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Numerical approximations for the tempered fractional Laplacian: Error
analysis and applications
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Abstract

In this paper, we propose an accurate finite difference method to discretize the d-dimensional (for
d > 1) tempered integral fractional Laplacian and apply it to study the tempered effects on the
solution of problems arising in various applications. Compared to other existing methods, our method
has higher accuracy and simpler implementation. Our numerical method has an accuracy of O(h®),
for u € C%ete(Q) if @ < 1 (or u € CH2~15(Q) if @ > 1) with € > 0, suggesting the minimum
consistency conditions. The accuracy can be improved to O(h?), for u € C%**+¢(Q) if a < 1 (or
u € C**717¢(Q) if @ > 1). Numerical experiments confirm our analytical results and provide insights
in solving the tempered fractional Poisson problem. It suggests that to achieve the second order of
accuracy, our method only requires the solution u € C11(Q) for any a € (0,2). Moreover, if the
solution of tempered fractional Poisson problems satisfies u € CP»*(2) for p = 0,1 and s € (0,1], our
method has the accuracy of O(hP*#). Since our method yields a (multilevel) Toeplitz stiffness matrix,
one can design fast algorithms via the fast Fourier transform for efficient simulations. Finally, we apply
it together with fast algorithms to study the tempered effects on the solutions of various tempered
fractional PDEs, including the Allen—Cahn equation and Gray—Scott equations.

Key words. Tempered integral fractional Laplacian, finite difference methods, error estimates,
fractional Allen—Cahn equation, fractional Gray—Scott equations.

1 Introduction

The anomalous diffusion of Lévy motion, in contrast to the normal diffusion of Brownian motion, has
gained a lot of attention in the last couple of decades [4,5,/11,/12,/14,[16]. Recently, the coexistence
and transition of anomalous to normal diffusion was observed in many fields, ranging from biology [12],
finance [3,/4], turbulence [7], to geophysics [18,[25]. To model such a phenomenon, several approaches
were proposed in the literature, such as truncating a stable Lévy process [15/17], adding a high-order
power law factor [22], including a nonlinear friction term [6], and exponentially tempering a stable Lévy
process [5,21]. In the tempered models [5L21], a damping term is introduced to exponentially temper the
power-law decay of the Lévy process. Hence, they can capture the transition phenomena of anomalous
diffusion in the early stage and then normal diffusion in the late stage. It shows that exponential
tempering offers many technical advantages over other approaches [2,/5|18}21},25]. However, the current
mathematical and numerical studies of the tempered models still remain limited. In this study, we
propose an efficient and accurate finite difference method to discretize the d-dimensional (d > 1) tempered
fractional Laplacian.

The tempered fractional Laplacian (—A + \)

o
2

is defined in hypersingular integral form [18}23,26]:

(—A + N3 u(x) = cg”\P.V./ u) = uly) g o ae(0,2), A0, (1.1)
R eAx—y| ’X — y’d‘i‘a
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for d = 1,2, or 3, where P.V. stands for the principal value, and |x — y| denotes the Euclidean distance
between points x and y. The normalization constant cg’A is defined as

] 2aar(d;a>/r(1—%), if A=0 or a=1,
2V/md F(g)/yf(_a)], otherwise

a,\
Cd =

with T'(-) being the Gamma function. Probabilistically, the operator represents an infinitesimal
generator of a tempered symmetric a-stable Lévy process |2,/18,21]. As shown in [1821], the tempered
a-stable Lévy process can approximate a traditional a-stable Lévy process over a short distance, while
over a long distance it behaves like Brownian motion. Hence, the tempered fractional Laplacian (—A+\) bl
couples normal and anomalous diffusion in a seamless way. In the special case of A = 0, the operator (|1.1])
collapses to the fractional Laplacian (—A)?2, which has been extensively studied (see [1,8,[10,/19,24] and
references therein). Note that many other tempered fractional derivatives exist in the literature, such as
the tempered Riemann-Liouville derivatives [2./5], tempered Caputo derivatives 5], and tempered Riesz
derivatives, but in this study we focus on the tempered integral fractional Laplacian .

So far, numerical methods for the tempered fractional Laplacian (—A 4+ )2 still remain very limited.
In one-dimensional (i.e., d = 1) cases, a finite difference collocation method is presented in [26] to
solve the tempered fractional Poisson equation, while later a Riesz basis Galerkin method is proposed
in [27]. Recently, a finite difference method based on the bilinear interpolation is proposed in [23] to
discretize the two-dimensional (i.e., d = 2) operator (L.1). To the best of our knowledge, the current
numerical methods for the tempered fractional Laplacian suffer two main limitations: low-dimensional
(i.e., d = 1,2) discretization and a-dependent accuracy, e.g., O(h?~%), with h a small mesh size. In
this paper, we propose accurate finite difference methods to discretize the general d-dimensional (d > 1)
tempered integral fractional Laplacian . The main contributions of this study include:

(i) New finite difference methods are proposed to discretize d-dimensional (for d = 1,2,3) tempered
fractional Laplacian (—A +\)2. In contrast to other methods, our schemes take similar framework
for any dimension d > 1, making both error estimates and computer implementation much easier.

(ii) Error analysis in this study provides a tighter consistency condition. Moreover, we prove the second-
order accuracy with much less regularity requirements. In the special case of A = 0, our analysis
improves the error estimates in [8] for the fractional Laplacian (—A)Z.

(iii) Our method can achieve the accuracy of O(h?) for any a € (0,2), in contrast to an a-dependent
accuracy O(h?~%) of other existing methods. Moreover, it always yields a (multilevel) Toeplitz
stiffness matrix for d > 1, enabling efficient implementations via the fast Fourier transform (FFT).

This paper is organized as follows. In Sec. [2| we first introduce the general framework of our method
and then present the detailed schemes for one-, two-, and three-dimensional cases. In Sec. [3| numerical
analysis is presented to study the local truncation errors. In Sec. we present numerical experiments
to test the performance of our method in approximating the operator and in solving fractional Poisson
problems. Two tempered fractional problems, i.e., Allen—Cahn equation and Gray—Scott equations, are
presented in Sec. [f|to study the tempered effects of the operator. Finally, we make conclusions in Sec. [6]

2 Numerical methods

The main numerical challenges in discretizing the tempered fractional Laplacian (—A + )\)% are from
its nonlocality and strong singular kernel function. As mentioned previously, the existing numerical
methods are limited to the one- and two-dimensional cases [23],126], and no reports can be found for
three-dimensional tempered fractional Laplacian. Moreover, these methods have an a-dependent (i.e.,
rate of (2 — «v)) accuracy. In this section, we propose a new and accurate finite difference method for any
d-dimensional (d > 1) tempered fractional Laplacian ([1.1]).



