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Abstract: This paper recovers quiescent optical solitons that are self-sustaining, localized wave pack-
ets that maintain their shape and amplitude over long distances due to a balance between nonlinearity
and dispersion. When a soliton is in a state of quiescence, it means that it is stationary in both space
and time. Quiescent optical solitons are typically observed in optical fibers, where nonlinearity and
dispersion can lead to the formation of solitons. The concatenation model is considered to understand
the behavior of optical pulses propagating through nonlinear media. Here, we consider the familiar
nonlinear Schrodinger equation, the Lakshmanan-Porsezian-Daniel equation, and the Sasa-Satsuma
equation. The current paper also addresses the model with nonlinear chromatic dispersion, a phe-
nomenon that occurs in optical fibers and other dispersive media, where the chromatic dispersion
of the material is modified by nonlinear effects. In the presence of nonlinearities, such as self-phase
modulation and cross-phase modulation, the chromatic dispersion coefficient becomes a function of
the optical intensity, resulting in nonlinear chromatic dispersion. A full spectrum of stationary optical
solitons, along with straddled stationary solitons, are obtained. There are four integration schemes
that made this retrieval possible. The numerical simulations are also included for these solitons. The
parameter constraints also indicate the existence criteria for these quiescent solitons.

Keywords: concatenation; solitons; stationary

MSC: 78A60

1. Introduction

Optical solitons are self-sustaining, nonlinear waves that propagate in optical fibers
or other dispersive media. They are characterized by their ability to maintain their shape
and velocity over long distances, without spreading out or dissipating their energy, and
can be used for long-distance communication and information processing. To understand
optical solitons, it is important to first understand dispersion. In optics, dispersion refers
to the phenomenon where different frequencies of light travel at different speeds in a
medium. This causes the different frequencies to spread out and interfere with each
other, leading to distortion and loss of signal. Optical solitons arise when the effects of
dispersion are balanced by nonlinear effects, such as self-phase modulation, four-wave
mixing, and stimulated Raman scattering. These nonlinear effects cause the different
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frequencies of light to interact with each other, leading to the formation of a solitary wave
packet that can propagate over long distances without spreading out or dissipating its
energy. The shape of an optical soliton depends on the balance between the dispersion
and nonlinear effects. If the nonlinear effects are stronger than the dispersion, the soliton
is “self-compressed”, with a narrow, high-intensity peak. If the dispersion is stronger
than the nonlinear effects, the soliton is “self-expanded”, with a wider, lower-intensity
peak. One of the key features of optical solitons is their ability to “heal” after encountering
disturbances or perturbations. This is due to the soliton’s nonlinear properties, which allow
it to self-adjust and maintain its shape and velocity. As a result, optical solitons can be used
for long-distance communication and information processing in optical fiber networks.
There are different types of optical solitons, such as bright solitons, dark solitons, and
soliton trains. Bright solitons are characterized by a narrow, high-intensity peak, while
dark solitons have a narrow, low-intensity peak surrounded by a wider, higher-intensity
background. Soliton trains are a series of solitons that propagate together, separated by
small gaps.

Hasegawa and Tappert reported on an optical soliton burning bright fifty years after
its first appearance. There exists a wide variety of models that govern the study of such
solitons through diverse forms of waveguides. These models provide a mathematical
description of the behavior of optical solitons, which is important for understanding and
predicting their behavior in different types of nonlinear media. Almost a decade ago a new
model was proposed that is a concatenated version of the familiar nonlinear Schrodinger’s
equation (NLSE), Lakshmanan-Porsezian-Daniel (LPD) equation and the Sasa—Satsuma
equation (SSE). This is being referred to as the concatenation model [1,2], where the NLSE
is, perhaps, the most commonly used equation to describe the behavior of solitons in a wide
range of physical systems, including optical fibers. The LPD equation is a modification of
the NLSE that includes higher-order nonlinear effects. The SS equation is another modified
form of the NLSE that includes higher-order nonlinear effects. All of these equations are
important tools for understanding the behavior of optical solitons in nonlinear media.
By solving these equations, researchers can gain insights into the properties of solitons,
including their stability, interactions, and propagation characteristics.

The concatenation model was studied extensively in 2022 and a plethora of results
reported. These results included the recovery of single bright, dark and singular opti-
cal solitons using the following methods: undetermined coefficients, the conservation
laws, Painleve analysis, numerical simulation using the Laplace~Adomian decomposition
scheme, and further analytical studies to the model conducted using the trial equation
approach. A bright optical soliton is a self-trapped pulse with a positive amplitude that
maintains its shape and intensity while propagating through a nonlinear medium. Bright
solitons have a maximum in the center of the pulse and are created through the process
of soliton compression. A dark optical soliton is a self-trapped pulse with a negative
amplitude that maintains its shape and intensity while propagating through a nonlinear
medium. Dark solitons have a minimum in the center of the pulse and are created through
the process of soliton fission. Singular optical solitons are localized waves that are char-
acterized by a phase singularity or vortex. They can have either bright or dark intensity
profiles, depending on the sign of the singularity. Singular optical solitons are created
through the process of phase engineering, which involves shaping the phase profile of an
input beam to create a phase singularity.

Mobile straddled solitons with the concatenation model were also obtained by the
usage of a couple of integration schemes [2-8]. The current paper aimed to study and
recover the quiescent optical solitons for this concatenation model using four integration
schemes. This recovery is possible when chromatic dispersion (CD) is rendered to be
nonlinear. Mobile optical solitons are solitons that move through a medium without
changing their shape or amplitude. They maintain their stability and can propagate over
long distances without distortion. Bright optical solitons are typically mobile solitons, and
they are widely used in optical communications. Quiescent optical solitons are solitons
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that are stationary or nearly stationary. They are created by balancing the nonlinear effects
of the medium with the dispersion and losses of the system. When the nonlinear effects are
balanced, the soliton comes to rest, resulting in a quiescent soliton. Dark optical solitons
are typically quiescent solitons. Mobile solitons are particularly important for high-speed
data transmission, while quiescent solitons are useful for generating stable and localized
sources of light. The integration procedure and the analytical results for these stationary
solitons are exhibited, along with their respective numerical simulations. The parametric
restrictions for the existence of such solitons are also presented in the rest of the paper.

Governing Model
The concatenation model takes the form [1-8]:

iqe +a(|q"q) . + bla*q
+ o[ O1fnns + 02(02)%0" + 0310212 + 841a*qux + 85075, + J6lal*g]

- ica|Orune + sl g + dog%q| = 0. M

Taking c; = 0 falls back (1) to the SSE, while assuming ¢; = ¢, = 0 reduces (1) to the
NLSE. Furthermore, taking c; = 0 collapses (1) to the LPD model. The c; and c; arise from
the dispersion terms, while g = g(x, t) stems from the wave profile. The a comes from
the nonlinear CD, while the first term signifies the linear temporal evolution. The x and ¢
arise from the spatial and temporal variables in sequence, while b evolves from the Kerr
of nonlinearity. The first term on the left-hand side of the equation represents the rate of
change of the pulse envelope with respect to distance, while the second term represents
the effect of nonlinear chromatic dispersion, which causes different wavelengths of light to
propagate at different speeds. The third term represents the effect of nonlinear self-phase
modulation, which causes the phase of the pulse to vary with intensity.

