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Abstract This paper is concerned with high-order numerical methods for a class of
fractional mobile/immobile convection—diffusion equations. The convection coeffi-
cient of the equation may be spatially variable. In order to overcome the difficulty
caused by variable coefficient problems, we first transform the original equation into
a special and equivalent form, which is then discretized by a fourth-order compact
finite difference approximation for the spatial derivative and a second-order difference
approximation for the time first derivative and the Caputo time fractional derivative.
The local truncation error and the solvability of the resulting scheme are discussed
in detail. The (almost) unconditional stability and convergence of the method are
proved using a discrete energy analysis method. A Richardson extrapolation algo-
rithm is presented to enhance the temporal accuracy of the computed solution from the
second-order to the third-order. Applications using two model problems give numer-
ical results that demonstrate the accuracy of the new method and the high efficiency
of the Richardson extrapolation algorithm.
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1 Introduction

The mobile/immobile model has been applied successfully to unsaturated transports
through homogeneous media (see [2,5,11,24,30]). The main objective of this model
is to account for mass exchanges between the moving fluid and zones where the fluid is
assumed to be immobile (see [13]). It was shown in [6,27] that the continuous time ran-
dom walk is equivalent to the continuum mobile/immobile equation in the same way
that Brownian motion is equivalent to the diffusion equation. Moreover, the continuous
time random walk converges toward a limit that corresponds to an mobile/immobile
continuum model. This convergence property is useful for making long-term predic-
tions. To distinguish explicitly the mobile and immobile status using the fractional
dynamics, Schumer et al. [28] developed the following fractional mobile/immobile
convection—diffusion model for the total concentration:

2 48 = Dy — v (1.1)
—(x, —(x, ) =D—=(x,t) = V—(x,1), .
ot ot ox2 0x

where v denotes the solute concentration in the total (mobile and immobile) phase,
B > 0 is the fractional capacity coefficient, and V and D are the convection and
diffusion coefficients for the mobile phase (and hence may be directly measured)
with D > 0. The time drift term dv/0¢ describes the motion time and thus helps to
distinguish the status of particles conveniently (also see the discussion in [1]). The
term 0%v/dt* represents the Caputo fractional derivative of order «, which is defined
by

o

AL ! /t W k)t —s5)“ds, 0 L (2
—(x, ) = —— —(x,8)(t —s s, <o < 1. .
arv I'(l—aw)Jy 0s

In recent years, many works have been devoted to the investigation on the appli-
cations of the fractional mobile/immobile equation. Goltz et al. [12] and Harvey et
al. [15] found that the mobile/immobile equation predicts an exponential approach
to an asymptotic state where the mobile mass remains a constant positive fraction
of the injected mass. The work in [28] by Schumer et al. shows that the fractional
mobile/immobile convection—diffusion Eq. (1.1) is equivalent to the previous model
of mobile/immobile transport with power law memory function and is the limit-
ing equation that governs continuous time random walks with heavy tailed random
waiting times. Zhang et al. [39] developed a time Langevin approach to solve a
fractional mobile/immobile transport model combined with multiscaling superdif-
fusion. Zhang et al. [38] extended and tested the applicability of the fractional
mobile/immobile convection—diffusion Eq. (1.1) by applying the approach developed
in [39]. Meerschaert et al. [22] used a grid-free particle tracking approach to solve a
multi-dimensional fractional mobile/immobile equation. The similarity between the
fractional mobile/immobile convection—diffusion Eq. (1.1) and the multiple-rate mass
transfer model (see [14]) was discussed by Schumer et al. [28] and Benson and Meer-
schaert [1]. It was proved that the fractional mobile/immobile convection—diffusion Eq.
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(1.1)is identical to the multiple-rate mass transfer model with infinite mean power-law
memories.

With the rapid development of the applications of the fractional mobile/immobile
equation, numerical methods have become important to compute its solution. A numer-
ical treatment of the fractional mobile/immobile convection—diffusion Eq. (1.1) with a
non-homogeneous source term was given in [20]. The main purpose there is to present
a stable implicit numerical method by the basic finite difference discretization, and
the accuracy of the proposed method is only of order O(t + h), where 7 is the time
step and /4 is the spatial step. In [21], a meshless approach based on radial basis func-
tions (RBFs) for the spatial discretization and a semi-discrete scheme for the temporal
discretization were developed for a two-dimensional fractional mobile/immobile trans-
port model. Since the backward Euler method was adopted to discretize the time first
derivative, the developed meshless approach in that paper is only first-order accurate
in time. Recently, Zhang et al. [37] treated numerically a fractional mobile/immobile
convection—diffusion equation with the time fractional derivative of Coimbra variable
order. The proposed method there possesses only the first-order accuracy in both time
and space, and is identical to the one presented in [20] when the variable fractional
order is reduced to a constant fractional order. In the above works, the L1 approx-
imation formula (see [4,23,29]) was used for the discretization of the Caputo time
fractional derivative 0%v/0t* and the backward Euler method was applied to dis-
cretize the time first derivative. Consequently, the numerical accuracy of the resulting
approximation formula to the Caputo time fractional derivative is only of order 2 — «,
which is less than two, and the total temporal accuracy has only the first-order. This
motivated us to look for a more accurate approximation to the Caputo time fractional
derivative 0% v/dt* and construct a high-order numerical method for solving the frac-
tional mobile/immobile convection—diffusion Eq. (1.1).

In order to clarify the success of our method and enlarge its applications, we here
consider a class of more general fractional mobile/immobile convection—diffusion
equations where the convection coefficient V is spatially variable, i.e., V = V(x).
This class of equations combined with its boundary and initial conditions is given in
the form

v %v 8%v v
E(X’ t) +ﬁm(xv t) = Dm(xv t) - V(x)a(xs t) + f(-xv t)’

(x,t) € (0, L) x (0, T],
v(0,1) =¢o(1), v(L,t)=¢r(t), 1€(0,T],
v(x,0) =0, x € [0, L],

(1.3)

where the given functions V (x), f(x, 1), ¢o(t) and ¢ (¢) are sufficiently smooth in
their respective domains. The very recent work in [33] proposed a compact finite
difference method for the problem (1.3), but the temporal accuracy of the proposed
method is still only of order 2 — «. In this paper, we shall present a high-order compact
finite difference method that possesses the second-order temporal accuracy and can be
efficiently used to solve the fractional mobile/immobile problem (1.3) with the general
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convection coefficient V (x). Some of the related numerical aspects will be rigorously
investigated as well.

A common technique to design high-order numerical methods with the second-
order temporal accuracy for the Caputo-type time fractional differential equation is
to transform the corresponding differential equation into its equivalent integral or
integro-differential form (cf. [3,9,17,18,32,35]). However, it is difficult to extend
this technique with a rigorous theoretical analysis to the present time fractional
mobile/immobile problem (1.3) because the governing equation involves both the
time first derivative dv/dt and the Caputo time fractional derivative d%v/d¢%. A direct
method without any transformation was given in [10], where a modified L1 approxi-
mation formula was used to directly discretize the Caputo time fractional derivative,
but the rigorous convergence analysis for the corresponding difference scheme has
not been available. Dimitrov [8] presented a second-order implicit difference scheme
for a one-dimensional Caputo-type time fractional subdiffusion equation by using the
Griinwald formula to directly approximate the weighted averages of the Caputo deriv-
atives. However, the difference scheme derived there makes the error analysis much
more complex, and it is unclear whether the main idea in that paper can be generalized
to a high-order compact finite difference scheme.

Here, we shall show a new technique to design a high-order compact finite differ-
ence method with the second-order temporal accuracy for the problem (1.3) by using
the weighted and shifted Griinwald formula to directly discretize the Caputo time frac-
tional derivative 9%v/d1*. The high-order scheme derived in this way is very simple
and effective for the problem (1.3). It is also very convenient for us to use a tech-
nique of discrete energy analysis to carry out the stability and convergence analysis
of the derived scheme. The similar technique was used in [16] to derive a third-order
approximation formula for the Caputo time fractional derivative d%v/9¢*. However,
our derivation in this paper is essentially different from that in [16]. Firstly, it is only
assumed in this paper that the function v(, t) is C3-continuous and 9% v / Ak, 00 =0
fork = 1, 2, whereas a stronger condition that the function v (-, #) is C 5_continuous and
8kv/8tk(-, 0) =0fork =1,2,...,5is required in [16]. Secondly, since we obtain
a detailed asymptotic expansion for the truncation error of the Griinwald approxima-
tion it is easy to apply a Richardson extrapolation to further enhance the temporal
accuracy of the computed solution from the second-order to the third-order, with
only the requirement that the function v(-, t) is C*-continuous and v / Atk (-,0) =0
for k = 1,2, 3. As a result, we obtain an extrapolation algorithm that possesses the
third-order temporal accuracy under a weaker condition than that in [16]. It should be
mentioned that because of the first time derivative term dv/d¢, it is difficult to apply the
approach given in [16] to the present problem (1.3) to achieve the third-order temporal
accuracy with a rigorous convergence proof.

