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Abstract Inthis paper, the two-dimensional generalized nonlinear Schrédinger equations are
introduced with the Lax pair. The existence of the Lax pair defines integrability for the partial
differential equation, so the two-dimensional generalized nonlinear Schrodinger equations are
integrable. Related to this development was the understanding that certain coherent structures
called solitons play a basic role in nonlinear phenomena as fluid mechanics, nonlinear optics
relativity, and lattice dynamics. Via the Hirota bilinear method, bilinear forms of the two-
dimensional generalized nonlinear Schrodinger equations are obtained. Based on which one-
and two-soliton solutions are derived. Furthermore, to find traveling wave solutions the
extended tanh method is applied. Through 2D and 3D plots, the dynamical behavior of the
obtained solutions is studied. The generalized form of the nonlinear Schrodinger equations
has a mathematical and physical interest because a fundamental model in the field of nonlinear
science. The used methods are quite useful in the solution of nonlinear partial differential
equations.

1 Introduction

The investigation of nonlinear evolution equations is the main area of research in the field
of nonlinear dynamics. One of the nonlinear equations is the nonlinear Schrodinger (NLS)
equation which arises from a wide variety of fields, such as weakly nonlinear dispersive
water waves, quantum field theory and nonlinear optics [1-4]. Different modifications and
generalizations of the NLS equations were proposed and studied [5—11]. There are various
methods to study nonlinear equations, such as the Darboux transformation [12—16], the Hirota
method [17-21], the sine-cosine [22,23], the extended tanh method [24-26], and so on. In
two-dimension, the generalized form of the NLS equation has a mathematical and physical
interest because it is nonlinear partial differential equation and describes many physical
phenomena such as nonlinear optical fibers, Bose—Einstein condensates, and water waves.

4 e-mail: g.shaikhova@gmail.com (corresponding author)

Published online: 30 October 2021 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjp/s13360-021-02092-6&domain=pdf
http://orcid.org/0000-0002-0819-5338
mailto:g.shaikhova@gmail.com

1095 Page 2 of 17 Eur. Phys. J. Plus (2021) 136:1095

As a coupled system, a one-dimensional generalized nonlinear Schrodinger (GNLS) equation
with Maxwell-Bloch system was studied in [27,28].

In this work, by Lax pair we introduce a generalization of the two-dimensional NLS
equation with additional parameters as « that denotes the amplification or absorption and 8
that relates to dispersion. The obtained two-dimensional GNLS system of equations is

iq; + qxy —vq +0g —ifgx =0, (1)
ve +2(1g1H)y =0, )

where ¢ is complex function, v is real function, o and B are the constants, the subscripts
denote the partial derivatives with respect to the variables x, y, r. The equations (1)-(2)
admit next reductions: if « = 0,8 = 0, we can obtain the two-dimensional nonlinear
Schrodinger equations [29], if x = y,a = 0,8 = 0, we can get the one-dimensional
nonlinear Schrodinger equation [2—4].

The aim of this paper is to find some new solutions of Egs. (1)—(2). We apply Hirota’s
bilinear method and obtain the bilinear form of the two-dimensional GNLS system of equa-
tions. One soliton and two soliton solutions are constructed based on the obtained bilinear
form. We derive traveling wave solutions using the extended tanh-method that provides wider
applicability for handling nonlinear wave equations. The figures have been plotted to analyze
the dynamical features of obtained solutions.

The article is organized as follows. In Sect. 2, we present the Lax pair for the two-
dimensional GNLS system of Egs. (1)—(2). In Sect. 3, the Hirota bilinear method is applied
to obtain soliton solutions for two-dimensional GNLS system of equations. In Sect. 4, we
obtain traveling wave solution by the extended tanh method. In Sect. 5, we summarize the
results of our study.

