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Abstract: The time-fractional Cattaneo equation is an equation where the fractional order & € (1,2)
has the capacity to model the anomalous dynamics of physical diffusion processes. In this paper,
we consider an efficient scheme for solving such an equation in two space dimensions. First, we
obtain the space’s semi-discrete numerical scheme by using the compact difference operator in the
spatial direction. Then, the semi-discrete scheme is converted to a low-order system by means of
order reduction, and the fully discrete compact difference scheme is presented by applying the L2-1,
formula. To improve the computational efficiency, we adopt the fast discrete Sine transform and
sum-of-exponentials techniques for the compact difference operator and L2-1, difference operator,
respectively, and derive the improved scheme with fast computations in both time and space. That
aside, we also consider the graded meshes in the time direction to efficiently handle the weak
singularity of the solution at the initial time. The stability and convergence of the numerical scheme
under the uniform meshes are rigorously proven, and it is shown that the scheme has second-order
and fourth-order accuracy in time and in space, respectively. Finally, numerical examples with
high-dimensional problems are demonstrated to verify the accuracy and computational efficiency of
the derived scheme.

Keywords: time-fractional Cattaneo equation; compact difference operator; L2-1, method; fast
discrete Sine transform; sum of exponentials

1. Introduction

Let O C R? be a bounded rectangle domain and T be the fixed time. In this pa-
per, we study the efficient numerical scheme for solving the following time-fractional
Cattaneo equation:

o (x, t) +x Dy u(x,t) = pAu(x, t) + f(xt), in Q x (0, T], (1)

where the boundary and initial conditions are u(x, t) = 0ondQ x (0, T] and u(x,0) = up(x),
911 (x,0) = up(x) in Q). Here, x = (x1, x2).The parameters x and y are the positive constants
related to the relaxation time and diffusion properties, respectively. The source term f and
the initial conditions 1y and u; are given suitable functions. The Laplacian A is defined by
A=232 - aiz. The Caputo derivative ¢ Dg; with a € (1,2] is given by

cDgo(t) = 1"(21—04) /Ot(t — )14 (s)ds,

where I'(+) is the Gamma function.

The time-fractional Cattaneo Equation (1) provides a flexible and efficient way to
model the anomalous dynamics of physical diffusion processes, especially the general
dynamics crossover behaviors [1,2]. In recent years, many efforts have been made in the
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theoretical and numerical study of such a time-fractional equation or its variants. See [2,3]
for the theoretical case and [1,4-6] for the numerical case, just to name a few. One may refer
to these two review papers [7,8] or this book [9] for further details.

In [4], Zhao and Sun proposed a compact Crank-Nicolson scheme for solving the
time-fractional Cattaneo Equation (1). Ren and Gao also constructed an alternating di-
rection implicit (ADI) compact difference scheme by adding a small term to improve the
computational efficiency for the two-dimensional problem [5]. The temporal convergence
order of both of the above two methods is the order 3 — a, where 1 < a < 2. Later on,
Chen and Li proposed a temporal second-order ADI Galerkin scheme by applying the
Galerkin finite element method in space and the L2-1, method in time [6]. In [1], Chen and
Nong developed two efficient, fully discrete schemes for solving Equation (1) based on the
Galerkin finite method in space and the convolution quadrature in time. Error estimates
and numerical experiments show that their schemes are efficient when dealing with differ-
ent data regularity in Equation (1). It seems that the schemes mentioned above still have
some limitations, especially in the high-dimensional and non-smooth solution problems.
This motivated us to develop an efficient numerical scheme to cope with such situations.

For the high-dimensional time-fractional model, there are two ways to improve the
computational efficiency of the numerical scheme. One involves the spatial direction, such
as with the ADI technique, fast discrete Sine transforms (DSTs), and so on (see [6,10]). The
other one involves the temporal direction, such as with the fast convolution quadrature
and sum-of-exponentials (SOE) techniques (see [11-14]). In this paper, we focus on the DST
and SOE techniques.

The DST technique has attracted the interest of many scholars in recent years, mainly
because it avoids the direct inversion for the coefficient matrix of the linear discrete systems
and, at the same time, ensures the convergence accuracy of the difference operators [15,16].
In [15], Wang, et al. proposed an efficient fourth-order compact finite difference scheme for
solving the Poisson equation based on the fast discrete Sine transform and greatly reduced
the computational cost by avoiding matrix inversion for the discretized system. There has
been some work in recent years on the application of the DST technique in numerically
solving high-dimensional time-fractional equations (see [10,17,18]).

