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Abstract. This paper addresses Radhakrishnan—Kundu-Lakshmanan equation that arises in the study of soliton dynamics in optical
fibers. The bifurcation analysis is carried out and the phase portraits are displayed. The complete discriminant analysis also leads
to solitons and other solutions to the model.
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1. INTRODUCTION

There are several models to address dispersive optical solitons. Some of them are Schrodinger—Hirota’s
equation, Fokas—Lenells equation, Lakshmanan—Porsezian—Daniel equation and many more. One of the
lesser visible models is the Radhakrishnan—Kundu-Lakshmanan (RKL) equation that introduces a third-
order dispersion (30D) in addition to the pre-existing chromatic dispersion (CD). The nonlinear form of
the refractive index stems from the effect of the Kerr law of nonlinearity. A wide range of results have
been obtained with the RKL equation during the past few years since its introduction in 1999 [1-14]. The
current paper is a revisitation of the RKL equation from a different perspective. The bifurcation analysis for
this model will be addressed and the phase portrait analysis will be carried out in detail. Subsequently, the
complete discrimination analysis will yield dark and singular solitons, singular periodic solutions as well as
cnoidal waves. The surface plots of such solutions are also exhibited to gain a complete understanding of
the model.
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In the present work, we are going to consider the perturbed nonlinear RKL equation as follows [11,12]:
ity + byt + Do |u)?u = i[Buay 4 p(|uf?u) e + 8 (|u)?) 1t — Otte], (1)

where u = u(x,t) is the complex-valued function that represents the wave variable. x and ¢ denote the spatial
and temporal variables, respectively. The first term represents linear evolution, the coefficient b; stands for
CD and b, represents the nonlinear term that is of Kerr type. On the right side of Eq.(1), nonzero constant 3
stands for the inter-modal dispersion that is considered in addition to CD. Furthermore, the coefficient p is
the self-steepening effect. o stands for the effect of self-frequency shift. Finally, the coefficient o represents
30D whenever group velocity dispersion (GVD) carries a low count. This work will retrieve some new dark
solitons, singular solitons, bright solitons and some other traveling wave solutions by means of dynamical
theory as well as the complete discriminant system technique.

The layout of this article is designed as follows. In Section 2, the corresponding phase diagrams and
Hamiltonian function of system (1) have been obtained. Then, multiple optical soliton solutions are deduced
by means of the dynamical theory. Some other traveling wave solutions are also recovered with the help of
symbolic computation and the complete discriminant system method in Section 3. In Section 4, numerical
simulations are given. Finally, we summarize the results of the current study in the last section.

2. PHASE PORTRAITS AND OPTICAL SOLITONS FOR THE PERTURBED RKL
EQUATION

In order to analyze the dynamical behavior and seek the optical soliton solutions for the perturbed nonlinear
RKL equation, we first assume that system (1) owns the traveling wave transformation as follows:

u(x,t) = P(&)explin(x,t)], & =x—ct, N(x,t) =—Ax+ Kt + @y, (2)

where ¢ represents the velocity, A denotes the frequency, k stands for the wave number and @y denotes the
phase constant.

On plugging (2) into (1) and separating the real and imaginary parts, we have
(b1 +3aA)P" — (kK4 BA +biA> + aA®)P+ (by — ur)P> =0 (3)

and
3aP” —3(c+ B+201A +3aA2)P — (3 +28)P = 0. “)

For Eq. (3), note that P’ = ¢, then we can easily obtain a planar dynamical system

dP _
E == —C1P3 +C2P7
with the Hamiltonian | c c
H(P.9)= 507+ ;P =P =1, (6)

_ 2 3
by—uA and Cy = K+BA+bi A +ad

where C) = 72077 b +3ak

Next, in order to obtain the plane phase portraits of system (5), note that F(P) = —C, P> +C,P. If C1C; > 0,
we can easily observe three zeros of F(P), which include Py =0, P = — % and P, = , /%. If C;C, < 0,
we get one zero of F(P), which is Py = 0. Suppose that M;(P,,0) (i = 0,1,2) are the equilibrium points of
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system (5), then the eigenvalue of system (5) at the equilibrium point is written as A; » = =/F’(P). Accord-
ing to the qualitative theory of planar dynamical systems [15,16], it is easy to notice that the equilibrium
point M;(P,;,0) is called a saddle point when F’(P;) > 0, the equilibrium point M;(P;,0) is called a degraded
saddle point when F’(P;) = 0, the equilibrium point M;(P,,0) is called a center point when F'(P;) < 0. De-
pending on different parameters C; and C,, the phase portraits of system (5) are shown in Figs 1 and 2.

