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Improved (G, /G)-expansion and first integral methods are used to construct exact solutions of the (2 + 1)-dimensional Eckhaus-
type extension of the dispersive long wave equation. The (G /G)-expansion method is based on the assumptions that the travelling

!
wave solutions can be expressed by a polynomial in (G /G) and the first integral method is based on the theory of commutative
algebra in which Division Theorem is of concern. It is worth mentioning that these methods are used for different systems and
those two different systems can both be reduced to a system that will be mentioned in this paper. To recapitulate, this investigation

has resulted in the exact solutions of the given systems.

1. Introduction

The investigation of exact solutions to nonlinear evolution
has become an interesting subject in nonlinear science field,
since the time when the soliton concept was first introduced
by Zabusky and Kruskal in 1965 [1]. It was not until the mid-
1960s when applied scientists began to use modern digital
computers to study nonlinear wave propagation that the
soundness of Russell’s early ideas began to be appreciated. He
viewed the solitary wave as a self-sufficient dynamic entity;
a “thing” displaying many properties of a particle. From the
modern perspective it is used as a constructive element to for-
mulate the complex dynamical behavior of wave systems
throughout science: from hydrodynamics to nonlinear optics,
from plasmas to shock waves, and from the elementary par-
ticles of matter to the elementary particles of thought. For a
more detailed and technical account of the solitary wave, see
[2].

In recent years, other methods have been developed, such
as the Backlund transformation method [3], Darboux trans-
formation [4], tanh method [5-7], extended tanh function
method [8], the generalized hyperbolic function [9], and
variable separation method [10].

The celebrated (1 + 1)-dimensional dispersive long wave
equation [11, 12]

U, +v, + %(uz)x =0, W

v+ (uv+utu,) =0

plays an important role in nonlinear physics; many properties
of (1) have been reported [12, 13]. It is interesting to study the
extensions of (1) in higher-dimensional spaces. To date, there
exist two prototypical of (1) to cover the situation of wide
channel or open seas. In 1987, Boiti et al. [14] presented the
following (2 + 1)-dimensional extension related to (1):
1,5
Upy + Vip + E(u )Xy =0, -

Ve + (uv+u+uxy)x =0.

For (2), the Backlund transformation, soliton solutions are
given [14, 15]. In 1985, Eckhaus [16] presented another differ-
ent two-dimensional extension of (1):

U, +v, + %(uz)x =0, )

Ve F (vt Ut ) tu, =0
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which was obtained in the appropriate approximation from
the basic equations of hydrodynamics. It is easy to see that if
one makes the transformation u = u(x+y,t),v = v(x+y,t)-1
then (3) can also be reduced to (1) so in the same way, (2)
can also be reduced to (1). But as Boiti et al. [14] pointed out,
system (2) is different from system (3). Therefore, the aim of
this paper is to find exact solutions of the (2 + 1)-dimensional
Eckhaus-type (2) and (3) by various methods.

2. Methodology

Consider a general nonlinear partial differential equation in
the form

F (u, Ups Uygs Uy Ups U Uy Uy - ) =0, (4)

where u = u(x, y,t) is the solution of nonlinear PDE Equa-
tion (4). Furthermore, the transformations which are used are
as follows:

ut,x)=U®©), &=alx+py-yt), ©)

where a, 8, and y are constants. Using the chain rule, it can
be found that

0

0
_(.):(xa_E

_“Va_f ), ox

a2 e
5 )= 5m

d
a () = () >

(6)

At present, (6) is employed to change the nonlinear PDE
Equation (4) to nonlinear ordinary differential equation

G(U®),Us (©),Ug (),...) =0. )

2.1. The Improved (G'/G)—Expansion Method. We (initially
predict the structure of the solution U = U(£) to (7) in the
finite series form