The SOE technique is an efficient way to reduce the computational complexity caused
by the non-locality of fractional derivatives [13,19]. In [13], Yan et al. presented the fast L2-
1, (denoted by FL2-1,) formula by employing the SOE technique with the kernel function
in the Caputo derivative. Subsequently, some numerical studies of time-fractional models
based on this approach have emerged (see [10,19] and the corresponding references therein).
In [19], Liang et al. proposed a fast difference scheme for solving the one-dimensional
time-fractional telegraph equation based on the FL2-1, formula. In [10], Li et al. derived a
fast compact difference scheme for solving subdiffusion equations by applying the FL2-1,
in time and the compact difference operator in space. It is worth mentioning that the
compact difference operator is implemented by the DST via the fast Fourier transform (FFT)
algorithm. Therefore, their scheme is computationally efficient in both the time direction
and spatial dimensions.

Motivated by the work in [10], we aim to develop a fast compact difference scheme for
solving Equation (1). To this end, we derive a compact difference scheme by applying the
L2-1, formula in time and compact difference operator in space. Then, the SOE and DST
techniques are both adopted to improve the computational performance of the derived
scheme. The contributions of our paper are as follows. First, we construct a compact
difference scheme with fast computation in both the temporal and spatial directions, which
effectively handles the high computational cost caused by the high spatial dimension and
the non-locality of the Caputo derivative (see the numerical scheme (10)). Second, we
present the rigorous stability and error estimate for the uniform mesh-based fast compact
difference scheme (see Theorems 1 and 2). Third, extensive numerical experiments are
designed to verify the accuracy and efficiency of the fast compact difference scheme (see
the Section 5, Tables 1 and 2 for the accuracy; Table 5 and Figure 1 for efficiency).Besides,
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the fast compact difference scheme based on graded meshes in time is adopted to handle
non-smooth solution problems (see Tables 3 and 4 in Section 5).

This paper is organized as follows. In Section 2, we present the fully discrete difference
scheme based on the compact difference operator for the Laplacian in space and the L2-
1, formula for the Caputo derivative in time. In order to improve the computational
performance of the derived scheme, we further adopt the DST and SOE techniques to
obtain the fast compact difference scheme in Section 3. In Section 4, the stability and
error estimate of the fast compact difference scheme based on the uniform meshes are
provided rigorously. Numerical examples and the conclusions of this paper are given in
Sections 5 and 6, respectively.

2. The Compact Difference Scheme

In this section, we first approximate the Laplacian A in Equation (1) by applying
the compact difference operator and then find the low-order system for the space’s semi-
discrete scheme with the aid of the reduced-order method so that the fully discrete scheme
of the equation can be obtained by using the second-order L2-1, formula.

To this end, we introduce some useful notations in the following. Suppose the rectangle
domain Q = [x}, xR] x [x}, xK]. Let the spatial step size be hy = (xR — x£)/M; and the
grid points be xi ;, = x¢ + jihk (jk = 0,1,- - - , M), where My (k = 1,2) is a positive integer.
The fully discrete grids on Q) are given by Oy, = {x; = (x1,j,, %2,j,)[0 < ji < M (k =1,2)}.
We will use M without a subscript to denote M; (or M) when M; = M, unless otherwise
specified. The inner and boundary grids are denoted by Q;, = ), N Q and 9Q);, = Q;, N QY
respectively. We denote the space of the grid function as V;, = {v[v = (v},)x, and v, =0
for x;, € 0Q);, }.

For the grid function v, = v(x;,) with the index vector h = (iy, i) at the kth position

— 2
(k =1,2), the compact difference operator is given by Ayv; = %vik, where

h% 2
’Hkvik = (I + E(Sk)vik.
Here, we have

O, —0k0; 1 : — U
6o, = ity i and &v; 1= i1 — Vi
k=i hk etz hk ’

Therefore, for x;, € Q,, we have Av(x;,) = Aoy, + O(h*) with Ao, = (A + Ay)yy,
and h = (hy, hy).

When employing the compact difference operator A, for the discretization of the
Laplacian A in (1), one has

Artu(xy, t) + 1 DG 1 (x, t) = plyu(xp, t) + £ (x5, £) + Ru(t),
from which we obtain the following space semi-discrete scheme:
Oruy () + K DG jup (t) = pdyup(t) + fu(t), 2)

where uy,(t) &~ u(x;, ) and the truncation error Ry(t) = O(h*).

