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In this paper, we present a computational method to solve the fractional Klein-Gordon
equation (FKGE). The proposed technique is the grouping of orthogonal polynomial
matrices and collocation method. The benefit of the computational method is that it
reduces the FKGE into a system of algebraic equations which makes the problem
straightforward and easy to solve. The main reason for using this technique is its high
accuracy and low computational cost compared to other methods. The main solution
behaviors of these equations are due to fractional orders, which are explained graphically.
Numerical results obtained by the proposed computational method are also compared
with the exact solution. The results obtained by the suggested technique reveals that the
method is very useful for solving FKGE.

Keywords: fractional Klein-Gordon equation, fractional derivative, numerical solution, Chebyshev polynomials,
operational matrices

INTRODUCTION

The standard Klein-Gordon equation (KGE) is written as

v v I

ﬁ_ﬁ—i_v_ (xt), x>0,t>0 (1)
where v indicates an unknown function in variables x and ¢, and h(x, t) stands for the source
term. Due to the non-local nature and real-life applications of fractional derivatives, the fractional
extension of this equation is very useful [1-12]. The fractional extension of this model handles
the initial and boundary conditions of the model very accurately. The non-integer derivative helps
in understanding the complete memory effect of the system. A broad literature of models with
fractional derivatives can be found in [13-17]. Therefore, motivated by our ongoing research work
into this special branch of mathematics (namely, fractional calculus), we study non-integer KGE by
changing integer order derivative in both time and space using the Liouville-Caputo derivative of
fractional order in the following manner:
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3Pv(x, 1) 37y (x, t)
ath dxY
= h(x1t),

+v(xt)
l1<p=<2 Il<y=2 ()

having the initial conditions:

ov(x, 0) B

v (x,0) = hy(x), P

hy(x),for0<x, t <1 (3)

and boundary conditions:

v(0,0) =g1(),v(1,t) =g (1) (4)

The KGE is used in science, plasma (especially in quantum
field theory), optical fibers, and dispersive wave-phenomena.
Due to the great importance of KGE, many authors have
studied it using various numerical and analytical schemes [18-
27], each with their own limitations and shortcomings. The
operational matrix method [28-38] is also applied to solve
problems in fractional calculus. There are several other numerical
and analytical methods which have been used to solve non-linear
problems pertaining to fractional calculus, which can be found
in [39, 40]. Some other applications of orthogonal polynomials-
based solutions can be found in [41, 42].

In this paper, we present a computational technique
which is a combination of the operational matrix and
collocation method. We have used Chebyshev polynomials
as a basis function for the construction of operational
matrices of differentiations and integrations. In our proposed
method, first the unknown function and their derivatives are
approximated by taking finite dimensional approximations.
Then, by using these approximations along with operational
matrices of differentiations and integrations in the FKGE,
we obtain a system of equations. Finally, by collocating this
system, we get an approximate solution for the FKGE. The
efficiency and accuracy of the used technique is shown by
making a comparison amongst the results derived by our
technique, exact solutions, and numerical results by some
existing methods.

SOME BASIC DEFINITIONS

In this paper, we use non-integer order integrals and derivatives
in the Riemann-Liouville and Caputo sense, respectively, which
are given as:

Definition 2.1: The Riemann-Liouville non-integer integral
operator of order « is presented as

If (x) = % /Ox (x = f(t)dt,a > 0, x > 0,

I°f (x) = f(x).

Definition 2.2: The Liouville-Caputo non-integer derivative
of order B are defined as [1-3]

Dif(x) = IPDf () = by fo o= 0P Lfoyr,
I—1 < B < I, x> 0andlis a natural number.

Chebyshev polynomial of the third kind of degree i on [0, 1] is
given as,

i s
Hi(t)=2(—1)i—k L+ 5riE+k+1) p

()
— D (k+3)TG+1) (i—k)k
The orthogonal property of these polynomials is given as:
! 7, n=m
/0 Hy (t) Hy (Hw (1) dt = :0’ nm (6)

where, w (t) = \/lz_t, is a weight function and »n and m are the
degrees of polynomials.

