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Abstract. In the present paper, the fractional-order cubic nonlinear Schrédinger equation is
considered. The Schrodinger equation with time and space fractional derivative is studied
at the same time. Different types of travelling wave solutions including the kink solution,
soliton solution, periodic solution, and singular solution for the mentioned equation are ob-
tained by using the Jacobi elliptic functions expansion method. It is shown that the solutions
turn into the exact solutions when the fractional orders go to 1. This method can be relied on
gaining the solutions to time or space fractional order partial differential equations as well as
ordinary ones. Throughout this work, the fractional derivative is given in a conformable sense.
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1. Introduction

Linear and nonlinear partial differential equations, N/LPDEs, have been utilized to
model physical events occurring in science and engineering. In addition to N/LPDEs,
fractional ones have been used to convert real-life problems into mathematical lan-
guage. So, the fractional-order partial differential equations, FPDEs, holds a signif-
icant place in a lot of areas of modern science such as chemistry, physics, biology,
electricity, electronic, viscoelasticity, plasma physics, dynamical system, genetics
algorithms, signal processing, robotic technology, telecommunication, economics
and finance [1-3].

Scientists have placed their focus on acquiring the solutions of FPDEs since they
take places in the areas mentioned above. Motivated by this fact, scientists have
been looking for establishing methods to get the solutions of FPDEs. The tanh-coth
method [4, 5], the exp-function method [6], the (G’/G) expansion method [7, 8],
the Laplace-Adomian decomposition method (LADM) [9, 10], and Jacobi elliptic
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function expansion method [11-13] can be given as examples for the most
well-known methods.

One of the most significant PDEs is the cubic nonlinear Schrodinger equation,
introduced by Laskin [14], as follows:

ity + the + p|u>u =0, (D

where u(x,t) is a complex function of x and 7. The equation (1) models the prop-
agation of pulses in fibers excluding fiber loss. It also symbolizes the evolution of
envelope for modulated nonlinear wave groups. Moreover, it is seen in nonlinear
wave propagation in dispersive and inhomogeneous media. Furthermore, it plays im-
portant roles in several areas of physics including water waves, plasma physics, fiber
optics, quantum mechanics, and so on. For further information, see [14].

Over the last few decades, there has been a lot of research on how to gain the
exact solutions for the Schrodinger equations. Biswas [15] implemented the semi-
inverse variational method to the nonlinear Schrodinger’s equation for getting soli-
ton solutions. For the soliton solutions of the nonlinear Schrodinger equation with
time-dependent coefficients, the simplest equation approach is used by Eslami et
al. [16]. Mirzazadeh et al. [17] looked for the topological solitons of the nonlin-
ear Schrodinger equation with dual-power law nonlinearity by using the (G'/G)-
expansion method. Exact solutions of the nonlinear Schrédinger equation were found
by Inc and Ates [18] with the help of the extended Jacobi elliptic function expansion
method.

Some researchers employed other methods to seek soliton solutions of the nonlin-
ear Schrodinger’s equation with different forms of nonlinearities [19-21].

Now, we present the space-time fractional Schrodinger equation as folllows

iDlu+DPu+pluPu=0, 0<y,B<1, >0, ()

where u # 0 is a real parameter. The equation is called to be attractive if u > 0.
On the contrary, it is called to be repulsive when p < 0. For detailed information,
see [22-24].

In the Eq. (2), the fractional derivative is in the conformable sense. The reason
why the conformable derivative was used is that it has some important features given
in section 2. Sharing same propeties with the integer order derivative gives the
opportunity to understand the complex beahviour of real evolution process. The con-
formable derivate is commonly used in fractional order mathematical models due to
these properties.

The main purpose of this paper is to obtain new types of solutions to the Eq. (2).
For this purpose, the Jacobi elliptic functions expansion method is utilized.
This method introduces different forms of solutions at once. In the application,
it is seen that the mentioned method is indeed fertile compared to other methods
in the literature.
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2. Preliminaries

There are some significant definitions for the fractional derivative, such as the
Riemann-Liouville fractional derivative [25], Caputo’s fractional derivative [26],
and conformable fractional derivative [27].

Now, we give the basic definition of the conformable fractional derivative and
some important features.

Let u(x) : [0,00] — R be a function. Then the conformable fractional derivative of
the function u(x) is given by

I-n _
DYu(x) = }lzim u(x+hx'=%) —u(x)

0<y<l 0. 3
m A » O<rys1l, x> 3

The function u(x) is called y-differentiable or has 7y order fractional derivative if the
limit (3) exists.

