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Abstract: In this paper, a fourth-order quasi-compact approximation for the normalized Riemann-
Liouville tempered fractional derivatives was proposed. Its effectiveness was proved by using the
generating function method, and it was applied to the numerical solution of the two-sided space
tempered fractional diffusion equation with the time Caputo tempered fractional derivative. For the
time Caputo tempered fractional derivative, we transformed the Caputo tempered fractional derivative
into the Riemann-Liouville tempered fractional derivative through the relationship between them, and
then employed the tempered weighted and shifted Griinwald difference operator to approximate the
Riemann-Liouville tempered fractional derivative in the time direction. Thus, an efficient numerical
scheme with second-order accuracy in time and fourth-order accuracy in space was derived. The
stability and convergence of the numerical scheme were rigorously and elaborately proved, and the
effectiveness of the numerical scheme was verified by a series of simulations conducted on numerical
examples.
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1. Introduction

In this paper, the initial and boundary value problem of the following space-time tempered fractional
diffusion equation is considered:
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CD™u(x, 1) = (D ux, 1) — Ku(x, 1) — g 2420y
+ /(D 2uCx, 1) = Bu(x, o) + AT 200y & f(x,1),  (x,0) € (a,b) X (0, T],
u(x,0) =0, x € [a,b],

u(a,t) = 0,u(b,t) =0, te[0,T],

(1.1)

where 0 < @ < 1,1 < 8 < 2, 4;,4, > 0, and diffusion coefficients / and r are positive constants.
“D™fu(x, 1), which denotes the left Caputo tempered fractional derivative, is defined as

£ 6(e”u(x 7))

C Nna.k 12
D= u(x, 1) = F(l— (f (t—T)“dT)’ (1.2)

based on the well-established relationship between the Caputo fractional derivative and the
Riemann-Liouville fractional derivative, as elaborated in [32]. Through a series of rigorous and
concise mathematical derivations, the following results can be obtained

u(x,0)

CDaku(x t) D(ZK ( ) r(l . ) —Kt - __ Dwku(x t) (13)

The Riemann-Liouville fractional derivatives D*fu(x, 1), DB “u(x, 1), and Dﬁx u(x,t) are defined by
the following equations:

o " e<u(x, T)
D-gute 1) = npﬂwﬁf(pﬂa -
A e * /“Tu(T t)
DEAux) = ﬂ)axz(f oo 4
2X b e~ T
A B et (T, t)
Dhiutet) = g~ ﬁ)ﬁxz(f s

By making substitutions in problem (1.1) using the relationships in Eq (1.3), the following equivalent
problem can be obtained:

Du(x, 1) = D2 u(x, 1) = Au(x, 1) = BT 260 4 (D u(x, )

— Bu(x, 1) + BT 2D 4 f(x, 1), (x,1) € (a,b) x (0, T], 1s)
u(x,0) =0, x € [a, b, '
u(a,t) = 0,u(b,t) =0, te[0,T].

In recent decades, numerous scholars have found that fractional derivatives have a wide range of
applications in fields such as groundwater hydrology [8, 22, 30, 51], plasma physics [35, 37],
finance [12,44], and biology [14]. This has led to the development of fractional models. However,
due to the non-locality of fractional derivatives, it is difficult to obtain the analytical solutions of
fractional models. Therefore, many scholars have focused on the numerical research of fractional
models [9, 11,15, 17-26,28,30,31,34,38,39,42,45,46,48].
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Typically, the Caputo fractional derivative is used to describe the fractional derivative in time, and
the Riemann-Liouville fractional derivative is used to describe the fractional derivative in space. For
the direct approximation formulas of the Caputo fractional derivative, there are the L1 [56], L1 -2 [18],
and L1-2, [2] formulas. As for the direct approximation formulas of the Riemann-Liouville fractional
derivative, there is the Griinwald difference operator [29] and the Lubich [7] difference operator, as well
as the methods derived from their ideas [21,27,43,53].

Recently, a variant of the classical fractional derivative, called the tempered fractional derivative,
has attracted the attention of many scholars. The classical fractional derivative describes infinite
long-range interactions with extremely slow decay (power-law decay). For the finite range of action in
practical scenarios, scholars have obtained the tempered fractional derivative by introducing an
exponential factor, which is more consistent with the characteristics of the finite range of action in
actual physical systems. For more detailed information, please refer to [1] and [4]. The tempered
fractional derivative has been applied to time, space, and space-time fractional differential equations,
resulting in time [30], space [1], and space-time [13] tempered fractional differential equations,
respectively. For these tempered fractional models, many scholars have done a great deal of
work [5,10,16,20,23-26,40,41,47,49].

Among them, regarding the treatment of the Caputo tempered fractional derivative in time, some
work has already been done. First, through the relationship between the Caputo fractional derivative
and the Riemann-Liouville fractional derivative, the Caputo tempered fractional derivative in time is
transformed into the Riemann-Liouville tempered fractional derivative. —The Lagrange linear
interpolation [52], the quasi-compact idea [19], and the tempered weighted and shifted Griinwald
difference operator [54] are respectively used to obtain the second-order approximation
simultaneously.  Regarding the space tempered fractional diffusion equation, Baeumer and
Meerschaert [4] introduced first-order tempered shifted Griinwald difference operators for
approximating the left and right Riemann-Liouville tempered fractional derivatives. Subsequently, Li
and Deng [6] extended these operators, developing second-order tempered weighted and shifted
Griinwald difference operators. Yu et al. [50] investigated third-order quasi-compact schemes
applicable to one-sided space tempered fractional diffusion equations, while Qiu [55] proposed
fourth-order numerical schemes. Guo et al. [44] leveraged the concept of weighted and shifted Lubich
difference operators, originally proposed in [27], to devise a fourth-order approximation method for
two-sided space tempered fractional diffusion equations. However, this scheme uses points outside
the interval, which reduces its applicable scope.

