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ARTICLE INFO ABSTRACT

Keywords: A one-dimensional fractional diffusion model is considered, where the usual second order
f;?ecnr%r_‘gli fcflgf:ri?aq equations derivative gives place to a fractional derivative of order o, with 1 < a < 2. We consider
Finitge differences q the Caputo derivative as the space derivative, which is a form of representing the fractional
derivative by an integral operator. An implicit numerical method is derived which uses a
spline approximation for the Caputo derivative. The consistency and stability of the method

are examined and numerical results are presented.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The derivation of numerical solutions to differential equations of integer order has been a topic in computational sciences
for a long time. Fractional calculus is a natural extension of the integer order calculus and recently, a large number of
applied problems have been formulated on fractional differential equations. There is a critical difference in the behavior
of integer order derivatives and fractional order derivatives, which is, fractional derivatives are non-local. For that reason,
new challenges appear when we try to derive numerical methods for this type of equations. Although in the past ten years
many papers have appeared on numerical methods for fractional differential equations, there is still a lack of highly accurate
numerical methods.

Fractional diffusion equations account for the typical anomalous features which are observed in many problems.
Interesting reports about how fractional equations, which include anomalous diffusion, are a complementary tool in the
description of anomalous transport processes are given, for instance, in [1,2].

Numerical approaches to different types of fractional diffusion models have been increasingly appearing in the literature.
Recent work on numerical solutions for the fractional diffusion equation describing superdiffusion, the anomalous diffusion
discussed here, can be found in [3,4]. Models describing subdiffusion are studied for instance in [5-8]. Several transport
processes which include a fractional order diffusion derivative are studied in [9-13]. Other models consider also for
advection a fractional derivative of order 0 < o < 1[14,15]. The numerical methods developed up until now for fractional
partial differential equations which involve a derivative of order @, 1 < « < 2 are mainly of order one. A numerical method
of order two can be found in [4], where a first order approximation of the fractional derivative is derived and a Richardson’s
extrapolation is applied to achieve second order accuracy.

In this work we are concerned with a fractional diffusion model with a spatial derivative of fractional order o, 1 < a < 2.
When this fractional derivative replaces the second order derivative in a diffusion model it leads to superdiffusion. We
present a numerical method with full discretization of second order by considering an implicit discretization in time and a
second order approximation for the fractional derivative of order @, 1 < o < 2.

Consider the one-dimensional fractional diffusion equation
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on the domaina < x < b, where 1 < o < 2 and d(x) > 0. We consider the initial condition

uix,0)=fx), a<x<» (2)
and Dirichlet boundary conditions
u(a, t) = g(t) and u(b,t) = gy (). (3)

The usual way of representing the fractional derivatives is by the Riemann-Liouville formula. The Riemann-Liouville
fractional derivative of order «, for x € [a, b], is defined by

o n

u _ 1 _ * _ n—a—1 _
P x,t) = 7F(n “ ) o /a u,t)x—£&) d¢, n—1<a<n) (4)

where I'(+) is the Gamma function and n = [«] 4 1, with [«] denoting the integer part of «.
We can also represent the fractional derivative by the Griinwald-Letnikov formula, that is,

[AX]
llm Ala ;( 1)k< >u(x kAx, t). (a > 0). (5)

Numerical discretizations of the fractional derivative obtained up until now through the Griitnwald-Letnikov formula led
to first order accurate approximations and this can be seen as a disadvantage. Another representation of the fractional
derivative was proposed by Caputo,
0%u 1 *9"u
x, )= — | —(EHEx—E)"1dE, (n—1<a <n). 6
axa( ) F(n—a)/a 85"@ Y(x—§) &, ( ) (6)

The most well-known advantage of the Caputo representation over the Riemann-Liouville representation is related to
the fact that very frequently the Laplace transform method is used for solving fractional differential equations. The
Laplace transform of the Riemann-Liouville derivative leads to boundary conditions containing the limit values of the
Riemann-Liouville fractional derivatives at the lower terminal x = a. Mathematically such problems can be solved, but
there is no physical interpretation for such type of conditions. On the other hand, the Laplace transform of the Caputo
derivative imposes boundary conditions involving integer order derivatives. Properties about the fractional derivatives can
be found for instance in [16-18].