Here, the NLSE is a well-known partial differential equation that describes the propa-
gation of nonlinear waves in a variety of physical systems, including optics, water waves,
and Bose-Einstein condensates. In optics, the NLSE is widely used to model the behavior
of ultrafast optical pulses in fiber optic communication systems. The LPD equation is a
modified version of the NLSE that includes higher-order nonlinear effects. It was pro-
posed by Lakshmanan, Porsezian, and Daniel in 1992 as a more accurate model for the
propagation of ultrafast optical pulses in fiber optic communication systems. The LPD
equation can be used to study a wide range of nonlinear optical phenomena, including
soliton propagation, pulse compression, and supercontinuum generation, and it provides a
more accurate model than the NLSE for systems with higher-order nonlinear effects. The
SSE is another nonlinear equation that is used to model the propagation of optical pulses
in dispersive and nonlinear media. It was proposed by Sasa and Satsuma in 1974 and is
a modification of the NLSE that includes higher-order nonlinear and dispersive effects.
The SSE can be used to study a variety of nonlinear optical phenomena, including soliton
propagation, pulse compression, and supercontinuum generation. In particular, the SSE
can predict the formation of higher-order solitons, which are self-sustaining wave packets
with more complex shapes than the fundamental solitons described by the NLSE. The
SSE can also predict the generation of frequency-shifted solitons, which can be used for
wavelength conversion and other applications in optical communications.

The stationary soliton profile is assumed to be

q(x, t) = U(kx)e'“ ), @)
where 6 stems from the phase constant and w stems from the wave number. Plugging (2)
into (1) yields the real part

akPn(n+ 1)U (U')* + ak?(n + DHUU" 4 k2 (8, + 83) (U') U2
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+01K2 (84 + 05)UPU" + 16k U U — wU? + bU* + ¢165U° = 0, ()

and the imaginary part

20, U UK + cok(d + do)UPU = 0. (4)
For integrability, one requires
n=2, (5)
67 =0, (6)
and
bg 4+ d9 = 0. (7)

After implementing these, the governing Equation (1) modifies to:

i +a(|al’7) +0blaPq

XX
+ a {51‘1xxxx +02(0x)°9" + 0319x 17 + 84lq | qux + 050705, + 56|q‘44} +icy {58W|2% + 5911207;} =0. (8)
Then, Equation (3) reduces to:

18U ) 4 [3ak2 + k(s + 55)} uzu” + [6ak2 + k(6 + 53)} U(U')? = wl + bUP + c186U° = 0. )

2. Review of Implemented Integration Algorithms
Consider the model equation

G(q/ Qx/ qt/ th/ QXx/---) - O/ (10)

where g = q(x, t) is the optoelectronic wave field, while x and t are spatial and temporal
variables.
Set the certain restrictions

q(x,t) = U(E), ¢ = u(x —ot), (11)

where v is the wave velocity, ¢ is the wave variable and y is the wave width. Thus, (10)
falls out as
P(U, —pol’, pU’, p?*u”,...) = 0. (12)

2.1. Sine—Gordon Equation Scheme

Step-1: The theoretical model (12) permits the solution form [9]

N .
u(g) = ; cos" 1(F(¢))[B;sin(F(§)) + Cicos(F(g))] + Co, (13)

along with the auxiliary equation
F'(¢) = sin(F(Z)), (14)
which holds the soliton wave structures
sin(F(€)) = sech(€) or sin(F(8)) = icsch(e), (15)

and

cos(F(&)) = tanh({) or cos(F(&)) = coth({), (16)
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where Cy, C; and B; (i = 0,1,--- ,N) are constants, while N comes from the balancing
algorithm in (12).

Step-2: Substituting (13), along with (14), into (12), we obtain a polynomial expression
in terms of cos(F(¢)) and sin(F(&)). We then collect all terms with the same powers and
set them equal to zero, resulting in an over-determined system of algebraic equations.
This system can be solved using software such as Maple or Mathematica to obtain the
unknown parameters. Once these parameters are found, we substitute them, along with
Equations (15) and (16), back into Equation (13) to obtain the nonlinear wave profiles.

2.2. F-Expansion Procedure
Step—1: The simplified model (12) satisfies the solution structure [10]

N .
) = 3 BiF'(0), (17)
i=0
with the aid of the ancillary equation
F'() = \/PF{@) + QF() + R, 18)
which leaves us with the soliton wave profiles
F(¢) =sn(¢) =tanh(¢), P=m?, Q=—(1+m?), R=1, m—1", (19)
F(&) =ns(¢) =coth(¢), P=1, Q= —(1+m?), R=m?, m — 17, (20)
F(&) = en(&) =sech(¢), P=—-m?, Q=2m*> -1, R=1-m?, m—1", (21)
F(&) =ds(&) = csch(¢), P=1, Q=2m?> -1, R= —m? (1 - mz), m—17, (22)
F(&) =ns(¢) £ds(&) = coth(&) = csch(é), P = i, Q= mzz— 2, R = %2, m—17, (23)
and
, , m? m* —2 m? _
F(¢) =sn(¢) £ien(§) = tanh(¢) £isech(¢), P = e Q= 5 R = o me 17, (24)

where sn(¢), ns(¢), en(&) and ds(¢) are the Jacobi’s elliptic functions (JEFs), while 0 < m <
1 is the modulus of the JEFs. B; (i = 0,1, -, N) are constants, while N stems from the
balancing approach in (12).

Step-2: Inserting (17), together with (18), into (12), we obtain a polynomial in F({).
We then group terms of the same powers and set each group equal to zero. This results in an
over-determined system of algebraic equations, which can be solved using software such
as Maple or Mathematica. Solving these equations yields the values of the unknown pa-
rameters. Substituting these parameters, along with Equations (19)-(24), into Equation (17)
gives us the optoelectronic wave fields.

2.3. Riccati Equation Method
Step—1: The theoretical model (12) permits the solution form [11]

N .
u@E) =) Avi), (25)
i=0

along with the auxiliary equation

V(&) = S$V*(&) + S1V(E) + So, S2 #0, (26)
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which holds the soliton wave structures

S
V©) =355, - z%sita“h(éﬁ“@) =0 )
and
S
V(¢) = _2512 - ;L/Si COth(\éﬁ€+ §0>/ P> )

where Sy, 51, S and ¢ are constants and p = S% — 4505, while N comes from the balancing
algorithm in (12).

Step-2: Plugging (25), along with (26), into (12), we obtain a polynomial expression in
terms of V(¢). We then collect all terms with the same powers and set them equal to zero,
resulting in an over-determined system of algebraic equations. This system can be solved
using software such as Maple or Mathematica to obtain the unknown parameters. Once
these parameters are found, we substitute them, along with Equations (27) and (28), back
into Equation (25) to obtain the nonlinear waveforms.

2.4. Extended Jacobi’s Elliptic Function Expansion
Step-1: The simplified model (12) satisfies the solution structure [12]

N , N ‘
U(g) =) Ajsn'(¢)+ ) Bisn'(2), (29)
i=0 i=1
with the aid of the ancillary equations
n®(§) =1—sn*(g), (30)
dn?(§) = 1 - Psn*(g), (31)
d
7z°(6) = en(§)dn(), (32)
d
gz (6) = —sn(¢)dn(c), (33)
and p
@) = ~1sn(Z)en(@), (34)
which leaves us with the soliton wave profiles
sn(¢) =tanh(¢), I — 17, (35)
and
sn~ (&) = coth(&), 1 =17, (36)

where sn(¢), en(&) and dn(¢) are the JEFs, while 0 < I < 1 is the modulus of the JEFs. A;
and B; (i=0,1,---,N) are constants, while N stems from the balancing approach in (12).

Step—2: Putting (29), together with (30)—(34), into (12), we obtain a polynomial in
sn(¢), en(¢) and dn(&). We then group terms of the same powers and set each group
equal to zero. This results in an over-determined system of algebraic equations, which
can be solved using software such as Maple or Mathematica. Solving these equations
yields the values of the unknown parameters. Substituting these parameters, along with
Equations (35) and (36), into Equation (29) gives us the soliton wave profiles.

