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Abstract. We present a general framework for the rigorous numerical analysis of time-fractional
nonlinear parabolic partial differential equations, with a fractional derivative of order o € (0,1) in
time. It relies on three technical tools: a fractional version of the discrete Gronwall type inequality,
discrete maximal regularity, and regularity theory of nonlinear equations. We establish a general
criterion for showing the fractional discrete Gronwall inequality and verify it for the L1 scheme and
convolution quadrature generated by backward difference formulas. Further, we provide a complete
solution theory, e.g., existence, uniqueness, and regularity, for a time-fractional diffusion equation
with a Lipschitz nonlinear source term. Together with the known results of discrete maximal regular-
ity, we derive pointwise L2(£2) norm error estimates for semidiscrete Galerkin finite element solutions
and fully discrete solutions, which are of order O(h?) (up to a logarithmic factor) and O(7%), re-
spectively, without any extra regularity assumption on the solution or compatibility condition on the
problem data. The sharpness of the convergence rates is supported by the numerical experiments.
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1. Introduction. Time-fractional parabolic partial differential equations (PDEs)
have been very popular for modeling anomalously slow transport processes in the
past two decades. These models are commonly referred to as fractional diffusion or
subdiffusion. At a microscopic level, the underlying stochastic process is a continuous
time random walk [32]. So far they have been successfully applied in a broad range
of diversified research areas, e.g., thermal diffusion in fractal domains [35], flow in
highly heterogeneous aquifers [6], and single-molecular protein dynamics [20], just to
name a few. Hence, the rigorous numerical analysis of such problems is of great prac-
tical importance. For the linear problem, various efficient time-stepping schemes have
been proposed, which include mainly two classes: L1 type schemes and convolution
quadrature (CQ).

L1 type schemes approximate the fractional derivative by replacing the integrand
with its piecewise polynomial interpolation [24, 26, 37, 3] and thus generalize the
classical finite difference method. The piecewise linear case has a local truncation
error O(727%) for sufficiently smooth solution, where 7 denotes the time step size.
See also [31, 33] for the discontinuous Galerkin method. CQ is a flexible framework
introduced by Lubich [27, 28] for constructing high-order time discretization methods
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for approximating fractional derivatives. It approximates the fractional derivative in
the Laplace domain and automatically inherits the stability property of general linear
multistep methods. See [10, 39, 40, 16] for CQ type schemes. Optimal error estimates
have been derived for both spatially semidiscrete and fully discrete schemes, including
problems with nonsmooth data [10, 14, 31, 16].

However, up to now, there has been very little work on the rigorous numerical
analysis of nonlinear time-fractional diffusion equations. In this paper, we present
a general framework for analyzing discretization errors of nonlinear problems. The
error of the numerical solution can be split into a linear part and a nonlinear part.
While the linear part has been carefully studied, the analysis of the nonlinear part
requires different mathematical machineries in order to derive sharp error estimates.
Besides regularity estimates for the nonlinear problem, it requires discrete maximal
(P regularity and a fractional version of the discrete Gronwall’s inequality for time-
stepping schemes. The former gives a bound on the discrete fractional derivative due
to the nonlinear part, whereas the latter allows combining the nonlinear part with the
linear part to obtain a global error estimate.

To the best of our knowledge, a fractional version of the discrete Gronwall’s in-
equality for time-stepping schemes is still unavailable in the literature. We shall estab-
lish such a discrete Grénwall’s inequality for both the L1 scheme and CQs generated
by backward difference formulas (BDFs) up to order 6 in Theorem 2.8. Further,
in Theorem 2.7, we present a general criterion under which the fractional discrete
Gronwall’s inequality holds.

To illustrate the main idea of this framework, we consider the following nonlinear
problem in a bounded convex polygonal domain Q C R?, d > 1:

Ofu—Au= f(u) in Qx(0,7),
(1.1) u=0 on 092 x (0,7,
U = U in  x {0},

where ug € H} (Q)NH?(Q) is a given function and f : R — R is a Lipschitz continuous
function, i.e., |f(s) — f(t)] < L|s — t| for all s,t € R, and 9fu denotes the Caputo
fractional derivative of order e € (0,1) in time [19, p. 91],

1

(1.2)  Ofu(t) == F(l—a)/o (t— s)fo‘%u(s) ds with I'(z) := /000 s le 5ds.