Theorem 1 Suppose that u(x) and v(x) are y-differentiable, 0 < y < 1, and a, c are
constants. Then the following equalities are satisfied:

- Dl(e)=0,

~ Dl{eu(x)) = cD¥(u(x)),

DI =,

— DY{aux) +bv(x)) = aD¥(u(x)) + cDI(v(x)),

= DI(u(x)v(x)) = v(x)D{(u(x)) +u(x)DY(v(x)),

), _ v()DI(x) ~u()DI()
) () 7o
j—ydu

x (M(X)) =x dx’
where u(x) is a first order differentiable function.

)

<

- DY
DY

3. The Jacobi elliptic functions expansion method

To understand how this method works, we give a summary of the method. In this
methodology, we look for the solutions of the following nonlinear fractional order
partial differential equation:

O(u, DYu, DBu, DYDPu, D}V u, D?Pu,...) = 0, (4)

where v and 3 are the fractional orders.
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For the Schrodinger equation, the wave transformation is considered as follows:

; xzﬁ Y ZB y
a1 X t
u(x,t) =v(& el<wzﬁ 7>, =— —2w—, 5)
(5.0) = (&) B2
where A is a constant.
Then, putting the equation (5) into the equation (4) converts it to the following
ODE with respect to the variable &,

Plvy' V' ..)=0 (6)

where P is a polynomial of the functions v,v',v", ... .
For different kinds of solutions to (6), we investigate the solutions in the following
forms:

v(€)=ao+ iajsnj(ké\m)—i- ilbjnsj(kﬂm), (7
=1 =
v(E)=ap+ iajcnj(kﬁ\m)—i- ibjncj(kflm), 8)
and
(&) =+ X asdn/(Epm) + Y b kel ©

where n > 0 is a desired positive parameter and named as the balancing constant.

4. Solutions of fractional Schrodinger equation

We consider the equation in the following form:
iDfu+DPu+pluPu=0, 0<y,p<1, >0, (10)

where u(x,?) is a complex-valued function and i # 0 is a real constant. The wave
transformation (5) turns the equation (10) to the following form:

Vi (A —=wHv4 v =0. (11)

We use the expansions (7)-(9) in order to obtain the solutions of the equation (11).
We get the balancing constant as n = 1 from the equation (11).

4.1. The sn-ns method

In this part, we utilize the Jacobi elliptic sine function expansion to acquire
the solution of the equation (11) as follows:
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v(§) = ao +arsn(k§|m) + bins(k&|m), (12)
where sn (k& |m) represents the Jacobi elliptic sine function, and ns(k& |m) = sn™ ' (k& |m)
is the inverse function.

Putting the equation (12) into the equation (11) yields
3apatu =0,

a?u + alkzm2 +a1k2m =0,

aj(A— wz) + 3a?b1,u + 3aéa1u —a k*m® — a k> =0,

bi(A —w?) +3adbiu + 3a1bip — bik*m* — b1k* =0,

ao(;L — W2) +a8,u ~+6apa1biu =0,

3apbtu =0,
biu +2k*b) =
Solving these system gives the desired unkowns as follows:
(A — w2\ (m2 A —w?
ap =0, alz:F\/ ( W)(m +m)’ bl:()7 k:$w,
w(m>+1) m?+1
2(A —w?) (A —w?)

a=0, a=0 b =7 VL") o .
’ 1 1 —p(m?>+1) m*+1

Putting these into the expansion (12) provides

e = VoA m) (A —w?)
18) =+ MEET <3F \/7~’§|>

20— (A —w?)
Vz(é)—ﬂF—_u(mZH) <3F Nrent él)

Then we have the solutions for the Schrédinger equation given in (10) as

_ VA (R —w? (w21
wa8) = F = sn(q: Vot g, ) . a3)
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u = 24— w?) ns (A —w?) m ei<wfi_l%>
34(8) =F — e D) <¢mél> P , (14

2B 1V
where £ = AR, Wi
2By . .
In addition to these ones, we reach the following solutions for m — 1 and m — 0,

respectively.

w2 —A VA —w? x2P o\ Wfi_lg
M5,6(§) =F Ttanh <\/§(2ﬁ —2W,}/)> e ( B ), (15)
2 __ w2 2[3 . xzﬁ 1Y
urs(§) =F W“lcoth (”’lﬁw(’;ﬁ —2wt;/)> AE2E) g
and
— 2 (2B o
ug10(&) =F 2(W2‘u7L)CSC (\/l —wz(;—ﬁ 2wt;)> é(wﬁ_k%), (17)

