ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/342674422

Numerical investigation of space fractional order diffusion equation by the
Chebyshev collocation method of the fourth kind and compact finite difference
scheme

Article in Discrete and Continuous Dynamical Systems - Series S - July 2020

DOI: 10.3934/dcdss.2020402

CITATIONS READS
3 111

5 authors, including:

Yones Esmaeelzade Aghdam Hamid Safdari

Shahid Rajaee University > Shahid Rajaee University

26 PUBLICATIONS 139 CITATIONS 17 PUBLICATIONS 81 CITATIONS
SEE PROFILE SEE PROFILE

@ Hossein Jafari
" University of Mazandaran
306 PUBLICATIONS 7,795 CITATIONS

SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project A Recursive Solution Approach to Linear Systems with Non-Zero Minors View project

2nd International Conference on “Orthogonal Polynomials, Special Functions and Computer Algebra: Applications in Engineering” from October 15th-16th, 2022 at Jaipur,
Project

Rajasthan, INDIA||https://anandice.ac.in/opsfca2022/ View project

All content following this page was uploaded by Yones Esmaeelzade Aghdam on 09 July 2020,

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/342674422_Numerical_investigation_of_space_fractional_order_diffusion_equation_by_the_Chebyshev_collocation_method_of_the_fourth_kind_and_compact_finite_difference_scheme?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/342674422_Numerical_investigation_of_space_fractional_order_diffusion_equation_by_the_Chebyshev_collocation_method_of_the_fourth_kind_and_compact_finite_difference_scheme?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/A-Recursive-Solution-Approach-to-Linear-Systems-with-Non-Zero-Minors?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/2nd-International-Conference-on-Orthogonal-Polynomials-Special-Functions-and-Computer-Algebra-Applications-in-Engineering-from-October-15th-16th-2022-at-Jaipur-Rajasthan-INDIAhttps-anandiceacin-o?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yones-Esmaeelzade-Aghdam?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yones-Esmaeelzade-Aghdam?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Shahid_Rajaee_University?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yones-Esmaeelzade-Aghdam?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hamid-Safdari?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hamid-Safdari?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Shahid_Rajaee_University?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hamid-Safdari?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hossein-Jafari-9?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hossein-Jafari-9?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Mazandaran?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hossein-Jafari-9?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yones-Esmaeelzade-Aghdam?enrichId=rgreq-97261f4916f498e2c433a9b30c53c236-XXX&enrichSource=Y292ZXJQYWdlOzM0MjY3NDQyMjtBUzo5MTEzNjAxNjY3MjM1ODVAMTU5NDI5NjYwNDYzNg%3D%3D&el=1_x_10&_esc=publicationCoverPdf

DISCRETE AND CONTINUOUS doi:10.3934/dcdss.2020402
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ORDER DIFFUSION EQUATION BY THE CHEBYSHEV
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ABSTRACT. This paper develops a numerical scheme for finding the approx-
imate solution of space fractional order of the diffusion equation (SFODE).
Firstly, the compact finite difference (CFD) with convergence order O(§72) is
used for discretizing time derivative. Afterwards, the spatial fractional deriva-
tive is approximated by the Chebyshev collocation method of the fourth kind.
Furthermore, time-discrete stability and convergence analysis are presented.
Finally, two examples are numerically investigated by the proposed method.
The examples illustrate the performance and accuracy of our method compared
to existing methods presented in the literature.

1. Introduction. One of the issues which have garnered researchers’ attention
these days is the fractional differential equations (FDEs) and have been numeri-
cally investigated by a huge number of authors [2, 3, 8, 9, 16, 21, 23, 25, 28, 29].
Fractional calculus is involved in many applications of science and engineering such
as economics, physics, optimal control, and other applications, see [10, 11, 13, 19,
22, 26, 33, 34, 35]. A case in point is the diffusion and reaction-diffusion models in
the physical environment.

These models in physics explain the action of the plural motion of micro-particles
in a material eventuating arising from the random motion of each micro-particle.
Moreover, it is suitable as a topic related to the Markov process in mathematics as
well as in various fields, such as social science, life science, materials sciences, infor-
mation science, etc. These subjects can be explained using the diffusion equations
named Brown equations.
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Space fractional order of the diffusion equations (SFODEs) as fractional partial
differential equations are numerically investigated by a large number of research
papers, see for instance [15, 29, 30, 31].

