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Abstract This article concerns second-order time discretization of subdiffu-
sion equations with time-dependent diffusion coefficients. High-order differ-
entiability and regularity estimates are established for subdiffusion equations
with time-dependent coefficients. Using these regularity results and a pertur-
bation argument of freezing the diffusion coefficient, we prove that the con-
volution quadrature generated by the second-order backward differentiation
formula, with proper correction at the first time step, can achieve second-
order convergence for both nonsmooth initial data and incompatible source
term. Numerical experiments are consistent with the theoretical results.
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1 Introduction

Let £2 C R? (d = 1,2,3) be a convex polygonal domain with a boundary 952.
Consider the following subdiffusion equation

atau(xat) -V (a(ac,t)Vu(x,t)) - f(xat)a (‘Tat) €2 x (OvT]a
u(z,t) =0, (x,t) € 002 x (0,T], (1.1)
u(z,0) = up(x), x € {2,

where a(z,t) : 2x (0,T) — R is a positive definite matrix-valued function,
f and ug are the source term and initial value, respectively, and

Ofu(x,t) == ﬁ/o (t — s)"“Osu(x, s)ds, (1.2)

denotes the Caputo fractional time derivative of order a € (0,1) [19, p. 70].

In recent years, there has been a growing interest in the mathematical and
numerical analysis of subdiffusion models due to their diverse applications
in describing subdiffusion processes arising from physics, engineering, biology
and finance. In a subdiffusion process, the mean squared particle displace-
ment grows only sublinearly with time, instead of growing linearly with time
as in a normal diffusion process. At a microscopic level, such processes can be
adequately described by continuous time random walk, and accordingly, at a
macroscopical level, the probability density function of the particle appearing
at certain time ¢ and location x is described by a subdiffusion model of the
form (1.1). We refer interested readers to [29,30] for a long list of applications
arising in biology and physics. In the physical literature, a time-dependent dif-
fusion coefficient is often employed to study complex systems, e.g., turbulence
system [13,20,9] and cooling process in geology [6,10]; see also [32,11] for its
connection with birth-death processes.

The numerical analysis of the subdiffusion problem has been the topic
of many recent investigations. In particular, a large number of time-stepping
schemes for approximating the Caputo derivative have been developed. The
most popular ones include convolution quadrature [5,14,16,2], piecewise poly-
nomial approximation [36,23,1,27], and discontinuous Galerkin method [23].
For a given smooth source term f and initial value ug, these schemes generally
exhibit only first-order convergence due to the inherent weak singularity of the
solution at ¢ = 0. If the solution u is smooth, then higher-order convergence

may be achieved, otherwise some modifications of the schemes [5,14,16] or
locally refined meshes [28,35,22] (see also [3] for related works in the context
of Volterra integral equations) can be used; see the recent survey [15] for fur-

ther references. All these works focus on subdiffusion with a time-independent
coefficient, i.e., a(x,t) = a(x).

When the diffusion coefficient a(z,t) is time-dependent, the analysis of
regularity of solutions and the development and convergence analysis of nu-
merical schemes are rather limited, despite its obvious practical importance.
Many existing analytical techniques, e.g., Laplace transform and separation of



variables, are not directly applicable, due to the time-dependency of the co-
efficient a(x,t). Kubica and Yamamoto [21] proved the existence and unique-
ness of a weak solution, and also several regularity results. In this work,
we present new regularity estimates in Theorems 1 and 2. For example, for
up € L%*(2) and f = 0, under suitable conditions on a(z,t), there holds

H%(tku(t))HLz(m < clluo||z2(0)- Such an estimate provides one crucial tool
for the error analysis of high-order time-stepping schemes.

So far there are very few works on the numerical approximation of the
model (1.1) [31,18]. Mustapha [31] analyzed a spatially semidiscrete Galerkin
finite element method (FEM) for the homogeneous problem, and showed op-
timal order convergence by a novel energy argument. In essence, the approach
extends the argument in [26] for standard parabolic problems to the frac-
tional case. In the authors’ prior work [18], we developed a different approach
to analyze the spatially semidiscrete Galerkin scheme, as well as a fully dis-
crete scheme based on convolution quadrature (CQ) generated by backward
Euler method (and L1 scheme), and showed optimal order convergence rates
for both semidiscrete and fully discrete schemes (up to a logarithmic factor),
based on a perturbation argument and new regularity results. However, the
discrete scheme in [18] is only first order accurate in time. To the best of our
knowledge, there is no proven second- or higher-order accurate time-stepping
scheme for the subdiffusion model with a time-dependent coefficient and non-
smooth problem data in the literature. This contrasts sharply with the case of
time-independent elliptic operators, for which there are several strategies for
devising high-order schemes, e.g., initial correction [16]. These observations
motivate the present work.

In this article, we propose a second-order time-stepping scheme for problem
(1.1) with nonsmooth initial data and incompatible source term. It is based
on the CQ generated by the second-order backward differentiation formula
(BDF2), with suitable correction at the first step. The correction is inspired
by the recent works [5, 14, 16] and essential for restoring the second-order con-
vergence. Further, we present a complete error analysis in Section 4, and prove
a convergence rate O(72) with 7 being the time stepsize, for any fixed ¢,, > 0, of
the scheme for both nonsmooth initial data and incompatible source term. The
error analysis relies heavily on new temporal regularity results for the model
(1.1) in Section 3 and a refined perturbation argument, which substantially
extends the prior work [18]. Specifically, the error analysis relies on suitable
nonstandard bounds for problem data in the space H~7(£2) (cf., Lemma 4
and Theorem 5), and perturbation estimates at both ¢ = 0 and ¢ = ¢, (cf,,
the proof of Lemma 7), which are substantially different from the one in [18]
which only requires estimates at ¢ = t,,, for problem data in L?(f2). The new
scheme, regularity results and time discretization errors represent the main
contributions of this work.

In the context of the standard parabolic counterpart with L2({2)-initial
data and zero forcing term, Luskin and Rannacher [26] analyzed a fully dis-
crete scheme based on Galerkin FEM in space and the backward Euler method
in time, and proved a first-order temporal convergence. Somewhat surprisingly,



Sammon [34] proved that for standard parabolic problems with L?({2) initial
data, generally only second-order convergence can be achieved for a class of
single step and linear multi-step time stepping schemes (by ignoring the errors
at starting steps). The design and analysis of schemes with higher order accu-
racy remain largely elusive for standard parabolic models with time-dependent
elliptic operators and nonsmooth data. Thus, the development and analysis
of high-order time-stepping schemes for the model (1.1) with general problem
data is still very challenging; see Section 2 for further discussions.

The rest of the paper is organized as follows. In Section 2, we describe the
proposed time-stepping scheme. In Section 3, we prove new temporal regularity
results, and in Section 4, we give a complete error analysis for both smooth
and nonsmooth data. Finally in Section 5, we present numerical results to
complement the error analysis. Throughout, the notation ¢ denotes a generic
constant which may differ at each occurrence, but it is always independent of
the time stepsize 7, but may depend on the final time 7.

2 Derivation of the numerical scheme

In this section, we construct a second-order time-stepping scheme for problem
(1.1) using CQ generated by BDF2 with initial correction, derived from a
perturbation argument. For notational simplicity, we shall denote by v(t) =
v(-,t) for a function v defined on 2 x (0,77.

