order to tackle with (1), the starting hypothesis is selected as follows:

qx, 1) = g(s)e? ™0, (2
where g(s) represents the shape of the pulse and
s=x-—Vt, 3)

where v is the velocity of the soliton and
P(x, t) = —1x + wt + 6. @

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

—(w + x(—a; + x(ay + x(az — x(ag + ask) + agx3))))g + bg> + (ay + 3azx — 6a4x> — 10ask> + 15ask*)g”
+ (a4 + 5asx — 15a4x2)g® + asg® =0, (5)

while imaginary part implies

(v — ay + 2ay% + 3a3x? — 4agx® — Sask? + 6asx®)g + (—az + 2x(2ay + 5x(as — 2a6x)))g” — (as — 6asx)g® = 0. 6)
From (6), setting the coefficients of the linearly independent functions to zero gives the velocity of the soliton as

v=a —xQa + 3a3x — 4a,x? — 5a5%> + 6a5x*), 7
and the constraint conditions fall out as

2K (2a4 + 5x(as — 2a¢x)) — a3 = 0, ®)

as — 6agk = 0. (©))

The real part equation (5) will now be studied by F-expansion scheme in the following section.

3. F-Expansion scheme

F-expansion scheme [6-8] will be adopted to integrate the model (5). To begin, the solution to (5) is taken to be

N

g(s) = ) §Fi(s),
j=0 10

where (; 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

g(s) = {o + {1F(S) + {ZFZ(S) + {3F3(S)- 12)

in (5) gives N = 3. This means that

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

{():O, §1= %(27'{0+ \/Wl + \/fl)’ {2=0’ {3={3,

P2(La+a6(L3—320L6+ Lo(L2+1343(Ls+ L1 L) — L1 L12(L7 + L3+ £1£10)))

W= T — )
134383 [H1 L10
_ 1 3% L12(H11 + HoJL1)
a = 71343%21:12 (Ln + ag (7’{8 + .L13(7’{10 + 1580711P- Ll) + TYTa— )),
__ 83(1803649P/£1 + L12) _ _ 20160a6P
ag = SQSK + ag (7’{12 + 18036492, ), b= {32 , (13)

where
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L = 1803649PH,
L= Ho+ Mo YHs—JHz  1008Y2Hy
4JH 402932 P3 1343P% 5 — (H;

Ly = 10{2P3/Hs — JH, (1343(3024P R — 83x*) — 541233Q2 — 134358x%Q)

L3 = —6506299430402PH 1 Hs — [H,

L4 = 4844601214P [T, HA[Hs — T,

Ls=3V2(2(Hs — JH;)*3 — 6048} P2(4611P’R? — 1104PQ?R — 16Q%))
Le=¢ Qm (3045Q — 1177x%)(5441984Q% — 40431015P R)

L= 2%2PYHs — [H; (557345¢* — 23352084P R + 1907493Q2 + 671790K7Q)
L= 134332 (Y2 (Hs — H,)?/3 — 6048¢ P2(4611P°R2 — 1104PQR — 16Q%))

Lo = 4, PBHs — [H; (3045Q — 1177x?)
L1 = 3607298P%) Hs — \JH,

L1 = —2422300607¢2xP[H, (20asx> + 3a3)
L1, = 1803649P./H,;

L33 = 3607298P2H, (14
in which

_9345Q

Ho= 1343P
3;“‘63 —Jl+0 1008 ¢
Hy=6+ .
1 1 402932 P3 1343P33[63 — Jes + 65
(]'{2 = €4 + €5
6404 Q(40431015P R — 5441984Q2)

(]'{3 =

2422300607P3

H, = §’34P2(—4611P2R2 + 1104PQ’R + 16Q%)
Hs = —933‘12{36P3(1141749P3R3 — 1128194P2Q%R? + 294848PQ“R — 21312Q°)
H = 567 (36261P R +9508Q2)

1803649P2

Hy = €5 — 61agSlx® + 16as87% + 2a:83%% + a1

Hg = 188320{33Q(40431015P R — 5441984Q2)

Hy = 2686P (1114692 + 111965Q)

Hio = 3¢, (111469%2 + 111965Q)

Hyy = 54, (1343(6715K* + 42588P R) + 99905925Q2 + 23408490%Q)

_ 43575Q
Hi, = 15x2 + T (15)