In the last decades, spectral methods are increasingly used for approximating
the solution of the ordinary differential equations (ODEs) and partial differential
equations (PDEs), etc. The spectral methods have become popular because of
finding accurate results with fewer degrees of freedom for solving the PDEs [4, 5, 20].

The Chebyshev polynomials (CPs) as the orthogonal polynomials, in spectral
methods, are used for finding the approximation of functions on the interval [—1, 1],
see [1, 12, 14]. Because there is the powerful relation of these polynomials with
Laurent and Fourier series, they have many applications in ODEs and PDEs. The
CPs have four kinds, see [20], that we are dealing with the fourth one and call it
CPF.

In recent years, the various methods have been implemented for solving SFODEs.
Tadjeran et al. in [32] combined the classical Crank-Nicholson method and spatial
extrapolation to get the approximate solution of the SFODE. In [27], authors uti-
lized the shifted Legendre-tau for solving SFODE. The references [15], [30], as well
as [31] applied new closed formulae for approximating SFODEs by shifted CPs of
the first, second, and third kinds, respectively. They obtained a linear order for the
time derivative.

We consider the following of SFODE with the initial and boundary conditions as
follows

%zq(m)%Jﬁ)(x,ﬂ, O<z<l, 0<t<T, (1)
u(z,0) =g(x), O0<z<l, (2)
u(0,t) = @o(t), w(lt)=¢i(t), 0<t<T, (3)

where p(z,t) and the parameter o (1 < @ < 2) are the source term and fractional

order, respictively. We should mentioned that with @ = 2, Eq. (1) will be the
classical diffusion equation. Here agT(ff’t) is the Caputo fractional derivative of

order a.. The left Caputo’s derivative of fractional order o € R™ is defined as
—a—10"u(y,
ﬁfoz(x—y)” @ 1%@, n—l<a<n, neN,
6 Dou(z,t) =
" u(zx,t)

8$n 9

a = n.

For simplicity, we use D instead of §D2. It is listed some properties of the
Caputo fractional derivative D as [6, 17, 24]:

1. Daxﬁz%xﬂ_a, O<a<pf+1, a>-1,

2. D(vf(z,t) +<g(=,t)) = vD f(,t) + sDg(w,1),

3. D*(C) =0, C is a constant.

The motivation of this paper is based on applying compact finite difference (CFD)
for time-discretizing of SFODEs and displaying the unconditional stability of the
method as well as proving the convergence order of (9(67’2), while the existing meth-
ods give the order O(67%). We formulate the fractional derivative of the Chebyshev
polynomials of the fourth-kind by the properties of the Caputo derivative. We
next implement the CPF by collocation method for spatial-discretizing to obtain a
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full-discretization relation. The presented stability, convergence analysis and solved
numerical examples display the excellent performance of our method.

The structure of the paper is outlined as follows. Section 2 summarizes some
properties of the CPF and presents a closed formula of the fractional derivative. In
Section 3, we approximate the fractional derivative gz(’j and explain the application
of the Chebyshev collocation method for solving Eq. (1). Moreover, the CFD
and shifted Chebyshev polynomials of the fourth kind (SCPF) are implemented
to discrete in time and space direction, respectively. In Section 4, we discuss the
convergence analysis and stability of the proposed method and display the stability
of the method is unconditional and the convergence order of the time derivative is
O(67%). Section 5 illustrates the accuracy and efficiency of the proposed method
with two numerical experiments.

2. Some properties of CPF. In this section, we list some properties of the CPs
of the fourth kind. We first define the Jacobi polynomials Pfa’b) (z) as

b T(a+i+1 ‘L iNT(a+b+i+m+1) a—1
7)7;(‘1):-' ( ) Z ( )X( ) )
il(a+b+i+1) = \m Fa+m+1)

These polynomials are orthogonal with respect to the Jacobi weight function
w@® (z) = (1 — x)*(1 4+ ) on the interval [—1,1]. The CPFs W;(z) are defined
based on the Jacobi polynomials Pf“’b) (x) as below

22i
(%)
Using analytical form of the the above equation, the CPFs W;(x) of degree i can
be rewritten as follows:

(22 (i + 0.5)(i — 1)!