The contributions and novelties of this study, distinguishing it from previous works, are as follows:

(i) We propose an effective fourth-order quasi-compact approximation for the left and right
normalized Riemann-Liouville tempered fractional derivatives.

(if) The derived approximation formula is applicable to the solution of two-sided space tempered
fractional diffusion equations, where the left and right tempering parameters can be distinct.

(iii) The developed numerical scheme avoids the utilization of points outside the computational
interval.

(iv) The approach for achieving fourth-order approximation in the space direction is more
straightforward compared to existing methodology.

The organization of the remaining sections of this paper is as follows: The effective fourth-order
approximation of the normalized tempered fractional derivatives and the derivation of the numerical
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scheme are presented in Section 2. In Section 3, a detailed and rigorous theoretical analysis of the
numerical scheme is provided. Numerical simulations are carried out in Section 4 to verify the
effectiveness of the numerical scheme. In Section 5, this paper is briefly summarized, and an outlook
for the follow-up work is provided.

2. Numerical method

In this section, we present an effective fourth-order quasi-compact approximation for the
normalized left and right space Riemann-Liouville tempered fractional derivatives. Inspired by the
fact that [27] and [44] proved the negative definiteness of matrices by means of the generating
function method [36], we attempt to propose an effective fourth-order approximation for the
normalized Riemann-Liouville tempered fractional derivatives via the generating function method.
Different from the ideas in [44] and [27], our approximation scheme does not make use of points
outside the interval. Moreover, the scheme is simpler than the previous methods. For the time
Riemann-Liouville tempered fractional derivative, the tempered weighted and shifted Griinwald
difference operator [6] is employed for approximation, resulting in an effective second-order
approximation [54]. Finally, an efficient numerical scheme with second-order accuracy in time and
fourth-order accuracy in space is derived.

2.1. Effective fourth-order approximation of the normalized tempered fractional derivatives

In this subsection, we will first present some preliminary knowledge.

T ®) = (ulp € Li(R),and fR(MI + o))" Fli(w)ldw < oo}

n

is a fractional Sobolev space & ;‘f(R), where ji(w) = fR u(x)e"*dx is the Fourier transform of u(x).

To discretize the tempered fractional derivatives, we perform equidistant partitions on the spatial
interval [a, b] and the temporal interval [0, T'], respectively, obtaining the spatial grid points x; = a +
ih,h = ”ﬁ (0 <i < M), and the temporal grid points ¢, = nr, T = % (0 £ n < N). Now, we introduce
the tempered and shifted Griinwald difference operators, as well as the approximation expansions for
the tempered fractional derivatives [4, 6].

Lemma 2.1. [4,6] Let m < § <m+ 1 (m € N), 1 > 0, the shift number p is an integer, h is the
step size, and p(x) is defined on the bounded interval [a, b] and belongs to 8T§(R) after zero extension
on the interval x € (—oo,a) U (b, +0). The tempered and shifted Griinwald difference operators are

defined as

[541+p
1
A =12 > g0 = (k= p)h),
k=0 2.1)

(55 14p

A 1
A=z 3 gl utet (k= pih),
k=0
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and then

n—1
Ajp(x) = DEL(0) + ) DI uComt + 0Gr"),
k=1 (2.2)

n—1
Ap(x) = DEAp(x) + ) 7D (ol + 00,
k=1

wnere g, = (— > representst e normalize riinwa wetg ts, which are derived from
here g© = (=1)*¢)(k > 0) h lized G Id weights, which are derived

+00
(1-9)f = > g, 2.3)
k=0

-5 +w
ci’p are the power series expansion coefficients of the function W,(s) = e” ‘Y(l%)‘f = g,o Ci’psk, and the

first four coefficients are given as

&P =1,
: &
Cél:p = p - 5’
ep  12p7 —12p€ + €+ 382 (2.4)
2 = 24 ’
0 = 8p’ — 12p°6 + 2p(¢ +38°) - & - 53.
48

It is worth noting that Li and Deng [6] proposed a second-order approximation of the tempered
fractional derivative (the tempered weighted and shifted Griinwald difference operators) via a
weighting approach, which opened up a new avenue for effectively enhancing the spatial convergence
order. Guo et al. [44] derived a fourth-order approximation of tempered fractional derivatives by
adopting the idea of weighted and shifted Lubich difference operators [27], but with a shift number
p = 2 that exceeds the spatial interval. Additionally, the quasi-compact approximation framework for
tempered fractional derivatives was developed [50, 55], yet its application was restricted to a
one-sided spatial tempered fractional diffusion equation. In what follows, we will present an effective
fourth-order quasi-compact approximation for tempered fractional derivatives, which is applicable to
solving a broader class of spatial tempered fractional diffusion equations.

Remark 2.1. To construct the quasi-compact approximation, we make the system of equations satisfy
the following:

® ® ® _

YwtYy tva=L
1 0 ~1
)/(fc)cf + ygf)cél: + 7%? c‘f’; =0, (2.5)

& &1 &) £0 &) &-1 _
Yy 65 Yy ey +yiey =0,
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where & € {B,5 + 1}, and then

1
N =@ +3E+2),

1
Yo = (=€ +4),

1
© _
Y= -3¢+

Under the above construction, we can first obtain the following second-order approximation of the
tempered fractional derivatives:

1 [521+1

1

By = ) v A = o5 3w ua— (k= Dy
p=-1 k=0

DEu(x) + O(?),

_ (2.6)
1 1 (22141
V= ) P = 2 ) wE e+ (k= Dy
p=—1 k=0
= D{u(x) + Or),
where
Wit = 008+ 8 + v gl)e I (k2 0,44 = ¢4 = 0). 2.7
In particular, when & = 1 and 2, there are the following approximations:
1
DU = ) Y A + 00F)
p=-1
1
= Sl ue+ h) = e = W]+ O()
= B u(x) + O(h?),
n u(x) + O(h”) 2.8)

1
Ditu(x) = ) Y A u(x) + O?)

p=-1

= %[e”’u(x —h) = e u(x + h)] + O?)

