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1. Introduction

In this paper, we consider the following time fractional Cattaneo equation:

op

EJ’ SDYp—V-(aVp) = f(x,y,0), (x,y,1) € Qx (0,71, (1.1)
aVp-n=0, (x,y,1) € 8Q x (0,T], (12)

op(x,y,0
Py, 0) = p(ry),  PEXD o ayen (1.3)

ot

where Q = (xz,xg) X (y1,yr), 0Q is the boundary, T is the final time, and »n is the unit outward
normal to 0Q. p is the pressure, f(x,y,1), ¢(x,y), ¥(x,y) are given known functions, and a =
diag(a*(x,y,1),a’(x,y,t)) is a positive definite matrix, i.e., there are two positive constants a, and a*
such that

O<a,.<a"<a, O<a.<d <da".
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The Caputo fractional derivative g D? p is defined by

8 p(x. v,
€D p(x,y, 1) = )f p(” D seds, 1<a<2.

Equations of this type describe the combined diffusion and wave-like behavior of heat conduction and
have been widely used in various fields such as chemistry, biochemistry, thermoelasticity, and fluid
mechanics [1-3]. More discussions of (1.1)—(1.3) are given in [4, 5].

In recent years, many works have been devoted to numerical methods for the fractional Cattaneo
equation. For example, a high-order compact finite difference scheme for the generalized fractional
Cattaneo equation was proposed in [6], where the Caputo fractional derivative was discretized by the
classical L1 formula. Zhao and Sun [7] constructed a compact Crank-Nicolson difference scheme
for the one-dimensional fractional Cattaneo equation, where both the integer-order and fractional-
order time derivatives were discretized by the Crank-Nicolson scheme. Ren and Gao [8] developed
some compact alternating direction implicit difference schemes for the two-dimensional time fractional
Cattaneo equation. Wei [9] presented a new finite difference method to approximate the Caputo
fractional derivative and then applied it to introduce a fully discrete local discontinuous Galerkin
method for the fractional Cattaneo equation. Nikan et al. [10] studied a local meshless method for
the time fractional Cattaneo model.

The block-centered finite difference (BCFD) method is a powerful tool in computational fluid
dynamics [11-13]. The key idea of this method is to approximate the pressure at the cell center,
the x-component of velocity at the midpoint of the vertical edges of the cell, and the y-component of
velocity at the midpoint of the horizontal edges of the cell. The advantage of the BCFD method is
that it can guarantee mass conservation and approximate simultaneously the velocity and pressure
with second-order accuracy on non-uniform rectangular grids. Recently, the BCFD method has
been applied to solve various fractional partial differential equations, such as the time fractional
diffusion equation [14-16], time fractional advection-dispersion equation [17], nonlinear fractional
cable equation [18], and time fractional diffusion-wave equation [19]. In particular, the BCFD method
combined with the Crank-Nicolson scheme for (1.1)—(1.3) was analyzed in [20].

To the best of our knowledge, most of the above methods can only achieve (3 — @)-order accuracy in
time. Moreover, due to the nonlocal dependence of Caputo fractional derivatives, the above methods
require the storage of the solutions at all previous time steps, which leads to large computation time and
memory. In order to improve computational efficiency, Yan et al. employed the sum-of-exponentials
(SOE) approximation to the kernel function and proposed a fast and second-order ¥ £2-1, method for
the time fractional diffusion equations in [21]. Based on the ¥ £2-1,, formula and a weighted approach,
Lyu et al. [22] constructed a fast linearized finite difference scheme for the nonlinear time fractional
wave equation. Their scheme can achieve second-order accuracy in time and greatly reduces the
computational complexity. Subsequently, Bai et al. [23] presented a fast second-order finite-difference
time-domain method for the time fractional Maxwell system. Although there are some results of fast
BCFD methods for the fractional diffusion equations [24,25], there are no studies on the fast second-
order BCFD method for the fractional Cattaneo equation.

The purpose of this paper is to propose and analyze a fast second-order BCFD method
for (1.1)—(1.3). For the spatial discretization, we adopt the BCFD method, and for the time
discretization, we apply a proper linear weighted combination of the ¥ £2-1, formula for the Caputo
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fractional derivative [22], and establish fitted time approximations for the integer-order terms. Using
the special properties of the discrete coefficients and mathematical induction method, we derive the
unconditional stability of the proposed method rigorously. Then, by establishing a proper relation
between the velocity and the difference of the pressure, we show that the proposed method yields
second-order superconvergence in both time and space for the velocity and pressure in discrete L®(L?)-
norms on a non-uniform rectangular grid. Compared with the original BCFD method in [20], our new
method is more accurate and efficient.

The structure of the paper is as follows. In Section 2, we first introduce some notation and
basic results, and then develop a fast second-order BCFD method for (1.1)—(1.3), where a special
approximation is used for the solution at the first time step. In Section 3, we apply the mathematical
induction method to establish the stability of the method. The superconvergent error estimate is
derived in Section 4. Finally, in Section 5, three numerical examples are presented to support our
theoretical results.

Throughout the paper, we use C, with or without subscripts, to denote a generic positive constant,
whose value may vary in each occurrence.