Wila) = P47 (@),

Wile) = (22'—2)!
i—1 k EF(Z+k‘) i
-
P IPIEve G—k_1)I(k+15) (g) X
k=0 £=0
i—1 k
= ‘I’iZZTi,k,g x b€ i=1,2,...,N+1,
k=0 £=0

where z € [-1,1] and
(2Z=H (i + 0.5)(i — 1)!
(2i —2)! ’
T e = (—=1)ST(i + k) " (k>
PSRRI X (i — k- DI(k+1.5) T \¢
We use the SCPF W (z) = W;(2z — 1) defined by

i-1 k
:\IjiZZTi,k,§X2kX$k_§, ze€l0,1], i=12,....

k=0 £=0
In addition, the SCPF is orthogonal on [0, 1] with the inner product

W) /‘ T e ) W ()i :{m i)

- .
bR 1=7.

U, =
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If g(x) be a square-integrable on the interval [0, 1], then it can be expanded in series
of the SCPF as follows [30]

g(CL’) = Zwi WZ*(.T), U [Ov 1]7 (4)

where the coefficients w;, ¢ =0,1,2,..., are defined by

w=2[ W @y )

It should be mentioned that in practice only N-terms of Eq. (4) are considered and
explained more in the next section.

Now, we formulate the fractional derivative of W (z) by the properties of the
Caputo derivative as

i—[a] k
DUWi(2) = Y SONGIelxahmtretlalpe 0,1, i=0,1,2,..., (6)
k=0 £=0

where [«] is the ceiling of a and Ng ,’C[?] is defined by
Nefal (1) 22 (N T(i+05)T(i+k+[a]+1) T(k—E&+a]l+1)
PRS2 (i —k—[a])! (k+[a)! T(k+[a] +1.5) T(k—&—a+ [a] +1)
k+ foz])
x .
("
Notice that we have

DY(Wi(x) =0, i=0,1,2....[a]-1 a>0. (7)

Combininig Egs. (4) and (6), one can obtain

o i—[a]l k

D%(g(z)) = Z Z Zwi X NSI’J?] x gh=é=atlel gy e 0, 1]. (8)

i=[a] k=0 £=0

3. Description of the numerical method for SFODE. In this section, we
apply a method for solving Eq. (1) based on the CFD and using the Chebyshev
collocation method of the fourth kind. For given two positive integers M and N,

we introduce time-mesh points as 7;_1 = (j —1)d7 for j =1,2,..., M +1, in which
0T = % Also, we consider the collocation points «{azr_l}i\[:Jrll_[cﬂ using the roots

of the SCPF W1y (@)
For time-descretizing, we fisrt write u(x,t) € C3(0, 1), based on Taylor expansion,
as
ou(x,,t;) or O?u(wy,t;)
ot 2 ot?
where 6, u(z,,t;) = "1_57;{“71. Now, substituting (9) into (1), we get
ot Ou(z,, t;) 0“u(z,,t;)
2 ot? Oz
Also, the second time derivative of Eq. (1) will be obtained as
O*u(wy, t;) 0%u(xy, t;)
ot? Ox®

= dyu(z,, tj) + + 0(672), 9)

5Tu($T7tj) + =+ 0(57—2) = Q(xr) +p(-rr7tj)- (10)

= q(x,)0, + 0,p(zy, t5). (11)
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Substituting Eq. (11) into Eq. (10), we have

O*u(x,, t;)
Sru(zy,t;) = Q(xr)w
oT 0“u(xy,,t;)
— ? (q(xr)(STT + (STp(fL'r, tj)) + ...

After time-discretizing Eqs. (12), denoting u(z,,t;) = UZ, p(z.,t;) = pl, and
sorting, we obtain the following semi-discrete form

S5 oI ) 5T ocUIi—t 51 . . .

j_ 2 ro_ il 2D r Lyl -1 I (53, (1
Ul =5 aler) o = U7 4 raler) =5 o+ 5 (or 497 ) + R () (67)7, (13)

where R7(x) is the truncation term. For obtaining full-discrete form we require to

+ p(J?T, tj)
(12)

approximate the Caputo derivative in %. The approximate solution u(z,t) is

constructed by using the following Chebyshev collocation technique
un (@, t) = Y wi(t) Wy (x). (14)

Based on Egs. (8), (13), (14), and using the roots of SCPF {x, }'7', one can simply
obtain