= By'u(x) + 00,
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1
DXu(x) = ) YA () + O0F)

p=—1
= e+ H) = 2x) + ¢ e~ W) + O0)
= B, u(x) + Oh?),

(2.9)
1
2,4 _ 2) £2,4 2
D) = Y P AL ut) + 0Gr)
p=—1
1
= ﬁ[e“hu(x +h) = 2u(x) + e"u(x — h)] + O(h*)

= B'u(x) + O(h?).

In order to construct an effective fourth-order quasi-compact approximation smoothly, we first give a
definition and two lemmas.

Definition 2.1. [36] Let n X n Toeplitz matrix T, be of the form:

ty 1 ... by -y
H to -1 ... b,
T, = hH ty . s (2.10)
S
th-1 iy ... L ty
ie., tij = ti_j and T, is constant along its diagonals. Assume that the diagonals {tk}z;ln ., are the
Fourier coefficients of a function f(x), i.e.,
1 (7 .
= — f f(x)e ™ dx. (2.11)
2 J_,

Then the function f(x) is called the generating function of T,.

Lemma 2.2. [36] Let T, be a Toeplitz matrix with the generating function f(x), being a 2n-periodic
continuous real-valued function. Denote A,,;,(T,) and A, (T,) as the smallest and largest eigenvalues
of T,, respectively. Then we have

ﬁnin(x) < /lmin(Tn) < ﬂmax(Tn) < fmax(x)’ (212)

where f,(x) and fq.(x) denote the minimum and maximum values of f(x), respectively. In particular,
if f(x) is a non-positive function and is not always zero, and f,,in(X) # finax(X),

fmin(x) < /l(Tn) < fmax(x)- (213)

Lemma 2.3. [33] A real matrix A of order M is positive definite if and only if D = /“TAT is positive

definite.

Next, we present an effective fourth-order quasi-compact approximation of the following
normalized tempered fractional derivatives.

AIMS Mathematics Volume 10, Issue 8, 17801-17831.
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Lemma 2.4. Let u(x) € & ;B R),1 <B <2 4,,>0,¢c5 = i +ﬁ +4, and the continuous operators
AB A= = +cg D> A‘) and Aﬁ P=U+cs D> /12) are given to operate on the normalized left and right
Riemann-Liouville tempered fractional derivatives, respectively. Then

(D) when 0 < Lh < A41h <1/5,

1 0,u(x)

NEMDP () = () = B =1 = MY DP () + (B = DA ()

(2.14)
= BT A DI x) + B 1<—— ﬁ>h2 D2 (DI (),

NEIDER () = () + B ‘;() = NPRDIR U + (B = DN ()

=By AEDL () + B 1(— ~ I’ DIV (DY () (2.15)
+ cgh?[(A7 — DI Dﬁfﬁy(x)—mﬁ‘l RNES)
+ 2¢5h* (A + )[Aad = DY 2p(0)|[DF 2 u(x) — A5 DY u(x)l;

(@) when 0 < A1h < ,h < 1/5,

/1,8 1 3#(?6)

ASRIDP () — Xp(x) - B = NS D () + (B — DA A ()

— BT AL DM () + B 1(—— cp)h* D2 (DL () (2.16)

+ eph*[(A2 = NP u(x) - B/lﬁl D (0]
+ 2¢5h* (A + )[A1] = D2 p(0)1[DP u(x) — B D2 (),

NLD () ~ ) + B ) = D) + (8~ DA )
2.17)

i _ 1
=B APDI () + B (2 - Cﬁ)hz DDy p(x).

They have the following effective fourth-order approximation:

Ou(x) :
ox
= B, u(0) + (B= DAC, " u(x) = B By () (2.18)

NI DE ) = M) - B4

+ﬁﬂ’f‘l(é — P LB(x) + 3B, u(x) + 3,82(x) + 83 ()] + Ok,
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APADR 2 u(x) — Bp(x) + A5 a'l; (xx)]

= B u(x) + (B - DALCH u(x) - BAE By u(x)

+BA 1(— — o)’ L3u(x) = 3A56,u(x) + 32200 (x) — 63 u(x)]
+ cﬁhzuﬁ - DB p(x) - BAy By ()]

+ 2c5h* (A + ) LB P u(x) — By p(x)

- BT (B p(x) = By ()] + O(h*),

N LD n) — o - g A,

= B u(x) + (8= DG p(x) = BB ()

+BA 1(— — e’ LX) + 3A30,(x) + 3,50 (x) + 63 ,u(x)]
+ cﬁhz(z2 ~ BB u(x) — B By ()]

+ 2ch* (A1 + )[4 By p(x) — By ()

- BT (B u(x) = By p(x0))] + O(hY),

and
_10u(x
NRIDL (0 - (o + g5 )
= By "u() + (B = DEC (0 - B By p(x)
1
+ B (2 = e LA(x) = 3256,41(x) + 3057(x) = 5 ()] + OCHY)
where

[’c a]+1

B u(x) = Z YOAL u(x) = hg Z wéDu(x = (k= 1)),

p=-1
[b X]Jrl

By un = Z%"”Af b0 = 2 Z Wi p(x+ (k= Dh),

p=-1

&) (&) &) (&) ()() —(k—1D)Ah (€3] ()
(Vfg,f+70‘fgfl+7‘igfz)e(’ (k>0,8% =g“ =0,

(¥ ( h ) ) —Ah
Z ka ) — (,ylf)e/l + ,yé)f + 7(51 )(1 —e A )é',

(5 )

Y = <§+3§+2> Y = (§+4) Y4 = 2(52—3§+2>,

(2.19)

(2.20)

(2.21)

(2.22)
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O p(x) = p(x) + cghe ™62 e u(x),
Ch ' pu(x) = p(x) + e 52 e M p(x)],