Next, we introduce the L2-1, formula for the approximation of the Caputo derivative
CDg,t with B € (0,1). Let the temporal step size be T = T/N;. Here, N is a positive integer.
Denote t, = nt, where n > 0 and byl = (tn + ty+1)/2. For a given function g(t), denote

n+i o g(tut1) — 8(tn) n+d g(tut1) +8(tn)
5tg 2 - T 7 g 2 = 2 7
1

08" = 5o (20 +1)g(tusr) —4og(tn) + (20 = 1)g(tn1)),
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and ¢"*7 = 0g(ty11) + (1 — 0)g(tn), where ¢ = 1 — /2. For more details about the
difference operator J;, one may refer to Lemma 2.1 of [20].
We state the L.2-1, formula as follows [21]. If ¢(t) € C3[0, T], then

CDg,tg(t) |t:tn+¢7 - ng’H’lT (Tgiﬁ)/ (3)

where ﬁfg”“T =i Ow("+1)(g(tk+1) —¢(t;)) and for n = O,wél) = agt P/T(2 - B),
where n > 1, we have

-B ﬂ0+b1, kZO’
w£n+1) _ % G +be —be, k=12 ,n—1, 4)
( _IB) an—bn, k=n.

Here a9 =o' F,ap = (k+0)' P —(k—1+0)"F,k>1,and

(k+0)*P—(k=1+0)*F (k+o)'P—(k=1+0)""F

b = 2-B 2 ’

k>1.

By setting ¢, (t) = 0suy,(t) for (2), we find the following lower-order system:
¢ (t) +x D5 du(t) = pbyun(t) + fi(t). @)

Therefore, by replacing CDE’J‘;1 with the difference operator Ei_l of the L2-1, Formula (3)
in the space semi-discrete scheme (2), one has

4’h(fn+a) + kDY I = uByun (o) + fulbese) + RY,
citu —¢h(f1/2)+7‘
Sy = Pp(tnio) +77,

where the truncatlon error R, = O(7?> + h*) and /¥ = " = O(7?). By dropping the
small terms RY,, 9, and ", we have the following compact difference scheme for solving

Equation (1). We find the numerical solution ¢} of ¢(xy, t,) for n > 1 such that

(PnJ;az_’_ KD1 ) ¢n+rf _ yAhunJra f;l1+<7,
5tu / (o 2, (6)
5”/[ ¢n+(7

7

where ug = up(xy), gb2 = uq(xy), and u(xy)|x,can, = 0. From (6), we obtain the numerical
solution uf' of u(xp, t) to (1): uj = u) + (¢} + ¢?)/2 and for n > 1:

1
1_ 1 -1

3. The Derivation of the Fast Compact Difference Scheme

In this part, we use the DST and SOE techniques to improve the computational
performance of the compact difference scheme (6).
By utilizing the discrete sine transform, one can derive that

12 kail

= (M)
%~ UkiZ s, +5 = oA

where s;, = cos(MZ) and 1 < jp < My —1(k = 1,2) (see [15] for more details about
the derivation).
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Therefore, the scheme in Equation (6) is equivalent to

PrtT 4 x DY g = ( AluM) 4 A(jz,Mz)> Ao 4 frito

il = g%, ?
gtﬁn — A3+¢7’
where v is the index set defined by v = {(j1,/2)|1 < jx < My —1(k =1,2)}. We can obtain
the numerical solution to Equation (1) by the following steps:

(@) Compute AB, 179, and ﬁl from (])2, ug, and f;! by means of DST, where n > 1;
(b) Compute ¢" by solving the system (7), and then obtain i, where n > 1;
pute ¢, by g y v
() Obtain the numerical solutions ¢ and u! from ¢" and #i", respectively, by means of
h h v v, T€sp Yy, by
the inverse of DST, where n > 1.

It is worth mentioning that if we solve numerical scheme (6) directly, the inverse of the
coefficient matrix needs to be solved at each time layer, and this leads to a computational
cost of O(M2M3). If the DST technique based on FFT, that is the scheme (7) is used, then
the computational cost will be reduced to O(M; M; log(M;M,)).

Next, we consider the SOE technique to further reduce the computational complexity
of the scheme (7) caused by the non-locality of the Caputo derivative.

Without loss of generality, we adopt the graded meshes t, = T(-)” in time, where
n=0,---,N;and v > 1is a proper chosen temporal mesh grading parameter. Denote the

k_ k-1
time step size T, = t, — t,_1. Set ty4y = ty + 0741 and DTgk = % The fast L2-1,
formula based on the graded meshes is defined as

