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value problem of two-dimensional sub-diffusion equation with Caputo time-fractional derivative. A
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1. Introduction

We consider the sub-diffusion initial-boundary value problem

Du(x,t) = V - (K,(x)Vu(x, 1)) = f(x,0), (x,£)€Qx(0,T], (1.1a)
ux, 1) = @(x,1), (x,1)€dQx(0,T], (1.1b)
ux,0) = u’(x), xeQ, (1.1¢c)

where the spatial variable x = (x;, x;), Q C R? denotes a bounded convex polygonal domain with
boundary 0€, the variable diffusion coeflicient K, (x) satisfies K < K, (x) < K, with positive constants
K1 and K5, f is the source term, the boundary value ¢ and the initial function u® are given. Here
0 <y < 1 and D’u(x, ) is the fractional partial derivative of u(x, r) with respect to ¢ of order vy in the
Caputo form

) _ 1 ftau(x,f) [
D‘u(x’t)'_r(l—y) o (t—07df
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with I'(-) being the Gamma function.

Fractional differential models have been attracted considerable attention in recent years, to the
authors knowledge, a novel technique for investigating the well-posedness of periodic solution for
impulsive piecewise fractional functional differential equations was just developed in [1]. In this
paper, we focus on the sub-diffusion equations with time-fractional derivative which usually models
the solute transport in porous media with strong heterogeneity, in which the underlying particle
movements have experience long waiting time and lead to a long tail in time direction. In addition,
equation (1.1a) has also been applied in other fields, e.g., cytoplasmic crowding in living cells and
diffusion of tracer microbeads in reconstituted [2, 3]. In the last two decades, various effective
numerical methods have been studied for sub-diffusion equations. Sun and Wu [4] derived an
unconditionally stable finite difference method for one dimensional sub-diffusion equations by
approximating the time fractional term with piecewise linear interpolation. This technique is well
known as L; scheme with order O(r>7) and has been widely used for solving the fractional
differential equations with Caputo derivatives; for example, see [5-13]. Alikhanov studied a finite
difference method for the sub-diffusion equation with multi-term variable-distributed order [5]. An
unconditionally stable finite difference method for variable order sub-diffusion equation was
presented by Chen et al. in [6]. Gao and Sun [7] developed a compact difference method for the
sub-diffusion equation by applying a fourth order compact approximation for the space derivative. A
space semidiscrete scheme and a fully discrete scheme based on the standard Galerkin finite element
method using continuous piecewise linear functions were developed for a multi-term time-fractional
diffusion equation by Jin et al [8]. Jin and Zhou also proposed an efficient Galerkin approximation
scheme based on proper orthogonal decomposition for solving sub-diffusion equation [9]. In [11], Lin
and Xu solved the sub-diffusion equation by a Legendre spectral collocation method in space. Ren et
al. [12] proposed a compact difference method for the sub-diffusion equation with Neumann boundary
conditions. ~ Wang et al. considered a novel finite element method for the two-dimensional
sub-diffusion equation with variable coefficients on anisotropic rectangular meshes in [13]. For the
time-space fractional order nonlinear sub-diffusion equations [14], Li et al. proposed a semi-discrete
and a fully discrete methods by using Galerkin finite element scheme for the space fractional
operators and a finite difference scheme of L; type for the time Caputo derivative, respectively.
Moreover, Galerkin finite element methods based on L; discretization for optimal control problems
governed by time fractional diffusion equations were also studied [15-17].

Weak Galerkin finite element method was first introduced and analyzed by Wang and Ye in [18]
for the second order elliptic equations. In general weak Galerkin approximations, differential
operators (e.g., gradient, divergence, curl, Laplacian etc) are approximated by the weak forms as
distributions for generalized functions.The local reconstruction of differential operators leads to a
great flexibility in designing numerical schemes. Weak Galerkin technique has been successfully
developed for linear parabolic equations [19], second order elliptic interface problems [20],
biharmonic equations [21, 22], Maxwell equations [23], Stokes equations [24], integro-differential
equations [25,26] and Cahn-Hilliard equations [27] etc. Zhou et al. considered a weak Galerkin finite
element method for multi-term time-fractional diffusion equations with one-dimensional space
variable in [28]. However, weak Galerkin finite element methods for the two-dimensional
sub-diffusion equation with time-fractional derivative are still limited. The goal of this paper is to
present a fully weak Galerkin approximation scheme combining with L; discretization of Caputo
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time-fractional derivative to solve the sub-diffusion equation (1.1a) on triangular meshes.