Let Sy, C HJ(2) be the continuous piecewise linear finite element space subject
to a quasi-uniform shape regular triangulation of 2, with a mesh size h, and let
Ap S, — Sp denote the Galerkin finite element approximation of the Dirichlet
Laplacian A, defined by

(Apwp,vp) = —=(Vwp, Vop) Ywp, v, € Sh.
Let 0 =1ty < t; < --- <ty =T be a uniform partition of the time interval [0, 7] with

grid points t,, = n7 and step size 7 = T//N. Upon rewriting the Caputo derivative dfu
as a Riemann—Liouville one [19, p. 91], we consider a linearized time-stepping scheme:

for the given initial value ul = Rjup (Ritz projection of ug), find u}}, n =1,2,..., N,
such that
(1.3) % (Ul —ul) — Apull = th(uz_l),

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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where Pj, denotes the L? projection onto the finite element space Sj,, and 5$‘u’,§ denotes
either the CQ generated by the backward Euler method or the L1 scheme; see (2.8)
and (2.9) below. These methods are popular for discretizing the fractional derivative
in time.

After proving the fractional discrete Gronwall’s inequality in section 2 and the reg-
ularity estimate in section 3, we present an error analysis for the fully discrete scheme
(1.3) in section 4. By introducing an intermediate spatially semidiscrete Galerkin
problem

(1.4) O un(t) — Apun(t) = Puf(un(t)) Vi € (0,7,

we split the error into two parts, u(t,) — ujl = (u(tn) — un(tn)) + (un(tn) — uj), and
derive the following error estimates for each component in Theorems 4.4 and 4.5:

272
o |u(t) — un(t)||2() < cfph”  and  Jax, lun(tn) — upllz2() < et

where ¢, =log(2 + 1/h). These estimates are sharp with respect to the regularity of
the solution in Theorem 3.1 (up to a logarithmic factor ¢) and are confirmed by the
numerical experiments in section 6. Besides, we show how to simplify the analysis
of nonlinear problems by applying the fractional type discrete maximal ¢P-regularity
established in [17], an extension of the discrete maximal ¢P-regularity of standard
parabolic equations [18, 21, 25|, which has been applied to numerical analysis of
nonlinear parabolic equations in the literature [1, 2, 22].

Last we mention the interesting works [10, 34] on integro-differential equations,
where a Riemann—Liouville fractional integral operator appears in front of the Lapla-
cian. These models are closely related to (1.1) but have different smoothing properties.
Cuesta, Lubich, and Palencia [10] proposed the CQ generated by the second-order
BDF for a semilinear problem and proved an O(72) error bound of the temporal er-
ror. In [34], a Crank—Nicolson type method for a semilinear problem with variable
time step size was studied. In these works, a variant of the discrete Gronwall’s in-
equality due to Chen, Thomée, and Wahlbin [8] plays a crucial role, which differs
substantially from the discrete Gronwall’s inequality we shall establish below.

Throughout this paper, the notation ¢ denotes a generic constant, which may vary
at different occurrences, but it is always independent of the mesh size h and time step
size T.

2. Discrete Gronwall’s inequality for time-fractional diffusion. In this
section, we establish a fractional version of Gronwall’s inequality and its discrete ana-
logue for time-stepping schemes. These inequalities are crucial in analyzing numerical
schemes for nonlinear subdiffusion equations and are of independent interest.

2.1. Continuous Gronwall’s inequality. We begin with the continuous
Gronwall’s inequality for fractional differential equations in a general Banach space
setting.

THEOREM 2.1 (fractional Gronwall’s inequality). Let X be any given Banach
space. For o € (0,1) and p € (1/a, 00), if a function v € C([0,T); X) satisfies Ofu €
L?(0,T; X), u(0) =0, and

(2.1) 107 ull Lo (0,5:x) < Kllullr0,5x) + 0 Vs € (0,T],
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for some positive constants k and o, then
(2.2) [ulleo,mx) + 107 ullLeo,75x) < co,

where the constant c is independent of o, u, and X but may depend on «, p, k, and T'.

Proof. Due to the zero initial condition «(0) = 0, the Riemann-Liouville and
Caputo fractional derivatives coincide. Hence, the function u(t) can be expressed
in terms of 9fu (cf. [19, Lemma 2.22, p. 96] and [19, Lemma 2.5, p. 74]): u(t) =
ﬁ fot (t = &) 'ogu (&) €. Since p > 1/a, Holder’s inequality implies

2 ' Gk p;I feY o
(23)  Ju@®)|x <c / (t=& 7 dg)  [0ullLrox) < cllOFullLe(o,ex)-
0

Upon taking the supremum with respect to ¢t € (0,s) for any s € (0,7] in (2.3), we
obtain
llull o (0,5:x) < cllOgul| Lo (0,s:x) < ckllullLo(o,s:x) + co
< eklul Lo (0,5:x) + ceril|ull p1(o,sx) +co Vs €[0,T],

where € > 0 can be arbitrary. By choosing ¢ = i, the L°°-norm on the right-hand

side can be eliminated by the left-hand side, and the last inequality reduces to
lull oo (0,5:x) < cllullL1(0,5,x) +co Vs €[0,T].