Since the Riemann-Liouville derivative is equivalent to the Caputo one for
functions with zero initial value, we rewrite problem (1.1) as

RO (ult) — uo) + A(t)u(t) = f(2), (2.1)

where the Riemann-Liouville derivative 29%¢(t) is defined by Zo¢p(t) =
%ﬁ fot(t — 8)"%p(s)ds, and the time-dependent elliptic operator A(t) :
H}(02)N H%(2) — L?(N2) is defined by

Alt)p = =V - (a(z,t)V¢).
Let t, = n7, n =0,1,..., N, be a uniform partition of the interval [0, T]

with a time stepsize 7 = T/N. BDF2-CQ approximates the Riemann-Liouville
derivative 9% p(t) at the time t = t,, by

_ 1 & )
5" = — S b with o = o(t,), 2.2
20 raj;) "7 with " = @(ty) (2.2)

where the weights {bj}‘;‘;o are the coefficients in the power series expansion

¢ —4¢+3

5T(C)°‘=T%ij<f with §(C) = >

Jj=0

(2.3)



If the function ¢ is smooth and has sufficiently many vanishing derivatives
at t = 0, then BDF2-CQ is second-order accurate pointwise in time [24] [25,
Theorem 3.1].

By employing (2.2) to discretize the term #9 (u(t) —ug) in (2.1), we obtain
a BDF2-CQ scheme for (1.1): given u® = uy, find u™ such that

0% (u—ug)™ + A(tp,)u”™ = f(tn), n=1,2...,N. (2.4)

This scheme generally has only first-order accuracy, instead of second-order
accuracy, due to the low regularity of the solution u(t) at t = 0, unless restric-
tive compatibility conditions on the initial data ug and f are satisfied (which
guarantee good solution regularity at ¢ = 0). This has been observed for many
different time-stepping schemes for subdiffusion with a time-independent dif-
fusion coefficient [16,14,5]. Hence, the vanilla BDF2-CQ scheme (2.4) has to
be modified in order to achieve second-order convergence for general data.
In this work, we propose the following time-stepping scheme:

_ (2.5)

0% (u— )" + A(t1)u' + FA(0)ug = f(t1) + 5 £(0),
0% (u —up)™ + A(tp)u"™ = f(tn), n=23,...,N,

which is obtained by first rewriting problem (1.1) into
Ro(u — ug) + A(0)u(t) = F(t) with F(t) = f(t) + (A0) — A(t))u(t),
and then following [14,16] to modify the first step as
9% (u — up)' + A(0)u' + FA(0)up = F(t1) + 3F(0).

Then substituting the expression of F'(t) and collecting terms yield the correc-
tion in (2.5). In (2.5), the term A(0)ug should be interpreted in a distributional
sense for weak initial data, e.g., ug € L?(£2).

Note that F’(0) is generally not defined in L?(§2). Hence, the existing
correction methods in [16] for higher-order BDFs cannot be applied directly.
It is still very challenging to develop higher-order time discretization methods
for problem (1.1) with nonsmooth problem data. This seems to be open even
for the standard parabolic counterpart [34].

3 Regularity of solutions

We assume that the diffusion coefficient a(z,t) : 2 x (0,T) — R4*? satisfies
that for some real number A > 1, integer K > 2 and ¢,j =1,...,d:

AP <alz,t)e-€ < NEP, VEERY V(x,t) € 2 x(0,T], (3.1)

|2 aij (@, )] + | Vo 2paij(a,t)] < ¢, V(2,8) € 2 x (0,T),k=0,...,K +1,
(3.2)



where - and | - | denote the standard Euclidean inner product and norm, re-
spectively. Under these conditions, there holds D(A(t)) = Hg(£2) N H?($2) for
all t € [0,T]. By the complex interpolation method [38], this implies

D(A(t)Y) = H>'(2), Yte[0,T], Yy el0,1],

where H?Y(02) = (L*(£2), H)(£2) N H?(12))[,) denotes the complex interpola-
tion space between L2(£2) and HE(£2) N H?(£2). Equivalently, it can be de-
fined via spectral decomposition of the operator A(t) [37, Chapter 3]. Let
{(Aj;95) 171 be the eigenpairs of A(t) with multiplicity counted and {(;}52,
be an orthonormal basis in L?(£2). Then the space H7(£2) can be defined as

H(0) = {v € LX(2): Y N (v,9;)* < oo}.
j=1
In particular, H2(2) = H}(£2) N H?(12), HY(2) = H)() and HO_(Q) =
L?(£2). For v € [0,2] we also denote by H~7(f2) the dual space of H"(f2).
Then the norm of H~7(2) satisfies

vl g~ = 1A 2 vllL2@) Vv e H (), Vte[0,T].
In this section, we prove the following regularity results.

Theorem 1 (Homogeneous problem) If a(x,t) satisfies (3.1)-(3.2), ug €
H?Y(02) with v € [0,1] and f =0, then for allt € (0,T) and k =0,...,K, the
solution u(t) to problem (1.1) satisfies

H@(t u(t))HHzﬁ(Q) = Ct_(ﬁ_v)aHuOHHz“’(U)’ VB e 1.
Theorem 2 (Inhomogeneous problem) Ifa(z,t) satisfies (3.1)-(3.2), ug =
0, then for allt € (0,T] and k = 0,..., K, the solution u(t) to problem (1.1)
satisfies for any g € [0,1)

dk k—1 s .
H@(tku(t))Hme) gczot(l B) +JHf(J)(O)HL2(Q)
J:

t
bt [t 9P 10 ()] oy s,
0

and similarly for g =1,
" - () k[0
AN +1
GOl R C;‘]t]llfj (0)]|z2 sy + et / 17D ()| 2 ds.
]:

Remark 1 These regularity results are identical with that for subdiffusion with
a time-independent elliptic operator [33, Theorems 2.1-2.2], [15, Theorem 2.1].
All the constants in Theorems 1 and 2 may grow with k& and blow up as
K — o0, but stay bounded for any finite K. Further, these constants are
uniformly bounded as v — 17, similar to the prior estimates in [18, Remark
2.1].



Theorem 2 implies the following estimate for smooth initial data.

Corollary 1 If a(z,t) satisfies (3.1)-(3.2), ug € H2(2) and f = 0, then for
w(t) = u(t) — ug, for allt € (0,T] and k =0,..., K, there holds

[,

Proof The function w(t) satisfies 0fw(t) + A(t)w(t) = —A(t)uo with w(0) = 0.
Then the assertion follows directly from Theorem 2. O

(1-B)a )
23(9) S Ct ||UOHH2(.Q)7 V/B G [0, 1].

The rest of this section is devoted to the proof of Theorems 1 and 2.

3.1 Preliminaries

First, we recall some preliminary results [17] on the solution representation
and smoothing properties of solution operators for subdiffusion with a time-
independent coefficient, i.e.,

Ofu(t) + Asu(t) = g(t), Vte (0,T], with u(0)= uo, (3.3)

where A, = A(t*), for some fixed ¢, € [0,7] independent of ¢ € (0,7]. By
means of Laplace transform, the solution u of (3.3) can be represented by (cf.
[15, Section 2] and [17, Section 2])

u(t) = Fu(t)ug —1—/0 E.(t—s)g(s)ds, (3.4)

where the operators Fi(t) and E,(t) are respectively defined by
1

F.(t) := — ol 4 A)7Nd .
(t) 5 Fwe 227 (z% + AT dz, (3.5)
1
E.(t) := — etz + A) "t dz, (3.6)
2mi To.s

with the contour I'y 5 (oriented with an increasing imaginary part):
Tys={2€C:|z| =0 |argz] <O}U{z€C:z=pet? p>s}. (3.7
Throughout, we choose a fixed angle § € (3, 7) so that
2% € Xy for z€ Xy:={ze€C\{0}: |arg(z)| < 6}.
From the definitions (3.5) and (3.6), we deduce
AE.(t) = (I — F.(t)), (3.8)
which follows by straightforward computation

1
(I —F.(t) = e*2%(2% + A,) " dz

211 Jr, 5



1
L[ IS A+ A) Y de = ALEL ().
271'1 FO,&

The next lemma summarizes the smoothing properties of Fi(t) and F,(t),
where || - || denotes the operator norm from L2(£2) to L2(£2).