U(f)-Za( ) Zb( )i 8)

where G = G(€) satisfies the second order LODE in the form
G" + AG +uG = 0. )

a, bj, (i,j = 0,1,2,..., j#0), A, and y are constants to be
determined later, and a,,, # 0 or b, # 0; the unwritten part in
(8) is also a polynomial in (G'/G), but for the degree which
is generally equal to or less than m — 1, the positive integer m
can be determined by considering the homogeneous balance
between the highest order derivatives and nonlinear terms
appearing in ODE (7). Substituting (8) into (2) yields a system
of nonlinear algebraic equations for a;, b;, (i, j = 0,1,2,.
j#0), A, y, «, 3, and y. Finally, substitution of the systems
solutions into (8) gives traveling wave solutions to (1).
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The general solutions of the second order LODE (9) have
been well known for

(i) if A* —4u > 0,

G__A
G 2
1
—\A2 -4
*3 U
[ clsmh —4;45)
(10)
1
+Qcosh<z\/)t2—4y§>)
1
X <c1 cosh (5 - 4y£>
1 -1
+ czsinh<5 —4;45)) ],
(i) if A* — 4u = 0,
!
G_ A, o a
G 2 q+6é
(i) ifA2—4y<0
G__2
G 2
1
A4y — )2
+ 54 A
. 1 2
x[(—clsm(E 4y—AE>
(12)

where ¢, and ¢, are arbitrary constants.

2.2. The First Integral Method. By focusing on (4), a new
independent variable is introduced as

ou (E).

X&) =u(), Y = o

(13)

This yields a system of nonlinear ODEs
Xe (=Y (©®), Y:@Q)=F(X(©.€). 4

If it is revealed that the integrals to (14) are under the same
conditions of the qualitative theory of ordinary differential
equation [17], then general solutions to (14) can be solved
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directly. However, it is generally so difficult for us to realize
this even for one first integral. That is why for a given plane
autonomous system there is no systematic theory that can
tell us how to find its first integrals, nor is there a logical
way for telling us what these first integrals are. Thus, Division
Theorem is used to obtain one first integral of (14). Now, let
us recall the Division Theorem.

Division Theorem. Suppose that P(w,z) and q(w,z) are
polynomials in C[w, z] and P(w, z) is irreducible to C[w, z]. If
q(w, z) vanishes through all zero points of P(w, z), then there
exists a polynomial G(w, z) in C(w, z) such that g(w,z) =
P(w, z)G(w, z). See [18].

3. Application

In this paper, improved (G'/G)-expansion method is
employed to study the solutions of the nonlinear partial dif-
ferential system (2); afterwards, the first integral method
is employed to study the solutions of the nonlinear partial
differential system (3).

3.1. Explicit and Exact Solution of the System (2). We intro-
duce the transformations,

u(x, y,t)=U(®), v(x, y,t) =V (§),

E=a(x+Py-yt).
Substituting (15) into (2), there will be a change as follows:

(15)

~ByUge () + Vg (§) + %ﬁ(Uz () = 0.
(16)

P @® + (UOV @ +U+o*BUg (©), = 0,

where by twice integrating the first equation of (16), in respect
to &, it can be found that

V) = BUE - U @)+ 1)

By integrating the second equation of (16), in respect to &,
then substituting (17) into this equation, it can be found that

3 1
o BUg () + ZBYU” (§) - 2BU” (§)
(18)
+ (r1 - By’ + l)U(E) +(yry+1,) =0,
where 1, and r, are arbitrary integration constants that are to
be determined later.

Suppose that the solution of ODE (18) can be expressed
by a polynomial in (G'/G) as follows:

m G i om G —i
U(f)Z;%(E) +;bi<6> , (19)

where G = G(&) satisfies the second order LODE (9). By
balancing the term Up; with the term U?(€) in (18), we obtain
m = 1, so we can write (19) as

’ AN
U(€)=a0+al(%)+bl(%> ) (20)

3
And therefore
GI
U* (&) = a] + 6aga,b, + (3a§a1 + 3afb1) (E)
G\ G\’
2 3
+ 3a0a1(6) + a1<6>
G\
3a’b, + 3b’ =
+ (3a2h, + lal)<G>
I\ —2 7N\ -3
+ 3ayb} “ +b; & ,
G G
(21)

GI
Uge (§) = ajAu + bA + (al)tz + 2a1[4) <E>

I\ 2 1\ 3
+3a;A ¢ +2a, ¢
G G
G\
2bu+ b A =
"‘( v+ 0 )<G)

I\ —2 ’N\ -3
+ 3b1)w(%) + 2b1;42(%> .