1=2 k=0 £=0
N N i-2 k 15)
=> W TW () + 5 (@) SN Wl N x akErot
i=0 i=2 k=0 £=0
-
+ E(I)(zratj) +p(zr7tj—1))-

where u{ denotes the coefficients in the point of ¢;. Afterwards, by substituting the
boundary conditions (3), we have

N N
w(0,8) =Y (=1)'wi(t) = ¢o(t), w(l,t)=> (2i+ Dui(t) = ¢1(t).  (16)
=0 1=0

Eq. (15) along with Eq. (16), give N + 1 of linear algebraic equations which can
be solved for obtaining the unknown u;, ¢ =0,1,2,..., N. It should be mentioned
that for getting the initial solution u? of Eq. (15), we use the initial condition of
the problem i.e., u(z,0) combining Eq. (5).

4. Convergence analysis and stability of the method. In this section, we
investigate the convergence and stability of the proposed numerical method. Let 2
denotes an open and bounded domain in R? space. Also, Ly(f2) represents a Hilbert
space with the following inner product

(ula),o(@) = [ ul@y(o)ds,
Q
and the Euclidean norm |ju(z)|| = (u(x),u(x))2. In this paper, we define Sobolev

space as
' ds
HY(Q) = {u € Lo(®), 7 € La(@)}.



6 Y. E. AGHDAM, H. SAFDARI, Y. AZARI, H. JAFARI AND D. BALEANU

In this section, we suppose that g(x) is nonnegative in SFODE for 0 < z < 1. for
investigating the stability and convergence analysis, we first begin by some following
lemmas required.

Lemma 4.1. For any u,v € H? (), we have
(aDou,v) = (a’DEume% V), {(;Dpu,v)= <me%u, GDZ% V), forl<a<2,
(aD%u,  Du) = cos(ar)||Deul|* = cos(ar)|.Dyul?, for a > 0.

Proof. See [7]. O

Lemma 4.2. For the functions g(z) and ,D3g(x) € H*(QQ), there exists a suffi-
ciently small enough 07 such that it holds

1
llg(x) + %q(xr) Drg(@) < llg(@)l, forl<a <2

Proof. According to Lemma 4.1, one obtains

lo(e) + Tatar) DL = o(x) + alar) D), () + Waler)aDIg(a)
a a T 2
— Jg@)I> + b7a(e.) WD (2. D o)) + T g(w)? D2 g(a)
0r)?

) o
@)D g(@)]?,
So, there is a small enough §7 such that the following inequality holds

o7)?
O 4o D20 <0,

that completes the desired proof. O

Lemma 4.3. Let U/ € HY(Q), j=1,2,...,M and U° be the solution of Eq. (13)
and the initial condition, respectively. Then the following inequality holds

_ 5t .
J < 0 _ j*l
T < NP + Jmax == (llpzll + llen =D, (17)

Q o
= llg(=)I* + orq(@y)cos(5m)|laDs g(@)|1* +

[0 o
org(wr)cos(5m)[lo D g(2)|* +

where U = u(z, t;).

Proof. For the proof, the mathematical induction on j is implemented in what
follows. For j =1 in Eq. (13), we have

) ) )
vt - ?TQ(CCT) a’DgUl =U"+ ?Tq(xf) a’DgUO + ?T

multiplying Eq. (18) by U! and integrating on €2, we conclude

' +p"), (18)

oT o orT o
1T = Z-az) (@ DIUT, UY) = (U, UY) + -a(@n) (o DIV, UY) (19)
1)
+ 5 (U + 60, UM).

We know that cos(§7) < 0 for 1 < a < 2. So based on Lemmas 4.1, we have
(DU UY) = (,DEU'.DEUY) = cos(5m) | DEUM|? < 0.
Therefore for the left-hand side of Eq. (19), one can obtain

0T o
IUH? < ||U1||2—7q($r)<aDzUlaU1>~ (20)
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Furthermore according to Lemma 4.2 and using Cauchy-Schwarz inequality for the
right-hand side of Eq. (19), we can get

0T
I{U°,U") + - a(zr)( DU, UY |

oT (21)
<U° + (@) DFUCIIUH < TP T]-
So by utilizing Egs. (19), (20), and (21), we can conclude
oT , .
1 < 0 - Vi —1 )
TP < 070+ max - (llpnll + el
Suppose that Eq. (17) is true for all k =1,2,...,5 — 1 as
oT
kil < (1770 OT .k k=11,
ITHI < U7+ jmax ==(llprll + ller =11 (22)

Now by multiplying Eq. (13) by U’ and integrating on 2, one can get
_ 5 o . s . .
091 — % 4o DLV, U9) = (U9, 0%) + Cglare 4a DS, 1)

+ (0, U9 + (0%,

Similar to the above procedure, we arrive at Using the Cauchy—Schwarz inequality,
Lemma 4.2, Eq. (22) and following again above process, it leads that

. . 5t . A
I < ||gi—? ~(lp? =1y,
109 < 07+ max (Al + eI

which clearly leads to the proof of the Lemma. O

Theorem 4.4. The numerical method introduced by Eq. (13) is unconditionally
stable.