The rest of this paper is organized as follows. In Section 2, we construct a fully discrete weak
Galerkin finite element method for the sub-diffusion problem (1.1). In Section 3, we study the stability
of the weak Galerkin scheme. The error estimates in L? and discrete H' norms are established in
Section 4. Finally, we carry out numerical experiments to verify the convergence rate of the proposed
scheme.

2. Weak Galerkin finite element formulations

2.1. Notation

For a multi-index @ = (a;, @), we denote its degree |@| = @; + @, and spatial weak derivative
operator 8% = (9/0x,)* (0/0x,)®. We use L*(Q) to denote the space of measurable functions whose
square is Lebesgue integrable in domain € with the inner product and norm as

(w,v) = fwvdx, Wl = Vow,w), Yw,ve L*(Q). 2.1)

Q

For a nonnegative integer s, we use
HY(Q) ={v:8" e L*(Q),0 < |a| < s}, (2.2)

to denote the usual Sobolev space equipped with the norm

o= | > vl v e B@. (2.3)
0<|al<s

We also use the space Hj(€2) as the closure of C(€2) in H*(Q2), where C’(€2) consists of functions in
C*(Q) that have compact support in Q. Specially, H)(Q) = H(Q) = L*(Q). For measurable function
w:[0,T] - H*(Q), let

[Wlls.c0 = esssup [lw(-, D, (2.4)

0<t<T

and space L*(0,T; H*(Q)) = {w : [W|l5.00 < +00}.

2.2. A numerical discretization of the time-fractional derivative

We define a uniform partition on [0, T] by ¢,, = mt form =0, 1,--- , M with 7 = T/M and M being
a positive integer. By using the L; discretization of the Caputo time-fractional derivative at any time
t=1t,[11,29,30], we have

1 " Ou(x, s)
¥ _ > — o)
D] u(x,t,) Ty j(: s (t, —8) 7ds

1 < f i Qu(x, §) _
= (tm - S) ’Yds
F(l - ’}/) ]Zl tj-1 as
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1 U u(x, b)) — u(x, ti

N f (X, 1)) —u(X,t; 1)(tm—s)_7ds

ra-y4J,, T

7 m—1

= aj M(X, - ) - M(X, Im—j- )

F(z _ ,y) JZO J( J J-1 )
=: LTu(x,1,), (2.5)

where a; = (j + 1) = j"" for j = 0,1,--- ,m — 1 and L] is the corresponding difference operator.

Then equation (1.1a) can be rewritten in a semidiscrete form
Llu(x,t,) = V- (K,X)Vu(x, t,,)) = f(X,1,), 1<m<M, xeQ. (2.6)
Occasionally an alternative form of operator L] is employed as

T_y

Y —
Lig(t,) = T2-7)

m—1
a08(tn) = ) (@n-j1 = an-)8(t}) = an18(to) 2.7)
j=1

for some g(7) defined on [0, T']. Two properties of L; approximation are listed in the following lemma
[4].

Lemma2.1. 1. Given 0 <y < 1 and sequence {a;}?, with a; = (j + 1)'7 = j'™, we have that
lima; =0,ay=1and

Jj—ooo

-y :
aj_1>aj>(j+—1)y, ]:1,2,"'.
2. For g(t) € C*([0,T]) and 1 < m < M, we have
-y 2277

1
|ng(tm) - L?/g(tm)l < (

e —(1+ 2—7)) max lg” (>

0<r<

+
12 2—-vy
2.3. A fully discrete weak Galerkin finite element scheme

In this part, we design a fully discrete weak Galerkin finite element scheme for the initial-boundary
value problem (1.1). We consider the space of discrete weak functions and the discrete weak operator
introduced in [18]. Let 7, = {K} be a quasi-uniform triangulation partition of domain Q with mesh
size h. For each K € 73, denote its interior and boundary by K° and K, respectively. We choose the
following kind of weak finite element space

