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USING ELZAKI TRANSFORM TO SOLVING THE KLEIN-GORDON
EQUATION

H. ALIMORAD D.!, E. HESAMEDDINI?, A. FAKHARZADEH J.?

ABSTRACT. In this paper, Elzaki transform and variational iteration method were applied to
solve non-homogeneous Klein-Gordon equation. The reason of using Elzaki transform is that
one obtains the exact solution of this problem. By the variational iteration method an iteration
sequence is achieved which will converge to analytical solution of the Klein-Gordon equation.
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1. INTRODUCTION

A large number of physical and engineering problems lead to the partial differential equations.
Such equations are often identified as differential equations with initial and boundary conditions.
Usually for such equations, finding an analytical solution is either difficult or even sometimes
impossible [7].

The Elzaki transform method which is based on Fourier transform, introduced by tarig Elzaki
in 2010 (see [5]). In 2011 this method has been used to solve Integro-differential equation and
partial differential equations [5] and [6]. The Elzaki transform method is a useful and simple
method for solving partial differential equations. One of the advantages of this method is that
we can exactly obtain the solution of the equations. In this paper, we use Elzaki transform
method to solve non-homogeneous Klein-Gordon equation since the solution is obtained exactly
and simply. One can see the efficiency of this method by solving the Klein-Gordon equations.

The variational iteration method is capable for solving different kinds of engineering and
scientific problems that was first introduced by Inokuti in 1978 and then, generalized by He in
1999 and Hesameddini in 2009(see [1, 2, 3]).

Using this method, we can achieve a sequence with high convergence speed in which, at last,
an exact solution of the problem will be achieved. This method has been invented for solving
non-linear or even strictly non-linear problems. The Klein-Gordon equation is considered as
follows:

Uttt — Ugx + blu = f(l',t),

with initial conditions:

{ u(z,0) = ap(x), (1)

ut(x,0) = a1 (x),
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where by is a real number and f is a known non-linear function. In this paper, we will solve
non-homogeneous Klein-Gordon equation through Elzaki transform and variational iteration
method, also comparing of these method will be demonstrated.

2. ELZAKI TRANSFORM

In this section we introduce Elzaki transform and state some useful formula of its properties.
The Elzaki transform of the continues function f(t) is defined as (see[6]):

Elft)) =Tv) = V/f(t) exp dt, t>0, ve(—ki, ko), (2)
0
and for the two variable function f(x,t), we have:
E[f(z,t)] =T(v) = V/f(x,t) exp v dt, t>0, ve(—k,ka),
0

also the Elzaki transform of partial derivatives of f(xz,t) are defined as follows (see[6]):

E[% (z,t)) = T2 _yf(z,0),

2
E[J (2,0)] = &

- T[T(x7lj)]a

B2, (x,0)] = 19— f(2,0) — v (,0).

o2 V2
We also remined a useful properties of this transformation which will be used later. Let f(t)
and ¢(t) having Elzaki transforms M (v) and N (v), then the Elzaki transform of the convolution
of f and g is given by (for more detail see[5]):

1
E[(f #0)(0)] = LM )N ). @
Example 2.1.
Consider the Klein-Gordon equation:
Ut — Ugy — 2u = cos(x), (5)
with initial conditions:
u(z,0) =1+, ut(x,0) = 0.
Let T'(z,v) be the Elzaki transform of u(x,t). Then, the Elzaki transform of the equation (5)
is:
1 5 d?
ﬁT(a}, v) —u(x,0) — vuy(x,0) — 2T (x,v) + vicosx = @T(l‘, v),

or equivalently,

d? 202 — 1
@T(x, v) + VVQ T(z,v) = vicosz — (1 + z).
By using the inverse operator, result in:

V2D + 202 -1
2

[ |T(z,v) = v?cosz — (14 z),

where D? = %; Then, by solving this problem, one obtains:

2 2 112
T(z,v)= W(y%osx — (1+ 1)) = F=vicosz — #—=(1+x).
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To obtain the inverse Elzaki transformation, we use the convolution theorem [6] for

v vecosx
2 _
then we get:
¢
E7Y 21/ v*cosz) / —sinh(t — x))dx = (1 — cosh(t)), (6)
v
0
and
2
E_l[y2 — (—=(14z))] = (1 + z)cosh(t). (7)

Therefore, by (6) and (7) the solution is u(x,t) = cosh(t)(1 + x) + (1 — cosh(t)) cos(z). In
figure 1 the graph of this function for —5 <t < 5 and —5 < x < 5 will be shown.

Example 2.2.
Consider
Ut = Ugy — 28inxsint + 2u, (8)
subject to the initial conditions:
u(z,0) =0, ut(x,0) = sinx.

Let T'(x,v) be the Elzaki transform of u(xz,t). Then, the Elzaki transform of equation (8) is:

2 3
wT(w, V) — 2smx1 vy

1
ﬁT(x, v) —u(z,0) — vu(z,0) = + 27 (x,v),

or equivalently

d? 202 — 1 213

@T(JI, v) + VVQ T(x,v) = sin:r(l —:1/2 —v).
By using inverse operator, it results in:

202 —1 213
(D? + VV2 )T (z,v) = smsv(ﬁyy2 —v).
Thus we obtain the following relation:
. 23 V2 . 23 V2
T(z,v) = smx(l 7 V)(VQDQ o7 1) = smx(m - V)(V — 1),

To obtain the inverse Elzaki transformation, we must use the convolution theorem; then one
gets:

2

B —v)(59)]

¢ ¢
= —2 [ sinxzsinh(t — x)dz — [ cosh(t — z)dt
0 0

= S-cos(x)(exp(z — t) — exp(t — x)) + gsin(z)(exp(z — ) + exp(t — 2))[h

= sint — sinh(t) + sinh(t) = sint.