Casel.d. C; >0, >0

In this case, we observe that system (5) owns three equilibrium points. M;(—/ %,0) and M;(,/ %,0)

are center points, My(0,0) is a saddle point (see Fig. 2).
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Fig. 1. The bifurcation phase portraits of system (5).
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Fig. 2. The bifurcation phase portraits of system (5).
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2
(i) When h € (— TN 2-.0), we observe that there exist two families of periodic orbits, then Eq. (6) can be

modified as follows:
G

2

4h C1

2C

_pt
( T C C1

0* = —(P*—27)(z5— P), (7)

where zl % — —\ /C2 +4Ch and z2 C2 +& ,/C% +4C1h. Next, by using (7) to integrate the first

equation of (5) along the periodic orbits, we get the two integral equations in the following forms:

22 d C
/” V02— Z%(;)(z% o) i\/;(g - v
[ N %=i¢2@—®y ©)
22 _Zl

Thus, we construct the smooth periodic solution of system (1) in the following form:

and

Ci Skl
upi(x,t) =+tzdn | 2 7( x—ct—&),— . x exp(i(—Ax+ Kt + ap)). (10)
2

It is obvious to find that u; ; stands for the Jacobian elliptic function solution. As is shown in Fig. 2, we
observe that u) ;(x,7) denotes two families of periodic orbits in the right half-plane and left half-plane.

(ii) For h = 0, we get z% =0 and z% = 2% Therefore, the two bell-shaped solitary wave solutions of
system (1) take the form
2C, .
uip(x,t) ==+ C—sech (\/ 2 (x —ct—§0)> x exp(i(—Ax+ Kkt + ax)). (11)
1
(iii) When h € (0, + o), one has
C 2C 4h. C
2 1 4 250 Lip2 | 2\(.2 2

= —(—P*+==P P —P 12
¢ > (=P + C +C1) 5 - (P"+z1,) (2 ) (12)

where z%h = —%+Ci1\/C%+4C1h and z%h = %+%1\/C§+4C1h.

Inserting (12) into the first equation of (5), integrating them along the periodic orbits, we have

P do n C
= —(&—&), (13)
/0 \/((Pz‘*‘th)(zgh_‘Pz) \/:

where & is the integral constant. From (2) and (13), the periodic traveling wave solutions of system (1) are
as follows:

Cl (Z%h + Z%h)

2h
ui 3(x,t) = £zopcn 5 (x—ct — &), 5
\ 2t 2

) | xexp(i(—Ax+xt+ap)). (14)
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Casel.2. C;<0,C,<0

Under the conditions of C; < 0 and C; < 0, we find that there are two heteroclinic orbits of system (5),
which connect two saddle points M; = (—,/ %,0) and M, = (/ %,O). As is shown in Fig. 1, there is a
family of periodic orbits, which enclose the center point M (0,0).

(i) When h € (0, — 4C ) we notice that there exists a family of periodic orbits of (5) defined by the fol-
lowing algebraic equation:

C 2C 4h C
2 Gy 2G IS P R N
0= 2(P +C1P C1) 2(Z3h P7) (23, — P7), (15)

where 23, = @ — &1 /C3 +4Cihand 73, = & + & /C3 +4Ch.

Plugging (15) into the first equation of (5), then integrating them along the periodic orbits, we get

' a0 —x/-S-g). (16)
I N oY 2

According to (2) and (16), we construct the traveling wave solutions of system (1) in the following form:

Cy
up 4(x,t) = £z3psn <z4h\/ —7( xX—ct— 50) > x exp(i(—Ax+ Kkt + ay)). (17)
2
(ii) When h = 4CC , we derive that zgh = zﬁh Cf. As a consequence, we deduce two families of kink-

shaped solitary wave solutions of (1) in the following form:

ups(x,t) = :l:\/?tanh (\ / —%(x—ct— éo)> x exp(i(—Ax+ Kt + ap)). (18)
1

3. TRAVELING WAVE SOLUTIONS FOR THE RKL EQUATION VIA THE COMPLETE
DISCRIMINANT SYSTEM METHOD

It is generally known that professor Yang and his team [17] introduced an algorithm in 1996, which could
calculate the complete discrimination system of higher-order polynomials with the help of the computer
algebra. In recent years, many researchers and scholars have constructed many different types of solitary
wave solutions [18-25] through the complete discriminant system technique.