S(D) == {v = {vo, v} : vo € P(K"), vy € Pi(K), VK € T},
where [ is a nonnegative integer, P;(K°) and P,(0K) are the sets of polynomials with degree no more
than [ on K° and each line segment of K, respectively. Let S 2(1) be the subspace of S,(/) with
vanishing boundary values on 0Q:

S0 = {v = (o, v} € Su(D) : Vploknoa = 0, YK € T3}
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For each v = {vy, v} € S,(D), its discrete weak gradient V,v € RT;(K) on each element K is defined by
the following local linear equation

dev-qu:—fvoV-qu+f vpq-nds, VYqe€ RT(K), (2.8)
K K oK

where RT;(K) is the usual Raviart-Thomas element of order / [31]. We consider a local L? projection
Onu = {Qou, Qpu} onto Py(K®) x P;(0K), and a global elliptic projection E,u = {Equ, Eyu} onto the
discrete weak space S (/) defined by the following variational equation

a(Epu,v) = (=V - (K, Vu),vp), v ={vo, v} € Sg(l) (2.9)

with Dirichlet boundary condition E,u = Qpp(X, t) for each ¢ € [0, T]. Here a(-, ) is the weak bilinear
form defined by

alw,v) = (K,Vaw,Vav),  Yw,v e S,(0). (2.10)

Notice that a(v, v) > 0 for any v € S (/) and the solvability of equation (2.9) has been proved in [18].
Then a fully discrete weak Galerkin finite element scheme based on the semidiscrete equation (2.6) and
the discrete weak gradient operator V; can be given as: find u) = {ug,u;} € Sp()) for 1 <m < M

satisfying u) = Q,p(X, t,,) on 0Q and equation
(L]ug, vo) + a(uy,v) = (f",vo),  ¥v = {v, v} € S)(D), (2.11)

with initial condition u) = E,u’(x), where /™ = f(x,1,) and Qup(X,1,) is the L* projection for each
boundary segment.

3. Stability of fully discrete weak Galerkin scheme
We discuss the stability of the fully discrete weak Galerkin finite element scheme (2.11) in the

following theorem which implies the existence and uniqueness for the solution of scheme (2.11).

Theorem 3.1. Assume that u)' = {ug,u}'} (1 < m < M) is the solution of the fully discrete weak
Galerkin finite element scheme (2.11) with homogenous Dirichlet boundary condition, there exists a
constant C depends only on y and T such that

1l < )]l + C max [If]l, 3.1
I<j<M
and
IV || < IVl + Clrgjgﬁllfjll, (3.2)

form=1,--- M, where the L*> norm || - || is defined in (2.1).

Proof. First, form = 1, let v = u; in (2.11), we have (L]u}, u}) < (f', ug). Thus
(aou(l)a u(l)) < (aouga u(l)) + p(f17 l/l(l)),
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where p = I'(2 — y)7”. Notice that @y = 1 in Lemma 2.1 and ||u,11|| = ||u(1)||, we have
el < Ml + pILF
by the Cauchy-Schwarz’s inequality. For m > 2, by choosing v = u}’ in (2.11) we have
(LYuf, uy) + a(u), uly = (f™, uf), (3.3)
which leads to (L] uf, up)) < (f™, uf), i.e.,

m—1

(aouy , uy) < (Z(am—j—l — Gy t] )+ (gt ) + p(f™, ). (3.4)
j=1

Using the Cauchy-Schwarz’s inequality again, we arrive at

m—1

[l 1| < Z(am—j—l — @ PNl + apei U]l + pll ™1l (3.5)
=1

Considering the properties of {a;}7,, we have the following estimate by induction hypothesis

m—1

m o ) 0 j 0 m
1% D 1 = ) (nuhn +C max |If ||) + a1+ I
]:
< aglluyll + (C(ao = ap-1) + p) max |If|l (3.6)
I<j<Mm

Notice that

l-y _d-y7
My Ty
Let C =TI'(1 —y)T?, then we have Cay—; > p which implies that

ayr—1 >

Clap — apm-1) + p < Cag — (Cay-1 —p) < C.
From (3.6) we obtain
m| < 0 J — e . .
et 1| < o || + C}Igj%llf l, m=1---,M (3.7)
Next, Let v = Lu" = {L]u, L]u}'} in (2.11), we have
(LYug, L) ug) + a(uy, LWy = (f", LY u). (3.8)
Using e—inequality for the term on the right hand side, we get
1
a(ufy, Lu) = (K, V. Vol 1) < S1F"1P- (3.9)
By exchanging the order of linear operators L) and V,, we have
(aoVau,', Vauy')
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m—1