The outline of the paper is as follows. In Sect. 2, we derive a second-order approxi-
mation to the Caputo time fractional derivative d%v/9¢* by introducing an asymptotic
expansion for the truncation error of the Griinwald approximation. Then we discretize
the fractional mobile/immobile problem (1.3) into a compact finite difference sys-
tem. The local truncation error and the solvability of the resulting finite difference
scheme are discussed in Sect. 3. In Sect. 4, we use a technique of discrete energy
analysis to prove the stability and convergence of the method and to obtain an explicit
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error estimate of the numerical solution. The error estimate shows that the proposed
method has the second-order temporal accuracy and the fourth-order spatial accuracy.
Improvement of the temporal accuracy based on a Richardson extrapolation is pre-
sented in Sect. 5, where a Richardson extrapolation algorithm is developed to enhance
the temporal accuracy of the computed solution to the third-order. In Sect. 6, we give
some applications to two model problems. Numerical results are included to demon-
strate the accuracy of the compact finite difference method and the high efficiency of
the Richardson extrapolation algorithm. The final section contains some concluding
remarks.

2 Compact finite difference method

Without loss of generality, we have assumed the homogeneous initial condition
v(x,0) = 0 in the problem (1.3). When the problem is given with the nonhomo-
geneous initial condition, the substitution z(x, ) = v(x,t) — v(x, 0) will transform
the problem to the problem which has the same form and the homogeneous initial con-
dition. Hence, our investigation is directly applicable to the above nonhomogeneous
initial condition without any complication.

In general, a direct discretization of the problem (1.3) by a high-order compact dif-
ference approximation is much more complicated because of the dependence of V (x)
on the spatial variable x. We here use an indirect approach by transforming (1.3) into a
special and equivalent form. The main advantage behind this approach is that it yields a
very simple and effective high-order scheme for the variable coefficient problem (1.3).
This approach is similar to that used in [19,36] to treat the other convection—diffusion
problems with constant coefficients. Let

k(x) = exp (—%/Ox V(s)ds) , u(x,t) =k(x)v(x,r).

We transform the problem (1.3) into

8—M( )+ a“_u( t)—D@( 0+ qgxulx,t) + glx, 1)
or DT P () = D (e D 4 q(ul, ) + g, 1),
(x,1) € (0, L) x (0, T, @
u@,1) =¢5@), u(L,t)=¢;@), te(0,T],
u(x,0) =0, x € [0, L],
where
1 fdv V2(x) N .
qx) = E(a(’“)‘ D ) gx, 1) =k(x)f(x,0),
¢ () = do(t), ¢ (t) = k(L)PL(1). (2.2)
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738 Y.-M. Wang

It is clear that v(x, ¢) is a solution of the original problem (1.3) if and only if u(x, )
is a solution of the transformed problem (2.1). Our compact finite difference method
for the problem (1.3) is based on the above equivalent form (2.1).

For a positive integer N, welett = T/ N be the time step. Denotef,, = nt (0 <n <
N) and tnf% =(n-— %)‘L’ (1 <n < N).Givena grid functionw = {w" |0 <n < N},
we define

LY S LY WS S
T

Let h = L/M be the spatial step, where M is a positive integer. We partition [0, L]
into a mesh by the mesh points x; = ih (0 < i < M). For any grid function w =
{w; | 0 <i < M}, we define spatial difference operators

1
i — wi-1), 3fwi =7 (wit1 — 2w; + w;_1),

—82) wi,

where I denotes the identical operator.

/‘\NI

2.1 A second-order approximation to the Caputo time fractional derivative

For any @ € (0, 1) and any nonnegative integer /, the (! + «)th-order Caputo and
Riemann—Liouville time fractional derivatives of the function y(¢) on [0, T ] are defined
as

1 dmly
C nl+a _ N
oD y(t)_F(l—a)/o T O —9)7%ds,
1 I+1

RL 4+«
D )= —m—m— 74—
0Py = T

t
/ y(s)( —s)"%ds. (2.4)
0

Also we introduce the shifted Griinwald difference operator with the step t for the
function y(7):

[t]+r
8,y =17 D> wy — (k- p)o), 25)
k=0

where p is ainteger and w(a) called the Griinwald weight, is defined by the coefficient

of the binomial series (1 — 2)* = > 2, w(a)z as follows:
w =1, @_(M()@zu (2.6)
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It is clear that the Griinwald weights w,({“) can be computed recursively by
1
w® =1, w® = (1 - : ) w®,, @7
and they have the following properties

o
w’ >0, w” <w <. <w@<o<0, Dw@=0. @8
k=0

Lemma 2.1 Let ¢ € (0, 1), and let r be a positive integer. Suppose that y(t) €
10,71, y" V(@) € L0, T1and y®(0) =0 (k =0, 1, ..., r). Then

r—1
8% ,y(0) = GDEy(1) + D ar , GOy ()T + O,
k=0
tel—-pt, T], p=-—1,0,

2.9
where ay , are the coefficients of the power series of the function wg ), =

-\ O
1—e7% Pz . 00 k . .
(_z ) ePt —1,ie., wy,p = > k=0 Gk, pZ", and in particular,

o o 1 a2
a,=0. ap=p-. az,p=ﬂ+§(p—§). (2.10)

Proof Firstly, the coefficients in (2.10) follow from (38) in [41]. Under the condition
of the lemma, we have from Theorem 1 in [41] that

r—1
8% ,y(1) = REDEy) + D" ar ,"EDFy ()T + 07,
k=0
te[—pt,T], p=0,—1. (2.11)

The Riemann-Liouville and Caputo fractional derivatives are related as (see [7], Page
53)

RL k4« C yk+a . y(l)(o) l—a—k
D 1) =D t —_— 1 .
oDy () ot y()+l§_of(l—a—k+l)

We have from y® (0) =0 (k =0, 1, ..., r) that
REDi ey @)y = (DM y(r),  k=0,1,...,r — 1. (2.12)

Substituting this relation into (2.11) leads to the desired result (2.9). O
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Based on Lemma 2.1, we immediately obtain the following approximation to the
ath-order Caputo time fractional derivative COD;" y(t).

Theorem 2.1 Leta € (0, 1), and define
o @ g @ @
o (1+ 2)w0°‘, @ (1+ 2) « 2wk°il k=>1). (2.13)

Supposethat y(t) € C'[0, T1, y" V(1) € L'[0, T1and y®0) =0k =0, 1,...,r),
wherer = 1,2 or 3. Then we have

DYy(ty) =1~ a(“)y(tn —kt)+ R'(z), l<n<N, (214
r

where
o(th), if r =1or2,
24 " '

Proof By the definition of a\*,

n
o o
> 0@y, — kr) = (1 + E) 670y (tn) = 588 1¥(). 1= <N,

We have from (2.9) with » = 1 that

o o
(l + E) 8?’0)7(%) - 58?,—1))(%) = %D?y(tn) + O(1), I<n=<N.

When r = 2 or 3, we have also from (2.9) that

(1 + %) T 7.0Y (tn) = r r.—1Y(tn)

(rn>+z(( 3) ako = Sa1) SDEy T + 0,

1<n<N.

It follows from (2.10) that
o
(1 + 5) Soy(t) = 587 y(t) = GDy(t) + OG?),  1<n<N
if r =2, and
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o o
(1+3) 80y = 38413 = GD ()
S+ 30)a

24
l1<n<N

ODF ey (1) + O,

if » = 3. This proves (2.14) and (2.15). O

2.2 The derivation of the compact finite difference scheme

Now we derive a high-order compact finite difference scheme for solving problem
(2.1). Assume that the solution u(x, 1) of (2.1) is in C®3([0, L] x [0, T']). Define the
grid functions

. n ou " 9%u
U'=u(x,t,), W' = E(Xi, th), Zj = W(Xi, ),  qi =q(x;),

gln = g(xiv tl’l)v ¢(>)k”l = ¢(>,)<(tn)’ ¢>Z’n = ¢z(tl’l)
In view of the definitions in (1.2) and (2.4), we have

0“u

orv

(x, 1) = GD%u(x, 1). (2.16)

An application of the approximation (2.14) yields that

9 =
a—Z(x,-, W =1 > a®U H (RO, 1<i<M-1, 1<n<N,
! k=0
2.17)

where (RIG )} is the corresponding local truncation error. Substituting (2.17) into the
governing equation of (2.1), we obtain

n
Wi pT Y UM = DZ 4 qiUf + g — BRD)T
k=0
l1<i<M-1, 1<n<N. (2.18)

Similarly, on the time level n — 1, we have

n—1
Wi+ g > Ut = D2 qiUut T gt - BRO)T
k=0
1<i<M-1, 2<n<N. (2.19)

Since %(x, 0) = 0 (see [8]), we have from (2.1) that W = DZ? +¢q;U? + g°. This
equality and UZ.O = 0 imply that (2.19) holds true also for n = 1 with (R,G )? = 0.
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742 Y.-M. Wang

Taking the arithmetic mean of (2.18) and (2.19), we conclude that

Za)U =Dz,

=0

1
1 nol Gun—1t
i 2+gi 2_/3(R;)i ’,

N\
-]
N
=
+
)
i~

I1<i<M-1, 1<n<N. (2.20)