Next, we take (3) into consideration by multiplying it with P, and integrating once, we have

(P')? = E4P* + E2P? 4+ Ey, (19)

by—uUA E, — K+ﬁl+bllz+(xl3

where Eq = — 5 =07+ ET7)

and Ej is the integration constant.

Consider the following transformation:

~

I
H_
N
5
1
e

g
N
\_/
M._ ww .

(20)
4E4) )
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Then Eq. (20) can be modified as follows:

do
(=) = P(P* + 1D +ey). 21
déi
Integrating (21) once, we deduce
do
/ = (&), 22)
VO(DP2+e1D +ep)

where & is the integration constant and denotes the value of &) as zero. Let G(®) = ®? + e P+ eo; therefore,
we derive its complete discrimination system as follows:

A= e? — 4e. (23)
It follows from the root-classifications of (23) that there are four cases to be discussed.

Case 2.1. Assume that A =0. As for ® > 0, we get

dd
+(&E —&) = /7 24
(61 ‘SO) \/5((134— %> ( )
When e; > 0, it follows from (2), (20) and (24) that the optical soliton solutions of (1) take the form
A+biA2 A3
ip 1 () = by | SEPAFOIAE O (= Axt kit + o))
’ UA — by
(25)
1 K+ BA+b AT+ ard 2by+6aA 1 [, 2ul —2by 1
t 2 3 3E
xtan 6\/ b1+ 300 =) | Brazan o
If e; <0, from (2), (20) and (24), system (1) owns the traveling wave solutions as follows:
A+biA? A3
Ura(n) = 4y |- KFPAFOIAE AR (At Kkt + )
' UA — by
; ; (26)
7 K+ BA+Db A2+ aA’ 2b+60A 1 [ 2UA —2by 1
tanh < 2 — 3 3E_
xan 6\/ by + 304 7yl (S v A
and
A+biA2 A3
up3(x,t) =+ _KFPAADAT+ x exp(i(—Ax+ Kt + o))
' UA — by
; ; 27)
1 K+ BA+Db A2+ aA? 2b;+60A 1 [ 2UA —2by 1
th < 2 — ; E_
co 6\/ b1 +30h UA — by ) (b1+3al)w§ %

When e; = 0, the rational function solutions of system (1) are as follows:

_ by — ,u)L
2b; +6aA

2
3

2UA =2
M274(X,t) = 423 M

1eg  £1-1
b1+3ak)‘§ ol - (28)

( )76 x exp(i(—Ax + Kt +ay)) x [(
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Case 2.2. Assume that A > 0 and ¢y = 0. As for ® > —eq, we have

(&1 — &) = (29)

o

If e; > 0, it follows from (2), (20) and (29) that the optical soliton solutions of system (1) can be deduced
as follows:

2 3
u;s(x,z):i\/"””“”’“l TOR s expli(—Ax+ Kkt + an))

UA — by
L 060
P P K+Bk+b112+al3 2b1 +60A 1 2,[17L 2by 1 B
X a2 \/ by + 300 uA —bs M Gormar ) e8] | 2
and
2 3
uzé(x,t):i\/’”m“"’l FOR  expli(—Ax+ Kt + @)
’ UA — b
NEID
2ot [K+BA+BIAZ+aA3 2b1 +60A 1 [ 2UA —2b;y . 1 B
o 26\/ b1 + 301 uk —b; S Rl R

When e; < 0, from (2), (20) and (29), the optical soliton solutions of system (1) can be constructed in the
following form:

2 3
u2,7(x,t):i\/—K+Bll;;b1); +od x exp(i(—Ax+ Kt + o))
— D2

W=

SE—&| | +2

2 3 _
o« a2 |21 _K+BA+biA*+al 2b1+6a/1>, (2;11 2b,
by +30A UA — by by +3al

Case 2.3. Assume that A > 0, eg # 0 and 7 < %5 < 93, and then we suppose that one of ¥, P, 13 is
zero and the rest of them are two different roots of G(®) = 0. By considering the following transformation
® =7y + (1 —7)sin’ 6, we obtain