SO o1 = ) Vet Vo)) + aner Vo, Vo) + 1"

J=1

1 j m Am-1 m P m
<3 Z(am—j—l — au- )V a7 + IV qu)IP) + T(IIWuQIF +IVauII?) + 2—7<1||f 117,

1 2, Gm-1 o2 , % m 2 Y my 2
=5 Fl(am-j-l — - IV |I* + T”Vduh” + E”Vduh” + 2—7(1||f II°.
That is
m—1 . p
IVl |I> < Z(am—j—l — - IV |IP + amr IV aull* + 77||f’"||2- (3.10)
=1 !

Thus ||V€,u’;j||2 can be handled similarly to (3.6) as

IVt IP < |IVaupl® + C max |IfIP, m=1,---, M. (3.11)
1<jsM
This completes the proof. O
4. Error analysis

In this section, we establish the error estimates in L? and discrete H'! norms for the weak Galerkin
finite element scheme (2.11). According to the error estimates in [18], we first have the following
lemma.

Lemma 4.1. Assume that u € L*(0,T; H*"'(Q)) is the exact solution to the sub-diffusion problem
(1.1), and Eyu is defined by (2.9). There exists a positive constant C independent of h such that

|
|Eu — Qnulloco < Ch™|ull 41,05

and
IVa(Erut — Qnn)lloco < Ch|[ullss1,00,

provided that the mesh-size h is sufficiently small, where the norms || - ||o.co and || - ||s+1.co are defined in
(2.4).

For 1 <m < M, we denote ™" = u(x, t,,) with u being the solution of equation (1.1a). Let
" =uy) —Eu"”, n"=Eu"-Qu", ("=u"-Eu".

Our main goal here is to bound ' — Q,u™ = &" + n™. Since n" = Eu™ — Quu™ can be handled by
Lemma 4.1, we just focus on &”.
Let v = {vg,v,} € S 2(1) be any test function. By testing the equation (1.l1a) against the first
component vy we get
(D]u,vo) + (=V - (K, Vu), vo) = (f,vo), t € (0, T]. 4.1)
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Subtracting (4.1) from (2.11) with ¢ = ", and using (2.9) , we have the following error equation

(LW = D" vo) + (K, V" Vv) =0, m=1,---, M.

(4.2)

The error estimates for the weak Galerkin finite element method in L? and discrete H' norms are

provided in the following Theorem 4.2.

Theorem 4.2. Assume that u, E,u and uj'(m = 1,---, M) are the solutions of (1.1), (2.9) and (2.11),
respectively. If u,u;,u; € L¥(0,T;H'(Q)) with 0 < s < [+ 1, then there exists a constant C

independent of h and T such that

1 2—
max [|ug’ — Quut”|l < C (B (ltllsrr.o0 + Mirllsoreo) + 7 ltiello
1<m<M

and
max V(! = Q)| < € (A lullsor o + 1¥llllsor o + 7 tlloo)
where the norms || - ||o.co and || - ||s+1.c0 are defined in (2.4).
Proof. We rewrite the error equation (4.2) as
(LYE" vo) + (K V™, Vv) = W+ Wy, v), YveSN)), m=1,-- M,

where
wi = L (u" — Eau™) = L™,

and
m.o__ Y. m Y., m
wy, = D;u"™ — Liu™.

Notice that &% = 0, V;£° = 0 and é"|3o = 0 form = 0, --- , M. By Theorem 3.1, we have

max{[|¢"]l, IV4&"ll} < C max (Iwil| + Wi, m=1,---, M.
0<jsM

According to the definition of operator L], the term [lw7'l| can be bounded by

Wil = IIL7 ¢

I SRS O St S -
- —y)"; . flj_l(rm —7)7dil
1 N1 Y .
r(1_7)||;;£_1 éd’f,_,._l(tm_i) i)

1 S .
< max 12 f (1, — T)di
T ) oo ¢ jzl -
1

-y

<

T2 - y) gggfn (e, = Ol + |Enue; — Qpu]) .

