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New Exact traveling wave solutions of the
(241) dimensional Zakharov-Kuznetsov (ZK)
equation

Mohammed Khalfallah

Abstract

The repeated homogeneous balance method is used to construct
new exact traveling wave solutions of the (2+1) dimensional Zakharov-
Kuznetsov (ZK) equation, in which the homogeneous balance method
is applied to solve the Riccati equation and the reduced nonlinear ordi-
nary differential equation, respectively. Many new exact traveling wave
solutions are successfully obtained. This method is straightforward and
concise, and it can be also applied to other nonlinear evolution equa-
tions.

The nonlinear evolution equations have a wide array in application of many
fields, which described the motion of the isolated waves, localized in a small
part of space, in many fields such as hydrodynamic, plasma physics, nonlinear
optics, etc. The investigation of the exact traveling wave solutions of nonlinear
partial differential equations plays an important role in the study of nonlin-
ear physical phenomena, for example, the wave phenomena observed in fluid
dynamics, elastic media, optical fibers, etc. Since the knowledge of closed-
form solutions of nonlinear evolution equations NEEs facilitates the testing of
numerical solvers, and aids in the stability analysis.

The ZK equation is another alternative version of nonlinear model describ-
ing two-dimensional modulation of a kdv soliton [1, 2]. If a magnetic field is
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directed along the z-axis, the ZK equation in renormalized variables [3] takes
the form
uy + auu, + Vui =0, (1)

where V2 = 82 + 82 + 92 is the isotropic Laplacian. This means that the ZK
equation is given by

U + autty + (Ugg + Uyy)e = 0, (2)

and
Ut + AUty + (Ugy + Uyy + Uzz)z = 0, (3)

in two-and three-dimensional spaces. The ZK equation governs the behavior
of weakly nonlinear ion-acoustic waves in plasma comprising cold ions and
hot isothermal electrons in the presence of a uniform magnetic field [1, 2].
The ZK equation, which is more isotropic two-dimensional, was first derived
for describing weakly nonlinear ion-acoustic waves in a strongly magnetized
lossless plasma in two dimensions [4]. The ZK equation is not integrable by
the inverse scattering transform method. It was found that the solitary-wave
solutions of the ZK equation are inelastic.

Motivated by the rich treasure of the ZK equations in the literature of
the nonlinear development of ion-acoustic waves in a magnetized plasma, an
analytical study will be conducted on the ZK equation (2) and (3). For more
details about the solitary-wave solutions and the ZK equations, the reader is
advised to read [1-8].

In recent years Wong et al. presented a useful homogeneous balance (HB)
method [1-3] for finding exact solutions of given nonlinear partial differential
equations. Fan [14]used HB method to search for Backlund transformation
and similarity reduction of nonlinear partial differential equations. Also, he
showed that there is a close connection among the HB method, Wiess, Tabor,
Carnevale(WTC)method and Clarkson, Kruskal(CK)method.

In this paper, we use the HB method to solve the Riccati equation ¢’ =
a¢? + 3 and the reduced nonlinear ordinary differential equation for the (2+1)
ZK equation, respectively. It makes the HB method use more extensively.

For the (2+1) ZK equation [15]

up + a(u?)y + (Dugs + kuyy)e = 0, (4)
where a,b and k are constants. Let us consider the traveling wave solutions
u(z,y,t) =u((), (=z+y-—d, ()

where d is constant.
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Substituting (5) into (4), then (1)is reduced to the following nonlinear
ordinary differential equation

(b4 k)u" + a(u?) — du' = 0. (6)

We now seek the solutions of Eq.(6) in the form
m
u="> @, (7)
i=0
where ¢; are constants to be determined later and ¢ satisfy the Riccati equation

¢' = ag’ +f, (8)

where a, 3 are constants. It is easy to show that m = 2, by balancing v” with
uw'. Therefore we use the ansatz (auxiliary) equation

u=qo+ @1+ q29°. 9)

Substituting Eq.(8) and (9) into Eq.(6) and equating the coefficients of
the same powers of ¢‘(i = 0,1,2,3,4,5) to zero yield the system of algebraic
equations in qg, q1, g2 and d