By substituting (20) and (21) into ODE (18) and collecting
all terms with the same power of (G'/G) together, the left-
hand side of ODE (18) is converted into another polynomial
in (G'/G). Equating each coefficient of this polynomial to zero
yields a set of simultaneous algebraic equations for a,, a,, by,
71, 13, A, and p. Having solved the given equation with aid
Maple, the following solutions will be attained:

a, = *a, a, =0,

b= r = Saf - Byay - 201,
(22)
A=A u=u

ry = 2Py ay - Pya; + 4o’ Puy + 7y,

ag = ag, a, = X2a,
b=0, = af - Pyag -2 Fu- 1
(23)
_Y 9
A’ = b = bl
+ o =4
_ 2 2 2
1y = 2Py ag - Pyay + 4o fuy +y,
ag = ag, a, = £2«,
1
b =b, o= _Eagﬁ - Byay + 2apby - 1,
b (24)
)iny_a()’ P[:i—l)
o 20

r, = F6Byb, + 2/3}12@0 - ﬁyaé + 2aya3b; + 7y,



a, = tad +y, a, = *2a,

1 1
b=0, 1= Eazmz - zﬁyz —20°Bu -1,

(25)
A=A u=u
ry =Py’ +y -’ Ay + 4o’ Puy,
a, = tad +y, a, =0,
b, = 2y, r = B)tz By —2a°Bu -1,
(26)

A=A u=u
ry = By’ +y —a’PA%y + 40’ Buy.

By using (22)-(26), expression (20) can be written as follows:

G\
U (&) =+a, + 204;4(6) , (27)

U (&) —aOiZOc< (28)

U = a0+2a( )+bl<%), (29)

U ) = (+ad+y) + 2 ( %) (30)

G
E) (31)

Equations (27)-(31) are the formula of solution of (18).
Substituting the general solutions of (9) into (27)-(31) we
have three types of travelling wave solutions of the (2 + 1)-
dimensional Eckhaus-type equation (2) (so u;; is definien-
dum ith type solution from jth expression) as follows.

=~

=

UE) =(zad +y) £

Case A. When A* — 4y > 0,

Uy (x,y, t)
( ~4
X ((cl sinh (%OC\/AZ —4u
x (x+ By - yt))

1
+ ¢, cosh <E<x\//'\2 —4u

x (x+ﬁy—vt)))

I+

!
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<cz s1nh< —a\[A? —
x (x+ By - Yt))

+ ¢ cosh < \JAZ =

x (x+ By —Yt))>l>

_A>_1,

vys (X, y,t)

1
= By (3 3,1) = 2 Bluyn(x,,0))°

1
+ a0~ Byag - 207 B~ 1,

ups (x, y,t)

X(x+ﬁy—vt))

+ ¢ cosh (a2 - 4u
x (x+By-11)))
(¢ sinh ( Ja 22 — 4
x (x+ By - 1))
+6 cosh (17 -~ 4

X (x+/3y-yt)))l>

1),

vy (x, y,t)

= Byugs (x,3,) = 3 s (5, 3,1)’

]
+ a8~ Byay — 20" fu— 1,
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g0 (x, y,t)

=aq,t«

(o
(oo
X (x+ By -10))
+ ¢ cosh (Sa 12— 4y
x (x+fy-1)))
«(cysinh (L2 2
x (x+ By -10))
x@+@—ﬁ»yv
—0+2h
(T
(oo (o
x (x+ By 7o)
e cosh (Lo -
x (x+ By -11)))
x ((cysinh (532 - 4
X (x+ By -10))

