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Abstract: In this work, we aimed at a kind of multi-term variable-order time fractional mobile-
immobile diffusion (TF-MID) equation satisfying the Neumann boundary condition, with fractional
orders " (t) form = 1,2,---, P, and introduced a QSC-L1" scheme by applying the quadratic spline
collocation (QSC) method along the spatial direction and using the L1* formula for the temporal
direction. This new scheme was shown to be unconditionally stable and convergent with the accuracy
O(rminB3-a"=0). 2} 1 Ax? + Ay?), where Ax, Ay, and T denoted the space-time mesh sizes. a* was the
maximum of @ (¢) over the time interval, and @(0) was the maximum of @ (0) in all values of m. The
QSC-L1* scheme, under certain appropriate conditions on a(¢), is capable of attaining a second order
convergence in time, even on a uniform space-time grid. Additionally, we also implemented a fast
computation approach which leveraged the exponential-sum-approximation technique to increase the
computational efficiency. A numerical example with different fractional orders was attached to confirm
the theoretical findings.

Keywords: multi-term variable fractional order mobile-immobile equations; Neumann boundary
condition; quadratic spline collocation; L1* method; numerical analysis; fast computation

1. Introduction

In recent years, the fractional partial differential equations (FPDEs) have been widely used to
simulate various phenomena of anomalous diffusion, such as Brownian motion in fractal theory [1],
and solute transport in porous media [2]. Samko and Ross [3] proposed an important kind of
fractional operators, which are dependent on time and space. Recent studies showed that
variable-order fractional derivatives can describe some complicated phenomena more precisely [4, 5],
such as the viscoelasticity oscillators [6] and the motion of particles in special circumstances [7]. The
multi-term variable-order time fractional mobile-immobile diffusion (TF-MID) equation offers a more
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precise and realistic depiction of solute diffusion in heterogeneous porous media compared to its
single-term counterpart, as referenced in [8,9].

Different kinds of numerical methods have been proposed for solving PDEs, such as the finite
difference method [10—12] and finite element method [13—15]. The quadratic spline collocation (QSC)
method stands out as an efficient discretization approach. The basis functions of the quadratic spline
space are very smooth, and the smooth conditions at interpolation points are helpful to reduce the
number of unknowns, which means the resulting algebraic equation has small scale. As a result,
QSC has been widely adopted for solving both integer-order problems [16, 17] and fractional-order
differential equations [18, 19].

Many efficient numerical schemes have been proposed to solve time fractional PDEs, including the
classical L1 scheme [20, 21] and L2-1, scheme [22]. She et al. [23] introduced a transformed L1
method to solve the multi-term time-fractional initial-boundary value problem. Yuan et al. [24]
introduced linearized transformed L1 Galerkin finite element method for nonlinear time fractional
Schrodinger equations. Chen et al. [25] studied a Grunwald-Letnikov scheme on uniform mesh for
reaction sub-diffusion equations with weakly singular solutions and presented a sharp error estimate.
Zhou et al. [26] proposed the nonuniform Alikhanov schemes on the nonuniform meshes for
nonlinear time fractional parabolic equations. Ren et al. [27] established sharp H1 norm error
estimates for the L1 formula and a fractional Crank-Nicolson scheme on nonuniform meshes for
reaction sub-diffusion problems. However, for variable-order models, since the fractional derivative
has a variable-dependent kernel, it is more difficult to construct suitable numerical approximations.
Zheng and Wang [28] presented an L1 scheme for variable-order time-fractional diffusion equations.
Du et al. [29] developed an L2-1, formula for the variable-order time-fractional wave equation.
Zhang et al. [30] considered an implicit numerical method to solve space-time variable-order
fractional advection-diffusion equations. Liu et al. [31] proposed the regularity of the solution to a
variable-order time-fractional diffusion equation, and constructed a fully discrete numerical scheme.
Building on this foundation, we [32] expand the application of the L1 scheme by developing a
first-order numerical scheme for the variable-order TF-MID with variable coefficients. Ji et al. [33]
proposed the L1* scheme of constant-order FPDEs, which can be derived by performing the classical
L1 scheme to the integral form of the FPDEs. The L1" scheme has almost the same computational
cost as the classical L1 scheme, while improving the convergence order (2 — a) of the classical L1
scheme to second order, if the solution is sufficiently well-defined. In this paper, we will investigate
the L1* formula for multi-term variable-order time fractional derivatives.

Furthermore, the fast implementation of numerical methods for time-fractional differential
equations is another focus of researchers. Jiang et al. [34] introduced the sum-of-exponentials (SOE)
technique, to greatly reduce the computational cost for the evaluation of the constant-order time
fractional derivatives. Subsequently, Zhang et al. [35] employed the exponential sum approximation
(ESA) method, adeptly handling the singular kernels of variable-order Caputo fractional derivatives.
Building on this foundation, they developed a second-order fast evaluation method in [36].

In this paper, we combine the temporal L1* formula with the spatial QSC method to construct a
QSC-L1* scheme, to solve two-dimensional multi-term variable-order TF-MID equations. The
Neumann boundary conditions are incorporated into the framework of the energy method, which
leads to a novel technique for the unconditionally stability and convergence of the QSC-L1* scheme.
In addition, we conduct a comprehensive improvement and optimization of the ESA technique to
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fully meet the L1" formula. Such a fast evaluation demonstrates exceptional performance by
significantly reducing the computational cost and memory requirements, particularly when combined
with carefully selected parameters, which further highlights its notable advantages.

The structure of the paper is as follows. In Section 2, we introduce the multi-term variable-order TF-
MID equations and propose the QSC-L1* scheme. Subsequently, we meticulously construct an energy
method aimed at rigorously demonstrating the unconditional stability and convergence of the QSC-L1™*
scheme in Section 3. In Section 4, we harness the ESA technique to achieve fast computations along
the temporal direction. Section 5 presents detailed results from numerical experiments, which not only
substantiate our theoretical findings but also highlight the efficiency and practicality of the proposed
scheme. In Section 6, we provide a concise summary of the entire work. It is worth noting that, we use
C; in this paper to denote constants which are independent of mesh sizes.