2. The fast second-order BCFD method

To illustrate our fast second-order BCFD method, we introduce the velocity u = (u*,u”) = —aVp
and rewrite (1.1) and (1.2) as
0
L fDip+Veu=flenn  (wyneQx©.7] 2.1)
u=-aVp, (x,y,6) € Qx(0,T], (2.2)
u-n=0, (x,y,1) € 0Q x (0, T]. (2.3)

For the time discretization, a proper linear weighted combination of the ¥ £2-1,, formula is applied
for the Caputo fractional derivative and fitted time approximations are established for the integer-order
terms. Let N be a positive integer, 7 = % < 1 be the time step, o = 3‘7“, t,=ort,andt, = nr,0<n < N.
For a smooth function p on [0, T'], we define p” = p(t,) and p" = p(t,). Moreover, we set

n+l _

dpi =" L ot s (-0, n20,

T
et 3-20_,_, 20-1_,,
p - —n—l+o -n +a', n > 2,

2 2
pn+% _ pn—2 pn+l —-p" 1 ﬁn+2 " pn—%

dlﬁn - Cl/t\pn =, ﬁ" = D) n Z 1,

T T 2

D" = 2= 200d,p" + Qo — Ddp", n> 1,
Zi:pn+l — O_Dtpn+l—(r + (1 _O_)Dtpn—a" n>1.
The SOE approximation proposed in [21,26] reads as:

Lemma 2.1. Let 8 = a — 1. Then for given tolerance error € < 1, and final time T, there exist a
positive integer N,, positive quadrature nodes s;, and corresponding positive weights w; such that

| S e
— wje J
ra-p 4

<g Vtelor,T],
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and the number of quadrature nodes needed is of the order

1 1 T 1 1 1
N, = O(log—(loglog— + log—) + log—(loglog— + log—)).
g & oT oT g ot

Denote
1-a 22—«
ao T
I'G-a
L3
Aj — f (_ _ S)e—s_,-‘r((r+1—s)ds’
o \2
! 1
B; = f (s — —)e“"ﬂ(‘”]‘”ds.
0 2
Forn =0, let
A
1 _
S0 = -0
Forn > 1, let
N, 1
wje A = SBj], =0,
=1
N,
g5n+1) — Z wj[e—(n—k—l)szAj + e‘(l’l—k)S_/TBj]’ l<i<n-1,
j=1
Ne
(Uij + A, 1=n
=1
Denote
a 0
Dip'™" = 21 - )} + (20~ =,
- ap’.  ap°
D,p7 =b,(Dp"™7 - =) + =,
tP (Dip or ) o1
where

N,
< ~ 30 - 1)b,
bn — Z wje—(n—l)sj‘rBj’ bn _ ( (o8 )
=1

2(1 - O')gg’“).

Then, the weighted combination of the ¥ £L2-1, formula proposed in [22] for the Caputo derivative is:

a 0
2(1 - 0)g(dyp? - %x n=0,

Dt pn+1

Zg/({nﬂ)(DtpkH—o' _ Dtpk—cr), 1<n<N-1.
k=0
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According to [27-29], we have the following lemmas.
Lemma 2.2. Assume that p € C 4[0, T]. Then we have

0D plty) = D, p +0(g\1),
oD?p(tn)= o +e), 1<n<N-L

Lemma 2.3. Assume that p € C*[0, T). Then we have

op” op°
% = 20d,p* + (1 - 20)% +0(),
op"  ~
(')pt —dp™ +0@), 1<n<N-1.
Lemma 2.4. The sequence {b,)(n > 1) satisfies
-1<b, < 30 - 1.
1-0

Lemma 2.5. The sequences {g (’“)}(O <i<n)and{g""}1 <n<N-1,1<i<n)satisfy

(n+1) < (n+1) (i+1)
(@) gt Cg! (b)TZg <C1n<1ya<)§t

- 1 2—a
(©) leo Ar<Comaxn; (@ TZO: o < Clans.
Lemma 2.6. Assume that u € C*[0, T]. Then we have
u(ty) =" + O,
ut) =u'+0@?, 1<n<N-I.

Lemma 2.7. For any real sequence {F"}(1 < n < N — 1), when 1 and € are sufficiently small, we have
rl e C n i+1-0 < n i+1-0
Zdlpn+l[ Dz pn+1 _ Fn] > ng +])(sz +1 )2 _ Z gg )(sz +1 )2

n+1 n —o n+1 n\2
—(g{"" = gD, ) — gy (Dip” + o FY)
0

Lemma 2.8. For integer n > 0, let T, H and a,, b,, c,, d,,y, be non-negative numbers such that

M M M
aM+TanSTZynan+Tch+H, M >0,
n=0 n=0 n=0

and vy, < 1. Then

M M M
aM+Tan<exp(T I i )(Tch+H), M>0
n=0 n=0 —n n=0
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For the spatial discretization, the BCFD method is considered. Let N, and N, be two positive
integers. The domain Q is partitioned by ¥, X ¢,, where

%x:xL:x%<x% << Xyl = X

Gy iy =y <y3 < <Yyl =Dk

For1 <i< N,and 1 < j < N,, we use the following notations

_ K TNy Vit
X; = — yj= — 5
hi = x;,1 Xi 1, kji=y1 Yi-1
h = max h;, k = max k

1<i<N, 1<j<N

We assume that ¢, X ¢, is regular, that is, there exists a positive constant C such that

1<i 1 <i< Ny
1<j<N, 1<j<N

min {h;,k;} >C max {h;,k;}.
< N,

Define the grid function spaces:

Pr=1{qijll <i<N,1=<j<N,},

X [, X X _ x _ . .
Vi = {vi+%,j|v%,j VN T 0,0<i<N,1<j<N}

y_ ) _ _ . .
V, = {vl?,ﬂ%hfz% = vj,Nﬁ% =0,1<i<N,,0<j< N},
(Vh:(VZX(VZ.