Let © € R% be a bounded domain, and Q¢ = Rd\Q denotes its complement. Here, we consider the
tempered fractional Laplacian on domain Q (i.e., x € Q) with extended homogeneous Dirichlet
boundary conditions on Q¢ (i.e., u(x) = 0 for x € Q°). Let £®) = |z; — y;| for 1 <i < d, and define a new
vector £ = (5(1), €@ ... f(d)). For an integer M > 0, we denote the index sets

%M:{(ml,mg,‘--,md)logmiSM, forlgigd}, %M:%M\(O, 0,0)

Then, the tempered fractional Laplacian (1.1)) can be reformulated into a weighted integral as:

A+ N Ful) = =i [ (5,6 wn s (€) e, (21)

+

where RY = [0, 00)%, the weight function wy ., = |£|7~(@*®) exp(—\|¢|), and

1 m
P (X, €) = FW( Y ulx 4 (~1)™o€) - 2du(x)> (2.2)
meorg
with v € (o, 2] being a splitting parameter, the vector (—1)™ = ((—=1)™, (=1)"2, .-, (=1)"), and

a o b denoting the Hadamard product of a and b. In other words, we split the strong singular kernel
function of the tempered fractional Laplacian into two weaker parts, i.e., |77 in function ¢4~ and
|€ \7*(d+a) in the weight w) . Note that one key idea that distinguishes our method from other existing
methods is to split the kernel function and approximate the resulting integral by the composite weighted
trapezoidal rules. Here, how to choose the splitting parameter v and where to include the damping term
e~ &l play a crucial role in determining the accuracy of the finite difference methods; see more discussion
in Remarks 2.1l and [B.11

Denote © = (a1,b1) x --- X (aq,bq). Choose L = maxj<;<q4{b; — a;} and define mesh size h = L/N
with integer N > 0. We then define the grid points &, = (5,(;), §,(€§), S f,gj)) for k € sy, with 5,(;) = k;h.
For each k € s¢n_1, define the element Iy = [kih, (k1 + 1)h] X [kah, (ko +1)h] x --- X [kqh, (kq+ 1)h)].
Then, the tempered fractional Laplacian in can be rewritten as:

(-84 0Ru60 = 3 [ arte eyt [t Gun (@), (23)

k€xn_1

where Dg = R4\ [0, L]9. Tt is easy to verify that if x € Q and &€ € Dy, the point (x + (—1)™ o §) € Q° for
m € s, and thus the extended homogeneous Dirichlet boundary conditions imply that u(x+(—1)™0€&) =
0. This fact simplifies ¢4~ (x, &) = —24|¢|7u(x) and reduces the second integral in (2.3) to:

/D (x4 (€) dE = —“éff) /D el reae. (24)

For the integrals over element Iy, we divide our discussion into two parts. For |k| # 0 (i.e., k € 2eny_1),
we apply the d-dimensional weighted trapezoidal rule and obtain:

/] (6, €un s (€) dE f( Z #a (% €rcin)) /1 e Slep de. (2.5)

For |k| = 0, the integral over Iy can be similarly approximated in form of (2.5]), but the term ¢4, (x, &g)
should be replaced with limg_,0 ¢4 (x, &), since a singularity occurs at £ = 0. Assuming that this limit
exists, then it depends on the choice of splitting parameter v € («, 2]. If v = 2, it is approximated as:

hm wa2(x,8) ~ (— — 1) Z wa2(x,&,) — Z ©va2(x, &),

[n|=1 nesx, [n|#l



while for any v € («, 2), this limit is zero, as glil% Vi~ (x,8) = glin})(c,adg(x, €)|€/*77). Combining the above
— —
limits and (2.5 with |k| = 0 yields the approximation:
1 - —(d+a
[ st @uns@ e~ oo (5 chpan(xen)) [ e Nlepoag, (2.6
0 0

nex

where c;, = 1 for v € (a,2) and any n € 7; if v = 2, ¢ = 2%/d for |n| = 1, and ¢, = 0 for |n| # 1.
Combining (2.3)—(2.6)) and rearranging terms, we obtain the following approximation to the d-dimensional
tempered fractional Laplacian (—A + \)2:

> wan(x £k)/ e‘”ﬁ'!sﬁ‘(“a)dg—4du(x)/ ¢ Ml g~ (de0) gg

Ken_1 Tx Dy

* L%J <<%j ) PIECIAEEDY wd,v(x,ﬁk)>/l e_M&I&I”_(d*”‘)dE}, (2.7)

k|=1 ke, [k|#]

for x € Q, where || represents the floor function, and Tx = (Upe., Ik-n) N0, L) (for k € sn_1)
denotes as the collection of elements associating with &, i.e., elements that have &, as a vertex.

Remark 2.1 (Effect of the damping term). We emphasize that in order to obtain the optimal accuracy
for all a € (0,2), the damping term e Ml must be included in the weight function as written in and
then eventually retained in the integral.
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Figure 1: Comparison of numerical errors in approximating (—A + A\)2u. (a)&(c): Including e €l in
the weight function as that in (2.1)); (b)&(d): excluding e~ ¢! from the weight function.

To demonstrate it, we compare in Fig. [1| numerical errors of two methods obtained by, respectively,
. : . . . . 3+<&
including and excluding the damping term from the weight function, where we choose u = (1 — z2) ++ 2,

A= 0.5 and v = 2. Fig. [1] (a)&(c) show that including the damping term e~ ¢l in the weight function
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leads to the second-order accuracy, independent of o and d. By contrast, excluding it from the weight
function yields a method with an a-dependent accuracy; see Fig. [1f (b)&(d). Moreover, the numerical
errors in Fig. (1| (b) & (d) are much larger than those in Fig. [1| (a)&(c) with the same parameters.
Combining ([2.7)) with (2.2} ., we can obtain the finite difference approximation to the tempered integral
fractional Laplac1an (—A+ )\) Without loss of generality, we assume that N, = N, and choose IV, and
N be the smallest integer such that az + Nyh > bs and a3+ N.h > b3. Define the grid points z; = a1 +1ih
for 0 <i < Ny, y; = az +jh for 0 < j < Ny, and 2, = az + kh for 0 < k < N.. For the convenience of
the reader, we will summarize the finite difference scheme for d = 1,2 and 3 in Sec. respectively.