Nexp
F5§1gn+r7 _ CDODTgn+1 + Z coke_sk‘”"“Hk(tn), (8)
k=1
where @y = % and Hi(t;) (j > 0,k > 1) is obtained by the following recurrence:
H(tj) = e % Hy(tj—1) + ajDzg/ + by j(Deg/ ™ — Degl), )

with the initial value Hi(tp) = 0 [10]. Here, the coefficients a;; = %(1 — e %) and

t; s (ti— . . .
byj = ﬁ ftjj,l(t - t]-_%)e (=D dt. The weights @k (k > 1) and the points s;(k > 1) in
Formula (8) are chosen to satisfy

tiﬂ Nexp

- —Skt
Ta-p

<eg, Vt € [tl,T],

where € is the absolute tolerance error and the number of exponentials Nexp satisfies
1 1 T 1 1 1
Nexp = O log = [ loglog — +log — | +1log — ( loglog — + log — | |.
exp O<0g6<og 08~ + ong) + ong(og og€+ ogﬁ))

We remark that the letter F in the difference operator © Efn (see the left-hand side of the
Formula (8)) represents the word “fast”, which refers to the fact that the corresponding for-
mula uses the SOE technique to improve the computational performance. It is shown in [13]
that the number of exponentials Nexp = O(log Nt) when T > 1 and Nexp = O (log2 Nt)
when T ~ 1. The total computational cost for the fast L.2-1, Formula (8) is O(N;Nexp) with
storage O(Nexp)-
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By replacing the classical L2-1, formula in the numerical scheme (7) with the above fast
L2-1, formula based on graded meshes, we have the following fast compact difference scheme:

(’ﬁn+¢7 + KF51_1A17}+U — y(/\(]l,Ml) + A(jz,Mz))ﬁlf/l+0’ _i_ﬁ‘l“rﬂ’/

N _ pn+to
5151/[1/ = ¢y ,

7170
vy
T

where &;iiy/% = and

g\tﬁs _ Ty + ZUTn+1 DTAnJrl Tn+1 (20 — 1) DTﬁlr/z (11)
Tn + Tnt1 Tn + Tnt1

We will simply denote the fast compact difference scheme (10) as the FL2-1,(y) scheme
in what follows if no ambiguity arises.

One can observe that, compared with the numerical scheme (6), the FL2-1,(y) scheme (10)
reduces the overall computational cost from O(N? M3 M3) to O(N;Nexp M1 M; log(M1My)),
which greatly improves the computational efficiency of the original scheme (6).

When v = 1, the graded meshes recover the uniform one. Thus, in this case, we
shall use T instead of T, in (10) unless otherwise specified. The corresponding scheme
based on uniform meshes is called the FL2-1,(1) scheme. When 7 > 1, the grid points in
the time direction are concentrated near the origin, which is beneficial for the numerical
solution to capture the weak singularity solution, thus improving the accuracy loss of the
scheme caused by the non-smooth solution. This will be verified by numerical examples in
Section 5.

4. Stability and Error Estimates

We studied the stability and error estimates for the FL2-1,(1) scheme (10) in this section.
For any given grid function v € V},, the discrete L? norm is given by ||v|| = 1/(v,0)},
with the discrete inner product (u#,v), = (h1h2) Yy, cq, #10p- The discrete H' semi-norm

and H! norm are denoted as |01 = /|[V,oul]2 = V01042 + [|6204]]2 and ||o]l; =

\/[0]|2 4 |0]3, respectively. Here, V), = (61,6,). In light of the embedding theorem, we

can conclude that for any given v € Vj,, the discrete H! semi-norm |v]; and H' norm ||v||;
are equivalent.
Using the recursive relationship of the historical term H(t;) in Equation (9), one may

F DE based on the uniform meshes as

reformulate the expression of the difference operator
follows (or see [10,13] more details on the derivation):

FD/3 n+o _ Z w g(tir1) — 8(k)),

where Wr(f,;l) are defined as Wél) = wél) when n = 0, and for n > 1, we have

Ap + By, k=0,
WD =8 A4+ By — B, k=1,2,--,n—1, (12)
A, — B, k=n.

_w _ 1 t N —sj(t
Here, Ag =W, ', Ay = tk"“ Z] ~o @je i(tete=5) gs, and

N,
1o\
. oS (tnto—8) (¢ _
B, = =g ;)w]e jitnte=s) (g tk+%)ds.
]:

We need the following lemma:
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(n+1)

Lemma 1. The weights W, in Equation (12) have the following properties:

(m—1+0)7F,

m—1
(k+1) (k+1) 9¢(m—1) 4 -3
k;(w"‘l e )= ara—p) T e p)

and

m—1 1—-
(k1) _ €(m—=1)  (m—1+0)""P
LW s AT p)

Proof. In light of Lemma 3.3 in [19] and the definitions of W,EHH) in Equation (12), one
may readily obtain the desired results. [

Let the symbol c be a positive constant which is independent of the temporal and
spatial step sizes. The stability of the scheme (10) is described as follows:

Theorem 1. The FL2-1,(y) compact difference scheme (10) with -y = 1 is stable in the sense that
b2 < e (Rl + IV

m—1 1 m—1
+T Y Ve P+ Tl Ve P+ T ) ||f,?+"||2),
n=0

n=1
1 ~ 1 11
where €} and €7 are the perturbations of s;ull = @i + €} and Syu? = ¢? + €7, respectively.

