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Abstract: We propose a numerical scheme based on the Galerkin method for solving the time-
fractional partial differential equations. To this end, after introducing the Chebyshev cardinal
functions (CCFs), using the relation between fractional integral and derivative, we represent the
Caputo fractional derivative based on these bases and obtain an operational matrix. Applying the
Galerkin method and using the operational matrix for the Caputo fractional derivative, the desired
equation reduces to a system of linear algebraic equations. By solving this system, the unknown
solution is obtained. The convergence analysis for this method is investigated, and some numerical
simulations show the accuracy and ability of the technique.
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1. Introduction

In this paper, we propose and analyze an efficient algorithm for solving the time-
fractional partial differential equation (TFPDE)

B 2
oPw(x,t) ow(x, t) +Ua w(x, t)

5B U 532 t>0,x€[0,1],€[0,1], (1)

=g(xt),
with Dirichlet boundary and initial conditions

w(x,0) =wo(x), x€]0,1],
w(0,t) = f(t), w(L t) = fo(t),

t>0,

Pw(xt)
otP

where 77 and ¢ are constant, and B € R*. Moreover,
respect to ¢t and in the following, we introduce it.
Fractional calculus was developed in the 17th century and Gottfried Wilhelm Leibniz
and Niels Henrik Abel played a unique role in introducing the fractional derivative [1].
Almost all concepts about fractional calculus were introduced by Abel. In recent years,
fractional calculus and its application have had a brilliant role in physics, mathematics, and
engineering. This branch of mathematics has attracted many enthusiasts, and many papers
in this field have been published in various journals. Fractional differential equations are
found in the modeling of many physical phenomena such as mathematical biology, fluid
mechanics, electrochemistry, viscoelasticity, and many other fields [2-5]. Some differen-
tial equations of the fractional type with particular forms can be solved by the Fourier
transform method or the Laplace transform method. However, an analytical solution to
many generalized fractional differential equations is difficult to obtain. Thus, numerical

is a Caputo derivative with

Axioms 2022, 11, 642. https:/ /doi.org/10.3390/axioms11110642

https:/ /www.mdpi.com/journal/axioms


https://doi.org/10.3390/axioms11110642
https://doi.org/10.3390/axioms11110642
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/axioms
https://www.mdpi.com
https://orcid.org/0000-0001-9394-7305
https://orcid.org/0000-0002-7504-0424
https://doi.org/10.3390/axioms11110642
https://www.mdpi.com/journal/axioms
https://www.mdpi.com/article/10.3390/axioms11110642?type=check_update&version=1

Axioms 2022, 11, 642

20f12

techniques play a vital role in this regard. Here are some of the papers that solve fractional
differential equations numerically using methods such as the discretized piecewise polyno-
mial collocation method [6], the Kuratowski MNC technique [7], Simpson’s method [8], the
multiwavelet Galerkin method [9], the B-spline collocation method [10], the Adomian de-
composition [11], the least-squares finite element method [12], an operational method [13],
and Gegenbauer’s wavelets method [14].

Several papers can be found in the literature for solving the fractional partial differen-
tial equation. Alikhanov [15] studied a finite difference method to solve the time-fractional
diffusion equation. Du et al. [16] discussed a high-order scheme for approximating the
Caputo fractional derivative and then solved the fractional diffusion wave equation. Lang-
lands and Henry [17] analyzed the stability and accuracy of an implicit method for the
fractional diffusion equation. Lakestani et al. [18] introduced an operational matrix for
representing the fractional derivative in the Caputo sense and then used it to solve the
fractional partial differential equation. The asymptotic homotopy method was utilized
to find the approximate solution of fourth-order TFPDEs [19]. Uddin et al. [20] used a
numerical scheme for solving TFPDEs based on radial basis functions. In [21], the authors
used a neural network method to solve the advection-diffusion equation. There exist
also some valuable references that considered the Caputo fractional derivative in their
models [22-24].

Cardinal functions are nonzero at just one point. Therefore, any function can be
approximated easily without applying integrals. This is the main property of cardinal
functions. The general framework and how to build these types of functions can be found
in reference [25]. Due to the high approximation power and characteristics of these types
of functions, they have been widely used in solving equations. Afarideh et al. [26] used
these bases for solving fractional Sturm-Liouville problem. Lakestani et al. [10], applied
them to solve a partial differential equation with an unknown time-dependent coefficient.
In [27], the authors used these bases to solve the second-order one-dimensional telegraph
equation. Tchier et al. [28] employed a pseudospectral method based on the CCFs to solve
the partial integro-differential equations.