2.1 One-dimensional cases

In one-dimensional (i.e., d = 1) cases, notice the definition of ¢y, in , ie., p1,(x,&) = u(z - &) —
2u(x) + u(z + €)]/€7, which can be viewed as a (weighted) central difference approximation to operator
Ozz- Substituting it into and rearranging terms, we obtain the finite difference approximation to
the 1D tempered integral fractional Laplacian (—A + \)? as

Ny—1—1
(—A+ )7 u = (aoul + Z Amli—m + Z amul+m> 1<i<N, —1. (2.8)

Due to its nonlocality, the approximation of (—A + )\)% at point z; depends on all points in domain €.
The coefficients a,,, depending on the splitting parameter v € («, 2], are given by

“2AT(—a,AL) =2 > ap, if m =0,
1<n<Ng
ATV 9 o
2&7521“@) (v, 2)h) P(l/,)\h)), if m=1and~y=2,

2mYhY (F(V’ (m —1)Ah) = T'(v, (m + 1)>\h)), otherwise

Wlth v =1v—aq, and f(a b) represents the upper incomplete Gamma function. In the special case of
=0, . reduces to the finite difference method for the 1D fractional Laplac1an (=A)2 in [8,9].
Denote the vector u = (uy,ug,--- ,un,—1)L. We can write . into matrix-vector form of

(—A+ )\)Eﬂ/u = Aju, where A; is a positive definite symmetric Toeplitz matrix with its entries satisfying
Aij = Aiv1j41 = aji_j|, 1<4,7 <Ny —1.

Hence, the matrix-vector multiplication Aju can be efficiently computed via the one-dimensional FFT

with computational costs of O((N; — 1) log(N; — 1)) and storage of O(N, — 1).

2.2 Two-dimensional cases

In two-dimensional (i.e., d = 2) cases, we denote u;; = u(x;,y;). Setting d = 2 in (2.7) and noticing
the definition of ¢3 - in (2.2)), we obtain the finite difference approximation to the 2D tempered integral
fractional Laplacian (—A + )\)% as: for 1<i<N,—land1<j <N, —1

Ny—1—j

(_A+)\)i,yuij :_Ca7 |:a00uz]+ Z ( Z AmnU(i—m)(j— n)+ Z amnu(i—m)(j+n)>
m—l—n;éO n=l
Ny—1—1i 7—1 Ny—1-—3
+ 2 ( D G- D @mn“<z’+m>u+n>>} (2.10)
m=0 n=0 n=1
m~+n#0



Denote o(m,n) as the number of zeros among integers m and n. Then the coefficients a,,, are given by:

90 (m;n) \
el g (2t Cnm | = Mgl gpr—(2+a) .
4‘£mn|’y</ ‘ ¢l A€ + Cmn bJ / € €] d€>, if m+mn >0,

Tmn IOO
Qn, = N N
—2) " (aio+aoi) —4 Y ai; — 4/ e~ NEl|g|=(2+) geqn, if m=n=0.
i=1 ij=1 D
where the constant ¢y; = ¢i9 = —¢11 = 1, and ¢é,,,, = 0 for other m,n > 0.
Denote the vector u,; = (Ul,j7u2,j7~~-,UNz—1,j) for 1 < j < Ny, — 1, and the block vector u =
(ugp1,ug2, ..., Uy, Ny_l)T. We can write the scheme (2.10) into matrix-vector form (—A + )\)E,Yu = Asu.

Here, the matrix As is a symmetric block Toeplitz matrix, defined as

Az,() Ax,l cee AI,Ny*?) Ax,Ny72
A:p,l A:L",O Ax,l tee A$,Ny—3
Ay = : . . . : (2.11)
Ay N, -3 . Azn Azp Aza
A:B,Ny72 A:E,Nny v ACC,l Az,O MxM

with M = (N, —1)(NN, —1) being the total number of unknowns, and each block A, ; (for 0 < j < N, —2)
is a symmetric Toeplitz matrix with its entries defined as

(Axrj)i,k = (Axvj)i+l,k+l = Qli—klj> 1< /i’ k B Nx - L

Since Ajs is a block-Toeplitz-Toeplitz-block matrix, the matrix-vector multiplication Asu can be computed
efficiently via the two-dimensional FFT.

2.3 Three-dimensional cases

In three-dimensional (i.e., d = 3) cases, we denote u;j, = u(z;,y;,2x). Setting d = 3 in (2.7) and
substituting @3, into it, we obtain the finite difference approximation to the 3D tempered integral
fractional Laplacian (—A + \)2 as:

(—A+ A),f,yuijk = —Cg’/\ [aooo Uijk + Z ( Z Am00 Ufi4(—1)Pm]jk T Z 0RO Ui[j+(—1)Pn]k

p=0,1 mESf’ neS?

+ Z aOOsuij[k+(1)Ps]> + Z ( Z Z A0nsWij+(—1)Pn][k+(—1)9s]

seSy P,q=0,1 *seSinesy
D Dm0t (vl D D “mnOU[z'+<—1>Pm1[j+<—1>m1k)
seSl mesS? nesy meSy

1
+ Z Z Z Z amns“w(—l)ﬁm}[j+(—1>gnuk+<—1)fs}]7 (2.12)

P,q,;7=0 s€S} ne ST meSy
for1<i<N,—-1,1<j<Ny—1,and 1 <k <N, —1, where the index sets

SP={IlleN, 1<i+(-1)PI<N, -1},
SP={l|leN, 1<j+ (-1l <N, -1},
SP={l]leN, 1<k+(-1)PI<N,-1}, p=0,orl.



The coefficients a,,s are given by:

N N
—2> " (aio0 + aoio + aooi) —4 > (ao; + aio; + aijo)
i=1 ij=1
N
Amns = -8 Z aijk — / *)\‘£|‘E‘*(3+a) dg, ifm=n=s=0,
1,5,k=1 Ds
20(m7n7s)
2ot ( / e NElg[—G+) ge _ g H / ¢ NEl|gr—(3+a) dg), otherwise,
8’£’V7’L’I’LS|’y mns 2 IOOO
where o(m,n,s) denotes the number zeros among integers m,n and s, and N = max{N,, N,, N.}. For
m,n,s < 1, the constant ¢p,,s = —% if o(m,n,s) =2; ¢uns = 1 if 0(m,n,s) =0 or 1. In other cases, i.e.,
if one of m,n,s > 1, Gpps = 0.

Denote the vector u, ;i = (Uljka ceey U(Nx_l)jk), the block vector ug , = (ux717k, ey Ua:,Ny—l,k),
and then u = (ux,%l, . ux,%NZ,l)T. The matrix-vector form of (2.12) is given by (—A—l—)\)gvu = Asu,
where the matrix Az is defined as:

Ar7y70 Al’,y71 tte Ax7y7N273 Ax7y7sz2
Al’:y’l Aw,%O A%%l e A‘rvyuNZ_3
A3 = E ‘. . ‘. . S . E
A%y,Nz—S S ALy,l Aw,y70 Aw,y,l
AIfnyZiz A"L’7y’NZf3 cte ACE:Z/J Axvyzo

For k=0,1,..., N, — 2, the block matrix

Az 0k Az 1k v Apny-3k Az N,-2k
Apik Avor Az e Az N, -3k
Ax,y,k: )
Ay N, —3.k . Avir  Azok Az ik
Ag Ny—2k AgN,-3k - Ap ik Azok

and each block A, ;1 is a symmetric Toeplitz matrix with its entries defined as

(Ar,j,k)i,l - (Ax7j)i+1,l+1 = QJil|jks 1<il<N;— 1L

Similarly, the matrix-vector product Asu can be efficiently computed via the three-dimensional FFT.