4.2. The cn-nc method

In this section, we use the Jacobi elliptic cosine function expansion to obtain the
solutions in the following form:

v(&) = ao+ajen(kE|m) + binc(kE|m), (18)

where cn(k&|m) stands for the Jacobi elliptic cosine function, and nc (k& |m) = cn™ ! (k& |m)
is the inverse function.
Following the same process above, we obtain

(O, N ()
un ()= B <:F NCEST g ) b , (19
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For m — 1, we have

2 _ — 2 2B Y 2B gy
s 16(8) = Fy| = Asech(’lw(x 2wt)>e’<ww“), 1)

U

2 _ 2 2B Y (2B 1Y
w718(E) = Fy | r A cosh (”(x 2wt)> JEAT) o)

For m — 0, we get

u1920(§) = F 2022 e (\/l —w2 (= — 2w)> Arsr15) (23)

4.3. The dn-nd method

In this chapter, we look for the solutions as in the following form:
v(§) = ao+ardn(k§|m) +bynd (k5 |m), (24)

where dn(k&|m) is named as the delta amplitude.
Using the same procedure mentioned above provides us with the following solu-
tions:

—2(A —w?) m(A —w?) i(wep -2
u2.22(8) = :Fmdn (ﬂFmélm) € ( 5 ), (25)

_ \/(mz—l—m—Z)(k—wz)n m(A —w?) - i(wf—ﬁ—l%)
u304(8) = F 2 m d<:Fm 4 )6’ 4 ;
(26)
where £ = % —ZW?.

Letting m — 1 and m — 0 gives the following solutions, respectively;

2 _ 2B 2B,
us26(E) =F 2(wul)seclz <M(;B —2wt;/)> e’(WW_AV)a 27)

w22 i(wsg-ay)

28
" (28)

up8(§) =F
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5. Graphical representaion

Now, we illustrate the solutions depending on the order of fractional derivative,
namely y and f in 2D by setting x = 10 (Figs. 1-16).

n
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o2

— y=02
axact solution X
— y=0.4
; ; ; L, =06
1 F 5 g 10 - =08
02t \ gl
S 57
04l o N I
= e

Fig. 3. Real part of Eq. (16),x=10,A =05, w=05u=1,y=1



Cubic nonlinear fractional Schrédinger equation with conformable derivative ... 37

1k / /
1of / — p=02

p=0.4
p=0.6

p=0.75

A — 1
.5 3 - 7 Cpa1
-lo b axact solution

— y=02

— y=04
—t y=0.6
— — y=08

— y=1

451077
x107 — y=02
y=0.4 e
2.x1077 y=0.6 ot
N =08 o
Lxws!
y=1 5
= T
S

Fig. 7. Real part of Eq. 21),x=10,A =0.5,w=05u=1,=1

The illustrations, therefore, show the changes of the solutions over time. More-
over, we represent the exact solutions in 3D.

In Figures 3 and 4, we take ¥ = 1 and see how the solutions act with respect to the
values of 8. As shown in these figures, we reach the exact solution when 3 goes to 1.
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Fig. 10. Imaginary part of Eq. (22),x=10,A =0.5,w=0.5,u=1,5=1
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Fig. 11. Real part of Eq. (23),x=10,A =05,w=05,pu=1,8=1

For the others, we set B = 1 and plot the graphics of the solutions depending on the
Y. Similarly, we gain the exact solutions when ¥ tends to 1.
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Fig. 15. Real part of Eq. (28),x=10,A =0.5,w=05,u=1,8=1

6. Conclusion

The main purpose of this present paper is to put forth new types of solutions
to cubic nonlinear time and space fractional Schrodinger equation in a conformable
sense. Using the wave transformation given in (5), the Schrédinger equation (10) is
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Fig. 16. Imaginary part of Eq. (28), x=10,A =0.5,w=0.5,u=1,5=1

converted into ordinary differential equation w.r.t £. One of the powerful methods
for solving ODEs, the Jacobi elliptic functions expansion method, is implemented
to the ODE (11). This method introduces new travelling wave solutions to the men-
tioned equation including Jacobi elliptic functions solutions, hyperbolic solutions,
and trigonometric solutions. In addition to these forms of solutions, the kink solu-
tion, soliton solution, periodic solutions, and singular solutions are obtained. As far
as we know, the presented solutions to cubic nonlinear time and space fractional
Schrodinger equation in a conformable sense have not been noticed in the open liter-
ature. Finally, the findings in this paper demonstrate how this method deals with the
time-space fractional PDEs as well as ordinary ones.
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