An application of the Crank—Nicolson technique (see, e.g., [40]) gives

1 1 _1
W 2 =8U 4+ (RS, 1<i<M-1, 1<n<N, (221)

1

where
e R e I CHANELL ) B
(2.22)
This implies that
U 4 pre Ea,ﬁ“)yi’"k‘% = D2 qU T g T (R
- 1<i<M-1, 1<n<N, (2.23)
where
R\ = (ﬂ(R,G)?_% + (R;')?‘i) . (2.24)

For the spatial second-order derivative Z', we adopt the following fourth-order com-
pact approximation (see, e.g., [40]):

H Z!' = 82U + (R}, (2.25)

where

. ht 3%u 3%u
(Ry); 360/ ﬁ(xi_s}l,tn)‘i‘ﬁ(xi‘f‘s}lvtn) {(s)ds  (2.26)

with ¢(s) =5(1 — $)3 =31 —s)°. Applying H, to both sides of (2.23) yields

N\'—‘

1 n—1
Hx(StUin 2+ﬂr—(xz (W)Hx
k=0
1

= D8U; ? + Hy (‘11 ) +H.g °
_1
+(Ry)] 7, 1<i<M—1, 1<n<N, (2.27)
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where

(Re)" ™% = Ho(R)'? 4+ D(RY)" 7. (2.28)

Omitting the small term (th):.l 2

difference scheme:

in (2.27), we obtain the following compact finite

_1 3 k— _1 _1 _1

Hodou, “Za,ﬁ‘”m T D2l 4 M (q[u? 2)+ngf‘ 2
k=0
1<i<M-1, 1<n<N, (2.29)

n o__ g%n n __ kn
u0_¢0 5 MM_¢L 5 1<n<N,
0
1

u; =0, 0<i<M,
where u denotes the finite difference approximation to U".
3 Truncation error and solvability

_1
Firstly, we estimate the truncation error (Rx,);1 2 of the compact scheme (2.29).

Theorem 3.1 Assume that the solution u(x, t) of the problem (2.1) is in C® 3([0 L] x

[0, T]) and & Z(x 0) = 0 for k = 1, 2. Then the truncation error (Rx,) 2 of the
compact scheme (2.29) satisfies
’(Rx,)7_ §C*(12+h4), l<i<M-1, 1<n<N, (3.1

where C* is a positive constant independent of the time step T, the spatial step h and
the time level n. O

Proof Under the condition of the theorem, we have from (2.15) that the local truncation
_1
error (RY ):l 2 in (2.20) satisfies

_1
(RO 2=0@%», 1<i<M-1, 1<n<N. (3.2)
By (2.22), we obtain

_1
(RO 2=0@»), 1<i<M-1, 1<n<N. (3.3)

Then we have from (2.24), (3.2) and (3.3) that
_1
(R); 2=0(x?, 1<i<M—-1,1<n<N. (3.4)
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Since Hyw; = ﬁ(wi,l + 10w; 4+ w;41) for any grid function w = {w; |0 <i < M},
we apply the estimates (2.26) and (3.4) in (2.28) to get the desired estimate (3.1)
immediately. O

For implementing the compact scheme (2.29), it is more convenient to consider its
matrix form. To do this, we define the following column vectors:

T
1 1 1
n n n n T n—l n—x n—y n—s
u :(ul”"Z"'”uM—l) ’ g 2= g] 7g2 ""7gM_1 )

An—1,% An—1,x ~n—1,% An—1,% T
u = |u , Uy s Upy g s

1

n—1
k-1
A = e @y T i M- (3.5)
k=1

We also define the following (M — 1)-order tridiagonal or diagonal matrices:
1
A = tridiag (1,2, 1), B = Etridiag(l, 10,1), Q=diag(q1.92.....qm—1) -

A simple process shows that the compact scheme (2.29) can be expressed in the matrix

form as
ﬁ(a+2) 1— Dz T
1+——— 7 %)B+——A——-B n
(( T typA T8l

((1_PetD ey DT, T -
_((1 2 T )B 2th—l—zBQ)u

+1B (,Bﬁ”_l’* +g”—%) 1 (3.6)

where r" absorbs the boundary values of the solution vector and the source term.

Theorem 3.2 The compact scheme (2.29) is uniquely solvable if and only if the matrix

Bla+2) |_ Dt T
=1+ ——7 “)B+—=——A— =B 3.7
0 (+ T + 554580 3.7)
is nonsingular.
Define
7= , = mi ) 3.8
q xg}g;]q(m q x?[léf}]q(x) (3.8)
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A sufficient condition for the matrix Q* to be nonsingular is given by

56_1_2]<ﬂ(a+2)1'1_°‘+2 (3.9)

Tmax ¢,
x[q 4 2

Corollary 3.1 The compact scheme (2.29) is uniquely solvable if the condition (3.9)
holds true.

Proof In fact, Q* = tridiag(p;_,, g}, pj; ), where pj = p}; = 0 and for each
1<i<M-—1,

1 Bla+2) ,_ Dt qi
o (14 22T
Pi 12( tey T

5 Bla+2) ,_ T 5q;
f_ 2 (BT ) p T2
ai 6(+ 2 ¢ ) TP

The condition (3.9) implies that ‘L'* >0foreachl <i <M —1.
Case 1. Assume that pf # O forall 1 <i < M — 1. In this case, the matrix Q* is
irreducible. By the condition (3.9), we have that for2 <i < M — 2,

6 h? 24

Bla+2) ,_ T T
(B2 i D— _ —
6( tT T ) TPt

5 Bla+2) T Sq
< 6( + T )+ Dy = T =g

2 o .
|Pi_i+ 1pi] < —(1+—ﬂ(a4+ ) 1“")+Di——ql a1,

Similarly,
1 Bla+2) Dt ¢
P53l < E(H'Tfl a)+3h——ﬁf<fﬁ=|qr|,
Bla+2) |_ Dzt qu-—
il = g (1 P2 ) + D = e < iy = il

This proves that Q* is irreducibly diagonally dominant, and thus nonsingular (see
[31D.

Case 2. Assume that p;; = 0 for some 1 < iy < M — 1. In this case, we complete
the proof by partitioning Q* and considering the submatrices of Q*. O

Corollary 3.2 The compact scheme (2.29) is uniquely solvable if the function q(x) is
nonpositive and convex in [0, L].

Proof We write Q* = tridiag(p;_;, ¢;", pj,) as in Corollary 3.1. Since the function
q(x) is nonpositive and convex, we have that for2 <i < M — 2,

@ Springer



746 Y.-M. Wang

o 12

1

6

5 ,B(OH—Z) - T 5qi
a( " “)*Dﬁ—?='q5‘"

2 - .
P+ 1P| < (1+—ﬂ(a4+ )rl_“)+DL fi1 +divi,

4
and
1 Bla+2) |_ T q
|P§|SE<1+TT * +Dﬁ—12‘6<q1—|q1|
Bla+2) |_ T qM-—2
|pM2|—12(1+T1a +Dh—2— 127<‘1M1—|C]M1|~

This shows that the matrix Q* is strictly diagonally dominant, and thus nonsingular
(see [31]). O

Remark 3.1 When g(x) = ¢ is independent of x and ¢ < 0, the conditions in Corol-
laries 3.1 and 3.2 are trivially satisfied. We notice that if the convection coefficient
V(x) in the original problem (1.3) is independent of x, i.e., V(x) = V, we must
have g(x) = —4—; < 0. Therefore, for the fractional mobile/immobile convection—
diffusion problem (1.3) with constant coefficients, the corresponding compact scheme

(2.29) is always uniquely solvable without any additional constraints.

4 Stability and convergence

We now carry out the stability and convergence analysis of the compact scheme
(2.29) using a technique of discrete energy analysis. Let S = {w | w =
(wo, w1, ..., wy), wy = wy = 0} be the space of the grid functions defined on
the spatial mesh and vanishing on two boundary points. For grid functions w, z € Sp,
we define the inner product (w, z), L? norm ||w|| and L norm ||w||so by

M—1 1
== i Zi = 2 — .
(w, 2) h;w,zl, lwll = w2, fwloe = max fwi.
=
We also define
M 1
Gxw, 8zl = h D 8w, 18:z; 1, |wh = Gew, xw]2.

i=1

. . . 2
The inverse estimate & ||§2w| < 2|w 1 (e.g., see [26]) implies that |w 2_ b 82q)2 >
x g P 17 1211%
%|w |%. For convenience, we introduce the following notation:

1
h2 2
2 2.2
lwll« = (|w|1 - Elltsxwll )
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Then we have the following lemma from [33,34].

Lemma 4.1 Let p(x) be a function in C[0, L]. For any grid function w € Sy, we have

312
(wa,r?iw) =—llwli,  IHewl? < —lwli,  [Hewl < llpllsollwll.