The plan of the paper is as follows. In Section 2, we derive the linear spline approximation of the Caputo derivative.
The full discretization of the fractional diffusion equation is given in Section 3, where we apply Crank-Nicolson in time.
In Section 4, we present results concerning the consistency and stability of the numerical method. In Section 5, numerical
results are shown which confirm that the numerical method is second order accurate and in Section 6, some conclusions
are given.

2. The spline approximation of the Caputo derivative

In this section we derive a numerical approximation to the fractional derivative for a < x < b [19]. Consider the Caputo

derivative,
a“u 1 * 9%u .

X, t) = ———— — &, )X — rdE, 1<a<?2. 7

00 = o [ SR 0w o' @)

Let us define the mesh points x; = a + jAx, j = 0,1,..., N where Ax denotes the uniform space step. For x;, j =
1,...,N — 1 we need to calculate the integral on (7). We compute these integrals by approximating the second order
derivative by a linear spline s;(§), whose nodes and knots are chosen at x,, k = 0, 1, 2, ..., j, that is, an approximation to
the integral in (7) becomes

. 1-a
= e )f si(§)(xj — &) ~°dg, (8)
where the spline s;(§) is of the form

J

9%u
5i(€) = Z g7 (X 05iE). 9)
with s; ¢ (), in each interval [X,_1, Xk41], for 1 < k < j — 1, given by
E — X_
#, X1 <& < x¢
X — Xk—1
Sik(€) = § Xk+1 —

s X <& <X

Xk+1 — Xk )
0 otherwise.
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For k = 0 and k = j, s; x(§) is of the form

x1—§& § — X1

—, X <&<x —, X1 6§ =X
sio0§) = {x1 — X osf=x sijE) =% —x_1 " 1=8=%

0 otherwise 0 otherwise.

From (8) and (9) and after some calculations we obtain
1 I 9% gl

= —7) —, t)/ (X — &)'sj(£)dE (10)
! F(Z—a)k;agz . ! o

A L 9%y
— E Ha; 11
- 1_,(4 O[) — 852 (Xk7 )aj,ka ( )

where
(-1 =7 -3+w), k=0
Gr=1G—k+1>*=2(—-k>*+(—-k—-1°% 1<k<j—1 (12)
1, k=j.

Let us assume there are approximations U" := {U}"} to the values u(x;, t,), where t, = nAt, n > 0 and At is the uniform
time step. For the mesh points x;, k = 1, ..., N — 1 the second order derivative of (11) can be approximated by (Szl.lj”/Ax2
where §? is the central second order differential operator
2pgn _ gyt _ n n
80 = Uy — 2U7 + Uiy

Additionally, we also need to know the value of the second order derivative at the boundary point x,.
The second order derivative can be approximated by 8,U/ Ax?> where 8 is the operator
8oUl" = 2U" — 5U7, | + AU, — U5 (13)

A discrete approximation at a boundary point is usually called a numerical boundary condition.
Finally, the approximation of J; for t = t, can be written as

" ra—w {"f'°5°”3 + 2 aud’U; } '

k=1
In the next section we describe the full discretization of the differential equation and write the matricial form of our
numerical method.

3. The numerical scheme

We discretize the spatial «-order derivative following the steps of the previous section. The discretization in time consists
of the Crank-Nicolson numerical method. We consider the time discretization 0 < t, < T. Additionally, let d; = d(x;),

2 p(X;, tay1/2), where t; 12 = t; + (1/2) At. For the uniform space step Ax and time step At, let

pj = p(x;, tn) and p;
u]‘-" =diAt/AX". Tl{1e fractional differential operator is defined as

1 J
S Ut = —— Lai 080Ul + Y ;8200 Y (14)
J 1"(4—01){] 0 ;J‘ k

Note that for @ = 2, the operator (14) is the central second order operator SZUJ-”, that is, &4 Uj” = U]’}H
We have the following implicit numerical method

'u‘," 'u‘,"
(1 - 7’5(,) UMt = (1 + 7’5(,) ur + Atpl 2 (15)

