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Second-order and nonuniform time-stepping schemes
for time fractional evolution equations with
time-space dependent coefficients

Pin Lyu* Seakweng Vong'

Abstract

The numerical analysis of time fractional evolution equations with the second-order el-
liptic operator including general time-space dependent variable coefficients is challenging,
especially when the classical weak initial singularities are taken into account. In this paper,
we introduce a concise technique to construct efficient time-stepping schemes with variable
time step sizes for two-dimensional time fractional sub-diffusion and diffusion-wave equations
with general time-space dependent variable coefficients. By means of the novel technique,
the nonuniform Alikhanov type schemes are constructed and analyzed for the sub-diffusion
and diffusion-wave problems. For the diffusion-wave problem, our scheme is constructed by
employing the recently established symmetric fractional-order reduction (SFOR) method.
The unconditional stability of proposed schemes is rigorously discussed under mild assump-
tions on variable coefficients and, based on reasonable regularity assumptions and weak time
mesh restrictions, the second-order convergence is obtained with respect to discrete H'-norm.
Numerical experiments are given to demonstrate the theoretical statements.
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1 Introduction

Fractional differential equations (FDEs) are extremely powerful mathematical tools for the mod-
eling of diverse processes and phenomena which contain memory and hereditary properties, in-
terested readers may refer to [Bl21L22124] and references therein for some practical applications
of FDEs in physics, biology and chemistry, etc. Finding efficient and accurate numerical solu-
tions of FDEs becomes an increasingly hot research topic as it is hard to obtain the reliable
analytic solution in general.
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In this work, we consider numerical analysis of the two-dimensional time fractional evolution
equations with general time-space dependent variable coefficients:

Diu = Au+ f(x,t), xeQ, te(0,T] (1.1
u(x,0) = p(x), xe€Q, if aec(0,1);
u(x,0) = d(x), u(x,0) =9(x), xe€Q, if ac(l,2);

subject to the homogeneous boundary condition u(x,t) = 0 for (x,t) € 9Q x (0,7], where
Q = (z1,27) X (y1,yr), x = (z,y) and A is a linear second-order elliptic operator which is
dependent on time and space:

Au = {a1(x, )07, + az(x, )02, + by(x,1)0; + ba(x, )9, + bs(x, 1) } u. (1.4)

The fractional derivative Dy in ([LT]) is defined by the Caputo sense:
tn—l—a

T(n—a) n=Tlal, t>0.

¢
Di*u(t) ::/ Wn—alt — s)u™(s)ds  with wy_q(t) =
0

With error analyses basing on sufficient smoothness in time of the analytical solutions, various
numerical methods are designed for fractional sub-diffusion or diffusion-wave equations with
variable coefficients which are time-space dependent (e.g. [3I]) or only space dependent (e.g.
[4.26],281[30132,[33]). However, it is well-known that the solution of time fractional initial value
problems typically exhibits weak initial singularities. Thus most of the traditional time-stepping
methods fail to preserve the desired convergence rates in this general and practical situation.
In [I0], Kopteva discussed the Ll-type discretizations on graded time meshes for fractional
parabolic equation with classical weak singular solutions, where the second-order elliptic operator
Lu = Zzzl{—ﬁxkak(x)@gku+bk(x)8mku}—|—c(x)u (d =1,2,3) is only space dependent. A second-
order convergent method was studied lately in Wei et al. [29], where the Alikhanov formula [I]
on the graded time meshes is considered to deal with the weak initial singularity of the two-
dimensional time fractional diffusion equations with the elliptic operator Lu = div(a(x)Vu)
which is symmetric and space dependent only. Recently, the sub-diffusion problems with time-
space dependent coefficients and nonsmooth data were studied in several research works. In [23],
Mustapha studied a semidiscrete Galerkin finite element method for the time fractional diffusion

equations with time-space dependent diffusivity coefficient:

Diu(x,t) = div(a(x,t)Vu(x, t)) + f(x,t) inQx(0,7], « € (0,1), (1.5)

where Q C R? (d > 1), and the optimal error bounds in L2~ and H'-norms are obtained for
both smooth and nonsmooth initial data. Jin, Li and Zhou [8] then proposed an efficient numer-
ical scheme with the Galerkin finite element method in space and backward Euler convolution
quadrature in time for the problem (L.3]). The optimal convergence with first-order temporal
accuracy is obtained provided a certain regularity of the solutions is proved for both nonsmooth
initial data and incompatible source term. The second-order temporal convergence was further
achieved for the convolution quadrature generated by second-order backward differentiation for-
mula with proper correction at the first time step [9], where an improved regularity was shown.
We remark that, based on some mild and natural assumptions on a(x,t), the time-space de-
pendent elliptic operator in (L) is symmetric and is a particular case (for d = 2) of A in (4]
(or L in [3I]) because div(a(x,t)Vu(x,t)) = a(x,t)Au(x,t) + Va(x,t) - Vu(x,t). There have
been many works on the theoretical and numerical study of classical parabolic and hyperbolic



equations with general time-space dependent elliptic operator, e.g. [2JIIL[18]. To the best of our
knowledge, taking the weak initial singularity into account, there is no study on the efficient
numerical methods for time fractional evolution equations (sub-diffusion and diffusion-wave)
where the elliptic operators include general time-space dependent coefficients, i.e., the elliptic
operators take the form (T4]).

In the past few years, numerical methods on nonuniform time meshes are found to be very
efficient and thus are of great interests in resolving the weak initial singularities of the time
fractional initial value problems [3[6] 10,13 T5H1720L25,29]. As the operator A in (L4) is in
general non-symmetric and is substantially different from the one in [12], this brings challenges in
the analysis of the standard nonuniform approximations of (LI)—([L3]). To tackle the problem, we
will introduce a novel and concise technique to study highly accurate numerical methods for the
time fractional evolution equations with general time-space dependent coefficients on nonuniform
time meshes. By the proposed technique, an important estimate, i.e. the inequality (2.2]), can be
guaranteed in the analysis of corresponding nonuniform algorithms. Our numerical schemes will
utilize the Alikhanov formula on possible nonuniform time meshes to approximate the Caputo
derivatives. We recall that, for a given positive integer N, the Alikhanov formulas for the
Caputo derivative Dtﬁg(tn_g) (0 < B < 1) on arbitrary time meshes 0 =ty <t; < --- <ty =T
is expressed by the following summation of convolution structure [15]:

(D} g)" ZAn WVrgt,  where ¢¥ = g(t)) and V,¢" = g* — g" 7, (1.6)
k=1

(n)

where 6 := (/2. For simplicity of presentation, the precise formulation of the coefficients A ~,
and its corresponding properties are given in Appendix (Subsection [.1]). To study the diffusion-
wave problem, we further employ a symmetric fractional-order reduction (SFOR) method which
was investigated in our very recent work [20].

Remark 1.1. In the rest of this paper, we always take the setting:
5 «, if « € (0,1), i.e., while concerning the sub-diffusion problem;
| /2, ifae(1,2), i.e., while concerning the diffusion-wave problem.