3. Quiescent Optical Solitons

Quiescent optical solitons are a type of soliton that arise in nonlinear optical systems
with competing nonlinearities. Unlike traditional optical solitons, which propagate at a



Mathematics 2023, 11, 1709

7 of 25

constant velocity and maintain their shape over long distances, quiescent optical solitons
are stationary and have a nontrivial shape. Quiescent solitons have been observed experi-
mentally in a variety of nonlinear optical systems, including optical fibers, photonic lattices,
and waveguide arrays. They have also been studied theoretically using models such as the
nonlinear Schrédinger equation with competing nonlinearities and the Gross—Pitaevskii
equation for Bose-Einstein condensates. Quiescent solitons have unique properties com-
pared to traditional solitons. A quiescent soliton has a broader spectrum, and a shape that
is less robust to perturbations due to having lower intensity in the central region. However,
they have been shown to have advantages in applications, such as pulse compression and
optical switching. Quiescent optical solitons can be classified into several types based
on their properties, for which we offer brief descriptions of some of the types. Quiescent
optical bright solitons have a localized peak in the intensity of the optical pulse. They are
characterized by a central region of high intensity surrounded by lower intensity regions.
Quiescent optical dark solitons have a localized dip in the intensity of the optical pulse.
They are characterized by a central region of low intensity surrounded by higher intensity
regions. Quiescent optical singular solitons have a sharp point or cusp in the intensity
profile. They are sometimes referred to as “kinks” or “peaks”. Quiescent optical straddled
solitons have two peaks separated by a dip in the intensity profile. They are characterized
by a central region of low intensity surrounded by two regions of high intensity.

In this section, the four integration strategies are implemented to secure quiescent
optical solitons for the model. To this end, balancing the terms U(®) with U® in (9) yields
N = 1. The procedures are organized in the coming subsections.

3.1. Sine—Gordon Equation Method

In this integration tool, the formal solution structure (13) condenses to
U(¢) = Bysin(F(g)) + Cy cos(F(¢)) + Co. (37)

Inserting (37), along with (14), into (9), the auxiliary equations are enlisted as:

bB13 —w B1 + k2B1C12C152 + k2B1C12C153 - k2B13C1(54 - k2B13C155

+5k*Byc161 + 6ak*B1C12 — 3ak?By® + B1%c186 = 0, (38)

—w Cy — 4k*B12C1c184 — 4K2B12Cyc165 — 2k?B12Crc103 — 2k*B12Cyc16y — 24 ak*B2Cy
+16 ¢101k*C1 + 5 B1*Cic186 + k2Ci3c160 + k*Ci3c103 + 6 ak*C1% 4+ 3bB2Cy = 0, (39)

-2 k2313C154 — 2k23136155 —10 B13C12C156 +5 31C14C156 - k231361(52
—k?B13¢103 4+ 24 k*By1c161 + 36 ak? By C1% + B1°c18¢ — 12ak?B;° + 3k*B1C1%¢10,

+6k?B1C1%¢164 + 6 k*B1Cy2c105 + 3k?B1C1%¢165 = 0, (40)

—10 B1?C13¢166 + 5 B1*Cyc166 4+ C1o¢166 — 3k*B1%Cyc10, — 3k*B12C1c163
—6 k2312C1€1§4 — 6k2312C1C1(55 + 24 C151k4C1 + 2k2C13C1(54 +2 k2C13C155

—36ak?*B12Cy + k*Cq3¢105 + kK2Cy3c165 + 12ak>C13 = 0, (41)
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bCy13 4 5k?B12Cyc107 + 5k*B12Cy¢183 + 10k*B12Cy¢104 + 10k*B1%Cy0105
—10 314C1C1(56 + 10 B12C13C156 + 60 ﬂk2Bl2C1 — 2k2C13C1(52 -2 k2C13C153

—40 C1(51k4C1 - 2k2C136154 - 2k2C13C155 - 3bB12C1 —18 ak2C13 =0,

(42)

10 B13Cy%¢10¢ + k*B13¢160 + k*B13¢105 — 28 k*Byc161 + 3k*B13¢164

+3k%B13¢165 — 39 ak?B1Cq? + 3bB1C12 — 2 B12¢106 + 15 ak*B1% — 4k*B1C1%¢163

—4 k231C12€152 — 5k2B1C12C1(54 — 5k281C12C155 — bB13 =0. (43)

On solving these equations, one retrieves the following results:

Result-1:

2k%c18 + 2k%c165 + 2k*c164 + 2k?0165 + 18ak? — b) (—k?c10, — k*c165 + 4k?c164 + 4k?c165 + 6ak® + 3b)

56:<

Co=0,B;=0,C = iZkz\/

q(x,t)

q(x,t)

7

200k4C1251

_ 8d1¢1 (—k2C1(52 — k261§3 + 4k2C1(54 + 4k26155 +6ak?> -2 b)k4
B 2k2c16y +2k2c183 +2k2c104 + 2 k2c105 + 18 ak? — b !

10(51C1

- . 44
2k2c18y +2k%c163 + 2k%c184 + 2k2c105 +18ak? — b (44

Inserting (44), along with (16) into (37), the quiescent dark and singular optical solitons are
presented as indicated below:

- :|:2k2 . 1051C1
N 2k2c16y +2k2c103 +2k2c104 + 2 k2c105 +18ak? — b
) 851(11 (—k2C152 — k2C1(53 + 4k2C154 + 4k2C155 + 611k2 -2 b) k4 0
t
l 2k26152 + 2k2C1(53 + 2k201(54 + 2k2C1(55 +18ak2 —b -

tanh (kx)

xe , (45)
and
1051C1
= +2Kk% - th(k
\/ 312010, + 2K2c105 + 2KPcr0; 1 2Ky 05 1+ 18 ak2 — p Ot (KY)
[ 851c1 (*szléz — k20153 + 4k2C154 + 4k2C155 +6ak? -2 b) k* o
i a
e 2k2c10y +2k%c163 + 2k2c184 + 2k2c105 +18ak? — b ) (46)
where
5101 (2 K2c18y + 2k2¢165 + 2K2c164 + 2K2c1 05 + 18 ak? — b) <o. (47)

The optoelectronic wave field (45) is depicted in Figure 1. The parameter values
chosenwere: k =1,¢c1=1,0p=1,03=1,04=1,65 =1,a=1,b=1and 6 = —1.
Figure 1 shows a localized dip, or trough, in intensity at the center of the wave pattern. The
surrounding wave pattern is characterized by an increase in intensity towards the edges,
creating a ring-like, or circular, shape around the dark spot. The dark spot appears as a
self-contained entity, maintaining its shape and size as it propagates through the medium.
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1q(x)1?

: ' : — X
-2 -1 L 1 2
Figure 1. Profile of quiescent dark optical soliton in polarization controlled fibers.
Result-2:
5(51C1
= k*cy61, By = +2k ,C1=0,Co=0,
«“ €191, 51 \/k2c1(52 + k20103 + k20104 + K2c105 +9ak2 + b’ ! 0
30¢Bitc; + (k2c1(52 + k%105 — 2k%c104 — 2K 0105 + 4 b) B2 —8k*c16, = 0. (48)

Inserting (48), along with (15), into (37), the bright soliton wave is recovered as:

56101 i(Khc161t+6)
=4 h(k 141 , 49
q(xt) 2\/k20152 + k2¢103 + k2¢104 + k%165 + 9 ak? + b (kx)e (49)

with the parameter constraints
sic1 (k2c1(52 + k20105 + K2c164 + K21 05 + 9 ak? + b) > 0. (50)

The singular nonlinear wave profile is also defined as

561c1 i (k*cy 616+
- - h(kx)el(Kadittf) (51
90xt) j:Z\/ k2c109 + k?c165 + k2c104 + k?c165 + 9 ak? + p = (kx)e ;B

with the parameters criteria
101 (k2c152 + k20105 + K2c104 + K2c105 + 9 ak? + b) <. (52)

The optical nonlinear waveform (49) is portrayed in Figure 2. The parameter values
chosenwere: k =1,¢c1 =1, =1,03=1,04 =1,05 =1,a =1,b = 1and 6, = 1.
Figure 2 typically shows a localized bright spot, or peak, in the center of the wave pattern.
The surrounding wave pattern is characterized by a decay in intensity towards the edges,
creating a ring-like, or circular, shape around the bright spot. The bright spot appears as a
self-contained entity, maintaining its shape and size as it propagates through the medium.
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1q(x)1?

