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1 Introduction

Fractional calculus is a very hot area of research due to its ability to study many appli-
cations in physics and engineering, which cannot be studied by the ordinary calculus.
There are many applications of this important type of calculus [1-4]. The approximate
and numerical techniques must be used [5-9] because most fractional differential equa-
tions (FDEs) do not have exact solutions. Recently, several numerical methods to solve
fractional differential equations have been proposed, such as variational iteration method
[10], homotopy perturbation method [11], Adomian decomposition method [12], homo-
topy analysis method [13], finite difference method (FDM) [14, 15], and spectral methods
(5, 6].

Many physical processes appear to exhibit fractional order behavior that may vary with
time or space. This fact enables us to consider the order of the fractional integrals and
derivatives to be a function of time or some other variables. The objective of this work
is to identify the most appropriate definition of a variable-order operator for modeling
dynamic systems and to assign the order of the derivative to give a physical meaning that
will facilitate the understanding of its use in problems of vibration and control. However,
until now, only few researchers have considered the numerical analysis of variable-order
differential equations; see, for example, [16—20].
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In this paper, we study the following variable order linear and nonlinear reaction—
subdiffusion equation:

3 e 92
5@ 1) = D [ka S/ eyl t)} +g(ty(x0), 0<t<T,0<x<L, (1)

where we assume Dirichlet boundary conditions as follows:

0,0 =¢(0),  yLt)=y(), 0<t=T, 2)
with an initial condition

y(x,0) = w(x), 0<x<L. 3)

On a finite domain a < x < b,0 <t < T, where f is the source term, which may be linear
(g(x,¢)) or nonlinear (g(x,t,y(x,£))), 0 < y(x,£) < 1, € is a positive constant and Dtlfy(x‘t)
is the variable order fractional derivative defined by the Riemann-Liouville operator of

order 1 — y, which is defined for a function f(x, £) by (see [18, 20])

1-y (x,t) _ 1 i § f(xr n) ]
b ) = r(y(x,t))[as/o = . W

And we use the weighted average FDM to solve this model.

2 Fractional reaction-subdiffusion equation
The standard mean-field model for the evolution of the concentrations a(x, t) and b(x, t)
of A and B particles is given by the reaction—diffusion equations:

3a(x, t) = D—82 a(x,t) —ca(x, t)b(x, t), (5)
ot 0x2
ib(x, t) = Da—zb(x, t) —ealx, t)b(x, t), (6)
ot ox?

where D is the diffusion coefficient assumed in this paper to be equal for species and ¢ is
the rate constant for the bimolecular reaction.

In order to generalize the reaction—diffusion problem to a reaction—subdiffusion prob-
lem, we must deal with the subdiffusive motion of the particles. Seki et al. [21] and Yuste
et al. [22] replaced Egs. (5) and (6) with the set of reaction—subdiffusion equations, in
which both the motion and the reaction terms are affected by the subdiffusive character

of the process:

0 - 92

Ea(x, t) =D, "k, @a(x, t) —ea(x, t)b(x, t), (7)
ib(x £) = D7k 8—2b(x t) — ea(x, £)b(x, t) (8)
8)5 ’ - t o 8x2 ’ ’ vy

where k, is the generalized diffusion coefficient and D; ™ is the Riemann-Liouville frac-
tional partial derivative of order 1 — . The fractional reaction—subdiffusion equations (7)
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and (8) are decoupled, which is equivalent to solving the following fractional reaction—
subdiffusion equation:

) 92
gy(x, t) = Dtl_"‘ |:ka ﬁy(x, t) —eylx, t)] +gxt), 0<t<T,0<x<lL, 9)

where 0 < @ < 1 and ¢ is a positive constant. We assume Dirichlet boundary conditions for
this problem as follows:

y0,8) =),  yL,)=v@), 0<t=T, (10)
with an initial condition

y(x,0) =w(x), 0<x<L. (11)
In the last few years, many papers studied the proposed model (1)—(3) (see [21-27]).