In the construction and analysis of our proposed numerical methods, the variable coefficients
involved in A are assumed to satisfy two generic conditions: For x € Q, t € [0,T],

V1. ai(x,t) >0, and ay(-,t) € C1([0,T)) with |(a1):/a1]| + |(a2)i/az| < Cp, for k = 1,2;
V2. ai(x,-) € C3(Q) for k=1,2, and |b(x,t)| < C) for [ =1,2,3,

where C, and C) are positive constants. We will obtain the second-order H'-norm convergence

(in time and space) of the proposed nonuniform schemes for both the sub-diffusion and diffusion-

wave problems under the following assumptions on regularity (C, is a positive constant): For
€ (0,7] and k =1,2,3,

ull ray < Cu, for a€(0,1)U(1,2); (1.7)
Ha( u|yH3 < Cu(1+t77%), ifa e (0,1); (1.8)
10 ul| 30y < Cul1+727%), 108 0]| gagqy < Cu(1 +177F), it a € (1,2), (1.9)

where v := D@ with @ := u—t1), o1 € (0,1)U(1,2), 02 € (1,2)U(2,3) and o3 € (1/2,1)U(1,2);
Furthermore, we impose the weak mesh assumption:



MA. There is a constant C, > 0 such that 7, < C,7 min{l,t,lg_l/’y} for 1 < k < N, with
tk S C’ytk—l and Tk/tk § C—ka—l/tk—l for 2 S k § N,

where v > 1 is the mesh parameter, 7, := t; — t;_1 denotes the k-th time step size and
T 1= maxi<x<N{7Tk}

The rest of the paper is organized as follows. In Section 2 we will introduce a concise
technique which is used to construct and analyze nonuniform schemes for the governing problems.
In Section Bl the numerical scheme which based on the nonuniform Alikhanov formula is proposed
for sub-diffusion equation with general variable coefficients, and its stability and second-order
convergence are rigorously discussed with respect to discrete H'-norm. In Section [, by applying
the SFOR method, the nonuniform Alikhanov type scheme is constructed for the diffusion-
wave equation with general variable coefficients. We also show that the scheme is stable and
second-order convergent in the discrete H'-norm. Numerical examples are given in Section [l to
demonstrate the theoretical statements. As an appendix, in Section [, the precise definitions of
the coefficients of Alikhanov formula, the proof of inequality (Z2) and the analysis of truncation
errors are given.

2 A technique for numerical analysis

In this section, we will present a concise technique to study numerical schemes with variable
time step sizes for time fractional evolution equations with general time-space dependent variable
coefficients.

Firstly, we show an important lemma which extends the one in [I4) Lemma 4.1].

Lemma 2.1. For a continuous (w.r.t. x andt) function q(z,t) >0, x € (x;,z,) CR, t € [0,T],
we define a diagonal matrix

QW) .= diag (q(z1,tr), ¢(2, tr), -, q(@m,ty)), m>1, k>0,

where tj, € [0,T] with t; < tji1, and x; € (zy,2,). Let zF := (2§, 25 - 28)T be a real vector,
and 2% := (1 — 0)z" + 02" 1. Then
I~ ((n
()" QM (Dl2)" " = 3 3 A, V(@) Q™) (2.1)

k=1
Moreover, if q(x,t) is non-increasing w.r.t. ¢ for every fixed z, it holds that
I~ (n
()" QM (Dl2)" " = 3 3" A, V(@) QM. (2:2)
k=1

Proof. The inequality (2.]) can be verified according to [14, Lemma 4.1], we move its derivation
to the Appendix (Subsection [T2]).

If ¢(z,t) is non-increasing w.r.t. t for every fixed z, we have (zF)7QMWz* < (2F)TQ*)z¥



while £ < n. Then

1 n "
25 > AT
k=1
1 n—1
:5 Aé") (zn)TQ(n)zn _ Z(Ag?k—l _ Ag?k)(zk)TQ(n)zk . Ag?l(zo)TQ(”)zO]
k=1
n—1
1 n n n),n n n n
25 |47 =S - AT )W - 4 )1(ZO)TQ(°)Z0]
k=1
I~
=2 YAV TP
k=1

Next, we will utilize Lemma [2.1] to obtain some properties for our numerical analysis. For a
continuous (w.r.t x and t) function p(x,t) > 0, suppose p; = pa; and ps = pag, we have

Au = p~H(pAu) = p~ ' {p102, + 20y, + pb19s + P20y + pbs} u
= p_l {0:(p10,u) + Oy (p20yu) + [pb1 — (p1)2]Oru + [pba — (p2)y]ayu + pbzu}
= p 1 [0u(p10su) + Oy (p20yu)] + [b1 — p~ 1 (p1)2] Oz + [bs — p~(p2)y]Oyu + b3u.

Some spatial notations are required. For two positive integers M, and M, denote h, = (x,
x1)/M, and hy = (y, — y;)/M,. Define the mesh space Q, = {x;, = (2; + ihy, y1 + jhy)|1
i < My —1,1 <j < M,—1} and Qp, := Q5 UIQ. For any grid functions up := {u;;
u(zi,y;)|(zi,y;) € Qp}, the central difference operators are given by

[N |

Opttyy 1 5= (Uig1j—Uig)/hey 0 <4< My—=15 puij = (Wit1,j—ui-15)/(2he), 1 <0 < My —1;

and dyu dgu;; are defined similarly.

i+

Denote p3 := by —p~1(p1)x, pa := ba—p~1(p2),, the discrete function pZ‘G = p(Xp,th_g) (0 <
n < N)with p,? := p(xs, to), and we use similar notations for (p,)7~? (k = 1,2,3,4) and (b3)7 .
Then we define a discrete operator corresponding to A:

A = 0y {0 00a) 4 G200, 1} + ()05 + ()08 + (b

Since the numerical schemes and corresponding analysis in the next two sections will be done in



matrix form, we define the following matrices (the symbol ‘®’ denotes the Kronecker product)

prY .= diag(p?,re’ v ,PM19_1 12 P1, 207 o ,pane—1 20" ’p?f\gy—l’ a ,pan_l My_l)
P?—e _ dlag((p1)1/217 . (p1)Mx_1/2,1v(P1)1/292’.. (Pl)fjt/[;)_lﬂ 2

...... (p1)1/20My—1’ (0 0_1/2,My—1)
P;L—e — diag((p2)1,1/2’ o (p2)Mx9_171/2’ (p2)1§§)2, .. (p2)7](/[x9_1 ,3/27

...... (pQ)?JV? 120 (pz)gl/[ze_1 My—1/2)

A= (1, 8,) TP (1, ®S,) + (S, ® L) 'Py (S, ® I,),
B" % =Py, @ (5, — SO+ Py 0[S, - S)) @ L],

—9 :
C"" = diag((bs)17” L 09)35 000 (02127 (09)3 s
-0
...... L (03) 10, 1o (03)R0 10, 1)
un = (u?J? PPN 7u7\41—1,17 u?’72’ e 7“71641—1,27 ...... 7u1,My—17 e 7u7wz—1,My—1)T,

where P~% and P7~%, with entries coming from (pg)?’j_g and (p4)?’j_6 respectively, are all (M, —

1)(My,—1) x (M —1)(M,, — 1) diagonal matrices defined similarly to P"~?, while I, and I, are
(M, — 1) and (M, — 1) dimensional identity matrices respectively. Furthermore we have used
the notations

1 -1 -1 1
1 M —1
@ X (My—1) (Mz—1)X(Mz—1)

and S, S'y are defined in a similar way.