1
Out(x) = - [uCx + ) = pu(x = )],

1 2.23
SIHH) = 5laCx+ ) = 2(x) + (e = )], (2.23)
1
511,11()6) = %[,u(x —3h) — 6u(x —2h) + 12u(x — h) — 10u(x) + 3u(x + h)],
1
(5)3(,2/1()0 = ﬁ[—,u(x + 3h) + 6u(x + 2h) — 12u(x + h) + 10u(x) — 3u(x — h)],
Ee{l,2,B,8+ 1}, € {4, ).
Proof. Next, we prove this lemma in two parts.
(i) (Fourth-order quasi-compact approximation of tempered fractional derivatives)
From the definition of the tempered derivatives, we can easily derive
DM = 41+ D,
D2 = L1 - D,
D>V = A1 +20,D + D?, (2.24)

D> = 21 - 2,D + D?,
AP = AP 4 o[ = 2D + 2(A, + 1,)D),

with I, D, and D? being the identity operator, first-order differential operator, and second-order
differential operator, respectively. Therefore, Eqs (2.18)—(2.21) hold immediately.

(if) (The effectiveness of fourth-order approximation)

In fact, for the numerical scheme to be valid, we need to ensure that the matrix corresponding to the
discretization of the fractional derivative is negative definite.

Let the matrices corresponding to the discrete operators in the approximation formulas (2.18)
and (2.20) be B¢V, C#V, E, DY, D@, and D, respectively. Here

(& (&
Wy Wo
(%] (& (&)
Wy Wi Wo
1

€y _ L

B E , (2.25)
(&) (&) & (&) &
Wvuo Wyusz Wys - W W
(&) (€] & (&) &
Whu-1 W2 Wy-z -+ W2 Wy

AIMS Mathematics Volume 10, Issue 8, 17801-17831.
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-10 3
12 -10 3

-6 12 -10 3
G _ 1

, (2.26)
2R 1 ¢ 12 -10 3

1 -6 12 -10

CcBY = tridiag{cﬂe"m,l — ZCﬁ,cﬁeﬂh}, DY = ﬁtridiag{—l,O, 1}, and D® = h—lztridiag{l, -2,1} are
tridiagonal matrices, and E is the identity matrix.

(a) When 0 < A,k < A1h < 1/5, denote the matrix corresponding to the discrete operator in the
approximation formula (2.18) as P = B + (B — l)ﬂ/fC(Wl) —ﬁ/lllHB(Ml) +(3 - cﬁ),B/lf_lhz(/l{’E +
32D +30,D? + D). Let H = 2% According to Definition 2.1, the generating function of the
matrix ##H is a real-valued function 7% fy (8, A, h, A»h, x) defined on [—, 7] as follows:

1 1
W (B, i b, x) = > yPerhih(1 4+ ¢k — 27 cos )22 cos(80 — px)
p=-1

+ (8 — D h)P[2cg cos x(eM" + &™) + 2(1 = 2¢5)] = (AR cos x(eM — e~

1
(- )BT 2(A1h)° + 122;h(cos x — 1) + cos 3x — 6cos 2x + 15cos x — 101},  (2.27)

where

—/llh 1
—e "sinx
¢ = arctan —. (2.28)
1 —etihcos x

It is easy to verify that the function #H is an even function on the interval [—m, ). Therefore, we
consider the case of [0, x]. In fact, when 0 < A,h < A;h < 1/5, the values of the function ##H in the
region (1,2) x [0, ] are negative. See Figure 1 for details. By Lemmas 2.2 and 2.3, we conclude that
the matrix P is negative definite. That is, the approximation formula is valid.

AIMS Mathematics Volume 10, Issue 8, 17801-17831.
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h’f (8,1/5,-.)
hf,(8,1/10,-)

x€[0,7] ae (1,2)
X 0 X 0
g ¢
g 2 S
= =
g i
I -4 T4
4 4
2 5 2,
) 15 ) 15
1 1
x<[0,7] ac (1,2) x€[0,7] ac (1,2)

Figure 1. Images of the generating function 4 f; (B8, A, h, A>h, x) in the finite domain (1,2) X
[0, 7] when 4,4 = 1/5,1/10, 1/20, 1/40.

() When 0 < 4,h < A1h < 1/5, denote the matrix corresponding to the discrete operator in the
approximation formula (2.19) as Q = {B#%) — g7 BI) + (L — ¢ 'R (3E + 32D +32,D? +
D)+ cgh? (3= 22) (BG4 —BAS B 12052 (A +Ap)[ A, BEAD — BE+12) g a8~ (2, B1-AD — BT

T
(B- DACPY, Let H = 212 According to Definition 2.1, the generating function of the matrix #*H
is a real-valued function /? (B, A, h, A;h, x) defined on [—n, ] as follows:

1 1
W fu(B, Auh, Aol x) = = Y yBlePa(] 4 2 _ 9=tk co5 )22 cos(B0 — px)
2 P
p=-1

+ (B = 1)(A2h)P[2¢5 cos x(eM + ™M) + 2(1 = 2¢5)] = (AP cos x(e™" — ™"
1
+ (6 — cp)B(LhY ' [2(A2h)? + 124h(cos x — 1) + cos 3x — 6.cos 2x + 15 cos x — 10]
1
+ cgl(Lh)* = (h)* I Z yWPer (1 + 7" — 26" cos )52 cos(B6 — px)

p=-1

— B (e™" — e7M) cos(x))

AIMS Mathematics Volume 10, Issue 8, 17801-17831.
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where

1
+2¢5(Ath + Lh)[ A,k Z yPer (1 + 72" = 2e7%" cos )52 cos(B6 — px)
p=—1

1
- Z )/ff“)e’”zh(l + e 2 _ el cog x)[%l2 cos((B + 1)8 — px)]
p=-1

— 2Bcs(A1h + Lh)(AhP [ Aah(e™" — e7™)2 cos x — 2 cos x(e™" + ") + 4]}, (2.29)

-h o3
—e sin x
@ =arctan —. 2.30
1 —ehcosx ( )

Similar to the proof process in (a), we find that the values of the function 4 fy (8, A,h, A2h, x) in the
region (1, 2) x [0, 7] are negative. See Figure 2 for details. The validity of the approximation scheme
is also immediately established.