For a function w(x, y), let w;,, denote w(x;, y,,), where / may take values i, i + % for integer i, and m may
take values j, j + % for integer j. Then, we define the differential operators:

Wis1m — Wi Wy jpl =Wt
[dw] = — [Dyw]; = ———=

1
i+5,m ’ ’
2 .
hi i kj
Wil y — Wi W) it — W) i
i+5.,m i—5,m 1i+1 )i
2 2 >J >J
[Diwlim = — ldyw], ji1 = —
. N
i j+i

For functions w and i, we define the following discrete L? inner products and norms:

Ny Ny

(W, ) = Z hikjw; Wi ;,
o

i=1 j=

Ne=1 Ny

(w,4). = Z Z hivskjwi ) Wit s
=1 j=1
N, Ny—1

(w,¥)y = Z hikj 1w, j 1 50
i1 j=1

2
lwllf = (w, w)r, F=m,x,)y.

AIMS Mathematics Volume 10, Issue 6, 14196-14221.



14202

For a vector-valued function u = (&%, «*), we define the discrete L> norm
2 2 2
lleellzpr = Mee[15 + a5
For1 <i<N,and 1 < j < N,, define

5 = 1 8 pi; N K &
Y8 ax2 8 9y

Then according to [11,20], we have the following lemmas.
Lemma 2.9. [If p is sufficiently smooth, then it holds that

95"

— = O(h* + k%),

Ey ( )

D67 = O(h* + i),

dsit =0 +k»), 1<n<N-1,
"D e =0 + k), 0<n<N-1.

Lemma 2.10. If p and u are sufficiently smooth, then for 1 <n < N — 1, it holds that

n+i

1—x — St —x n+4

I:;u i+%’j - _[dx(p - 6)]1-4_%7]- + GH_%’j(p 2)’ (xi+%,yj) € Q’
L™ _ e O+ (pr Q
|7 L; = lF-O +E LD, Gy e

with the following approximate properties:
e, (P =0 + B+ 1),
i+3,]

€ LW =0 + 1+ 1),

D=

Lemma 2.11. For (v*,v) € V), and q € Py, it holds that

(vax’ q)m = _(an de)x,
(Dyvy’ Q)m = _(Vy’ dyQ)y-

In order to obtain high-order approximations at the first time step, we use the Taylor expansion
to get

P7 =@+ oy + 0.
It follows from Lemmas 2.2 and 2.3 that
"D/ '+ 20dpt + (1= 20 - V- @ Vg + o) = £+ 07,
which leads to

20+ Ddip* = 20 +20= Dy + V- @ Vip+ o) + 7+ 0 7).
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Define

—— {(2(7 20— D+ V- (@ V(g + oti) + f”}.

_r
2(0+ Q)

Then we have

1
p —w
= 0(gy 7).

Therefore,
lw - p'l = O(). (2.4)

With the above preparations, our fast second-order BCFD method reads as follows: Find P" € $,
and U" = (U™, U>") € V;, such that

~ F —~a n = -~ "
[dtP]+l +[ ‘Z)t P]i,;l + [DxU ]i’j + [DyUy]i,j — f;

i, 2J°

1<i<N,1<j<N,1<n<N-1, (2.5)
_] _ —ax’”%[dxﬁ]j:ij, 1<i<N,—1,1<j<N,0<n<N-1, (2.6)
_y]:j = —a"2[dP],,,, 1<i<N,1<j<N,-1,0<n<N-1, 2.7)
with
P)i=¢j 1<i<N,1<j<N, (2.8)
Pl,=w;;, 1<i<N,1<j<N,, (2.9)
U =ul, 1SiSNe-LI<j<N, (2.10)
Urly =wiy 1SISNol<j<N-L (2.11)
Here,

0 0

u = _[axﬁ_go] , w0= _[aya_go] ,
o0x

W, =i, 1<i<N,1<j<N,

-1 3-20~ N 200-1

P = P7+ ——I[oP'+ (1 - o)(P' - 27P)],

ol 3-20—. 20-1

U™ = S50 + S [oU™ + (1 - ) (U™ - 21d, W)
—1 3-20~ 200

-1
=5 U+ T[aUy»O + (1 = o)(U”' = 27d,¥)].
3. Stability of the method

In this section, we study the stability of the method (2.5)—(2.11). The existence and uniqueness of
numerical solutions to (2.5)—(2.11) will follow from these stability results.
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Taking (V*, V”, Qp) € V), X Py, multiplying (2.5) by h;k;Q;;, summing over 1 <i < N,,1 < j<N,,
and using Lemma 2.11, we obtain that for ] <n <N -1,

AP, Q)+ (D P, Q) — (U™, d, Q) — (U, dy ), = (", D 3.1)

Similarly, for 0 < n < N — 1, it holds that

1 —x\*2 sl

((—U) v) = —(d,P", V), (3.2)
a* X
1 —\1+3 sl

((ny) Z,Vy) = —@P" W), (3.3)
a’ y

Theorem 3.1. For sufficiently small T and &, the method (2.5)—(2.11) is unconditionally stable with the
following estimate:

1

4 2
2
1Pl + 10"l < C[nf”nm + > (lloilln + lldsill, + lldyeill,) + (TZ IIf”IIi) ]

i=1 i=1

where

or=¢, 0=y, 03=V-(aVy), 04=V-(aVy).