Also here

28¢2(36261P R +9508Q2)

h= 1803649P2
&, = Y24} P2(—4611P?R? + 1104PQ?R + 16Q%)
b= —93312§36P3 (1141749P3R?® — 1128194P%Q%R? + 294848PQ“*R — 21312Q°)
by = —206391214080{;2P5Q5 (30579312213P3R?® — 5666847084P%QR? + 530650080PQ*R — 19159424Q°)
U5 = 174142S86880g"312P1°R4(127450522724P2R2 — 173539586829PQ?R + 107366239041Q%)
0 = _5a6§33(20145Q(2905K4+40356P R) + 171587052k2P R — 114290420903+299717775x2Q2).
1803649 (16)

Thus, Eq. (1) has the following formal solution:

g t) = {%(2%0 + JH; + JIDF(s) + §’3F3(s)}exp[i(—k_x + ot +0)]. an

3.1. Jacobi elliptic function solutions

By employing the solutions of (11), one can derive Jacobi elliptic function solutions to the model in the forms:
Case1: P=m?, Q=—-(1+m®), R=1, Fs) =sns,
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q(x, t)= {%(2‘1{0 + \/ﬁl + \/fl)sn[x—vt] + &y snP[x — vt]}

S P2(La+ag(L3-320L6+L0(L2+1343(Ls+TT L)~ T1 L12(L7+L3+L1L10))) (40
xe 134363 /71 L10

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

qx, t)= {%(Z‘Ho + JH, + JL)enfx —vit] + &endlx — vt]}

il ot P (L4+a6(£3-320L e+ L0(L2+1383(L5+ L1 L£0)) L1 L12(L7+ L8+ L1L10))) (46
< e 134383 H1 L10

Case3:P=1, Q=—(1+m?, R=m? F@s)=nss,

q(x, )= {;@wo + JH, + JL)ns[x — vi] + &nsdlx — vt]}

I P2(£4+u6(£3—320£6+£0(£z+1343(£5+\sT1£9))7\s'f'1£1z(£7+£g+£1£10))) 46
N 1343{3\3'7{71110

Case4:P=1, Q=—(0Q+m®, R=m? F@) =dcs,

qGx, )= {%(27—{0 + JH, + JL)delx — vi] + &dci[x — Vt]}

il et Pz(/_‘4+a5(L’3—320L5+L’0(L’z+1343(L5+\s'EL9))7\s'f1/_‘12(£7+lg+l1£10))) 46
xe 134363 771 L10

Case5:P=1-m? Q=2-m? R=1, F(s)=scs,

q(x, t)= {%(27{0 + \/ﬁl + \/fl)sc[x— vt] + &scdx — vt]}

i . P2(La+ag(£3-320L6+ Lo(L2+1343(L5+ L1 £6))—T1 L12(L7+ L5+ £1L10)) (40
xe 13433 /71 L10

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

q(x, )= {%(27{0 + \/ﬁl + \/fl)cs[x—vt] + §3cs3[x—vt]}

P P2(La+ag(£3-320L6+ Lo(L2+1343(L5+ L1 £6))— L1 L12(L7+ L3+ £1L10)) (40
xe 13433 71 L10

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

q(x, t)= {%(Z‘H(, + JH; + \/fl)(ns[x—vt] + cs[x—vt]) + §(ns[x —vit] + cs[x—vt])3}

I PA(La+as(L3-320L 6+ Lo(L2H+1343(Ls+y L1 L)~ LT L12(L7+ L8+ L1£10)) (40
X e 1343¢3 H1 L10

Case 8: P=(1 — mz)/4, Q=01+ mz)/2, R=(1 - m2)/4, F(s) =ncs *= scs,

q(x, )= {;@wo + JH; + JL)(ncx — vi] + sclx — vit]) + &(ncx — vi] + scfx — Vt])3}

) P2(L 4+ag (L3-320L 6+ L0(L2+1343( L5+ LT £9))— LT L12(L7+ L8+ L1L10)))
iq—rx+ 3 — t+6
X e 1343{3 JH1 L10

Case 9: P =m?/4, Q= (m?-2)/2, R=m?%4, F(s)=sns + icns,

q(x, )= {%(27—{0+ H, +\/fl)(sn[x—vt]iicn[x—vt])+§3(sn[x—vt]iicn[x—vt])3}

S . P(L4+a6(L3-320L e+ L0(L2+1343(Ls+ 21 £0))— LT L12(L7+ L8+ L1£10))) (40
13433 /7 L10

Case 10: P =m%/4, Q= (m?>-2)/2, R=1/4, F(s)= 22

1+ dns’
- _ 3
g0, = {%(ZWO +VH + V'['l)(lisndg'):[xztjl]) + Q(lisndg'):[xieﬂ) }

P P2(La+ag(£3-320L6+ Lo(L2+1343(L5+ L1 £9))— L1 L12(L7+ L3+ £1L10)) 140
X e 13433 71 L10