Lemma 1 For any integer k = 0,1,..., the operators F, and E, defined in
(3.5)-(3.6) satisfy for any t € (0,T]

(i) AT — )] + AT L) < 6
(i) = BP0 + 1 AES @) + e A2EP (1) < ¢
(i) PP @) + e AP (1) < e

Proof The assertions for £ = 0,1 were already given in [18, Lemma 2.2]. The
proof for k > 1 is similar. For example, in part (i), by (3.8) and choosing
§ =t~ in the contour Iy s and letting 2 = tz:

_ 1 2 o -
AT EL O = 1B < g/ T (2% + A7 ||

Iys
< o= 1 / éR(z)‘Z| a|dz|
< o= 1 / cos(O\ | 1+ |Z‘ 1)|dz\ < o= 1

and in part (iii) with & = 0, || Fi(t)|| can be bounded by

1
IE(@B)] < 7/ T 2|z + AL) 7| |dz]
T JTos
1
< —/ eR@ 27 Hd2| < .
21 Tos

The proof of (3.8) gives A, E.(t) =
[ Ax(2a + A M| < ¢, we deduce

27r1 fr“ e*'z%(z* + A,)"1dz, and since

1
2B < 5 [ ROafolds] < et
27T Tos
All other estimates can be proved similarly and the details are omitted. Note

that all the constants ¢ remain bounded as o« — 17. O

The following perturbation estimate [18, Corollary 3.1] will be used exten-
sively. In particular, it implies that ||A(s) "1 A(t)|| < ¢ for any s,t € [0,T], and
by interpolation also, ||A(s) P A(t)?|| < ¢ for any 3 € (0,1).

Lemma 2 Under conditions (3.1)—(3.2), for any 8 € [0, 1], there holds

12— A A($))oll oy < et = sllvl gangys Vo € HP(2). (3.9)



The following regularity results for problem (1.1) were proved in [18] (also
see [21,7] for related results under different assumptions).

Theorem 3 Under conditions (3.1)—(3.2), the solution u(t) of problem (1.1)
satisfies the following estimates:

(i) If ug € H*(R2), with some v € [0,1], and f =0, then
w20y < et ol oy and [0 (1)l 22y < ol 2 -

(ii) Ifug =0, f € C([0,T); L%(£2)) and fg(tfs)a’le’(s)HLz(Q) ds < oo, then

t
lu' )220y < et HIFO) 220 +C/0 (t =) f ()l 2o ds.

Theorem 3 is a special case of Theorems 1 and 2 corresponding to (k, 5) =
(0,1) and (k,B) = (1,0), respectively. These results were used in [18] to
prove first-order convergence of backward Euler CQ. But they are insufficient
to prove second-order convergence of the corrected BDF2-CQ scheme (2.5),
which requires the regularity results in Theorems 1 and 2 for £ = 2. Below,
we prove Theorems 1 and 2 for a general nonnegative integer k.

3.2 Proof of Theorems 1 and 2
The overall proof strategy is to employ a perturbation argument [17,18] and

then to properly resolve the singularity. Specifically, for any fixed t. € (0,77,
we rewrite problem (1.1) into

{agu(t) + Au(t) = (A, — A(D)u(t) + f(t), Vte (0,7, (310)
u(0) = up.
By (3.4), the solution u(t) of (3.10) is given by
u(t) = Fu(t)uo + /0 E.(t—s)(f(s)+ (Ax — A(s))u(s))ds. (3.11)

The objective is to estimate the kth temporal derivative u(®)(t) := ;Tkku(t)

in H?%(12) for 8 € [0,1] using (3.11). However, direct differentiation of u(t) in
(3.11) with respect to t leads to strong singularity that precludes the use of
Gronwall’s inequality in Lemma 10, in order to handle the perturbation term.
To overcome the difficulty, we instead estimate ||(t*+1u(t))®*) || 726 () using the

expansion of t**1 = [(t — s) + s]¥*1 in the the following expression:

thTh(t) = t* L E, (H)ug + t7T /t E.(t—s)f(s)ds (3.12)
0



10

k+1

+ Y ( k"j 1) /0 (t — )™ B, (t — s)(Ay — A(5))s" 1™ u(s)ds,

m=0

where (1) denotes binomial coefficients. One crucial part in the proof is to
bound kth-order derivatives of the summands in (3.12).
Now we can give the proof of Theorem 1.

Proof (of Theorem 1) When k = 0, setting f = 0 and t = ¢, in (3.11) yields
e
ABu(t,) = APF.(t,)uo —l—/ APE,(t, — s)(A, — A(s))u(s)ds,
0

where § € [v,1]. By Lemmas 1 and 2,
[AZu(t)l| L2 (o) < AT Fu(te) Aluol L2

tx
+ / 1ALE. (8 — $) [ AZ (T — A7 A(s))u(s) | 2 () ds
tx

< et TN AZug| ) + € / (ts = ) ABu(ts — 8)[| [ AZu(s) ]| L2 ds
0
ty

< ct;(B*V)aHuOHH?v(Q) +c/ [ A2u(s)| 12(0)ds.

0

This and Gronwall’s inequality in Lemma 10 with p = (8 — )« yield

1A% (k)| 2 (o) < (1= (8- v)a)*ltz”*””‘Huo\lmm-

B+
In particular, we have ||A. QWU( tllrzo) < cty &N “Nuol| ran (2)» With ¢ being

bounded as o« — 17. This estimate and Lemmas 1(ii) and 2 then imply

1A u(t) o) < AT F. () ATuoll (o)

be gy Bty
+/O A ALEL(t. — )| A (I — ATMA(s))u(s)|| L2 (o)ds

—(B— 28 B=v Bt~y
<t O Al e [t = AT At = AT w12y
0

ty
—(B— _B= _B= —(B—
<ot / (b= )77 755 ds ) ol ) < ot O ol -
0

Equivalently, we have
1AZtu(t) L2y < ctr™ P77 uoll oo

where ¢ is bounded as o« — 17. This proves the assertion for k = 0.

Next we prove the case 1 < k < K using mathematical induction. Suppose
that the assertion holds up to £ — 1 < K, and we prove it for £ < K. Indeed,
by Lemma 3 below,

d
B . m _ o k+1—m
HA* dtk/ S)"E,(t — s)(As — A(5))s u(s)ds|i=t, Lo



11

T
<t gy [ 1AL () Y 1 .
where m = 0,1,...,k + 1. Meanwhile, the estimates in Lemma 1 imply

k —(B—
| A (£ F (£)ug) ™ < et g | g2 -

Iz
By applying A? % to (3.12) and using the last two estimates, we obtain

<Ct*_ (B=v)a+1

k+1 k
A2 ()P o] ) <

l[woll g2 ()

ty
e [ 1AL () O oy ds.
0
Last, applying the standard Gronwall’s inequality, we complete the induction

step and also the proof of the theorem. O

In the proof of Theorem 1, we have used the following result.

Lemma 3 Under the conditions of Theorem 1, for m = 0,...,k + 1, there
holds

k t
HAfjtk / (t— )" B, (t — 8)( Ay — A(s))s* 1™ (s)ds s

“lizz(o)

ds.