16

Lemma 4.2 For any grid function w € Sy, we have

1 2 2 2

§|le| = Hxwll” < llwll” 4.1)
Proof Since (w, 82w) = —(8;w, §;w] = —|w|?, we have [|[H,w|? = [|w]? —

%wﬁ + %na;wn% The inverse estimates h|w|; < 2|w| and A[|82w| < 2|wl|
(e.g., see [26]) imply that

2 o ko, 1 2 2 2 5K 2
IHxwll” = [wl” = —lwlf = Zllwl®,  [1Hawl” < [w]” — —=lwl} < [w]”.
6 3 36
This proves the lemma. O

Lemma 4.3 Let a,ia) (k > 0) be defined by (2.13). Then for any positive integer m
and w" € Sy, (n > 1), it holds that

m
>3 a@ @ w" = 0. 4.2)

Proof In view of the definition of the inner product (w"‘k ,w"),

m — m
Z a,ia)(w"_k, w") =h Z a,ﬁa)wyfkwf'.

The proof is completed. O

Lemma 4.4 (Discrete Gronwall lemma [25]) Assume that {k,} and {s,} are nonneg-
ative sequences, and that the sequence {¢,} satisfies

n—1 n—1
G0 < g0, ¢ =g+ D 5+ D ki, n=1,
=0 =0
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where gy > 0. Then the sequence {¢,} satisfies

n—1 n—1
¢n < (go +ZSz)eXp(Zk1), n=>1.
1=0 1=0

Based on the above lemmas, we now discuss the stability of the compact scheme
(2.29) with respect to the initial value u? and the source term g.

Theorem 4.1 Let u" = (uo, u] s, U M) be the solution of the compact scheme
(2.29) with the initial value u and the boundary values “0 = uy; = 0. Then when

2 _ 10D
2))

tlqll5 < 377, we have thatforl <n<N,
9L2 2 T
xp( g 1l5 ) . ws

2 92 2 "
ol = (85 e+ 27 (v o 23
k=1
D

Proof Taking the inner product of (2.29) with qu”—% gives
(Heb 3, Mo 3) 4+ pr Zam) (a3, 04

=D (Bh ) (”x(q“"‘fh M) 4 (Mg 5 HoF)

4.4)
It is clear that
ael ael 1 n||2 1]
(Heou =2 M2 ) = ([’ — | |)- 4.5)
T

By Lemma 4.1, (32"~ %, Hou™3) = —[u" 2 (1% and "~ 2|2 = 3% | H, "2 )%,

Therefore, we have

2 a1 _1 _12 16D

D (824, Ha=F) = =D |u" -3 ” 4.6)

On the other hand, by the Cauchy—Schwarz inequality, i.e., (w, z) < el|w||*> + % 12|12
for all w, z € S}, and ¢ > 0, we obtain

n_l 1 3L2 ” a1 2 H 2
(ng szxu 2) S 32D ng 2 3L2 Hx 3
Heolgu'™®), Hou"3) < 3L oyt qun-H | a2
ST ) = o || 3L2 x
Lg% ||t 2 2
= "30p ‘ ’ 3L2 HH"“ 2” - @D
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The above last inequality follows from Lemma 4.1. Substituting (4.5)—(4.7) into (4.4)

leads to

1

n—1
[ |? + 2677 3" 0l (Haw =3, qu"—%)
k=0

2 2
% st

1
2

+

16D

H2+ 3L2||ql 2T ‘
16D

< Hqunfl

Replacing n by m and summing up for m from 1 to n on both sides of the above

inequality, we have

n m—1
It P +287 323 i (o=t pa )

m=1 k=0

2 3L%| g5t
0 oo m——
< [+ =g Z |+

1

2 3L T
-2
* 16D Z Hng

Then applying Lemma 4.3 and then replacing m by k, we obtain

[ fep 2l

I = [ | ST S

. _1
Furthermore, by the relation ||~ 2|2 < 2(||uk||2 + lu*=1)|%), we have

= [+ ST (g )

||
3L2||q||oo - 2 3L%7 '
Heg" 2 4.8
16D ZH H 16D ;H 8 (4.8)
An application of Lemma 4.2 gives
I 3L%gl5 o2, 3L%gl%T 2
; = |+ =555 o]
(3 32D )H —H Lt Tp |
3L2||q||oo ~ 2 3Lt 112
Heg" 2 4.9
16D ZH H 16D ;H 8 (4.9)

@ Springer



750 Y.-M. Wang

When t||q||§o < gOT[z), we have

Ju|? <a8 [

9L21
n (nquio 0

u Mk

2 ) n—1 2 n el 2
. 2% > || 22 st ) @0
k=1 k=1
The estimate (4.3) follows immediately from Lemma 4.4 (Discrete Gronwall lemma).
O

Theorem 4.1 shows that the compact scheme (2.29) is almost unconditionally stable
to the initial value u? and the source term g, or more precisely, it is stable for the general
¢ (x) under the mild assumption 7 ||g ||go < %. For the special case when g(x) = g
is independent of x and g < 136T€, this mild assumption can be removed to obtain
the unconditional stability of the compact scheme (2.29). Specifically, we have the

following result.

Theorem 4.2 Let u" = (ug, ufy, ..., uly,) be the solution of the compact scheme
(2.29) with the initial value u? and the boundary values uy = u'y, = 0. Assume that
q(x) = q is independent of x and that ¢ < 13672. Then we have
2 2 3T« 12
T ) R IS ] 4.11
H H = x + 20, Z x8 ( )
k=1

where C; = ?T[; —

Proof The proof follows from the similar argument as that used in the proof of Theorem
16D

4.1. When ¢ (x) = g is independent of x and ¢ < 377, we have
2 16D 2
(Hetqu™ D). 1 8) = g |3 | = (37 - cl) [ =2 @2)

16D

where C| = 32

— g > 0. In this case, we replace the second estimate in (4.6) by

el -y _ 1 n—1? n—1|?
Heg" 2, Hyu""2) < Heg" 2 + Cy ||Hyu""2

—4C

(4.13)

Using (4.4) (with g(x) = q), (4.5), the first estimate of (4.6), (4.12) and (4.13), we
obtain

n—1
[P | 287" 3 a® (Hau' ™2 Hu )
k=0

2

n—1 2 T n—1
< [t [+ 5 [
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By Lemma 4.3,
2 2 A 1
Ho' [P < ||+ 25 > g 4.14
e = [ |+ 5553 s an
An application of Lemma 4.2 shows that the estimate (4.11) holds. O

Remark 4.1 The condition g < 1365 is automatically satisfied if g < 0. The latter is

certainly satisfied if the convection coefficient V (x) in the original problem (1.3) is
independent of x, i.e., V (x) = V. This implies that for the fractional mobile/immobile
convection—diffusion problem (1.3) with constant coefficients, the corresponding com-
pact scheme (2.29) is always unconditionally stable.

We now consider the convergence of the compact scheme (2.29). Lete!! = U/" —u?.
From (2.27) and (2.29), we get the following error equation:

1

il _1 _1 _
Hx&e 2—{—;81 Za(a)’l-[xe? Z:D(S%e? 2+ Hy (q,-e? 2)—}—(th)? 2,

lsisM—l, l1<n<N, (4.15)

Based on this error equation, we have the following convergence results.

Theorem 4.3 Assume that the condition in Theorem 3.1 is satisfied. Let U!" denote
the value of the solution u(x, t) of (2.1) at the mesh point (x;,t,) and let U" =
(U0 JUp, - M) Also let u" = (uo, ul, ..., ”1111/1) be the solution of the compact

scheme (2. 29) Then when t||q ||OO < 130L€ , we have

1
9L3T 9L%Ig112. T\ 2
IIU”—M”HS( n exp( ”g”“’ )) c (2 +n), 1=n=N,

(4.16)
where the positive constant C* is the same as that in (3.1).
Proof Tt follows from (4.15) and Theorem 4.1 that
2 9Lt (9L*|ql3,T 1

e"]” = = —exp ( Z | (R

Applying Theorem 3.1, we get
9L3T 9L%|ql%.T 2
||e" H2 < exp 915 c*? (1:2 + h4) )
D D

The estimate (4.16) is proved. O
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Theorem 4.4 Assume that the condition in Theorem 3.1 is satisfied. Let U!" denote
the value of the solution u(x,t) of (2.1) at the mesh point (x;,t,) and let U" =

Uy, UL, ..., Uy Also let u" = (ug, ul, ..., u'y) be the solution of the compact
scheme (2.29). If g(x) = q is independent of x and q < ;67?, we have
3LT\?
jo" =] < (F) c*(+mY), 1=nsw, (4.17)
1

where the positive constants C* and Cy are the same as those in (3.1) and (4.11).
Proof The proof follows from (4.15) and Theorems 3.1 and 4.2. O

Theorems 4.3 and 4.4 show that the compact scheme (2.29) converges with the
convergence order O(t? 4 h*), regardless of the order « of the fractional derivative.