3 Error analysis

In this section, we study local truncation errors of our method in approximating the tempered fractional
Laplacian (—A + )\)%. Without loss of generality, we will provide detailed error estimates for the one-
dimensional cases, and the generalization to two and three dimensions can be done by following similar
lines. For k¥ € N and 0 < s < 1, we denote C**(R%) as the space that consists of function u : R? — R
with continuous derivatives of order less or equal to k, and their k-th (partial) derivatives are uniformly
Holder continuous with exponent s. Let w : [a,b] — R be a non-negative integrable function. We define

ol = [(w© U der [Two e selot, men (3.1)

which can be viewed as an extension of the generalized Peano kernel function. It is easy to show that for
any m € N, there is

\@[ab (z)] < C(b—a) /|w §lde,  x € la,b]. (3.2)
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The main technique used in our proof is the extension of weighted Montgomery identity [8.|13]. For the
convenience of the reader, we will review it in the following lemma.

Lemma 3.1 (Extension of the weighted Montgomery identity [8]). Let w, f : [a, b] — R be integrable
functions. If the derwative f) exists and integrable for n € N, we have

b b
| (2@ - @~ 10wy do = (-1 [ 6050 @) ") do
> (O B ) - 6 ) 4N ().
k=2

If w =1, Lemma gives the error estimates of the conventional trapezoidal rule. Next, we will
present some often used properties of the central difference quotient ;. For notational simplicity, we

will omit  and let p1(§) := p1,4(2,§), and also denote gagnv)(f) = 0fp14(2, §).
Lemma 3.2. Let 0 < s <1 and £ € RT.
(i) If u € C™*(R) for m = 0,1, there exists a constant C > 0, such that ‘g0170(§)| <ogstm,
(i) If u € CY5(R), then the derivative ¢ ewists. Moreover, there is a constant C' > 0, such that
01, (§)| < CE for any v € (o, 2].
(i) If u € C™*(R) for m = 2,3, the derivatives ¢} 5, @7, evist. Moreover, there exists a constant
C > 0, such that ‘(p'm(f)‘ < Ces—B=m) and ‘(p’l’vg(f)‘ < ogs—mm

The proof of Lemma [3.2] can be done by directly applying Taylor’s theorem. In the following, we will
present our main results in Theorems and for a € (0,1) and « € [1,2), respectively. Define the
local truncation error as:

el (%) = (A + NFux) - (A + N7 u(x), for x e (3.3)

Theorem 3.1 (Error estimates for 0 < a < 1). Let (—A—I—)\)EV be the finite difference approximation

of the operator (—A + )\)%, with h a small mesh size. Suppose that u has finite support on the domain
QC R For0<e<1—a, there ezists a constant C > 0 independent of h, such that

(i) if u € C¥*2(Q) and v € (a, 2], the local truncation error satisfies Hegﬁ(x)Hoo < Ch®.
(ii) if u € C***¢(Q) and v = 2, the local truncation error satisfies Helg[’z(x)w><> < Ch?.
Proof. Here, we will focus on the proof for d = 1. From ([2.3)—(2.5) and (2.6) with d = 1, we obtain

A &
eg;y(*r) = _012 (/0 (2901,7(5) _C,{@l,w(gl))w)\,'y(f)dg
N-1 Sit1 ca’A
+ / (2%,7(5) —p14(&) — 801,7(51;+1))w/\,7(5)d§] =— 12 (I+11), (34)
i=1 V&

where constant ¢] is defined after (2.6). We will then prove Cases (i) and (ii) separately.

Case (i) (For u € C’O’O‘*s(R)): Formally, we can rewrite ¢1,(§) = £ 7p1,0(§). Using the triangle
inequality and Lemma [3.2] (i) with m = 0 and s = a + ¢, we obtain

h
11| = / 201,0()& T — ] p10(61) & 7€ HO‘)) Aédé’

0

(f
(f

C

IN

lp10(6) |67 de + h™ 7/ |p10(&1)]g7 =) df)

IN

C 61@+m%7/§7“a%><0m (3.5)
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For term II, we first add and subtract (@170(&) + @170(&“))5_(1“‘)6_& and then use the triangle
inequality, Taylor’s theorem, and Lemma (i) with m = 0 and s = a + ¢, to obtain

N— Eit1
|11 < Z /5 1261,0(6) — 10(&) — w10(&1) [TV de

NZloptin
+ Z / Z ‘5_7 - 'f;p/m‘ }801,0 (§Z+m) ‘é’y_(l‘f‘a)dé-
i=1

&i m=0,1

C(NZ/ T (1l ate g e+ ) o+ e

<
m=0,1
/imh( max (v+1)+ max C7(7+1)>\§'+ ’a+5§’y(1+a)d€)
& nelee” Cele€iva] e
<

C<Z/ hoe+a£ (14+w) d§—|— Z/ v+1) (§a+a) (57 (1+a) )df)

_ C<ho¢+€/}; 5_(1+a)d§+h/h €€—2d§> < thzs7

where we use the fact that for i > 1, if £ € [§, &+1], then &1 < 2& < 2¢. Combining (3.4)—(3.6) leads
to Heé‘m(z‘)Hoo < Chf immediately.

Case (ii) (For u € C*>%¢(R)): Setting v = 2 and using Lemma [3.1| with n = 2 to (3.4, we get

A & $z+1
chale) == (2 [ (1206 - pnaten))e e e+ Z / O, (€06 (6) de
N-1 ca’)‘ - - -
(0l )b (i) — O (E)eh (&-))) =S+ M+101). (36)

i=1

By Taylor’s theorem and Lemma (iii) with m = 2 and s = a + ¢, we obtain

|I\—2‘/< N d&) e Neg1 “dﬁ‘ 0/ (/ ¢ 2@ d )“‘dé
o & )( [eeu) <cm

For term I, using the triangle inequality, property (3.2)), and Lemma (iii) with m = 2 and
$ = «a + €, we obtain

IA

IN

N-1 gy N-1 Sit1 Eit1
= (1) " h A l—a ate—2 g )
1] < ;/ﬁ !@[&@H]@y|¢1,2<5>\dsgc§( [ e ) ([ eerag
N-1 Eit1 Eit1
h ‘—1 lfad ; a+€72d
e 2(/5 ele 5)(/5 €t 5)
N-1 §it1 Eit1 N-1 o cgig
< Ch —od. ate=ly ) < Ch? ==lge < Ch?, 3.8
;(/ ¢ s)(/g goe g ;/ﬁ el (3.8)

where the third inequality is obtained by using the same property as in obtaining (3.6), and the second
inequality from the end is by the Chebyshev integral inequality.