The outline of this article is as follows: In Section 2, we describe and introduce the
Chebyshev cardinal functions and their properties. Section 3 is dedicated to constructing
the Galerkin method for solving TFPDEs based on the CCFs, and the convergence analysis
is investigated for the proposed method. Numerical results are given in Section 4 to
demonstrate the ability and efficiency of the method.

2. Chebyshev Cardinal Functions
Assume that ) is the set of the roots of the Chebyshev polynomials of the first kind, i.e.,

Yi=Ayi: Tp1ly;)) =0,ie M}, M:={1,2,...,m+1},

in which T, ;1 denotes the Chebyshev polynomials of the first kind on [—1, 1] and the roots
of Chebyshev polynomial T,;1 can be determined by

o (2i —1)m )
Yi = cos< 2 ) Vie M. (2)
To define the shifted Chebyshev polynomials for any arbitrary interval [a, b], by putting

Y= (% - 1) , we can introduce them as follows:

me1(%) = Tyt (2(;(_—;) — 1), x € [a,b]. 3)

It can be easily verified that the shifted Chebyshev function has the roots x; =
One of the significant cases among the cardinal functions for orthogonal polynomials

is the Chebyshev cardinal functions (CCFs) [26]. Giveni € M, let T Jrl,x(xi) interpret
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the differentiation with respect to x at the value x = x;. Now, we determine the CCFs
via [10,26]
T (%)
(x) = , ieM. 4)
Vi) = e =)

With a simple review, it can be found that the CCFs satisfy the well-known cardinality
condition, i.e.,

¥i(xj) = dij, ©)

where (51-]- denotes the Kronecker delta, which is 1 if the variables are equal, and 0 otherwise.
This is an important property and it helps us to approximate any function f(x) € H"([a, b])
(H"([a, b)) is defined below). Motivated by (5), the function f(x) € #H([a,b]) can be
expressed as a linear combination of CCFs as

m+1

flx)~ ) flxipi(x). (6)
i=1
Given v € N, the Sobolev space H"([a, b]) consists of functions f € C"([a, b]) such that
DPf € 1%([a,b]), where N > B < v, and D is the derivative operator. If f € H"([a, b]), we
determine its norm

1 B o) 2 TEIOT . %
and a seminorm as follows
|f|%{um([a,b}) = E Hf(l ( )HLZ ([a,b])" (8)
i=min{v,m}

Lemma 1 ([29]). Assume that X* := {x; : Ty, ,(x;) = 0,i € M} is the set of shifted Gauss—
Chebyshev points, and f, is an approximation of f(t) € H"([a, b]), i.e
m+1
fu(8) =} F(xi)i(t).

i=1

Then, one can bound the error obtained from this expansion via

I1f = fll2(appy < Cm™"|flgvm((ap))s ©)

in which C is a constant and independent of m. Moreover, forv > 1and 1 <1 < v, we can
verify that

If = forll gy < €227 g (o) (10)

2.1. Operational Matrix of Derivation

In this section, our objective is to find an (m + 1) x (m + 1) dimensional matrix D,
so that
D(¥)(x) = D¥ (), ()

where ¥ (x) is a vector function of dimension m + 1 consisting of CCFs. To find the elements
of matrix D, one can employ the property (5) and Equation (6), i.e.,

D;; = D(yi)(x)). (12)

To find the elements of the matrix, we make some changes to the CCFs. Assuming

w =22"1/((p —a)m+1 T, 1,,(xi)) and using (4), we can obtain
m+1
pitx) =w T (x=x). (13)

p=Lp#i
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In the sequel, one can obtain the following relation via taking the derivative from both
sides of (13), viz.,

m+1 m+1 m+1

D(y —wHDx—xp —wZHx—xp
=1 p=1
p#z "#p#zp

m—+1 T*

— Z m+1( )

]]ijél (x - xi)(x - xk)Terl,x(xi)
i
m+1 k

=L ot (14)

Note here that depending on the selection of nodes, two cases can be considered as follows:
1. Ifi = j, due to the fact that ¢;(x;) = 1, we have

m+1 1
D(¢;)(xj) = k§1 =) (15)
k#i
2. Ifi # j, according to Equation (14), we get
m+1
D(yi)(xj) =1 H — Xp). (16)
p#w
2.2. Operational Matrix of Fractional Integration
Definition 1. Let B € R™*. We specify the fractional integral operator Iaﬁ via
() = g [ G- 0O, xelab, fellat, @)

in which T'(p) determines the Gamma function.