3 Finite difference scheme for a variable order fractional
reaction-subdiffusion equation

In this section, we will use the weighted average FDM to obtain a discretization finite
difference formula of the variable order linear and nonlinear reaction—subdiffusion equa-
tion (1). For some positive constants M and N, we use At and Ax to denote the time-step
length and space-step length, respectively. The coordinates of the mesh points are x; = jAx
(/=0,1,2,...,N), and ¢t,, = mAt, (m=0,1,2,...,M) and the values of the solution y(x, t)
on these grid points are y(x;, t,;) = y/" = Y/", where Ax = %, and At = 1\%

In the first step, the ordinary differential operators are discretized as follows [28]:

3y /A

4 =8y"+0(A)=2L— 1 O(At 12

3t Ly )"+ O(At) IV (A?) (12)
and

oy =5 yf”+o((Ax)2)Ew+o((Ax)2) (13)

ox2 Xjotm i (Ax)z '

In the second step, the Riemann-Liouville operator is discretized as follows:

1-a” m

1-a!
D, 7 y(x,t) it = 8¢ / v+ O((At)‘”), (14)

i)

(1-o!
where p is the order of the approximation which depends on the choice of p, K ,and

(4]

e S k= — S
= 1-a” k jr fm N k i
BTN s " (a0~ 5 /

m

(")
where [‘Aﬁt] means the integer part of %. There are many choices of the weights p,/  (see
[4, 29]), so the above formula is not unique. Let us denote the generating function of the
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weights p,(fj) by p(z, B), i.e.,

o(z,B) = Z p/(f})zk'

k=0

If

p(z,B) = (1 -2, (16)

then (14) gives the backward difference formula of the first order, which is called the
Griinwald—Letnikov formula. The coefficients p,((ﬁ ) can be evaluated by the following for-

mula:

B+1
o= (1-22)el a1

For « = 1, the operator D}* becomes the identity operator so that the consistency of
Egs. (14) and (15) requires ,0(()0) =1, and p,ﬁo) = 0 for k > 1, which in turn means that
0(z,0) = 1.

Now, we are going to obtain a finite difference scheme of the linear and nonlinear vari-
able order reaction—subdiffusion equation (1). In our study we take k, = ¢ = 1.

To achieve this aim, we evaluate this equation at the points of the grid (x;, £,,) by

m m

l-a 1-of
[yt(xr t)-D, ! Yax(X,£) + D, ! y(x, t)]xj,tm :g(xj, tm)-

Then, we replace the first order time-derivative by the forward difference formula (12) and
replace the second order space-derivative by the three-point centered formula (13) with

respect to the weighed average formula (14) at the times ¢, and ¢,,,1 as

m m

m 1-o5 m 1_Otl'm m+1 1= m
Sy = (a8, T Sy (1=0)8, T Sy} 48, Y — gy t) = TV,

with 2 € [0,1] being the weight factor and T is the resulting truncation error. The stan-

dard difference formula is given by

m m

m 1-e; m l—a/.”‘ m+1 Lo
Sy —{n8, T Sy + (1=2)8, 7 Suy"} 48, ¥ —glx;,8) = 0.

Now, by substituting for the difference operators given by (12), (13) and (15), we can obtain

the following scheme:

—oY + (L +20)Y]" - Y[ =R, (17)

where

(A%

A S=(AD)Y, (18)

o =(1-2S, S=
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and
" (1-a™) (1-a)
R=Y"+8 [apr | +(=Np | [ - 20 + Y]]
r=0
" (et
-S> o YT+ (A ), j=1,2,..,N- 1 (19)
r=0

The boundary conditions were treated using the backward difference formula. Equation
(17) is the variable order weighted average finite difference scheme considered in this pa-
per. Fortunately, Eq. (17) is a tridiagonal system. In the case of A = 1and A = %, we have the
forward Euler fractional quadrature method and the Crank—Nicolson fractional quadra-
ture methods, respectively, which have been studied, e.g., in [30], but at A = 0 the scheme
is called fully implicit.

Now, to study the solvability of the proposed FDM, let

T
YO = [w(xy), w(xa), ..., wlxn-1)]  and
Y™ = [y, vy, v, m=0,1,..,M,

respectively. Therefore, the explicit difference approximation scheme (17) can be written

in matrix from as

AU = p, (20)
where
[(1+2¢)  —¢ ]
—¢ (1+2¢) -9
A= : . ,
-¢ (1+29) -¢
i ~p  (1+20) -0
and b = R.

Remark 1 It is worthy to report here that the number of arithmetic operations required
to solve the system of equations (20) is approximately %(m +1)3, see [31].

Theorem 1 The difference equations (20) are uniquely solvable.

Proof Because ¢ > 0, the coefficient matrix of the difference equations (20) is a strictly
diagonally dominant matrix. Therefore, A is a nonsingular matrix, which proves the the-
orem. g

Lemma 1 The coefficients p;~*, (k =0,1,...), satisfy:
(D) py=Lpi “=a-1;p%<0,k=2,3,..;
(2) Yopi *=LVneNt, =Y pi%<1.

