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Abstract. This paper implements two of Kudryashov’s approaches to extract optical
soliton solutions to the concatenation model that is a conjunction of the nonlinear
Schrodinger’s equation, Lakshmanan—Porsezian—Daniel model, and the Sasa—
Satsuma equation. A full spectrum of soliton solutions emerged along with the
parameter constraints that are all comprehensively presented.
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1. Introduction

The concatenation model is one of the models that emerged about a decade ago, in 2014, to
address soliton communications through optical fibers across transcontinental distances [1, 2]. This
is a conjunction of three well-known equations studied in nonlinear fiber optics. They are the
nonlinear Schrodinger’s equation (NLSE), Lakshmanan—Porsezian—Daniel (LPD) model, and the
Sasa—Satsuma equation (SSE). Subsequently, the model gained popularity, and subsequently, an
explosion of a variety of results started emerging [3—8]. These range of results are from the
Painleve analysis of the model, quiescent solitons for nonlinear chromatic dispersion (CD),
conservation laws, rogue waves, application of the method of undetermined coefficients, and many
other features [3—8]. For the first time, the current work will implement Kudryashov’s approaches
to recover soliton solutions to the concatenation model having the Kerr form of self—phase
modulation (SPM). A full spectrum of soliton solutions, including the straddled solitons, would be
revealed using Kudryashov’s approaches. The corresponding parameter constraints would also be
enumerated for the existence of such solitons. The derivation details are exhibited in the rest of the
paper after a quick intro to the model.
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2. Mathematical analysis

The concatenation model [1-3] is given by
. 2
i, +aq.. +blq|" q

+¢ [51qu +65(qx) 4 +85|ax 46414 P g +850% a0 +ld|" 9] (1)

+icy [57qm +3g)al g, +59q2f1i} =0.

Eq. (1) is the concatenation model that is going to be the focus of study in this work. Here
q= q(x,t) is the wave profile and is a complex—valued function with the independent variables
being x and ¢ them being the spatial and temporal coordinates, respectively. The first term is the
linear temporal evolution, while the coefficients of ¢ and b are CD and SPM, respectively. The
first three terms together represents the NLSE component. The coefficients of ¢; and ¢, are the
portions from LPD and SSE, respectively, §; — represent the coefficients of nonlinearity, g, gives

the temporal dispersion, g, is the spatial dispersion, gy, ¢ and g, correspond to the higher-
order dispersions. Thus, the conjunction model is truly a concatenation of three familiar models
that are visible in optics and optoelectronics. This model will be studied using the two forms of
Kudryashov’s integration structure. The details are exhibited in the subsequent sections.

The traveling wave hypotheses can be applied as:

q(x.t)=0(e)e®™), e=n(x-vt), $(x.t)=—kx+art+0, )
where v,k,w,9,¢(x,t) , Q(s) , and h represent the soliton’s velocity, wave number, frequency,

phase constant, phase component, amplitude component, and inverse width, respectively. Using
Eq. (2) in Eq. (1), we obtain the real part

0161h4Q""+ (C154h2 + C165h2 )Q2Q"+ (0152h2 + Cl63h2 )Q(Q')z

+(ah® 668,17k +3¢,6,kh” ) 0"+ 1540’

3
+(b=8,k% + 05k — 8,7 — 35k +erdgk —er00k | O°
+(-o-ak® +adik! —,5,k° )0 =0,
and the imaginary part
(~4crdifd® + 8% ) O+ (~hv = 2ahk + 4eiyk h =3¢,8;hk” ) O° )
4
+(_2C152hk - 20164}[]( + 20155kh + C268h + Cz59h) QzQ' = 0,
d d? &’ w d?
where Q' :&, Q"= Qgg) , 0" = Q(:) ,and Q :w. Employing the following
de de de de
constraints in Eq. (4)
~dey ik +c, 8,0 =0,
1¢1 297 (5)