Case11: P=—-1/4, Q=(m?>+1)/2, R=1 - m??4, F(s)=mcens = dns,
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qx, t)= {%(Z'HO+ \/'771 + \/fl)(mcn[x—vt] + dn[x—vt]) + G(men[x —vt] + dn[x—vt])3}

i{_m [P (La+ag(L3-320L6+Lo(L2+1343(Ls+\L1 L))~ L11.12(L7+L8+L1L10)))] }
Xe

1343§3 N 7—(1 L0 (28)
Case 12: P=(1 — md)¥4, Q=(@m>+1)/2, R=1/4, F(s)=dss * css,
qx, t)= {%(Z‘HO + JH + JL)(ds[x —vit] = cs[x — vt]) + {(ds[x — vt] + cs[x — vt])3}
il e P2(La+ag(L3-320L6+L0(L2+1343(Ls+y L1 L)~ LT L12(L7+ L8+L1L10))) 6
x e 1343§'3 JHI L10 (29)
. __m@ _ [__mQ [ @
Case13:P >0, Q<0, R= At m2ip F(s) = \/ Axmdp sn( =s)
_ 1t |__m} [— -
q(x, t)= {Z(Z(H0 + JH, + N/Ll)( Tr 7 sn( 1+ — |x vt]))
vef [ ([~ ’
3\V a+mdp \/ 1+m?
i{fxx +[P2(14+H6 (La—320£6+£o<£z+1343<§§+_¢T119>>—V'T1£12<17+£s+£1£m>>)) o 6]
X e 134383 H1 L10 (30)
. a-mHQ* -
Case14:P <0, Q>0 R=U"% Fo= [~ 0 ( 2 )
q(x, )= { QHy+ JH, + \/-51)( @ mz)P dn(\/zmeZ [x — Vt]))
Q a :
6| (5 e v0) )
I -~ P2(L4+a6(L3-320L 6+ Lo (L2+1343(Ls+ L1 L9))— 1L1L12(L7+L8+L1L10)))
%e 134363 %0 L10 (€]
Case15:P=1, Q=m?+2, R=1-2m>+m’ F(s)= "
_ dn[x—vtlen[x—vt] dn[x—vt]en[x—vt] 3
q(x, )= { QHo + JH + \/11)(7%[}‘ v ) §3(7sn[x v )}
i{—xx+[P2(£4+a6 (£37320£6+£0(£z+1343(§5,41'?119))7\s'fd£1z(£7+£g+£1£10))))H_e]
N 134383 H1 L10 (32)
. _ A2 (m —1)? _ m?+1 _ (m—1)? _ dnscns
Case 16: P = 4 , Q= 2 , R= 442 F(s) = A(1+ sns)(1+msns)’
_ )1 e dn[x—vtlen[x—vt]
q(x’ t) - {2(27—{0+ (}-{1 + \/'El)(A(1+ sn[x—vt])(1+msn[x—vt]))
+§ dn[x—vtlen[x—vt] 3
3\ A+ snfx—vt])(A+msn[x—vt])
i) e[ PP Latas(£3-320 6+ Lo(La+1343(Ls+ VI L)~ LT L1274 Le+ L1L100) |,
X e 1343¢3 (701 L10 (33)
Case17: P=-2, Q=6m—-m?>—1, R=-2m°>+m*+m? F(s) = ",
m msn“s+1
_ 1 7 yf men[x—vt]dn[x—vt] men[x—vtldn[x—vt] 3
q(x’ t)_ {2(2ﬂ0+ 7—{1 + Ll)( msn[x—vt]+1 ) + §3( msn?[x—vt]+1 ) }
i{% +[P2(14+ﬂ6 (3-320L 5+ £0(42+1303L 5 T £9) = TL 112(£7+£8+£1L’10))))t . 6]
X e 134383 H1 L10 (34)
Case18:P=1/4, Q='"2"" R=1/4, F(s)=
ase T ’ - 2 - ’ S 1+ cns’
_ 1 I sn[x—vt] sn[x—vt] 3
q(x’ t)_ {2(27{0+ 7{1 + Ll)(ltcn[x—vl])+§3(110n[x—vt])}
I . P2(L 4+ a6 (£3-320L6+ Lo(L2+1343(L5+T1 £9))— L1L12(L7+L8+L1L10)))
X e 1343§3\ H1 L10 (35)