—
< x

" (e
= =
-— -

- -
10 To)
— —

- -
o o>
e e

X

o q—I
== -

x<[0,7] ac (1,2)

< <

o 0 o 0

o =

0 -2 0 -2

T4 =4

< 2 5 2

0 1.5 0 1.5
1 _ 1 _
x€[0,7] ac (1,2) x€[0,7] ac (1,2)

Figure 2. Images of the generating function 4 f (B, A, h, A>h, x) in the finite domain (1,2) X
[0, 7] when A;h = 1/5, h = 1/5,1/10,1/20, 1/40.

There exists a transpose relationship among the matrices corresponding to the approximation
operators in each approximation formula. The methods for proving the validity of the approximation

AIMS Mathematics Volume 10, Issue 8, 17801-17831.
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formulas (2.20) and (2.21) are exactly the same as the above-mentioned ones. We omit the process
here and directly present the results:

(c) When 0 < 414 < A,h < 1/5, the approximation formulas (2.20) and (2.21) are valid.

Thus, the lemma is proved. O

Remark 2.2. For the left Riemann-Liouville time tempered fractional derivative
D™ u(x, 1) (u(', 1) € &%*“(R)) in problem (1.1), we adopt the method in [54] to approximate the time
tempered fractional derivative, that is,

]+1

D*u(x.) = Z W e, 1= (k= D) + 0, @:31)

and the properties of the coefficient w,(:l"() can be found in Lemma 3.1 in Section 3.

2.2. Derivation of the numerical scheme

We always assume that the solutions in this paper satisfy certain smoothness conditions, that is,
u(x,-) € %;Hﬁ (R) and u(-, 1) € E}f*“(R) after zero extension.

Let u! = u(x;,t,) and U} denote the exact solution and the numerical solution at the point (x;, t,),
respectively, and denote f" = f(x;,1,).

Considering the point (x;, t,), the tempered weighted and shifted Griinwald difference operator is
used to discretize the Riemann-Liouville tempered fractional derivative in time at t,. The fourth-
order quasi-compact tempered difference operators are used to discretize the normalized left and right
tempered fractional derivatives in space at x;. Specifically, there are two cases:

(i) If 4; > A, apply the fourth-order quasi-compact difference operator AP = (1 + g h:D* Al) to
discretize the normalized left and right tempered fractional derivatives, and then we can obtain

n+l

Zc(ﬂ/ll) (@) :’l —k+1 _ l{BﬁJlu? +(B- 1)/1?(;5/1114? _ﬁ/lf—lB}ll,/llu?

1
+ m‘f‘l(g — e[} + 328 ! + 30, 5% + & ul'T)
+ B + (B - DALC ) - AT By

1
+ B (2 = el L = 3038, + 30254 — ] (2.32)
+C‘3h2(/12 1 )[Bﬂ/lz n_ /lﬁ 1Bl A2 n]
+ 2052 (A + A) [ BY Ul — B!
= B (LB — By tuply + CPV £+ O + b,
1<n<N, 1<i<M-1.
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By discarding the local truncation error, the numerical scheme is obtained:
1 n+l g
= D O = B UL + (8- DA UE - BT B U
k=0
- 1 n n n n
+pX ‘(6 — )P [AUL + 3436, U" + 30,62U" + 63 U}
+ By UN + (B - DASC U - A B UY

-1 1 2r377m 2 n 277 3 gm (239
+ A, (6 — cp)h” [ LU} =346, U +3,6.U7 —6,,U;]
+ (43 = BB UY - B B U
+2e5h% () + L)LBI U - B
=B (LB U - Byt UDLY + CPY £
The matrix form of the numerical format (2.33) is
(@,k) (k)
o cwangrt 4 (BL_cean _ gy
T T¢
| (2.34)
— _T_a/ Z W](((I,K)C(ﬁ,/l])Un—k+l + C(ﬂ,/ll)fn + Fn,
k=2

where U" = (U}, UY, ..., UL, L Ur DT, f* = (f1S [ oo firos fii DT K = I[P + rQ, P and Q are given
in (a) and (b) of Lemma 2.4, respectively, and

cge M

Fl’l

(2.35)
0
cﬁellhfﬁ’fl

(i) If 1, > A, apply the fourth-order quasi-compact difference operator A = (I + cﬁthi’ff) to
discretize the normalized left and right tempered fractional derivatives, and then we can obtain

n+l

1 A A —
= Z C}(lﬁ’/lz)wl((a,K)u}_'L—k+l _ l{Bﬁ’A'uﬁ’ +(8 - l)ﬁfcﬁ’hu? —,3/1? 1B;1[,/11 !
k=0

1

+ﬂﬂf-1(é — e’ [ U] + 3A76.u} + 34,55 + 63 u]]

+ cgh* (A5 — /l%)[Bi’ll " _13/1?—13}11,/11”?]