4.3)

(4.4)

4.5)

(4.6)
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By Lemma 4.1 we have
WPl < CR* gl 1 co-
Applying the error result of L; discretization in Lemma 2.1, we can bound w’' by
W51l < CT>7 utgllo oo-
We substitute (4.7)—(4.8) into (4.6) and then get
1871, 198" < € (R oo + 77 tilloes )
for 1 <m < M. Using Lemma 4.1 and the triangular inequality, we finally obtain that

1 2—
! = Quat"ll < € (1 (el o + Ml 1.0) + 7> el o)

1 2—
194y = Q™I < € (I Ml + H¥llll 1.0 + 7> Nl

for 1 < m < M. This completes the proof.

5. Numerical experiments

4.7)

(4.8)

4.9)

(4.10)
(4.11)

In this section we carry out numerical experiments on three examples to demonstrate the
convergence rate of the weak Galerkin finite element scheme (2.11) for the sub-diffusion problem
(1.1). For each example, we compute the sub-diffusion equation on a square Q = (0, %) X (0, %) with
optional r € {1, n} and the time interval [0, 7] = [0, 1]. A combination of discrete weak spaces with
[ = 0 will be employed, i.e., S,(0) and RTy(K) for any K € 7, where 7, is a uniform triangulation
with mesh size i as shown in Figure 1. We denote the error at time 7 = 1 by e, = u;y — QuuM with 7

being the time step.

1

0.9p

0.8f

0.7f

0.6

0.5

0.4p

0.3f

0.2f

0.1p

0

0 0.2 0.4 0.6 0.8 1

Figure 1. A typical uniform mesh on (0, 1) X (0, 1).
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Example 5.1. We set sub-diffusion equation (1.1a) with constant coefficient K, = 1 and source term

r(5+1)
lﬁy
g -

+ 2r2t8) sin(rx;) sin(rx,).

fx.n= (

The exact solution is
u(x, 1) = £ sin(rx;) sin(rx,) (5.1)

which satisfies homogeneous Dirichlet boundary condition, and the initial value #°(x) = 0. Actually,
different u(x, r) will be approximated by weak Galerkin solutions when distinct combination (r, 3, y) is
chosen.

The numerical results for Example 5.1 are presented in Tables 1 and 2. The second and the fourth

columns of Table 1 show the L? and discrete H' norms of e, with (r,,y) = (r,2,0.8), respectively.
llexl

Notice that the time step 7 = 400 is fixed in Table 1. The convergence orders are given by log n T
hy ||€r. o

IVaer |
a0 IS el
weak Galerkin scheme (2.11) is convergent with optimal rate O(h*) in L?* and O(h) in discrete H'
norms, which coincides the theoretical results in Theorem 4.2. Table 2 shows the error behavior by
scheme (2.11) with fixed space mesh size h = 5. The second column reports the L? norm of e, with
(r,B,7) = (1,6,0.8). The fifth column corresponds to the discrete H' norm with (r,3,v) = (1, 10, 0.8).
We employ logr M nd logn Vaer,

% flerll % Vaerl
scheme. The results indicate that the convergence rates are both approximately O(z>~), which also

supports Theorem 4.2.

As the mesh size £ is decreased, it is observed that the numerical solution of

to reflect the convergence order of the weak Galerkin

Table 1. Error behavior for Example 5.1 with (,8,y) = (71,2, 0.8) and a fixed time step.

mesh size llexxll order = IVgernll order =
T= W%o’ h = % 2.039¢-3 — 1.755e-1 —
T ‘ﬂm,h = % 5.097e-4  1.999 8.897e-2  0.997
T= ﬁ,h = 3% 1.182e-4  2.109 4.451e-2  0.999
T ﬁ,h = é 2.923e-5 2.014 2.225¢-2  0.999
T ﬁ,h = ﬁ 7.383e-6 1.985 1.112e-2  0.999

Table 2. Error behavior for Example 5.1 with a fixed space mesh size.