1
+ ¢, cosh (E VA2 —4u

X@+ﬁy—wﬁ)4)

-1
_»,

vy (X, y,t)

= Brnpe (% 3,1) = 5Bl (5,3,

1
~ 5 — Byay + 206, ~ 1,

ups (x, y,t)

=(tadl+y)+a

x (V2 - 4
(oo
x (x+ By 7o)
+quh<%w¢§tZ;
x (x+ By -11)))
«(cysinh (L3
x (x+ By -11))

X&+M—W»yj

1),

Vs (%, y,t)
= Byups (x,3,) = 3 Bl (5, 3,1)’
Yt - 1y st -1,
2 2
upz (%, 5 t)
= (o) +y) + dap

X (\Mz —4u
. 1
X ((cl sinh (504\/)\2 — 4y
X&+M—w0
+¢, cosh <%(x\//\2 — 4y

X&+M—Wﬁ>



x(@smh<%av3;j22
X(x+ﬁy—wﬂ
+¢, cosh (% N
X@+ﬂy—wﬁ)4>
—01
viz (%, 1)
= Byups (x,3,) = 5 s (5, 3,1)’

1 1
Efﬁf—imﬂ—mﬂm-L

where ¢, and ¢, are arbitrary constants.

Case B. When A* — 4 < 0,

Uy2s (x, 2 t)

= +a, + 4oy

(o
X ((—cl sin<%(x\/m
X@+M—W»
+ ¢, cos (%a\/ﬂ

X@+M—wﬁ)

<G py-m)) )

-1
_0,
vys (X, y,t)

= Britgs (3 .1) = 5Bl (5, 3,1))’

+ %(xzﬁkz - %[3}12 —20°Bu -1,
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Uy (X, y,t)

(- x
(ol
x (x+ By -10))
¢ con (a2
x (x+ By -1)))
« (cysin (Lo
x (x+ By -10))
x@+@—ﬁ»yv
),
vy (x, y,t)
= Byuzs (3 301) = 3 Bluzs (5.0

+ %azﬁ)tz - %/3}/2 —2a°Bu -1,

Uy (X, y,t)

=ayta

(e
(ool
X (x+ By -10))
+ ¢ cos (afau— 12
x(xe+ By-v1)))
(oo (ol

X@+M—w»
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1
+ ¢ cos <5\/4M -A?
-1
X (x+ﬁy—yf)>> )
—)L) +2b,
X <\/4y - A2
. (1
X ((—cl sin <Ecx\/4p¢ -2
x (x+ By - Vt))
1
+¢, cos (E(x\/él‘u -2
x (x + By —W)))
(1
X (cz sin <Eoc\/4pt - A2
x (x+ By - Yt)>
1
+¢ cos <5\/4y - A?

x (x+ By - Yt)>>_1>

-1
—A) ,
vy (X, y,t)
1 2
= Py (%, 3,1) = = Blugn (x 1))
I 5,2 1,5 2
+ E(X /)’)L - E/)’)/ -2« ﬂ[/l— 1,

Uy (X, y,t)

=(tadl+y)ta

X <\/4/,4 -2
(oo (Rafrn
x (x+ By - Vt))
+ ¢, cos (%(x\/ﬂ

x (x+ By - Vt)>>

(1
X <cz 51n<§oc\/4/,t— A2
x (x+ By - )’t)>
1
+q cos(E\My—/\z
-1
X(x+l3y—yt)>> )
—A),
vyn (X, y,t)
1
= By (6 3,1) = 2 Bz (x,9,1))°
1 2n02 1,5 2
o BA —Eﬁy - 20" Bu—1,

Uy (X, y,t)

= (+ad +y) + dap
(o
(ol
x (x+ By -11))
s cos (Lo 22
x (x+ By - Yt))
«(eysin (a2
x (e By -v0))
o))
—A>_l,
vy (% 3.1)

1
= Byuys (x, y,t) — Eﬁ(uzn (x, y, t))2
I 5,2 1,9, 2
* o BA —5/3)/ - 20 Pu—1,

where ¢, and ¢, are arbitrary constants.