2 Lax pair
The Lax pair provides the complete integrability of the nonlinear equation [2,3]. In this
section, we present the Lax pair for Egs. (1)—(2) that can be expressed as follows:
v, =UY, 3
W, =200, + VY, “

where ¥ = (¥, ¥)T (T denotes the transpose of a matrix), X is a spectral parameter and
the matrices U and V have the form

—ix

U=<_q* ?A), ©)
—Aif — 3+ % igy+Bg

V= ( 22 (6)
iq; — Bq* M+ 5 -5

Through direct computations, it can be verified that the compatibility condition (also known
as a zero-curvature condition):

U -V, =22U,+UV —-VU =0, 7

exactly gives rise to
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iqr +qxy —vq +aq —ifgx =0,
iqf — a3, +vqg" —aq* —ipg; =0,
v +2lg[3 = 0.
The above-coupled system can give two-dimensional GNLS Eqgs. (1)—(2).

3 Soliton solutions

In order to obtain soliton solutions for the two-dimensional GNLS system of equations, we
apply Hirota’s bilinear method. The method was suggested by Hirota [17,19]. This approach
provides a direct method for finding N-soliton solutions to nonlinear evolutionary equations.
The stages of the method are described in the next section.

3.1 Description of Hirota’s bilinear method

The basic idea in Hirota’s bilinear method is as follows [3,17,19,24]:

Bilinearization. At this stage, a dependent variable transformation is introduced. The
transformation ought to reduce the nonlinear equation to the bilinear equation, which is
quadratic in the dependent variables.

Transformation to the Hirota bilinear form. Hirota suggests the D-operator defined by

9 AN [/ d 3 \"
vioroien=(5:-50) (55 ay)

n
X (% - %) glx,y,1)- f(x/’ yl, t/)|x’:x,y’:y,t’:t ()
with x’, y’ and ¢’ as three formal variables, g(x, y, ) and f(x’, y’, ') being two functions,
[, m and n being three nonnegative integers. The operator (8) rewrites the bilinear equation
in terms of the D operator as a combination of variable coefficient bilinear equations.

Using the Hirota perturbation. Formal perturbation expansion into this bilinear equation
is introduced. This expansion is truncated in the case of soliton solutions. To prove that the
suggested soliton form is indeed correct, we use mathematical induction.

3.2 Application

Bilinear form
The two-dimensional GNLS system of Egs. (1)—(2) can be rewritten as
[iD,—i—Dny—f—a—i,BDx](g-f):0, 9
DyDy(f - f)+2Dy(h- f) =0, (10)
Di(h- f)+lgl> =0, (11)
with the dependent variable transformations
8
9= (12)
f
z(h) (13)
v = -,
Iy
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where g is the complex function of x, y and ¢, f, h-are real ones, Dy, D, and D; are the
bilinear differential operators defined by (8).

To obtain the soliton solutions of Egs. (9)—(11), we expand g, f, h with respect to a small
parameter € as follows:

g, y, 1) = egi(x, y, ) + € g3(x, v, 1) + ..., (14)
fey. D=1+ fy, )+ fulx, y. 1) + .., (15)
h(x,y, 1) = 1+ €*ha(x, y, 1) + € ha(x, y, 1) + ..., (16)

where g;, (j = 1,3,5,...) are the complex functions of x,y and ¢, and fy, h,, (n =
2,4, 6, ...) are the real ones. Substituting expression (14)—(16) into (9)—(11) and collecting
the coefficients of the same power of €, we have from Eq. (9)

€' :[iD; + DDy +a —ifDy(g1 - 1) =0,

€ :[iD+ DyDy+a —ifDy1(g3- 1+ g1+ f2) =0,

€ :[iD;+ DyDy+ o —ifDc)(gs - 1+ g1- fr+g1- fa) =0,
€ :[iD; + DyDy + o —iBD)(gs - fr+ g3+ fa) =0,

from Eq. (10)

€ :DDy(fa- 1+ 1- f2)+2Dy(ha- 1+ 1 f2) =0,

e DDy(fy- 1+ fo- o1 fa)+
+2Dy(hg -1+ hy - fa+1- f4) =0,

€ D:Dy(fa- fo+ fo- f) +2Dy(ha- fo+ha- f1) =0,

and from Eq. (11)

€2 :D(hy- 141 f2)+gla1 =0,
e Dy(ha-1+hy- fr41-f2)+ (g8 + 2185 =0,
€8 Dy(ha- o+ ha- f2)+ (gsg + 8385 + gsg7) =0,

With the benefit of the above expression and symbolic computation, we can obtain the one-,
two-, and N-soliton solutions for Egs. (1)—(2).