A function g(x,t) €
approximated as

Lfv(t) ([0,1] x [0,1]) can be

ny  ny

g (x) t) ; Z Z Cil,izHil,iz (x> t) = CT@i’ll,nz (x> t) (7)

i1=01i=0

T
where, C = [c0,0,.-.>C0np>-«»Cnplse -5 Cnyymy ) and

97!1,”2 (x: t) = [HO,O (x: t) PRI H(),rlz (X, t) 5
o Hyo (6 0) . Hyy oy (1))
For any approximation taking n; = n, = n then Equation (6),
can be written as,
g0, 1) = 6, (x)CO, (1) (®)

The matrix C in Equation (8), is given as:

1 1
c=rp"! ( / / On(x)COT (t)w(x)w(t)dxdt) N ()
0 Jo

where, P = fol 0, (x)GnT (x)w(x)dx, is called the matrix of dual.
Theorem 1. If 6,(t) = [Ho, Hy,....,H,]", is Chebyshev
vector and we consider v > 0, then

I'H; (t) = 176, (t) (10)

where, IV = (e (i,j)) ,is (n+ 1) x (n + 1) matrix of integral of
non-integer order v and its entries are given by
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i ]

e (i,j) — Z Z (_1)i+j7kfl

k=0 1=0

PTG+ )T+ k+ D0+ 1+ DI +k+ 14 3) (21 + 1) !

C =R (= DUDITk+ DTG+ DI+ k+ DG+ D0+ D (k+ 1+ v+2)

Proof. Please see [30, 32, 38].
Theorem 2. If 6,,(t) = [Hy, Hy,...
vector and we consider 8 > 0, then

LHT, is Chebyshev

DPH; (t) = DP9, (1) (11)

where, DB) = (s (i,j)) , is (n+1) x (n + 1) matrix of
differentiation of non-integer order 8 and its entries are given by

i j
s(ij) = j{: j{:(__ly+j—k—l

where, D)is the operational matrix of differentiation of order y
and is given by Equation (11). Further, the inhomogeneous term
can be approximated as

h(x,t) = 0] (x)E6,(t) (17)

where E is the known square matrix and can be calculated using
Equation (9).

k=[B1 1=0
5 PTG+ DTG+ k+ DG+ 1+ D0+ 11—+ 3) (2 + 1) !
(i— k) (j— DD T (k+ TG+ Dk — B+ DI+ DT+ )0 (k+1-p+2)
Proof. Please see [38]. Grouping Equations (12), (13), (16), (17), and (2), we get
METHOD OF SOLUTION

In this section, we apply our proposed algorithm to solve a
fractional model of KGE. We use equal number basis elements i.e.
n) = np = n, for any approximations of space and time variables.
We initially approximate the time derivative of the unknown
function as follows:

Pv(x, 1) _

T
Y 0, (x)CO,(1)

(12)

Taking integral of order B with respect to ¢t on both sides of
Equation (12), we have

viot) = 65 (x) 1P, () + 61 (x) AIV0, ()

+61 (x) B, (1) (13)

where I®and IV are operational matrices of integration of
order B and 1, respectively, and are given by Equation (10) and

av(a’“t’o) — ha(x) = 67 () AG (1) (14)
v (x,0) = hy(x) = 6] (x)BO,(f) (15)

where A and B are known square matrices and can be calculated
using Equation (9).
Taking the differentiation of order y on both sides of Equation

(13), we get
Ay (x t
% =07 (x) DY TC1®g, () + 6T (x) DV TAIDG, (1)

+ 65 (x) DY B, (1) (16)

6F (x) Co, (1) — (95 (x) D Tc1Pg, (1)
+ 67 (0 DY TAIVG, (1) + 6] () DY BB, (1))

+6T (x) 1?6, (1) + 6T (x) A1V, (1)
+0,1 (x) By (£) = 0, (X)E0 (1)

(18)
Equation (18), can be written as
C—DpWTci® _ p"TarM _ p) TR 4 cr®
+ AIY 4+ B=FE (19)

Equation (19) is a system of equations which is easy to handle
using the collocation method to determine the unknown matrix.
By making use of the value of C in Equation (13), we can obtain
an approximate solution for FLGE.

NUMERICAL EXPERIMENTS AND
DISCUSSION

Example 1. Firstly, we take the time fractional KGE [26] given as

98 52 )
da"f(};"t) — % —v(x,t) =0, 1< pB < 2, having the ICs:

v(x,0) = 1+ sin (x), 3"5’;’0) =0,for0 < x, t < 1,and
boundary conditions:

v(0,t) = cosh (t), v(1,t) = sin (1) + cosh (¢).
The exact solution is v (x, t) = sin (x) + cosh ().