By taking the fractional integral of the vector function ¥ (x) and expanding the results
based on these bases (namely ¥ (x)), one can find an N-dimensional square matrix such that

IP(¥(x)) ~ IP¥(x), x€(0,1), (18)

where IP is called the operational matrix of fractional integration. Finding the elements of
matrix I? is our objective. Motivated by Equation (6), one can obtain the elements of I# via

18 = Thyi(xy). (19)
By performing simple calculations, it follows from [30] that

m-+1
[T(x—x) = Z Yipx"F, (20)
p=1
o

where 7; is given by

1¢ ,
'71',0 = 1/’)/1,‘0 = ;) Zei,k')’i,p—k/ 1= 1/"'/m+1lp = 1!"'/m/
k=0
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with
m—+1

= Zx]f', i=1,...m+1lp=1,...,m
j=1
J#i

Using this rearrangement, the CCFs can be modified to
m
x) =1 ) vipx" " (21)
o=0
Subtracting (21) from (18), it can be shown that
I/S wi(x 2 YipX

m
Z%Pzﬁ ")

(m 10_'_1) xM—P+B

= W i
;ﬁfpr(m p+B+1)

With this modification, we can now find the elements of matrix I? as follows

1)
Y wp;omf(m PrEEDY

(22)

Since the fractional integral operator is invertible [26,31], then it follows that the matrix I?
is invertible.

2.3. Operational Matrix of Fractional Derivation
Definition 2. Let B € RT. We specify the fractional derivative operator DE of the Riemann—Liouville
(RL) type via

1

“DLA) () = DT = =y P (-0 )z,

Vl

x”'

where [B] +1:=n € Nand D" :=

Definition 3. The Caputo fractional derivative is determined by [26,32].

x £
DU = gy | e et = PP 0), @)

n— X —

inwhich p € R and [B]+1:=n €N.

Lemma 2 (cf Corollary 2.3 (a), [32]). It can be proved that the Caputo fractional derivative
operator CD? is bounded via

cmB 1
1“Da (f)llc < T B — B+ 1) £l

(24)

where p € RY, B & Nyand n = —[—p].
There exists an (m + 1)-dimensional square matrix Df such that

“DF(¥(x)) ~ DP¥(x). (25)
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Using the operational matrices for derivation and fractional integration, it follows from
(23) that
"D (¥(x) = Ii PD"(¥(x)) ~ D" (IP)" P¥(x). (26)

3. Galerkin Method

In this section, we introduce an effective method based on Galerkin to solve TFPDEs
(1). Assume that the unknown solution w(x, t) can be expressed as a linear combination of

CCFs as follows
m+1m+1

~ Y, ) w(x,x)pi(x)i(h). (27)

i=1 ':

Using the vector function ¥ (x), this equation can be written as
w(x, t) =~ ¥ (x)W¥(t), (28)

where W is a square matrix of dimension m + 1 and includes unknown coefficients. Using
the operational matrix for derivation and fractional derivation, a similar approximation
(28) can be found for all terms in Equation (1) as follows.

Pw(x,t)
otP

ow(x, t)
ox

2
% ~¥T (x)WD2¥ (£). 29)

~¥T(x)DPWY(t),

~¥T(x)WDY(t),

Substituting (28) and (29) into Equation (1), one can obtain the residual function via
r(x,t) = TT(x)(Dﬁw+17WD +oWD? — G)‘I’(t), (30)

where G is a square matrix with a dimension equal to W, and it is obtained as follows:
m+1m+1 T
~ L L sl x)iitw() = ¥ CH() = gnlx ) (31)

i=1 j=1

Our objective is to force r(x, t) to be approximately zero. To this end, we use the Galerkin
method to obtain the following linear system of algebraic equations, i.e.,

A(W) := DPW + yWD + ¢WD? — G = 0. (32)

Equation (32) consists of some dependent equations,
AW);j=0,i=23,...n+1, j=2,3,...,m. (33)
The boundary conditions are used to find the other 3m + 1 independent linear equations.