Therefore, if p is non-increasing w.r.t. t for every fixed x, according to Lemma 2.1l we have

2" )P (DI = ATV [(uf) PR ), (2:3)
k=1

Moreover, taking

w' = (I, @ S)u" Y, w7 = (S, @ L)u""’, where ¥ =0 or0, (2.4)



if p1 and ps are all non-increasing w.r.t. ¢ for every fixed x, we have

2(un—6)TAn—0(D7B_u)n—6

n—1
EA(()H)(UH)TA”_GUH - Z(Agn—)k—l - Aizn—)k)(uk)TAn_guk - Aiﬁl(uo)TAn—euo
k=1
n—1
=G ()" Py 4 ()P~ | = DAL — ALY [(ah) TPy k4 (uf) TPy
k=1
— A ()P )+ ()P )
n—1
> AG ()P 4 () Py ] = ST (AT — AT ()Pl + () PE
k=1
=~ A ()P ) ()P, (25)

The two inequalities (2.3]) and (23 play critical roles in the analysis of our methods. There-
fore, we must fulfill the following:

e find a continuous and positive function p(x,t) which is non-increasing w.r.t. t for every
fixed x € Q such that pi(x,t) = pa; and po(x,t) = pag are all non-increasing w.r.t.
t € [0,T] for every fixed x € Q.

The above task can be completed by choosing the candidates presented in the following lemma.
Lemma 2.2. For the positive variable coefficients a1 and as, consider

d(x)e= Ot
aj(x,t)as(x,t)’

d(x)e= Ot

d(x)e= Ot
as(x,t) ’

ay(x,t)

p(x,t) == pi(x,t) == pa(x,t) = , (2.6)
for x € Q, t € [0,T]; where C) is the constant in V1 and d(x) is a positive and continuous
function. If a1 and as satisfy V1, then the functions p, p1 and ps are positive and continuous.

Furthermore, they are all non-increasing w.r.t. t for every fized x € €.

Proof. 1t is obvious that p, p; and ps are all positive and continues.
By taking the partial derivative w.r.t. ¢, we have

pt = d(X)e_CPt [_Cpa1a2 — (a1a2)f}

(ara2)?
_ —Cpaz — (a2)y
—d Cpt p
(o) = de O | =L
_ —C a; — (al)t
=d Cpt p .
(b = e ot | ot _{ank
Then it is easy to reach the desired result provided the assumptions in V1 hold. O

Remark 2.3. Since the numerical methods proposed later depend on precise choices of p, p1
and py, here we list some simple candidates for d(x) and C,. In fact, the pool for choices is
large. One may take d(x) = 1,e@FY) ecs@Hy) and €, = sup{|(a1);/a1| + |(a2)i/az|}, ete.

In the rest of this paper, we always take functions p, p; and ps as those given in (2.0]).
Consequently the two inequalities (Z3]) and (23] are true basing on V1.



3 The sub-diffusion equation with time-space dependent coeffi-
cients

3.1 The numerical scheme

Let ufl be the numerical approximations of u(xp,tx), x5 € Q4,0 < k < N. Denote up~ .=

(1= 0)ull + 0ul™t, f770 := f(xp,tnp) for n > 1 and ¢y, = p(x3).
From Section (notmg that 8 = « here), it is natural to construct an implicit scheme to
solve the sub-diffusion problem ([LI)-(L2]) in the following form:
(D2up)" ™ = AUy + 770 xp, € U1 << NG
up = o, Xp € U,
subject to the zero boundary conditions.

To perform the numerical analysis, we rewrite the scheme [B)-([B.2) in the following matrix
representation:

(Dgu)n—e — [_(Pn—G)—lAn—G + Bn—G + Cn—G un—@ + fn—97 1<n< N; (33)
u’ = &; (3.4)

where u" = := (1 — §)u" + fu™~! and

-0 ._ T
" (11 s I £—11= 12 O fin x—127 """ flMy—17” I Jc—lMy—l)

)

_ T
D= (P11, 5 PMa—1,1 P12, s PMu—1,25 7 s PLMy—1," " s PM—1,My—1)" -

3.2 Stability and convergence

The next lemma shows a discrete fractional Gronwall inequality which is a slightly modified
version of [I4, Theorem 3.1] (noting that 74 = 11/4 and p is the maximum time-step ratio (see
Appendix)).

Lemma 3.1. 20, Lemma 3.2] Let (¢")_, and (/\l)l 5! be given nonnegative sequences Assume
that there exists a constant A (independent of the step sizes) such that A > Zl Y\, and that
the maximum step size satisfies

1
max 7, < .
1<n<N ay/AmaTl(2 — o)A

Then, for any nonnegative sequences (uk)i\;o and (vk){fvzo satisfying

> A, (") + (2] < S Ak (0405 0) @ g, 1< N,
k=1 k=1

it holds that
k .
u" + 0" < 4F,(4max(1, p)maAt®) | u® +0° + max P,g'i)jg’ for1<n <N, (3.5)

1<k<n 4
J=1

where Eq(2) =Y 724 F(%k,m) is the Mittag-Leffler function.

8



The coefficients P( ) in (B3 are called the discrete complementary convolution kernels (see
more details in [14]), and they satisfy ( [14, Lemmma 2.1])

0< P, < maT(2 , ZP( wi—a(t;) <ma, 1<j<n<N. (3.6)

n—=j

For uy, v, belonging to the space of grid functions which vanish on 90€,, we introduce the
discrete inner product (u,v) = hyhy Y . o unvh, the discrete L?-norm |jul| := +/{u,u), the

discrete H' seminorms ||§,u and ||6,ul|, and || Vyul| == /]|6zul[? + [[0yu]?. Suppose Co, C’o, C)
and C) are positive constants such that

Co < p(x,)] < Co, Cr<|mxt)| <Cp for 1=1,2,3,4.
Now we are going to show the stability and convergence for the proposed scheme BI))—B2).

Theorem 3.2. If V1 is valid, the numerical scheme BI)-B2) is unconditionally stable and
the discrete solutions uy (x, € Qp,1 <n < N) satisfy

k
n| < 0 (k) j—0 < 0 a k—0 .
19 <C 19+ e 3RS0 | <€ (1904 s 219"
]:

Proof. Multiplying both sides of [B3]) by (A" %u"=%)T gives:

(un—G)TAn—G(Dgu)n—G + (An—Gun—G)T(Pn—G)—l(An—Gun—G)
:(un—G)T An—GBn—O +An—€Cn—9 un—@ + (un—G)TAn—an—97 1 <n< N. (37)

The first term on the left-hand side of [B.7)) is evaluated by (Z.3]).