For term I1I, we first rewrite it as

N—-1
== (0 &) =0 1(€))@hal€) + O ¢ (€)1 2(61) = O | ¢ 1(En)Fa(En)

=2

To estimate term 11, we define an auxiliary function G(x f bi g glma(g — €) dé. Noticing the
definitions of ® and G, and by Taylor’s theorem, we obtam
10, e (&) - ()] = |G(E1) = G(&)| < OW*_ max  |G"()] < O, (3.9)
[&z 17&1 527£z+1] §E[§i71 EiJrl]

where we use the fact that G(&) = G'(&) = 0 and lfnaxge[§ 1 fin] G (€)] < C¢;7“. Using the triangle
inequality, Lemma, (iii) with m =2 and s = a + ¢, and , we obtain

N—
|Ij[1| = Z §z 1,6 (&) — EEIZ),&H](&)"80,172(&)’
=2
N-1
< Ch3 Z€ a€a+s 1 < Ch2/ 55 ldg < Ch2+s
=2

Using Lemma (iii) with m = 2 and s = o + € and the property (3.2)) to term I1I5, we obtain

- &2
|IIIQ‘ = ’@372(51)”@&? 52](51” < Cha-i-e—l <h/ 6—>\§£1—a d£> < Chote (é—%fa _ 1 > < Ch2+8
1

Following similar lines and using Taylor’s theorem, we get

_ EN
‘IIIg‘ “P12 fN H@[&v . (EN)‘ < C§a+€ 1<h/ —)\fé-l adf) < Ch§a+8 1( ]2V—04 o ]2\7—_(11> < Ch2
EN-1

Combining the above estimates on I111, II1I5 and 1113, we obt_airl | III | § Ch?. Hence, the error bounds
in Case (ii) is obtained by combining the estimates on terms I, /1 and I11. O

Theorem [3.1] indicates that for o € (0, 1), our method is consistent if v € C%**+¢(Q) with small € > 0,
independent of the splitting parameter . Furthermore, if choosing v = 2, our method has the second-
order accuracy for u € C%*+¢(Q). The above conclusions hold for any dimension d > 1 and A > 0. Note
that if A\ = 0, Theorem [3.1| (ii) improves the results in [§] for the fractional Laplacian (—A)?, i.e., proving
the second-order accuracy with a much less regularity requirement.

Theorem 3.2 (Error estimates for 1 < a < 2). Let (—A—F)\)}%7 be the finite difference approximation

of the operator (—A + )\)%, with h a small mesh size. Suppose that u has finite support on the domain
Q C R For0<e<2— a, there exists a constant C > 0 independent of h, such that

(i) If u € CH7142(Q) and v € (o, 2], the local truncation error satisfies Hegﬂ(x)Hoo < Che.
(ii) If u € C371%¢(Q) and v = 2, the local truncation error satisfies Hegz(x)Hoo < Ch2.
Proof. Again, we will focus on the proof for d = 1 and divide our discussion into two parts.

Case (i) (For u € CH*"'*¢(R)): Using Lemma [3.1| with n = 1 to the error function (3.4)), we get

o\ 13 &itr1
eha@) = -2 ( /0 (2601(6) = 1(60) ) (€)de - Z / fg),mlgs)waﬁ(e)ds)
a,\
= —L-(r+1). (3.10)
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For term I, using the triangle inequality and then Lemma (i) with m =1 and s = a — 1 + ¢ yields

1]

h
‘ | (erale) ) = praten 76 ) e ‘
h h 3
< C(/o ‘801,0(5)|5_(1+a) dg§ +/o le1,0(61)] & ’va_(Ha)dﬁ)
h h
< C(/ §a+s§*(1+a)d§ 4 ha+€“f/ §7(1+0‘)d§> < CHhE. (3.11)
0 0
By triangle inequality, Chebyshev integral inequality and Lemma (ii) with s = a — 1 + &, we get

Py Nl Sit1 i+l
11| < Z/g }@Eﬁoi),&ﬂ](g)"(pllﬂ(g)‘df < C Z (/5 gy—(1+a) d§) (/ﬁ gote—1—y d§>
=17 i=1 i ;

N-1 rgi
< ChZ/ £€72de < Che. (3.12)
— &

Combining (3.10)—(3.12]) yields the error estimate in Case (i).

Case (ii) (For u € C3*"1*2(R)): Starting from , we can obtain the same estimates for terms I
and IT1, where instead Lemma (iii) with m = 3 and s = a+¢& — 1 is used. While for term I, we use
the triangle inequality, property , Lemma (iii) with m = 3 and s = a + € — 1, and Chebyshev
integral inequality to obtain

N—-1 §i+1 N-1 §i+1 §i+1
[ (1) " d h —X¢ l—ad > < a+e—2 d )
1| < Zl/g CRANGIIENG] 5s0;< /£ eI g /£ gote2 g

N-1 §it+1 it+1 N1 ety
< Chy ( / gladg) ( / gote2 d§> <cn?y / &g < Cn?. (3.13)
i=1 &i & i=1 /&
Hence, Case (ii) is proved immediately. O

Comparing Theorems [3.1] and it shows that to obtain the same error estimates, the smoothness
requirements of function wu is higher, if & > 1. Choosing ¢ = 1 + || — « in Theorems (i) and (i)

immediately leads to the following corollary:

Corollary 3.1. Suppose that u € CLaJ’l(Q) has finite support on domain Q € R For any v € («, 2],

the local truncation error satisfies HeZWHOO < Opttlal-a

Remark 3.1 (Effect of splitting parameter 7). Theorems (ii) and (ii) show that the splitting
parameter v plays an important role in the accuracy of our methods.
(i) In one-dimensional cases, there exist two optimal choices of v that yield accuracy of O(h?): (i)
v =2 for any a € (0,2) and A > 0; (i1) v =1+ § for a € (0,1] or A = 0; see Fig. @ (a)& (b).
(ii) In two- or three-dimensional cases, only the optimal choice v = 2 leads to accuracy of O(h?); see
illustration in Fig. [3 (c)&(d).
(i1i) For other choices of v € (a,2) but not mentioned in (i) and (ii), our studies show that the accuracy
is a-dependent, i.e., O(h?~%).