. _l—mz _1+m2 _1—m2 _cns
Case 19: P =", Q= """, R="", F(©)= 0,
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3
G 0= {3+ JH 4 VI(rEi) + o (k) ]

i{ka [P (L4+a6(L3-320L6+L0(L2+1343(Ls+/L1 L)~ \L1L12(L7+L3+L1L10)))) ]
Xe

134383 H1 L10 (36)
Case 20: P = 2—m?—2m Q—m—2—1—3m R= 2—m?—2m F(s) = m2snscns
T 4 ’ - 2 1 - 4 ’ T sn2s+(1+mp)dns—1—my’
(x t)— (27_{ + \/ﬁ + r) m2sn[x—vtlen[x—vt] { m2sn|x—vtlen[x—vt] 3
qlx, b= 0 1 n2[x—vt]+mydn[x—vt] —my 3\ sn2 [x=vt]+madn[x—vt]—my
i{_m (P (Latag(L3-320L e+ Lo(Lo+1343(Ls LT L9)— 11112(L7+.L8+.L1£10))))t+ s}
X e 13433 /71 L10 , (37)
where my = 1 + m;.
. _ 2—m?+2m _ m? _ 2—m?+2m _ m?snscns
Case 21: P = 4 » Q= 2 1+3m, R= 4 ’ F(s)= sns+ (=1 +mp)dns —1—m;’
_ ﬁ m2sn|x—vtjcn[x—vt] m2sn[x—vtlen[x—vt] 3
q(x’ t)_ { (27{0 + Hl + )( sn2[x —vt] + m3dn[x —vt] — my §3 sn?[x — vt] + mzdn[x—vt] — my
,{_K)C [p (La+as (£3-320 L+ Lo(L2+ 1343 (Ls+TT L)) \£1£1z(£7+.L8+.L1£10))))[+ 9}
X e 1343{ ”H1.L10 X (38)
where mz = -1 + m,.
Com* — (B2 + COym? + B 2.1 2 \/%*S“S
p= UM BT M7+ BT —m+1 = _m-1 _ VB2 -ctm?
Case 22: P = 2 , Q 5 R 4(C2m? — B2y’ F(s) = Bens+Cdns
I —— 3
| B2-c2 B>-c?
———— + sn[x—vt] | ———— +sn[x—vt]
_ 1 VB2 \ B2 22
q(x, D= (Z(HO +VH + VL) Ben[x—vt]+Cdnlx—vt] +& Bcn[x vi]+Cdn[x—vi]
i{—xx [P (L4+a6(£3—320L6+Lo(L2+1343(L5+ LILQ))_\'LILU(L7+L8+L1L10))))H—G]
e 134363701 L10 (39)
[c2m? 4+ B2 — 2 +ons
. p_ Bycim? _1 2 _ 1 _\ B2+
Case 23: P = 4 , Q= PR R= 4(B% + CZm2)’ F(s)= Bsns+ Cdns >
—— ——————s 3
| 22 2 2 | c2m2 2 2
1 x‘w‘%+cn[x—vt] \/%+cn[)¢—vt]
_ )1 e +Cm +Cm
q(x’ t)_ 2(27—[0+ (]—{1 + Ll) Bsn[x—vt]+Cdn[x—vt] +§3 Bsn[x—vt]+Cdn[x—vt]
S . P(L4+a6(£3-320L e+ L0(L2+1383(Ls+y L1 L£9)) L1 L12(L7+ L8+ L1L10))) 40
X e 134353 JHi L10 (40)
[B2+ 22— c2m2
C 24: P B2+ C2 m? 1 m* V“B +Bg+cim +dns
ase T a4 2 Q= 2T R= 4(B2+C?)’ F(s)= Bsns+Cecns >
——— s 3
\“732+027C2m2 +dn[x—vt] |B2+C2— Chn +dn[x—vt]
_ 1 [y TV B2+ V. B+c?
q(x’ t)_ 2(27—[0+ (]—{1 + Ll) Bsn[x—vt]+Cen[x—vt] +§3 Bsn[x—vt]+Cecn[x—vt]
il e P2(La+ag(L3-320L6+L0(L2+1343(Ls+y L1 L)~ L1 L12(L7+ L8+L1L10))) 6
x e 134353 JH1 L10 (41)

3.2. Weierstrass elliptic function solutions

Upon recapitulating, Weierstrass elliptic function with a complex variable u and a pair of complex periods w;, w, is defined as
[11]:

% (u; wl,wz)ZuL‘FZ((u_ ! - ! ),

2 o mw; — nw,)?>  (mw; + nw,)? (42)

where ’ implies that terms with zero denominators are omitted.
By using the solutions of (11) given in [8], one can reveal Weierstrass elliptic function solutions as listed below:

Case 25: g, = 2(Q> — 3PR), g, = 22(-2Q*+ 9PR), F(s)= \/%[@(s; 2 8) — %Q]
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| 3
q(x, )= {§<zwo+ﬂ+m>v/;[@(x—vt;gz,g3)—§ ]+§3(J [pe-vig, g) - ])}

i{_m [P (La+a6 (L3~ 320L6+L0(L2+1343(L5+v’Lng))—VL1L12(L7+L3+L1L10)))]H_e}
Xe

1343;’3 JH1 L10 (43)
cg =40 - _ Q02 Y —
Case 26: g, = 3(Q 3PR), g 27( 2Q% + 9PR), F(s) PPy .l
3
/ 3R
X, t)= 2Ho + H1 + S 3k
Q( ) { ( 0 1 Ll)\/sg;(x vtg2g3)7 §3 \/3‘2’(’5*‘”;32@3)"2
S . Pz(j_'4+a6(1_'3—3201_'6+1_'0(1_'2+1343(?51’?11!9))—\”TILIZ(L7+IJS+IJIL10))))t+9
X e 134383 H1 L10 (44)
2 2p 3_
Case 27: g, = _ 5QD +4Q +33PQR’ g = 21Q2D — 63PRD + 20Q 27PQR’
2 12 3 216
Y 12R @ (5; 82, 83) + 2R(2Q + D)
F(s) = 124 (5:8.83) + D >
B V12R® (x— v, 83) + 2R(2Q + D)
q(x, )= { (27“{0 + JH, + VL) 12¢0 (x— vt gy, 83) + D
V“‘12Rg;(x—vt;gz,g3)+ZR(ZQ+D) 3
+ §3 12¢ (x—vt;g8)+D
il e P2(£4+ﬂ6(13*320£6+£0(£z+1343(?51“?1&))7¢Tlllz(£7+£s+£1£1o))) (46
N 1343¢3 \[H1 L10 (45)
N - o VRlop 58,89+l
Case 28: g, = 12Q + PR, g = 216Q(36PR Q%), F(s)= S G
_ 1 «/ﬁ[6tp(x—vt;g2,g3)+Q] VR[6¢ (x—Vvt;g8)+Ql
qx, = {2(27{0 VM A N L) ey §3( 3 (- Vg 8) ) }
il et p? (L4+a6(L3-320L g+ L0(L2+1343(L5+/L1 L)~/ L1 L12(L7+ L8+ L1L10))) (46
X e 1343§3\'H1Lm (46)
o _ 1 2 _ 3¢ (5:82.83)
Case 29: g, = -Q*+ PR, g = 216Q(36PR QY), F(s)= P60 (580,80 + QI
3
1 3¢ (x—Vt;8,83) 3¢’ (x—Vtg5.83)
X, t)= 952 N N = =
qx, 1) {z( Ho + Hy + Ll)V’P[65‘<J(X—vt;g2,g3)+Q] + §3(V'P[G@(x—vt:gz,ggﬂo]) }
Los PZ(L‘4+af,(L’3—320L‘5+L’0(L’2+1343(13!5:T1L‘9))*\'T1£12(£7+L'8+l1£10))))[ »
X e 134383 H1 L10 (47)
5Q2 — 2@ - @ — Q1Q/2P o (5i838)
Case 30: R = ep &T 9 & 5 F(s) = 3¢ (582,83 + Q
T TYET: 3
QV-15Q/2P % (x — V8, 83) Qy=15Q/2P g (x— v t;85.83)
= 2 N N
q(x, 1) { QHo + JHL + L) 3¢ (x—vtg83) +Q + §3( 3 (x—vitg8)+Q
I3 P? (L4+a6(L3-320L6+Lo(L2+1343(L5+/ L1L9))—VL1L12(L7+L3+L1L10)))
xe 1343;’ [ £10 (48)