The one-soliton solutions
Truncating expressions (14)—(16) as

g=cgi, f=14+€f, h=1+¢hy, (17)

setting € = 1, and substituting them into bilinear forms (9)—(11), we can obtain the one-
soliton solutions for the two-dimensional GNLS system of equations as follows:

e

q = W7 (18)
4 07+
v=2 (1—|—e91+91*+R 5 (19)
y
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t=3

Fig. 1 The time evolutions of the one-soliton solution (18). The parameters are: k; = 1+i; p1 =1 —i;a =
1;,8=2

Fig.2 The time evolutions of the one-soliton solution (19). The parameters are: k| = 1 +i; p1 =1 —i;a =
1;,8=2

where
R _ 1 esz(l—kl—ki‘)
(ki + kP2’ (ki + k)2 7
01 = kix + p1y + w1t + 610,

with dispersion relation w; = —pky + ik;p1 + i« where ki = kig + iki7, p1 = pir +
ipir, 01 =01 +i01;.
The solutions (18)—(19) can also be written in the more conventional form

klRei011

" cosh(@ir +¢1)’
cosh(fir + ¢2)
v=2pigy 1 —2kijp——m—,
Pir IR cosh(@1z + 1)
where ¢ = g, ¢ = % and we have introduced the subscripts R and / for the real
and imaginary parts of the quantity in question. (A positive root has been used to define
eg,e% and hence ¢, ¢ are real.) From this form, it is easy to identify the amplitudes

kir,2p1r+/1 — 2k r and the phases ¢, ¢,. Propagation of the one-soliton solutions (18)—
(19) is shown in Figs. 1 and 2.

The two-soliton solutions
To derive the two-soliton solutions for Egs. (1)—(2), we truncate expressions (14)—(16) as

g=e€g +eg, (20)
f=1+efH+e 1)
h=14¢e’hy + €*ha, (22)

@ Springer



1095 Page 6 of 17 Eur. Phys. J. Plus (2021) 136:1095

set € = 1 and substitute them into the bilinear Egs. (9)—(11) than we get

81 +43
== _° 23
T hth @)
14+hy+h
v=2<+2+ 4)» 24)
L+ f+ /1)y
where
g1 ="+,
g3 = OO+ e91+92+91*+82,
f2 — 601+GT+R11 +e€2+0T+R2| +e€|+0§+R§1 +€62+0;+R22,
fi= 691+9f+92+9;+R3
h2 — 691+9f+511 +892+9r+521 +69]+9§+S§] +€92+0§+522,
hy = 0107 +02+67 453
with
Rt _ 1 ’eR21 — 1 ,
(k1 + kik)2 (k2 + k’lk)2
(ky + k3)? (k1 + k)2
Uk k) o (A —k—k)
(ka +k)? (ky +k3)%
S Pl (ko — kD (P} + p2) + (ka + KD (2 = p1)
((ky + kD) (P} + pD) + (k1 + D (P + p2)
eRi((ky + k1) (p2 — p1) + (k2 — k) (p1 + p}))
((k2 + k) (P} + p1) + (k1 + kD) (P} + p2))
s 2 (ko = kD)(P3 + p2) + (k2 + K3 (P2 = p1)
(k2 +k3)(p5 + p1) + (k1 + k3)(p5 + p2))
o1 (k1 + K3) (p2 = p1) + (k2 — k) (p1 + )
((ka +k3)(p5 + p1) + (k1 +k3)(p5 + p2))
Ry _ (€ R+ +e%)
e = ,
(k1 4 ky + ki + k3)?
s _ L=k —ky —kf — K3) (@ + e + ¢ + %)
e = ,
(k1 + ko + k]k + ki")2
01 = kix + p1y + wir + 6o,
th = kox + p2y + wat + tho,
with dispersion relations w; = —pk; + ikjp; + ia, where k; = kjg + ikj;, p; =

PjR+ipjr,0; =0;r +i0;; (j =1,2).

