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Abstract: This paper presents the formulation of time-fractional Klein-Gordon equation using the Euler-Lagrange
variational technique in the Riesz derivative sense and derives an approximate solitary wave solution. Our results
witness that He’s variational iteration method was very efficient and powerful technique in finding the solution of
the proposed equation. The basic idea described in this paper is efficient and powerful in solving wide classes of

nonlinear fractional high order evolution equations.
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1 Introduction

Our aim is to apply the reliable treatment of He’s vari-
ational iteration method [1-4] to obtain the solution of
the initial value problem of the time-fractional Klein-
Gordon equation of the form with the initial condi-
tions

(I)%Dau - a( )mz ( )mrw:p = 07
u(z,0) = ¢1(z),
ut(a: 0) = pa(x),

where 1 < o < 2, a,b > 0, u = u(z,t) is a field
variable, z € 2 (2 C R) is a space coordinate in the
propagation direction of the field and ¢ € T'(= [0, o]
(to > 0)) is the time, D¢ is the Riesz fraction-
al derivative, o1(x) and p9(x) are given functions.
The subscripts denote the partial differentiation of the
function u with respect to the parameter x and ¢.
Fractional calculus have attracted much attention
during recent years due to their numerous applica-
tions in physics and engineering [5—8], such as, the
nonlinear oscillation of earthquake can be modeled
with fractional derivatives [9], and the fluid dynamic
traffic model with fractional derivatives can eliminate
the deficiency arising from the assumption of contin-
uum traffic flow [10]. Finding of a new mathemati-
cal algorithm to construct exact solution of nonlinear
fractional order evolution equations is important and
might have significant impact on future research, we
notice that the Lagrangian of conservative system is
constructed using fractional derivatives, the resulting
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equations of motion can be nonconservative. There-
fore, in many cases, the real physical processes could
be modeled in a reliable manner using fractional-order
differential equations [11]. Based on the stochastic
embedding theory, Cresson [12] defined the fraction-
al embedding of differential operators and provided
a fractional Euler-Lagrange equation for Lagrangian
systems, then investigated a fractional Noether theo-
rem and a fractional Hamiltonian formulation of frac-
tional Lagrangian systems. Herzallah and Baleanu
[13] presented the necessary and sufficient optimali-
ty conditions for the Euler-Lagrange fractional equa-
tions of fractional variational problems with determin-
ing in which spaces the functional must exist. Mali-
nowska [14] proposed the Euler-Lagrange equations
for fractional variational problems with multiple in-
tegrals and proved the fractional Noether-type theo-
rem for conservative and nonconservative generalized
physical systems. Riewe [15,16] formulated a version
of the Euler-Lagrange equation for problems of cal-
culus of variation with fractional derivatives. Wu and
Baleanu [17] developed some new variational itera-
tion formulae to find approximate solutions of frac-
tional differential equations and determined the La-
grange multiplier in a more accurate way. For gener-
alized fractional Euler-Lagrange equations we can re-
fer to the works by Odzijewicz [18]. Other the known
results we can see Baleanu et al [19] and Inokuti et
al [20]. Thanks to the most of physical phenomena
may be considered as nonconservative, then they can
be described using fractional-order differential equa-
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tions.

Klein-Gordon equation describes relativistic elec-
trons, and correctly describes the spinless pion, the
equation was first considered as a quantum wave e-
quation by Schrodinger in his search for an equation
describing de Broglie waves, and plays a significant
role in mathematical physics and many scientific ap-
plications such as solid-state physics, nonlinear optic-
s, and quantum field theory [21,22]. The equation
has attracted much attention in studying solitons and
condensed matter physics [23-25], in investigating the
interaction of solitons in a collisionless plasma, the
recurrence of initial states, and in examining the non-
linear wave equations [26]. Recently, several methods
have been used to solve fractional Klein-Gordon equa-
tion using techniques of nonlinear analysis, such as
homotopy perturbation method [27], homotopy anal-
ysis method [28], Riccati expansion method [29], new
iterative method [30,31], the first integral method [32]
and series expansion method [33] et al. It was men-
tioned that the variational iteration method has been
used successfully to solve fractional KdV equation
[34]. The objective of this paper is to extend the appli-
cation of the fractional variational iteration method to
formulate a high-order time-fractional Klein-Gordon
equation and derive an approximate solitary wave so-
lution.