.
—(B—)at1 . B(gkt1y, (k)
<ct, l[uoll grv (o) + C/O HA*<S ’ L2(22)

Proof Denote the integral on the left hand side by I,,,(¢t), and let v, = t™u(t)
and W,,(t) = t™E,(t). Direct computation using product rule and changing
variables gives that for any 0 < m < k, there holds

k m
19(0) = S / WD (t = $)(As — A(5))0k— 1 (s)ds

k—m
ikm/vwm<mh—Aa—@WMmﬂ@—ﬁm

k—m
/ Wim (s d ((A* — A(t = 8))Vk—mp1(t — 5))ds

:Z (kfm)/o W™ (s) (A — At — ) Fm=00 (1 — s)ds.
{=0

I'm,l(t)

Next we bound the integrand

Le(s) = W™ (A, — At — 5))E=m=000 (1, — 5)

of the integral I,,, ¢(t.). We shall distinguish between 3 € [vy,1) and § = 1.
First we analyze the case 8 € [y,1). When ¢ < k, by Lemmas 1(ii) and 2 and
the induction hypothesis, we bound the integrand L, ¢(s) by

|APT,, 0(5) ]| 222



12

< [AZWE ()AL = At — ) ET D0 (= 8) 2
cs(lfﬁ)aflsHA v,gk;x}l(t* - s)||L2(Q), {=k—m,
= cs(t=Ra= 1HA*Uk m+1(t*_s)‘L2(Q)’ < k—m,
es 10 (b, — )Y Ao | L2, t=k—m,
- { es P (b, — )R 0IN AT g | 2y, £ < k=

Similarly for the case ¢ = k (and thus m = 0), there holds

£ _ k

1AZTo k() L2(2) < [AEL() I AZT — AT Aty — 8))oi, |22
k
< || A%oH) (b — 8)|l12(0)-
Thus, for 0 < m < k and £ = k — m, upon integrating from 0 to ¢,, we obtain
Ty
IAPI®) (£ | 20y < b2 Aug| L2 (o) + ¢ / 1AZ0), (5) 122 (2 ds,

and similarly for 0 <m <k and ¢ < k —m,

AT ()| 120y <e(( = B)a) 1 O™ | ATug |l 12 (e

e / 14508, (5)] 22y ds.

Meanwhile, for m = k + 1, we have

A = [ AW G A2 - AT At

and consequently, by Lemmas 1(ii) and 2 and the induction hypothesis,

HAﬁIkH( *)HL2(Q)

< / A= W) (1, — )| AV — ATV A(s))uls) | p2(0yds
0

ta
= / (e — )10 ATu(s) | 2y ds < et 0T ATug| 2n)-
0
In the case 0 < m < k and £ < k — m, the preceding estimates require

B €10,1). When 0 <m <k, ¢ < k—m and § =1, we apply the identity (3.8)
and rewrite AL, ¢(t.) as

ta
AT () = / (s™(T = Fu())) ™ (Au = A(t, — 8)E 000 (1. — 5)ds.

Then integration by parts and product rule yield

te — s)ds

Ay () / D(s)(As — A(t, ,s))(k m—0+1) (€)m+1(
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ty
- D(s)(As — At — ) B0V (1, — 5)ds
— DO)(As = Alts =) E D Zovf?, 4y (8), (3.13)
with
I-F.(s), m=0,
D(s) = L
(s™(I — F.(s)))™ Y, m>0.

By Lemma 1(iii), ||D(s)|| < ¢, and thus the preceding argument with Lemmas

1 and 2 and the induction hypothesis allows bounding the integrand A*flvm, o(8)
of (3.13) by

AT e(9) 2200y < elte = )00 ug|| o
) cl| Ao (b — 8)l12()s €=k — 1,
cte — S)kiliei(liv)a||U0||H2w((z)7 t<k-—-1,

where for £ = k — 1, we have m = 0 and hence D(0) = 0.

Combining the last estimates and then integrating from 0 to ¢, in s, we
obtain the desired assertion of Lemma 3. All the estimates are based on Lem-
mas 1 and 2, and thus the constants ¢ in Lemma 3 is bounded as o — 17. O

The proof of Theorem 2 is similar to that of Theorem 1. The lengthy and
technical proof is deferred to Appendix B.

4 Error analysis

In this section, we present error estimates for the scheme (2.5). To this end,
let w(t) = u(t) — u(0), which satisfies the equation

{afw(t) + A0)w(t) = g(t), Vt>0,

w(0) = 0. (4.1)

with
9(t) := (A(0) = A@)w(t) — A(t)uo + f(1).
Then the error e™ := u™ — u(t,) of the numerical solution u™ is given by

e" =w" —w(ty,), with w" =u" —uy. (4.2)
We also introduce an intermediate solution w"™ defined by

dpw' + A0)w" = g(t) + 39(to), (43)
o2w"™ + A(0O)w" = g(tn), n=2,3,...,N. )

which is the numerical approximation of (4.1) with the source g(t). Using w",
we further decompose the error €™ into

e" = (W —w") + (W" —w(ty)) =: " + 97,
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where 9™ is the error due to time discretization of problem (4.1) with a “time-
independent” operator A(0), and " is the error between two numerical solu-
tions due to the perturbation of the source term.

It suffices to estimate the two terms o™ and ¥". The analysis for ¢ will
employ the following nonstandard error estimates.

Lemma 4 Let u(t) be the solution of problem (3.3) with ug =0 and u™, with
u® =0, defined by

Ofu' + A(t)u' = g(t1) + 59(0),
0%u™ + At )u"™ = g(ty,), n=2,...,N.
Then the following statements hold.
(i) If B,v €10,1) and 8+ < 1, then

Jua(tn) = " < 7 (£ 219 0) 22y + H1722 g/ (0) 2o
+ / g — )0 o o ds).
(i) If B =1, then
[u(tn) = u"|l g2 () Ser® (tﬁzHg(O)HLZ(Q) + 1, 19 oo, L2 (2))
+ [ " tarr = ) g6 zn (s,

Lemma 4 can be proved using discrete Laplace transform (generating func-
tion technique) similarly as the error estimation for CQ-BDFk [16]. This type
of error estimation yields an error bound directly from a contour integral, while
the constant produced from a contour integral is bounded as « — 17. We will
use Lemma 4 and a perturbation argument to bound 9" and ", respectively,
and derive error estimates for numerical solutions.

For the convenience of error analysis, we further split w(t) into w(t) =
wo(t) + w1 (t), where wy(t) and wy (t) are respectively solutions of

P wo(t) + AO)wo(t) = (A(0) — AD)w(t),  with wo(0) =0,  (4.4)
0

Ofwi(t) + A(0)wy (t) = —A(t)ug + f(t), with wq(0) = (4.5)
Correspondingly, we split @w" into w" = wjy + WY, defined by W) = 0,
02wy + A(0)wg = (A(0) — A(t,))w(t,), n=1,2,3,...,N, (4.6)
and w9 = 0 and
{?ﬁw% +AOT; = —Alt)uo = A0+ f(1) +3f ko),
02wt + A(0)w} = —A(ty)uo + f(tn), n=2,3,...,N,

The functions wj and W} approximate wo(t,) and ws (¢, ), respectively.
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4.1 Error analysis for the homogeneous problem

Now we analyze the scheme (2.5) for the homogeneous problem with f = 0.
First, we bound the function g(t) = (A(0) — A(¢))w(t) in equation (4.4).

Lemma 5 Let Assumptions (3.1)—(3.2) hold. For the function g(t) = (A(0) —
A(t))w(t), the following statements hold when f = 0.