Proof See [32]. O
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4 Stability analysis
In this section, we use the John von Neumann method in the stability analysis of the
weighted average scheme (17). In our study we neglected the source term (i.e., g(x,t) = 0).

Proposition 1 Assuming that Y/" = &,,e7%%,

|:1+4(1 )»)Ssm( ):|§m+1+SZpr ’Smr Em

m

_ Ax) <& (1-a™) (1-a™)
+ 4Ssm2<qT) Z[)»,Or T+ -0 JEmer =0. (21)

r=0

Proposition 2 Assuming in Proposition 1 that §,,,1 = 1§, the scheme will be stable as long
as

m m (1-a™)

- (- (1-a?7) )
_1-48sin’ (1) 3 ooy T 4 (L= Mpn I =S¥
- 1+4(1-2)Ssin (qAx)

Proposition 3 Assuming in Proposition 2 that y = S sinz(%"‘) and that

(1-a™)
2-8y 7 (<1)
L Zror m( ) . (23)

- )

42r-1)[1-Y" (-1) pr ]+(—1)’”(1—)\)pi,ql+_f’}

the scheme will be stable when
Y <Ly (24)

Theorem 2 The variable order fractional weighted average finite difference scheme (de-
rived in (17)) is stable under the following stability criterion:

_a
_4r-12

1

= > = (25)

S 1-827%
Proof Since L,, depends on m, it turns out that L,, tends towards its limit value

L= lim L,,. (26)

m— 00
In this limit the stability condition is
(1-a™)
2-8y2 T
= e — @)
4‘{(2}L -D[1- Zf:l(_l)r_lpr ! ] + limy,,— 00 (—1)"(1 — )\)pmﬂl }
(1-a!™) o m
but from Eq. (16) with z = —1 one can see that ) ,-(-1)"p» G gl , so that
2-52"
I= (28)

4{24 - D)[2 = 2" ] + limys o0 (=1)7(1 — 1) m+1’ )}’
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2(%"‘) by its highest value, one gets ¥ — S as sinQ(%"‘) — 1 and

m

(1-a
hmm—>oo(_1)m(1 - )\)pm+1]
method to be stable and this completes the proof of the theorem. d

and by replacing sin

)
= 0, therefore we find a sufficient condition for the presented

5 Numerical results

In this section we present a numerical example to illustrate the efficiency and the valida-
tion of the proposed numerical method when applied to solve numerically the variable
order linear and nonlinear reaction—subdiffusion equation. In the second example our re-
sults are compared with those obtained in [33] under the same conditions listed in Table 1.

Example 5.1 Consider the following initial-boundary problem of the variable fractional
reaction—subdiffusion equation:

1—a(x,t)

ye(x,8) = D, [y, £) = y(3,0)] + f (3, 1), (29)

on a finite domain 0 <x < 1, with 0 <¢ < T, 0 < « < 1 and the following source term:

g(x t) = 2(1’(1_'(2 + O{(x, t))) + (JT2 + 1)t0t(x,t)+1

= 2+ am) ) sin(x).

Under the boundary conditions (0, t) = y(1,£) = 0, and the initial condition y(x,0) = 0, the
exact solution is y(x, £) = t? sin(rrx).

We will compare the numerical with the exact solution for some different values of
a(x,t), At, Ax, A and the final time T (see Figures 1-5). Then in Table 2, we will show
the dependency of the maximum absolute error on Ax and At.

According to Remark 1, the number of arithmetic operations required to solve the sys-
tem in this case is approximately %(91 +1)3 ~519,125.

Table 1 Absolute error between the exact and numerical solutions of the variable order nonlinear
reaction—subdiffusion equation (30) for different values of ce(x, t), At and Ax

_ 1 _ 1 _ 1 _ 1 _ 1 _ 1
alx,t) Ax—g,Ar—g Ax—m,Af—m AX—E,AI—W
et 5449 x 1073 2604 x 1073 8.085 x 1074
[33] 39838 x 1073 1.0056 x 1073 45969 x 1074
1o 5585 x 1073 2776 x 1073 8532 % 1074
[33] 40042 x 1073 1.0109 x 1073 43241 x 107
152+t 5504 x 107 2791 x 1073 8566 x 107
[33] 40025 x 1073 1.0093 x 1073 42750 x 1074
1otcostad) 5672 x 107 2912 107 8881 x 107
[33] 40133 x 1073 10128 x 1073 41130 x 1074
% 5341 x 1073 2598 x 1073 8018 x 107*
[33] 3.9431 x 1073 9.9547 x 1073 43483 x 1074
sinia) 5451 x 1073 2728 % 1073 8356 x 10
(33] 39715 x 1073 1.0019 x 1073 42391 x 1074
10-sin¥() 5583 x 1073 2776 x 1073 8532 x 107
[33] 40037 x 1073 1.0103 x 1073 43143 x 1074
Balbsin’y 5653 x 107 2881 x 1073 8794 x 107
[33] 40097 x 1073 10118 x 1073 41491 x 1074
20-sin’ (9:cos() 5,668 x 1073 2898 x 1073 8843 x 107