2(b+ k)qraf? + (2aq0 — d)q1 3 = 0,
16(b + k)g2a 3% + 2(ag? — dga + 2aq0q2) 8 = 0,
2(3age + 4% (b + k)1 3 + (2aqo — d)qrae = 0,
4(agz + 100*(b+ k))q23 + 2(aqi — dgz + 2aqoga)or = 0,
6(age + (b +k))qra = 0,
4(age + 60 (b + k))gaa = 0, (10)
for which, with the aid of ”Mathematica”, we get the following solution

B N 1 = S

do 2a ’ a

For the Riccati Eq.(8), we can solve it by using the HB method as follows
(I) Let ¢ = X 4b; tanh’ ¢. Balancing ¢’ with ¢? leads to

¢ = bo + by tanh (. (12)

Substituting Eq.(12)into Eq.(8) we obtain the following solution of Eq.(8)

d)zb’tanh@z—étanh(, af = —1. (13)
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From Eq.(9), (11) and (13), we get the following traveling wave solutions
of (241) ZK equation (4)

w(z, y,t) = %(d —8(b+ k)af — 12(b+ k) tanh®(z +y — dt)).  (14)

Similarly, let ¢ = X7 b; coth® ¢, then we obtain the following traveling
wave solutions of (24+1) ZK equation (4)

u(z,y,t) = 2—1a(d —8(b+ K)aB — 12(b + k) coth®(z + y — db)).  (15)
(IT) From [16], when o = 1, the Riccati equation 8)has the following
solutions
—v/=Ptanh(v=5(), <0,
$=3 — p=0, (16)
VB tan(v/3¢). B> 0.

From (9),(11) and (16), we have the following traveling wave solutions of
(241) ZK equation (4).
When § < 0, we have

w(z,y,t) = ;—a(d —8(b+ k)3 +12(b+ k)Btanh(v/—B(z + y — d)). (17)
When § = 0, we have

_d—8(b+k)B 6(b+ k)

ulw,y.t) = 2a Ca(z 4y —d)? (18)

When 5 > 0, we have

u(z, y,t) = 2—1a(d —8(b+ k)8 — 12(b+ k)Btan2(v/—B(x +y — db))).  (19)

(IIT) We suppose that the Riccati equation (8) has the following solutions of
the form

¢=Ao+ Y (Aif' +Bif'g), (20)
=1
with
Fo 1 _ sinh(
~ cosh¢ + 7’ g_coshg—i—r7

which satisfy
F1(Q) ==F(9(Q). d'(¢) =1-7g%(C) = rf(C),
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g () =1=2rf(Q) + (r* = 1) f*(¢).
Balancing ¢’ with ¢? leads to

¢ =Ao+ A1 F + Bag.

(21)

Substituting Eq.(21) into (8), collecting the coefficient of the same power fig’
(1=0,1,2;5 =0,1) and setting each of the obtained coefficients to zero yield

the following set of algebraic equations
aA? +a(r? —=1)B? + (r* —1)B; =0,
20A1B1 + A1 =0,
20040 A1 — 2047"Bf —rB; =0,
2aApB1 =0,
@Al +aBi + =0,

which have solutions

B B (r2—1) 1
AO - O; Al == 402 ) Bl - 206’
where 48 = —1. From Eqgs.(20),(23), we have
b= —1(sinhC:F V(r? = 1))
2« cosh( +r ’

From Egs.(9), (11) and (24), we obtain

+vr?2 — 1 —sinh(¢)
r + cosh(¢)

(e, ,t) = - ((d = 8(0+ Ko — 3(b + B ?).

where
(=x+y—dt
(IV) We take ¢ in the Riccati equation(8) as being of the form

¢ = e"p(2) + pa(Q),

where
z=eP + ps,
where p1, p2 and ps are constants to be determined.
Substituting (26) and (27) into (8), we have

paePrP2)C )yl qe2P1Cp2 4 (p1 — 2aps)eP*Sp +ply — ap? — B =0.