(i) uo € H*(2) and B € [0,1], then ||g'(0)l 22y + t'~*PIlg" ()l jy-25 (o) <

CHu0||H2(Q)'
(ii) uo € L*(£2), then ||g'(®)]l -2 () + tlg" Ol g-2() < clluollLz(e)-

Proof By Theorem 1 and triangle inequality, [w(t)||gz2(0) < llu(t)| 2.0y +
ol g2y < clluoll g2(qy- Thus, by Lemma 2,

19" )l L2 (2) < I(A0) = A()w'(B)l| L2(2) + [[A" B w ()] L2(2)
< CtHu/(t)HH?((z) + C”“’@)”H?(Q) < CHuO”H?(Q)a

Thus, [|g"(0)]|2(2) < clluoll 72 (g)- Since g”(t) = (A(0)—A(t))w" (t)—2A" (t)w'(t)—
A" (t)w(t), it follows from Corollary 1 and Theorem 1 that for 8 € [0, 1]

19" @)l fr-25 0y = I(A(0) — A(£))w" (t) — 24" ()w'(t) — A" (R)w(t) || f-26 )
<t (1) s + ! Oll a5 ) + llwo(® -5
< et uol| g2 -

Similarly, when ug € L?(§2), repeating the preceding argument shows (ii).

The next lemma bounds 9" = w" — w(t,).

Lemma 6 Let conditions (3.1)-(3.2) hold, and w be the solution to problem
(4.1) with f =0. Let 9" :=w" — w(t,). Then there hold

19" | 25 () < cr%g(l—ﬁ)ﬂ||uo||1~{2(m7 VB €1[0,1/2),
||19nHL2(Q) < CTQtT_LZ&LHU()HLz(Q), with £, = log(1 + t, /7).

Proof Using the decompositions w(t) = wo(t) + wy(t) and w" = wy + W}
defined in (4.4)-(4.5) and (4.6)-(4.7), respectively, we have

10" 126 () < [[05 = wo(tn)ll 26 () + @7 = wi(tn)ll 28 () (4.8)

We discuss the cases ug € H2(£2) and ug € L?(12), separately.
Case (i): ug € H?(£2). Lemma 4(i) with g(t) = A(t)uo, for 8 € [0,1/2), implies
7 — )l gy < 1P ol g (19)
For g(t) = (A(0) — A(t))w(t) and any 8 € [0,1/2), Lemmas 4(i) and 5 imply

@G — wo(tn) HHQﬁ(_Q)
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tn
< et g/ (0)]| p2 (o) + 072/0 (tnt1 — 5)(17%)&71HQ/'(S)HH—M(Q) ds

tn
Y S
0

< 072’5%(17@71||U0||H2(9)-
This and (4.9) yield the desired estimate for ug € H?(£2).
Case (ii): ug € L?(£2). By Lemma 4(ii), we have
@} — wi(tn)l|r2(2) < et 2 lnlluol| L2(0)-
Meanwhile, by Lemmas 4(ii) and 5, we have

W — wo(tn)llL2(2)
t'Vl

<cr? (tﬁl||9/||c([o,T];Hfz(Q)) +/ (tns1 — s)_l\lg”(s)HH,z(m ds)
tn
<er’ (t;l +/ (tn1 = 8)71871(15) [uoll L2 () < er?ty enlluoll L2 ()

These two estimates give the second assertion, completing the proof. a
We need a temporally semidiscrete solution operator ET,, defined by

1

B = o / M7 (8, (eT) + Alt)) " dz, (4.10)
Tl FGT,rS

with the contour Iy ; given by
Igs:={z€Tys:[S(x) <m/7}, (4.11)

oriented with an increasing imaginary part. The following smoothing property
of the operator £, holds [15, Lemma 4.3]: for any 3 € [0, 1]

[A(tm) B2 || < ety + 7)1 n=0,1,...,N. (4.12)

We have the following L?(2) stability for o".

Lemma 7 Let conditions (3.1)-(3.2) be fulfilled, and u the solution to problem
(1.1) with f =0. Let o™ = w™ —w". Then with £, =log(1+t,/7), there holds

ety Hluoll a0y if wo € H?(92),

m < k
o™z < o3Il +{ s o) oo C i)

k=1
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Proof Tt follows from (2.5) and (4.3) that o satisfies ¢ = 0 and
07" +A(tm)e" = 07 (w" —W") + Alty) (w" — ")
= (A(t ) Atn))w" — (Atm) — A0))w" — (A(0) — A(tn))w(tn)
= (A(tm) — A(t n)) — (A(tn) — A(0))9", n=1,2,...,N.

Using the operator E?, . in (4.10), o™ is represented by

T,m
=7 Z EmF] — A(ty))o" — (A(ty) — A(0))9"].
Consequently, by triangle inequality,

0™ (|22 (2 <TZHEm 5 — A(tr)) "l 22

+TZ Bk ( — A(0)0%|| 12 () =T+ 1L

For the term I, by (4.12) with 8 = 1 and Lemma 2, we have

At EZFINT = Altm) T Alte) 0¥l 22y < et pitm—kllo® 2o
and thus

I1<cer ) N6kl (4.13)
k=1
For the term II, we discuss the cases ug € H?(2) and uy € L?(£2) separately.
Case (i): ug € H?(£2). The estimate (4.12) with 3 = 3, Lemmas 2 and 6 with
B = 1 imply that 1L, = | ETF(A(tk) — A(0))0*%|2(0) is bounded by

a_q

el 370471
Mok < et el 3 ) < et it ol s o)

. a1 Sa_q
and further, since 73 t2 6,7 < ctg !, there holds

m
<Y Tk < et luoll )
k=1

Case (ii): ug € L*(£2). By (4.12) and Lemmas 6 and 2,
Wy g < [|E7 A | A(R) ~PAO) (T = A0) ™ A(tr) 0" || L2 (2
< et tel 9Lz () < er?lmty Dyt ol e
This and the inequality 7> °,"; t;zl_k_Ht,;l < ct 14, yield
II < CT2t 162 ||UOHL2(.Q

In either case, combining the bounds on I and II gives the desired assertion.
O
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Now we can derive error estimates for the homogeneous problem.

Theorem 4 Let u and u™ be the solutions to problems (1.1) and (2.5) with
f =0, respectively. Then with £, =log(1+t,/T), there holds

et t272 lug | - if ug € H?(02)
tn . n < n H2(02) )
e =iz <4 gt 0 e

Proof 1t follows directly from Lemma 7 that

{crt Hlwoll g2 () if ug € H2(12),

m <
o™ i@ < e 3 el + 24,102 |luol| 2 ) if uo € L2(92).

k=1

Thus, by the discrete Gronwall’s inequality from Lemma 11 (with =1 — «)
and Lemma 12,

et o || e if ug € H?(12),
m < (_Q)a
le™ ez < {CT% 102 lluoll 20, if uo € L2(£2).
This, Lemma 6 and the triangle inequality complete the proof. The preceding
estimates are based on Lemma 7 and Lemmas 11-12. In particular, applying

Lemma 11 to the case ug € H?(f2) yields a constant ¢ depending on 1/a.
Therefore, the constants ¢ in Theorem 4 is bounded as o — 17. a

Remark 2 The error estimate for ug € H?(£2) in Theorem 4 is identical with
that for the case of a time-independent elliptic operator, and that for nons-
mooth initial data is also nearly identical, up to the factor 2 [14]. The /,, factor
is also present for backward Euler convolution quadrature [18] for subdiffusion,
and backward Euler method [26] and general single-step and multi-step meth-
ods [34] for standard parabolic problems with a time-dependent coefficient.