For the terms on the right-hand side, we first notice that for a real vector z = (21, 22, ..., 21, -1)"
M, —2 My —2
402(Sez) " (Sez) = Y (wip1 —w)> +ui g Ui+ D (i —w)® +udy, = h2(S.2)T (S,2),
i=1 i=1
My —2
4h2(ST2)"(STz) = uf + Y (uip1 — ) < h2(Sp2)" (S,2).
i=1

Then it further holds that



Thus the Cauchy-Schwarz inequality leads to

(un—e)T [(Bn—O)TBn—O] u—!

Y
—G)TPg—Gun—G] : (38)

where C5 := max{C2,C?} - max{1/C;,1/C5}. Then the first part of the first term on the
right-hand side of (1) can be estimated as
( )TAn—GBn—Gun—G
1

(An 0 u’" 9) (An—Gun—G) +éo(un—€)T [(Bn—O)TBn—G] un—@
C'o

S(An—eun—Q)T(Pn—G) (An 0 u” 6)+C()C5 |:( )TPn 0 n 0+(UZ_6)TPS_OUZ_6 ) (39)

Noticing the embedding inequality ||u¥|| < Cq|Vu¥||, & > 0, it leads to

( n— G)T n—~0 <CQ |:( n— G)T n— €+(uz—9)Tuz—9} ) (310)

Then similar to the derivation of ([3.3]), one gets
2(un—9)TAn—€Cn—9un—9

<L(An—9un—€)T(An—€un—9) + C«O(un—O)T {(Cn—G)TCn—O} un—@

Co
§(An_0un_6)T(P ) 1(An 0 u* 6)+0003( )T n—~0

§(An_9un_€)T(P ) I(An 0 ut 0)“‘0006 [( )TPn [% n 9+(un—

ONTpn—0,.n—0
Y ) P2 u ]’

Y
(3.11)

where Cg := max{1/Cy,1/Cy}C3C3.
For the last term on the right-hand side of ([B.1]), we have

T
(u"=0)T An—0gn—0 — [(Iy ® Sx)U"_e] P01, S,)t"

T
+[(8y @ L] Py(s, @ 1)E
:(un—O)TPn—G( ® Sx)fn—ﬁ + (U-Z_G)TPS_G(Sy ® [x)fn—e

<\/7\/ TP" fuy~ 0\/[([ ® Sx)f"—e]T (I ® S,)fn—0

- \/gz\/ HhTpy—tu \/ (S, ® DE—0]" (S, @ Nf"=0.  (3.12)

10



Therefore, it follows from (B.7)-B3I12) and (Z3]) that
ZA V[ () TPE 0wl + (uf) TP u
<Co(C5 + Co) [z ™) TPE0 (™) + (uy =) TPy~ ()|
+2y/ i )T Pt (1, © S0 (1, @ 8o

+ 2\/52\/ TPy ul~ 9\/[(5 ® L)E—0T (S @ I,,)fn—0. (3.13)

In view of the relationships

16:u"~| = \/hxhy(u':?_e)T(u]:i_e) and [|6,u" 7| = \/hxhy(u]é_e) (uy ™),

where k£ > 0, we define the following norms

1600 py = \/h hy(i= TPy (uf%) and (|6, u" " p, = \/h hy (uy~")TPE (™).
Moreover, denote
ol %= = (1 = 0)|[" I, + 00" 5, for v € Ry and k = 1,2.

Then the triangle inequality yields [[o"~?||p, < [0~ ||p,.

Now, take C7 := 2 max{V/ Cy, vV C’g} Multiplying both sides of the inequality ([B.13]) by hyhy,
it follows

> AL (180 B, + 10,05, |
k=1 )

<ColCs + Co) [I8,u" I3, + 16,673, ] + 24/ Caleu* - 657

Colldyullp, - 18,1
<Co(Cs + Co) [ w03, + 18,6 I3, | + Cr (1™l + 18,47 1, ) 19~

A n— n— 2 n— n—
<Co(Cs + Cp) (ua all )+ (15, 9’)}+c7(|raxuu< D+ aulf ) 190

Applying Lemma B1], we get

1626 Py + [0y 0" ||,

<48y (4max(L, p)raCo(Cs + Co)ty) [18:0°lp, + 16,6, + Cr max ZPS“ IVn 0| -

Since [|6;u’]lp, < v/ Cll6sll, 1|6, P, < V/Ca|yu°]l, and
1

Ve

|6u™| = hmhy(ug)Tug <

18t |2y [0yu" || = \/hahy (uf)Tay <

1 n
y \/é—zuéyu ||P27
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we obtain
1

1

k
< 0 (k) j—0
<C | | Vhu H+1Ig,3<xnzlPk_]HVhf [
]:

IVau™[| < fozu™[| 4 [|6yu™ || <max{ b (026l Py 4 (18" p,)

< 0 (0% k—6
<0 (Il + s (5197410 )

where ([B:6) has been utilized. O

Remark 3.3. We remark that one may consider numerical approzimations of (1) based on a
more simplified equivalent equation with

Au = 0,(a10,u) + 0y(a20yu) + [b1 — (a1)g]0zu + [ba — (a2)y|0yu + bsu. (3.14)
The corresponding numerical approzimation of (BI4) will be

(Dou)" = [—A O B C w0 1 <n < N; (3.15)

where A0 = (I, ® S,)TAT (I, ® Sy) + (S, @ L) TAL (S, ® I,,), and Ay, Ag, B and C are
diagonal matrices with entries from corresponding variable coefficients in (B14]).

To obtain the unconditional H'-norm stability and convergence, one should multiply both
sides of BIH) by (A"~0u"=T, which leads to a serious difficulty for estimating the term
(u=NT A= (D2u)"~0 on the left-hand side. This is the main reason why we introduce the con-
cise technique in Section[d The advantage of such technique will be more obvious for diffusion-
wave equation as its numerical approrimations have a coupled structure (see also([@D)—(EQ)).
For more details, see the first three steps [A8)—-(@I0) of the proof in the next section.

Next, we show the convergence of the proposed scheme (B.3])—(B4l).