Proof. Suppose that U/, j =1,2,..., M be the approximate solution of the method
obtained by Eq. (13) with the initial condition U? = wu(z,,0), then the error
el = u(z,,t;) — Ui satisfies

oT 0%l 5t 0%ei 1 _—

Jj_ L Z - L Z -
€ 2 q(.’IJT) axa 9 q x’f‘) 6{Ea € (23)

According to Lemma 4.3, we have
7l < el G=1.2,..., M,
which completes the proof of the unconditional stability of the scheme. O
Theorem 4.5. If &/ = u(z,t;) — U7, j =1,2,...,M be the errors for Eq. (13).
Then we have ‘ /
7]l < € (67)%,
where C' is a positive constant.
Proof. Tt is used the mathematical induction on j for the proof of the theorem. We
can write the following error equation by using Eq. (13) as
;0 ; ; 0 ; ;
g — ?Tq(l‘r)D‘)‘g] =+ ETq(xr)D%J—l + R () (67)°.
With multiplying above equation by &/ and integrating, we get the following relation

(£9,6%) = ale (D1, &3} = (7, 9) + gD )+ (57 R ), ).
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Using the Cauchy-Schwarz inequality, Lemmas 4.1 and 4.2, we can write the follow-
ing inequality
) o . 3 .
1711 < Nl e Il + (67)° 1R (2) 117
So, one can get
, o 3 , o 3
7]l = 1l HI < (0r)* IR ()], = [l7]l = [l < C (o). (24)

Summing relation (24) for j from 1 to M arrives at

M ) ) M
> (I =l < 20(57)3-

=

(%

Thus, we can obtain
1] = 11e°] < CM (o7)%,

since ||€° = 0 and 67 = L, we have
leM]| < ¢’ a7,

where C' = CT is a positive constant that depends on x. It concludes the proof of
theorem 4.5. O

5. Numerical results. What we present in this section is to illustrate the ef-
ficiency of the method by some experiments. We give two examples of SFODE
and indicate the accuracy of our scheme comparing to other schemes found in the
literature. Moreover, the accuracy and stability of the proposed approach for var-
ious values of N and M is checked. In this paper, for comparing the accuracy of
the methods the error norms L., and Ls. Furthermore, we give the numerically
computational orders and denote by Cs, with the following formula

~ log(7)

 log(8mr)’

O0T2

6T

where F7 and FEs are errors correspond to grids with mesh size d71 and §79, respec-
tively.

Example 5.1. For the first example, we consider the following SFODE
Ou(x,t) 18O Bu(z, 1)

ot Ox1-8
u(z,0) = 22(1 — ), u(0,t) =u(l,t)=0, t>0,

=T(1.2)z +32%(2z —1)e™, O<a<1, t>0,

which has the exact solution u(z,t) = 2%(1 — x)e™".

We report the results in Tables 1-5 at given various parameter. Tables 1 and 2
depict the comparison of the results obtained by our method with those achieved
applying shifted CPs of the first kind in [15], shifted Legendre polynomials in [27]
and shifted CPs of the second kind in [30] at 7' = 1 and T = 2, respectively.
The results indicate our method gives much better results than other methods. In
addition, Table 3 reports the absolute error calculated with N = 3,5,7 at T = 10
which displays the absolute error decreases when N increases. Tables 4 and 5 show
the results obtained by the error norms L., Lo, and the convergence order of the
time derivative (Cy,) at T'=1 and T = 10, respectively. In these tables, the time
convergence order denoted by TCO. The results confirm the convergence order of
the time derivative in Theorem 4.5.
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TABLE 1. The absolute error of Example 5.1 at T'= 1.

z | with N=7in |with N=7in | with NV =3 in | our method with N =3
[15] [27) [30]