(24)

(28)
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2
Setting p1+p2 = 2p1, we get p1 = pa. If we assume that py = £+ and § = —Z—(ly,
then Eq.(28) becomes

p2p — ap® = 0. (29)
By solving Eq.(29), we have
p1 p1

e I — 30
P oz aeP1$ + ps (30)

Substituting (30) and py = £ into (26), we have

ep1€

¢ = __pne + p_l (31)

a(ert +p3)  2a

If p3 = 1 in (31), we get

1
¢ = _5—; tanh(5piC). (32)
If ps = —11in (31), we get
_ Pk
o= 50 coth(ZplQ. (33)

From (9), (11) and (31), we obtain the following traveling wave solutions of
(24+1) ZK equation (1)

2¢ep1(zty—dt) _

(e, 1) = 5-(d = 80+ K)as = 336 + ) SINCH)

epP1 (x+y—dt) + D3

When ps = 1, we have, from (32),
1
u(e,y,t) = 5-(d = 8(b+k)aB — 3pi(b+ k) tanhQ(%(Jt +y—dt). (35)

Clearly, (14) is the special case of (35) with p; = 2. When ps = —1, we have
from (33),

(@, y,t) = %(d ~8(b+ K)o — 330+ k) coth® (2 (w4 — d). (36)

Clearly, (15) is the special case of (36) with p; = 2.
(V) We suppose that the Riccati equation (8) has the following solutions
of the form

m
o= Ay + Z sinhi_l(Ai sinhw + B; coshw),
i=1
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where dw/d(¢ = sinhw or dw/d({ = coshw. It is easy to find that m = 1, by
balancing ¢’ and ¢2. So we choose

¢ = Ag + Ay sinhw + B coshw, (37)

when dw/d¢ = sinh w, we substitute (37) and dw/d¢ = sinhw, into (8), and set
the coefficient of sinh’ w cosh? w(i = 0,1,2;j =0, 1) to zero. A set of algebraic
equations is obtained as follows

QA% +aB} +3=0,

20ApA1 =0,
aA? + aB? = B,
20AgB1 =0,
204 By = Ay, (38)
for which, we have the following solutions
Ay=0, A4 =0, B=—, (39)
where ¢ = %1, and
Ay=0, A=+ B =21 (40)
2« 2a
where 3 = —ﬁ.
To dw/d¢ = sinhw, we have
sinhw = —csch(, coshw = —coth(. (41)
From (38)-(41), we obtain
o= (42)
o
where 3 = —é, and . .
coth ¢ + csc
= R “3)
where 3 = -+

4o ”

Clearly, (42)is the special case of (34)with p; = 2.
From (9),(11),(42) and (43), we get the exact traveling wave solutions of
(241) ZK equation (4) in the following form

u(z,y,t) = 2—2(@ —8(b+ k)af — 12(b + k) coth?(()), (44)
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which is identical with (15).
u(z,y,t) = %((d —8(b+ k)apf — 3(b+ k)(coth(C) £ esch(C))?), (45)

where ( = x +y — dt.
Similarly, when dw/d¢ = coshw, we obtain the following exact traveling
wave solutions of (2+1) ZK equation (4) in the following form

1

2@((d —8(b+ k)aB — 12(b+ k) cot?(()), (46)

u(z,y,t) =

(o) = oo (d = 80+ ) = 3(b+ B)(eot() £ ese()), (47

where ( =z + y — dt.

In this paper, we exhibited the repeated homogeneous balance method to
study the (2+1) dimensional Zakharov-Kuznetsov (ZK) equation. New soli-
tons and periodic solutions were formally derived. These solutions may be
helpful to describe waves features in plasma physics. Moreover, the obtained
results in this work clearly demonstrate the reliability of the repeated homo-
geneous balance method.

We now summarize the key steps as follows
Stepl: For a given nonlinear evolution equation

F(u, ug, Uy, Ugt, Utt, . . .) = 0, (48)

we consider its traveling wave solutions u(z,y,t) = u(¢),{ = = + y — dt then
Eq.(47) is reduced to a nonlinear ordinary differential equation

Q(ua ul7 U'Na u”la B ) = Oa (49)

where a prime denotes d%.

Step2: For a given ansatz equation (for example, the ansatz equation is
¢ = a¢® + B in this paper), the form of u is decided and the HB method
is used on Eq.(49) to find the coefficients of w.

Step3: The HB method is used to solve the ansatz equation.

Step4: Finally, the traveling wave solutions of Eq.(48) are obtained by com-
bining Step2 and Step3.

From the above procedure, it is easy to find that the HB method is more effec-
tive and simple than other methods and a lot of solutions can be also applied
to other nonlinear evolution equations.
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