Theorem 3.4. Denote ef = u(xp,tx) — uf (xp, € Qp, 0 < k < N). If V1, V2, MA and
the assumptions in (L) —(L8) are valid, the numerical scheme BI)-B2) is unconditionally

convergent with
|Vhe?|| < C(r12771h 4 p2 4 h?/), for 1<n<N. (3.16)

Proof. Denote e the error vector with enteries ef’ ; being arranged similar to those of u*. One
can easily obtain the error equations

(Dge)n—e _ _(Pn—G)—lAn—G _|_Bn—€ + Cn—@ en—@ _‘_Rn—@’ 1 § n S N; (317)
e’ =0, (3.18)
where €% := (1 — 0)e™ + fe"!, and
—0 —0 —0 —0 —0 —0 —0
R"™ = (R?,l )y 7R7X4z—1,1=R?72 o =RK/11—1 2T vR?,My—p”’ =RnM,—1,My—1)
with

R = —To(xntu—g) + Tal@n tng) + S(@n tn_s), Xn € . (3.19)
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The estimation of the temporal and spatial truncation errors Ty (zp,tn—g), Ta(zh,tn_g) and
S(zp,tn—p) are given in the Appendix (Subsection [.3)).
Following the proof of Theorem B.2, we can get

IVhe™| < € max ZPk |IV,RITY, 1<n<N. (3.20)

Therefore, the claimed result can be Verlﬁed by combining ([B:20)), (7)) and (Z.6)-(C.1). O

4 The diffusion-wave equation with time-space dependent coef-
ficients

4.1 The numerical scheme

A novel order reduction method (SFOR) proposed in [20] will be employed to construct efficient
numerical scheme on nonuniform time partitions for the diffusion-wave problem (II]) and ([L3)).
The underlying idea of the SFOR method is demonstrated in the following lemma.

Lemma 4.1. [20, Lemma 2.1] For a € (1,2) and u(t) € C*((0,T)), it holds that
Diu(t) = Df (D u(t)) — w (0)wn-alh)

Moreover, if we take u(t) := u(t) — tu’(0), then
Diu(t) = Dfalt) = Df (Dra(t))
Utilizing Lemma .l the equation (ILI)) can be rewritten as (S = a/2 here)
Dlv = Ai+ f(x,t) + A(t), (4.1)
v="D/q, (4.2)
with @ = u — t1, for x € Q and t € (0, 7).
It is obvious that the problem ([@I])-(42) is equivalently to (LI]) and (L3) provided u(-,t) €

C2%((0,T]) and p is invertible, i.e., they have the same analytical solution. Then we can design the
numerical approximation based on the model ([I)-([&2]) in order to solve the original problem

(CI) and (T3).
By using the discrete Caputo formula (I.G)) and the discrete operator .AZ_G given in Section [2]
with 4} = u}} —t, ¢y, we propose the following implicit numerical scheme for solving (Z.1)—(2):

(DEup)" =0 = AP0 =0 + 270 4 JA) Y, xp € Q1 <n < N; (4.3)
o = (Dfuh)" O x5 eU,1<n<N; (4.4)

subject to the zero boundary conditions and initial conditions ug = ¢p, and vg =0.
Denote ¢~ := [A(tw)]"_g, and

A diag( 11 » T ’wa—117¢12 i ’T/JMx—lw """ ’7/’1 My—1>""" 7¢M,C—1My—1)
The matrix form of the numerical scheme (L3])—(@4) is:
(DEv)=0 = [—(P"—")—lA"—" + B0 4 ot qnt 4 gty (4.5)
v = (DB)"; (4.6)

for x, € Qp, 1 <n < N.

13



4.2 Stability and convergence

In the same way as Lemma Bl we can also simply go through the proof of [14, Theorem 3.1]
to have an analogy version of the discrete fractional Gronwall inequality (with 74 = 11/4):

Lemma 4.2. Let (¢")_, and ()\l)l 01 be given nonnegative sequences Assume that there exists

a constant A (independent of the step sizes) such that A > leo A, and that the mazximum
step size satisfies

1
max 7, < .
1<n<N B\/4maT (2 — B)A

Then, for any nonnegative sequence (uk){fvzo, (vk){fvzo and (wk)é\;o satisfying

n n 2
> APV (@) 4 02 4 (0F)2] <30 A (0 oh 0t
k=1 k=1
+ @l 4o g, 1<n <N,

it holds that

k

u™ "+ w" < 6Eg(6max(1, p)maAt?) | u® + 00+ w® + max P,gli)jgj for1 <n <N.
<k<n ¢

Similar to ([B.6]), the discrete complementary convolution kernels Pr(fi)j in the above lemma

fulfill

0< P <mal(2 2 Z Mwi_g(t;) <ma, 1<j<n<N.

Theorem 4.3. If V1 is valid, the numerical scheme [@3)-{4) is unconditionally stable and
the discrete solutions uy (xp € Qp,1 <n < N) satisfy

k
n k . ~.
Vi <C |IVaell + tall Vatell + max S7 B (U + 14771

<C [l + el Vbl -+ s G (121 + 1547103 (4.7

Proof. Multiplying both sides of @3J) by (P" /v"~9)T yields
(Vn—G)TPn—Q(DEV)n—G + (Vn—Q)TAn—Gﬁn—G
—(v" TP (BT 4 €)@ 0 (v TP (e 4 ), (4.8)
On the other hand, the multiplication of (@"~?)T A”~% on both sides of (B8] gives
(@ TA =0 = (@ )T A" (Dla) 0. (4.9)
Thus, it follows from (48] and (€3] that
(v TP (D) 4 (w0 AT (Do)
—(v" TP (BT 4 €)@l (v TR 4 ), (4.10)
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The first and second terms on the left-hand side of ([AI0]) are evaluated by means of (23] and
(23, respectively. Then we consider the terms on the right-hand side. Applying the Cauchy-
Schwarz inequality and utilizing (3.8]), we have

2(Vn—6)TPn—6Bn—01~1n—6
<(Vn—0)T(Pn—0)2Vn—0 + (ﬁn—G)T {(Bn—G)TBn—Q ﬁn—e

1 n n— n n— n n—o-_n—
<o v O\Tpn—byn=0 | [( TPt (@ tar . (411)
With the embedding inequality ([B.I0]), one has
2(Vn—€)TPn—€Cn—9ﬁn—9
S(Vn_G)T(Pn_9)2Vn_9 + (ﬁn—G)T(Cn—9)2ﬁn—9
1 v n—=0,n— n— ~—
5@_( G)TP 0 9+C309 {( G)Tu 9+(uy G)Tuy 9}
1 ~n— n—0 ~n— ~n— n—0 ~n—
_CO(Vn G)TPn (% n €_|_06 [(ug G)T]_:)1 Gum 9+(uy G)TP2 Ouy €:| ) (412)
Hence, from (@I0)-@I2), (Z3) and (Z3]), we obtain
ZA [ k)T pk—0 k+(ﬁ';)TP’f_Gﬁ';+(ﬁZ)TP’§_9ﬁZ]

ONTpn—0_~n—~0
y ) Py ]

§2max{é—0, Cs, Cs} [(vn—")TPn—ev"—" + (@O TPn-fqn—f 4 (ar-
T
2 [(P"—G)%v"—ﬂ (P=0)3 (70 4 nb), (4.13)

Multiplying both sides of [@I3) by hyh, and taking Cg := 2max{éi0, C5,Cs}, we further get