. s s L x
-2 -1 L 1 2

Figure 2. Profile of quiescent bright optical soliton in polarization controlled fibers.

Result-3:
2
k:ﬂ:% . 5b W= — 176 b C151 5,
5 €104 +¢105 +3a 225 (c104 + ¢165 + 3a)
B — :Izg v =22 bc151 . g v-—=2 56151 _
Y 3+t +3a YT T3¢0 +ci05+3a 0
— 104 — 27 2
5y = 7C1(53 €104 — €105 + 3&/56 _ (c104 + €195+ 34a) ' (53)

C1 200 C1251

Substituting (53), along with (15) and (16), into (37), the straddled quiescent bright-singular
and bright-dark soliton profiles are extracted as

2 =22 bC151 2 5b
+-————— sech(£+=y//—————x
(x,1) = 3¢104 + 105+ 3a 5 ¢104 +¢105 + 3a
q, j:g—_z berdy coth :I:g \/— —5b x
3c164+ 165+ 3a 5 €104 + 105+ 3a
( 176 b261(51 )
il — 2t+9
we 225 (C1(54+61(55+3a) , (54)
and
E V=22 Z’JC1(51 ch iZ\/_ 5b X
(x,t) = 3c¢104 +¢105+ 3a 5 104 +¢105 + 3a
" T LIS N ——
3¢104 + 105 +3a 5 ¢104 +¢105 +3a
, ( 176 b2c164 )
il — 2t+9
xe 225 (¢104 + ¢165 + 3 a) , (55)
with the specific restrictions
bci161 <0, (56)

and
b(c164 + 105 +3a) > 0. (57)
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The optical soliton profile (55) is shown in Figure 3. The parameter values chosen were:
cq=160=165=1a=1b = —1and d; = 1. Figure 3 shows a localized bright
spot flanked by dark troughs on either side. The bright spot propagates through the
medium while the dark troughs move at the same speed in the opposite direction. The
interaction between the bright and dark regions creates a stable, self-sustaining wave, that
can propagate over long distances without changing its shape.

1q(x)1?
1.25}

1.20}

1.05}

-2 -1 b 1 2

X

Figure 3. Profile of straddled quiescent bright-dark soliton profile in polarization controlled fibers.

Result-4:
(—k?c162 — k?c163 + 4k?c104 + 4k2c105 + 6ak® 4+ 12b) (k*c162 + k*c183 + kPc164 + k*c165 + 9ak® — 2b)
% = 100k%c,26; ’

_ 5101 (—k20152 — k2C1(53 + 4k261(54 + 4k2C155 +6ak?—8 b)k4
4(k2C1(52 + k2C153 + k2C1(54 + k261§5 +9 ak? —2 b) !

. 5(51C1
By = +ik* [ - Co=0
= \/ k20167 + K2c105 + Key04 + K2105 + 9ak2 — 20" 0~

551C]
= +k% [ — .
Cl \/ k261§2 + k2C1(53 + k2C154 + k2C1(55 +9 ak? —2b (58)

Plugging (58), together with (15) and (16), into (37), the dark-singular straddled and
singular-singular straddled quiescent solitons are respectively structured as

5(5]61
+k2, [ — h
g(x ) = k \/ k2c16y + k?c165 + k?c104 + k2¢105 + 9 ak? — 25°¢ (k)
L2 20161 tanh(kx)

 K2¢163 + K2¢103 + k2104 + k2105 + 9 ak2 —2b
.<(5lc1 (—k?c16, — k?c103 + 4k?c164 + 4k*c165 + 6. ak? — 8 b)k* t+9)

Xel 4(k2C152 + k2163 + k20164 + k%0165 + 9 ak? — 2 b) ) (59)

and
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5(51C1
+k%, [ — h(k
(08 = \/ K10y £ ors T Kocr b4+ Kocydn 19 ak2 — 25 >N (k¥)
‘7' +k2, [~ 50161 coth(kx)
k2cq16y + k2c165 + k2c104 + k2c105 +9ak? — 2 b
5101 (—k201(52 — k2C153 + 4k2C1§4 + 4k201(55 +6ak*>—8 b)k4 ]
i t+
Ye 4(k261(52 + k2C153 + k2C1(54 + k26155 +9ak?2 -2 b) ) (60)
with the parameter conditions
d101 (k2C152 + k26153 + k2C1(54 + k2C155 +9ak*> -2 b) < 0. (61)
3.2. F-Expansion Approach
In this integration mechanism, the solution structure (17) simplifies to
U(g) = Bo + B1F(§)- (62)
Inserting (62), together with (18), into (9) leaves us with the simplest equations:
Bo®c106 + k*B12RByc183 + k*B12RByc16, + 6 k2 B12RaBy — w By + bBy® = 0, (63)
5 ByBi1*c106 + 4 k*B12PByc104 + 4 k*B12PByc105
+k?B12PByc103 + k*B12PByc10; + 18 k*B12PaBy = 0, (64)
12k*B13Pa + B1°c106 + k*B1°Pcy 85 + k*B1> Pey 6y
+240161k*B1 P? + 2k*B13Pcy 64 + 2k?B13Pc165 = 0, (65)
9 k2B13QlZ + 10 BQZB13C1(56 + 20 6151k4B1PQ + Zsz1PBOZC154 + 2sz1PB02C1§5
+k2B13Qc105 + K2B13Qc16y + k*B13Qc164 + k*B1°Qc165 + 6 k2B PaBy? + bB1® = 0, (66)
6 k*B13Ra + 5 By*Byc16¢ 4+ 3bBy? By + k*B1QBy*c104 + k*B1QBy%c185 + 12 PRK*B1c16;
+k*B13Re165 + c161k* B1Q? + 3k*B1QaBy? + k*B13Re163 — w By = 0, (67)
k?B12QBoc16y + k*B12QByc163 4+ 2 k*B12QByc104 + 2 k*B12QByc1 85
+12k?B1%2QaBy + 10 By> B1%c106 + 3 bByB1% = 0. (68)

On solving these equations, one arrives at the following cases:

Case-1:

gk 8 PQRk?c167 + 8 PQRK?c163 — 12 PQRK?c164 — 12 PQRK?c185 — Q3k%c167
19 —Q%k2c165 — Q32164 — Q3k%cq 85 + 12 PQRak? — 9 Q3ak? — 12 PRb — Q2b

w=- Ok2c167 + QK2c105 + Qk2c10, + Qk2c105 + 9 Qk2a + b '

5QPC1(51
— = +2k%, [~
Po =05 ¢ \/ Qk2c16 + Qk?c103 + Qk?c164 + Qk%c105 + 9 Qk?a + b’
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—Q%k*c126,% — 2 Q%k*¢126205 + 3 Q%k* 120,04

+3 Q2k4c126285 — Q%kAc12652 + 3 Q2kAcq26364
1 +3 Q%k4c126505 + 4 Q%k*c1264% + 8 Q%k*c126465
06 = o5 | +4Q%4c1205% — 3 Q2ak*c1 8 — 3 Q2akc; 43 . (69)
100 k*c126,Q 2 4 2 14 2 214
+42 Q“ak*c104 + 42 Q“ak*c1 95 + 54 Q“a“k
—7 Qbk?*c16, — 7 Qbk?c163 — 2 Qbk?c104
—2 Qbk?c1 65 — 48 Qabk? — 6 b2
Result-1: Plugging (69), with the aid of (19) and (20), into (62), quiescent dark and singular
optical solitons emerge, respectively, as
1051C1
) = 22K - tanh(k
9(x 1) \/ K210, + 2R%c105 + 2KPcr0; 1 2K, 05 18 ak2 — b (k)
[ 8c161 (*szléz — k20153 + 4k2C154 + 4k2C155 +6ak? -2 b) k* o
i [
e 2k2c16y + 2k%c103 + 2 k%164 + 2k2c105 + 18ak? — b , (70)
and
1051C1
) = £2k% - th(k
70 t) \/ 20215, + 2Ke1Bs + 2Kerdy 1 2K2erds + 18 a2 — b Y