Proof. To prove the theorem, we only need to show that for 1 <n < N,

4 2 1
2
$" < M+ 17l + - il + il + i) + (7 D 1712) | (3.4)
i=1 i=0
where
§" = max{(1P", + 1T+ 1T, 20 = DI g (3.5)

Now we prove (3.4) by the mathematical induction method. From (2.6)-(2.11), we easily know
that (3.4) holds for n = 1. Assume that (3.4) holds for 1 < n < N — 1. Then it is sufficient to
show that (3.4) also holds forn = N.

A simple computation yields

AP =dP', 1<n<N-1.
Thus, choosing Q = d,P"*! in (3.1) gives
1P R + (D PP, — (U, du(d, P ) — (0, dy(d ), = (. d P . (3.6)

Applying Lemma 2.7 yields

n n—1

1 i+1—02 i+1-02
D gD PR = 3 g ID P,
i=0 i=0

2( T@j Pn+1 , Fd:Pn+1)m

v
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(g(n+1) ggn))”DzPl_U”,zn (n+1)||DP 0'||2' (3.7)

Due to (3.2), we can get

(d,(iﬁ")”, V")x = —(d (P, V),

ax

It follows then that

e —n 1 —x\* —~
_(Ux,n,dx(dtp ))x - (dt(_U ) , Ux,n)
a* x
_ 1 ( 1 —x,n+% B 1 Ux,n—%,vx,rwé 4 ﬁx n—%)
2‘[' )Cl’l+2 Cl)c,n—i X
1 1 —en|? 1 1 \—xn+l —xn-1
= Sd|—=U" (d( ) LU 2) 3.8
2 ! axn x 2 t X,n . ( )
Li|—T" L cqm e TR
2 t ax’n N x x/-

Similarly, using (3.3), we can easily obtain

— —n 1
_(@", dy(d Py, > Edt(H

P\ —ynsl —yn-1
=0 y) — QTR + 1T D). (3.9)
Using the Cauchy-Schwarz inequality, we have

— 1 -
(f",d P, < E(”dtPrHl”; + 11111 (3.10)

Substituting (3.7)—(3.10) into (3.6), we conclude that

n n—1
r 12 +1 i+1-02 i+1-02
P E + Y g D PR = 3 gD PR,
i=0 i=0

1 — 2\n 1 — 2\n
= ) +d,( =0 ) 3.11)
a* x a y

1 1- : [ ,
D _ WD P2, + gD PR, + 111

+ d,(

<18

1 1
775070 X,’l 2 —y,n—f 2 Vit s o
+C(lU 2|| +IU 2|| 1Tl + 1021

Summing up (3.11) for n from 1 to N — 1 and multiplying by 7, we get

N-1 -
~ ; 1 —xn-1 —y,N-1
T dPl’H—l 2 +T (N) D Pl+1—0‘ 2 + —(IU" 2012 + U 2112
51 lld P11, E & IDP™ 7L, + —l Il + 1 )
< —(||U 2+ TR + e PID PR + § D P 3.12
g T g || 13 ||m ( . )

(n+1) _ (n)

1D P, +TZ||f”II ”Z“'U YT ).

el
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14206

Applying Lemma 2.8 to (3.12) gives

N-1 N-1 1 Nl Nl
7 pntl2 N +1-0 2 7N e N T2
v D MdPG + Y gMUD P — (T IR+ 1T
n=1 i=0
. . N-1
—%3.2 =32 1 l—-o 2 +1 -0 (|2
< C(IT I + 1T 1 + wg IDP 1R, + 7 ) 8l D P,

n=1
N-1
+7y
n=1

(n+1) ()
gln - g()n

N-1
1-02 2
IDPIE, + 7 YR )
n=1

By Lemma 2.5, we have

N-1 ) Nl N
ZTD[PHI—O' (T = )ngl('N)”DlPH—l_o—”;n
i=0 m i=0 &j i=0
N-1
N i+1—012
< c(r ¢VIID,P* ‘T||m).

IA

A direct computation shows that

3 1 2 = . 2
|G- 4= 3P - o-ny| + >0
> lH(§ —)P’ + (o - l)P1 —Qo-Dp + ]i D, P ’
~ 202 2 ! - ! .
1 3 1 2
— _|I(Z = PM+1 _ - PN—I
2“(2 o) + (o 2) N

From [22], we know that

N-1

> el < €,

n=

and

(n+1)

g —g <

N-1
)
n=1

Using Lemma 2.4, (2.8), and (2.9), we obtain

IDPI% = 1201 — o)d,P? + 20 — Dyl
< 2(1d.P?| + 12
< CUWIL, + llosllz, + lloallz, + 11£7112),
and
IDPI? = b.Dip" ™ + (1 = byl

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

AIMS Mathematics Volume 10, Issue 6, 14196-14221.
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IA

CUID:p" 112 + lIwl%)
CUWAL, + llosllZ, + lloallZ, + 117112,

IA

Combining estimates (3.13)—(3.19) yields
N-T 1
(v Do 1P+
n=1

4 2 i
< ClIf7l+ - ol + il + ey + (7 112 |
i=1 i=0

3 1
G =P+ (o - )P

m

On the other hand, using the triangle inequality, we have

—x,N-1 —y,N-1
U e+ Ul

m

1
H(% — )PV + (o - E)PN‘l

3 77x.N—-1+0 77v.N-1+0
2G5~ NPl + MU+ N0

1 - T7x,N=2+0 7 79,N-2+0
P N + NN + TN .