2. Equation and discretization

In this section, we consider a kind of two-dimensional multi-term variable-order TF-MID equation
as follows, and the equation can be used to understand and simulate diffusion behavior of solutes in
heterogeneous porous media [9],

P
u(x,y, 1) + Z ngm(t)u(x, v, t) = kLu(x,y,t) + f(x,y,1), 2.1

m=1

defined in a rectangular spatial domain Q = (x;, xg) X (yz, y&), and the temporal interval is denoted by
[0, T']. At the initial time, the solution satisfies

u(x,y,0) = uo(x, y), (x,y)€ Q=QUQ, 2.2)

and at the boundary 0, the solution satisfies the Neumann condition

Ou(x,y,t)
on

Here, the positive constant « signifies the diffusion coefficient and f denotes a predefined smooth
source function. Additionally, £ stands as a spatial elliptic operator, which stands for:

=o(x,y,1), (x,y,t)€0Qx(0,T]. (2.3)

Pu O u
=— + —.
Lu ox?  0y?
a"(t) form =1,2,---, P are the variable time fractional orders which satisfy
O<a,<a"()<a"<1,te[0,T], lirgl(a/’"(t) — a"(0)) In 1 exists. (2.4)
t—0*

For the solute transport problem in porous media, a small portion of solute transport follows the
Fickian diffusion process, and it can be expressed as the term u,(x, y, ), while the majority of solute
particle transport follows anomalous diffusion, which can be described by the variable-order Caputo
fractional operator ng(’)u(x, v,t). In order to distinguish anomalous diffusion with different speeds,
we use multi-fractional orders ngm(’)u(x, v,t) in the modeling. The Caputo fractional operator
EDY" Vu(x,y, 1) is rigorously defined as
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!
SDY Ou(x, y, 1) = f Wi_gmp)(t — $)Osu(x,y, s)ds,
0

where the weight function wg(?) is specified by:

-1
wa(1) 1= —.

To characterize the initial singularity of the solution, one can introduce the weighted Banach space
C (O, T1; X), which incorporates with the norm || - ||y, where m > 2 and 0 < u < 1, as defined in [37].
The space is defined as:

Cr(0.T1: X) == {v € C'(10. T X) : [Mlcporin < o) »
with the norm given by:

o'

m
I I-1-u
||V||c31((o,T];X) = ||V||c1<[o,T];X) + Z sup 7 of

) 1€(0,T]

X

The eigenfunctions {g;};°, of the Sturm-Liouville problem, which satisfy the equations

—Loi(x,y) = Lipi(x,y), (x,y) €Q;  dpi(x,y) =0, (x,y) €0Q,

constitute an orthogonal basis in the L*(Q2) space. The eigenvalues {4,}-, are strictly positive and non-
decreasing, approaching oo as i increases. By harnessing the theory of sectorial operators, we define
the fractional Sobolev space

H'(Q) :={v e LXQ) : bl := i A (v, )" < oo},
i=1

172 .
equipped with the norm |||y = (llvlli2 + IVIZVU) / . Moreover, H”(Q) is a subset of the fractional
Sobolev space H”(€2), distinguished by the characteristics outlined in [38]:

H'(Q) ={ve H () : LV(x,y) =0},

for all (x,y) € 0Q, where s < y/2 .

Lemma 2.1 ( [8, 31]). If condition (2.4) holds, suppose that uy € H"*® for v > 1/2,
f e H'(10.T]: B*%) n H*([0,T1; H**2) 0 B> ([0, T]; B*) for 0 < s < y and a € C*0,T]. If

a"(0) > 0, form =1,2,--- , P, we have u € C*((0, T1; H'(0, L)) N C}_ ..o, (0. T1; HY(0, L)) and

0
||u||C1([O,T];I:IS(Q)) < CO (”I/l H5+2(Q) + ”f”[-[l([:[-”“) + ”f”Hz([:IS*Z) + ||f||H3([:1S)) 5

llull

0
l—txm<o>((0,T];ﬁ7(0,L)) < C (”u ||I§!7+6(0,L) + ”f”Hl(ﬁ““) + ||f||H2(Fp+2) + ||f||H3(HS))-

Next, we will conduct a comprehensive exploration of the L1* scheme applied to the temporal
domain, accompanied by the analysis of the QSC discretization in the spatial domain.
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2.1. Temporal L1* scheme

Given a positive integer N, we divide the time interval [0, 7] uniformly as0 =#) < #; < ... <ty =T.
Therefore, we can conclude that ¢, = nt, where 7 is defined as T = % For a given continuous function
v(t), we refer to its piecewise linear interpolation as ITv(¢). To quantify the discrepancy between the
original function and its interpolation, we introduce the interpolation error 6,v (t) = v (t) —I1v (¢), which
can be expressed as

73 1 In
B,v (1) = f (t— )3V (s)ds — ;f (t—t, 1) (t, — 8)0v(s)ds, 1, <t<t, l<n<N.
-1 -1

2y

Based on Lemma 2.1, we have | 5

N < Cot™@" O Therefore, we can verify that

6o (0] < Ca (7" = 1, 2.5)

n 1

We represent v* as the numerical approximation of v(¢) at the specific time instant ¢ = #,,, and define
T={", n=0,1,---, N} as a finite-dimensional function space that spans over the temporal grid. For
convenience, we further define

_1 _1
0y'"2=——— and V'"Z=

Then, averaging the integral of CD“ e

this subinterval, we have

v(t) over [t,_1,t,], and approximating " (¢) at the midpoint of

1 tn m 1 t}'l (’i/m
- f DS v(ndt = ~ f SDI ()t + 11 yms (2.6)
T th-1 T Th—1

where @' := a/ ,forn=1,2,---, Nand m = 1,2,---, P. Based on the trapezoidal formula and

-2
Lemma 2.1, we can verify that

1 I !
1 pml < C4 - f f [W1-any(t = 8) — wi-ap(t — S)]def‘
In—1

)

tn F(2 0/") 1 —(D _ gl tn f1- a,l 1—*(2 a,m) rQ- a,m(t))]d
‘f T2-anT2- a/’"(t)) _‘f Te-anre-aoa)

where Cj 1s the upper bound for v(¢), and Cs, C¢ are positive constants related to C4. According to the
boundedness of I'(x) and applying Taylor’s expansion for two numerators above, we have