4 Numerical accuracy
In this section, we test the accuracy of our methods in approximating the operator (—A—l—)\)% and solving

the fractional Poisson problems. Unless otherwise stated we will use the splitting parameter v = 2 in all
numerical simulations.
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Figure 2: Illustration of the effect of splitting parameter v, where u € CQHO‘“(Q) and A = 0.5.

o
2

4.1 Accuracy in approximating (—A + \)

In Remarks [2.1] and we have briefly discussed the accuracy of our methods under different conditions.
Next, we will carry out further studies to understand their performance in discretizing (—A + )\)%. Here,
we focus on the errors He’OaQHOS and Heg2|]2 with the error function el defined in (3.3). Since the
analytical solution of (—A + \)2u remains unknown, we will use numerical solutions with very fine mesh
size, i.e., h = 1/4096, as the “exact” solutions.

Example 1 (Cases for o < 1). We consider the function
u(z,y) =[(1 -2+ (1-y*)4]",  (z,9) €R® p>0, (4.1)

ie, u=[1-2%(1—y?)]P for (x,y) € (—1,1)?, otherwise u = 0 if (z,y) ¢ (—1,1)%. In Fig. |3| we present
numerical errors ||€Z,2||oo and ”62’2”2 for various p, where order lines are included for easy comparison.
In Fig. [3[(a) & (b), we choose p = 1, i.e., u € C%(R?). It shows that an accuracy of O(h!~%) is achieved
for all @ € (0,1), confirming our analytical results in Theorem (i). Additionally, we find that the
accuracy in 2-norm is (D(hgfa), 1/2 order higher than that of the co-norm. On the other hand, Fig.
(c) & (d) shows numerical errors for p = 2 + a + ¢, i.e., u € C**T¢(R?), where ¢ = 0.05. It is clear that
our method has the second order of accuracy in both co- and 2-norm, independent of parameters o and
M. Moreover, our extensive simulations show that numerical errors are more sensitive to the power «, but
remain almost the same for different damping parameter A.

Theorem predicts the accuracy of our method under the conditions of v € C%**¢(Q) and u €
C%0t2(Q)). To gain further insights, we study its accuracy if u € CHo+(Q) with —a <6 < 1 — aq, i.e.,
choosing u in with p = [a| + a + 0, where [-] denotes the ceiling function. Fig. |4] (a) shows that
our method has the accuracy of O(h'*?) in co-norm. Moreover, Fig. 4| (b) shows that the accuracy rate
in 2-norm is (’)(hmin{g*ag}). We remark that in the case of 6 = —§, the accuracy is O(h'~%), consistent
with the error estimates in , Theorem 3.1] for the fractional Laplacian (—A)%, ie., A=0.

12
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Figure 3: Numerical errors in approximating the operator (—A + \)2
(4.1) with p=1 ((a) & (b)) and p =2+ a + ¢ and € = 0.05 ((c) & (d)).
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Figure 4: Accuracy rate in oo-norm (a) and 2-norm (b) of our method in approximating the operator
(=A+X\)2 with A = 0.5, where u is defined in (4.1) with p = [a] + o + 6.

Example 2 (Cases with a > 1). Again, we consider function v in and carry out studies for
a > 1. Fig. [5| shows numerical errors for A = 0.5, where p = 2 in (a) & (b) and p = 2 + o + € with
€ =0.051in (c) & (d). From Fig. || (a) & (c), we find that for u € CV1(R?), our method has an accuracy
of O(h*~®) in oo-norm, confirming the conclusion in Theorem (i) with e = 2 — . Moreover, the
accuracy in 2-norm is %—order higher, i.e., (’)(h%_a). Similar to the case of a < 1, the larger the value of
a, the bigger the numerical errors. On the other hand, Fig. 5[ (¢) & (d) not only verify our conclusions
in Theorem (ii) but also suggest that the accuracy of our method in 2-norm is also O(h?).
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Figure 5: Numerical errors in approximating the operator (—A + \)2 with A = 0.5, where u is defined in
(4.1) with p=2 ((a) & (b)) and p =2+ a +¢ and € = 0.05 ((c) & (d)).

4.2 Accuracy in solving fractional Poisson problems

In the following, we test the performance of our method in solving the fractional Poisson problem:

(—A+N2u=f(x), xe(-1,1)4 (4.2)
u(x) =0, xe&RN(-1,1)% (4.3)

Our extensive studies show that the same conclusions can be obtained from solving any d-dimensional
(d > 1) Poisson problem (4.2))—(4.3). For the purpose of brevity, we will thus focus on the examples with
d = 2. Here, the numerical errors are computed as ||e, ||, = ||u — un||p, where u and uj, denote the exact

and numerical solutions of (4.2))—(4.3|), respectively.

Example 3. We consider a benchmark example in Example 3] — the fractional Poisson problem
f with exact solution u defined as in with p = 2. It is easy to verify that the solution
satisfies u € C%'(R?). In practice, the function f in is prepared numerically with a fine mesh size
hy = hy = 2712 ie., computing f = (—A + )\)%u with exact u. In Table|l| we present numerical errors
llewlloo and [|ey||2 for various o, where A = 0.5. It shows that even though the solution u € C%!(R?),
our method achieves the accuracy of O(h?), uniformly for any o € (0,2). In other words, to obtain
the second-order accuracy, the regularity that is required on the solution of fractional Poisson problems
is much lower than that required in approximating the operator (—A 4+ )2 in Theorems and
This observation is consistent with the central difference scheme for the classical Laplace operator A.
Additionally, Fig. [6] compares the numerical errors for different A\, where o = 0.5 and 1.5. It shows that
for small «, the smaller the parameter A, the less the numerical errors, and numerical errors for A = 0
are minimized. However, numerical errors become insensitive to A as « increases.

Moreover, we compare the errors in Table with those in , Table 8] to further study the performance
of our methods. We find that: (i) The method in has accuracy of O(h?~%). In contrast, our accuracy
is O(h?) for any « € (0,2). (ii) For fixed o, A and h, numerical errors of our method are much smaller

14



o h 1/16 1/32 1/64 1/128 1/256 1/512
lewlso 6.117TE-4 1.498E-4 3.699E-5 9.176E-6 2.278E-6 5.613E-7

0.5 C.I. 2.0295 2.0179 2.0114 2.0103 2.0206
leall2 4.642E-4 1.141E-4 2.842E-5 7.106E-6 1.774E-6 4.387E-7

v C.I. 2.0249 2.0046 2.0000 2.0024 2.0155

leall 1.001E-3 2.389E-4 5.785E-5 1.414E-5 3.471E-6 8.487E-7

1 oo C.I. 2.0661 2.0462 2.0328 2.0261 2.0321

leall2 7.961E-4 1.864E-4 4.522E-5 1.117E-5 2.774E-6 6.852E-7

v C.I. 2.0945 2.0434 2.0179 2.0092 2.0172

lewlloo 1.669E-3 3.893E-4 9.177E-5 2.184E-5 5.229E-6 1.250E-6

15 C.I. 2.1004 2.0848 2.0714 2.0622 2.0645
leulls 1.506E-3 3.361E-4 7.660E-5 1.783E-5 4.218E-6 1.004E-6

v C.I. 2.1642 2.1332 2.1032 2.0794 2.0705

Table 1: Numerical errors in solving the 2D Poisson problem (4.2))—(4.3)) with A = 0.5, where f is chosen
such that the exact solution is u(x) = (1 — z%)%(1 — y?)2.