Proof. In light of the equivalence of schemes (6) and (7), one only needs to consider the
following scheme instead of (10):

¢Z+a +KF5“*1¢Z+U _ ﬂAh“ n+o +fn+cr

ouil/? = g1/ (13)

7

+¢7
5tuh (Pn .

We first consider the case n > 1 for (13). By taking the discrete inner product on both
sides of (13) with go”*", we have

4)n+¢7 ¢n+0)h — (]lAth+(T ¢n+0) ( n+o (PnJra) )

(¢n+0 4)n+c7) (

We can use Lemma 1 and the estimate for the discrete operator A;, presented in (3.14) of
[10] such that

(AhunthT (PnJra) (Ahun+¢7 4)n+17) (Ahun+0 ¢n+0) : (14)

N W

From this, we derive that

—a—1
912+ 3FD% gyt 12 < (Voo Vo + (G e (15)

Note that gtu = ¢} 4+ €17, so it follows from Lemma 3.5 of [20] and the Cauchy-
Schwarz inequahty that

— (VN i), = — (VT sl ) + (Vi Ve ),
" 1
< —E(EH — E") 4+ u|| V iy NV el T,

where E"1 = (20 +1)||V,u) T2 — (20 — 1) || Vyult >+ (202 + 0 — 1) | VT = Vyult|2.
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By using the inequality ab < ea? + L b? with € > 0, we obtain

1
IVue T IIVae N < Va2 + 11V ag, ).
Therefore, the inequality (15) has the following estimate:
Kp=a—1
||¢Z+(7H2+§FD ||¢Z+U||2+4£En+1
< 471 Vthu +UH2+VthS +a||2+( n+o (Pl’l+17) i

In other words, we have

+1 +1 +1
g2+ Swg" g2+ 2 Z Wi Wiy k12 4

We sum up n from n = 1 to n = m — 1 for the above inequality and obtain

g n+o2 o (n+1) | n+12 n+l (n+1) k2 [ —
Y ol 3 leo ¢ 1=+ 5 Z Z n k+1 W, DIl +EE
n—=

n=1

IN
N>\‘

= n+1) 02, Moo B 2
R R P

n=1

m—1
2 ||V £n+aH2+ Z n+¢7 n+¢7)h.
n=1 =1

EVl—l—l

K +1
SW >||¢2||2+ﬁﬁ"+%nvhuz”nz+u||vhez+”\|2 + et e

Since
m—1 n
Y LS = W)
m—1 n
— <Z<w,5"zi)l LY | gk |12 4 (Wi - ,S”?>>||4>,1||2>
n=1 \k=2
molmol (n+1) n 1 2 n+1 (n+1 2
= Wi NIkl +2 Wy b
k=2 n=k
m—1
m k n n
= Y (Wi WDy ||2+z Dy b2,
k=2
we have
— n+l n41412 n+l (n+1) kn2
2 g ||+22 ) —wim) ek
n=1 n=1 k=
= 2w<’”k||¢h||2+2 SRS T P b
9e(m—l) 4-38 >
> of k2 _ 1 1-B 112
> O Y- (g g ) IR

(m)

(16)

where Lemma 1 and the boundness of W, ', presented in Lemma 4.1 of [13] are used. Here,

cf = mm{W Wy tand p=wa—1.
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The term E™ has the estimate E” > 1||V,u/"|? (see Lemma 3.5 of [20]). Thus, one has
the further estimate for the inequality (16):

Z gy 711 + Z g 1%+ 7\|thh I?

e(m — 1) 4—3;3 . 5\ 2
: ( 4r(1-B) rﬁr(g_ﬁ)( 1+0) >I|<Ph|| (17)

( elm = 1)) v (m_1+o)l_ﬁ)ll¢2||2+y
L
*1

P PT(2- [5)

r(

m—1

Z |thz+o||2+y Z thEZJrUHZ_i_ Z n—+o (PnJra) )
Since

i 11+17 71+0’

—1
v 2 2 2 2
Z( AN + el 1% + ||f”+a|| +ea|¢" | )

IN
I\)M—‘ i

11
= (Z o A1 + e Z 19" 1% + €2 Z 9”112 + llg* ||2>

by choosing suitable €; and e, values, the inequality (17) yields

IVpu | < C(||4>2||2 + 112+ Vil + V312

m—1 ) m—1 ) m—1 )
T Y VP ¥ Vet IE T X IAR). as)
n=1 n=1 n=1

Next, we consider the bound of || ¢} ||*> + ||V} ||? on the right-hand side of (18). To
this end, we operate the discrete inner product on both sides of the numerical scheme (6)