[ 8c101(—k?c167 — k2c105 + 4k?c164 + 4 kPc165 + 6.ak? — 2 b)k*

l t-+6
xe ( 2k2c107 + 2k?c103 + 2k2c104 + 2k2c1 05 + 18 ak? — b ) , (71)

where
d1c1 (2 k2C152 + 2k2C1(53 +2 k2C1(54 + 2k2C155 + 18 ak? — b) < 0. (72)

Result-2: Inserting, (69) with the usage of (21) and (22), into (62), the quiescent bright
soliton is recovered:

561c (14
_ 2 1¢1 k*61cqt+0
lnt) = 2 \/kzcuSz KPe105 + K2e104 + K2cids + 9ak2 & poech(kn)e (F1a2), - 73)

where
5101 (k201(52 + k2165 + K2c1 04 + k20105 + 9 ak? + b) > 0. (74)

The quiescent singular optical soliton is also presented as given below:

561c (14
2 1¢1 k*o1cqt+0
g(x, t) = £2k \/— 016, K200 1 K016, T Kocdn 190k bcsch(kx)gl( 11 ), (75)

where
5101 (k2c1(52 + k20105 + K2c104 + K2c105 + 9 ak? + b) <. (76)

Result-3: Plugging (69), together with (23), into (62), quiescent straddled singular-singular
soliton is structured as
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e 80011 coth (kx)
(x,t) 4 k2c10p + k%c103 + k%c104 + k2c105 +9ak? — 2b
™ + ﬁ \/ 800101 csch(kx)
4 k2c16y + k?c163 + k2c104 + k?c165 +9ak? — 2b
) C151 (—k2C152 — k2C153 + 4k2C1(54 + 4k2C155 + 611k2 -8 b)k4 0
i t+
e 4k2c16y + k20163 + k2c164 + k2c105 +9ak? —2b / 77
where
5161 (k2c1(52 + k2105 + k3c104 + K2c105 + 9 ak? — 2 b) <o. (78)
Case-2:
R 24 P2By* +20 PQBy?B1% + Q?B;*
12PB;* ’
K2 (6 P2By* — PQBy2B;2 + Q2B14) (c164 + c105 + 3a)
b= ,
6PBy’B;?
K2 (2 PBy? + QBlz) (342 P2By* + 135 PQBy2B,2 + 5 Q2B14) (c164 + c105 + 34)
w= ,
120 B12P2B,?
B12(c164 + c105 + 34) (2 PBy? + QBlz)
o1 = ,
! 60 P2By2k2c;
5 2 PBo%c183 + 5 PBy?c104 + 5 PBy*c185 + QB1%¢104 + QB1%c105 + 27 PaBy? + 3 QaB,?
2 2PBy%c, '
k2(c104 + c105 + 3 a) (3 PBy? — QB12)
06 = — 5 . (79)
1OBO B1 (o]
Result-1: Substituting (79), with the help of (19) and (20), into (62), quiescent singular and
dark optical solitons are indicated below
q(x, i’) _ + 2v/=5 bC151 + v—30 bC151 oth b X
104+ 105 +3a 164+ 165+ 3a 20104 +2c165+6a
2
i(— breiont 5 t+9>
xe (C]54 + C](55 + 3&) , (80)
and
q(x, t) _ + 2\/ -5 bc151 + vV —-30 bC15l tanh b X
104+ 105 +3a 164+ 165+ 3a 20104 +2c165+6a

( bzclélt )
il — 5 t+6
xe (C154 + 165 + 361) , (81)
respectively, where
bci161 <0, (82)

and
b(2¢104+2c165 +64a) > 0. (83)
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Result-2: Inserting (79), with the usage of (23), into (62), the quiescent singular—singular
straddled optical soliton is recovered as

2y/—5 bclél
¢104 +¢105 +3a

v/ —30 bC151 Oth(\/ 2b x)
c104 + 105 +3a c104 + 105+ 3a

v *30[%1(51 h(\/ 2b )

61§4+6155+3ucsc €104 + 105 +3ax

q(x,t) =

( b2C151t )
il — 5 t+6
xe (C1(54+C155 —|-3a) , (84)
where
bC151 <0, (85)

and
b(c164+ c165 +3a) > 0. (86)

Result-3: Inserting (79), with the usage of (21) and (22), into (62), the quiescent singular
optical soliton is recovered as

1
q(x,t) = {Bo+Bicsch| BBy |— 0%6c1 x
(3 BOZ — B12) (c104 + €105 + 35[)
(2 Bo2 + 312) (342 Bo* +135B¢%B;2 + 5 314) S6C1
il - t+6
12 (3 By? — Blz)
xe (87)
where
d6c1(c104 + €105 +3a) < 0. (88)
The quiescent bright optical soliton is also presented as below
g(x,t) = By & Bysech | B1By 10d6c1 X
(3 B()2 + 312) (c104+ 105+ 3a)
(2 B? — Blz> (342 Bo* — 135By2By2 +5 B14) b6c1
il — t+6
12(3 By? + By?
xe ( 0 ! ) , (89)
where
d6c1(c104 + €105 +3a) > 0. (90)
3.3. Riccati Equation Method
In this integration tool, the formal solution structure (25) condenses to
U(g) = Ao+ A1V (). 1)

Putting (91), along with (26), into (9), the auxiliary equations are enlisted as

240161k* A15,* + 2 A1301K26495% + 2 A13c1k%655,>
+A13C1k252522 +12 A13ak2522 + C156A15 + A13C1k2§3522 =0, (92)
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c161k*A1813S0 + 3 A1 Ag?ak?S1S0 + 8 ¢101k* A1525150° + A1 Ag2c1k?6451S0 + A1 Ao*c1k?6551 Sy
+bA03 — W AO + 6 A12A0ak2502 + C156A05 + A12A0C1k252502 + A12A0C1k253302 = 0, (93)

18 AgA1%ak?S,% + 21 A13ak?S,S1 + 60 ¢161k* A1523S1 + 4 AgA1%c1k%64552
+4 A0A12C1k255522 +3 A13C1k2545251 +3 A13C1k2555251 +5 C156A0A14
+A12Ac1k? 62557 + A12 Agc1k28355% 4+ 2 A13c1k%6,5251 4+ 2 A13c1k%635,51 = 0, (94)

c101k* A151% + 3 A1 Ag2ak?$,% + A13c1k25,502 + 16 ¢161k* A1 552502
+A1Ag%c1k%0551% + A1 Ao%c1k26551% + 6 A1 Ag2ak? S, Sy + 18 AgA1%ak*S$1Sy
+6 A12ak?Sy% 4 5106 Ag* A1 + 22 c161k* A152512S0 + 2 A1 Ag*c1k%845, 5
+2 A1 Ag?c1k? 055280 + 2 AgA12c1k%6451S0 + 2 AgA1%c1k26551 Sy
+2 A2 Agc1k?6,81S0 + 2 A2 Agc1k?6351S + 3bAg? A — w A1 + A13c1K?5350% = 0, (95)

12 AgAr2ak?S1% + 15 A13ak?S1 Sy + 15 c161k* A15251% 4+ 9 A1 Ag2ak?$2S1 + 2 AgA12c1k26,512
+2 AgA1%c1k?0551% + 24 AgA12ak?S,So + A12c1k?6451 S0 + 10 ¢186.A0> A2 + 60 c101k* A15,251 S
+3 A1Ag%c1k%655251 + 3 A1 Ap?c1k%655251 + 4 AgA1%c1k25,52S0 + 4 AgAr2c1k%855, 5
+2 A1 Agc1k?6252S0 + 2 A12 Agc1k?85352S0 + 3bAgAL% + A1Pc1k%6551 S0
+A12Agc1k%6251% + A2 A1 k283512 4 2 A13c1k%6,51S0 + 2 A13c1k%835159 = 0, (96)