C
|r1nm|<—‘f |Cs(t = 1,1) + Colt = 1,.1)°| a’t +ﬁ‘f Cri(t—1,.1) + Cuat — 1, %)z]dt',

where C; for i = 7,8,---,12 are the upper bounds of some functions. Since the integration of linear
terms are equal to zero, we can obtain |r1 am| = O(1%). Furthermore, the first term on the righthand side
of (2.6) can be approximated by the L1 formula as

1 I o l I t
— f SDy"v(t)dt = - f f wi—_gn(t — $)AIIV(s)dsdt + 7 m. (2.7)
T th-1 T th—1 0
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—a"—a™(0)

According to the truncation error analysis in [33,39], we have r,,,,, = O(th,, ) Substituting
Eq (2.7) into (2.6), we have the approximation forn = 1,2,---, N that

1 In m n _ — FmM 1
_ f OCD;l (I)V(l)dl’ = Z a;’tl]’i’:)—l(vk - Vk 1) + Yinm + 2.n.m = tan Vn 2+ rl,n,m + r2,n,m’ (28)
T (] k=1
where
1 fy  min{sf)
a™ == f f wi_an(t — s)dsdt, k=1,2,---,n, m=1,2,---,P. (2.9)
T th-1 tr—1

The discretization (2.8) for the variable-order Caputo fractional derivative ngm(t) v(t), with the
coefficients (2.9), is called the L1* formula.

2.2. Spatial QSC method

For given positive integer M,, we divide spatial domain [x;, xg] uniformly as
Ay i={xp =x0 < X1 <...< Xy, = Xg}

with mesh size Ax = ==L Then, we define the quadratic spline space with the variable x as

(Vx = {V € Cl (XL, xR) s Vl[xi,l,xi] € PZ(Ax)ai = 1,2’ R MX} ’

where P,(-) represents the set of piecewise quadratic polynomials with the variable x. Similarly, we
can define the quadratic spline space V, for the variable y. Furthermore, we denote by A = A, X
A, the mesh partition of the spatial domain, and denote by V := V, ® V), the space of piecewise
biquadratic polynomials.

Next, we consider the basis functions of the space V. We let

X, 0<x<lI,
1l -26c=-1D*+2(x-D+1, 1<x<2,
¢(X) =3 2
21(3-x), 2<x<3,
0, elsewhere,
and define the quadratic B-splines
80 = (T - jH2), j=00 e Mk (2.10)
X

as the basis function of V,. Similarly, we get {¢ i), j=0,--- M, + 1} as the basis functions for V.
Thus, the quadratic spline solution u}, € V of Eq (2.1) is represented as

M +1 My+1

Goey) = ) > g0, n=1,-- N, 2.11)

i=0 j=0

where c;?j are the coefficients to be solved.
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In order to solve these unknowns, we choose the centers of the rectangular mesh A as the collocation
points, denoted by

E={E.E) i= 12, M, j= 12, M),

where {£F = 5 (i1 +x), i = 1,2,--- M} and (¢} = 5(yj1 + ), j = 1,2,---,M,}. We denote
& = xu, &, = xg and & = YL, ffwvﬂ = yg, and denote 9¢ = {(xL,fi), j=0,1,--- M, +1}U
(R, &), j=0,1,+ My + 1}U{(&,y0), i = 0,1, , Mo+ 1} U{(€5,yr), i = 0,1, , My + 1} as the
boundary collocation points. Consequently, we select & = £ U 9¢ as the set encompassing both interior
and boundary collocation points. For simplicity, we further define index sets: A = {(i, j), (¢, f;’) € &},
oA = {(, j), (§j‘,§}”f) € 8¢}, and A = A UOA.
Taking the collocation points into expressions (2.11), we get
2 62

n X 2 n 6 n X n n X n
uj, (fkafz) = 0.8,c;, a2 (fk’fly) = n,0,c, P Uy, (fkafzy) 1= 1,0
and the Neumann boundary condition
(9 n X 4 n a n X n
T axh (&.6) = —s.0:ci,, ox (Eir21:€) = 60,Ch e
a n X n a n X n
- a_y“h (fk’fg) = =60 a_y“h (fk"fyMyH) 1= 60:Ckpr, 15

where operators 6,, ¢, and ), are defined as

4 (cg,l + Crll’l) ’ k= O’
Ouchy = g ks +Ock + clyp k=1,2,00 M, 2.12)
4 (crit/f»l + Crli/lxﬂ,l) > k=M,+1,
1|y, — o, k=0,
gxcz,l = A_ rlz’[ o n (213)
XA\ M1 = o k=M,+1,
n 1 O, k = O’ MX + 1,
NC =593, n 20" n k=12 M (2.14)
Ax (Ck—l,l - Ck,l + Ck+l,l)’ = 1,2, X

We further define .
0;;62,1 = E(CZJ —ciy) k=12, M, +1,

which leads to |
nxcz,l = I)C(ﬂxcz+l’l - 0XCZ,I)’ k = 1’ 2’ s, M)C'

In addition, the operators 6,, 1y, and ¥, are defined along the y direction similarly. We need to
notice that ¢, and ¢, are discretizations for the Neumann boundary conditions, and their definitions
are compatible with 9, and ¥, respectively. In this paper, we keep both definitions without confusion.
Next, we will delve into the full discretization scheme, which is built upon the spatial and temporal
discretizations, to construct a robust numerical method for Eqgs (2.1)—(2.3).
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2.3. OSC-LI* scheme

We consider Eq (2.1) on the time subinterval [#,_1,,], and take the integral average to obtain

" kLu(x,y, dr + f " foy. i, (2.15)

! f " ey i+ f t"iCD“’"“)( i = » f ’
- U x,y, - uix,y, = -
T In—1 t y T In— 0 t y T In