1
with ¢; for n = 0 and find

(95, 02 ) + k(D 208, 0 ) = n(Byuil, o )+ (S 90 )i

S 1 11
Observing that FDj l([JZ = W(gl) (¢} — ¢Y), and using the equality su? = ¢ + ¢, we
obtain

o % KW(} 12 % o % o %
(@ @3 n + —— (llonll” = Ipl1?) = —u(Vyu§, Vpdul )y + u(Vuuf, Vel )+ (F7, 62 i (19)

Following the idea in the proof of Theorem 4.1 of [6] for the case n = 0, we further have

1 1
(993 n = 5 (09 + (1= )¢, di + B
(1-

1
= S (lIghIP + @ =)l + (9, 9 )

1 1
z*(w%W+u—ww%ﬂ—§GmﬁW+@ﬂﬁwn
1

= *||<Ph||2 [1 —0— W] [

where we choose €1 = 0 — % > 0.
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For the first term on the right-hand side of Equation (19), we have

1
—u(Vpuy, Vi) )y
= —g(ﬁvh”}z + (1= 0) Vi, Vi), — Vi)
= LV I - (1= o)V |12) + E (20 = 1) (Vi) )

I 1 1
< —;(UI\W%HZ — (1=0)||Vyup|®) + ;(20— 1) (ezllwuil\2 + EIIW%IIZ)

_ 1 12, H(q_ (20 — 1) 012
S A B (R ey DI

where we let ¢; = ‘;;915 > 0.

The second term on the right-hand side of Equation (19) has the following estimate:

1
w(Vpug, Ve n

1
y(avhu}l +(1- O')thg, \

1
(@ Vi | + (= )V |21 Vae |12

IN

< Vit |2 + g [y | + (1 - V| + u(1 — o) | Vyed |2

< poes|| Vil + po Ve [I° + p(1 — )ea [ Vi [|7 + (1 = ) 7 [ Vi I
4ej 4ey

By suitably choosing the parameters €3 and €4 (e.g., let €3 = %(2% —1)>0and ey = 1TT‘7 > 0),

1P

and noting that Wél) = w(()l) = #—ﬁ)

, we can derive that

1
lnl1? + 1V puep | < C(lIsz?IIZ + I Vuup | + Tl V2 + <l 712 + 7l Ve, HZ)-

This together with (18) leads to

I A N
m—1 m—1 1 m—1
+7 Y Va2 47 3 Ve N2 + Tl Ve P+ 7 ) ||f;’f+”|\2)-
n=0 n=1 n=0
By applying the Gronwall inequality to the above estimate and the equivalence of the H'
norm and H! semi-norm, one has the desired result. All of this ends the proof. [

Finally, we present the convergence result for the FL2-1,(1) scheme (10). Let ¢} =
u(xy, ty) —uy and €; = ¢ (xp, tn) — ¢j;. From Lemma 2.3 of [13], we have

S,
Therefore, in light of (2), (6), and (13), one may find the following error equations:

- =a—1_ e >
et +kFDYT T = pAyel T+ RO,
5t€;11/2 _ E}ll/Z +7}[/2,

5te]r11 — EZ'HT +7Z+U/
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where RI'7 = O(72 + h* + €),71/2 = O(12), and 7}t = O(7?). By applying the stability
result of Theorem 1, we obtain the error bound in the H! norm as follows:

et} < e(I12 + 1 Vaehl?

m—1 1 m—1
+1 ¥ IV P+ Vi 12+ T Y IRR)
n=1 n=0

< (P +ht+e)

The above estimate leads to the following error estimate of the FL2-1,(1) scheme (10).
The corresponding proof is thus omitted:

Theorem 2. Let u(xy, t,) and uj be the solutions to Equation (1) and numerical scheme (10),

respectively. Suppose the solution u(x, t) belongs to the function space Cg:f(ﬂ x [0, T]). Then, for
v = 1, we have
(s t) = up) I} < e(2® + b +e).

Remark 1. In practice, the absolute tolerance error € in the scheme (10) is always set to a very small
number so as not to affect the temporal or spatial convergence accuracy. In this sense, the convergence
result in Theorem 2 can be understood as O(t% + h#).