a=0.5 a=15

Error
Error

10—8 L

Figure 6: Numerical errors ||e, || in solving the fractional Poisson problem in Example 3.

than those in |23 Table 8]. For example, when o = 1.5, A = 0.5, and h = 1/256, our method yields
lleu]|oo = 5.229E-6, but a much larger error ||e,||oc = 5.1048E-2 from the method in [23, Table 8]. As
discussed in Remark including of the damping term e~*/él in the weight function is crucial in the design
of an accurate finite difference method for the tempered fractional Laplacian. The above comparisons
further confirm our conclusions in Remark 2.1

From the above results and our extensive studies, we conclude that to obtain the second-order accuracy
in solving fractional Poisson problems, our method requires the solution u € C1(Q) at most. In the
following, we will test the performance of our method in solving the Poisson problem —, when
its solution has lower regularity than that in Example 3.

Example 4. We solve the problem f with the exact solution u(x) = (1 — 22),(1 — 3?)4, i.e.,
the solution u € C%'(R?). The right hand side function f is computed in the same manner as that in
Example 3. Table [2| shows numerical errors |le,||o and |ley,||2 for various «, where A = 0.5. From it,
we find that the accuracy in oo-norm is O(h), independent of the values of & and A. The accuracy rate
in 2-norm is higher — the smaller the value of «, the higher the accuracy rate in 2-norm. As o — 27,
the accuracy in 2-norm becomes O(h). From Table 2| and our extensive simulations, we find that if the
solution satisfies u € C%*(Q) for s € (0, 1], our method has the accuracy in oo-norm O(h*) in solving the
fractional Poisson problem.

Example 5. We solve the problem (4.2)—(4.3)) with f = 1. In this case, the regularity of the solution

15



o h 1/16 1/32 1/64 1/128 1/256 1/512
el 2.692E-3 1.284E-3 6.072E-4 2.881E-4 1.376E-4 6.569E-5

0.5 o C.T. 1.0677 1.0806 1.0753 1.0661 1.0669
lell» 2.732E-3 1.020E-3 3.622E-4 1.248E-4 4.225E-5 1.406E-5

C.T. 1.4213 1.4939 1.5368 1.5631 1.5870

el 2.688E-3 1.370E-3 6.836E-4 3.387E-4 1.673E-4 8.197E-5

1 o C.T. 0.9722 1.0032 1.0131 1.0171 1.0296
lells 3.188E-3 1.370E-3 5.546E-4 2.162E-4 8.210E-5 3.040E-5

C.I. 1.2188 1.3045 1.3591 1.3968 1.4331

lelloo 8.247TE-4 4.620E-4 2467E-4 1.272E-4 6.444E-5 3.202E-5

18 C.I. 0.8358 0.9054 0.9557 0.9809 1.0088
lell» 1.316E-3 7.216E-4 3.718E-4 1.840E-4 8.870E-5 4.167E-5

C.I. 0.8660 0.9568 1.0144 1.0531 1.0897

Table 2: Numerical errors in solving the 2D Poisson problem (4.2)—(4.3) with A = 0.5, where f is chosen
such that the exact solution is u(x) = (1 — 22), (1 — 3?),.

is much lower. Table [3| shows numerical errors |ley||oc and ||eyl|2 for various a, where A = 0.5. Even
though the regularity of the solution in this case is much lower than those in Examples 3-4, our method
approximates it with a reasonable accuracy. It shows that the accuracy in co-norm is O(h2) for a € (0, 2),

o h 1/16 1/32 1/64 1/128 1/256 1/512
lewlloo 1.737E-1 1.312E-1 1.013E-1 7.987E-2 6.401E-2 5.196E-2

05 C.I. 0.4048 0.3724 0.3434 0.3195 0.3008
leall2 1.935E-1 1.110E-1 6.248E-2 3.488E-2 1.944E-2 1.086E-2

C.I. 0.8016 0.8289 0.8412 0.8436 0.8396

lealloe 2.634E-2 1.798E-2 1.238E-2 8.593E-3 6.000E-3 4.209E-3

1 C.I. 0.5509 0.5381 0.5269 0.5181 0.5117
leall2 3.380E-2 1.8756E-2 1.014E-2 5.392E-3 2.836E-3 1.481E-3

C.I. 0.8504 0.8868 0.9109 0.9269 0.9377

lewlloo 2917E-3 1.560E-3 8.433E-4 4.545E-4 2.442FE-4 1.310E-4

18 C.I. 0.9030 0.8874 0.8917 0.8961 0.8985
leall2 5.271E-3  2.711E-3 1.390E-3 7.080E-4 3.584E-4 1.806E-4

C.I. 0.9590 0.9637 0.9735 0.9824 0.9888

Table 3: Numerical errors in solving the 2D Poisson problem (4.2))—(4.3) with A = 0.5 and f = 1.

while O(hmin{l’%J“%}) in 2-norm, that is, the 2-norm errors for a > 1 are uniformly O(h).

5 Applications to tempered fractional PDEs

In this section, we apply our methods to solve various fractional problems with the tempered operator
(—A+ )\)%, so as to study the effects of the fractional power v and damping constant A on their solutions.
In the following applications, the spatial discretization is done by our finite difference methods, and the
temporal discretization is realized by the Crank—Nicolson method. In practice, fast algorithms via the
fast Fourier transform are used for efficient computations, and at each time step the computational costs
are O(M log M) with M the number of spatial unknowns.
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5.1 Fractional Allen—-Cahn equation

Consider the two-dimensional tempered fractional Allen—Cahn equation of the form:

[N]1)

1
Ju(x,t) = —(—A+N)2u— g—au(u2 - 1), xe€Q=(0,1)2 t>0, (5.1)

u(x,t) = —1, xef t>0, (5.2)

where € > 0 describes the diffuse interface width. In the special case with A =0 and a — 27, f
reduces to the well-known classical Allen—Cahn equation — one of the most popular phase field models
in materials science and fluid dynamics. Here, we study the coalescence of two “kissing” bubbles, a
benchmark problem in the phase field models. We take the initial condition as