(r,B8,v) =(1,6,0.8) (r,8,v) =(1,10,0.8)
mesh size llexnll order ~ mesh size [IVaernll order ~
T=1e.h=1 1.096e-1 — T= 1o h= 1 3.202e-2 —
T = 312,h = 53 4.935e-2 1.152 T = 31i2,h = Dg 1.455e-2 1.137
T= 6—14,h: % 2.191e-2 1.171 T= @,h: 93 1.127e-2 1.147
T = @,h = 5 9.652¢-3 1.183 T=5.h= 15 8.725e-3 1.146
T=52,h= 53 4.227e-3 1.191 T = 614,h = D3 6.582¢-3 1.141
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Example 5.2. In this example, we test the case with variable diffusion coeflicient

m\2 m\2
Wy(x):(xl—;) +(XZ_E’) + 1.

and exact solution (5.1). The corresponding source term f(X, ) is given by

f(x,1) = %zﬁ "u(x, 1) + £V - (K, Vu(x, 1)

The numerical data for Example 5.2 is listed in Tables 3 and 4. We fixed a time step 7 = ﬁ
and show the convergence rate in Table 3 with setting (r,5,y) = (r,2,0.8). It is observed that the
numerical solution is convergent with optimal rate O(hz) in L? and O(h) in discrete H' norms. For
(r,B,y) = (1,10,0.8) and a fixed mesh space size h = 128, the second and third columns of Table 4
report the L2 norm of error e, and the corresponding convergence rates. And for a fixed mesh space
size h = 35, we show the discrete H ! norm of error and the convergence rates in the fifth and sixth
columns, respectively. The results in Table 4 indicate that the convergence rates are both approximately

0(t*7).

Table 3. Error behavior for Example 5.2 with (r, 8,y) = (r,2,0.8) and a fixed time step.

mesh size llexnll order ~ IVgernll order =
T=gsh=5 16033  — 1.65%-1  —

T ﬁ,h = % 4.173e-4  1.942 8.354e-2  0.990

T 81@,11 = 31—2 1.028e-4  2.020 4.184e-3  0.997

Slm,h = 6]—4 2.336e-5 2.138 2.093e-3  0.999

= h=-2L1  4966e-6 2234 1.046e-2  0.999

—
(N
(o]

Table 4. Error behavior for Example 5.2 with fixed space mesh size.

(r,B8,y) = (1,10,0.8) (r,B,y) = (1,10,0.8)
mesh size llexnll order ~ mesh size [IVaernll order ~
T= 3‘2,h = Ds 7.436e-2 — T = 3‘2,h 2’5’6 1.082e-1 —
T=4h=2 3.350e-2 1.150 T=4.h= 256 8.395¢-2 1.137
T= ﬁ = % 1.488e-2 1.170 T= %,h = 256 6.506e-2 1.142
T= 2;—6h = % 6.564e-3 1.181 T= é,h = 256 4.904e-2 1.144
T= S}—Zh = g 2.882¢e-3 1.187 T= Slo,h = e 3.802e-2 1.140

Example 5.3. We also test the case with variable diffusion coefficient %, in a tensor form as

2
X7+ 1 —X1Xp
—xixp x5+ 1

7()/(X) =

which is a variable symmetric positive definite matrix for two-dimensional diffusion problem in some
anisotropic media. The exact solution is

ux,t) =~ [xl (g - xl)x2 (g - xz)] .
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The numerical results for Example 5.3 are reported in Table 5, which has a similiar format of
Table 3. It is shown that the data also coincides with our theoretical analysis, which illustrates the
effectiveness of the weak Galerkin finite element scheme (2.11) for fractional sub-diffusion models in

porous media with heterogeneity and anisotropy.

Table 5. Error behavior for Example 5.3 with (,8,y) = (71,2, 0.8) and a fixed time step.

mesh size llexxll order =~ [Vgernll order =
W%o’ h = % 8.509¢-4 — 2.298e-2 —
T glm’h = % 2.208e-4  1.945 1.174e-2  0.968
T ﬁ,h = 3% 5.584e-5 1.983 5.905e¢-3  0.991
T ﬁ,h = é 1.409¢-5 1.986 2.956e-3  0.998
8(1)0,h = ﬁ 3.633e-6 1955 1.478e-3  0.999

6. Conclusions

We have employed the weak Galerkin finite element method with L, discretization to solve the two-
dimensional anomalous sub-diffusion equation with time-fractional derivative. A fully discrete weak
Galerkin finite element scheme was presented and the optimal order error estimates in L* and discrete
H' norms were established based on the stability of the numerical scheme. Fractional sub-diffusion
equations with various settings have been tested to demonstrate the accuracy of our method.
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