This paper is organized as follows: Section 2 s-
tates some background material from fractional calcu-
lus. Section 3 presents the principle of He’s variation-
al iteration method. Section 4 is devoted to describe
the formulation of the time-fractional Klein-Gordon
equation using the Euler-Lagrange variational tech-
nique and to derive an approximate solitary wave so-
lution. Section 5 makes some analysis for the obtained
graphs and figures and discusses the present work.

2 Preliminaries

We recall the necessary definitions for the fractional
calculus (see [35-37]) which is used throughout the
remaining sections of this paper.

Definition 1 A real multivariable function f(x,t),
t > 0 is said to be in the space C,, v € R with re-
spect to t if there exists a real number p(> v), such
that f(x,t) = tP f1(x,t), where fi(x,t) € C(QxT).
Obviously, C, C Csif § < .

Definition 2 The left-hand side Riemann-Liouville
fractional integral of a function f € C., (y > —1)
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is defined by

« 1 ! a—1
O A A T

OIt(]f($7t) = f(x7t)'

Definition 3 The  Riemann-Liouville  fractional
derivatives of the order n — 1 < a < n of a function
f e, (v>—1) are defined as

oDy f(,t)
1 an t
= T J, -0
tD%f(.f, t)

A
= T(n—a)ot" /t (1 — )" Lf(z, 7)dr.

Lemma 4 The integration of Riemann-Liouville frac-
tional derivative of the order 0 < o < 1 of the func-
tions f, g, +Df f(x,t), 0Dfg(x,t) € C(Q x T) by
parts is given by the rule

/ f(x, )0 Dg (e, t)dt = / o 0).D5 (. t)dt.
T T

Definition 5 The Riesz fractional integral of the or-
dern —1 < a < nofafunction f € C,, (y > —1)
is defined as

FI7 7 (a1) = S OI7 £, 1) + 5y f(a,1)

1

to
_ o a—1
- ZF(CI)/O |t 7—| f(va)dTv

where oI and (I} are respectively the left- and right-
hand side Riemann-Liouville fractional integral oper-
ators.

Definition 6 The Riesz fractional derivative of the or-
dern —1 < a < nofafunction f € C,, (v > —1)
is defined by

EDF F,1) = 5 (D5 £, 1) + ()" D (2, 1)
1 d" o n—a—1
- 2F(n—a)dt”/0 [t =7l
x f(z,)dr,

where ¢Dj* and Dy are respectively the left- and
right-hand side Riemann-Liouville fractional differ-
ential operators.
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Lemma 7 Let o > 0and 3 > 0 be such thatn —1 <
a<nm-—1<pB<mand o+ 5 < n, and let
feLi(QxT)and oI" “f € AC™(Q x T). Then
we have the following index rule:

007 (6D f(w,1) = FDI ()
m 5 z ot
; D $t|t Om.

Remark 8 One can express the Riesz fractional dif-
ferential operator ORDtO“1 of the order 0 < o < 1 as
the Riesz fractional integral operator (I){ITl_O‘, ie.

R -1

0 D? f(1:7

t)y =817 f(x,t), teT.

3 Variational-iteration method

The variational iteration method provides an effective
procedure for explicit and solitary wave solutions of
a wide and general class of differential systems rep-
resenting real physical problems. Moreover, the vari-
ational iteration method can overcome the foregoing
restrictions and limitations of approximate techniques
so that it provides us with a possibility to analyze
strongly nonlinear evolution equations. Therefore, we
extend this method to solve the time-fractional Klein-
Gordon-type equation. The basic features of the vari-
ational iteration method outlined as follows.