I m=1 -1 Ih—1

Through calculations, we can validate the first term of Eq (2.15),

T

1 In n _ -1
T f ey, e = CED TN oty (2.16)
th-1
Regarding the first term at the righthand side of Eq (2.15),
1 I el
- kLu(x,y, 0)dt = k Lu""2(x,y) + I3,
T th-1
where
1 In ol 1 In
Fig = — kLu(x,y,t)dt — kLu" 2(x,y) = — kLOu(x,y,t)dt,

T -1 th-1

and based on estimations (2.5), it satisfies

tn
K _m 1—a™(0
73] < ;f | LOu (x,y,1)|dt < Cy37 (t}l @"(0) _ fl=a™( ))_

n—-1
-1

Similarly, for the last term of Eq (2.15), we have

1 I 1
! f FCuy, 0dt = P Cey) + Fa 2.17)
T In-1

where ry, satisfies
C14 In
raal < = | = 0) (=t dr = O(),
T th-1

with C4 as an upper bound for f,(x,y, 7).
Utilizing Eqgs (2.16) and (2.17), in conjunction with the discretization method outlined in (2.8),
Eq (2.15) can be reformulated as

P
Sl (x, y) + Z 55U (x,y) = kLuH(x,y) + 1 (x,y) + R (2.18)

m=1

with the truncation errors

P P
—a"—a"™(0 _m _m
R' =" (Fipn + rann) + Faa + 740 = 02 Y 6,5 Ve a (@ =70y 1 2). (2.19)
m=1 m=1
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Subsequently, we will proceed to approximate the solution of Eq (2.1) with the QSC method.
Specifically, we substitute u}(x,y) of the form given by (2.11) into Eq (2.18), neglect the truncation
errors, and obtain

M+1 My+1 M+ P . 1
D8l i), + Z Z D87 6108,
i=0 j=0 i=0  j=0 m=1
et b (2.20)
= ¢ [6/06,0) + dST W] + @), () eQ T<n<N.
i=0 j=0

Taking the collocation points (&7, f;) into Eq (2.20), we get the QSC-L1* scheme,

50,6, +Zo‘, 0.0, = k0,0, +,00¢ 7 + £, G peA, 1<n<N.  (221)

For the initial condition (2.2), we have

0.0,c); =u),, (i, )) €A, (2.22)

1,]°

and on the boundary collocation points, we have

1 1
-3 n—5 n—s

1 1 1
_ n-5 _ n n—-5 _ n—-5 _ n—y _
SOy =00 SOy = Py 0" =07 6§b: CzM +1 = Pimg+1- (2.23)

Remark 2.1. If the equation includes additional convection terms, such as u, + u,, the corresponding

I’l—l .
OSC-L1" scheme (2.21) will also be appended an additional term (9,0, + Gxﬂy)ci,j 2 which leads to
a sparse matrix-vector multiplication. Therefore, the QSC-L1* scheme can be applied for TF-MID
equations with convection terms, with additional little computational cost.

Next, we will delve into a comprehensive analysis of the stability and convergence properties of the
proposed numerical scheme.

3. Numerical analysis of the QSC-L1" method

Before conducting the numerical analysis, it is imperative to establish some fundamental definitions
concerning inner products and norms. Specifically, we define M, = {w, w = {w;;, (i, j) € A}} as the
spatial grid function space and further introduce /\O/Ih ={we M, ¢wi;=¢w;=0for(,)) € IA}.
For two functions w, v € /\o/(h, we proceed to define the inner product,

M, M,
(w,v) :=AxAy Z Z Wi iVijs

i=1 j=1

M+1 M, M, My+1
(Dow,dv), 1= AxAy Z Z (Fowi) (Fevig). @ w, Byw)y = AxAy Z Z (9wi) (31)
=1 j=1 i=1 j=1
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which induce the associated discrete norms

Iwll == Vw,w), Wl = @ w, dw),  wly, = [Dw, dw), .

We can reformulate scheme (2.21) as

—_—

n—

P
al"” 0 O,c; 6.0 + T Za("m) 0 0, — 0x0yc’.“.1)

n—k+1 L]

1 m=1 3.1)

1+T

Mm

>~
Il

m=1
= 7k(n,0, + 1, x)c % +Tf

To facilitate clarity and consistency in our notation, we uniformly define the coefficients for Eq (3.1)

as follows:
P

b(n>_1+TZ (nm)’ p® =1 a:ﬂp 1<k<n-1.
m=1

With these new coeficients, the QSC-L1* method (2.21) can be rewritten in a more compact form as

n

_1 nel

2 b (0:6,ch, - 0.0,c5") = i (n,0, + m,0) i +7f L GpeA T<n<N. (32

L]
k=1

We notice that the orders of magnitude of the coefficients can be estimated as b(l") = O(1),
b" = O('~%). Considering the coefficient properties outlined in [33,39], the newly defined set of

coefﬁc1ents {b( ") k=12, n} fulfills the properties stated in the following lemma.

Lemma 3.1. For sufficiently small values of 1, the coefficients b,((") are monotonically decreasing for
k=1,2,---,n ie.,
(n) (n) (1)
by" >by" >--->b" >0,

where n is a fixed time index.

3.1. Basic preparations

Before the numerical analysis, we need to provide some basic lemmas which are necessary in the
stability and convergence analysis. Here, we first introduce some lemmas on the coefficients of the
QSC-L1" method.

Lemma 3.2. We assume that the fractional order a™(t) satisfies (a"(t)) < 0, for 0 < t < T and
m=1,2,---, P, then the coefficients b;"_)k in the QSC-L1% scheme (3.2) fulfill the estimation

" <(1+Cisnb™), 1<k<n-1, 2<n<N.

Lemma 3.3. The coefficients of the QSC-L1* scheme have a positive lower bound, i.e.,

Z (nm) < Z I :a > Cs,

m=1

where n > 2.
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Lemma 3.4. A special summation of the coefficients of the QSC-L1" scheme is bounded, i.e.,

—_

n—

k
b < Cys.
1

>~
Il

The proof of above lemmas can be referred to [40]. Furthermore, we also require the subsequent
lemmas concerning the operators that have been previously defined.