The multi-soliton solutions
To construct multi-soliton solutions for Eqs. (1)—(2), we have to expand g, f and & formally
as power series expansions (14)—(16) in terms of a small arbitrary real parameter €. Then,
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by substituting Egs. (14)—(16) into bilinear Egs. (9)—(11) and solving the resultant set of
equations recursively, we can obtain the explicit values for the functions g, f, h.
For multi-soliton solutions, the expansions (14)—(16) can be in the following form:

One-soliton solution
g=egi, f=1+efo, h=1+¢€h,

where g1 = e with 0; = kjx + p1y + wit + 619, and kq, p1, wy, O10 are constants. The
explicit values for the functions f3, h; are determined from Eqs. (9)—(11). Note that g; =0
forj =3,5,7,...and f, =0,h, =0forn =4,6,8....

Two-soliton solution
g=egi+eg, f=14+fH+e*fs, h=14€hy+e*hy,

where g1 = e + e” with ; = k;x + piy + wit + 60, and k;, p;, w;i, B0, (i = 1,2) are
constants. The explicit values for the functions g3, f>, fa, ha, ha are determined from Eqgs.
(9)—(11). Note that g; =0 for j =5,7,9...and f, =0, h, =0forn =6,8, 10....

Three-soliton solution
g=egqi+En+g, f=1+EHr+e fatefs,h=14€hy+e*hy+ e hg,

where g1 = e + e 4 % with 0; = kix + piy + w;t + 6i0, and k;, p;, w;, G0, (i =
1, 2, 3) are constants. The explicit values for the functions g3, gs, f2, fa, f6, h2, ha, he are
determined from Egs. (9)—(11). Note that g; = O for j =7,9,11...and f, =0,h, =0
forn =8,10,12....

Four-soliton solution

g=egitegt+egte g f=1+Eh+etfuteffo+efs,
h=1+¢e*hy + €*hy + hg + 3hg,

where g1 = e’ + % + % + %, with 6, = kix + piy + wit + 6, and
ki, pi,wi, 00, = 1,2,3,4) are constants. The explicit values for the functions
83, 85, 87 [2, f4. fo. f8, h2, ha, he, hg are determined from Eqgs. (9)—(11). Note that g; = 0
for j =9,11,13...and f;, =0, h, = 0forn = 10, 12, 14....

and etc

The above procedure of obtaining soliton solutions can be extended to N soliton solutions
with some effort, though the analysis is unwieldy. Unfortunately, if we try to continue to
higher orders with the solution

N
81 = Ze@-, 0; = kix + piy + wit +6;0, (@ =1.N),
i=1

the analysis becomes cumbersome. So, in this subsection, we only present a short explanation
of deriving multi-soliton solutions.

Discussion on the soliton solutions
In this section, we graphically investigate solutions (18)—(19) and (23)—(24).

Figure 1 displays the evolution of the bright one-soliton for solution (18), and Fig. 2
displays the evolution of the dark one-soliton for solution (19). It can be seen that the bright
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t=-3

Fig. 3 The time evolutions of the two-soliton solution (23). The parameters adopted here are: k1 = 0.8 +
08i;p1=1—4i;kp=—14+08i;pp=—1+i;a=18=2

/o

Fig. 4 The time evolutions of the two-soliton solution (24). The parameters adopted here are: k1 = 0.8 +
08i;p1=1—-4iskp=—-14+08i;pp=—1+i;a=1;=2

one-soliton and dark one-soliton keep their directions, widths, and amplitudes invariant during
the propagation on the x — y plane.

In Figs. 3 and 4, we present 3D plot of the interaction between the two-solitons via
solutions (23)—(24) on the x — y plane. We notice that the bright two solitons (23) and dark
two solitons (24) are traveling to the left by saving shape.

In order to study the direction of the two solitons, we consider next cases for the parameters:

\

(D o > B kig, pir > 0;kar, p2r < 0;kir, p1r > kar, p2r; k11, k21, p11, p21 >
0; pi1, kir < kay, par;

() @ < B; kir, pir > 0; kar, p2r
0; pi1, ki1 < kar, p2r;

() a < B; kig, pir < 0;kar, p2r > 0; kiR, p1r
0; p11, kir < kay, pars

AV) a > B; kig, pir < 0;kog, por > 0; kig, p1r
0; p11, kir < kag, par.