_(0-_2

Substituting (3.21) into (3.20), we get

3 77xN-1+0 779.N-1+0
(5 = OIPY [l + TN + 10N

1 - 77xN-2+0 T7.N=-2+0
PY  + MU+ 1TV

_(0-_2

1

4 2 1
< Il + D ol + el + i) + (7 1712 |
i=1

i=0

Now, we discuss the following two cases:
Case (I): [[PV|l,, + TN, + TNy < 1PV, + [TV 24| 4 ([N 24
Q) IF UM 7p < WOV Iz ar, then SY < SY¥! and (3.4) follows directly.
(i) IF 1UMl7p = 1U"Y Iz, then

\%

F7xN-1 [N~ N N
1T 072 o0 = (1= U™ g

> (20 = DUl

\%

From (3.5), we get
SN = |PY||,, + 0N 4 | TN < SV

and thus (3.4) follows directly.

Case (ID): [PV, + US|, + 1OV 2 1PV L + TSN 249, + |UPN-25 .

In this situation, we have

3 r7x,N-1+o r7y.N-1+o
(- ONIPY | + MU 4 (| TN ]

—x,N—l —y,N—l
+HU P+ L

(3.19)

(3.20)

(3.21)

(3.22)
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1 - r7x,N=-24+0 77v,.N=2+0
— (o - 5)[||PN Yo + 1TV 24 4+ 024 ]
> (2 = 20)[[IP [l + 1T, + 107N,
From (3.22), it follows that

N 77xN-1 77-N-1
1Pl + WU+ U0
1

4 2 1
<c|ifln + ;aminm +lldsorls + lldsaill) + (TZ; i) | (3.23)

Q) I NUM s < 1O Y7u, then we have

Subcase (1): SV = ||PY||,, + [|[U*N-14]|, + ||l~]y’N‘“"||y. Then, (3.4) easily follows from (3.23).
Subcase (2): SV = 20 — DU |lryu < Qo = DUV Y74 < S¥!, which immediately leads to (3.4).
(i) I 1UMl7p = 1U"Y Iz, then

|TN1N 4+ |ON) > 200 = DINOY |74
From (3.5), we know that
SN = [PVl + TN (TN

Using (3.23), (3.4) is clarified, and so the proof is finished. O
4. Superconvergence of the method

In this section, we investigate the superconvergence of the method (2.5)—(2.11).
Let us introduce the error functions:

§Zj:(P—p—6)Zj, I1<i<N,1<j<N,,
x,n o X X\n . .

ni%’j—(U —u)i+%’j, 0<i<N,1<j<N,,
’Tz}% :(Ux_ux)zﬂ%, 1 <i<N,,0<j<N,.

By (2.4),(2.8)—(2.11), we can easily obtain
1€ = 7™l = 1l lly = 0, E% = (=207 + 30 - %)61 =0T, (4.1)
7 = (=202 + 30 — %)n"’l + O+ 1), 7 = (=202 +30 — %)nﬂl +O(T* + k). (4.2)
Lemma 4.1. Assume that the analytical solution p is sufficiently smooth. Then, it holds that
7 e + 1l lly < C(@? + 1P + &),

Proof. Using the Taylor expansion, we have

3 2,12, 12
l?%’j + Ot + h” + k), (xH%,yj) €Q,

[alﬁ]J - [, - 5]
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1

1_12 — = 2 2,72
[;uy]i,ﬂé = —[dy(p - 6)]Zj+% + Ot + h” + k), (xi,yﬁ%) € Q,
which, in combination with (2.6) and (2.7), leads to

l—x% _ d & % O 2 h2 k2 O
|7 L;.j__[ @I, FOE R R, ()R

1_ 3 — 1
7], =@, roE e R, e
i,j+3

From (4.1) and (4.2), we then get

1
|| | =@y, 0@ R, g e,
a*2 i+1,j 2 2

1
[ay % ,7%1]. = [d(EN o +O@ R4, (uyjy) €L
, el
and consequently,
7 < Clddp' — @)l + C@* + h* + k%)
< C(T*+ 1 +1i).

Similarly,
" lly < C@* + * + i),

We conclude the proof by combining (4.3) and (4.4).
Using Lemmas 2.2, 2.3, 2.6, 2.9, and (3.1), we easily obtain thatfor | <n <N -1,

@™, Q) + (DL &, Q) — G d0)s — (P d,0), = (R, Q)

where
D& =2 =205, D& =b,DE,
and
ap? i ~ F~a
Rl = —=—d(p=0)' + 15D pli; = [ D (p - O}’
+ ox [D.u ]i,j + By — [Dyu ]i,j

O(gg”rl)T2 + W+ K +e).

Using (3.2), (3.3), and Lemmas 2.10 and 4.1, we conclude that for0 <n < N,

1 n+i il
() "v) =-@&™ v - @ v

ax

4.3)

4.4)

4.5)

(4.6)

4.7)

(4.8)
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1_, n+y —n+% , —yn+i

(7)) =@ v, - @ o, (4.9)
y

where

@ p) = O+ 2+ KD, @M (p) = O + P+ 1),

Theorem 4.1. Assume that the analytical solution p is sufficiently smooth. Then for sufficiently small
T and &, it holds that

1E" b + "Il + P "lly < C(@* + B + k> +6), 0<n<N.