+ 265" (1 + )L B — B (2.36)
B B - B

+ r{f”i’hui’ + (B - 1)/1/23@'5’”2”? _ﬁflg_léi’/lzuf’

1
+ B4 1(g — o[} — 338! + 35%u! — & ul'T}

+CPPf 0@ +hY), 1<n<N, 1<i<M-1.
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In the same way as the above steps, we obtain the numerical scheme:

n+l1

1 A A —
= 2 CPWEU R = B UL+ (B - DACIRUT - BT B U
k=0
1
+ B4 1(8 — UL + 3436, U +34,6°U" + 67 U
+cgh®(3 — ADBI U - g B U
+2¢5h* (A1 + L)L BEN UL - By U (2.37)

- XN B U - BN UM
+ 1 BYRUT + (B - DASCTRUT - pAS B U

- 1 n n n n
+ B4 1(6 — P ZUL = 336, U + 34,6207 - 62,UM)

A(B.A2)
+ G

The matrix form of the numerical scheme (2.37) is

W CB) W n
T—a + (TTC — K)U
1 S (a,6) A(B,A2) 7 n—k+1 A(B,A2) £n Fon (238)
:_T_a’kg_zwk C U +C f+F,

where K = [P+rQ, P = BPA - B 4 (L e g R2(BE + 322D +34,D? + D) + cgh?(A2 -
) (BB LA B 1202 (A) + )[4 BEAY — BELW g a1 (3, B — BRADY 4 (B— 1) A (CE2)T
Q = (B + (B - DACE - g7 B 1 (L — ) W2(BE + 302DV + 30,D? + D))7, and

cﬁexlzhfgz
= ‘ : (2.39)
0

cpe

3. Numerical analysis

In this section, we rigorously and in detail prove the stability and convergence of the numerical
scheme through the energy method. Now, define the discrete L,-norm:

M-1
lell, = () D).
i=1
Then some lemmas that are needed in the proof process are presented.
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Lemma 3.1. [54] Letk >0, 7 > 0.

(i) ForO < a < W 3 if ;EZZSLQ y(la) < 0, then the following relationships are satisfied:

wy +wi™ <0, w0 >0, W <0 (k>3);

ii) For ‘F S ca<l,i M <y < 0, then the following relationships are satisfied:
+3a+2 Y1 8

w0+ wi™ <0, w20, W™ >0, W™ <0 k=4).

Lemma 3.2. Let 0 < Ah < 5, and for any real column vector &, the matrix CPV(A € {A,, A,}) satisfies

3 6
1—08 e<elCPYe < SsTs 3.1
Proof. Let H = w, and the generating function of the matrix H is
f(x)=1=2cs+cpe” +e™cosx, x€[-mn] (3.2)

By Lemma 2.2, we obtain 1 - cﬁ(e’”’ +e M+ < AH) <1+ cﬁ(eﬂh + e —2), and it is easy to
check & < A(H) < £, which means e”e < €' He < $€’¢, that is, 5e'e < €/ C@e < 2€’e
Thus, the proof i 1s completed. O

Lemma 3.3. [3] Assume that {k,} and {p,} are nonnegative sequences, and the sequence {¢$,} satisfies

n—1 n—1
$o < 80 Pn S80+ZP1+Z/@¢1, n>1,
1=0 1=0

where gy > 0. Then the sequence {¢,} satisfies

n—1 n—1
b0 < (g0+ ) pexp() J), n2 1,
=0 =0

3.1. Stability analysis

Theorem 3.1. For a € (0,1), 8 € (1,2), let y(a) = 0, and then if 0 < A1,h < 41h < % the numerical

scheme (2.33) is stable; otherwise, if 0 < A1h < A,h < %, the numerical scheme (2.37) is stable.

Proof. (1) If 0 < Lh < 41h < <, L. considering a certain error in the initial condition, the numerical

solution obtained by using the numerical scheme (2.33) is denoted as V!". Let &" = (¢!, &5, ...}, )",
= U! — V. It can be obtained from Eq (2.34) that

W(af K) w((I,K) 1 n+1
20__clagnt 4 71-0 CPW _ K)et = — wa{a"{)C(ﬁ’ll)en_k”. (3.3)

™ k=2

According to Lemma 3.1, we know that when y(“) 0, wg””) = 0, and from Lemma 2.4, the matrix K
is negative definite. If we left-multiply both sides of Eq (3.3) by A(¢")" simultaneously, we can obtain
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n+1
(ak)h(gn) C(ﬁ/h)gn < - ZWI({QK)h(gn) C(,B/h) n— k+l (34)
k=2

(i) When 0 < a < ‘/g_3, since w(f"’() > 0, w;‘”) < 0(k > 2), according to the positive definiteness of the
matrix C?4) we can obtain from Eq (3.4) that

n+1

W n(e")T CEE < - [Z W n(e")T B

n+1

n Z W(a K)h(gn_k+l)TC('B’/ll)8n_k+l], 3.5

and after further arrangement, we can get

n+1

(QK)h( )Tc(ﬁ/ll)gn < (Z W(QK) (QK))h( ) C(ﬂ/ll) n
< - Z W ()T CBgh, (3.6)

According to Lemma 3.2, we can derive from Eq (3.6) that

n+1

10 (&K)”g ”L2 < W(&K)h(gn)Tc(ﬁ,/ll)gn < (Z W(&K) (GK))h(S ) C(,B/ll) n

IA

@K 10 INT B ok
—an‘i'f_kh(s) CBAg
n—1
(@,K)

6
3 wie NI, (3.7)
k=0

IA

and by rearranging Eq (3.7) and applying Lemma 3.3, we can obtain

—1 4y
" 4wn+|—k

(.6)

2 . 012 41,012
lle"llz, < e= " ez, < ellevlly, (3.8)

(i) When W 3 < @ < 1, since w(“ >0, w(" ) <, w(“ >0, w(" * < 0(k > 4), similar to the proof
of (i), we have

n+1

(ak)h(g) C(ﬂ/ll)gn < [Z W(ak)h(gn)TC(ﬂ,/ll)gn

n+l

i Z W(a ) h( gkl )T CBAD gn—k+1
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_ ZWgLK)h(gn)TC(ﬁ,/l] )g" _ 2w(3a,K)h(8n—2)Tc(,3,/h )8n—2]’ (39)

and with Lemma 3.2, we obtain

3

To™ = DI, < (v = 2w k(e CE e

n+l

< (Z w (a K) a K 2w(3<1,K))h(8n)TC(ﬂ,/ll)8n

n—1
<_ Z W(a,K) h( gk)T C(/j,/ll ) 8k + zwga,x) h( 811—2)TC(/5,/11 ) 8n—2

n+1-k

6 @,K 12 a,K
—Zgw,i;l)_klls"lliﬁ =l (3.10)
k=0

After arranging Eq (3.10) and by Lemma 3.3, we obtain

n-1

kgo _4‘”';(17)—1«*8‘”'(3“”() 4w<“ K) 48 (" K)
n2 w(a’K>72w<a’K) 012 (n K) ZW(GK) 0
le"ll, <e " s e, <e I€°1Iz,
4(a” +3az—a+2) 0
< e~ 3a23ar2 ||g ||L2 (3.11)