Remark 4.2 In Theorem 4.3, the optimal error estimate (i.e., the error estimate with the
same order as the truncation error) of the compact scheme (2.29) are obtained under the
mild condition 7||g ||2 < 10D o1 the general ¢ (x). Theorem 4.4 shows that this mild

oo = 317
condition is no longer required to obtain the same optimal error estimate if g(x) = g
is independent of x and ¢ < 136T€. In particular, this is the case for the fractional

mobile/immobile convection—diffusion problem (1.3) with constant coefficients.
Remark 4.3 The constraint condition ¢ < % in Theorems 4.2 and 4.4 is easily
verifiable for practical problems. If it does not hold we have the estimates (4.3) and
(4.16) instead of the estimates (4.11) and (4.17), respectively, for the sufficiently small
7. When C7 is very small, the estimates (4.11) and (4.17) are poor. In this case, it is also
better to use the estimates (4.3) and (4.16) for the sufficiently small t. The restriction
condition on 7 in Theorems 4.1 and 4.3 is only for the analysis of the stability and
convergence of the compact scheme (2.29) with the general g (x). One of the numerical
experiments in Sect. 6 shows that it is only a sufficient condition. Improvement of this
condition can be interesting both theoretically and computationally.

Once we have the error estimate between the solution U]' = u(x;, 1,,) of the trans-
formed problem (2.1) and the solution u of the compact scheme (2.29), it is very
straightforward to obtain the error estimate between the solutions of the original
problem (1.3) and the compact scheme (2.29). Let Vi” = v(x;, t,) be the value of
the solution v(x, r) of the original problem (1.3) at the mesh point (x;, #,), and let
v = u?/k;, where k; = k(x;). Since V' = U]'/k;, we have from (4.16) or (4.17)

that
V" — v < Cy (r2+h4), 1<n<N, (4.18)

where C» is a positive constant independent of the time step 7, the spatial step & and
the time level n. The estimate (4.18) will be used in our numerical experiments in
Sect. 6.
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5 Richardson extrapolation of the compact finite difference method

The asymptotic expansion of the truncation error in (2.15) allows us to develop a
Richardson extrapolation algorithm for further enhancing the temporal accuracy of
the computed solution by the compact scheme (2.29).

Assume that the solution u (x, ¢) of the problem (2.1) is in C®*([0, L] x [0, T']) and

ou (x,0) =0 for k = 1, 2, 3. Then we have from (2.14) and (2.15) with » = 3 that

Bk

_1
the truncation error (RtG ):l 2 in (2.20) or (3.2) can be written as

i (5430

(RO = === (G i ) + GO uri, 1-)) 72 4+ O(),

6.D

_1
By Taylor expansion, the truncation error (Ry )lr.l 2 in (2.22) or (3.3) has the form

12 (3 u
(Rl?):l = (_('xi» t}’l) + m('xia tnl)) + O(f4),

24 \ 913
1<i<M-1, 1<n<N. 5.2)
Define
(5+30)aB ¢ . 1 3%u
g (x, 1) = By R oD u(x, 1) — Em(&f),
**”_% 1 * *
; =3 (8" (xiv tw) + &% (i, ta—1)) - (5.3)

_1
By (5.1) and (5.2), the truncation error (Rt);l 2 in (2.24) or (3.4) can be written as

_1 _1
(R 2=g" 2+ 0G%, 1<i<M—-1,1<n<N. (54

Let u™(x, t) be the solution of the following problem:

Ju* o,k 2, %
a_ut(-xat)+ﬂ 8t°‘ (-x’t) = DW(X,I)+q(x)u*(x,t)+g*(x,t),
(x,1) € (0,L) x (0, T], (5.5)

w*(0,t) =u*(L,1) =0, te(0,T],
u*(x,00=0, xel0,L],

where the source term g*(x, 1) is defined in (5.3). Assume u*(x, 1) € C®3([0, L] x
[0, T]). Since the above problem has the same form as the problem (2.1), the same
argument for (2.27) with the source term g being replaced by g* shows that U i*’" =
u*(x;, t,) satisfies
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n—1

Hx5z *,n— 2—{-/3‘[ Zalga)Hx *,n—k—
k=0
1
_D82U*n 2+Hx(ql e 2)+ngi +(R t)
1<i<M-1,1<n<N, (5.6)
where
_1 _1
(RE); 2 =Hy(R)), >+ DY), 2. (5.7)

_1 _1
The truncation errors (R,*):.l 2 and (R;):l % in (5.7) are analogously defined by (2.24)
and (2.26) with u being replaced by u*.

We now estimate the truncation error (R* t) 2 In view of ¢ ik 2‘ (x,0) =0, we have

5+ 3wap Cp2tay (x. 0) 1 3%u

*
,0) = ,
g0 24 0Fr MW 1291

—(x,0)=0. (5.8)

Further, by u*(x, 0) = 0 for all x € [0, L],

ay 2
,Ba —(x, 0)+Da S (@.0)

+q(x)u (x,0) + g* (x,O) =0, xel0,L] (5.9)

Consequently, a similar argument as that for Theorem 3.1 gives

\(R:»i 2

§C**(r+h4), l<i<M—1, 1<n<N, (510)

where C** is a positive constant independent of the time step 7, the spatial step & and
the time level n.

Multiplying (5.6) by —2 and adding the resulting equation to (2.27) lead to the
following equation for the function W' = U}" — T2Ui*’n:

n—1

k-1
Hub W, 2+/31'_a2a(a) A

_l _1 _1 ~ a1
_ DE2W' I 4, (quin 2) +Heg T+ (Ro))
1<i<M-1, 1 <n<N, (5.1D)
where
5 13 n—y 2 =} 2
(Rxt); = (Rx1); -7 ngi —T°(R} ;)
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Clearly, by (2.28), (5.4) and (5.10),

1

‘(ﬁx,)f‘255(r3+h4), l<i<M—1, 1<n<N, (.12

where C is a positive constant independent of the time step 7, the spatial step & and
the time level n.

Lete] = W' —u!, where u!' is the solution of the compact scheme (2.29). We get
from (2.29) and (5.11) that

1 1

1 n-1 1 1
_n—x _ _n—k—x _n—s _n—x ~ n—x
Hede, >+ %> af"Hee, 2 =Ds%e, 2 +Hy (qiei 2) +(Re)] 2
k=0
I1<i<M-1, 1<n<N, (5.13)
ES:EX,,:O, 1<n<N,

#=0 0<izM.

In view of this relation, we have the following estimates.

Theorem 5.1 Assume that the solution u(x, t) of the problem (2.1) is in C®*([0, L] x

[0, T']) and that %(x, 0) =0 fork =1, 2, 3. Also assume that the solution u*(x, t)

of the problem (5.5) is in C®3([0, L] x [0, T]). Let U" = Uy, UL, ..., Uyy) and
U*" = (Uy", U™, ..., Uy"), where Ul' = u(x;, ty) and U™" = u*(x;, t). Also

let u"2= (ul%,Du’ll, ..., u"y;) be the solution of the compact scheme (2.29). Then when
tllgllS = 3.7, we have

H U" — _L,ZU*,n —

1
9L3T 9L 19112 T\\? = (5 . .4
5( D exp( D )) C(T —l—h),

1<n<N, (5.14)

where the positive constant C is the same as that in (5.12).

Proof The proof follows from the same argument as that in the proof of Theorem 4.3
by replacing (4.15) and (3.1) by (5.13) and (5.12), respectively. O
Theorem 5.2 Assume that the solution u(x, t) of the problem (2.1) is in C®*([0, L] x
[0, T)) and that ?;T,’f(x, 0) =0 fork = 1,2, 3. Also assume that the solution u*(x, t)

of the problem (5.5) is in C®3([0, L] x [0, T1). Let U" = (U}, U}, ..., U}) and
U*" = (Uy", U™, ..., Uy"), where U!" = u(xj, ty) and U™" = u*(x;, t,). Also

let u" = (ug, uy, ..., u'y,) be the solution of the compact scheme (2.29). If q(x) = q
is independent of x and q < %, we have
1
3LT\? ~
HU" —2per | < (f) ¢ (r3 n h4) . l<n<N, (515
1

where the positive constants C and C 1 are the same as those in (5.12) and (4.11).
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Proof The proof is completed by using the same argument as that in the proof of
Theorem 4.4 with (4.15) and (3.1) being replaced by (5.13) and (5.12), respectively.
O

An important application of Theorems 5.1 and 5.2 is to construct a Richard-
son extrapolation algorithm for enhancing the temporal accuracy of the computed
solution by the compact scheme (2.29). To do this, we denote by u"(r) =
(ug (), uf(r), ..., ul, (‘L’)) the solution of the compact scheme (2.29) with the time
step T. We now construct a Richardson extrapolation algorithm as follows.

Richardson extrapolation algorithm:

Step 1. Compute u" () and u?*(t/2) by the compact scheme (2.29).
Step 2. Compute the extrapolation solution u®" () = (ug" (t), u7" (), ..., ufy (1))
by

U (r) = —114 ")+ u "/2), 0<i<M. (5.16)

For the extrapolation solution u®"(7), we have the following error estimates.

Theorem 5.3 Assume that the condition in Theorem 5.1 is satisfied. Let U] (t) be the
value of the solution u(x,t) of the problem (2.1) at the mesh point (x;, t,) with the
time step t, and let U"(t) = (Uj (1), U{ (1), ..., Uy, (7). Also let u®"(z) be the
extrapolation solution from the Richardson extrapolation algorithm. Then we have

3 2 2 % .