0 2.81 x 1075 0 0 477 x 10717
0.1] 4.26x107° 4.66 x 107 5.46 x 1076 3.17 x 1079
0.2 5.39x107° 7.74 x 1075 8.51 x 1076 5.85 x 1077
03| 6.12x107° 5.00 x 1075 9.60 x 1076 7.97 x 1079
04| 6.48x10°° 2.30 x 10~° 9.18 x 10~ 9.44 x 1079
05| 6.45x107° 2.74 x 1075 7.69 x 1076 1.02 x 10~8
0.6 | 598x107° 4.38 x 1075 5.60 x 10~ 1.01 x 10~8
0.7 523x10°° 3.87 x 1075 3.33 x 10~ 9.12 x 107?
0.8| 4.48x10°° 1.01 x 10> 1.34 x 1076 7.17 x 1079
09| 3.91x107° 3.35 x 1075 8.39 x 10~8 4.16 x 1079
1.0 | 2.81x107° 0 0 7.55 x 10~17

TABLE 2. The absolute error of Example 5.1 at T = 2.
x | with N=51in | with N =5in | with N = 3 in | our method with N = 3
[15] [27] [30]

0 | 2.74x107° 0 0 1.86 x 10~17
01| 420x10°° 4.47 x 106 3.33x 1076 1.28 x 108
0.2| 3.76 x 107° 2.78 x 1077 5.65 x 1076 2.05 x 1078
0.3| 844 x107° 5.81 x 1076 7.05 x 10~6 2.40 x 1078
04| 3.27x107° 1.02 x 107° 7.64 x 1076 2.40 x 1078
0.5] 3.61x107° 1.17 x 107° 7.52 x 1076 2.15 x 1078
06| 1.94x10°° 1.08 x 107° 6.80 x 1076 1.72 x 108
0.7 295x10°° 8.54 x 1076 5.59 x 1076 1.21 x 108
0.8| 492x107° 6.06 x 1076 3.98 x 1076 6.93 x 1079
09| 2.83x10°° 3.67 x 1076 2.08 x 106 2.62 x 1079
1.0 7.73x107° 0 0 8.24 x 10~18

TABLE 3. The absolute error of Example 5.1 at T' = 10.

T N=3 N=5 N=7

0 [5.82x10721 1503 x 10722 [4.43 x 10~
0.2] 1.01x107% | 474 x 1079 | 2.28 x 1079
04| 821 x1079 | 811 x 1079 | 4.21 x 107?
06| 1.28x1079 | 1.17x 1079 | 1.15 x 107?
08| 3.76 x107° | 7.93 x 10710 | 2.71 x 10710
1.0 | 4.34 x 10721 | 3.78 x 10721 | 1.14 x 10~22

Figure 1 displays graphs of the absolute error and approximate solution using the
CFD method with the Chebyshev collocation approach of the fourth kind with vari-
ous parameters M = 400 and N = 5 at T' = 1. In addition, Figure 2 depicts the error
norm Ly and L, for Example 5.1 at T'=1, N = 5 and M = 200, 400, 600, . . ., 3000.
The error histories have been shown in Figure 3 at T' = 1 for different values N =5
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TABLE 4. The convergence order, the errors Lo and L., for Ex-
ample 5.1 with T'=1 and N = 3.

ot Lo 057' Lo 057'
@ 1.62773 x 10~ 7 3.76647 x 10~7

e 4.06928 x 1078 2.00002 9.41607 x 108 2.00002
0 1.01732 x 1078 2.00000 2.35401 x 10~%  2.00000

2.54329 x 1079  2.00000 5.88503 x 10~ 2.00000

800
% 6.35828 x 1071 1.99999 1.47127 x 1072 1.99999

TCO 2 2

TABLE 5. The convergence order, the errors L, and L., for Ex-
ample 5.1 with "= 10 and N = 3.

oT Lo Csr Lo Csr
1.63402 x 10~7 3.10926 x 10~7
4.08673 x 1078  1.99941 7.77632 x 10~% 1.99941

L
100

200

% 1.02179 x 10~8  1.99985 1.94428 x 10~8 1.99985
50 2.55453 x 1079 1.99996 4.86082 x 10~2 1.99996
Toog 638636 x 10710 1.99999 1.21521 x 1072  1.99999
TCO 2 2

and M = 100,200, 400, 800, 1600. Also, Figure 4 compares the absolute error at
T=1, M =400 and N = 3,5,7,9.