A1301k%6451% + Ar13c1k%0551% + 18 A13ak?S,S) + 6 A1 Ag2ak?Sy% + Aq1°c1k%62512
+40¢101k*A1553Sg + 50 ¢161k* A15%51% + 2 Ay Ag2c1k*6450% + 2 A1 AgPc1k>055,°
+30 AgA12ak?S3S1 + 2 A13¢1k%6452S0 + 2 A12c1k?055,S0 + 9 A12ak?S1% 4+ 10 ¢166 Ag A1
+6 AgA12c1k2545251 + 6 AgA12c1k%055,81 4 2 A12 Agc1k?6252S1 + 2 A12 Agc1k?035,51 + bALS
+2 A1301k%625,S0 + 2 A13c1k2535,80 + A13c1k25551% = 0. (97)

On solving these equations, one retrieves the upcoming results:

Result-1:

+ A% A12550105 + 20 k2 Ag?Sy3 181 — 20 ¢161k2S0 A12552
—C154S()A14 — C155S()A14 + A02A1252C153 — A14C1§2SO — A14C15350
At
16 C151k2A0457_4 +6 A04a522A12 + A16C152502
+A166153502 + A04522A12C1(52 + A04522A12C1(53 +6 A16a502

( A02A1252C154 + A02A1252C155 — 9LZS()A14 +9 LZAOZAlez )
2k%S,

b=

7

k2
—12 Ap?aS,S0A1* 4+ 16 ¢161k25,2S02 A1t — 32 ¢161k25,3 Ag? Sy A1 2
w = -2 A02C1525250A14 — 2A02C1535250A14
At '
k2522( 24 k25%2C1(51 + A12261(52 + A12C1(53i )
2A0S +2 A1°c164 +2 A1%c105 +12aA
Sl— 02/(56:_ 1 104 1 €105 1 ) (98)

A14C1
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Inserting (98), along with (27) and (28), into (91), the quiescent dark and singular optical
solitons are, respectively, presented below:

(x8) A |52 (A0252 - A1250) il Sz (A0252 - A1250) :
X, = —— tan x +
1 S> A12 A12 0
16 ¢161k2Ap*So* + 6 Ag*aSy2 A1? + A1°¢16,50°
K2 +A16C153502 + A04522A126152 + A04522A126153 +6 A16a502
—12 Ag?aS2So A1t + 16 ¢101k25,%502 A1t — 32.¢101k25,3 Ag2 Sy A1
-2 A02C1523250A14 -2 A02C1§35250A14
i t+6
At
xe , 99)
and
(x.5) A |52 (A0252 - A1250) N So (A0252 - Alst) :
X, = —— cot X+
d SZ A12 A12 0
16 C151k2A04524 +6 A04ﬂ522A12
+A41%¢16,50? + A1%¢10550% + Ap*Sr% Ar%c16,
K| +A0*S22A1%0165 4+ 6 A1%aS0> — 12 Ag?aS2S9 Art
+16 ¢161k2552802 A1* — 32 ¢161k%5,3 A% Sy A1
-2 A02C1525250A14 -2 A02C1§35250A14
i £+
At
Xe , (100)
where
S, (A0252 - Alzso) > 0. (101)
Result-2:

kc16,5,> (4 Ag2S,2 — 4 AgA151S + A12512)
b= —

45A:* ’
9k4e16 (16 AgtSa* — 32 Ag3A1S15:% + 24 Ag2A125128,% — 8 AgA135,3S, + A14514)
w=— ,
16 A;*

o 124°S7 —12A0A1515+ A%S o —60K*Sp’cié1 + ArPcrds + 64y’

0 8A1252 12 A12C1 ’
2¢c 2 2 2 4c 4

5y = _60k Spcc161 + Azl €165 +3aA, 66 = 3651](452 ‘ (102)
A%y Ay

Putting (102), along with (27) and (28), into (91), the quiescent dark and singular
solitons are, respectively, recovered as:
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}

. 2 - 2
CI(X, t) = {Ao - A151 - \@Al \/(ZAOSZ Alsl) tanh |:kf\/(2AOS; 2A151) x+§o
1

25, 45, A12
o0 Kic 5 16 Ag*So* — 32 Ag®A15,5,°
17 +24 A02A12512522 —8 A0A1351352 + A14S14 o
i| - t+
l 16 A,
xXe , (103)
and

A A1 [ (2A0S) — A1S1)? k 2 ApSy — A1S1)?
q(x,t) = {Ao— 151 _ ve 1\/( 052 151) coth[ f\/( OSZA 2 151) x + Go
1

}

25, 4S5, Alz
o kbeis 16 Ag*Sy* — 32 Ag3A1515,°
I\ 424 A2 A125125,% — 8 ApA13S13S, + A% Sy )
N t+
l 16 A2
Xe . (104)
Result-3:
2¢.2 2 2¢ 4 2
bh— 3k=S5q (C154+C155+3ﬂ),w _ 3A; (c1(54+c1(552+3a)k 51 Ay = 0,5y = _i,
4 3205, 85,
5 = — A12(c104 + 105 + 3a) 5y = 103+ 0104+ 105 + 9a’56 _ _ 3K2S2%(c104 + 165 + 3a) . (105)

60 k2822C1 €1 5A12C1

Inserting (105), along with (27) and (28), into (91), the giescent dark and singular
solitons are presented:

] (3 A12(6154 + 105+ 3 a)k2514 t+9)
i
2
}e 3205, . (106)

25,

A151 Al\@\/ Slz k\/g 2
g(x, t) = {— — 13, tanh 1 \V/S17x + o

and

3 Alz(C1§4 + C1§5 +3 ﬂ)k2514
2 i t+0
A8 A1v6y/S K6 /o3 ( 320 5,2
—J_ _ 107
q(x,t) { 25, 15, coth 1 S1°x+ 3o e (107)
3.4. Extended Jacobi’s Elliptic Function Expansion Method
In this integration mechanism, the solution structure (29) simplifies to
U(Z) = Ao + Arsn(&) + Bysn™1(2). (108)

Putting (108), together with (30)—(34), into (9) leaves us with the simplest equations:

5 C1§6A0A14 +4 A0A12C1k25412 +4 A0A12C1k25512 + 18 A0A12Qk212
+Aoc1k?62A1%1% + Ager k263 A1%12 = 0, (109)
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5¢106AgB1* + Agc1k?0,B1% + Agc1k*03B1% + 4 AgBy%c1k%6,
+4 AgB12c1k%65 + 18 AgBy2ak® = 0, (110)

01561415 + A13C1k2(5312 +24 C1(51k4All4 +2 A1361k2(54l2 +2 A13C1k2(5512
+A3c1K%6,1% +12 A2ak?1? = 0, (111)

C156315 +2 Bl3C1k2(54 +2 B13C1k2(55 + Bl3C1k252 + Bl3C1k2(53
+24¢101k*By + 12 B;%ak? = 0, (112)

6bAgA1By + c106A0° +bAg® — w Ag +20¢106A0g> A1 By + 30 106 Ag A1 B2
—4 AgA1c1k*54B1 — 4 AgA1c1k?65B1 + 2 Agc1k?0y A1B1 + 2 Agc1k?63A1 By
+Agc1k?6,B121% + Agcik?63B121% + 6 AgBi2ak?1? + Agcik?62 A1 + Agcik?63 A2
—4 AgA1c1k?04B11? — 4 AgA1c1k*65B11% + 2 Agc k26, A1 By 12
+2 Agc1k*63A1B11% 4+ 6 Agak* A% = 0, (113)

10 ¢186A0%A1% + 5¢106A1*B1 + DA% + 2 Ag?c1k?05A11% — A1%c1k25, B 12
—A1%c1k?03B11% + 4 Ay2c1K*0, B 1% + 4 A2 c1kP05B1 1% + 2 Ag?c1k? 0y Aq 1
—A1301K25,1% — A13c1Kk2851% 4 6 Ag?ak® A1 + 6 A12ak?’ By 17 — 20 ¢1 6, k* Ay 14
—20¢151k* AP — APeik28,07 — APcik?o51% — 9 APak® — 9 AjPak?1?
—A1301K25y — APk 05 — A13c1k?6y — A13c1k%65,10 106 Ag> B3