Considering a nonlinear evolution equation con-
sists of a linear part Lu, nonlinear part N'u, and a free
term g(= g(x,t)) represented as

Lu+Nu=g. )
According to the variational iteration method, the
n + 1-th approximate solution of (2) can be read using
iteration correction functional as

t
Upil = Up + / A7) (E?l +Na— g)dT, 3)
0

where \(7) is a Lagrangian multiplier and @ = a(z, t)
is considered as a restricted variation function, i.e.,
0t = 0. Extreming the variation of the correction
functional (3) leads to the Lagrangian multiplier A(7).
The initial iteration ug can be used as the initial value
u(x,0). As n tends to infinity, the iteration leads to
the solitary wave solution of (2), i.e.

w= lim u,.
n—oo
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4 Time-fractional Klein-Gordon e-
quation

The Klein-Gordon equation is given as

B pe + b(u? %)

Ut — a(u )xzxax =0.

Employing a potential function v on the field vari-

able u, set u = v, yields the potential equation of
the Klein-Gordon equation (4) in the form,

Ugtt — CL( )x:p + b( )zx:p:p =0. (5

The Lagrangian of this Klein-Gordon equation

(4) can be defined using the semi-inverse method

[38, 39] as follows. The functional of the potential

equation (5) can be represented as

:/dx/dt(clvvxtt—acw(vg)m

+ ngv( ):(:a:mc) (6)

with ¢; (¢ = 1,2,3) is unknown constant to be deter-
mined later. Integrating (6) by parts and taking

Ux‘aT = Uzt‘@T = Uz|8§2 = (Ug)x‘aQ

yield
= / dac/ dt(waUtt - GC2(U§)UM
+ bC3( )x:pv:px) (8)

The constants ¢; (¢ = 1,2, 3) can be determined tak-
ing the variation of the functional (8) to make it opti-
mal. By applying the variation of the functional, in-
tegrating each term by parts, and making use of the
variation optimum condition of the functional .J(v), it
yields the following representation
2clva:tt - CLCQ( )J:x + 663( )xa:a:a: =0. (9)
We notice that the obtained result (9) is equivalent
to (5), so one has that the constants ¢; (i = 1,2,...,6)
are respectively

1

6125, 62263:1.

Then the functional becomes

1
—/da;/ dt(ffuxvtt—a(v%)vm—i—b(vg)mvm).
o Jr 2
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In addition, the functional expression given by
(8) obtains directly the Lagrangian form of the Klein-
Gordon equation,

1

_ 2 3
N(Utta Vg y Uz, Uxxac) = §Uttvx — QUL Vg + le}x:p

+ 2004V 00 Vpza -

The Lagrangian of the time-fractional version of
the Klein-Gordon equation (1) could be read as

1
fo o 2
F(ODt U, Uz, Uga, Uxxac) = §0Dt VVUgp — AU VUgy

+ 2bvgx 4 20U Vpa Vs
a €]1,2]. (10)

Then the functional of the time-fractional Klein-
Gordon equation will take the representation

:/daj/F(OD?vavxvvxxvvxx:v)dta (11)
Q T

where the time-fractional Lagrangian F'(oD§'v, vy,
Vg, Uzze) 18 given by (10). Following Agrawal’s
method [40-42], the variation of functional (11) with
respect to v leads to

oOF . OF
OF OF
L mé(vm)). (12)

By Lemma 4, upon integrating the right-hand side of
(12), one has

1 1
d0J(v) = / dx/ dt(ith%vm(Sv+ §(vxon‘_15v
Q T

_ 1
— Vg0 DY 251}) lor — ion‘vxév

= (= 200000 + 20a V)0
62
+ 5.3
83

83

- avg + 20U Vpzs + 6bv§$)5v
(2bvxvm) 511)

noting that dv|sgr = dvlog = dvz|on = dUzzlon =
502|650 = 0vzz|or = 0. ve|or = 0in (7) implies

YD, = (DS,
Obviously, optimizing the variation of the func-

tional J(v), ie., dJ(v) = 0, yields the Euler-
Lagrange equation for time-fractional Klein-Gordon
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equation in the following representation