(33)



Case C. When A* — 4y = 0,

-1
2¢)
ugs (X, 1) = +ay + 4“‘“((: roa(x+By—yt) /\) ’
1

1 2
vys (X, y,t) = Byugs (x, y,t) - Eﬁ(uw (x, y,1))
1 2 2 1 2 2
JX P =SBy - 207 Bu—1,

(34)

2¢,
0 (X, y,t) = + -1,
s (7.1) = 2y “(clwa(“ﬁy—yt) )

1
vy (3 3,t) = Byuss (6 3,) = 2 Blugs (%, 3, r)’ (3%

BN - /3V -2’ Bu -1,

2¢,
0 (X, Y1) = + -2
s (% 721) = do “(c1+cza(x+ﬁy—yt) )

-1
. 2b1< 26 - A) :
¢ +a(x+ Py - yt) (36)
1
vy (x, y,t) = Byugo (x, y,t) — Eﬁ(u3so(x, y, 1))
—2a°Bu -1,

1042/3A2 B %/3)/2

up (x, y,t) = (xad +y)

2¢, )
+o -1,
(c1+czvc(X+ﬁy—yt)

(37)
vy (x, y,t) = Pyuss (x, ,t) = (”331 (x, ,1))”
1 5,2 1,5 2
+ - PA = =By —2a Pu -1,
2 2
U (x, y,t) = (xad +y)
.
+ 404;4( 26 - /\) ,
o +oa(x+ fy—yt)
(38)

1 2
vs (% 3,1) = Pyuze (x,3,t) = 2 Puz (x. 1))

loczﬁ)tz - %ﬁyz - 2a2ﬁy -1,

where ¢; and ¢, are arbitrary constants. Using expression (28)
in w2, Uy ,and Uy, it can be acquired that A = +(y — )/«
and by means of expression (29) in ¢, 4,2, and 133 one gets
A=F(y-ay)/aand y = b, [2a.
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3.2. Explicit and Exact Solution of the System (3). Now, we
look for solutions to (3) by the first integral method. By using
(15) into (3) we can get

~yUg (§) + Ve (§) + (U (5))
~ W ©+(UOVO+U O +Ug®),, )
+ B?Ug (§) = 0,

where by once integrating the first equation of (36), with
respect to &, it can be found that

VE) = U@ - S0 @+ (40)

By twice integrating the second equation of (16), with respect
to & and then substituting (37) into this equation, it can be
found that

U - U O + WU ©
(a1

+(r1+ﬁ2—y2+1)U(f)+(r2—yr1)=

where r; and r, are arbitrary integration constants that are to
be determined later.

According to the first integral method, by using (13) and
(14), it will be determined that

X =Y®,

3
EYUZ €3 (42)

=N >
o

We suppose that X (&) and Y (§) are nontrivial solutions of
(42) and g[X,Y] = Y a;(X)Y" = 0 is an irreducible poly-
nomial in the complex domain C[X, Y] such that

V=550 @)

(PP - +)) U@ - (

q[X(©).Y (®] = Ya ()Y =0, (43)
i=0
where a;(X) (i = 0,...,m) are polynomials of X and

a,,(X) #0. Due to Division Theorem, there exists a polyno-
mial g(X)+h(X)Y in the complex domain C[X, Y], such that

dq ﬁ d_X dq ay
dE T dx dE T dy dE
. (44)
=(gX)+h(X)Y)Ya (XY

i=0
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By assuming that m = 3 in (43) and by equating the coeffi-
cients of Y (i = 4,3,2,1,0) on both sides of (44), there will
be

a3 (X) = a3 (X)h(X), (45)
H(X) =6, (0g(X0) +aXhX, (46
i (X) = 0, (0 g (X) & (O h(X)
-3, (0) (555U ©) - 210 ©

)y o (47)
+(Y B (”1+1))U(f)

(557
by (X) = a, (X) g (X) + a, (X) h (X)

_3
202

- 20, (0 (55U ©) - 250 ©)

2 2 (48)
+(y* =B = (r,+1))U &)

().
a 00 (550° @ - 520 ©)

+(y* =B = (r,+1))U &)

(55)
[24
=a,(X) g (X).