4.2 Error analysis for the inhomogeneous problem

Now we analyze the scheme (2.5) for ug = 0. We need the following inequality.

Lemma 8 For any 8 € (0,1/2) and s € [0,t,,], the following inequality holds

m

T Z tﬁla__kl_,’_l (tk+1 — S)(1725)a71X[07tk](5) S C(tnz - S)(liﬁ)ail
k=1

Proof We denote the left-hand side by I(s). For any s € [t;—1,t;), i <m,
I(s) =7 3ty (e = ) 72007
k=i

1 ,(1-2 1 1— 1 _B)a—
<th§la ft1 ](€+1 Bl)a <ct£n f_?_(; §c(tm—s)(1 Bla—1

This completes the proof of the lemma. O
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The next result gives a bound on g(t) = (4(0) — A(t))w(t) when ug = 0.
Lemma 9 Let g(t) = (A(0) — A(t))w(t) (with ugp = 0). Then there holds
9" (0)Iz2(2) < el f(0)llzz2(a), (4.14)

and further, for any B € (0,1/2)

m

tr
P> / (tr — $)372271 g (5) | a5 (4.15)
k=1

t’VYL
Sct%_lllf(O)HL?(rz) + t?n”fl(O)HL?(Q) + tm/ (tm - S)a_IHf”(S)HLZ(Q)dS.
0
Proof 1t follows from Lemma 2 that

19/ ()12 < IICA0) — AW (1)l 222y + A (Y ()] 22
< et (1) sy + ellu®) 2 -

Then by Theorem 2, ||¢'(0)[|2(0) < ¢/ f(0)||L2(), showing the estimate (4.14).
Next, by Lemma 8, the left hand side (LHS) of (4.15) is bounded by

tm m
LS <t [ (73 #8500 = )0 g 6)) 6 - s
0 k=1

tm
< ctm/ (tm — )7 1 g" (5) ]| ;120 (2 ds.
0
Since ¢ (t) = (A(0) — A(t)u” () — 24" ()u'(t) — A”()u(t), Theorem 2 implies

Ig" ()| 2602y < ctllu” (t)|| gz—25 () + cl|w' ()| rz—25 0y + cllut) | g2-25(0)
< Ctﬁa71|\f(0)||L2(Q) + Cfﬁa”f’(o)ﬂm(n)

t
det [ 6= 9P (6) 2o d.
0

Combining the last two estimates yields the desired assertion. a

Now we can derive error estimates for the inhomogeneous problem.

Theorem 5 Let u and u™ be the solutions to (1.1) and (2.5) with ug = 0
and f € C1([0,T); L*(2)) and fg(t — )2 F" ()|l 2 (2)ds < oo, respectively.
Then under conditions (3.1)—(3.2), there holds

[u(tn) — u™|| 20y <cr? (tz_2Hf(O)”L2(Q) + 27 0) )l 22 (o)

[ = 9 aads).
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Proof The overall proof strategy is similar to Theorem 4. First, we bound
9" :=w" — w(ty,). By Lemma 4(i), for any 5 € [0,1/2), there holds

@} — wy(tn) || g2s (o) < e R(ty).
with R(t,) defined by
R(t) = t§ 72| £(0) || L2y + t5 7 £/ (0)] 22
t
[ s = 0 () d.

Meanwhile, for any 8 € [0,1/2), by Lemma 4(i) and (4.14), with g(t) = (A(0)—
At))u(t),

@5 — woltn)ll frs ()
tn
SCT2 (tgllfﬂ)alef(O)”L,Z(Q) + / (tng1 — 3)(1726)0471 Hg"(S)HH*w(Q)dS) .
0
Thus, by the splitting (4.8) and triangle inequality, for any S € [0,1/2),
tn
107 gr20 2y SeT?R(tn) + 072/0 (tnt1 = )22 g" (5)|] s ) ds.

Next we bound p" := w™ — w", by repeating the argument for Lemma 7. The
term I can be bounded as (4.13). Further, by (4.12) and Lemma 2, for any

B e (0,1/2),

<7y (1B (A = A0)0 l2(0) < €Yt 5k tkll ¥ | ron -
k=1 k=1

Then the preceding bound on 9" implies

m te
II < cr? thﬁ_kgrltk (R(tk) + /0 (trgr — 5)(172’6)0‘71||g"(3)||yf2ﬂ(n)>-
k=1
This and (4.15) imply

m
lo™ 2y <er D llMlaacey +er (15 1£ Oz + )£/ (0) 2oy
k=1

+tm /Ot" (tn — 5)a71||f”(5)|\L2(Q)d5)-
Thus, by the discrete Gronwall’s inequality from Lemma 11 with =1 — «,
lo™ 222y <er (£ 1 O) 2 + 1/ (0) 222
+tm /Otn (tn — 3)a71\\f'/(5)||L2(Q)d8>,

where the constant ¢ depends on o as O(a~!). This and the bound on 9" with
8 = 0 complete the proof. O



21

Remark 8 The error estimate in Theorem 5 is identical with that for the sub-
diffusion model with a time-independent diffusion coefficient [14].

Remark 4 In the proof of Theorems 4 and 5, (discrete) Gronwall’s inequality
was employed a few times to bound ¢™. This leads to a dependence on «
as 1/, which is nevertheless uniformly bounded on « for & — 17. Further,
the constants in the bounds on ¥ are also bounded. Thus, the constants in
Theorems 4 and 5 are bounded as the fractional order « — 17. We refer to [4]
for an in-depth discussion and many further references on the important issue
of a-robustness.

5 Numerical results and discussions

Now we present numerical results to illustrate the convergence behavior of
the scheme (2.5). To this end, we consider the domain 2 = (0,1) and the
subdiffusion model (1.1) with a time-dependent diffusion operator A(t) =
—(2 + cos(t))A. We consider the following three examples:

(a) ug(z) = x~Y* € HY/4=¢(2) with € € (0,1/4) and f = 0.
(b) wo(x) = 0 and f = €'(1+ x;0.1,(x)):
(c) up(x) =0 and f =t"%z(1 — z).

To discretize the problem, we divide the domain {2 into M subintervals of
equal length h = 1/M. The numerical solutions are computed by the standard
Galerkin FEM (with P1 element) in space, and BDF2-CQ in time. Since the
spatial convergence was already studied in [18], we only study the temporal
convergence below. To this end, we fix a small spatial mesh size h = 1/1000
so that the spatial discretization error is negligible, and compute the L?(2)
error:

e(tw) = llup = un(tn)| c2()-

Since the exact semidiscrete solution wy(t) is unavailable, we compute the
reference solutions on a finer temporal mesh with a time stepsize 7 = 1/5000.

The numerical results for the homogeneous case (a) by the schemes (2.4)
and (2.5) are presented in Tables 1 and 2, respectively. It is clearly observed
that the vanilla BDF2-CQ scheme (2.4) can only achieve a first-order conver-
gence, whereas the corrected scheme (2.5) achieves the desired second-order
convergence. The convergence is fairly robust with respect to the fractional
order «, despite the low regularity of the initial data wg. Further, the error is
larger when the time £y gets closer to zero, which agrees well with the regu-
larity theory in that the second-order temporal derivative of the solution has
strong singularity at ¢ = 0, cf. Theorem 1.