S A 08B+ 1051, + 118,33,
k=1

<Cs (10" B + 18,013, + 18,713, ) + 3/ Collo - 177~ + 4
n—~0 2 ~(n—0 2 ~(n—6 2
<ca | (Io1E") + (i) + (1, ™)’]
A n—=0 ~(n—0 ~(n—0 n— Tn—
Co (1ol + leaal =" + Ia,al ") (=20 + 16m=)), (4.14)

where [[vF||% = hyh, (vF)TPF=0vE,
Now, combining (£.I4]) with the fractional Gronwall inequality (Lemma [£.2]), it follows

lo™ | + 163" || Py + 18,@" | p, <6E5(6 max(L, p)maCst;) [H’UOHP +[1023° Py + [18y3° |

/G ZP(’“ (P01 + 172,
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and hence

19| < 18,7 + (16,8 < max{—— (o2 L, + 10," )

7EE

k
~ k . ~a
<C | 11llp + 19l + max >~ B () + 177
2 2

<C |10l + 198 + max {6(LF) + 15 )}
SRS

Then the claimed result (£7) can be reached by the properties ||[Vyu™|| < [|Vaa™|| + 60| Vid],
[v°]p = 0 and [|[V3@°|| = | Vrell.
[l

The next theorem shows the convergence of proposed scheme (£.5)—(E.0).

Theorem 4.4. Denote ef = u(xp,tx) —uf (xp € Qu, 0 <k < N) . IfV1, V2, MA and the
assumptions in (L) and (L3) are valid, the numerical scheme ([E3)—E4]) is unconditionally
convergent with

[Vpe|| < O(rmint2ae2a0st L g2 4 12) for 1< n<N. (4.15)
Proof. We have
ei = u(xp, tg) — uﬁ = u(xp, tg) — ﬂi, xp €Qp, 1<k <N.
Denote ¢¥ := v(xp, tx) — vF (1 <k < N) and

R0 = —Tor(xn, tn—o) + Ta(Xns ta—g) + SXnstn—o)y B0 = —Toa(Xn tn—) + Ta(Xn, tn—0),
(4.16)

for xj, € Qj, where the above truncation errors are discussed in the Appendix (Subsection [7.3)).
Denote the vector

sk . (gk <k sk sk <k <k
€ = (&1, 11y 5o s » €L My—1>""" 6M1—1My—1)

while R"¢ R"Y are similarity defined with entries RZ‘G and RZ‘G, respectively.
The error equations to scheme ([L5)—([LE]) can be given as

(DPe)=0 = [ (Pn0)~1A"—0 L B0 | Cn—e] e"—? 4 R, (4.17)
&" % = (Dfe)"? + R, (4.18)

The proof of convergence is similar to that of Theorem with a slight difference only at the
step for ([A9). We now have:

(en—G)TAn—Gén—G — (en—G)TAn—Q(DEe)n—G + (en—Q)TAn—GRn—G.

The term can be estimated like that in (8.12]). Going though the remaining part of the proof
like that of Theorem 3] one should find no difficulty to obtain
1™ + [ Ve | <C max ZPk (B + VR B =2)).

Thus, combining with (T3)), (7.H) and (IEI)*(IEIII), the desired result is true. O
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5 Numerical Experiments

Numerical examples will be provided in this section to show the accuracy and efficiency of
proposed schemes [BI)-([B.2]) and ([A3)—-(@4). The variable coefficients in the two examples in
this section are chose as

a1(x,t) = e*TY(1 + cos(t)), as(x,t) = @V + t%),
bi(x,t) =sin(xyt), ba(x,t) = cos(zyt), bs(x,t) = (x? + y?)t.

The above variable coefficients satisfy V1 and V2 clearly. Then we take the function d(x) and
constant C), in Lemma [2.2] as follows

d(x) = @) and €, = 3.

Since the problem we considered in the paper are linear fractional evolution equations, we choose
the classical graded mesh ¢, = T'(k/N)? for the time partition to compensate for the lack of
smoothness of the solution near the initial time. The graded mesh is definitely in accordance
with the mesh assumption M. In all of the numerical tests, we take M = M, = M,, the
discrete H'-norm errors E1(M, N) = maxj<,<p ||[U™ — u"|| ;1 will be recorded in each run, and
the temporal and spatial convergence orders are given by

Ey(M,N/2)

Order; = log, [ By (M, )

} and Order;, = logy [w] ,

Ei(M,N)

respectively.

Moreover, we will always employ the sum-of-exponentials (SOE) technique [7] to the proposed
schemes while discretizing the Caputo derivative to save the memory and computational costs,
since the SOE method does not bring any additional essential differences to the numerical
analysis of the nonuniform schemes. One may refer to [16] Section 5.1] for the details of the
fast Alikhanov formula and refer to [7,[19] for the advantage of the SOE approximation in
the computational aspect. The absolute tolerance error ¢ and the cut-off time At of the fast
Alikhanov formula (see [16, Lemma 5.1]) are set as ¢ = 107'2 and At = 74 in all of the following
tests.

Example 5.1. We consider the sub-diffusion problem (LI)-(L2) with Q = (0,1)%, T = 1,
¢ = sin(7x) sin(wy) and

tl—a

flux,8) = sin(ra)sin(ry) | Do+ 1) + 55—

— A(sin(mz) sin(my)) (1 +t+t%), « € (0,1),

such that the exact solution is u = sin(mx) sin(my)(1 + t + ).

One may notice that the regularity parameter in (7)) should be o7 = « for Example (.11
Therefore, according to Theorem [3.4] the optimal mesh parameter is v,y = 2/« for the scheme
BI)-B2) on the graded time meshes.

The temporal accuracy by applying the scheme ([BI)—(3.2)) with fixed M = 1000 and different
parameters «,y for solving Example [5.1]is listed in Tables [[H3] while Table [4] shows the spatial
accuracy with fixed N = 500. From the four tables, we can clearly observe the optimal second-
order accuracy of the proposed scheme, and the optimal choice of the grading parameter (yop =
2/a) is well reflected.
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Table 1: Numerical accuracy in temporal direction of the scheme (B1)—(3:2]) for solving Example
BTl where a = 0.5.

v=1 Yopt =2/ =4 vy=25/a=5
N Ey(M,N) Order, E;(M,N) Order, FE;(M,N) Order,
4 1.6124e-01 * 4.4642e-02 * 6.4526e-02 *
8 1.1090e-01 0.54 1.2036e-02 1.89 1.8154e-02 1.83
16 7.5477e-02 0.56 3.1256e-03 1.95 4.7969e-03 1.92
32 5.0612e-02 0.58 8.0038e-04 1.97 1.2989e-03 1.88
Theoretical Order 0.50 2.00 2.00

Table 2: Numerical accuracy in temporal direction of the scheme ([B.1)—(8.2]) for solving Example
Bl where o = 0.7.

v=1 Yopt = 2/ = 2.86 v =25/a =~ 3.57
N Ey(M,N) Order, E;(M,N) Order, FE;(M,N) Order,
4 1.0592e-01 * 2.5978e-02 * 3.8595e-02 *
8 6.1506e-02 0.78 6.5510e-03 1.99 1.0043e-02 1.94
16 3.4534e-02 0.83 1.6656e-03 1.98 2.5747e-03 1.96
32 1.8403e-02 0.91 4.2368e-04 1.98 6.5520e-04 1.97
Theoretical Order 0.70 2.00 2.00

Table 3: Numerical accuracy in temporal direction of the scheme (B.1)—(8.2]) for solving Example
Bl where o = 0.9.