— —0.12 — —0.12
u(x,0) = 1 — tanh (“) _tanh (“) KeQ
£ £

with x; and xo denoting the initial center of two bubbles, which are chosen such that two bubbles
are initially osculating or “kissing”. Note that the boundary condition in is nonzero constant.
Letting « = u + 1, we can rewrite the problem as an equation of @ with the extended homogeneous
boundary conditions, so that our method can be directly applied. In our simulations, we choose the mesh
size h = 1/1024 and the time step 7 = 0.0005.

t=0

t=0.0075

t=0.0075 t=0.072

&

Figure 7: Dynamics of the two kissing bubbles in the two-dimensional tempered fractional Allen—Cahn
equation with ¢ = 0.03 and A = 0.2. From top to bottom: o = 1.9,1.5, 1.

t =0.0075

7

Figs. [7Hg show the time evolution of two bubbles in (5.1)—(5.2)) with e = 0.03, for various o and .
Initially, two bubbles are centered at x; = (0.4,0.4) and x2 = (0.6, 0.6), respectively. It is well known
that in the classical Allen—Cahn equation, two bubbles first coalesce into one, and then this newly formed
bubble shrinks and eventually disappear. In Fig. [7] with fixed A = 0.2, we find that the dynamics of
two bubbles are similar to the behaviors in the classical Allen—Cahn equation. With « decreasing, the
merging and shrinking of the bubbles becomes much slower (cf. Fig. [7|/for « = 1.9 and 1). When further
reducing « (e.g., « = 1), the two bubbles never merge completely.

In Fig. with fixed « = 1.8, the effects of the damping term on the dynamics of two bubbles
are studied for various A. It shows that including the tempered term e **~¥| reduces the long-range
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t=0.008 t=0.016 t=0.024

clof-]

t=0.008 t=0.024 t=0.04 t = 0.056

cjo)o]-

Figure 8: Dynamics of the two kissing bubbles in the two-dimensional tempered fractional Allen—Cahn
equation with ¢ = 0.03 and o = 1.8. From top to bottom: A =0, 5.

interactions in the fractional Laplacian, so as to slow down the evolution of two bubbles. Moreover, the
larger the parameter A, the slower the evolution, and consequently it takes much longer time for the
bubbles to vanish for a larger .

5.2 Fractional Gray—Scott equations

Consider the fractional Gray—Scott equations of the following form:

u = —k1(—A + N 2u —w? 4+ a(l — u), (5.3)
20 +uv® — (a + b, (5.4)

where © and v denote the concentration of two species, respectively, k1 and ko are diffusion coefficients,
a is the feed rate, and b is the depletion rate. Here, we take r1 = 2 x 1072, ko = 107°, @ = 0.04, and
b = 0.065. Let the domain Q = (0,2.5)%. The system f admits a trivial solution: (u,v) = (1,0).
We choose the initial condition as (u,v) = (1,0) with a perturbation at this center of the domain, i.e.,
(u,v) = (0.5,0.25) for x € [1.201,1.299]? in 2D and x € [1.152,1.348]% in 3D. The boundary conditions
of (5.3)—(5.4) are: u(x,t) =1 and v(x,t) =0, for x € Q¢ and ¢t > 0.

Figs. show the pattern formation in the 2D fractional Gray-Scott equation for various o and A.
In our simulations, we choose N, = N, = 1024, and time step 7 = 0.5. It shows that the pattern starts
to emerge from the initial perturbation area, and if A is small, it quickly propagates to the boundary of
the domain. In the classical Gray—Scott equation, a spot pattern was observed for this parameter regime
(referred to as pattern-\ in [20]). By contrast, the pattern formation in the fractional cases is more exotic,
which significantly depends on the parameter o and .

In Fig. [9] with fixed o = 1.8, a mixed pattern of spots and stripes is observed in the steady state of
A = 0. As X increases, the diffusion becomes slow, and the stripes quickly reduce. If A is large enough,
a pattern of spots is observed similar to the classical cases, but the structure is much finer due to the
fractional dynamics. In Fig. we focus on the effects of the superdiffusive power « by fixing A = 5. For
a larger o (e.g. @ = 1.95), a spot pattern is formed. It is similar to the classical case in [20], but the spot
scale is much smaller. With « decreasing, a pattern of mixed spots and stripes appears. The smaller the
values of «, the more the stripes in the final pattern, the finer the structure. These simulations show the
effectiveness of our method in the study of pattern formations even with fine structures.

Next, we further demonstrate the effectiveness of our method by studying the pattern formation
in the 3D fractional Gray—Scott equations. To the best of our knowledge, so far no numerical results
can be found on the fractional PDEs with the 3D tempered fractional Laplacian, due to the considerable
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Figure 9: Pattern formation in the 2D Gray—Scott system with a = 1.8 and A = 0,5,20 (from top to
bottom).
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Figure 10: Pattern formation in the 2D Gray—Scott system with A\ = 5, and « = 1.95 (top), 1.7 (bottom).
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Figure 11: Isosurface plots of u = —0.5 in the 3D Gray—Scott equation with o = 1.9 and A = 0.

numerical challenges in discretizing the operator. Fig. [II]shows the isosurface plots of the component u at
different time ¢, where a = 1.9. For a better resolution, only the region of [0.9,1.6]? is displayed. It shows
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that the 3D fractional Gray-Scott model exhibits more exotic patterns than the 2D cases. Comparing
to the 2D cases, the computations of 3D systems become more challenging, and our method and fast
algorithms are effective in the simulations.

6 Conclusions

We proposed simple and accurate finite difference methods to discretize the d-dimensional (d > 1) tem-
pered fractional Laplacian and provided detailed numerical analysis on their local truncation errors. Our
analysis not only provides a sharp consistency conditions of our methods but also gives the accuracy
under various smoothness conditions. We showed that the accuracy of our methods can be improved
to O(h?), independent of the fractional power a and damping constant A. Comparing to other exist-
ing methods [23[27], our method can achieve higher accuracy with low regularity requirements, and are
simpler to implement. The multilevel Toeplitz stiffness matrix enables us to develop fast algorithms for
the efficient matrix-vector products with computational complexity of order O(M log M) and memory
storage O(M) with M the total number of unknowns in space.

Extensive numerical examples were provided to verify the effectiveness of our methods. We numeri-
cally studied the accuracy of our method in solving tempered fractional Poisson problems and found that
to achieve the second order of accuracy, it only requires the solution u € C*1(Q) for a € (0,2). Moreover,
extensive studies showed that if the solution u € CP*()) for p = 0,1 and 0 < s < 1, our methods have the
accuracy of O(hP*$) in solving fractional Poisson problems. Finally, the tempered effects were studied
in the fractional Allen—Cahn equation and Gray—Scott system. For example, the pattern formation in
the tempered Gray—Scott equation reveals the features of both classical and fractional Laplacian. More
studies will be carried out in the future to further understand the coupling effects of the normal and
anomalous diffusion in the tempered fractional problems.
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