Lemma 3.5 ( [22]). If the coefficients b,((") are monotonically decreasing, for k = 1,2,--- ,n, then we
have the estimate,

i bgln_)k” <0x0yck - Oxo}’ck_l’ Oxoycn> 2 %

S (0 - ||exayck—1||2)] ,
k=1

k

k={ck Cip (i, j) € A} are the coefficients in the quadratic spline approximation uy.

where ¢

Lemma 3.6. For function w € My, we have
- SR 2
EIIWII <(Ow,w) < |wll", EIIWII <{Oyw,w) < |wll".

Proof. We prove the first estimation for simplicity. According to reference [40], the operator 6, can
be decomposed as 8, = £>, where ¢, is also a spatial operator. Similarly, 0, = {i. Since ||§xw||2 =
& w,Lw) ={(0,w,w), we can get from the definition of 6, in (2.12) that

M -1

AxA
Bow, W) = —— Z (wo,)wi. ) +2 Z(w,j><w,+1]>+62(w,,> + e )ovw )] (33)

According to the homogeneous Neumann boundary conditions, we get wo; = wyj and wy 11 =
wy,,j- Then, we have

E

M,—1

(0w, w) = il (3.4)

j=1 i=1
We utilize the inequality 2ab < a* + b?* in equality (3.4) to get
M)" Mx
Ow,w) < AxAy " > (wi)” = IwlP.
=1 i

Then, using the inequality 2ab > —a® — b? in equality (3.4), we can get

M,
- >3- [6omy +4Z(Wu) +6(wu, )| = —||w||2.

j=1

Ow,w) >

The second estimation can be obtained in the similar way.
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Lemma 3.7. For anyv" € /\o/(h, n=12,---,N, we have

! 2x + |§y0

I 1
(0,0, +m,0.".0.0,") < _Z( 0, " fy) +g (I{XOyV”‘llfx + |§y0xv"—1|fy).

Proof. Recalling the notation Y1 =

-1 n 1 n— n 1 n n 1 n— n
(1,6, + 1,6 v"%,6,0,") :§<1]x0yv Lo.6,0") + E(nxayv L0,0") + E(])yexv 16,6,
3.5)
N B (
+ §<ny0xv ,0,0v > = 3 Z P;.
i=1

We first present the estimation for Py,

MA 1‘4‘ Mx M,V

Pr=AxAy Y 3 (0,0007) (0.807)) = Ay D) (90005 - 9.6,75") (6.6,V7).

=1 j=1 =1 j=1

Applying the homogeneous Neumann boundary conditions gx0yvg"jl = 0 and gxﬂyv’;,;;l’j = 0, for
j=12,---,M,, we rearrange the terms in P and obtain
My+1 M,

= —AxAy Z > (36,5 (3.6,60))) = - (9.6, 8.6,6").

i=1 j=1

Likewise, we have

— (9.0, 9.0,0,") = -

Furthermore, we use the Cauchy-Schwarz inequality and —2ab < a* + b? to obtain

1 1
e §(| O+ |§x0yvn_l|?x) = _§(| Oy

The terms P3 and P, have similar results. Thus, we can complete the proof.

P +P,<—¢.0,

nl¢ _ n—1|2
1x |§x0yv lx) '

Lemma 3.8 ( [41]). We suppose V', w" € T satisfy the inequality v < (1 + 7CigV'™' + ww™!, with
n=1,2,...,N, then we can obtain

n—1
V' < eclg’"[vo +T wl],

where C\g is a positive constant.

Given the lemmas presented above, we will focus on the stability of the QSC-L1* scheme (2.21)—
(2.23), or its equivalent form (3.2).
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3.2. Stability analysis

Theorem 3.1. We denote by ¢" = {CZJ" (i,j)) € AO < n < N} the coefficients of the
approximation (2.11) solved by the QSC-L1" method. If the fractional orders o"'(t) are monotonically
decreasing functions, then the following estimate holds:

o5 (ot rleoet)

< o [lo.tef + 5 (|§ 0, +lg, 0. )|+ ConZ I

Proof. We multiply Eq (3.2) by 2AxAy6,6,c} ;. Taking summation for the indices i from 1 to M, and
for j from 1 to M, yield

Z by (0.0, - 0.0,¢,20,0,¢") = 7k (0,0, + 1,0,)¢"2.20,0,¢") + 7(f"72.20,0,¢").

n— k+]

According to Lemmas 3.5 and 3.7, we achieve the following estimation

nl2
Ly

n

Dbl I+ 5 (2.0,

k=1

1

(3.6)
-1
Z o e e ( 20, + |§y0xc"—1|fy) +21(f"2.0,6,c").
k=1
Then, based on Lemma 3.2, we obtain
n—1 5
b L (3.7)
k=1
Denote
0o_ K 0]2 0|2 n _ : (n) k
G = B (|§x0yc |1x + |§y0xc |1y)’ G" = Zb - ” (| )’
k=1
where 1 < n < N. With inequality (3.7), the inequality (3.6) can be simplified as
G" < (1+Cis1)G" + 00 [0.8,¢°|” + 20 ("7, 6.6,¢").
We utilize Lemma 3.8 to derive that
G" < |G + Z b 6.6, + 272 ( fk—i,oxayck>], l<n<N. (3.8)
k=1
According to the definition of {b(”)k o k=12, } we have by Lemma 3.3 that b(") =1 +Ta(")
1+ Cy6t1, and b )k+] >Cier, fork=1,2,--- ,n—1. Then, G" has the lower bound
n—1
) 2
G" > (1+ Cigr) |0.0,¢"|[ + cmrz o0, + 5 (.0, T). (3.9)
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We combine estimates (3.8) and (3.9) to conclude that for 1 <n < N,

n—1
> looc [+ 5 (¢l + g0
k=1

n—1 n
L0 + DB 0.6, || + 2777 Y (£ 6.6,

k=1 k=1

4,6
(3.10)

< clsr[ (|§0

Next, we will analyze the terms in (3.10) individually. First, based on Lemma 3.6, we obtain
the estimates

7 (eoel ool )= 3 (0l + ).
TK 02 02 T 0 0 G.11)
?( AIy€ |1x+|§y0)fc |1y)S ?(|00 |1x+|0 ¢ | )
By the inequality 2ab < 2ea® + (1/2&)b?,
2eC‘5TTZ <f ,0.0, c < C16TZ ||0 0, k” + e Z ka“ (3.12)

k=1

Taking the estimates (3.11) — (3.12) into (3.10), we can derive the conclusion of the theorem.