Therefore, u(x,t) = sinzsint, which is the exact solution of equation (8). In figure 2 the graph
of this function for —3 <t < 3 and —3 < x < 3 will be shown.
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3. VARIATIONAL ITERATION METHOD

Consider the nonlinear equation
L(u) + N(u) =

The variational iteration method is in this way (see [4]):

U1 (1) = wn(t) + / A[L[un (2)] + Nun(2)] — g(x))d, 9)
0

where, L is a linear operation, N is a non-linear term, g(z) is a given known function and A is
an essential lagrange multiplier which is calculated by using variational theory [2]. In equation
(9), n represents the nth approximation of the real solution u and w,(x) is the part in which
variations are limited and this means that variations are equal to zero in uy, ([3]).

1) = un(®) + | AL [un()] + Nlan(o)] - 9(a)ldo

° (10)
1 (t) = dun(t) + 5bfA[L[un(x)] — g(z)|dz.

Example 3.1. Consider the following equation
Ut — Ugy — 2u = cos(x),
with the initial conditions:
u(z,0) =1+z, ut(x,0) = 0.

We present the function u(x,t) by the variational iteration method through the following
equation([1]):

¢
Unt1 (2, t) = up(x,t) + /)\ [Un(ss) (T, 8) — un(;;)\(;, s) — QUZE;TS) + cos(x)]ds.
0

In order to obtain A(s), we consider the following variational relationship by supposing du, (0) =
0 and du, = 0, as:

Sttp (1) = Oup (2,1) + 0 / A(S) [t (2 )]ds. (1)

Using integration by part of (11) and stability condition, one obtains:

t .
Ot 11 (2, 1) = Otup (, 1) 4+ A(8)0Up(5)|s=t — 0 [ A(8)Up(s)ds
0
(12)
. t .
= Otn(x,t) + A(8)0Un (5)|s=t — A(8)0ty(s)|s=t + 0 [ A(s)unds,
0

such that:

1= A(8)]st = 0,
{ A($)| ot = 0. (13)
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Therefore, A(s) = (s — t).
Therefore, we conclude the following iteration relationship:
¢

Unt1(z,t) = up(x,t) + /(s — 1) [ (55) (T 8) — Un(z) (T, 8) — 2un(, 5) + cos(x)]ds.
0

Inserting the initial condition, it results:
u(z,0) =1+, ut(x,0) = 0.
The first guess for u is: ug(x,t) = 1+ x. Then, by (13) one obtains:

t
ur = (14+z)+ [(s —t)[-2(1 + ) + cos(x)]ds = (1 + z) + t*(1 + z) — % cos(z),
0
ug = (1+2) + t2(1 + ) + & — & cos(x) — L cos(x),
t8 t8
u3z = uz + g5(1 4+ ) — 5 cos(z).
Thus where n — 00, one can conclude that:

tp — cosh(t)(1 + x) 4+ (1 — cosh(t)) cos(x).
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(14)

(15)

In section (2), we solved non-homogeneous Klein-Gordon equation with Elzaki transformation

and we obtain its exact solution very simplicity. Also in this section, we have solved the Klein-

Gordon equation by using variational iteration method.
Example 3.2.
Consider the following equation:

Ut = Ugpy — 28inTSINE + 2U,
with the initial conditions:

u(z,0) =0, ut(x,0) = sinx.

We obtain its solution u(x,t) by the variational iteration method from the following sequence:

(16)

0
The same as example (3.1), taking A(s) = (s — t), we can construct the following iteration

relationship:
¢

Unt1(x, ) = up(x,t) + /(s — 1) [t (s5) (%5 8) = Up(aa) (T, 8) — 2u(w, 5) + 2sinxsins]ds.  (17)

0

Considering the initial conditions:
u(z,0) =0, ut(x,0) = sinx,
our first guess will be as follow:
up(x,t) = tsin(x).
Therefore from (16) we obtain:

. 3. C,
up = —tsinx + %Sm:c + 2sintsinz,

. 3, 5 .
ug = tsinx — %smm + %smx,

. 3 . 45 7. . .
us = —tsinxr + %Smm — gﬁsmx + %smx + 2sintsinx.
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As it is observed, by repeating the above processes, it results:

t3 t5 t2n+1
up(x,t) = (—t + ETR +...+ m) sin(x) 4 2sin(t) sin(x),
where n is odd and
t3 t5 t2n+1

if n is even. Therefore, if n — 0o, one obtains:
up (x,t) = —sin(t) sin(z) + 2sin(¢) sin(z) = sin(¢) sin(z),

where n is an odd number and
up (x,t) = sin(t) sin(x),

where n is an even number which converges to the exact solution.

4. CONCLUSIONS

In solving Klein-Gordon problem using variational iteration method, Lagrang multiplier can
be calculated easily and the obtained sequence is an recursive sequence which is converged
to the real solution of this problem. This illustrates the effectiveness of this method in this

specific problem. By using Elzaki transformation, we can obtain the exact solution of this
equation, which is one of the advantages of this method. Comparing Elzaki transform method
and variational iteration method, we can see that for linear and non-linear differential equation

Elzaki method is a very useful tool.
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Figure 1. u(x,t)=cosh(t)(14+x)+(1-cosh(t))cos(x)
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Figure 2. u(x,t)=sin(t)sin(x)
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