Proof. The proof is similar to that of Theorem 3.1. We only need to apply the mathematical induction
method to show

S"<CET*+h +kK +¢e), 1<n<N, (4.10)
where
8" = max{(l&" |, + 17"l + 177"y, 2o = DA™ Il + 17" 11,)}- (4.11)

By (4.1) and Lemma 4.1, we know that (4.10) holds for n = 1. Assume that (4.10) holds for 1 <n <
N — 1. Then it sgfﬁces to prove that (4.10) also holds for n = N.
Taking Q = d,&"' = d,€ in (4.5) leads to

11 + (D & = R", &™), — G d(diE )y — G dy(dE )y = 0. (4.12)

Applying Lemma 2.7 yields

n n—1
F R r n i+1-o n i+1-0
20D ¢ R, 2 ) g UIDET N, = ) g IDE T,
i=0 i=0

= (" = gMIDE L, (4.13)
; I T
_ gf)ﬂ) D& + —(,m)R
go m

By (4.8), we have
(dt(iﬁ")", V) =~ V) = @& )V,

and therefore

~@", dy(d€ ) -
1 1
5|

t \/ﬁ

2
AIMS Mathematics Volume 10, Issue 6, 14196-14221.

(7 7) + @@,

2
7+ (€ (p), ")




14211

1/ (1 .
+ 5(d,( M)ﬁx’“f,ﬁx’"‘%) (4.14)
> —d,|| V_—” — U@ PP + T + 7).
Similarly, using (4.9), we can obtain
2

~@", dy(d &)y 2 dz

7N = CUd @ PYIP + 7212 + 172 ). (4.15)

1
Substituting (4.13)—(4.15) into (4.12) gives

y

n n—1
i 12 1 i+1—0 2 i+1-02
20 I+ D " IDE I, - Z g IDE R,

i=0
1 —x,n
n
A/ a*n

g(1n+ 1) (n)

2 2

L,
77”
var"

1-012 1
D12, +g§"”

+ d,

+ d,'

1 2
tg g( +1)R ”

+ C(Ild: € " (pI + lld, € (P))II; 12 1R + 172 1R,

(4.16)

Summing up (4.16) for n from 1 to N — 1 and multiplying by 7, we conclude that

(||‘“V“||2 TR + 21 Z I I, + rz g IDE

N-1

| T 2 1 — 12
< — (IR + PR + 7 ) (n+1>llR"ll +r2g(’” IDEI,

n=1

N-1
1 1-02
+ g IDE I +7 )

n=1

(n+1) _ (n)

8 ID£1I,

+Cr Z(Ildz(_x"(p))ll + [l E" (P

* CTZ(uﬁ”*zn 7).
Using Lemma 2.8, one gets
. | N-1 _ N-1 5
N2+ YRR 7 D e+ gD g L < ¢ Y T (4.17)
n=1 i=0 i=0
where

— ’l ) — ,l 2
Ty =721l + 172115,
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N—

1 (12
T IR,
1 go
1

—_

T,

> 3

1) —o 12
> g IDER,

n=

15

—_—

N-1
1 1-02
To =gy IDE™I, +7 )

n=1

(n+1)

g — gD g2,

N-1
Ts =7 ) (ldE" () + Id@" ()R-
n=1

Using (4.2) and Lemma 4.1, we have
T) < C(x* + h* + k%)%
Using (4.7) and Lemma 2.5, we obtain
N-1

1
CTZ +1)(g81+1)72 + W+ K+ 8)2

T, "
-1 80

IA

= 3

N-1

1
1
Cr E gg’JrI)T4 +Cr E (n+])(h2 + K+ 8)2
n=1

n=1 &0

IA

IA

C(T*+ I + i + &)
Using (3.16), (3.17), (4.1), and (4.6), we get
o C
T; < CIDE |3 < ;Hflnz < Cr,
C
T, < CIID£E"7|% < ;IIf‘II,ﬁ < Ccr.

By Lemma 2.10, we have

N-1

Ts = Cr ) (€ (I + € (@(p)I}) < C@ + I + ).
n=1
Substituting (4.18)—(4.22) into (4.17), we obtain
] | N-1 _
YRR+ 07+ 7 ) (Mg + gV IDE ) < CE + 12+ 1+ 2
n=1

Similar to the proof of Theorem 3.1, we can conclude that

3
- I + I M + 107711 ]

1
- (- 5)[|I§N‘] o + 17N 24+ 7PV 2]

(4.18)

(4.19)

(4.20)

4.21)

(4.22)

(4.23)
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<CHT*+ M +k+¢)2

Again, we discuss the following two cases:

Case (D): [|El + 17NN + 1PNy < Y"1l + 7Y 25N + 1PN 2.
In this case, we can obtain S < SV~  and (4.10) follows directly.

Case (ID): (€[] + 751 + 1Ny 2 16N Tl + 107N 2 + P25,
We use (4.23) to obtain

1EV Il + 17NN+ PN, < OGP + 2+ K+ 8) (4.24)
Following similar arguments as in Theorem 3.1, we can get
SY < SN or SM = 1EV N + 1T+ I (4.25)

By combining (4.24) and (4.25), we obtain (4.10), which completes the proof. O
Theorem 4.2. Assume that the analytical solution p is sufficiently smooth. Then for sufficiently small
T and g, it holds that

I(p = PY'lln + 1@ = U)'llrs < CT* + B + K2 +€), 0<n<N.