A
\%
\

0; kir, p1r > k2r, p2r: ki1, ka1, p11, p2r

A

kar, p2r; ki, kar, pirs p2r >

A

kar, p2r; ki1, kar, p1rs p2r >

In Fig. 5, we present the result of case (I) as we notice that bright two-solutions ¢ (blue solid
line ) and dark solitons v (red dashed line) move to the right by keeping form and direction.
In case (II), bright and dark two solitons change directions by traveling to the left (see Fig. 6).
The result of case (III) we present in Fig. 7 where two solitons after interaction move to the
right by saving shape and direction. In Fig. 8, interaction of case (IV) is shown. As we notice,
bright two solitons ¢ (blue solid line ) and dark two solitons v (red dashed line) travel to the
left.
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t=-5 t=0 t=5

ol
B — ]
I

Fig.5 Evolution of the two soliton solutions ¢ (blue solid line) and v (red dashed line) given by expression (23)
and (24) at y = O with parametersk; = 1+i; py = 1+i;kp = —1.5+1.5i; pp = —-1.5+15i;a =3; =1

=-5 t=0 t=5

=

Fig.6 Evolution of the two soliton solutions ¢ (blue solid line) and v (red dashed line) given by expression (23)
and (24) at y = O with parametersk; = 1+i; py = 1+i;kp = —1.5+1.5i; pp = —-1.5+15i;a=1;8=3

=-5 t=0 t=5

Fig.7 Evolution of the two soliton solutions ¢ (blue solid line) and v (red dashed line) given by expression (23)
and (24) at y = O with parametersk; = —1+i; p; = —1+i; ko = 1.54+1.5i; pp = 1.5+151;a =3; =1

t=-5 t=0 =5

A
il

Fig.8 Evolution of the two soliton solutions g (blue solid line) and v (red dashed line) given by expression (23)
and (24) at y = O with parameters k| = —1+i; p; = —1+i;kp = 1.5+ 1.5i; pp = 1.5+15i;¢=1; =3

4 Traveling wave solutions
We use the extended tanh method [24] to obtain traveling wave solutions for the two-
dimensional GNLS system of equations. The tanh method was suggested by Malfliet [30]

and then was extended by Wazwaz [24]. In the next section, the description of the method is
presented.
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4.1 Description of the extended tanh method

The partial differential equation (PDE)

E1(q,4:,Gx, 9ys Girs x> Qyys ---) =0, (25)

where E is a polynomial of ¢ (x, y, #) and its partial derivatives in which the highest order
derivatives and nonlinear terms are involved, can be converted to the ordinary differential
equation (ODE)

Ex(Q,0,0".0",..)=0, (26)
by using a wave variable

CI(X,)’J):Q(S% $:x+y_6tv (27)

where c is the constant. We integrate Eq. (26) as long as all terms contain derivatives. Con-
stants of integration are considered zeros. By using a new independent variable

Y =tanh(n§), &€ =x+y—ct, (28)

where p is the wave number, we have the following change of derivatives:

d a Yz)d
=K v’

d§

2 2 2 d 2 2 2
Y A e =Y.
0 1Y ( Jqy T )y

The extended tanh method admits the use of the finite expansion in the following form:

M M
QE) =) an¥"+ Yy by Y™, (29)
n=0 n=1

where ag, ai, az, a3, ...,ay and by, by, b3, ..., by are unknown constants. M is obtained
balancing the highest order derivative term and the nonlinear terms in Eq. (26). Then, put the
value of Q (&) from (29) in Eq. (26), and comparing the coefficient of Y we can obtain the
values of the coefficients ag, ay, ar, a3, ...,ay and by, bo, b3, ..., by.