Since a;(X) is a polynomial of X, then, from (45), it may be
deduced that a;(X) is a constant and h(X) = 0, and we take
a;(X) = 1. Balancing the degrees of g(X), a,(X), a,(X), and
ay(X), it is concluded that deg g(X) = 1, only.

Suppose that g(X) = B, + 2A, X and (A, #0) and then
we will find that

(49)

a, (X) = A, X* + ByX + Ay, (50)

where A, is an arbitrary integration constant. Substituting
ay(X), a,(X), a,(X), and g(X) into (49) and setting all the
coeflicients of powers X to be zero, then a system of nonlinear
algebraic equations will be resulted. Having solved the given
equation, the following solutions will be attained:

1
Aj=——, A,=A, By=1,
20 o
dy=d, dy=dA, r=-p +aA,-1,
2
rn==y-v
A =L Ay=0
1_206, [V

9
2
n=-Fy-v
3
A1—£r Ay =Ags
2 3
B :_3_)); d :ﬁa _ﬁy
0 o 173 27 7
2 1 2
r=-B _g‘XAo_L rn==fy-v
3 3y
A, = 2w Ay = A, B, = -
A? A3 1
dy ==, dy==2 =B+ ZaA, -1,
1 3 27 55 r B 3“ 0
2
n==py-7
’ (51)

where d, and d, are arbitrary integration constants. Using the
conditions (3.2) in (43), it can be searched out that

Y(E)z_%<—X2+2y:(+2(on>)
X(2y-X
Y(E)z%(%),
, (52)
Y(E):é(_?’X +6)(;X—2<xAO>)
Y(E):_é(—3X2+6);X+2¢xAO).

Expression (52) is the first integral of (42). Combining (52)
with (42), the exact solution to system (3) will be found as
follows:

Uy (x, Y t)
=y- <\/20¢A0 +9?
x tanh (% \2aA ) + y?
x((x+ By =11+ ).
vy (%, y:t) = yuy (x, 1)
- %uf (x, yot) = B + @Ay — 1,
iy (0 7,) = ysech (2 (e + By - y0) + ),

]
v (6358 = yiay (%, 3,8) = S (%, 3 6) = B = 1,



10

us (%, 1)

X tanh(%m
X ((e+ By +&)))
vs (%, y:t) = yus (x, 1)
- %ug (x, y,t) = B* - %ocAo -1,

Uy (%, 1)

Xtanh(%\/m
x (e + By -y + &) )
vy (% y:t) = yuy (x, 1)

1 1
- zui (x, y,t) - B + §“A° -1,
(53)

where & is an arbitrary integration constant.

As it has already been mentioned in the introduction, it is
also possible to apply the achieved solutions of system (2) and
(3) to system (1) based on defining the appropriate change of
the variable. Therefore, by choosing

u=u(x+yt), v=v(x+yt)-1 (54)
the solutions of system (2) are the same solutions for system
(1). To enclose, it is worth mentioning that the achieved solu-

tions in Section 3.2 can be applied to system (1) in which the
similar variable change has properly been defined.

4. Conclusion

Two different methods in this study have been employed
to result in the exact solutions of the given systems. The
transformation of the obtained solutions has been defined
in order to gain the exact solutions in which some of them
are soliton. Accordingly, exact solutions were obtained to the
equations. In spite of the fact that these new solutions may
be important for physical problems, this study also suggests
that one may find different solutions by choosing different
methods. To recapitulate, this method can be utilized to
solve many systems of nonlinear partial differential equation

ISRN Mathematical Physics

arising in the theory of soliton and other related areas of
research.
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