The numerical results for Examples (b) and (c) are presented in Tables
3-5, where the source term f is smooth and nonsmooth in time, respectively.
Note that for Example (c), the corrected and uncorrected schemes are identi-
cal, since f(0) = 0. The observations from Example (a) remain valid for the
inhomogeneous problems: the correction at the first step in the scheme (2.5)
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Table 1 Temporal errors e for Example (a), uncorrected BDF2-CQ (2.4) with 7 = 1/N.

tn a\N 10 20 40 80 160 320 rate
0.25 2.96e-4 1.49e-4 7.45e-5  3.73e-5 1.86e-5 9.32e-6 1.00
1 0.50 4.12e-4  2.12e-4 1.07e-4  5.37e-5  2.69e-5 1.35e-5 1.00
0.75 3.00e-4 1.62e-4 8.34e-5 4.22e-5 2.12e-5 1.06e-5 1.00
0.25 1.16e-3 5.80e-4 2.89e-4 1.45e-4 7.23e-5 3.62e-5 1.00
1073 0.50 5.49e-3  2.70e-3 1.34e-3  6.59e-4  3.34e-4 1.67e-4 1.00
0.75 5.18e-3 2.54e-3 1.26e-3 6.28e-4 3.13e-4 1.57e-4 1.00

Table 2 Temporal errors e for Example (a), corrected BDF2-CQ (2.5) with 7 = 1/N.
tn oa\N 10 20 40 80 160 320 rate
0.25 4.20e-5  9.77e-6  2.36e-6  5.79e-7 1.44e-7  3.57e-8 | 2.01
1 0.50 8.82e-5 2.04e-5 4.91e-6 1.20e-6 2.98e-7 7.41e-8 2.01
0.75 1.0le-4  2.34e-5  5.60e-6 1.37e-6  3.38e-7  8.41le-8 | 2.01
0.25 1.50e-4  3.49e-5  8.44e-6  2.07e-6  5.14e-7 1.28e-7 | 2.01
10-3 0.50 4.77e-4 1.13e-4 2.74e-5 6.77e-6 1.68e-6 4.19e-7 2.00
0.75 3.68e-4  8.67e-5  2.1le-5  5.21le-6 1.29e-6  3.22e-7 | 2.00

can restore the desired second-order convergence, whereas the vanilla BDF2—
CQ scheme (2.4) can only give a first-order convergence, and the convergence
rate does not depend on the fractional order a.

The second-order convergence of the scheme (2.5) in Theorem 5 requires
suitable temporal regularity of the source f, i.e., fot(t—s)"‘_1 ILf"(8)|l2(o)yds <
00, in the absence of which, the convergence rate suffers from a loss. This
is clearly observed from the numerical results in Table 5 for Example (c),
where the source term f does not satisfy the condition. Actually, by means
of interpolation, the theoretical convergence rate is O(T3/ 2). The corrected
scheme (2.5) can achieve a convergence rate O(73/2), which agrees well with
the theoretical one and is faster than the first-order convergence as exhibited
by the scheme (2.4). These numerical results show clearly the robustness and
efficiency of the corrected scheme (2.5).

Table 3 Temporal errors e for Example (b), uncorrected BDF2-CQ (2.4) with 7 = 1/N.

tn a\N 10 20 40 80 160 320 rate

0.25 2.22e-5 1.15e-5 5.81e-6 2.92e-6 1.46e-6 7.33e-7 1.00

1 0.50 3.09e-5 1.64e-5 8.35e-6 4.21e-6 2.11e-6 1.06e-6 1.00

0.75 2.36e-5 1.28e-5 6.57e-6 3.32e-6 1.67e-6 8.36e-6 1.00

0.25 9.12e-5 4.56e-5 2.28e-5 1.14e-5 5.70e-6 2.85e-6 1.00

103 0.50 4.32e-4 2.12e-4 1.05e-4 5.26e-5 2.62e-5 1.31e-5 1.00

0.75 3.54e-4 1.74e-4 8.61e-5 4.28e-5 2.14e-5 1.07e-5 1.00
Acknowledgements
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Table 4 Temporal errors e for Example (b), corrected BDF2-CQ (2.5) with 7 = 1/N.

tn a\N 10 20 40 80 160 320 rate
0.25 4.46e-6 1.04e-6 2.51le-7  6.16e-8 1.53e-8 3.80e-9 2.01
1 0.50 8.51e-6 1.96e-6 4.70e-7 1.15e-7  2.85e-8 7.09e-9 2.01

0.75 8.13e-6 1.85e-6 4.40e-7 1.07e-7  2.64e-8 6.56e-9 2.01
0.25 1.18e-5 2.75e-6 6.64e-7 1.63e-7  4.05e-8 1.01e-8 2.01
1073 0.50 3.70e-5 8.75e-6 2.13e-6 5.26e-7 1.31e-7  3.26e-8 2.00
0.75 5.66e-6 1.38e-6 3.42e-7  8.52e-8 2.12e-8 5.30e-9 2.00

Table 5 Temporal errors e for Example (c), corrected BDF2-CQ (2.5) with 7 = 1/N.

tn o\N 50 100 200 400 800 1600 rate
0.25 | 2.31e-8 8.65e-9  3.18e-9 1.15e-9  4.11e-10  1.44e-10 | 1.52
1 0.50 | 2.77e-8 1.11e-8  4.24e-9 1.58e-9  5.73e-10  2.02e-10 | 1.50
0.75 | 6.59e¢-9  4.94e-9 2.40e-9 1.01e-9  3.93e-10 1.45e-10 | 1.44
0.25 | 3.65e-9 1.27e-9 4.41e-10  1.54e-10 5.37e-11  1.84e-11 | 1.54
1073 | 0.50 | 1.72e-8  5.92e-9 2.05e-9 7.15e-10  2.48e-10  8.5le-11 | 1.55
0.75 | 1.24e-8 4.37e-9 1.55e-9 5.45e-10  1.91e-10  6.59e-11 | 1.54

A Gronwall’s inequalities
In this appendix, we collect several useful Gronwall’s inequalities. The following generalized
Gronwall’s inequality is useful [12, Exercise 4, p. 190].

Lemma 10 Let the function o(t) > 0 be continuous for 0 <t < T. If
t

p(t) <at ™"+ b/ (t—s)PLp(s)ds, 0<t<T,
0

for some constants a,b >0, 0 < p, 3 < 1, then there is a constant ¢ = c(b, T, ) such that

o(t) < ILF“, 0<t<T.
—p

The next result is a discrete analogue of Lemma 10 [3, Lemma 7.1].

Lemma 11 Let ¢™ >0 for0<t, <T. If

n
e <at, +bry @, 0<t, <T,
i=1

for some constants a,b > 0, and bt < 1/2, 0 < p < 1, then there is constant ¢ = c(b,T)
such that .
ac
e N (P
1—p

Proof This lemma is a special case of [3, Lemma 7.1], but without explicit dependence on
a. We give a short proof for completeness following [37, p. 258]. Let o™ = TZ?:l »™, and
¢™ = at,*. Then

T*l(o_n _o,nfl) < ¢n +b0’n,
ie, o < (1—=br)"to™ 1 + (1 — br)~L7¢". Consequently, since the time interval is finite,

- j 1,5 26T o ae?T
O'n<TE 1—-br)) " ¢ <e TE ) <
B j:1( ) = j:1¢ T l-p

tl-n

)

since (1 —x)~! < e2® for x € [0,1/2]. This directly shows the desired assertion. O
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The next result is a variant of Lemma 11 with log factors [37, p. 258].
Lemma 12 Let " >0 for 0 < t, <T. With £, = log(1+ tn/7), if
n .
T <at, B +br> @l 0<t, <T,
j=1
for some constants a,b > 0 and p > 0, then there is constant ¢ = ¢(b,T) such that

" <cat ;B 0<t, <T.