~vy=1 Yopt = 2/ = 2.22 v =25/a~2.78
N Ey(M,N) Order, E;(M,N) Order, E;(M,N) Order,
4 3.4213e-02 * 8.0750e-03 * 1.2235e-02 *
8 1.6299e-02 1.07 1.8998e-03 2.09 2.9302¢-03 2.06
16 7.0935e-03 1.20 4.7949e-04 1.99 7.4266e-04 1.98
32 2.6405e-03 1.43 1.2448e-04 1.95 1.9062e-04 1.96
Theoretical Order 0.90 2.00 2.00

Example 5.2. We then consider the diffusion-wave problem (L) and (L3) with Q = (0,1)2,
T =1, ¢ = = sin(mzx) sin(ny) and

fu,x,t) =T'(a+ 1) sin(rz) sin(ry) — A(sin(mzx) sin(my)) (1 + t +t%), « € (1,2),
such that the exact solution is u = sin(mx) sin(wy)(1 + t + ).
For Example[5.2] the regularity parameters in (IL8]) are 05 = o and o3 = /2. Then, Theorem

44 indicates that the optimal mesh parameter is vo,: = 2/03 = 4/a for the scheme (3))—(.4)
on the graded time meshes. One can notice that the grading parameter 7,,; is bounded and not
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Table 4: Numerical accuracy in spatial direction of the scheme [BI)-(B2) for solving Example

BTl where ao = 0.7.

y=1 Yopt = 2/ = 2.86 v =25/a ~ 3.57
M Ey(M,N) Order, Ey(M,N) Order, E;(M,N) Order,
4 3.6943e-01 * 3.6942e-01 * 3.6931e-01 *
8 9.1710e-02 2.01 9.1710e-02 2.01 9.1666e-02 2.01
16 2.2891e-02 2.00 2.2891e-02 2.00 2.2864e-02 2.00
32 5.7205e-03 2.00 5.7213e-03 2.00 5.6977e-03 2.00
Theoretical Order 2.00 2.00 2.00

large while o — 17, this keeps the robustness of the graded scheme in practical applications
when the fractional order « is close to one.

Similarly, we display the temporal accuracy, which is obtained by applying the scheme (4.3])—-
([#4]) with fixed M = 1000 and different parameters for solving Example 5.2} in Tables BH8 The
spatial accuracy of the scheme with fixed N = 500 is displayed in Table @I The numerical
results show that the proposed scheme ([@3)—([44]) also works very well with optimal second-
order accuracy and is robust for & — 17 in solving the diffusion-wave problem with general

variable coefficients.

Table 5: Numerical accuracy in temporal direction of scheme (£3)-(Z4]) for Example [£.2] where

a = 1.01.
v=1 Yopt = 4/ = 3.96 v=4.5/a ~ 4.46
N Ey(M,N) Order, E;(M,N) Order, FE;(M,N) Order,
4 1.2885e-02 * 4.7702e-03 * 4.7959e-03 *
8 1.1231e-02 0.66 1.5632¢e-03 1.85 1.4205e-03 1.76
16 9.2424e-03 0.28 4.2372e-04 1.88 4.0423e-04 1.81
32 6.9173e-03 0.42 1.0616e-04 2.00 1.0064e-04 2.01
Theoretical Order 0.505 2.00 2.00

Table 6: Numerical accuracy in temporal direction of scheme (£3])-(4.4]) for Example 5.2 where

a=1.1.
v=1 Yopt = 4/ = 3.64 v=4.5/a ~ 4.09
N E\(M,N) Order, E;(M,N) Order, E;(M,N) Order,
4 2.4901e-02 * 1.6750e-02 * 2.0056e-02 *
8 1.5761e-02 0.66 4.6593e-03 1.85 5.7785e-03 1.80
16 1.0245e-02 0.62 1.2195e-03 1.93 1.5306e-03 1.92
32 6.3732e-03 0.68 3.0860e-04 1.98 3.9009e-04 1.97
Theoretical Order 0.55 2.00 2.00
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Table 7: Numerical accuracy in temporal direction of scheme (L3)-(Z4]) for Example 5.2 where

a = 1.5.
v=1 Yopt = 4/ = 2.67 vy=45/a =3
N Ey(M,N) Order, E;(M,N) Order, FE;(M,N) Order,
4 5.3444e-02 * 7.8413e-02 * 9.6727e-02 *
8 1.7243e-02 1.63 2.0766e-02 1.92 2.5910e-02 1.90
16 6.1521e-03 1.49 5.3057e-03 1.97 6.6772e-03 1.96
32 2.3596e-03 1.38 1.3373e-03 1.99 1.6881e-03 1.98
Theoretical Order 0.75 2.00 2.00

Table 8: Numerical accuracy in temporal direction of scheme (43])—(@.4]) for Example [5.2] where

a=1.9.
~vy=1 Yopt = 4/ = 2.11 v =4.5/a =~ 2.37
N E\(M,N) Order, FE;(M,N) Order, FE;(M,N) Order,
4 6.1480e-02 * 1.3149e-01 * 1.6643e-01 *
8 1.6140e-02 1.93 3.0479e-02 2.11 3.8947e-02 2.10
16 4.1813e-03 1.95 7.8883e-03 1.95 9.9179¢-03 1.97
32 1.1127e-03 1.91 2.0132e-03 1.97 2.5274e-03 1.97
Theoretical Order 0.95 2.00 2.00

Table 9: Numerical accuracy in spatial direction of scheme (43])-(4]) for Example [5.2] where
oa=1.5.

y=1 Yopt = 4/ = 2.67 vy=45/a=3
M Ey(M,N) Order, Ey(M,N) Order, Ej(M,N) Order,
4 2.4719e-01 * 2.4718e-01 * 2.4718e-01 *
8 6.1357e-02 2.01 6.1352e-02 2.01 6.1349e-02 2.01
16 1.5313e-02 2.00 1.5309e-02 2.00 1.5306e-02 2.00
32 3.8262e-03 2.00 3.8214e-03 2.00 3.8190e-03 2.00
Theoretical Order 2.00 2.00 2.00

6 Conclusion

We introduced a novel and concise technique to study numerical methods on nonuniform time
partitions for solving time fractional evolution equations (including the sub-diffusion and diffusion-
wave equations) with general time-space dependent variable coefficients. The proposed numerical
schemes utilized the Alikhanov formula on nonuniform meshes. Under reasonable assumptions
on the solution regularity, the variable coefficients, and weak mesh restrictions, we showed that
the nonuniform schemes are unconditionally stable and second-order convergent with respect to
discrete H'-norm. The efficiency and accuracy of proposed schemes are well verified by some
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numerical experiments.