AW)j=WY¥(0)-Wy, i=1,...,.m+1,
AW)i =Y OW-F, j=2..m+1,
AW =YTWOW—F, j=2,...,m+1,

where

wo(t) w W ¥ (1), f1(0t) = F[¥(x), fa(l,t) = F ¥ (x).
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Because the desired Equation (1) is linear, using vectorization, we have the linear system of
(m + 1)? equations

AW =G, (34)

in which W and G are obtained from the vectorization of W and G, respectively. The
solution of this system gives the approximate solution of the desired equation.

Convergence Analysis

Suppose that the function p(x, y) interpolates the function values

gij=8(xuy),  Lj=1,...,m,

where x; and y; are distinct points. It follows from [33] that the reminder formula for a
sufficiently smooth function g(x, y) is equal to

m 7 (x—x;) o™ I, (v — yj)
lg(x,y) —p(x,y)| = (%ng(f:/y)_lT + 83/7 (XIT)]T
92m ;L Hlmzl (x — xi)H]mzl (y— ]/]')
a axmymg(g ) mim! ’

in which ¢, 7, &, v’ € [0,1]. By choosing the Chebyshev polynomial zeros as the interpola-
tion points, one can find the Chebyshev interpolation polynomial for the desired function
¢(x,v). Notice that the leading coefficient of the Chebyshev polynomial is 2!, and this
gives rise to

1 1 a"

1\ om 1\™"
500) = )| < (3) gt 290 s @1+ (3) g S [5msn)

refo1) Y

(2) e s I (@) o)
2 4m=1(m!)2 & arelon) oxMm oy ’ .
Assume that wy, is the approximate solution of Equation (1). Thus, the global error

e = w — wy, satisfies

B 2
oPe(x,t) de(x, t) +Ua e(x,t)

otB Ui dx 9x2 :g(x/ t) _gm('x/ t)/ (36)

and for this equation, the residual function is as follows

~ dPe(x,t) de(x,t) d%e(x,t)
R =55 15 T a2

— (%, t) + gm(x, t). (37)

We have to show that residual function R tends to zero. To this end, we express all terms
on the right-hand side of (37) as a linear combination of CCFs and obtain

R(x,t) = ¥7(x) (DPE + yED + CED? ¥ (t) — g(x, ) + gu (%, 1), (38)

where
e(x,t) =~ ¥T(x)E¥(t).

Taking the L2-norm from both sides of (38), we have

IR B)|l < [1¥7 (x) (DPE + nED + cED? ¥ ()| + [1g(x, ) — gu(x, 1)
< |[¥T()IIDPE + yED + cED[[[¥ (1)]| + [I8(x,8) — gm(x, £)]|  (39)
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Because the CCFs are polynomial, we conclude ||[¥7 (x)|| = M < co. Thus, it follows from
(39) that

IR(x,t)|| < M?|DPE + 4ED + cED?|| + [|g(x, t) — gm(x, 1)

< Me|[E[| + [Ig(x, 1) + gm(x, D), (40)
where |Df + 5D +0cD?|| < e.
Setting
" i e
Myax = max{gilﬂﬁ) \Mfmg(éry)lfrzﬁ) I3y & T)|,§/,'f’lell[?),1) |G 8 (&)l

sup |2 e )], sup | ome(x, 1)), SUp | (¢ r’>}
zelo,1) oxm ,TE[O,l) ay™ ’(j’,r’e[O,l) ax™may™ 7’ '

and using Equation (35), we conclude from (40) that

1" 1 1\" 1
IR A1 =C(3) g (24 (3) g ) )

where C = M2M,pax€.
Finally, the norm of the residual tends to 0 as m tends to co. This proves the convergence

of the method.

4. Numerical Experiments
Example 1. For the first example, consider the time-fractional partial differential equation

Pw(x,t)  ow(x,t) uw(x,t) 2
= — >
s — iy T2Em2 120xe01pe)

subject to initial and Dirichlet boundary conditions

w(x,0) =x2, x¢€[0,1],
w(0,t) =2, w(l,t) =t>+1, t>0.

The exact solution for this example is provided in [20] and is equal to w(x,t) = x> + 2.