B Proof of Theorem 2

In this part, we prove Theorem 2, by considering (t*u(t))(*) instead of (tk*1u(t))(¥) for the
proof of Theorem 1. We begin with a bound on %(t’C fot E(t — s;t+) f(s)ds), which follows
from straightforward but lengthy computation.

Lemma 13 Let k > 1. Then for any 8 € [0,1), there holds

HAE% G /0 B - $)f(5)ds ) le=t.

L2(Q)
k-1 e
1— m —Ba—
<e ST AUTOE ) (0)) 2 + etk /0 (te — ) A=D1 £ BN (5| 12 s,
m=0

and further,

dk

HA* dtk

(tk /Ot Bt - S)f(s)ds>|t:t*

L2(£2)

k o
<e D020y + th/o [ FEFD ()] L2 (2 ds.
m=0

Proof Let I(t) = %(tk fot E«(t — s)f(s)ds). It follows from the elementary identity
m—1

a ' s —s)ds = 2 (m-1-0) ' $)f™) (¢t — s)ds
G | B =sas = 3 OO 00 + [ B 0 - 91

£=0

and direct computation that

1(t) = j;o (%) i tm(g B0+ [ CBL(5) 7 (¢ - 9)ds),

Consequently, by Lemma 1, for 8 € [0, 1),
k m—1 .
JAZTG ) 2oy < e D2 67 30 [AZBO @152 Ol 2o
m=0 £=0

k ta
e [TIATE @I = 92 oy
m=0

k m—1
m —B)la—1—¢ m—1—
<e ST STl p =0 0)) o )
£=0

m=0



25

k ‘.
+c Z t;"/ s=Reatyptm) g, — $)lp2(0yds
— 0

<o 3 4D ) 0y >+ch’”/ s (b = )2 ds.
m=0

Next we simplify the second summation. The following elementary identity: for m < k,

(s = S~ ) g 1 ’ kem—1 (k) ()4 B.1
O R S O R sl AR i AT GLE S LR

Jj=0

and the semigroup property of the Riemann-Liouville fractional integral operator imply

ty e
(t« fs)(l Bla— 1||f(m)(5)||L2(Q)ds</ (t« S)(I—B)a—l
0
( Z ||f(m4rg> 0)”L2(Q G /( )= mileUC)(f)”Lz(Q)dé)dS
k—m—1
1—
e I A L LA SR
j=0

Combining these estimates gives the desired assertion for 5 € [0,1). For 8 = 1, by the
identity (3.8) and integration by parts (and the identity I — F%(0) = 0),

tx ty
s(m)*fs s = f*s/(m)*fss
A*/o Eu(s) £ (¢ — 5)d /0 (I = Fu()' £ (£ — s)d
tu
= (1= PO+ [ R - s,
0
and thus

k m—1
IATE =t 2y <e 32 (3 [[ABL @150 )l 20
m=0 £=0

Ty
FIFOI+ [T @) 1 yds).
Then repeating the preceding argument completes the proof. [}

Now we can present the proof of Theorem 2.

Proof Similar to Theorem 1, the proof is based on mathematical induction. Let vy (t) =
t*u(t) and Wy (t) = t* E.(t). For k = 0, by the representation (3.11), we have

APu(t,) = /Ot* APEL (. — 5)f(s)ds + /Ot* AP Bt — 5)(Ax — A(s))u(s)ds.
Then for § € [0,1), by Lemma 1(ii) and 2 there holds
||Afu(t*)HL2(Q) < /Ot* 1AL B (1 = s)f()lL2(2)yds
+ /Ot* [ Au Eu (e — s)|[[|AZ (I — AT A(8))u(3) || L2 (2 ds

ta tx
< 0/0 (tx = )T f(5)ll 2 (2yds + C/O AZu(s)l| L2 () ds.
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The case 8 = 1 follows similarly from the identity (3.8) and integration by parts:

T Ty
[Axu(tllrz(2) < cllf(0)llL2(o) +C/0 Hf’(S)\IL2<o)dS+C/O [Axu(s)l L2 (o2)ds-

Then standard Gronwall’s inequality gives the assertion for the case k = 0. Now suppose

the assertion holds up to k — 1 < K, and we prove it for k < K. Now note that
](Ck)( t) = dtk / E.(t—s) f(S)dS)
m=0

This, Lemmas 13 and 14 and triangle inequality give

ty
k k
A2 o ()] e=t. |20 < € /0 1AZ 0" ()]l 2 ds

k—1

Ty
e S TR ) (0) 12 gy + cth /0 (ts — )DL 1) (8[| 12 ) ds,
m=0

+
T
c Z £ £ (0) | 2y + et /0 1F4D (8)]] 12 2y ds,

This and the standard Gronwall’s inequality complete the induction step.

The following result is needed in the proof of Theorem 2.

( ) dtk / Win(t — 5)(As — A(s))vg—m(s)ds.

Belo1),

Lemma 14 Under the conditions in Theorem 2, for any B € [0,1] and m =0, ..., k, there

holds
gdt rt K
AP — E B (t— s)(As — A(s))s™ _
[ dtk/O(t 5) (t — s)( (N u(dsle= ||,
T
<ao [ IAZGRu) Pl paayds
0
Zt(l B)aer”f(m)( )||L2(_Q)+Ct / (ty — (1-B)a— 1||f(k>(8)||L2(Q)ds,

ty
¢ Z £ (O)] gy + et /0 170D () 2 s,

Proof Let v, = tFu(t) and Wy (t) = tFE«(t). By the induction hypothesis and (B.1),

¢ < m, we have

1Al (2 ) < es™ [(Zs]\\f‘”( ez +5° [ 1Dz de)

7=0
k—1

for

et (DO la + 7 [ 1D Ollaoyde). B2)

Jj=0

We denote the term in the bracket by T(s; f, k). Now similar to the proof of Lemma 3, let

I (t) be the integral on the left hand side. Then in view of the identity

k—m +
¢ ™ o
W= (k*””)/o W (Ae — At — 5)F=m=00 (5)ds,
=0

Im.[(t)
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it suffices to bound the integrand me(s) of the integral L,, ¢(t«), £=0,1,...,k —m. Below
we discuss the cases 8 € [0,1) and 8 = 1 separately, due to the difference in singularity, as
in the proof of Lemma 3.

Case (i): B € [0,1). For the case £ < k, Lemmas 1(ii) and 2 lead to

o —m— J4
AT ()l L2 () < NAEWSNI(AL = A(ts — ) F=00 (b — 8)]l 120

es0 =P s Aol (b = )l (), £=k—m,

—m

—B)a— ¢

esUD 14,000 (e — 812y, €<k —m,
_ es=Pa(t, — s £, k), L=k—m,
T esUPa g, — ke, — s 1K), £<k—m,

where the last step is due to (B.2). Note that for £ < k, the derivation requires 8 € [0, 1).
Similarly, for the case £ = k (and thus m = 0),

= k
AT To 1 ()]l L2 ) < el SV (8 — 9) 12 (02)- (B.3)

Case (i1): B = 1. Note that for £ < k, the derivation in case (i) requires 8 € [0,1). When
¢ < k and B = 1, using the identity (3.13) and Lemma 1 and repeating the argument of
Lemma 3, we obtain

~ c(tsx — s)k_m_e_lT(t* —s;f,k), £<k-—1,
1AL e ()l L2 () < .
CT(te — 5 f,K) + cll Ao (te = 9) 12y, €=k —1,

Combining the preceding estimates, integrating from 0 to t. in s and then applying standard
Gronwall’s inequality complete the proof. [}
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