1 1
§tD%Ux - §OD?UQB + % (2avxvxx - QbU:c:cvxxx)
2
~ 9.2 (cwx — 26V, Vgnn — 6bv§,x)
3
(2bv3vz5) = 0. (13)

8 973

Substituting the Lagrangian of the time-fractional
Klein-Gordon equation (10) into Euler-Lagrange for-
mula (13) obtains

1 1
itD%vI - ionvx + 6bv2 ., + 6DV Vrzzs = 0.
Once again, substituting the potential function v,
for u, yields the time-fractional Klein-Gordon equa-
tion for the state function u as
1

=, D%y —

1
5 oD+ 6bu2, + 6bugtpey = 0. (14)

According to the Riesz fractional derivative
BDgu, the time-fractional Klein-Gordon equation
represented in (14) can write as

ED&u — 6bu2, — 6bugtze, = 0. (15)
Acting from left-hand side by the Riesz fractional op-
erator (I)%Dg*a on (15) leads to

- o2
Z D2 U‘t Oﬁ
o 0%u\ 2 ou 3u
+Ep2 ( 6b( a332) 6b%$> —0,

(16)

from Lemma 7. In view of the variational iteration
method, combining with (16), the n + 1-th approxi-
mate solution of (15) can be read using iteration cor-
rection functional as

t 82
un+1($,t) = un(xat) - /0 )‘(T) <a7_2un($77')
Ta73
B Ve
a—4
Cul s 0%
— 6by' D} ((giggun($77))2
0 _ 0
b (e 7) g (e ) Y

a7
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where the function u,, is considered as a restricted
variation function, i.e., 4%, = 0. The extreme of
the variation of (17) subject to the restricted variation
function straightforwardly yields

t 82
OUpi1 = Oy, —|—/0 )\(T)(S(ﬁun(xﬂ'))dT

0
= du, + /\(7)6(5
0
— E)\(T)(S’L%(Z’,T)’T:t
2

t 0

0
= (1 — EA(T))(SUR(‘T,T)‘T:t

un(z, 7')) | 7=t

+ A(T)(S(;T

t 82
—i—/o 5un(m,7)w)\(r)d7' =0.

un(z, T)) |r=t

This expression reduces the following stationary con-
ditions

0
1-— E)\(T)h:t =0, A7)|r=t =0,
82
ﬁ)\(ﬂ =0,

which converted to the Lagrangian multiplier at
ANT)=71—t.

Therefore, the correction functional (17) takes the fol-
lowing form

(18)

since « — 2 < 0, the fractional derivative operator
D2 reduces to fractional integral operator (12~
by Remark 8.

In view of the right-hand side Riemann-Liouville
fractional derivative is interpreted as a future state of
the process in physics. For this reason, the right-
derivative is usually neglected in applications, when
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the present state of the process does not depend on
the results of the future development, and so the right-
derivative is used equal to zero in the following calcu-
lations. The zero order solitary wave solution can be
taken as the initial value of the state variable from (1),
which is taken in this case as

where ¢, £ are the given constants.

Substituting this zero order approximate solitary
wave solution into (18) and using the Definition 6
leads to the first order approximate solitary wave so-
lution of the problem (1)

2 ta72

de TD) cosh? (i\/gm+§)

uy(x,t) = §<1+ I

CS ta—l

- 3\/%<t— I‘(O[)>simh (;\/gx—i-f)

acﬁtoc+2

a
- TR I cosh (\/;:c +¢€)
5 /aja+1
+ Msinh (\/gm—i-ﬁ)

66 (o + 2)

A

a
_ 761)F(Oz 1) cosh (\/;a: + §)

Substituting first order approximate solitary wave
solution into (18), using the Definition 6 then leads to
the second order approximate solitary wave solution
of the problem (1) as follows

4c? 32 1
3%(1 + a1 1)> cosh? (4\/§x +€)
e 2071\ 1 Ja
- 3\/(%<t_ (o) ) sinh (2\/;x+§)
acﬁta+2 a
a1 0@ cosh (\/;x +€)
5 /Jaja+l
+ L sinh (\/gw +¢€)