Proof. The proof follows from the triangle inequality, the estimation of ¢, and Theorem 4.1. O
Remark 4.1. Theorem 4.2 shows that our method has the second-order temporal accuracy, regardless
of the order of the Caputo fractional derivative. It is noteworthy that instead of presenting error
estimates for the velocity in discrete L?(L?)-norm [20], we provide rigorous error estimates for the
velocity in discrete L®(L?*)-norm. Moreover, the application of the SOE approach reduces storage and
computational cost. Thus, our method is more accurate and efficient than the original BCFD method
in [20].

S. Numerical experiments

In this section, we provide four numerical examples to verify our theoretical results. The first three
examples are chosen to demonstrate the accuracy and efficiency of the proposed method for smooth
solutions, and the fourth example is chosen to demonstrate the performance of the proposed method for
solutions with sharp boundary layers. These examples are taken from [20,30] with slight modifications.
In all experiments, we choose Q = (0,1)x (0,1), T = 1,a*=a" =1, = 107?, and use the Fast-BCFD
method and CN-BCFD method to denote our fast second-order BCFD method (2.5)—(2.11) and the
Crank-Nicolson BCFD method proposed in [20].

Example 5.1. The initial condition and the right side are chosen according to the exact solution

p(x,y, 1) = 1007 x*(1 — x)*y*(1 - y)*.

Example 5.2. The initial condition and the right side are chosen according to the exact solution
POy, ) = (1+ D)1= )%y (1 - y)%.

Example 5.3. The initial condition and the right side are chosen according to the exact solution

p(x,y, 1) = £%os(mx)cos(my).
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Example 5.4. The initial condition and the right side are chosen according to the exact solution
p(x,y,1) = £tanh(20x)tanh(20y).

To compare the accuracy of the Fast-BCFD method and the CN-BCFD method, we take N, =
N, = N and compute the solutions on three consecutive meshes with N = 40, 80, 160. The errors and
convergent rates for Examples 5.1-5.3 with different @ are shown in Tables 1-3, respectively. These
numerical results show that the convergence rates of the velocity and pressure in discrete L*(L?)-norms
are all around 2 for the Fast-BCFD method, and are all around 3 —« for the CN-BCFD method. Clearly,
the Fast-BCFD method is more accurate than the CN-BCFD method when « tends to 2.

Table 1. Errors and convergence rates of both methods for Example 5.1.

Method a N p" — Pl Order |u" = U1y Order
1.1 40 4.5547E-4 - 3.8636E-3 -
80 1.1413E-4 2.00 9.6888E-4 2.00
160 2.8565E-5 2.00 2.4252E-4 2.00
1.3 40 5.8065E-4 - 4.5369E-3 -
80 1.4581E-4 1.99 1.1405E-3 1.99
160 3.6518E-5 2.00 2.8578E-4 2.00

1.5 40 6.5259E-4 - 4.9172E-3 -
Fast-BCFD 80 1.6379E-4 1.99 1.2368E-3 1.99
160 4.0972E-5 2.00 3.0989E-4 2.00

1.7 40 6.5791E-4 - 4.9401E-3 -

80 1.6473E-4 2.00 1.2410E-3 1.99
160 4.1100E-5 2.00 3.1059E-4 2.00
1.9 40 59131E-4 - 4.5537E-3 -
80 1.4773E-4 2.00 1.1412E-3 2.00
160 3.6809E-5 2.00 2.8520E-4 2.00
1.1 40 2.5531E-4 - 1.6247E-3 -
80 6.6141E-5 1.95 4.0348E-4 2.01
160 1.7156E-5 1.95 1.0008E-4 2.01
1.3 40 4.2173E-4 - 1.3922E-3 -
80 1.2976E-4 1.70 3.1577E-4 2.14
160 4.0069E-5 1.70 6.9280E-5 2.19

1.5 40 1.0260E-3 - 6.1583E-4 -
CN-BCFD 80 3.7730E-4 1.44 2.5303E-4 1.28
160 1.3722E-4 1.46 1.3157E-4 0.94

1.7 40 2.6163E-3 - 3.9839E-3 -

80 1.1005E-3 1.25 1.9826E-3 1.01
160 4.5691E-4 1.27 8.9774E-4 1.14
1.9 40 6.2850E-3 - 1.5363E-2 -
80 2.9822E-3 1.08 7.7734E-3 0.98
160 1.4050E-3 1.09 3.7784E-3 1.04
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Table 2. Errors and convergence rates of both methods for Example 5.2.

Method @« N p" = Pl Order |ju"—-U"|ry  Order

1.1 40 2.1773E-5 - 1.3400E-5 -
80 5.5446E-6 1.97 3.3530E-6 2.00
160 1.3988E-6 1.99 8.3881E-7 2.00

1.3 40 2.0073E-5 - 1.5197E-5 -
80 5.1249E-6 1.97 3.8112E-6 2.00
160 1.2946E-6 1.99 9.5415E-7 2.00

1.5 40 1.8491E-5 - 1.5953E-5 -
Fast-BCFD 80 4.7351E-6 1.97 4.0012E-6 2.00
160 1.1980E-6 1.98 1.0017E-6 2.00