1<n<N, 5.17)

where the positive constant C is the same as that in (5.12).

Proof Let Ui*’"(t) be the value of the solution u*(x, 7) of the problem (5.5) at the
mesh point (x;, #,) with the time step 7, and let W' () = U/'(t) — tzUi*’"(r). Since
Ul (t) = U (¢/2) and U™ () = U**"(1/2), we have that

1 n 4 2n n ;
W@+ W@/ = Ul @), 0<isM.
By this equality and (5.16),
n us" l n 4 2n 2n
U0 = uf" (@) = =3 (W) =l () + 5 (W' (/2) —u (/).
Thus, the estimate (5.17) follows immediately from the estimate (5.14). O
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Theorem 5.4 Assume that the condition in Theorem 5.2 is satisfied. Let U (z) be the
value of the solution u(x, t) of the problem (2.1) at the mesh point (x;i, t,) with the
time step T, and let U"(t) = (Ug(t), U (7), ..., Uy (1)). Also let u®" () be the
extrapolation solution from the Richardson extrapolation algorithm. Then we have

1
17LT\? ~
—) C(r3+h4), l<n<N. (5.18)

[0 @) - uen )] < ( =

where the positive constants C and C 1 are the same as those in (5.12) and (4.11).

Proof The proof is similar as that of Theorem 5.3 by using the estimate (5.15) instead
of the estimate (5.14). O

Theorems 5.3 and 5.4 show that the extrapolation solution u?’" from the Richardson
extrapolation algorithm converges to the solution of the problem (2.1) with the order
@) (1:3 + h4). This implies that the Richardson extrapolation algorithm enhances the
temporal accuracy of the computed solution by the compact scheme (2.29) from the
second-order to the third-order. It is worth noticing that our extrapolation algorithm
requires a weaker condition on the solution u(x, ¢) than that in [16] to achieve the
third-order temporal accuracy.

Remark 5.1 With the same discretization parameters, the Richardson extrapolation
algorithm requires more arithmetic operations than the compact scheme (2.29) itself.
But its high-order temporal accuracy allows the use of much larger time step in order
to obtain satisfactory numerical results and thus much computational work is saved
(see the numerical results in the next section).

Remark 5.2 The same remark as given in Remark 4.3 for Theorems 4.3 and 4.4 holds
true for Theorems 5.3 and 5.4.

We end this section by giving a simple comment on the derivative conditions at the
initial time used in Theorems 3.1, 5.1 and 5.2. In Theorems 3.1, 5.1 and 5.2, we have
assumed the derivative conditions g%(x, 0) =0fork = 1,2 and o f(x 0) = 0 for
k =1, 2, 3, respectively. If the above derivative conditions are not satlsﬁed, one may
consider the problem (2.1) for

1 9%u 3

1 oku
k_a_k(x 0k or z(x,1) = u(x, l)—z

2(x, 1) :u(x,t)—z T

(x, 0)tk

instead, where the coefficients ?; £(x,0) (k = 1,2,3) can be computed from the
known function g(x, #) as given in the following propositions.

Proposition 5.1 Assume that the solution u(x, t) of the problem (2.1) is in C*>' ([0, L]
x [0, T]). Then

U 0) = g(x.0 5.19
E(X’ ) = g(x,0). (5.19)
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Proposition 5.2 Assume that the solution u(x, t) of the problem (2.1) is in CZ2([0, L]
x [0, T]). Let

Bg(x,0) _
F(x,t) = S — —————1 77, 5.20
(50 =800 = £ (5.20)
Then the limit lim;_ %—f(x, t) exists and
3u F d’g
W(X’O) hm —(x t)+D 2()c 0) +g(x)g(x,0). (5.21)

Proposition 5.3 Assume that the solution u(x, t) of the problem (2.1) is in C*>>([0, L]
x [0, T]). Let
Bg(x.0) |, B u

Glx,0) =gl 1) = o= st "~ pa— s 8t2( 0P (5.22)

. 92 .
Then the limit lim;_, %(x, t) exists and

3 2 82

3 G 9%u 9%u
(x 0) = — ., 0+D 2 (m(x,O)) +q(x)m(x,0), (5.23)

where 2 8t2 L (x,0) is computed from (5.21).

The proofs of the above propositions will be given in Appendix.

6 Applications and numerical results

In this section, we apply the proposed compact finite difference method and Richardson
extrapolation algorithm to two fractional mobile/immobile convection—diffusion prob-
lems in the form (1.3). The exact analytical solution v (x, ¢) of each problem is explicitly
known and is mainly used to compare with the computed solution v}’ = uf /k; and
the extrapolation solution v;"" = u;" /k; to check the accuracy of the compact finite
difference method and the hlgh efficiency of the Richardson extrapolation algorithm,
where u} and uf" are the solutions of the compact scheme (2.29) and the Richardson
extrapolation algorithm, respectively, and k; = k(x;). In order to demonstrate high-
order temporal accuracy of the compact scheme (2.29), we also make some numerical
comparisons of it with the compact scheme (2.17) given in [33].

To demonstrate the accuracy of the computed solution v} and the extrapolation
solution vf’", we compute their errors by

e(t, h) = ogixzv || vt — "

) (6.1)

where Vl” = v(x;, ;) and z;’ represents the computed solution v} or the extrapolation
solution vle" The temporal and spatial convergence orders are computed, respectively,
by
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e(2t, h) e(t, 2h)
order,(t, h) = log, (W) , order,(t, h) = log, (w) . (6.2)

All computations are carried out by using a MATLAB subroutine on a computer with
Xeon X5650 CPU and 96GB memory.

Example 6.1 We first consider the problem (1.3) in the domain [0, 7] x [0, 1] with
B=D=1,V(x)=—sinx and

ré
flx, 1) = f2ta (3 Lo+ %tl_“) cosx + 37 sin? x. (6.3)
The boundary functions are given by
go(t) =17, pr(t) = —1>"7. (6.4)

It is easy to check that v(x, ) = 31 cos x is the solution of this problem and the
function g (x) in the problem (2.1) is given by g(x) = _41_1 (2 cos x + sin? x).

We first test the temporal convergence order of the compact scheme (2.29) and the
Richardson extrapolation algorithm for different . Let the spatial step & = 7 /400.
Table 1 gives the error e(t, #) and the temporal convergence order order;(t, i) of the
computed solution v fora = 1/4, 1/2, 3/4 and different time step 7. The correspond-
ing error and temporal convergence order of the extrapolation solution vf " are given
in Table 2. As expected from our theoretical analysis, the computed solution v!' has
the second-order temporal accuracy while the extrapolation solution v?’" possesses
the third-order temporal accuracy. For comparison, the error e(t, &) and the temporal
convergence order order,(t, i) of the computed solution v} by the compact scheme
(2.17) given in [33] are also listed in Table 1. It is seen that this scheme has only the
temporal accuracy of order 2 — «, which is less than two, and thus it is far less accurate
than the compact scheme (2.29) given in this paper.

We next compute the spatial convergence order of the compact scheme (2.29).
Table 3 presents the error e(t, h) and the spatial convergence order orderg(t, &)
of the computed solution v!' for &« = 1/4,1/2,3/4 and different spatial step &,
where the time step ¢ = 1/5000. The data in this table demonstrate that the com-
puted solution v!' is of the fourth-order spatial accuracy. This coincides well with the
analysis.

In order to demonstrate the effectiveness of using larger time step in the Richardson
extrapolation algorithm, we compare it with the compact scheme (2.29) by taking
a given spatial step & = /800 and different time step. Tables 4 and 5 give the
error e(t, h) and the corresponding computational cost (CPU time in seconds) of
the computed solution v} and the extrapolation solution vf””, respectively, for ¢ =
1/4,1/2,3/4. We see that in order to obtain a computed solution v’ by the compact
scheme (2.29) for « = 1/4 with the error around 2.252 x 102, we need to take T =
1/10240, and so cost 110.260 CPU seconds. In contrast, a more accurate computed
solution is provided by the Richardson extrapolation algorithm with t = 1/160. In this
case, the error is 2.142 x 102, and the corresponding cost is only 0.375 CPU seconds.