3.3. Convergence analysis

Recall that the quadratic spline interpolation Zw(x, y) of the function w(x, y) satisfies
Iw)(&.8) =w(&.€), GheA, (3.13)
and satisfies
AW (x2.8) = we (x0.8) . AW (k. &) = wi(xw. &), j=0,1,-+ My +1,
on the left and right boundaries, as well as

(-Z-W)y (§,xa)’L) = Wy (é:;c’yL)’ (-Z-W)) (é:f’yR) = Wy (gf’yR)’ i = 0’ 1’ ’Mx+ 1,

on the other two boundaries. For w(x,y) € C*(Q), we denote a norm [|w||. = max jea Iw(&F, fﬁ)l, and
the interpolation error satisfies [17,42]

IZw = w)lle = OAX),  Tw = w)ylle = OAY?). (3.14)

We denote u" = {u"(£}, &), (i, )) € A} as the true solution, and u} = {u}(£}, £), (i,)) € A} as the
numerical solution by the the QSC-L1" scheme. Then, the convergence of the QSC-L1* scheme can
be derived as follows.

Theorem 3.2. If the fractional orders o™ (t) satisfy 0 < a. < &"(t) < a* < 1, then the numerical
solution of the QSC-L1* scheme converges and satisfies
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Proof. With Eq (2.18), for any fixed n, we can construct the following difference equation on the
interpolation Zu"(x, y):

P
§Tu" 3 (x,y) + Y 8 T3 (xy) = & [IuZ;Z(x, ¥) + Tidhy * (x, y)] + 00y €72 y),  (3.15)

m=1

where

P
g2 (6y) =6, (Tu— w1 (x,y) + > 8" (Tu - u)' 2 (x,)
- (3.16)

—x [(Iu — )" ) + Tu— ) (x, y)] LR,

with the definition of R" in (2.19). We take the collocation points (ff,.f;’) for (i, j)) € A into (3.15)—
(3.16), and obtain

Z b, | Tt e ) - Tu €. 8)]

(3.17)
1 n—1i - -1/ .x 8 -1/ .x )
= (T (€1.€) + Tuly  (€.8)| + T/ (ELE) + 1@ E).
Based on (2.19) and properties (3.14), g”‘% can be estimated by
P
1 —gMm—a™M _m —a™m
g™ 2|, < sz(Ax2 + Ay +1° Z 1O o (plaO a0y 72). (3.18)

m=1
Since Zu"(x,y) € V, we assume Ju"(x,y) can be written as

M+1 My+1

Tu"(x,y) = Z Z d; j9i()¢;(y),

i=0  j=0
where d;fj are degrees of freedom (DOFs) of Z7u"(x,y). Then, Eq (3.17) can be rewritten as

Db (0.0,d5-0.0,d5") = tk(n 8, + n0)d 2 +Tf 4182 L)HeEA,  (3.19)
k=1

_1 : :
where g: = g”‘%(ff,fi), and the boundary conditions for (i, j) € A, 1 <n < N,

n—i n—1 1 n—i
6.0y, ;" = ¢, Sy dM Lo QDMi—l] —6,0,d;," =

n—4 n—i
S01',0 ’ ’ gxe dl M +1 = ¢i,Mi,+1' (320)
Denote e" = d" — ¢”, and we substitute (3.2) and (2.23) from (3.19) and (3.20) to obtain

1

sz(;l)kﬂ 0 6'yei'(,j - 0x0)ek 1) =K (nxo + '7y0 ) :17 + ng;i’ G.j)eA TsnsN,

and for (i, j) € A, 1 <n < N such that

n-1 n—1
_g‘)ﬂyeo’]z =0, gxﬂyeM L =0, -6,0,¢,°=0, ¢, ezM+1 _o.
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Applying estimation (3.10) in the proof of Theorem 3.1, together with €° = 0, we can get

n

T (8477, 0,8,¢%). (3.21)

k=1

Defining E" = max; <<, 0x0yel||, forn=1,2,---,N, we have from (3.21) that

l0.8,¢!|[* < 27T E! Z (P

< 21T E" Z (FaslB

Taking the maximum on the left-hand side for [ = 1,2,--- , n, we have

(E"Y < 2t E" Z (Fa
k=1

which leads to

< 27eCisT Z Hg

Based on the estimation (3.18), we see
n . P
C23TZ Hgk_f T(T2 +AX* + Ay2) + TZ
k=1 ¢

m=1 k=1
Next, we give further discussions on the values of ,.
m m ™0 ok - -
() Ift, < 1, we have 1,77 @ < ¢1=0© ,and #, O < <t *O) for k < n, where &, = max;<p,<p ar,
and a(0) = max;<,<p @"(0). Therefore, we have

< Cz%TZ Hg

n

< Cy

(TZtk an- m(())) g fl a (0)] (322)

n

s 2 1-a*—a(0) %
—a"(0 ot " Tt o + a0 .
N A R - D w0 (303,
k=1 f 1-—a - a(0) 1 —a*—a(0)

(II) If t, > 1, we have tl_“m(o) < tl_@(o) for @(0) = min;<,<p @”(0). Meanwhile, we define an integer
k = |1/7], which leads to #; < 1 for k < éc and we can refer to the case (I) above for the summation.
For k > k + 1, we have #, > 1 and t_a" O <" ~¥® then we have

1-a*—a(0) 1-a.—a(0) 1—a.—a(0)

1 l‘- * t-
2~ —a'"(o)) 2__“ +a(0) 5 o), B 2
t _— _ + . 3.24
T;(T ¢ I—a -a0) I1-a-a0) —a.—a@ - O
Thus, we can substitute (3.23) and (3.24) into (3.22) to obtain
0.6,€"]| < Coy (7B 10204 Ax? 4 AY?). (3.25)

Since (Ju — u)" ( f .fi) = 0, we can get

= |l7u" — u|| = 1166ye”|l.