) If0 < A41h < 4k < %, the proof process of the stability of the numerical scheme (2.37) is exactly
the same as that of the proof of (2.33), and we skip the proof process here.
In conclusion, we have completed the proof. O

3.2. Convergence analysis

Theorem 3.2. For a € (0,1), 8 € (1,2), let y(a) = 0, and then if 0 < A,h < 41h < 1, the numerical
scheme (2.33) is convergent; otherwise, if 0 < A1h < Ah < ;, the numerical scheme (2.37) is
convergent.

Proof. (1)1f 0 < A,h < 41h < % subtract Eq (2.33) from Eq (2.32), and from the matrix form (2.34),
we have

(CAY} n+l
w
(== CPY — Ky = Z WO Bkt 4 R, (3.12)

where " = (7}, 13, ...}, D) .t = u! = U", R" = (R}, R}, ..., R}, )7, and R} = O(t* + h*) is the local
truncation error.
Similar to the proof of Theorem 3.1, we rearrange Eq (3.12) to obtain

n+1

(ak)h(n ) C(,B/ll)nn < - Zw(ak)h(nn)TC(,B,/ll)nn—k+l + T(th(nn)TRn (313)

() When 0 < a < @, we can directly obtain from Eq (3.13) that

n+l

(ak)h(n) C(,B/l]) n [Z W(ak)h(nn)TC(ﬂ,/h)nn
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n+1

n Zw(ak)h(nn —k+1 C(ml)nn k1

a (a,k) 0
n2 n
+ 5 oI, + o5 IR,
1
and by arranging Eq (3.14), we obtain
n+l1
WO R CPAY < (Z W 9 4 WY CEy
k=1

n—1
(@,k) NT ~(B,A1) K
< = D Wi Gl CP
(CA)

wi 2
+7 (10 —In"llz, +

IIR"IILZ)

(CA]
wi

Combining Lemmas 3.2 and 3.3, we can infer that

n-1 6»1<ak)

(a,K)
1

(@)
1

1<n<N 1<n<N

-k @ 2 3 g 2
n2 Par NG T n eT n
l7"lz, < 50e 1 max ||R ||L <50 max ||R ||L .
w

(il) When @ < a < 1, we can deduce from Eq (3.13) that

n+1

((Zk)h(n ) C('B/ll) n _ _(Z W(a K)h(nn)Tc(ﬂ,/ll)nn

n+1

n Z W(a ) h(nn—kﬂ)T CBA) nn—k+l

_ 2W(3(r K)h(l] )Tc(ﬁ /11) n 2W(a K)h(nn—Z)TC(ﬁ,/h)nn—Z)

v (@.K) a

5t
ny2 n(2
+ 5 e, + —S IR,
1

and after further arrangement, we obtain

n+1

(W(fl ) zwgﬂ K))h(ﬂ )TC(ﬂ /ll)nn < (Z W(fl K) + W(lfl K) 2W§Q’K))h(ﬂn)TC(ﬂ’/h)nn

k=1
-
(@,€) KNT ~(B,A1), k
<- Z Wit ) €0

+ 2W(ﬂ/ K)h(nn—Z)TC(ﬂ,/ll)nn—Z

(k)

W
(I, +

IIR"IILZ)-

(k)
Wi

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

AIMS Mathematics Volume 10, Issue 8, 17801-17831.



17821

By integrating Lemmas 3.2 and 3.3, we derive that

-1
S _3ew(@) +72wg“ #)
k=0 " 7 2a
7”<|H K)718wga LK) 4507-

T — 18 140

"Iz, < e ax IR"I,- (3.19)

By synthesizing these two cases of (i) and (ii), we obtain
I, < C(* +h*), n=1,2,...,N. (3.20)

(2) For the case where 0 < A41h < A,h < 5, the proof of the convergence of the numerical scheme (2.37)
is basically the same as that in case (1). To save space, we omit the proof process and directly obtain
the conclusion.

Up to this point, we have rigorously proved the convergence of the numerical scheme. O

4. Numerical experiments
In this section, we carry out some numerical simulations to verify the accuracy and effectiveness of

the proposed numerical scheme. First, we present the method for measuring the order of error in the
L,-norm:

Order = logm( iz, )

||€||L2,h/m

Example 4.1. Consider the following initial and boundary value problem of the space-time tempered
fractional differential equations:

CD“";u(x 1) = DB oA Tu(x, 1) — /lﬁ u(x, 1) — ,B/lﬁ lau(x t))
+r(D22u(x, 1) — /lﬁu(x ) +ﬁaﬁ‘1%) + f(x, r),
(x,0)€(0,1)x(0,1],
u,)=0,u(l,1) =0, te|0,1],
u(x,0) =0, x€(0,1),

where ) <a<1,1<B<2, mneN@m>2,n>4), and

+00

flx, ) =x"(1 -x)e —KIZ( .)l Z(_ )]( ) I'm+1+i+)) it

pr [m+1+i+j-a)

_ ey —ae N0 (A1) T+ 1+i+)) s
-l Z .Z( )j()l“(n+1+i+j—,3)x :

( /12)1 S j (n+i F(n +1+ J) o A\tB
Dot Y

— (X + m/;)x"(l - x)" + X = 1 Bn(x - )1 - 2x)].