+5¢186A1B1* 4 bB1® 4 4 A1 B12c1k%64 + 4 A1 B12c1k265 — B13c1k25,12

—By3c1k%651% — 20 ¢101k* B11? — B13c1k2541% — B13¢1k%651% — A1c1k*6, B>

—A1c1k*03B1% + 2 Ag®c1k*04B1 + 2 Ag?c1k?85B1 — 9 Bi2ak? — B13c1k?63 — 20 ¢161k* By
+6 Ag2ak’By + 6 A1 B1%ak? — 9 B13ak?1? — B13c1k%6, — B13c1k%65 — Bi2c1k?6, = 0, (114)

—3 Ag2ak* Ay — 3 A12ak?By + c161k* Ay + 6 A13ak® + 3bAg% A +3bA B,
+A1%01K%63B1 17 + A12c1k%63B11% — 3 A12c1k204B11% — 3 A12c1k?85B117 — AgPc1k?6,A117
—Ag?c1k?65A11% + 30 ¢186Ag> A12By — 3 Ag?ak? A11? — 3 A12ak® B 1% + 14 ¢161k* A1 12
+0161k*Aql* — w A1 + 50106 A0 A1 + 10 0166 A1°B12 + A13c1k%65 + ArPcik?65 4+ Ar2c1k%6,By
+A12c1K253B1 + 2 A1B12c1k%841% + 2 A1 By 2c1k?051% — Ag2c1k®0, A1 — AgPcik?05A,
—3 A1%c1k%54B1 — 3 A1%c1k%65B1 — A1c1k?62B1%1% — A1c1k?63B1%1% = 0, (115)

5¢106A0* By +10¢104A1%B1> +3bA¢?By +3bA By + 6 By2ak?1> — 3 Ay By%ak?
—3 Ag%ak®*By — w By + 30 ¢18¢A0%A1B1% + B13c1k%651% + ByPc1k2651% + 14 ¢16,k* By 1
—3 Ag?ak®Bq1? — Ag®c1k?64B1 — A*c1k?05B1 — 3 A1B1%c1k?64 — 3 A1 B1%c1K? 05
—3 A1B12ak?1? — A1%c1k?6,B1 — A12c1k253B1 + 101k By — Ag?c1k?64B1 17 — Ag?c1k?55B4 12
—3 A1By2c1K2641% — 3 A1B2c1k%051% + A1c1k?52B1% + A1c1k*63B1% + c101k* By 1t
+2 A12c1K?64B1 4 2 A12c1k%65B1 + A1c1k?62B121% 4+ Aqc1k?03B1%12 = 0, (116)
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—Apc1k%8,B12 1% — Agcrk?63B1%1% — 2 K212 AgB1%c164 — 2 K212 A By 2c105 — 12 Ao By 2ak? 1>
-2 A061k252A131 -2 A0C1k2§3AlBl +4 A0A1C1k2§4Bl +4 A0A1C1k2§531 — A0C1k252312

—Aoc1k?63B1% — 2 AgB12c1k?84 — 2 AgBy2c1k%65 + 10 ¢186 Ao B1? + 20 ¢106 Ao A1 B3

—12 AgBy2ak®> +3bAgB1> = 0, (117)

— A1 k28, A1 — Agcr k283 A1%1% — 2 AgAq2c1k2841% — 2 AgAq2c1 k26512

-2 A0C1k252A1 Bllz -2 A0C1k253A1 Bllz +4 A0A1C1k254B112 +4 A0A1C1k255B112
—12 AgAq2ak?1? — Agc1k?0, A% — Agcrk®63A1% — 2k2 AgAr%c164 — 2 k> AgAr%cy 65

q(x,t)

+10 Ag® A1%c186 + 20 AgA1°Bic16g — 12 Agak® A% + 3bAg A2 = 0. (118)

On solving these equations, one extracts the cases:

Result-1:
k2166152 + k216C153 + k216C154
+k216C155 +9 akzl6 - 5kzl4C152
-5 kzl4C1(S3 + 15 k214C154 +15 k214C155
c161k* +15ak?1* — 5k%1%¢160 — 5k21%¢163
+15Kk212¢184 + 15 k21%¢105 + 15 ak?12
—bl* + k2C152 + k26153 + k2C1(54
+k?c165 +9ak? — 146> — b
[ K212c16y + k2120165 + K212c 84 + k2120165 + 9 ak212
( +k%c10y 4 k2c103 + k?c104 + k%c105 +9ak? — b )

5C151 (12 + 1)

Ag=0,A; =0,B; = +2k* | — ,
0 ! ! ( 212c16, + K212c165 + k212104 )

+Kk212¢165 + 9 ak?1% + k%c16,
+k?c103 + k?c104 + k?c105 +9ak*> — b

—k212¢16y — K212¢165 K212¢16, + K*1%¢163
+4 k212C154 + 4k21261(55 +kZZ2C154 + k212(1155
+6ak?1? — k*c15, +9ak?1? 4 k%c16,
—k201(53 + 4k2(31(54 +k2C1(53 + k2C1(54
+4Kk?c105 +6ak*> +6b +k?c105 +9ak?> — b
86 = . . (119)
100 C1251k4(lz + 1)

Putting (119), with the aid of (35) and (36), into (108), the quiescent singular nonlinear
soliton emerges as:

10C151
= +2k% /- th(k
\/ K210, + 2K2c105 + 2KPcr05 1 2Ky 05 1+ 18 ak2 — b Ot (KY)

' 8C1(51k4 (—k2C1(52 — k26153 + 4k2C1§4 + 4k2C1(55 +6ak*>—2 b)

i t+6
e ( 2k26152 + 2k2C1(53 + 2k2C1(54 + 2k2(31(55 +18ak2 —b ) ) (120)

where
€16 (2 K2c18y + 2 k3¢ 65 + 2K2¢164 + 2 K¢, 05 + 18 ak? — b) <o. (121)
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Result-2
k216C152 + k216C153 + k216C1(54

+k216¢185 4+ 9 ak?1® — 5k%14c1 6,
—5k214c105 + 15 k214104 + 15 k214 ¢1 05
C151k4 +15 ak?1* — 5k212C152 — 5k212C1(53
+15k%1%¢184 + 15 k*1%¢165 + 15 ak?1?
—bl* + k261(52 + k2C1(53 + k261(54

+k%c105 + 9ak? — 14b1% — b
w = 22 22 272 ’ (122)
( k?12¢c16y + k*1%c103 + k*1%c104 )

+Kk21%¢165 + 9 ak?1? + k*c16y + k*c163
+k26154 + k2C155 +9ak? —b

56151(12 + 1)
( k212¢18y + k2120165 + k21%¢104 ) ’

By =0,A)=0,A; = £2Ik* | —

+Kk212¢165 + 9 ak?1% + k*>c165 + k*c163
+k2c164 + K2c165 +9ak? — b

—k212C152 — k212C153 k212C152 + k212C153
+4K21%c184 + 4K21%¢1 05 +k21%c104 + K21%c1 65
+6ak?1? — k?c16; +9ak?1% + k2c16,
—k2C153 + 4k2C154 +k2C153 + k2C1(54
+4k%c165 +6ak> +6b +k%c165 +9ak* — b 123)
100 C1251k4(12 + 1)2

Substituting (123), with the aid of (35) and (36), into (108), the quiescent dark soliton
is indicated below