The numerical method can be written in the matricial form

_/’Lia n+1 __ /’Lia n Mia n+1 n n+1/2
(I 21"(4—a)Q>U _<I+2[‘(4—a)Q>U +21"(4—a)(b +b") +p , (16)

— 207 + UL,

where U" = [U]...Uy_,1",p" = [Atp] ... Atp},_,]1", b" contains the boundary values, 1 is a diagonal matrix with entries
u}" and Q is related to the fractional operator.
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The matrix Q has the structure Q = B+ N, where the matrix B is related to the operator §,, and the matrix N is related
to the operator §y. The matrix B = [b; «] is of the form:

=241, j=1k=1

—20j1 + aj, 2<j<N-1,k=1
pi, — ] %ik=1" 205k + A1, k<j—1,k>2
T ) g — 24y, k=j, k>2

ajj, k=j+1, k>2

0, k>j+1, k> 2.

If we assume we have a numerical boundary condition of the form (13) we have,for1 <j <N — 1,

—5aj9, k=1
- 4(1]"0, k=2 bn_ (20jy0+aj,1)Ug, j:1,...,N—2
k=N —a0, k=3~ T | ajo +a)UL +ajUp, j=N-—1.

0, k> 4,
Note that Uy = gq(t;) and Uy = gp(tn).

4. Accuracy and stability

In this section we prove the convergence of the numerical methods by showing that they are consistent and stable. First,
we start to study the consistency of the numerical methods and lastly we present the stability result.
Let C*[a, b] be the linear space of real valued functions on [a, b] that have continuous fourth order derivatives.

Theorem 1. Let u™(x) be a function in C*[a, bl and 1 < « < 2. Consider the discrete operator 8, defined by

1
Sul"(X%) = ——— ) S u(x) |
u" (x;) T4 )(ﬂjo ol (x0)+kzajk U(XI)>
where Sou" (xi) = 2u™(X) — 5u" (k1) + 4U" (Xey2) — U (xep3) and 82u" (xi) = u" (k1) — 2u™ (x) + u" (Xe—1). Then

d
—8u"(x)) = %(Xj) + €1(%) + e2(x))

Ax®
with
(b _ a)Zfa )
al;lle;cblep(xj)l < mO(Ax ), p=12.

Proof. Considering the definition of the operator 4,, we have

l n( ) n( ) : 2 11( )
750[11 X)) = —— | a; oSpu" (x + a;  5°u" (x .
™ i F(l ) 'j,000 0 E i,k k

k=1

Now, using Taylor expansion arguments it is easy to check that

1 d?u 5 1, d’u 5

oot (o) = 5 (o) + O(AX); 58U () = 5 (%) + O(AX.
Therefore
1 2 o J
n _
St () = m_ Z;, ( (%) + O(Ax ))
e d dZu"
= m ;aj,kﬁ(xk) + €1(x)

with

A 2—a )2
(%) = r(:— ZajkO(Ax) %O(sz).
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We can write

1 %
Sl ty) = 7_) | 5@ —o1wde + o)
Xj d2 ;
= a)/ —— )% — &) TdE + e2(x) + €1 (%)),
for
Xj Xj d2 n
) = o || s© -0t~ [ TE @ - o'

and henceforth

2,n
1—a
Xj) < ——— max |[—-(§) —5; — d&.
209 < fo o maX 1 ©) = §)'"d
The function s;(§) is a piecewise linear approximation for and it is known that
Zun 5
max | (€ )—sj@)‘ = o(ax)
and therefore
(Xj _ a)2—a )
X)) < —0(Ax"). O
€)= g gy OO

The next result presents the order of the truncation error for the numerical scheme.