1.x1078

0.04

5.x107°

u(x,1)
Absolute Error

0.02

2.x107°

e.e 0.2 0.4 0.6 0.8 1.0 e.e 0.2 0.4 0.6 0.8

FIGURE 1. Plots of the approximate solution (left side) and ab-
solute error (right side) of Example 5.1 at T' = 1, M = 400 and
N =5.
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FIGURE 3. Error histories of Example 5.1 at T'=1, N = 5 and
M = 100, 200, 400, 800, 1600.
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FIGURE 2. The maximum absolute error and error norm Lo of
Example 5.1 at T =1, N =5 and M = 200,400, 600, ..., 3000.

Example 5.2. We consider the following SFODE as
Ou(x,t)  T(2.2) 550%8u(z,t)

_ 3 —t
5% = g ¢ 5ol Le (x+1), 0<z<l1, t>0,
u(z,0) = 23, u(0,t) =0, u(1,t) = exp(—t), t >0,
3,—t

which exact solution given by u(x,t) = a’e™".

11
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FIGURE 4. Error histories of Example 5.1 at T'=1, M = 400 and
N =3,5,7,9.

TABLE 6. The convergence order, the errors Lo, and L., for Ex-
ample 5.2 with N =7 at T = 1.

oT Lo C(ST Lo C(ST
@ 1.71816 x 10~ F 3.73349 x 1076
L 4.29538 x 107 2.00000 9.33372 x 10~7  2.00000

200

% 1.07384 x 1077 2.00000 2.33343 x 107 2.00000
s 208460 107° 200000 5.83360 x 10~ 200000
o 671143 x 1079 2.00002 1.45842 x 107%  1.99998

TCO 2 2

Table 6 represents the results of Example 5.2 with N = 7, T = 1, and various
parameter 7. Furthermore based on the obtained results, the convergence order of
the time derivative in Theorem 4.5, that is, O(§72) is supported. Table 7 compares
the maximum error of our method with those found in [32] for Example 5.2 at T =1
with N = 7. It is clearly observed that our approach presents more accurate results
than those calculated by Crank—Nicolson scheme in [32]. Figure 5 indicates graphs of
the numerical results at T = 1 for values N = 5,7 and M = 100, 200, 400, 800, 1600.

6. Conclusion. This paper presented the Chebyshev polynomials of the fourth
kind to approximate the SFODE. Firstly, the CFD is utilized to discrete temporal
direction with order O(472). Then, the space fractional derivative is approximated
using Chebyshev collocation of the fourth kind. The unconditional stability of
the proposed scheme has been analyzed in an appropriate Sobolev space. Finally,
the numerical results are illustrated to confirm the efficiency and accuracy of the
proposed method. As can be seen in the numerical results tables and figures, our
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TABLE 7. The comparison of maximum error of our proposed
method and [32] for Example 5.2, at T = 1.

Max error-CN [32] Max error-ext CN [32] the present method with N=3

—4 -5 -8
6.84895 x 10 2.82750 x 10 9.95930 x 10
Example 2 with N=5 Example 2 with N=7
1076 1076
-7 SR IR P -7 PUDSRAR AR
5 10 .‘“‘_‘..o- Sy, 5 19 s > g,
= - ‘... 5 P ...
o s ., o .- »,
5 g o-O0--0 g "y, E o e “w,
3 . oe ~Oeg 3 E -0 o .
H My s i -t o
r >
<1078 D‘)j/ “a » < 08 D‘P N
/7 Y h:] : e — A
o r’»"‘_._ M=100 **\ \‘\ d,/ xxa-*_,_ M=1°3"‘w*\ \,
AY
v M=200 \\ b v M=200 \\\ o
/ e @eees M=400 x / sean@eees M=400 X
wo| 7 =0 =-- M=800 \V 00| ¥ =0 =-: M=800 \V
— - — M=1600 — 7= — M=1600
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
X X

FIGURE 5. Error histories of Example 5.2 at T = 1, with M =
100, 200,400, 800, 1600, N = 5 (left side) and N = 7 (right side).

method performs much better than other methods and yields far better results. So,
the approach applied in this paper can be extended to other fractional models.

Acknowledgments. The authors would like to thank the two anonymous review-
ers for their helpful comments.
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