At) = ﬂkv_ 2K2010; + 2K2c1 55 + 2 1120;11(;11 T 2kess ¢ 8ak b k)
[ 8c101k* (—K2c10y — kPc165 + 4K2c184 + 4 Kkc105 + 6 ak® — 2D)
e ( 2k%c10y + 2k?c163 + 2 k%164 + 2k%c105 + 18 ak? — b t+9> , (124)
where
16, (2 120165 + 2K20163 + 2 K216, + 2 K¢y 85 + 18 ak? — b) <. (125)
Result-3:

k2166152 + k216C153 + k216C154
+k210¢165 + 9 ak?1® — 14 k*1°¢1 6,
—14k215¢103 + 66 k21°¢164 + 66 k215¢1 55
+114 ak?15 — 145 k214167 — 145 k%141 65
+495 k214 ¢1 04 + 495 k214105 + 615 ak21*
—196k213¢16, — 196 k213¢1 63 + 924 k213¢16,
+924 k?13¢1 55 + 1596 ak?13 — 145 k%1%¢16,
—145k21%¢163 + 495 k?1%¢1 64 + 495 k%1%¢, 55
+615ak?1? — bl* — 14 k?1c16y — 14 k%1165
+66k?1c164 + 66 k%1c105 + 114 ak?l
—600b1° + k2C1(52 + k2C153 + k2C1(54 + k2C1(55
+9ak? —134b1> —601b — b
k212C1(52 + k21201(53 + k2126154 + k212C155
+9ak?1? 4 6 k?lc165 + 6 k%lc1 65 + 6 k%lc1 4,
+6k%1c105 + 54 ak?l + k*c16, + kc103
+k%c104 + k20165 +9ak® — b

C151k4
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q(x,t)

Ag =0, A,

56151(12 +61+ 1)

= 421K

7

K212¢165 + k212103 + K21%¢164
+k%1%2¢105 + 9 ak?1? + 6 k*1c15,
+6k?1c163 + 6 k21164 + 6 k21cq 5
+54 ak?l + k2C1(52 + k2C1(53
+k2c104 + k2c105 +9ak®> — b

By = £2k? | —

5C151(12 +61+ 1)

—k212C152 — k212C1(53

k212¢16 + k21%¢103 + K*1%¢164
+k212¢165 + 9 ak?1% + 6 k%1c16,
+6 kle153 + 6k2lC154 + 6k216155
+54 ak?l + k*>c16, + k?c103
+k?c164 + k2c105 +9ak®> — b

k212€152 + k212C153

+4K21%¢164 + 4 K121 05 +Kk21%¢164 + K*12¢1 65
+6ak?1? — 6 k%Ic10, +9 ak?1? + 6 k*1c 67
—6k%lc103 + 24 k*1c164 +6k?1c103 + 6 k*1c104
+24 k%1c165 + 36 ak?l +6k?1c105 + 54 ak?l
*kzcléz — k2C1(53 +k2C152 + k2C1(53
+4k?c104 + 4 k%105 +k?c104 + k*c105
2 2
5 = +6ak-+60b +29 ak= —b . (126)
100 C1251k4(lz +61+ 1)

Putting (126), with the aid of (35) and (36), into (108), the quiescent straddled dark—
singular soliton evolves as:

i4kZ\/ 8k%c10y +8k%c103 +8 ;120;115;11 + 8k2c165 + 72 ak? — p tanh(kx)
j:4k2\/ 8k2c10, + 8k2c105 + 8k20c611541_|_ ey bcoth(kx)
256(—2k?c16, — 2k?c103 + 8k2c184 + 8 k%105 4+ 12 ak? — b)c16,k*
xe ( 8k2c1 6, + 8k2c1 03 + 8Kk2c104 + 8k2c1 85 + 72ak? — b ”9)’ )
where

16, (8 K2c18y + 8K2c165 + 8K2c164 + 8K2cy 05 + 72 ak? — b) <o. (128)

4. Conclusions

The current work presented located the quiescent optical solitons for the concatenation
model, considered with the Kerr law of nonlinearity. The aspect of nonlinear CD was
considered for the formation of these stationary solitons. The parameter of nonlinearity for
the CD was set to n = 2 for the integrability of the concatenation model. The conclusion
is, therefore, a stern warning to ground engineers when they lay the fiber optic cable
underground or under oceans. They must make absolutely sure to avoid rough handling
of fibers that inadvertently lead to the bending and twisting of fibers which would trigger
the solitons to stall during transmission across intercontinental distances. This would lead
to unfathomable catastrophic chaos and must be avoided at all costs. Therefore, it is of
paramount importance for ground engineers to make absolutely sure that the CD is never
rendered to be nonlinear.

The same conclusions were drawn when quiescent solitons were studied for various
other models. These include the complex Ginzburg-Landau equation or the nonlinear
Schrodinger’s equation with Kudryashov’s form of nonlinear refractive index, which
includes Kudryashov’s quintuple form of nonlinear refractive index. There are a variety of
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mathematical algorithms that have been employed to secure quiescent solitons for such
modes. They range from the application of the extended G’/G—expansion approach,
Jacobi’s elliptic function expansion approach and several others [13-17]. The current
paper, however, implemented the sine-Gordon equation scheme, F-expansion procedure,
Riccati equation method and the extended Jacobi’s elliptic function expansion approach.
These algorithms collectively yielded a plethora of quiescent solitons. A full spectrum
of such solitons, including straddled quiescent solitons, emerged and were enumerated
sequentially. Numerical simulations were also included for the reader to get a visual
perspective to such solitons. The analytical results are long and new. They represent the
true form of stationary soliton solutions for the nonlinear parameter of the CD to be set at 2.

The result of the current work opens up a floodgate of upcoming opportunities that
could lead to a plethora of opportunities to explore. The extension of this model to several
other models is pending at the current stage. While the work has been done on the model
with cubic—quartic, as well as quadratic—cubic nonlinear forms of refractive index, the
Sasa-Satsuma equation, Lakshmanan—-Porsezian-Daniel model and many others, there is a
lot of work yet to be done. It is encouraging to address this study with additional models.
It must be noted that one of the pioneering scientists, namely, Wazwaz, reported a lot of
work on optical solitons with several models, as well as in multi-dimensions, but it must
be observed that none of his works were on quiescent optical solitons. His results were
confined to mobile optical solitons.

Another future avenue is the consideration of the CD for the concatenation model to
be with the power—law of nonlinear refractive index. Such a nonlinear form of optical
fiber is visible in reality and, therefore, extending studies to such a nonlinear medium
is necessary and rewarding. A future challenge would be to study the concatenation
model with Kudryashov’s form of nonlinear refractive index, including the quintuple type,
with two, as well as three, parameters, and to search for its quiescent soliton solutions.
Subsequently, other forms of quiescent soliton solutions are also to be recovered, including
the following: dispersive optical solitons, dispersion-managed optical solitons, as well as
gap solitons, and spatial optical solitons, including the spatio-temporal optical solitons.

Apart from the plethora of mathematical engineering aspects to address quiescent
optical solitons, yet another approach derives from direct software application. This gives
way to implicit quiescent optical solitons and has been lately recovered for the complex
Ginzburg-Landau equation [18]. This direct software approach, when applied to additional
models, would yield a wide form of additional results that are not possible to recover using
the analytical mathematical schemes known thus far. This is also an unfulfilled agenda at
the current stage.

Other burning questions that need to be answered relate to the inclusion of the
spatio—temporal dispersion term in addition to the CD. In such a case, the STD is rendered
to be nonlinear as well, in addition to the CD being nonlinear, and the issue of how the
structure of the quiescent solitons form needs to be addressed. It is well known that the
inclusion of STD in addition to CD can always control the Internet traffic flow to, thus,
transform it into regulated Internet traffic. The effect of an Internet bottleneck is, thus, cut
down drastically. However, on the contrary, how are the quiescent optical solitons going to
formulate if, additionally, the STD is also transformed to be nonlinear with the twisting
and bending of fibers? This is yet another unanswered question that needs to be addressed
and explored.

The model will be addressed in the future for quiescent solitons in birefringent fibers
and the natural extension is to consider the model for dispersion—flattened fibers. These
would give a broader perspective to the model. Next, perturbation terms are to be incor-
porated in the concatenation model and the perturbed version of the model is yet to be
addressed for its scalar version, as well as with differential group delay. The results will be
aligned with the output of pre—existing works and will be disseminated in future [19-40].
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