@ Springer



760 Y.-M. Wang

Table 1 The error and the temporal convergence order of the computed solution v;' for Example 6.1
(h = 7 /400)

o T Scheme (2.29) Scheme (2.17) in [33]
e(t, h) order;(z, h) e(t, h) order;(z, h)
1/4 120 5.842e-04 9.846e-04
1/40 1.469¢-04 1.992 2.891e-04 1.768
1/80 3.682e-05 1.996 8.495e-05 1.767
1/160 9.217e-06 1.998 2.500e-05 1.765
1/320 2.306e-06 1.999 7.366e—06 1.763
1/640 5.766e-07 2.000 2.173e-06 1.761
1/2 1/20 1.121e-03 3.429¢-03
1/40 2.834e-04 1.984 1.207e-03 1.507
1/80 7.125e-05 1.992 4.249e-04 1.506
1/160 1.786e-05 1.996 1.497e-04 1.505
1/320 4.471e-06 1.998 5.279¢-05 1.504
1/640 1.119e-06 1.999 1.862e-05 1.503
3/4 120 2.048e-03 1.134e-02
1/40 5.208e-04 1.976 4.778e-03 1.246
1/80 1.313e-04 1.988 2.012e-03 1.248
1/160 3.296e-05 1.994 8.462e-04 1.249
1/320 8.257e-06 1.997 3.559e-04 1.250
1/640 2.066e-06 1.999 1.496e-04 1.250

Table 2 The error and the temporal convergence order of the extrapolation solution vl.e’" for Example 6.1
(h = 7 /400)

T a=1/4 a=1/2 a=3/4
e(t, h) order;(t, h) e(t, h) order;(t, h) e(t, h) order;(t, h)

1/20 1.081e-06 4.151e-06 1.168e-05

1/40 1.362e-07 2.989 5.206e-07 2.995 1.464e-06 2.997

1/80 1.708e-08 2.996 6.517e-08 2.998 1.832e-07 2.998
1/160 2.117e-09 3.012 8.133e-09 3.002 2.289¢-08 3.000
1/320 2.480e-10 3.094 9.973e-10 3.028 2.845e-09 3.008
1/640 2.739%-11 3.178 1.124e-10 3.150 3.383e-10 3.072

Similar comparisons can be made with other data. These comparisons demonstrate
the high efficiency of using larger time step in the Richardson extrapolation algorithm
and justify our efforts to develop this extrapolation algorithm.
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Table 3 The error and the spatial convergence order of the computed solution v;' for Example 6.1 (v =
1/5000)

h a=1/4 a=1/2 a=3/4
e(t, h) orderg(t, h) e(t, h) orderg(z, h) e(t, h) orderg(z, h)
/4 3.657e-03 3.261e-03 2.831e-03
/8 2.169e-04 4.076 1.962¢-04 4.055 1.737e-04 4.027
/16 1.323e-05 4.035 1.197¢-05 4.034 1.060e-05 4.034
/32 8.144e-07 4.022 7.309e-07 4.034 6.364e-07 4.058
/64 4.465e-08 4.189 3.560e-08 4.360 3.001e-08 4.407

Table 4 The error and the computational cost of the computed solution v;‘ for Example 6.1 (h = 7/800)

T a=1/4 a=1/2 a=3/4
e(t, h) CPU time (s) e(t, h) CPU time (s) e(t, h) CPU time (s)

1/160 9.217e-06 0.095 1.786e-05 0.094 3.296e-05 0.095
1/320 2.306e-06 0.222 4.471e-06 0.220 8.257e-06 0.221
1/640 5.766e-07 0.618 1.119e-06 0.612 2.066e-06 0.613
1/1280 1.442¢-07 1.970 2.797e-07 1.946 5.168e-07 1.953
1/2560 3.605e-08 7.289 6.994e-08 7.140 1.292¢-07 7.173
1/5120 9.010e-09 28.401 1.749¢-08 27.849 3.231e-08 28.111
1/10240 2.252e-09 110.260 4.371e-09 108.044 8.078e-09 108.876

Table 5 The error and the computational cost of the extrapolation solution vf’" for Example 6.1 (h =
7 /800)

T oa=1/4 a=1/2 o =3/4
e(t, h) CPU time (s) e(t, h) CPU time (s) e(t, h) CPU time (s)

1/20 1.081e-06 0.102 4.151e-06 0.102 1.168e-05 0.102
1/40 1.363e-07 0.134 5.206e-07 0.134 1.464e-06 0.133
1/80 1.710e-08 0.199 6.519¢-08 0.200 1.832e-07 0.199
1/160 2.142e-09 0.375 8.156e-09 0.376 2.291e-08 0.375
1/320 2.663e-10 0.900 1.019e-09 0.904 2.864e-09 0.902
1/640 3.198e-11 2.655 1.260e-10 2.651 3.579e-10 2.652
1/1280 3.758e-12 9.351 1.447e-11 9.350 4.356e-11 9.377

Example 6.2 In this example, we consider the problem (1.3) in the domain [0, 100] x
[0,1]with B = D =1, V(x) = cos(irx) and

l—o

- ; 24 5, 6 ., 2
f(x,t)—(F(4+Ol)f +_F(4—a)t +F(3_a)t +F(2—a)t

+1(1)) cos (), ©.5)
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Table 6 The error and the temporal convergence order of the computed solution v;’ for Example 6.2
(h = 1/400)

T a=1/4 a=1/2 a=3/4
e(t, h) orders(t, h) e(t, h) orders(t, h) e(t, h) orders(t, h)

1/20 1.733e-02 3.244e-02 5.699¢-02

1/40 4.352¢-03 1.994 8.161e-03 1.991 2.185e-02 1.383

1/80 1.090e-03 1.997 2.043e-03 1.998 1.105e-02 0.983
1/160 2.727e-04 1.999 8.531e-04 1.260 5.178e-03 1.093
1/320 6.818e-05 2.000 3.442¢-04 1.309 2.335e-03 1.149
1/640 1.704e-05 2.000 1.348e-04 1.352 1.046e-03 1.159

where (1) = ¢'(t) + 7 (w — sinwx)c(t) with c(¢) = 6631 4 4¢3 + 3¢2 4 2. The
boundary functions are chosen as

do(1) = (1) = (). (6.6)
This choice implies that v(x,#) = ¢(¢)cos(mwx) is the solution of this problem.
Clearly, the function ¢ (x) in the problem (2.1) is given by ¢ (x) = —% (27 sin(mx)

+cos?(x)).
For this example, the problem (2.1) has the solution u(x, t) = ¢(¢)k(x) cos(wx),
where k(x) = exp (—sin(rx)/27). One can find that the zero derivative conditions

{;’(T,ﬁ‘(x, 0) =0 (k =1, 2) in Theorem 3.1 are not satisfied any longer. Now we would
like to test the efficiency of the compact scheme (2.29) for this case. Let the spatial
step h = 1/400. Table 6 lists the error e(z, &) and the temporal convergence order
order,(, h) of the computed solution v} fora = 1/4, 1/2, 3/4 and different time step
7. It is seen that the second-order temporal accuracy of the computed solution v!' is
still achieved for @ = 1/4, but it cannot be achieved when « = 1/2 and o = 3/4.
This suggests us that the zero derivative conditions in Theorem 3.1 are only sufficient
but not necessary, and certain zero derivative conditions are indispensable to ensure
the second-order temporal accuracy of the compact scheme (2.29).

According to Propositions 5.1-5.3, we know that

2
g—?(x, 0) = 2k(x) cos(mx), gTZ(x, 0) = 6k(x) cos(x),

83”‘( 0) = 24k (x) cos(x)
o3 x,0) = X x).

We now transform the problem (2.1) of this example by letting

z2(x, 1) = u(x, 1) — k(x) (@1 + 3t + 21) cos( x), 6.7)
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Table 7 The error and the temporal convergence order of the computed solution v;’ for the transformed
problem of Example 6.2 (h = 1/400)

o T Scheme (2.29) Scheme (2.17) in [33]
e(t, h) orders(t, h) e(t, h) orders(t, h)
1/4 1/20 1.141e-02 3.428e-03
1/40 2.868e-03 1.993 1.010e-03 1.764
1/80 7.187e-04 1.996 2.976e-04 1.763
1/160 1.799e-04 1.998 8.777e-05 1.761
1/320 4.501e-05 1.999 2.591e-05 1.760
1/640 1.126e-05 2.000 7.668e—06 1.757
1/2 1720 2.315e-02 1.246e-02
1740 5.844e-03 1.986 4.394e-03 1.504
1/80 1.468e-03 1.993 1.549e-03 1.504
1/160 3.679¢-04 1.997 5.461e-04 1.504
1/320 9.208e-05 1.998 1.927e-04 1.503
1/640 2.303e-05 1.999 6.801e-05 1.502
3/4 1720 4.414e-02 4.265e-02
1/40 1.120e-02 1.979 1.800e-02 1.245
1/80 2.819e-03 1.990 7.580e-03 1.248
1/160 7.072e-04 1.995 3.189¢-03 1.249
1/320 1.771e-04 1.997 1.341e-03 1.250
1/640 4.432e-05 1.999 5.640e—04 1.250
so that the zero derivative conditions ?:T,’f(x, 0) = 0 (k = 1,2,3) in Theorems

3.1, 5.1 and 5.2 are satisfied by the transformed problem. Now we use the com-
pact scheme (2.29) and the Richardson extrapolation algorithm to solve the above
transformed problem. In Table 7, we give the error e(t, #) and the temporal conver-
gence order order,(z, h) of the computed solution v}' by the compact scheme (2.29)
for o = 1/4,1/2,3/4 and different time step t, where the spatial step 2 = 1/400.
The corresponding error and the temporal convergence order of the extrapolation solu-
tion vl.e’" are given in Table 8, where the spatial step &7 = 1/1000. It is seen that the
computed solution v} has the second-order temporal accuracy while the extrapolation
solution vf " possesses the third-order temporal accuracy. This is in accord with our
explanations given at the end of Sect. 5. In Table 7, we also list the error e(z, &) and the
temporal convergence order order,(z, /) of the computed solution v by the compact
scheme (2.17) in [33]. It is seen that the compact scheme (2.17) in [33] has only the
temporal accuracy of order 2 — «.