3.3. Soliton and other solutions

When the modulus m — 1, bright, dark and singular solitons, the combined solitons, and complexiton solutions are procured as:

q(x, )= {%(Z‘HO + \/‘771 + \/E) tanh[x — vt] + {tanh®[x — vt]}

I P2 (La+a6(£3-320L 6+ L0(L2+1343(L5+ L1 £0)) =TT L12(L7+ L+L1£10))) 46
X e 1343§3 JH1 L10

, (49)

qx, t)= {%(Z‘Ho + JH; + JL)sech[x — vit] + ¢ sech’[x — vt]}

S . P2(La+a6(L3-320L 6+ L0(L2+1343(L5+ L1 L£9))— /LT L12(L7+ L8+ L1L10))) 140
X e 1343¢3 71 L10

, (50)

q(x, t)= {%(27—{0 + JH, + L) coth[x — vi] + &ieoth’[x — Vt]}

Py p? (L4+a6(L3—-320Le+L0(L2+1343(Ls5+ \5T1L‘9))7 @T1L‘12(L‘7+.C3+.C1L10))) 46
X e 1343¢3 /71 L10

, (51)
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Solutions (49)—(51) are dark, bright and singular solitons respectively.

q(x, = {%(27{0 + JH, + JL)sinh[x — vt] + ¢sinh®[x — Vt]}

it P2(L4+a6(£3-320L e+ L0(L2+1343(Ls+ L1 L)~ \£1£12(£7+L8+L1£10)))
X e 1343§'3 JH1 £10 R

q(x, t)= {%(Z‘HO + JH, + JL)csch[x — vi] + ¢ esch’[x — vt]}

i P2(La+ag(L3-320L6+L0(L2+1343(Ls+ /LT Lo))— \LILIZ(L7+L8+LIL10>>)
X e 1343¢3 71 L10 ,

Solution (53) is the second form of singular soliton solution to the model.

qx, )= {%(27—{0 + JH, + JL)(coth[x — vt] + csch[x — vt]) + &(coth[x — vt] + csch[x — vt])3}

e P2(La+ag(L3-320L6+L0(L2+1343(Ls+ LT L)~ 1T L12(L7+ L8+L1L10))) (46
X e 1343{3 JH1 L10

>

q(x, t)= {%(Z'HO + \/771 + \/Z)(cosh[x — vt] £sinh[x — vt]) + {(cosh[x — v t] & sinh[x — vt])3}

i{ o [P (L4+a6(L3-320L 6+ L0(L2+1343(L5+ L1 L9))— L1L12(L7+L8+L1L10)))) }
I
X e 1343§3 JHI L10 s

Solution (54) and (55) also represents singular solitons.

q(x, )= {;awo + JH, + JL)(tanh[x — vt] = isech [x — vt]) + ¢ (tanh[x — v t] + i sech [x — Vt])3}

. PA(La+as(£3-320L 6+ Lo(L2+1343(Ls+ L1 L9)~ LT L12(L7+ L8+ £1£10))
iq—Kx+ 3 t+6
X e 1343§'3 JH1 L1o

>

Then, solution (56) represents complexiton solutions.
_ 1 e tanh[x—v t] tanh[x —v t] 3
q(x’ t= {5(27{04_ Ho+ Ll)(ltscch[x—vt]) + §3(liscch[x—vtj) }

i{_m [P (La+a6(L3-320L e+ Lo(L2+1343(Ls+ L1 L)) \£1£12(£7+.L8+L1£10)))) }
X e ,

1343{3 N; H1 L10

q(x, )= {QHo + JH; + JLi)sech[x — vt] + 8¢, sech®[x — v t]}

. P (La+a6(£3-320L 6+ Lo(L2+1343(Ls+ L1 L9)— 1.11.12(1.7+L8+L11.10))))
X e 1343{3 \r7{1 L10 s

q(x, )= {@Ho + JH;, + L1)cschx — vi] + 8 csch’[x — v t]}

. P2(La+ag(L3-320L6+L0(L2+1343(Ls+ LT L)~ L1L12(L7+L8+L11.1o))))
X e 1343{3 JH1 L10 R

Next, (58) and (59) are bright and singular solitons respectively.

q(x, D= {;um + JH, + JZ)(V/‘——% tanh(@[x - Vt])) + g(J——% tanh(\/—f [x — vt])f}

et PA(La+as(£3-320L6+ L0(L2+1343(Ls+ L1 £9)— LT L12(L7+ L8+ £1£10)) (40
« e 13433 77 L10

>

q(x, t)= {%(Z‘HO + JH, + \/fl)(\/i sech(\/—[x - vt])) + §’3(\/—7 sech(\/—[x - vt])) }

. PA(La+as(£3-320L 6+ L0(L2+1343(Ls+ L1 L9)~TT L12(L7+ L8+ £1£10)) (40
13433 /77 L10