Proposition 2. The truncation error of the method (15) is of order O (Ax?) + O(At?).
Proof. Let u = u(x, t) be a solution to the fractional partial differential equation and note that the truncation error for the
numerical method (15) is given by

TR

d:
= LS (st 48, u! n+1/2
! At ZAXO‘( )=

Using the previous theorem we have

gu\ "2 gy \ 172
o = <7> +0(at) —dj< ) +0(AxY) + o(A?) —p T2

at /; x* /;
gu\ 12 9o\ 12

= (7) — dj (—a> —pi? 1 o) + oA,
at /; x* J

and therefore 7' = O(A?) +0(AX?). O

Let us now, turn to the stability analysis. The numerical method can be written in the form of a matrix iteration, that is,
U™ =AU +V", n=0,1,2,... (17)

where Aisan (N — 1) x (N — 1) matrix given by

o -1 o
Iz 2z
A=(]— ——— I+ —— 18
( 2F<4—a)Q> <+2F(4—a)Q> (e)
and v" includes boundary conditions and source terms.
Any errors E" in a calculation based on (17) will grow according to

En+]:AEn, n:0,1,2,.... (19)

where E" = u" — U" with u", U™ the exact and numerical solutions of (17), respectively, at t = nAt.
Denoting the spectral radius of A by p(A), we recall that, for any A ¢ RIN-DxN-1)

A™ — 0 asm — ooifandonlyif p(A) < 1.

A criterion for regulating the error growth governed by (19) is therefore given by p(A) < 1.
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Fig. 2. Maximum value of the real parts of the eigenvalues of the matrix Q = B + N for each «. (a) Matrix size N = 50. (b) Matrix size N = 500.

Let us consider the matrix Q = B + N. It can easily be seen computationally that the real parts of the eigenvalues of
the matrix Q are negative. We plot in Figs. 1-2 the real parts of the eigenvalues of the matrix Q. In Fig. 2 we show in more
detail the maximum value the real parts can take for different values of « and for matrices of size N = 50 and N = 500,
respectively. 0O

Proposition 3. If the real parts of the eigenvalues of Q are negative then for A defined by (18) we have p(A) < 1.

Proof. Note that X is an eigenvalue of the matrix ”ﬁia_a)Qif and only if (1 + A)/(1 — X) is an eigenvalue of A. Since the
eigenvalues A have negative real parts, it comes that |(1 + A)/(1 — A)| < 1. Therefore the spectral radius of the matrix A is
less than one. O

5. Numerical results

Consider the problem with initial condition u(x,0) = x* 0 < x < 1 and boundary conditions u(0,t) = 0 and
u(1, t) = e~*.In our tests we consider the numerical boundary condition (13).
Letd(x) = iF(S —a)x® andp(x, t) = —2e~‘x*. The exact solution of the problem is of the form u(x, t) = e tx*.
Consider the vectors Ugyp = (U(Xo, t), ..., U(xn, t)), where U is the approximated solution and uex = (u(xo, t), ...,
u(xy, t)), where u is the exact solution. The error is defined by
lluex(AX) — Uapp(AX)”oo» (20)

where || - ||« is the I, norm.
In Tables 1 and 2, we show the implicit scheme is second order convergent and this is in agreement with the order of the
truncation error.

6. Conclusions

We have presented an implicit numerical method for the fractional diffusion equation by using the Crank-Nicolson
discretization in time. The discretization of the fractional derivative is done by using spline approximations and is second
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Table 1
Global Iy, error (20) of time converged solution for three mesh resolutions at
t=1fora = 1.2, = 1.4and At = Ax.

Ax a=12 Rate a=14 Rate

1/15 0.1275 x 102 0.9070 x 103

1/20 0.7571 x 103 1.8 0.5327 x 103 1.8

1/25 0.5030 x 103 1.8 0.3486 x 103 1.9

1/30 0.3566 x 1073 1.9 0.2461 x 1073 1.9
Table 2

Global I, error (20) of time converged solution for three mesh resolutions at
t=1fora = 1.5, = 1.8 and At = Ax.

AX a=15 Rate oa=138 Rate
1/15 0.7660 x 1073 0.4380 x 1073

1/20 0.4493 x 1073 1.9 0.2540 x 1073 1.9
1/25 0.2929 x 1073 1.9 0.1649 x 1073 1.9
1/30 0.2067 x 1073 1.9 0.1150 x 1073 2.0

order accurate. Therefore, the full scheme is second order accurate in time and space and unconditionally stable as expected
when a Crank-Nicolson discretization in time is applied.
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