Remark 2. Although the nonuniform mesh-based FL2-1,(vy) scheme (i.e., v > 1) can effectively
handle non-smooth solution problems, its stability and error estimates are more difficult. In [10],
Li et al. successfully gave a rigorous proof of the stability and convergence of the FL2-1, scheme
based on the nonuniform meshes, but their derived scheme mainly deals with the subdiffusion
problem. It seems that the application of their ideas here is not obvious, and further investigation
is needed.

5. Numerical Examples

Two numerical examples will be presented to verify the convergence theoretical results
and efficiency of the FL2-1, scheme (10). In the numerical examples, the computational
domain is Q = (0,1)?, and the parameters x and y are both one. Using the equivalence of
the H! norm and H! semi-norm, we calculated the H! norm error at t = t, by e(n,h) =
|u(xp, tn) — uj|1. The corresponding convergence orders in time and in space were obtained
by log(e(n,h)/e(2n,h)) and log(e(n, h)/e(n,h/2)), respectively. We always set the absolute
tolerance error € = 10710 in (10) so that it did not contaminate the temporal or spatial
convergence orders.

Example 1 (Accuracy). Consider the following problem with zero Dirichlet boundary conditions:

ori(x,y,t) + cDgu(x,y,t) = Au(x,y,t) + f(x,y,t), (xyt) € Qx(0,1],
u(x,y,0) = sin(7rtx) sin(mry), 9wu(x,y,0) =0,

where

floyt) = Sirl(nx)sin(ny)(qt”_l+27T2(1+t17)+ T(p+1) )tﬂ_a)'

F'n+1-wa

The exact solution is u = (1 + #) sin(7rx) sin(7ry) with the fixed parameter n > 1.

We considered two cases, § = 3.5 and § = 1.5, to verify the accuracy of the FL2-1,(7y)
scheme (10). For these two cases, we applied the uniform mesh-based and nonuniform mesh-based
FL2-1,(7y) scheme (10), respectively, to obtain the numerical results. See Tables 1 and 2 for the first
case and Tables 3 and 4 for the second case. We remark that the H' norm errors here and below were
obtained at the final time T.
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Table 1. The H!'-norm errors in time for the smooth case in Example 1 with h = 1/64.

=11 «=1.5 «=19
N¢
H?! Error Rate H! Error Rate H! Error Rate
40 2.66 x 1074 - 6.73 x 1074 - 1.29 x 1073 -

80 6.69 x 10> 1.99 1.69 x 10~* 2.00 323 x 1074 2.00
160 1.68 x 107> 1.99 422 x107° 2.00 8.07 x 10~° 2.00
320 427 x 1070 1.98 1.05 x 107> 2.01 2.01 x 107> 2.00

Table 2. The H!-norm errors in space for the smooth case in Example 1 with T = 1/4000.

M =11 « =1.5 «=1.9

H! Error Rate H! Error Rate H! Error Rate
4 231 x 1073 - 222 x 1073 - 215 %x 1073 -
8 272 x 1074 3.09 262 x 1074 3.09 253 x 1074 3.09

16 2.05 x 107° 3.73 1.96 x 107> 3.74 1.89 x 107> 3.74
32 1.38 x 10~° 3.89 1.26 x 10~° 3.96 1.16 x 10~° 4.03

Table 3. The H!-norm errors in time for the non-smooth case in Example 1 with & = 1/64 and
a=15.

N;

H! Error Rate H! Error Rate H! Error Rate
40 5.86 x 107 - 1.85x 1074 - 3.70 x 1074 -
80 398 x 107> 0.56 442 x 107° 2.06 9.28 x 10> 2.00
160 222 x 1075 0.84 1.03 x 107° 2.10 231 x107° 2.00

320 1.15 x 107> 0.94 2.27 x 107 2.18 552 x 1070 2.07

Table 4. The H'-norm errors in space for the non-smooth case in Example 1 with T = 1/1000 and
x=15.

H! Error Rate H! Error Rate H! Error Rate
4 252 x 1073 - 252 x 1073 - 252 x 1073 -
8 3.00 x 1074 3.07 297 x 1074 3.09 296 x 1074 3.09

16 256 x 10~° 3.55 222 x107° 3.74 2.06 x 10~° 3.84
32 5.05 x 10~° 2.34 1.33 x 10~° 4.07 341 x 1077 5.92

When 1 = 3.5, the solution of the equation satisfied the smoothness requirement of Theorem 2.
From the numerical results in Tables 1 and 2, it can be observed that the accuracy of the scheme (10)
was O(T? + h*) for different fractional orders w, which is consistent with the theoretical result of
the convergence accuracy.