1.7 40 1.6968E-5 - 1.5891E-5 -
80 4.3597E-6 1.96 3.9693E-6 2.00
160 1.1051E-6 1.98 9.9180E-7 2.00

1.9 40 1.5427E-5 - 1.6415E-5 -
80 3.9770E-6 1.96 4.0669E-6 2.01
160 1.0097E-6 1.98 1.0124E-6 2.01

1.1 40 2.4095E-5 - 5.1024E-6 -
80 6.0357E-6 2.00 1.2736E-6 2.00
160 1.5120E-6 2.00 3.1744E-7 2.00

1.3 40 2.3674E-5 - 4.7435E-6 -
80 6.0253E-6 1.97 1.1553E-6 2.04
160 1.5392E-6 1.97 2.8038E-7 2.04

1.5 40 2.5165E-5 - 4.2276E-6 -
CN-BCFD 80 6.8076E-6 1.89 1.1653E-6 1.86
160 1.8851E-6 1.85 3.7917E-7 1.62

1.7 40 3.1189E-5 - 8.6029E-6 -
80 9.7784E-6 1.67 3.8927E-6 1.14
160 3.2519E-6 1.59 1.7141E-6 1.18

1.9 40 4.7383E-5 - 2.7019E-5 -
80 1.8426E-5 1.36 1.3965E-5 0.95
160 7.6872E-6 1.26 6.8800E-6 1.02
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Table 3. Errors and convergence rates of both methods for Example 5.3.

Method @« N p" = Pl Order |ju"—-U"|ry  Order

1.1 40 8.3329E-4 - 4.2722E-3 -
80 2.0857E-4 2.00 1.0693E-3 2.00
160 5.2175E-5 2.00 2.6749E-4 2.00

1.3 40 1.0588E-3 - 5.2738E-3 -
80 2.6540E-4 2.00 1.3218E-3 2.00
160 6.6430E-5 2.00 3.3082E-4 2.00

1.5 40 1.2119 E-3 - 5.9539E-3 -
Fast-BCFD 80 3.0384E-4 2.00 1.4926E-3 2.00
160 7.6042E-5 2.00 3.7352E-4 2.00

1.7 40 1.2623E-3 - 6.1778E-3 -
80 3.1613E-4 2.00 1.5472E-3 2.00
160 7.9031E-5 2.00 3.8680E-4 2.00

1.9 40 1.1776E-3 - 5.8014E-3 -
80 2.9437E-4 2.00 1.4505E-3 2.00
160 7.3489E-5 2.00 3.6218E-4 2.00

1.1 40 2.3487E-4 - 1.6142E-3 -
80 5.7677E-5 2.03 3.9897E-4 2.02
160 1.4143E-5 2.03 9.8518E-4 2.02

1.3 40 1.3782E-4 - 1.1831E-3 -
80 2.1693E-5 2.67 2.3911E-4 2.31
160 1.5014E-6 3.85 4.2355E-4 2.50

1.5 40 3.6029E-4 - 1.0294E-3 -
CN-BCFD 80 1.7237E-4 1.06 6.2302E-4 0.72
160 7.2154E-5 1.26 2.8488E-4 1.13

1.7 40 2.1646E-3 - 9.0437E-3 -

80 9.6238E-4 1.17 4.1327E-3 1.13
160 4.1150E-4 1.23 1.7925E-3 1.21
1.9 40 7.8199E-3 - 3.4163E-2 -
80 3.7992E-3 1.04 1.6736E-2 1.03
160 1.8100E-3 1.07 8.0056E-3 1.06

To compare the computational efficiency of the Fast-BCFD method and CN-BCFD method, we
compare the CPU time in seconds of both methods. Since the results for different a are very similar,
we only present the results for @ = 1.5 for brevity. From Table 4, one can check that for small time
steps, the Fast-BCFD method is more efficient than the CN-BCFD method.
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Table 4. CPU time in seconds with @ = 1.5 and N, = N, = 10.

N Fast-BCFD CN-BCFD
Example 5.1 4000 16.07 25.58
8000 31.85 83.22
16000 63.91 316.00
32000 129.42 1197.31
Example 5.2 4000 15.05 23.48
8000 29.94 82.55
16000 59.82 308.80
32000 119.39 1174.04
Example 5.3 4000 18.54 26.51
8000 36.95 88.77
16000 73.47 320.66
32000 147.52 1204.43

For Example 5.4, the exact solution exhibits a sharp layer at x = 0 and y = 0. In order to obtain
better accuracy, we adopt the following mesh function:

Numerical results for this example with @ = 1.9 are summarized in Table 5. Obviously, it can be seen
that numerical results using a non-uniform grid are also in agreement with our theoretical analysis.
Figures 1-3 depict the graphs of the exact solutions and the numerical solutions computed by the Fast-
BCFD method at time 7" = 1 on the non-uniform 40 X 40 mesh when @ = 1.9. For a better comparison,
Figure 4 shows the computed pressure profiles along y = x, u*-velocity profiles along y = 0.5, and
w’-velocity profiles along x = 0.5. One can observe that our numerical solutions are in good agreement

with the exact solutions.

Table 5. Errors and convergence rates of the Fast-BCFD method for Example 5.4.

N lp" = Pl Order " = U"|lrum Order
20 3.6921E-2 - 8.6083E-2 -

40 9.2329E-3 2.00 2.1518E-2 2.00
80 2.3087E-3 2.00 5.3842E-3 2.00
160 5.7695E-4 2.00 1.3470E-3 2.00
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Figure 4. The computed pressure profiles along y = x, u*-velocity profiles along y = 0.5,
and uw’-velocity profiles along x = 0.5 of the Fast-BCFD method at 7 = 1 for Example 5.4.

6. Conclusions

In this paper, a fast second-order BCFD method based on the ¥ £2-1, formula and a weighted
approach was presented for the two-dimensional time fractional Cattaneo equation. The corresponding
stability and superconvergence analysis on non-uniform rectangular grids were obtained. The accuracy
and efficiency of the proposed method were shown by four numerical examples.
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