4.2 Application

In this section, we obtain exact traveling wave solutions of the two-dimensional GNLS system
of equations using the extended tanh method [24,26]. For applying this method, we ought
to reduce the system (1)—(2) to the system of ordinary differential equations. If we consider
the transformation

q(x, y, 1) =@ Gy 1y 1), (30)

where a, b, d are the constants, Q(x, y, t) is the real-valued function, then the system (1)—(2)
reduced to the following system of differential equations

O(—d —ba+a+ Ba)+ Oyy —v0 =0, 31
Qi +aQy+(b—p0x =0, (32)
vr +2(0%), =0. (33)
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Substituting the wave transformation

O, y,1)=0(¢)=0x+y—ct), (34
vix,y, ) =V(E) =Vkx+y—ct), 35)

into system (31)—(33), we obtain that

O(—d—ba+a+pa)+Q —VQ =0, (36)
O(—c+a+b—p)=0, (37)
vV +2(0% =o0. (38)

From Eq. (37), we have that
c=a+b-8. (39)

Integrating Eq. (38) with respect to £ and taking integration constant zero for simplicity, we
find

vV =-20% (40)
Substituting Eq. (40) into Eq. (36), we obtain the following ordinary differential equation
Q(=d+(B—ba+a)+ 0 +20° =0, @1

where prime denotes the derivation with respect to £. Balancing the nonlinear term Q3, which
has the exponent 3M, with the highest order derivative Q”, which has the exponent M + 2,
in (41) yields 3M = M + 2 that gives M = 1. Then, the extended tanh method allows us to
use the substitution

b
Q(s>=a0+a1Y+71. (42)

Substituting (42) into (41) and collecting the coefficients of Y, we obtain a system of algebraic
equations for ag, ay, by, . Solving this system with the aid of Maple, we obtain the following
results:

Result 1:
a=0, c=a+b-p, (43)
aj =:l:%\/%(a(b—,3)—a+a’), (44)
b = :l:%\/%(a(b—ﬂ)—a—i-a’), (45)
;L::I:%\/—%(a(b—ﬂ)—ot—i—d). (46)

Result 2:
a=0, a =0, c=a+b-—8, 47
by Zi\/%(a(b—ﬁ)—a—i—d), (48)

1

uzi\/—i(a(b—ﬂ)—a—i—d). (49)
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Result 3:
ap=0, bi=0, c=a+b—5, (50)
ap =i\/%(a(b—/3)—oc+d), (28]
u:i\/—%(a(b—ﬂ)—a—i—d). (52)
Result 4:
ay=0, c=a+b—p, (53)
ay = JF%\/—(a(b—ﬁ) —a+d), (54)
by = :I:%\/(—a(b—ﬂ)—ot—i-d), (55)
u=i%\/(a(b—/3)—a+d). (56)

By substituting Eq. (42) into (34), (40) and then the obtained expressions into (30) and
(35), we can obtain solutions for the two-dimensional GNLS system of Eqgs. (1)—(2) in the
following form

q(x, y, 1) = & @HHD 40 4 g tanh(uE)

+bj coth(ué)], (57)
v(x, y, 1) = —2(ag + a; tanh (1)
+by coth(ué))?, (58)

where § = x + y — ct.
Finally, substituting the results (43)—(56) into (57)-(58), we can obtain traveling wave
solutions in the next forms

. 1 /1
qi(x, y, 1) = ¢ (@xFby+dn) |::|:2\/2(a(b —B)—a+d)

1 1
X <tanh <:|:2\/—2(a(b —B)—a+ d)é)

+coth(i%\/—%(a(b—ﬂ) —a+d)§)>:|, (59)

vi(x, y,t) = -2 (:I:;\/;(a(b —B)—a+d)

X (tanh (:I:;\/—;(a(b —-B)—« —I—d)S)
1 1 :
+ coth (:l:z\/—z(a(b—ﬂ)—a+d)$>)> , (60)