When 1 = 1.5, the second-order partial derivative of u with respect to t was 0?u(x,y,t) =
17 (7 — 1) 12 sin(7tx) sin(7ry), which was unbounded at t = 0 when n < 2. Therefore, the solution
was not sufficiently smooth in this case. In order to capture the weak singularity solution at the
initial point, we let the temporal mesh grading parameter be v > 1. From the numerical results
in Tables 3 and 4, one can see that by selecting a different vy value (i.e., v = 1.5 and v = 2), the
theoretical convergence of the scheme (10) was restored, which shows that the scheme (10) based on
graded meshes indeed captured the weak singularity solution and could significantly improve the
convergence accuracy.
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Example 2 (Computational efficiency). In this example, we studied the computational perfor-
mance for the FL2-1, scheme (10). For the sake of simplicity, the case 1 = 3.5 in the above example
was used. To better reveal that the scheme (10) had improved computational efficiency, we compared
it with the two schemes (6) and (7). The numerical results are demonstrated in Table 5 and Figure 1.

Table 5. Comparison of CPU time of three schemes (6), (7), and (10) for Example 1 with h = 1/64
and T = 0.004/2%.

k=1 k=2 k=3
H'Error CPU(s) H'Error CPU(s) H!Error CPU (s)

(6) 166107 386 3.69x1077 985 478x1078  28.03
1.1 7) 1.80x 107 159 518x1077 550 196x1077  19.56
(10) 1.81x107® 103 504x1077 199 208x10~7  3.98

(6) 439107 367 1.14x107° 959  328x1077  27.68
15 () 425%x107° 143 997x1077 523 185x1077 1922
(10)  425x107® 094 997x1077 196 1.85x10~7  3.98

(6) 833x10°° 377 212x10°° 977 572x1077 2813
1.9 ) 819x107® 156 198x107°® 538 434x1077  19.66
(10)  819x107® 097 198x107°® 198  434x1077  4.07

&« Scheme

a = 1.5 and fixed 7=1/4 a = 1.5 and fixed h=1/4

10° | —o— (7) order = 1.9048
==B-— (10) order = 1.0504

160 -

140

120

—_
o
T

100

CPU time(s)
3
CPU time(s)

(o2}
o

40

20

0 L .
0 1000 2000 3000 10° 10%

M Nt

Figure 1. Comparison of computational costs with fixed &« = 1.5. (The dashed lines below the
numerical curves are the corresponding fitted curves, which are shifted down here for the convenience
of observation.)

From Table 5, we can observe that when the spatial step size h was fixed, the accuracy of all
three schemes increased as the number of temporal nodes increased. However, their computational
cost also increased. With the fixed same number of spatial and temporal nodes, the accuracies of
these threes scheme were almost the same, but the scheme (6) based on the direct solver took the most
time, followed by the scheme (7), while the FL2-1,(vy) scheme (10) took the least time, and this time
consumption gap increased with the increase in the number of temporal nodes.

For the case where o = 1.5, when the time step size T was fixed to 1/4, and the spatial grid
became denser, similar phenomena to those in Table 5 could be observed in the left subplot of Figure 1.
In particular, we compared the computational efficiency of the two numerical schemes (7) and (10) by
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plotting the CPU time versus Ny in a log-log style. In order to numerically quantify the complexity
of these two schemes, we expressed the CPU time in the form of Nj using least squares fitting and
reported the corresponding order r in the legend of the right subplot of Figure 1. One can see that
the order r of the FL2-1,(vy) scheme (10) was about one, while that of the DST-based scheme (7) was
near two. This indicates that the proposed scheme (10) based on the DST and SOE techniques is
more competitive in solving high-dimensional time-fractional problems. For other cases, such as
« = 1.1 and 1.9, similar numerical results were also obtained, and they are not presented here for
the sake of brevity.

6. Conclusions

In this paper, we proposed a fast compact difference scheme with O(7? + h*) conver-
gence accuracy to solve the two-dimensional time-fractional Cattaneo Equation (1). This
scheme is based on the DST and SOE techniques and has the ability of fast calculation in
both time and space. The stability and error estimate of the numerical scheme (10) based
on uniform meshes are presented rigorously. Numerical examples show that this scheme is
efficient and suitable for numerically solving high-dimensional time-fractional problems.

We remark that the results obtained in this paper can easily be generalized to other
high-dimensional problems. Aside from that, one may notice that although numerical
experiments have shown that the scheme (10) based on graded meshes can improve the
accuracy of solving high-dimensional non-smooth solution problems, the analysis of its
corresponding numerical theory is not an easy job. Such an issue deserves further study
and will be one of our upcoming research directions.

We note that the scheme presented in this paper is only for linear problems with
constant coefficients, while in practical problems, the equations are often accompanied by
variable coefficients or nonlinear terms. In the following work, we will try to extend the
methods of this paper to solve variable coefficients and nonlinear problems.
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