(& —

(33)

\/% YI/\/I k2s1n9

2 _PB-h
where ki = 5 —

following form:

. From (2), (20) and (33), we deduce the Jacobian elliptic function solutions of (1) in the

2UA —2b,
b1 +3ai
1 (34)

x{yl+(Y2—Y1)S”2 <\/T[(2bﬂi3éi2) s~ &l kl)}

up g (x,t) = &( )~ 6 x exp(i(—Ax+ Kt +ay))
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For another transformation ® = %, from (2), (20) and (33), we construct the Jacobian elliptic
function solutions of system (1):
2ul —2b
wo(t) = (5 ") xexpli(—Axt xr + o))
1
S 1 A —2bo s L 2 35
—Yosn’ ( %2 L [(217;;353;)35 - 50],161) +% (35)
X i
VT [ 2UA—2by\ L
cn? ( ?’32 hil [( b‘ll+3alz)3§ . go]’]q)
Case 2.4. Assume that A < 0. By using the transformation ® = . /g tan’ %, we derive
! de
L=t [0 ’
G =) =)™ [ Tagre 0)

where k% = 2@51 . According to (2), (20) and (36), we derive the Jacobian elliptic function solutions of
system (1) as follows:

2b1Ey +60AE,

R )i x exp(i(—Ax+ Kt + @)

u2710(x,t) = :|:(

37
5 (37

X T —1

3201 A3 H960AA3N 12 [, 2ud—2by+ L
1+cn[( Ak, O) (5 ar )€ — &bk

4. NUMERICAL SIMULATIONS

In this section, we are going to select some suitable parameters to simulate traveling wave solutions of
system (1)in a two-dimensional and three-dimensional space. As is shown in the graphs, we find that Fig. 3a
stands for the bright soliton solutions u; », Fig. 5a signifies the envelope of the dark soliton solutions u 5
and Fig. 7a denotes the rational function solutions u; 4. Also, two-dimensional plots (Figs 3b, 5b, 7b) stand
for the level curve at two different times r = 1 and ¢t = 0. Figures 4a, 6a, 8a and Figs 4b, 6b, 8b represent the
density and contour plots.

(b)
(@

-6

[— =0 ——1=1]

Real 3D surface Real 2D surface

Fig. 3. The diagrams of u; »(x,1) inEq. (1) atC; =2, =3,A=1,c=2,§ =0.
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(@) (b)

Density plot Contour plot

Fig. 4. The diagrams of u; o (x,t) inEq. (1D atC; =2,C, =3,c=2,§ =0.

(@) (b)

1A

— — 1

— =0 ——=1]

Real 3D surface Real 2D surface

Fig. 5. The diagrams of u; 5(x,#) inEq. (18) at C; = —2,C, = —3,¢ =2, =0.
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(a) (b)

Density plot Contour plot

Fig. 6. The diagrams of u; 5(x,) inEq. (18) at C; = =2, C, = —3,¢ =2, =0.

(b)

-6

Real 3D surface Real 2D surface

Fig. 7. The diagrams of up 4(x,1) inEq. 28) athy =bpy=a=A=1,u=2,c=2,§ =0.



L. Tang et al.: Bifurcation analysis and optical solitons 27

(a) (b)

Density plot Contour plot

Fig. 8. The diagrams of u 4(x,1) inEq. 28) atby =by=o=A =1, u=2,c=2,§=0.

S. CONCLUSIONS

The current paper is a complete understanding of the RKL equation from the bifurcation point of view. The
dynamical system of the parameters gave way to the analysis and the evolution of the phase portraits. The
complete discrimination system analysis also yielded solitons, cnoidal waves and singular periodic solutions
to the model. This novel analysis for the RKL model is reported for the first time in the work. The results are
extremely promising. Later, the analysis will be further carried out with additional forms of the nonlinear
refractive index for the RKL model. Some preliminary results for such models have already been reported
in those cases. The bifurcation analysis is yet to be carried out and those results are currently awaited.
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