—20152}1]( — 2C154hk + 2C155kh + Czégh + C259h =0.
Thus, one can obtain the velocity of the soliton as
v=—2ak +4¢,6,k> =3¢, 8,k (6)

Now, Eq. (3) can be rewritten as
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40"+ 4,0°0"+ 4,0(0") + 430"+ 450° + 450° + 4,0 =0, (7)
where
A = ¢, 5,h*,
Ay = ;8407 +¢,85h°,
Ay = 8, h* + ¢, 5307,
Ay = ah® —6¢,8,h* k> +3¢,87kh? (8)
As = ¢\66,
Ag =b—16,k% + ¢;63k% —;64k* —¢,85k* + cy5gh — ¢y 8ok,

Ay =~ —ak® + ¢85,k — 5,k

3. Kudryashov’s method

In this section, the Kudryashov method [10] is applied for obtaining the soliton solutions of
Eq. (7). Let us assume that Eq. (7) has the solution of the form

O(e) =By +BR(), ©
where B, and B, are arbitrary constants with B; # 0, and R(s) satisfies the ordinary differential
equation (ODE)

R'(s)=R*(e)-R(e), (10)
and has of the form
1

_l+ne8’

R(z) (11)

where 71 is a constant. Substituting the values from Eq. (9) and Eq. (10) into Eq. (7) and collecting
the coefficients of different powers of R(g) equal to zero, we have

0=AsB} +24,B) + A, B} +24 4B,

0=54ByB' +44,ByB} —34,B; + A;ByBf —2.4;B; —60.4,B;,

0=10A45B} B +24,B3 B, —6 Ay ByB} + A, B} —2.4,B,B}

+ A3 B + AgB +504,B, +24,B,, (12)
0=1045B3 B} —34,B} B, + 24, ByB{ + A By Bf +3AsByBf —154,B, —34,B;,
0=>5A4sBy B, + Ay B} B, +3AsB3 B, + A4, B, + A,B, + 4, B,,
0= AsB} + AgB} + 4, B,.

After solving the above system of algebraic equations, we have the following results

B- | OA=204 o [ 64204
44y — Ay —84, 44y — Ay —84,
2y Ay —dAy A —Ad ) Ay +8Ac 13)
b 44, — Ay —84, ’
4y — Ay -84 (-6 Ay A + Ay dy — gy +12454)
5 = .

4(34,-104; )
Using Eq. (13), the solution of the Eq. (7) can be written as
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2(34,-104 2
o(e)= [ 2CAH104) (1, 2 ) (14)

From Eq.(2) and Eq. (14), and after simplification, the straddled dark—singular soliton
solution of Eq. (1) can be written as
2(34,-104;) 2
- 44, — A3 -84 { B 1+ncosh[h(x—vt)1 +77sinh[h(x—vt)j} (15)
><ez’(—loc+cot+0)

q(x,t)=

provided
(34, -104; ) (44, — 4; —844) < 0. (16)
In particular, upon choosing 7 ==1, one recovers dark and singular optical 1-soliton

solutions respectively as:

q(x’t):_ _ 2(3144—10147) tanh h(x—vt) ei(—kx+a)t+9)’ (17)
44, — Ay 84, | |
and
q(x,t):_ _ 2(3A4—10A7) coth h(X—Vt) el'(—kx+0)l‘+9). (18)
44y — A5 —84¢ | ]

4. Modified new Kudryashov’s approach

In this section, an effective algorithm namely, the modified new Kudryashov method [10], is
applied to obtain more soliton solutions. Let us assume that Eq. (7) has the solution of the form

O(e)=B,+BR(&), (19)
where B, and B are arbitrary constants with B; # 0, and R(e) satisfies the ODE
(R'(e)) = [RZ (&)1- 2 (R ()Y )}ln(A)z  0<dxl, 20)
and has the form
4k
R(g)=————. 21
) A7 A+ 4 A° @b