Since L = 100, D = 1 and ||q||co = %, the restriction condition on 7 in Theorems

4.1,4.3 and 5.3 for the present problem is reduced to T < ﬁ. Clearly, this condition
is not satisfied for all  in Tables 7 and 8. However, the corresponding numerical results
in these tables show that the compact scheme (2.29) and the Richardson extrapolation
algorithm are still stable and convergent. This implies that the restriction condition

on 7 in those theorems is only a sufficient condition for the stability and convergence
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Table8 The error and the temporal convergence order of the extrapolation solution v?’" for the transformed
problem of Example 6.2 (2 = 1/1000)

T a=1/4 a=1/2 a=3/4
e(t, h) orders(t, h) e(t, h) orders(t, h) e(t, h) orders(t, h)

1/20 1.966e-05 7.537e-05 2.129e-04

1/40 2.468e-06 2.994 9.437e-06 2.997 2.661e-05 3.000

1/80 3.095e-07 2.995 1.181e-06 2.998 3.327e-06 3.000
1/160 3.904e-08 2.987 1.476e-07 3.000 4.157¢-07 3.000
1/320 4.855e-09 3.007 1.834e¢-08 3.009 5.213e-08 2.995
1/640 5.650e-10 3.103 2.267e-09 3.016 6.537¢-09 2.995

Table 9 The error and the spatial convergence order of the computed solution vf for the transformed
problem of Example 6.2 (v = 1/20000)

h a=1/4 a=1/2 a=3/4
e(t, h) orderg(t, h) e(t, h) orderg(t, h) e(t, h) orderg(t, h)
1/4 9.262¢-02 9.002¢-02 8.680e-02
1/8 5.428e-03 4.093 5.273e-03 4.094 5.081e-03 4.095
1/16 3.340e-04 4.023 3.244e-04 4.023 3.125e-04 4.023
1/32 2.080e-05 4.005 2.020e-05 4.005 1.947¢-05 4.004
1/64 1.304e-06 3.996 1.272e-06 3.990 1.234e-06 3.979

of the compact scheme (2.29) and the Richardson extrapolation algorithm with the
general g (x).

The numerical results in Table 9 give the error e(t, k) and the spatial convergence
order orderg(t, h) of the computed solution v;’ by the compact scheme (2.29) for
a = 1/4,1/2,3/4 and different spatial step /, where the time step T = 1/20000.
These results show that the compact scheme (2.29) generates the fourth-order spatial
accuracy.

In Tables 10 and 11, we compare the Richardson extrapolation algorithm with the
compact scheme (2.29) in terms of the accuracy and the computational cost (CPU
time in seconds). It is seen that the Richardson extrapolation algorithm allows the use
of much larger time step in order to obtain the more accurate computed solution than
the compact scheme (2.29), and thus much computational work is saved. This again
demonstrates the effectiveness of the Richardson extrapolation algorithm.

7 Concluding remarks
In this work, we have presented and analyzed a high-order compact finite difference

method for a class of fractional mobile/immobile convection—diffusion equations.
The convection coefficient of the equation may be spatially variable. In our method, a
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Table 10 The error and the computational cost of the computed solution v;' for the transformed problem
of Example 6.2 (h = 1/1000)

T a=1/4 a=1/2 a=3/4
e(t, h) CPU time (s) e(t, h) CPU time (s) e(t, h) CPU time (s)

1/160 1.799e-04 3.277 3.679e-04 3.405 7.072e-04 3.330
1/320 4.501e-05 8.250 9.208e-05 8.347 1.771e-04 8.092
1/640 1.126e-05 26.272 2.303e-05 26.035 4.432e-05 24.573
1/1280 2.814e-06 90.586 5.760e-06 84.602 1.108e-05 85.383
1/2560 7.040e-07 310.215 1.440e-06 301.986 2.771e-06 301.683
1/5120 1.757¢-07 1189.578 3.600e-07 1153.678 6.927¢-07 1128.815

Table 11 The error and the computational cost of the extrapolation solution v?’" for the transformed
problem of Example 6.2 (2 = 1/1000)

T a=1/4 a=1/2 a=3/4
e(t, h) CPU time (s) e(t, h) CPU time (s) e(t, h) CPU time (s)

1/20 1.966e-05 1.010 7.537e-05 1.061 2.129e-04 0.997
1/40 2.468e-06 1.947 9.437e-06 1.951 2.661e-05 1.989
1/80 3.095e-07 4.476 1.181e-06 4.275 3.327e-06 4.469
1/160 3.904e-08 11.685 1.476e-07 11.486 4.157e-07 11.636
1/320 4.855e-09 34.616 1.834e-08 34.614 5.213e-08 35.566
1/640 5.650e-10 120.307 2.267¢-09 116.752 6.537¢-09 117.042

fourth-order compact finite difference approximation is used for the spatial derivative
and a second-order difference approximation is applied for the time first derivative
and the Caputo time fractional derivative. We have proved that the resulting scheme
is uniquely solvable and (almost) unconditionally stable and convergent. The error
estimate we have provided shows that the proposed method has the second-order
temporal accuracy and the fourth-order spatial accuracy, regardless of the order of
the fractional derivative. A Richardson extrapolation algorithm has been developed
to enhance the temporal accuracy of the final computed solution (or the extrapolation
solution) to the third-order. Numerical results coincide with the analysis very well,
and show that the Richardson extrapolation algorithm is particularly attractive due to
its improved temporal accuracy, compared to the original compact difference scheme.

Another important feature of the proposed method is that it yields a very simple
and effective high-order scheme for the time fractional convection—diffusion equations
with spatially variable convection coefficients. The related theoretical analysis is also
quite transparent. In the future, we plan to make further investigations and extend this
method to the other fractional differential equations.
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8 Appendix

In this appendix, we prove Propositions 5.1-5.3.

Proof of Proposition 5.1 When %—‘t‘(x, t) is bounded, %(:—;‘(x, 0) = 0 (see [8]). Also,
we have %(x, 0) = 0 since u(x,0) = 0 for all x € [0, L]. Thus, by the governing
equation of (2.1),

o 2

O (x,0) + Da—Z(X, 0) + g(x)u(x,0) + g(x,0) = g(x, 0).
at® 0x

au
E(xv O) = _:8

This proves (5.19). O
Proof of of Proposition 5.2 By integrating by parts and by (5.19),

o

u g(x,0) |, 1 /t 9%u -
— X, 1) = ————t s —(x, t— ds.
e Y= T0—w TTa—w Jy a2 VT E

This implies that the governing equation of (2.1) can be written as

du :3 ! 82“ 1—a 821/!
—(x,t —_— —(x, s)(t — ds =D—(x,t
o7 (x, 1) + F(Z—a)/o 552 (x,s)( —s) "ds 8xz(x )

+qulx,t) + F(x,1).
Since u(x, t) € C>2([0, L] x [0, T]), we have

dF 3%u C it P u
g(x,t) = a7(x,t) +ﬂ ODI au(x,t) — DW(X,Z)

—q(x)??—l:(x,t)

and
tim 2 ey = 22 0) 4 SDur, 0) — D=2 (. 0) — g0 2 (x, 0)
im — = —(x, u(x,0) — x,0) —qg(x)—(x,
50 ar o Y 0 910x2 1%

P 0= D (0 0)) — g0 r 0y

= —x,00—-D—{ —(x, —q(x)—(x,0).

2 ax2 oz 4%

This together with (5.19) proves (5.21). O

Proof of of Proposition 5.3 By integrating by parts twice and by (5.19),

3%u g(x,0) |, 1 9% 5
— ()= —" "¢ _  — —(x,0)7¢
e =t Tracear ™Y

1 193y )
— [ Tk s —s)> s,
+F(3—oz)/0 353 B )7 7ds
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We

therefore have from the governing equation of (2.1) that

du t)+L/ta3—”( )t —5)*7d
o VT TGy fy a3 VN T W

2
_Da—(x ) +qgXulx,t) + G(x,1).

Since u(x, 1) € C*3([0, L] x [0, T]), we have

06 ety = Ly + B Dur 1) — D— e 1) — g0 e
—(x, 1) = —(x, ulx,t) — D———(x,t) —gx)—(x,
or2 o3 0%t 912952 1502
and
2 3 4 2
0u C 2t 0"u 0“u
tlgn ar 3 (x l) ﬁ(x, O) + /3 ODI “u(x, 0) — Dm(x, 0) — q(x)m(x, O)
du 8% (9%u 3%u
= ﬁ(% 0) — DB? (W(xs 0)) —q(X)— 3.2 (x,0).
This proves that the limit lim;_, ¢ B;T?(x, t) exists and (5.23) holds true. O
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