With the estimate provided in (3.25), we can obtain the convergence result.
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Remark 3.1. If the fractional orders o (t) satisfy a* + a(0) < 1, one can obtain

Remark 3.2. The convergence of the numerical solution always depends on the well-posedness of the
solution. If the fractional orders do not satisfy the restriction (2.4), the well-posedness of the solution
in Lemma 2.1 will not hold anymore. Under some weak regularity of the solution, such as

uX, 0l < C, Nl (X, )l + Al (X, )lly + Pl (X, D)l < C177,

w' — )| < Cos (7 + AX* + AY?).

for a positive parameter o, then it can be obtained similarly that

(Tmi“{‘T’Z} + A + Ayz) )

Remark 3.3. If the solution satisfies u € C*[0, T, the QSC-L1* scheme can achieve second temporal
convergence order, which fits well with the example confirmation in Ref. [33].

4. Acceleration techniques

The Caputo time fractional operator is a nonlocal operator, and its discretization typically involves
the numerical approximations at all the historical time points, which can be prohibitively expensive,
especially for complicated systems and long-term simulations. To mitigate this computational burden,
we utilize the ESA technique introduced in [35] to reduce the computational cost during the
implementation of the L1* formula. The primary task is to efficiently approximate the function =% in
the integration (2.7) over the subinterval [7, T], while the implementation on the subinterval [0, 7]
does not require acceleration.

It is reported in [35] that for a small tolerance & > 0, one can define

B 2n
~ log3 + a*log(cos 1)~ + loge!’

11 .
N = ba—*(logs+ logI'(1 + a*))},

1 T
N = {—(log — +logloge™ +loga, + 2‘1)J.
h T

For t € [t,-1,1,], s € [0, 1,_5], such that r — s > 7, and the exponential function in the definition of
the variable order Caputo time fractional derivative can be approximated by

N
t_ S Z (n, F) —)(( )(t s)
s

hedfrh
T (ay)

Now forany v € Tand 1 < m < P, the L1 operator sz1v(tn_%) with n > 2 defined in (2.8) can be
decomposed as

" 1 In In—2 1 In !
8" v (t, 1) = = f f OTIV(s) wy_gn(t — s)dsdt + — f f OTIV(s) wy_gn(t — s)dsdt
2 T Ih—-1 0 T th-1 th-2

=1,y + Y A (F =V,

k=n-1

where
(nr) _

X(r) — erh, 0

4.1)
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The first term in (4.1) represents the historical summation, which can be written as

I 2( n_j) = TF(I ) f f 0 Hv(s) ) "dsdt
o (n, r) - (’)?
Tr(l _ am) f f 0 HV(S) Z 1Y X dsdt (42)

r=N+1

22

=~

T(I

= T Z oY),
T —ay

r=N+1

where

In -2
_(ntth2 _ (N Im=2"5 X7
p) = f e X" dy, Y — f OIv(s)e™X T ds, r= N + 1,---, N.
th-1 0

We can see that V" = 0, and V" can be expressed as obtained recursively by

()n2

-3 In-2
V(n,r) = f azHV(S)e_X() e dS + f 0 HV(S)e_X dS
0

-3

= VO (1 R -y,
X't

This means that V" can be recursively obtained with the value V"~ at the previous time instant.
Taking expressions (4.2) into (4.1), we can get the fast evaluation method of the L1* formula for the
variable order fractional operator,

n T
— (n,m) Yyl (n.r) )y (nr)
)= a0 = e MZQb v (43

k=n—1 r=N+1

5 v(,

Using the fast evaluation (4.3), we can get an accelerated scheme, named the QSC-FL1* scheme.
Actually, when n = 1,2, we still employ (2.21) to compute Eq (2.1). For n > 3, we take the following
QSC-FL1* scheme,

5.0.:6,¢;7 + Z 5.70.0,c1, = k0, + m,0)c ¢ + f12. (4.4)

Compared with the computational cost O(MxMyNz) for the QSC-L1* scheme (2.21), the cost for
the QSC-FL1* scheme (4.4) is reduced to O(M, M,N log2 N). Moreover, the memory requirement is
also significantly decreased from O(M,M,N) to O(M .M, log® N).

5. Numerical experiments

Example 5.1. We limit Eq (2.1) within the spatial domain Q = (0, 1) x (0, 1) and over the temporal
interval [0,7] = [0, 1], and consider various combinations of the subsequent variable fractional
time orders,

1
a'(t) = 0.3 +0.5¢, a?(t) =0.9 - 0.5¢ — o [sin (27(1 - 1))],
@’(f) = 0.45 - 0.3t a*(t) = 3¢t - 0.5)" - 0.2| + 0.3.
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We take x = 1, u’(x,y) = cos(mx)cos(ry), and impose the homogeneous Neumann boundary
conditions and a homogeneous source function.

Since the true solution is unknown, the numerical solution on a finer space-time mesh is chosen as
the reference solution for comparison, then the error can be measured by

M+1 My+1

Err® := AxAy Z Z

i=0 j=0

2 2
(&€ - i€, 8)]

Now, we compute the convergence orders of the new proposed scheme. We first choose M, = M, =
2!2_ which is small enough, and change the value of N from 2° to 2!'2. The observed errors near the
initial time point and the corresponding orders of convergence in time are shown in Table 1. It can be
seen that the temporal convergence orders fit the theoretical order O(r™"3-¢"~20)- 2}) yery well. The
errors at the final point and corresponding orders are shown in Table 2. It seems that the initial weak
singularity almost does not effect the convergence orders at the instances far away. Then, we choose
N = 2'0 such that temporal mesh size is small enough, and change the value of M, and M, from 2°
to 2°. The observed errors and the spatial orders are shown in Table 3. We can see that the numerical
results are consistent with the theoretical results.

Besides, in order to thoroughly investigate the effectiveness and efficiency of the ESA technique,
we compare the observed errors and the running time for both the QSC-L1" scheme and the QSC-
FL1* scheme in Table 4. We can clearly observe that the QSC-FL1* scheme requires significantly less
running time compared to the QSC-L1" scheme, while achieving comparable levels of errors with the
same discretization parameters. This finding exhibits the superiority of the ESA technique in terms of
computational efficiency.