[33] 40148 x 1073 10132 x 1073 41486 x 1074
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Exact solution
App. solution

Figure 1 Numerical solution of the variable order fractional reaction-subdiffusion equation at A = 0 for

405
Ax= g5, At= 15, final time T =0.02, ar(x, ) = LD 3nd the maximum absolute error is

6.973845 x 107

-5
7 A0 : . . . .
6 - -
5 oé?é) OOO =
o] )
9] ]
@) )
i o e 1
o O (o)
| [9) [¢)
< @) [e)
3t o) [e) 4
[9) ]
o) 0
@) %
@)
2r @) [e] .
o) [e)
@) [e)
@) o)
1+ o P
) [0)
) [e)
o e
0 ) L ) . L . . L .
0 01 0.2 0.3 04 05 06 0.7 08 09 1

Figure 2 Absolute error between the exact and numerical solutions of the variable order fractional

4_ 1S
reaction—subdiffusion equation at A =0 for Ax = &5, At= -, final time T = 0.02, at(x, t) = 120" 3ng
the maximum absolute error is 6.973845 x 107

Example 5.2 Consider the following variable-order nonlinear reaction—subdiffusion

equation
506, 8) = D0 [ya(x,8) — 90, 8) ] + g (3,2, 9%, ), (30)
with the initial and boundary conditions:

yx,0)=0, 0<x<1,

y0,0)=t*,  y(Lt)=et?, 0<t<1,
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(rgn

0.5 for

and the maximum absolute error is 3.456 x 1073

1)
v

1

3
=0.1, alx, t) = 12=sin

final time T

Figure 3 Numerical solution of the variable order fractional reaction-subdiffusion equation at A
_1 _ 1
= 200 A= x5,

Ax

the stability condition does not hold

)

12—s'm3(xr
12

=02, a1t

final time T

Figure 4 Unstable numerical solution of the variable order fractional reaction—subdiffusion equation at A =1
_1 _
=m0 A= 100

for Ax

where

(31)

)

)+ e"t(2 — et

*(x,

=y

g(xt,y(x,1))

ion is

The exact solut

(32)

u(x, t) = et>.
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510 . . . . . ; . .
- [ sow o
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*
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= x ¥ *
X 0¥ *
=1 * * * * *
* *
AF B
*
*
2F 4
*
3F * 4
4r x X 1
0 01 02 03 04 05 06 07 08 09 1
X
Figure 5 Unstable numerical solution of the variable order fractional reaction—-subdiffusion equation at A =1
5
for Ax= 5, At= L5, finaltime T =1, a(x, 1) = 164607 the stability condition does not hold
) ) _in3
Table 2 Dependency of maximum absolute error on Ax, At with A =0, ae(x,t) = 1251'7';(”) where

the final timeis T = 0.1

Ax At Maximum absolute error
1 1 -3

i 7 275 x 10°

i il 2'607 x 1073

il e 2589 x 1073

il X 2'562 x 1073

0 50 -

6 Conclusion and remarks

This paper presents a class of numerical methods for solving the variable order linear and
nonlinear reaction—subdiffusion equation. The contribution in this paper is a generaliza-
tion of the work done by Sweilam et al. [3]. This class of methods is very close to the
weighted average FDM. Special attention is given to the stability of the fractional finite
weighted average FDM. For this we have resorted to a kind of fractional John von Neu-
mann stability analysis. From the theoretical study we can conclude that this procedure is
suitable for the fractional finite weighted average FDM and leads to very good predictions
for the stability bounds. The stability of the fractional finite weighted average FDM pre-
sented strongly depends on the value of the weighting parameter A. Numerical solutions
and exact solutions of the proposed problem are compared and the derived stability con-
dition is checked numerically. From this comparison, we can conclude that the numerical
solutions are in excellent agreement with the exact solutions. By comparing the results in
this paper with the results in [33], we found that the same order of maximum error was
obtained under the same values of a(x, t), Ax and At.

All computations in this paper were performed using MATLAB software.
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