In Figure 1, we have shown the three-dimensional trajectory
of the approximate solution obtained by our used technique for
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FIGURE 1 | Approximate solution at g = 2.
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t

FIGURE 3 | Approximate solution at different values of t and g at x = 0.8.
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FIGURE 2 | Absolute errors at g = 2.

integer KGE. In Figure 2, we have shown absolute errors by our
proposed method for integer order KGE at n = 4.

From Figure 2 it is detected that absolute errors are very low,
showing good agreement between the exact and approximate
solution. In Figure 3, we have plotted fractional order KGE by
changing the values of 8 and t at x = 0.8. In Figure 4, we have
plotted fractional order KGE by changing the values of § and ¢ at
x= 1

From Figures 3, 4, it can be seen that the solution changes
consistently from fractional order to integer solution, showing
the consistency of the proposed algorithm for time fractional
order models.

Example 2. Secondly, taking the space fractional KGE [26]

given as
32;5’2“) - 8781/;5,0 =h(x,t), 1<y < 2, having the ICs:

v(x,0) = xV(1 — x), % =xV(x—1),for0 <x,t < 1,
and boundary conditions:

0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
t

FIGURE 4 | Approximate solution at different values of t and g at x = 1.

v(0,t) = 0, v(1,t) = 0, with source function h (x,t) =
xV (I —=x)exp(—t) — [[(y +1) —[(y +2) x]exp(—t)and the
exact solution v (x,t) = x¥ (1 — x) exp (— t).

In Figure 5, we have shown the three-dimensional trajectory
of the approximate solution obtained by our proposed method
for integer KGE. In Figures 6-8, we have shown absolute errors
by our proposed method for integer order KGE at different values
of n =3, 5,and 7, respectively.

From Figures 6-8, it is detected that absolute errors are
very low and show good agreement between the exact and
approximate solution. It is also observed that absolute errors
decrease when increasing the basis elements. In Figure 9, we have
plotted fractional order KGE by changing the values of y and x at
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0.15 ~

vix.t)

FIGURE 5 | Approximate solution at y = 2.

%108

absolute errors

FIGURE 8 | Absolute errors atn =7 and y = 2.

%1074
15 -

absolute errors

FIGURE 6 | Absolute errors atn =3 and y = 2.
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FIGURE 9 | Approximate solution at different values of x and y at t = 0.5.
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FIGURE 7 | Absolute errors atn =5 and y = 2.
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FIGURE 10 | Approximate solution at different values of x and y at t = 1.
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TABLE 1 | Comparison of absolute errors by our method and the method in [26]
att =1, Example 2.

X n=3 n=5

Present method Method in [26] Present method Method in [26]

0.0 1.6402e-05 1.1234e-03 2.2794e-08 8.1245e-04
0.1 1.0593e-05 2.7894e-03 1.4125e-08 6.8754e-04
0.2 3.4033e-06 4.4561e-03 2.6052e-09 4.9541e-04
0.3 4.5760e-06 1.7418e-03 1.0543e-08 2.4875e-04
0.4 1.2753e-05 7.8527e-03 2.4098e-08 8.5154e-04
0.5 2.0535e-05 5.9634e-03 3.6840e-08 4.0092e-04
0.6 2.7330e-05 6.8527e-03 4.7547e-08 6.1457e-04
0.7 3.2547e-05 3.1237e-03 5.4998e-08 6.9541e-04
0.8 3.5593e-05 1.7595e-03 5.7972e-08 7.1478e-04
0.9 3.5876e-05 3.0030e-03 5.5247e-08 2.0854e-04
1.0 3.2804e-05 0.0129e-03 4.5603e-08 0.0034e-04

TABLE 2 | Comparison approximate and exact solution at y =2 and n = 5,
Example 2.

x,1) Exact solution Present method Absolute errors
(0.1,0.1) 0.00814353 0.00814354 5.9041e-09
(0.2,0.2) 0.02619938 0.02619938 4.3087e-09
(0.3,0.9) 0.04667154 0.04667152 2.0611e-08
(0.4, 0.4) 0.06435072 0.06435071 1.2501e-08
(0.5,0.5) 0.07581633 0.07581635 2.4796e-08
(0.6, 0.6) 0.07902887 0.07902889 2.3619e-08
(0.7,0.7) 0.07299803 0.07299801 2.7123e-08
(0.8,0.8) 0.05751410 0.05751405 4.9922e-08
(0.9,0.9) 0.03293214 0.03293211 2.3894e-08

t = 0.5. In Figure 10, we have plotted fractional order KGE by
changing the valuesof y and x att = 1.
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