Table 1. Errors and temporal convergence orders of QSC-L1* near the initial time point.

(@'(0),a’ (1)) (@' (n),a* (1)) (@*(n), (1))
N Err order Err order Err order
2° 4.00e-05 — 5.93e-05 — 5.12e-05 —
210 7.05e-06 2.50 1.84e-05 1.68 1.98e-05 1.37
211 1.26e-06 2.48 6.40e-06 1.52 8.31e-06 1.25
212 2.30e-07 2.45 2.42e-06 1.40 3.65e-06 1.19
~ 2.00 ~ 1.30 ~ 1.20

Table 2. Errors and temporal convergence orders of QSC-L1* at final point.

(@), () (@' (), a*(0)) (@*(0), (1))
N Err order Err order Err order
27 1.11e-06 — 2.47e-06 — 2.80e-06 —
28 2.76e-07 1.99 3.69¢-07 2.74 5.37e-07 2.38
2° 6.89¢-08 2.00 8.88e-08 2.05 1.31e-07 2.03
210 1.72e-08 2.00 2.15e-08 2.04 3.24e-08 2.01
~ 2.00 ~2.00 ~2.00
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Table 3. Errors and spatial convergence orders of the QSC-L1* scheme.

CACKAD)) (@'(0),a* (1)) (@*(1), ()
M,=M, Err order Err order Err order
26 4.58e-06 — 4.06e-06 — 4.87e-06 —
27 1.15e-06 1.99 1.02e-06 2.00 1.22e-06 1.99
28 2.87e-07 2.00 2.54e-07 2.00 3.05e-07 2.00
2° 7.16e-08 2.00 6.35e-08 1.99 7.61e-08 2.00
~ 2.00 ~ 2.00 ~ 2.00

Table 4. Observing errors and computational cost of the numerical schemes.

QSC-L1* QSC-FL1*

M,=M, N Err Time (Sec.) Err Time (Sec.)
(@' (1), %)) 26 2° 4.80e-06 2.2 5.03e-06 2.6

27 210 1.20e-06 36.9 1.18e-06 33.3

28 21 3.00e-07 446.8 2.79¢-07 274.1

2° 212 7.51e-08 11217.5 5.22e-08 4178.5
(@'(®), a*(1)) 26 2° 4.44e-06 2.1 4.44e-06 2.8

27 210 1.34e-06 37.0 1.34e-06 36.1

28 21 2.88e-07 438.8 2.88e-07 300.0

2° 212 8.29e-08 11079.5 8.29¢-08 4533.4
(@%(1), a* (1)) 26 2° 4.29¢-06 2.1 4.52e-06 2.6

27 210 1.07e-06 36.7 1.05e-06 33.1

28 2N 2.69¢-07 447.1 2.63e-07 280.6

2° 212 6.72e-08 11173.7 1.74e-08 4068.3

Example 5.2. We extend Eq (2.1) into three-dimensional spatial domain Q = (0, 1) x (0,1) x (0, 1),
and still on the temporal interval [0,7] = [0, 1], with the same variable fractional orders as
Example 5.1. We choose the proper source function, such that the true solution is
u(x,y,z,t) = (1 + £3)cosmxcosmycosnz, which satisfies the homogeneous Neumann boundary
conditions and the initial value u°(x,y) = cosmxcosmycosnz. For such a problem, there is no
singularity at the initial point, and the theoretical convergence order is O(t* + Ax?> + Ay?). To verify
such a result, we first choose M, = M, = M, = 2%, and change the value of N from 2% to 2°. The
observed errors at the final point and the corresponding temporal convergence orders are shown in
Table 5. Then, we choose N = 28 and change the value of M,, M,, and M, from 2* to 2°. The
observed errors and the spatial convergence orders are shown in Table 6. We can see that the
numerical results are consistent with the theoretical results.
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Table 5. Errors and temporal convergence orders of QSC-L1* for Example 5.2.

(@'(n), (1)) (@'(0),a*(0)) (@*(1), (1))
N Err order Err order Err order
22 1.62e-02 — 1.61e-02 — 1.62e-02 —
23 4.08e-03 1.99 4.07e-03 1.98 4.09¢e-03 1.99
24 1.07e-03 1.93 1.06e-03 1.94 1.07e-03 1.93
23 3.15e-04 1.80 3.13e-04 1.76 3.15e-04 1.76
~ 2.00 ~ 2.00 ~ 2.00

Table 6. Errors and spatial convergence orders of the QSC-L1* scheme for Example 5.2.

(@'(0), (1)) (@ (n), (1)) (@?(), a*(n))
M,=M,=M, Err order Err order Err order
22 1.51e-02 — 1.51e-02 — 1.51e-02 —
23 3.97e-03 1.92 3.95e-03 1.93 3.96e-03 1.93
24 1.01e-03 1.97 1.00e-03 1.98 1.01e-03 1.97
2° 2.55e-04 1.99 2.54e-04 1.98 2.55e-04 1.99
~ 2.00 ~ 2.00 ~ 2.00

6. Concluding remark

In this paper, we have proposed a novel QSC-L1" scheme specifically designed for solving the
multi-term variable-order TF-MID equation with Neumann boundary conditions, which is often used
to model solute transport in porous media. The new scheme has been proved to be unconditionally
stable and convergent with order O(r™"3-¢"~20- 2} 1 Ax2 4+ Ay?), with some proper assumptions on
a"(t) and without any restrictions on the solution of the original model. The numerical experiments
have demonstrated that the results obtained using the proposed QSC-L1* scheme align well with the
theoretical analysis, even when the variable-order function a”'(f) is not monotonically decreasing or
even not smooth. Furthermore, to enhance computational efficiency, we incorporate a fast evaluation
method based on the ESA technique into the QSC-L1* scheme, resulting in the QSC-FL1" scheme.
This refined approach significantly reduces the computation cost, making it more practical for large-
scale and time-consuming simulations.
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