>

Again (60) and (61) are dark and bright solitons respectively.
q(x, )= {QHo + JH; + L) esch2[x — vt] + 8¢ csch®2[x — v t]}

l{fxx [P (L4+0a6(L3-320L6+L0(L2+1343(L5+/L1 L9))—/ L1L12(L7+L3+L1L10)))) }
Xe B

1343{; JHI L10
Eq. (62) represents singular solitons.
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qCx, = { @Ho + JH; + L) exp(=2[x = vi]) + Sexp(~ 6[x—Vt])}

[{_m+[PZ(£4+a5 (£37320£5+£0(£2+1343(£5+\S’Tllg))f\srflﬂlz(l7+£g+£1£10))))t+e}
X e

134363 71 L10

>

qx, )= {%(Z‘Ho + JH; + JL)sech2[x — vt] + & sech®2[x — vt]}

S . P2(L4+a6(L3-320L 6+ L0(L2+1343(L5+/ L1 L9))— VI L1M7+ Ly + L1010 |
X e 1343§3\‘HlL10 ,

Eq. (64) is another form of bright solitons.

_ 1 I tanh[x — v t] tanh[x — v t] 3
q(x, )= {5(2H0 +VH + Ll)(l+sech[x vi] ) + §3(1isech[x—vt]) }

et P2(La+a6(£3-320L 6+ Lo(L2+1343(Ls+ /21 L£9)— L1L12(L7+L8+L1L10)))
X e 1343{3 JHI L10 s

_ 1 I sech [x —vt] sech [x — v t] 3
q(x’ t)_ {E(ZWO + Wl + Ll)(litanh[x—vﬂ) + é‘3(14_rtanh[x—vt]) }

i{ o +(P2(£4+05(13—320£6+10(lz+1343(L5+\e’L—lLQ))—\e’L—lle(L7+£8+llL10)))) o 6]
X e

134363 71 L10

B

q(x, D)= {%(27{0 + T+ I coth[ 7] + ;3coth3[x—7vm]}

P P2(L4+a6(L3-320L e+ L0(L2+1343(Ls+ L1 L)~ \£1£1z(£7+.Lg+.L1£10)))
X e 13433 71 L10 ,

a0 |- e T o B[ 5] - g 5]

P P2(L4+a6(L3-320L6+L0(L2+1343( L5+ LT L))~ \L1L12(L7+L8+L1L10)))
xe 1343¢3 1 L10 ,

Finally, (67) and (68) respectively represent singular and dark solitons to the model.

qx, )=

QHo+ H; + L) explx — vi] + exp3[x—vt]}

{2(B+ C) (B+ c)3

il et PZ(L4+|15(L3 320L 6+L0(L2+1343(L5+ L1 L9))—y ’Llle(L7+Lg+L1L10)))
X e 134353\ [F1 L10 s

I M

+ sech[x—vt]

+ sech[x—vt
e [ ]

B
_ Jr [ [ \‘ B2+ C? \‘ B+c?
q(x’ t)_ (2(}—{0 + 7—{1 + Ll ) Btanh[x —vt] 4+ Csech[x—vt] + §3 Btanh[x —v t] 4+ Csech[x —vt]

I PZ(L4+06(1_3 320L6+Lo(L2+1343(L5+ ’Lng))— L1L12(L7+L8+L1L10)))
X e 1343§3\'Hl L10

3.4. Trigonometric function solutions

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

q(x, )= {%(Z'HO + \/Wl + L) sinfx — v t] + &sin’[x — Vt]}

Py PZ(£4+u6(.L3 320L6+L0(L2+1343( L5+ L1 L9))— L1 L12(L7+L8+L1L10))) 40
X e 1343{ 7—(1.L1()

5

qx, )= {%(2‘1{0 + JH, + JL)cos[x — vi] + &yeos’[x — vt]}

S . P(L4+a6(£3-320L e+ L0(L2+1343(Ls+ L1 L9)— VI LM+ L+ 01.L10) |,
X e 1343{ 7—(1.L1() s

q(x, )= {%(2‘1{0 + JH, + JL)esclx —vit] + $yescd[x — vt]}

i{_m +(P (La+a6(£3-320L 6+ Lo(L2+1343(Ls+ 11 L)) \L1L12(L7+L8+L1L10)))) }
x e ,

1343§'3 JH1 £10
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q(x, )= {%(27{0 + JH, + JLy)seclx — vi] + secd[x — Vt]}