The exact solution is u(x,t) = (1 — )" x"(1 — x)".
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Consider!/=1,r=2,m=2,n=4,k=1,4; =2, 1, = 1. We use the numerical scheme proposed
in this paper to conduct the numerical simulations of Example 4.1. First, through the first numerical
simulation, we measure that the convergence order of the numerical scheme in the time direction is 2,
as shown in Table 1. Then, through the second numerical simulation, we measure that the convergence
order of the numerical scheme in the spatial direction is 4, as shown in Table 2. Finally, the error
surface graph of the numerical scheme, Figure 3, and the error curve graphs at different moments,
Figure 4, are presented.

Table 1. Numerical results at time ¢ = 1 for Example 4.1: [ = 1, r = 2, m = 2, n = 4,
M = 500.
k=1 /l] =2 /12 =1
@ B (3) lell, Order
o 4.6447e-07
0.3 1.5 55 1.4193¢-07 1.7104
5 3.9081e-08 1.8606
= 1.0245¢-08 1.9315
5 5.9660e-07
0.5 1.8 55 1.8158¢-07 1.7162
5 4.9923¢-08 1.8628
= 1.3079¢-08 1.9325
35 4.8099¢-06
0.8 1.3 s 1.5188e-06 1.6631
5 4.2633e-07 1.8329
= 1.1292¢-07 1.9167

Table 2. Numerical results at time ¢ = 1 for Example 4.1: [ = 1, r = 2, m = 2, n = 4,

N =M~
k=1 /l] =2 /12 =1

@ B h(z) lell., Order
5 3.5929¢-09

0.3 15 % 3.1905¢-10 3.4933
5 2.6934e-11 3.5663
= 1.9034e-12 3.8228
5 4.2402¢-09

0.5 1.8 55 2.7954e-10 3.9230
= 2.0777e-11 3.7500
= 1.4546e-12 3.8363
5 3.7577¢-08

0.8 1.3 55 1.9448¢-09 4.2722
5 1.0785¢-10 4.1725
= 7.0233e-12 3.9407
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Figure 3. The numerical error graphs of Example 4.1 under different values of (a,5): [ =1,
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Figure 4. The error curve graphs at different moments corresponding to Figure 3.
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Example 4.2. Consider the following initial and boundary value problem of the space-time tempered
fractional differential equations:

CD™u(x, 1) = UDP u(x, 1) — Xu(x, 1) — A 2480y
+r (D5 2u(x, t) = Bulx, 1) + A5 240y 4 f(x, 1),

(x,1) € (0,1)x (0, 1],
u(0,1) =0,u(l,r) =0, te|0,1],

u(x,0) =0, x€(0,1),

where 0 <a<1,1<B<2, mneN@m=>2,n>4), and
I'm+1)
F(m+1—a/)

e RV PN LGRS B R
€ Z ,Zo;( )j()l"(n+1+i+j—,8)x :

-

[ =x"1-x)"e™

A i n+i r 1 B )

— (0 + m’;)x"(l - x)" + (A5 - m‘j“)ﬁn(x — "1 =221,

The exact solution is u(x,t) = e X" x"(1 — x)".

Letl=2,r=1,m=3,n=5«k=1,4, =114, = % The numerical scheme developed in this
study is applied to perform numerical experiments for Example 4.2. In the first set of simulations, the
temporal convergence order of the proposed numerical scheme is evaluated to be 2, as summarized in
Table 3. Subsequently, the second simulation series reveals that the numerical scheme exhibits a spatial
convergence order of 4, as detailed in Table 4. To further illustrate the performance, the error surface
visualization of the numerical scheme is provided in Figure 5, while Figure 6 displays the error curves
at various time instants.

Through a series of numerical simulations conducted on the above two numerical examples, we can
find that these results are in complete agreement with our theoretical analysis, which verifies that the
numerical scheme is efficient.
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Table 3. Numerical results at time ¢ = 1 for Example 4.2: [ = 2, r = 1,m = 3,n = 5,

M = 500.
k=1 /11 = /12 = %
a B T(% llellL, Order
% 4.0985e-08
0.3 1.8 55 1.0359¢-08 1.9842
5 2.5990e-09 1.9949
% 6.5064e-10 1.9980
= 3.4051e-07
0.5 1.3 % 8.5590e-08 1.9922
ﬁ) 2.1414e-08 1.9989
=5 5.3533e-09 2.0000
5 3.4138e-07
0.8 1.5 % 8.3210e-08 2.0365
% 2.0522e-08 2.0196
= 5.0946¢-09 2.0101
Table 4. Numerical results at time ¢+ = 1 for Example 4.2: [ = 2, r = 1,m = 3, n = 5,
N = M.
k=1 =1 b=z
a B h(5;) llell, Order
5 5.8511e-07
0.3 1.8 % 4.5388e-08 3.6883
41—0 3.1406e-09 3.8532
= 2.0609e-10 3.9297
5 5.7548e-07
0.5 1.3 55 4.5088¢-08 3.6740
% 3.2044e-09 3.8146
81—0 2.1510e-10 3.8970
= 5.9423e-07
0.8 L5 55 4.9114e-08 3.5968
5 3.4959¢-09 3.8124
% 2.3319¢-10 3.9061
AIMS Mathematics Volume 10, Issue 8, 17801-17831.
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Figure 6. The error curve graphs at different moments corresponding to Figure 5.
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5. Conclusions

This paper is dedicated to the investigation of an efficient numerical scheme for space-time
tempered fractional differential equations. Inspired by the quasi-compact approximation of general
diffusion equations, the concept of the fourth-order approximation of the normalized
Riemann-Liouville tempered fractional derivative is proposed. The validity of the approximation
formula is rigorously established via the generating function method. Moreover, a comprehensive
theoretical analysis of the numerical scheme is presented, including stability and convergence
analysis. The effectiveness and accuracy of the proposed numerical scheme are demonstrated through
a series of numerical experiments on representative examples, which show excellent agreement with
the theoretical predictions. In the follow-up work, we expect to consider the case of non-smooth
solutions.
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