360 (o + 2)

ug(x,t) =

e

a
“ Bt D) cosh (\/;:U +¢)
C4 a 2t2a72
o ot (\/;” +¢) (F(2a —1)

Volume 15, 2016



WSEAS TRANSACTIONS on MATHEMATICS

['(2a — 3)t3a—4 N t )
2(a—1)Ba—3)  Tlatl)
act a 2tat2

2% cosh (/2 L
2452 “% (\/;"’3 +¢) ((a ¥ 2)0(a)
I'(2a — 1)t3272 {2 ) a*c!?

2(a)F(3a—1) T(20)) 248

2 D(20 + 5)tPe+
x cosh (2\/;5 +¢) (a+2)2T2(a)(3a + 5)

a3ct? a I'(2a + 1)t3a+2
_ 2% cosh(2./2
g oo ( \/;x +¢) T2(a + 1)D(3a + 3)

a’c8 a [(2a + 1)t3
— 2" cosh(2./=
o7 cosh( \ﬁ"” +¢) 2(a+ HIBa + 1)

N

Making use of the Definition 6 and some calcula-
tion, we obtain u3, us and so on, substituting n — 1
order approximate solitary wave solution into (18),
there leads to the n order approximate solitary wave
solution. As n tends to infinity, the iteration leads to
the solitary wave solution of the time-fractional Klein-
Gordon equation (1)

2
u(z,t) = % cosh? (i\/z(a: —ct)+§).

5 Discussion

The target of present work is to explore the effec-
t of the fractional order derivative on the structure and
propagation of the resulting solitary waves obtained
from time-fractional Klein-Gordon equation. We de-
rive the Lagrangian of the Klein-Gordon equation by
the semi-inverse method, then take a similar form
of Lagrangian to the time-fractional Klein-Gordon e-
quation. Using the Euler-Lagrange variational tech-
nique, we continue our calculations until the three-
order iteration. During this period, our approximate
calculations are carried out concerning the solution
of the time-fractional Klein-Gordon equation taking
into account the values of the coefficients and some
meaningful values namely, o = 1.98,1.95,1.90 and
1.85. The solitary wave solution of time-fractional
Klein-Gordon equation is obtained. In addition, 3-
dimensional representation of the solution u for the
time-fractional Klein-Gordon equation with space x
and time ¢ for different values of the order « is pre-
sented respectively in Figure 1, the solution u is still a
single soliton wave solution for all values of the order
«. It shows that the balancing scenario between non-
linearity and dispersion is still valid. Figure 2 presents
the change of amplitude and width of the soliton due
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[
(A1) 0=2.00

0 -2
(A2) 0=1.98

0 -2
(A3) 0=1.95

0 -2
(A4) 0=1.90

Figure 1 The surfaces of the approximate solutions u(zx, )
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0=1.98 /
- — =195 /
1o a=1.90 /
=185

u(x,0.5)

Figure 2 The function u as a function of space x at time ¢ = 0.5

for order a:: (B1) 3-dimensions graph, (B2) 2-dimensions graph

1,0)
|

&

3

u(x=1,

80l

-100 \ 1

- \
120} a=1.98 \ |
a=1.95 \

a=1.90 \

0=1.85

-140

-160

(€2)

Figure 3 The amplitude of the function u as a function of time ¢
at space x = 1 for order a: (C1) 3-dimensions graph, (C2)
2-dimensions graph
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to the variation of the order «, 2- and 3-dimensional
graphs depicted the behavior of the solution w at time
t = 0.5 corresponding to different values of the or-
der .. This behavior indicates that the order o can be
used to modify the shape of the solitary wave without
change of the nonlinearity and the dispersion effects in
the medium. Figure 3 devoted to study the expression
between the amplitude of the soliton and the fraction-
al order at different time values. These figures show
that at the same time, the change of the fractional «
decreases the amplitude of the solitary wave.
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