Substituting Eq. (19) and Eq. (20) into Eq. (7) and collecting the coefficients of different
powers of R(&) equal to zero, we get
0= AsB’ =27 4,BIn(A) = x4, B}In(A) +242°2 4 BIn(4)",
0=54;B,B) =4y 4, ByBAn(AY — y 4;B)BIn(4)’,
0=1045B2B} —25 4, B3 BIn(A4)" + 4,BIn(A4) + 43BIn(4)’
+4gB} 207 4 BIn(4)" ~2y 4,BIn(4)’, (22)
0=1045B3 B +24,ByB2In(A4)’ + 4,B,B2In(A)’ +344B,B?,
0=545By B, + 4, BIBIn(A) +34B2B, + 4 BjIn(A4)* + 4,BIn(4) + 4, B,
0= AsBy + AgBy + 47 B,.
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After solving the above system of algebraic equations, we have the following result

2 2
50, Bl=i\/_ 207, +18xAM(A) A+ Agin(4)

Ao+ An(AY +4m(4? T n(a)

2
4em In(4)" (4, +A3)+A62 23
2(94yln (4)? +104, |

xin(A)* (64, Ay —34545)+1n(A) (84y Ay —124, Ag —2 43 A7 )~ 12 Ag Ay
From Eq. (23) solution of the Eq. (7) can be written as

Do) 2{94yln(4)” +104, [ ik J

N (A + Agln(4) + 4 \ AR A% 4 747

24

From Eq. (2) and Eq. (24), the straddled bright-singular soliton solution of Eq. (1) can be
written as

2{9A41n(A)2 + 10A7}
q(x,t) =% |- 2 2
A)In(A)" + A3In(A4)" + 44
x 4k (25)
(447 + ) cosh [ ind (x—vr) ]+ (4k” — z ) sinh [ hlnd (x —vr)]
xe(—kx+a)t+9) ’
provided
{9.441n(4)* 41047 {{ in (4)° + gtn (4)° + 4| <0. (26)
In particular, upon choosing y = +4k? | one arrives at bright and singular 1-soliton solutions
given by
2194,In(4)* +104
q(x,t) =%, |- { 42 5 7} [sech(h(x—vt))} e(7h+wt+9), 27
AIn(A)” + AIn(A)” + 4
and
2{94;in (4)} +104,
q(x,t)=1% csch(h(x—vt))]e(_kwrw”g). (28)

A (A) + Agin(A) + 4,

5. Conclusions

The current paper recovered a variety of optical soliton solutions to the concatenation model by the
usage of two of Kudryashov’s schemes. This gave way to a full spectrum of optical solitons that
have collectively emerged from the two schemes. The parameter constraints, that naturally
emerged from the two schemes, guarantee the existence of such solitons. These solitons will now
be applied to address further issues with the model, namely to study the model with fractional
temporal evolution. The application of the model to additional devices would be taken into
consideration. A few such devices would be with Bragg gratings, magneto—optic waveguides, and
optical metamaterials, as well as to extend the study with differential group delay and dispersion—
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flattened fibers. The results of such research activities are currently awaited, and they would be
disseminated with time. The numerical analysis of the models would also be addressed using the
Laplace—~Adomian decomposition scheme and several others. These results are currently awaited
and would be soon visible after getting them aligned with the preexisting works [1-10].
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Anomayia. Y yiti cmammi peanizosano 0ea nioxoou Kyopsawosa ona eudinenHs onmuyHux
CONIMOHHUX PO368’A3KI8 MOOeNi KOHKameHayii, AKA € KOH IOHKYIEI HEeNiHiiHO20 pIGHAHHS
Llpeodineepa, modeni Jlakxwmanana—Ilopcesiana—/aniens ma piguanua  Caca—Cayymu.
Ompumano noGHUU Cnexkmp CONIMOHHUX DPIEHb PA30M 13 0OMEJCeHHAMU napamempis, sKi
BUHEPNHO NPeOCmAasiieHi 6 poOomi.

Kntrouosi cnoea: conimonu, modens konkamenayii, nioxoou Kyopawosa
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