Table 1 demonstrates a comparison between our technique and RBFs method [20], taking
m = 3 and B = 0.5. It can be seen that the proposed method provides better results than [20].
Figure 1 demonstrates the approximate solution on the left side and corresponding absolute errors

on the right.

Table 1. Comparison between our technique and RBFs method [20] for Example 1.

t=0.1 t=05 t=1

L® 6.09 x 1072 296 x 1072 211 x 1072

RBFs method (m = 51) 12 261 %101 1.28 x 101 9.12 x 102
L® 2.00 x 1016 1.40 x 1016 330 x 10715

CCFs method (m =3) 12 315 x 10717 6.90 x 10~17 1.40 x 10°15
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SIS
SRS

Figure 1. Approximate solution (left) and corresponding absolute errors (right), with m = 3 and

B = 0.4, for Example 1.

Example 2. The second example is devoted to using the CCFs—Galerkin method for solving the

following TFPDE:
bw(x,t)  ow(x,t) t%sin(x)
oth - T(2—«a)

+ tcos(x),

subject to Dirichlet boundary and initial conditions

w(x,0) =0,
w(0,t) =0, w(1,t) = tsin(1),

x €1[0,1],

t>0.

The solution of this equation is given by w(x, t) = tsin(x) [20,34].

t>0,x€[0,1],€[0,1],

For the computation, we took B = 0.6. We compare the proposed method in the previous section

with the RBFs method [20] in Table 2. Our method gives better results than the RBFs method.
The approximate solution and the absolute errors for different choices of parameter m are plotted in
Figure 2. Figure 3 demonstrates the effect of parameter m on the L?-error. The numerical results in
Table 3 shows the approximate solution at different times with different m.

Table 2. Comparison between the proposed method and RBFs method [20] for Example 2.

t=0.1 t=0.5 t=1
L® 1.045 x 107 7.000 x 107 1.657 x 10~

RBFs method (m =121) 12 8.765 x 108 1.368 x 106 4769 x 1076
L*® 4951 x 10712 2.465 x 10710 9.131 x 10~ 11

CCFs method (m =9) 12 5577 x 10~12 2,552 x 10~ 11 3.058 x 10~ 11

Table 3. The approximate solutions with different values for m at different times for Example 2.

m t=10.2 t=04 t=0.6 t=108 t=1.0

3 3.036 x 10703 5.510 x 10~03 7.448 x 1093 8.891 x 1003 9.903 x 1003
4 9.548 x 10705 1.659 x 10704 2.374 x 10704 3.345 x 10704 4.849 x 10704
5 9.056 x 1079 1572 x 1079 2453 x 10705 3.103 x 10705 2.495 x 10705
6 1.856 x 10~%7 3.609 x 10797 5.298 x 10~%7 6.550 x 10797 1.239 x 1079
7 1.220 x 10798 2481 x 10708 3.382 x 10708 4833 x 10708 3.392 x 10708
8 2.072 x 10710 4,010 x 10710 5.863 x 10710 7.608 x 10710 1.607 x 1079
9 1.107 x 10~ 1 2.018 x 10~11 3.115 x 10~ 11 3915 x 10~ 11 3.058 x 10~11
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Figure 2. The approximate solution (top-left) and absolute errors by choosing different values of m
for Example 2.
5 0

“ W ——m=7 |
5] ——m=g |

W e mes
*f W ]
-35 - W

40 L L L L L 40 L L L L L L
3 4 5 6 7 8 9 0 0.2 0.4 0.6 0.8 1 1.2 1.4

m t

Iogz(Lz-error)
| 2
ogz(L -error)

Figure 3. Effect of the parameter 1 on L?>—errors, with 8 = 0.6, for Example 2.

5. Conclusions

To solve time-fractional partial differential equations, we applied the Galerkin method
based on Chebyshev cardinal functions. For this purpose, we found the operational matrix
of fractional derivation for the CCFs in the Caputo sense via the operational matrices for
the derivation operator and fractional integral operator. Using this operational matrix and
applying the Galerkin method, the desired equation was reduced to a system of algebraic
equations. By solving this system, we could find the unknown solution. We proved that the
proposed method was convergent. Numerical results illustrated that our proposed method
gave better results than other methods and in some cases, it was very accurate.
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