i{_wC +[PZ(£4+H6 (£3-320L6+L0(L2+1343(Ls+\ L1 L9))~ L1 L12(L7+L8+L1L10)))
X e

1343¢3 /71 L10

qx, )= {%(Z‘HO + JH, + JL) tan[x — vi] + &tand[x — vt]}

l_{imﬁ_[}’z(ﬁuas (£3-320L 6+ L0(L2+1343 (L5411 £9))~T1 L12(L7+ Lg+L1L10)))
Xe

1343835 H1 L10

q(x, b= {;@wo + JH, + JL1) cotlx — vi] + ¢eotd[x — Vt]}

P2(La+ag(L3-320L6+L0(L2+1343(Ls+\TT L)~ TT L12(L7+ L8+L1L10)))

P4 -+ 3
X e 13433 H1 L10

q(x, b= {g(zwo + JH, + JL)(eselx — vit] + cot[x — vt]) + &(esclx — v ] + cot[x — Vt])3}

P2(La+ag(L3-320L6+L0(L2+1343(Ls+ LT L)~ TT L12(L7+ L8+L1L10)))

i{—rx+ T
X e 13433 H1 L10

q(x, = {%(27{0 + JH, + JL)(seclx — vi] + tan[x — v t]) + ¢ (sec[x — v t] + tan[x — vt])3}

i{_KH[PZ(ZM%(£37320£6+£0(£z+1343(£5+\ETMQ)%\ET1£12(£7+£3+L1£10)))
Xe

13433 /71 L10

q(x, t)= {%(27{0 + \/Wl + \/fl)(sin[x —vt] xicos[x —vt]) + {(sin[x — vt] + icos[x — vt])3}

l.{_,oC +[PZ(L4+us (£3-320L6+L0(L2+1343(Ls+4L1L9)) L1 L12(L7+ L3+L1L10)))
X e

13433 /71 L10

q(x, t)= {i(Z?—(o + JH, + JL)sin[x — vi] + %Sin3[x - Vt]}

; {_KX_{ P2(L4+a6(£3-320L g+ L(L2+1343(Ls+ L1 £9))— L1 L12(L7+ L+L1L10)))
Xe

13433 71 L10

qx, t)= {i(”‘ﬂ) + \/Wl + \/fl)(sec[x —vt] —tan[x — vt]) + %(sec[x —vt] —tan[x — vt])3}

i { ;oc+[ PA(La+ag(£3-320L 6+ L0(L2+1343(Ls+( L1 L9)— L1 L12(L7+ L5+ £1£10))
Xe

13433 71 L10

2 _ 2
sin[x—vt]+ B-c

sin[x—vt]+

_ e 5
qx, = 1;QHo+ VHy + VL) —aimvise |+ 5| Bemvisc

; " PA(La+ag (L3320 L+ Lo(L2+1343(Ls+( L1 £9)— L1 L12(L7+ L8+ £1£10))
N 1343¢3 71 L10
[B2-c2

cos[x—vt]+\“ 52

cos[x—vt]+\/

+ ¢

qCx, = {5QH, + Hy + L)

Bsin[x—vt]+C

Bsin[x—vt]+C

i{—;oc+[Pz(£“+a6 (£3-320L 6+ L0(L2+1343( L5+ TT £0)) L1 L12(L7+ L8+ £1£10))
X e

13433 /71 L10

1 2
q(x’ t): {5(27’[0 + Wl + Ll)(Bsin[x—vt]+Ccos[x—vt]) + §‘3(Bsin[x—vt]

l.{7Kx+(P2(£4+a5(£3—320£6+£0(£Z+1343(£5+VTILQ))*\/Tlﬂlz(£7+£8+£l£10))) ¢
Xe

13433 V1 L10

4. Conclusions

74)

(75)

(76)

(77)

(78)

79

(80)

(81)

(82)

(83)

(84)

This paper studied highly dispersive optical solitons with Kerr law nonlinearity by F-expansion scheme. Bright, dark, singular as
well as their combo soliton solutions and complexitons are retrieved from the algorithm. Additional solutions are also retrieved from
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the scheme that are listed to present a wide spectrum of solutions that fall out of the model. This profound success with the model
paves way for further future research activities. In future, this model will be extended to the case of birefringent fibers [10] and
moving further along this model will be proposed with DWDM topology. Additional work is still pending for such highly dispersive
NLSE. One must study soliton perturbation theory, quasi-stationary solitons, stochastic perturbation as well as Lie symmetry analysis
and other such issues must be addressed. Such results will be surely and sequentially reported.
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