. 1
@ (x, y, 1) = ¢l @rthyrdn (i/ S@b—p) o +d
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x coth (j:\/—;(a(b—ﬁ) —oe+d)g>>, (61)

v(x,y,t)=-2 (:i:\/;(a(b —pB)—a+d)x

2
x coth (:i:\/—;(a(b —B)—a+ d)g)) , (62)
g3(x, y, 1) = ¢l @FbyHdD (i\/ %(a(b —B)—a+d)
« tanh (i\/ —%(a(b B —a+t d)g)) , 63)
v3(x, y, 1) = =2 (i\/;(a(b —B) —a+d)
I 2
x tanh (:i:\/—z(a(b —B)—a+ d)g)) , (64)

o 1
qa(x. y. 1) = /@ HhyHdD |::F§\/—(a(b —B) —a+d)

x tanh <j:%\/(a(b —B)—a+ d)g) +

:i:%\/—(a(b —B)—a+d) x

1
x coth <:i:§\/(a(b—ﬁ)—a+d)§>:| , (65)

1
U4(x7 Y, t) = -2 <:F§\/_(a(b - ﬂ) — +d)

x tanh (i%\/(a(b —B)—a+ d)g) +

:i:%\/—(a(b —B)—a+d) x

2
x coth <j:%\/(a(b—ﬂ)—ot+d)§>> , (66)

where § =x +y— (a+ b — B)t.

Discussion on the traveling wave solutions

In this section, we analyze obtained traveling wave solutions (59)—(66). In Figs. 9, 10, 11 and
12, we present propagation of solutions (59)—(62) on the x — y plane at# = O and r = 3. As
we notice from 3D plots and density plots, the solutions g1, v1, g2, v2 give the bright solitons.
The evolution of the dark soliton solutions g3, v3 in 3D and density plot at = 0 is displayed
in Figs. 13 and 14. It can be seen that the dark solitons and bright solitons keep their directions
invariant during the propagation on the x — y plane. Moreover, periodic type solutions g4, v4
att = 0 and + = 3 are presented in Figs. 15 and 16. Analyzing the graphs of obtained
solutions, we notice that in case g1, v1, g2, v2 We can obtain bright solitons which are almost
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_ t=0

Fig. 9 Propagation of the solution g1 via (59) withthea = 1; 8 =3

Fig. 10 Propagation of the solution vy via (60) withthea = 1; § =3

57~

Fig. 11 Propagation of the solution g via (61) withtheo = 1; 8 =3

similar to the one-soliton solutions obtained by Hirota’s bilinear method in Sect. 3. But in
case ¢3, V3, ¢4, v4, dark solitons and periodic solutions can be derived. Thus, the extended
tanh method can yield various types of solutions compared to Hirota’s bilinear method.

The algorithms described in Sects. 3 and 4 can be applied to a wide class of nonlinear partial
differential equations. The main advantage of the extended tanh method is the possibility of
reducing the size of computational work in contrast to Hirota’s bilinear method. Moreover,
the extended tanh method can give a different type of solutions such as soliton, kink, periodic
solutions, peakon. However, for deriving multi-soliton solutions, Hirota’s bilinear method is
a very helpful tool compared to the extended tanh method. The disadvantages of Hirota’s
bilinear method are cumbersome calculation, and also sometimes, it is difficult to find a
bilinear form for nonlinear partial differential equations.
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t=0

Fig. 12 Propagation of the solution v via (62) withthea = 1; § =3

3

Fig. 13 Propagation of the solution g3 via (63) withtheow = 1; § =3

Fig. 14 Propagation of the solution v3 via (64) withthew = 1; 8 =3

Fig. 15 Propagation of the solution g4 via (65) withthe = 1; 8 =3
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t=0 =3

Fig. 16 Propagation of the solution v4 via (66) withthew = 1; 8 =3

5 Conclusion

In this work, we presented the two-dimensional generalized nonlinear Schrodinger system of
equations with the Lax pair. The Lax pair plays an important role in the study of the integra-
bility of the differential system. By employing two methods, we have obtained the nonlinear
wave solutions for the two-dimensional generalized nonlinear Schrodinger equations. Soli-
ton solutions are derived by Hirota’s bilinear method. This method gives a mechanism for
finding arbitrary N-soliton solutions for PDEs which can be written in bilinear form in the
D-operator via a transformation of the dependent variable. We obtained the traveling wave
solutions using the extended tanh method that provides wider applicability for handling non-
linear wave equations. The figures are plotted to display the dynamical features of those
solutions. Moreover, the presented methods can be applied to obtain new solutions for other
nonlinear equations.
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