7 Appendix

7.1 The coeflicients of Alikhanov formulas

The coefficients Agn_) . of the Alikhanov formula on general meshes are defined as ( [15])

(n) + pn— 1b(n) k= n,
A ()Jr b() bW 9<k<n—1, forn>2
n—k * g T Pk—=10p g 11 n—k’ SR=T ) =
M bt k=1,
where
1 min{tk,tn,g} ( )
n"_ = — wi_g(th—g —s)ds, 1 <k <n,
k % Ji B
p™ 2 " d k
= wi—g(tn_g—s)(s—1t,_1)ds, 1< k<n—1,
R (T The) /tkl 1-p(tn-0 = 8)(5 ~ty)

with pg := 7 /7k+1 being the local time step-size ratios. It has been proved in [I4,[I5] that the
discrete coefficients of the nonuniform Alikhanov formula (with 74 = 11/4 and p = 7/4, where
p = maxy{px} is the maximum step-size ratio) satisfy two basic properties:

A1l. The discrete kernels are positive and monotone: A(()n) > Agn) > > A,(f_)l > 0;

A2. The discrete kernels fulfill AE:L_)k > 7% b w1-ptn=s) o for 1 <k<n<N.

tk—1 Tk

7.2 The proof of 21

We will go through the proof of [I4, Lemma A.1] to show that

(D72)"~")" Q™) (D72)"~"

22" QM (D)™ > 3 AV, [(2) Q"] + = (A
A n
k=1 0
n B \n—0\T y(n) (1B, \n—0
2z QU (DI2) 0 = 3 AL, 9, () Qg - (P S QDT g )
n A(") - A(")
k=1 0 1
for 1 <n < N and Agl) =
For fix n, denote
Jn = 2(2")T QM }:A )" Q2.
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Then

In :ZH:Ag?k [ (z") QM (2 — 2" 1) — (2" + 2T QM (2" — zk_l)]

k=1

-y A, [<2zn—<zk+zk—l>>TQ<n><zk—zk—w}
k=1

= Z Ag?k(zk FOTQM) (gF — 2F1) 42 Z A ") Z 7 — 27 HTQM (zF — 28 1)
k=1 j=k+1
n j—1
=AW (2 — 2" HTQM (2F — 21y + 2ZZA — 2 HTQM (2F — 2F 1.
k=1 2 k=1

where the identity 2z" — (zF +zF 1) = z¥ — zF~1 4 2 Z?:,Hl(zj — z771) has been employed in
the third equality.

Next, introduce the quantities

J
wl = ZASL_),C(zk — 28N and B =

k=1 Ann—)]

for 1 <j<n.

It holds that z7 — z/~! = Bj(wj — wj_l) for 2 <j<n,and By > By > --- > B, (according to
the monotone property in Al). Then

Jn =Bi(wH)TQ"w +ZB —wiTHTQM (w/ — wi™! +QZB — Wi T Qi1
j=2
=B (wHTQMw +ZB [wﬂ TQMw (Wj—l)TQ(n)Wj—l]
Jj=2

n—1
—B,(w") QMW" + 37 (B, — Bjyn)(w))TQMw
j=1

because Q™ is a positive definite matrix. Hence, the inequality (ZI)) is valid since w” =

(Dz)"~% and B, = 1 /Aén). Similarly, it is easy to trace the remaining parts of [I4] Lemma A.1]
to check inequality (T2]).

According to [14, Lemma 4.1] and [I5, Corollary 2.3], with the maximum time-step ratio
p = T7/4, we have

1-46 B 0

which further leads to (2I) by a simple combination of (1) and (Z.2)).
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7.3 Truncation error analysis

The truncation errors in (3.19) and (£.I6]) are given by

To(Xn, tn—g) = Dfu(xXp, tn—o) — (Du(xp, )" ",
TA(th tn—@) = AZ o {U(Xh, tn—@) - [(1 - H)U(Xha tn) + HU(X}L, tn—l)]} >

n—~0
Ta(xn tasg) == Dl ti(xp, ta_g) — (Déa(xh, .)) :

n—~0
To(nstag) = D o(xnsta) — (Dhv(xn, )
S(Xpy tn—p) = (Au)(Xn, tng) — A7 Ou(xp, ta),

for xp € Qp and 1 < n < N.
We first study the spatial error S(xp, t,—g). By the Taylor expansion (see also [27) eq. (31)]),
we can take a continuous function £"(x) such that

§"(xn) = [0z (p102u) + Oy(p10yu)] (Xp, tn—o) — {%[(m)z_e%] + 5y[(p1)2_65y]} w(Xp, tn—p),
where x;, € Q, and 1 < n < N, and [£"(x3)| < C(h2 + hz) provided that ||ul/gs < C and

pr(x,+) € C3(Q) for k = 1,2.
Similarly, there is a continuous function 1" (x) such that

1" (%) = (ot + Padyw)] (s tng) — | (P10 + (pa)} "0, | (s tuo).
wherex;, € Qpand 1 <n < N, and |[n"(xp)| < C’(h?c+h§) provided ||u|| gz < C and |pg(x,-)| < C

for k = 3, 4.
Hence, based on V2 and the regularity assumption (7)), we have

|S(xh, tn-o)| = O(hZ + h). (7.3)

By the Taylor expansion with integral remainder, we further get that

5:(:€ ( H— 7y]) / |:§{E <.Z'H_% + ?3797) +§m <.Z'H_% - ?S7y]>:| (1 - S) d37

for0<i < M,, 1<j5<M,—1, and

I h h
5;,5"(:171',1/]-4_%) = 5/0 {5;‘ (:Ei,ijr% + é’s) + &, <:Ei,yj+% - Eysﬂ (1—s)ds,

for1 <i < M,—1, 0 <j < M,. Similar formulations work for 5wn"(:ni+%,yj) and 01" (x4, yj+%).
Thus, under the assumptions in V2 and (7)), it is easy to know that

IVhS (%h, tu-o)ll < C(h + hy),  xp € Qn, 1<n < N. (7.4)

For the temporal truncation errors, according to |20, Lemma 6.1], we have

ZP<” ()= < Ormini2ae), =
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Referring to |20}, eqs. (6.5), (6.6) and (6.8)], similar to the estimation of ||V,S(xp,tn—0)||, We

have

Z VIV AT < Crmini2ac), (7.6)
me IVa(To)" 0| < Crmints=fao), (7.7)
ZP(" IVA(Ta)" 0| < Crmin{3=fno2}, (7.8)
ZP("]H )0 < Crmin{3-faes} (7.9)
ZP(" IVh(To2)" || < Cpmin{2aoal, (7.10)

for 1 <n < N, provided that assumptions in V2 and (L8)—(L3) are valid.
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