That is, we have |[u(s)||x < cx [y [[u(€)]|xd€ + co for s € (0,T]. Now the standard
Gronwall’s inequality yields

max_|ju(s)||x < e Teo.
s€[0,T]

Substituting it into (2.1) yields (2.2). The proof of Theorem 2.1 is complete. O

2.2. Discrete Gronwall’s inequality. In this part, we establish the discrete
analogue of the Gronwall’s inequality in Theorem 2.1 for time-stepping schemes that
approximate the fractional derivative dv(t,) by a discrete convolution:

n

_ 1 .
(2.4) oZv™ = prs K, v, n=20,1,2,...,
j=0
where v™ is an approximation of v(¢,), and Kj, j = 0,1,2,..., are the weights in-

dependent of the time step size 7. Throughout, we denote by K(() the generating
function of the discrete fractional derivative 0%, defined by

(25) K(Q) =~ > K¢,
j=0

which is an analytic function in the (open) unit disk D := {z € C : |z| < 1}, con-
tinuously differentiable up to the boundary dD\{=£1}, except for the two points +1.
Then we have

(2.6) K(Q)Y om¢m =Y (a2vm)¢m
n=0 n=0

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Ezample 2.2. The CQ generated by the kth-order BDF [27, 10] is given by (2.4),
where the coefficients K, j = 0,1,..., are determined by the power series expansion

[e3%

k 00
(2.7) Soa-or | =S K
j=1 j=0

S|

The special case k = 1, i.e., the backward Euler CQ, is very popular and com-
monly known as the Griinwald-Letnikov approximation, and the coefficients Kj,
7=0,1,2,..., are given by

(2.8) (1=~ = K¢
§=0

Ezample 2.3. The popular L1 scheme [26] is also of the form (2.4) with [17, p. §]

(1-¢)7°

(2~9) mma—l(o = jz:(:)KjCja

where Lijy(z) = 3272, 27 /47 is the polylogarithmic function, which is well defined for
|z| < 1 and can be analytically continued to the split complex plane C \ [1, 00) [11].

Now we turn to the discrete Gronwall’s inequality. For 1 < p < oo, we denote by
(P(X) the space of sequences v" € X, n = 0,1,..., such that [|(v")5gller(x) < 00,
where

oo

1
(Z T|’Un§(> if 1<p< oo,
||(U")Z'O:o||ep(X) = n=0

sup [[v" || x if p = oo.
n>0

For a finite sequence v" € X, n = 0,1,...,m, we denote [(v")iolerx) =
|(v™)sZoller(x), by setting v™ = 0 for n > m. The following theorem is a discrete

analogue of Theorem 2.1 for the backward Euler CQ. It is foundational to the proof
of the discrete Gronwall’s inequalities for other time-stepping schemes.

THEOREM 2.4 (discrete fractional Gronwall’s inequality: Backward Euler). Let X
be any given Banach space, and let 0% denote the backward Euler CQ given by (2.4)
and (2.8). If a« € (0,1) and p € (1/a,0), and a sequence v € X, n =0,1,2,...,
with v = 0, satisfies

(2.10) 10%v™)neller () < Bl )iillw(x) +o VO<m <N

for some positive constants k and o, then there exists a 79 > 0 such that for any
T < 19 there holds

(2.11) (™A e (x) + 1(020™) 4 len(x) < co,

where the constants ¢ and 79 are independent of o, 7, N, X, and v™ but may depend
on o, p, k, and T.

To prove Theorem 2.4, we need a technical lemma, which gives a discrete analogue
of the Hardy type inequality (2.3).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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LEMMA 2.5 (discrete Hardy type inequality). Let a € (0,1), and let X be any
giwen Banach space. If v™ € X and w™ € X, n=0,1,2,..., satisfy

(2.12) (F5) oo =Y e
n=0

n=0

in the sense that both sides are analytic in D, then for p € (1/a, 00), there holds
(2.13) 10" )n=olle=x) < cll(w™)noller(x), 0 <m <N,

where the constant ¢ is independent of T, m, N, and X but may depend on «, p, and T.

Proof. We define ¢, n = 0,1,..., to be the coefficients of the power series
expansion

(1=Q) =) ¢"¢"
n=0

Then direct calculations yield ¢° = 1 and ¢" = H?Zl(l + O‘T_l) for n > 1. By the
trivial inequality In(1 + ) < z for z > —1, we have

n

ln¢”zgln<1+ajl) <=1 < (@— 1)+ 1),

j=1

That is, ¢" < (n+ 1)~ for n > 0. It follows from (2.12) that

Zvncn — <1 z C) ancn — 7@ (Zd)ncn) (an<n> )
n=0 n=0 n=0

n=0

With p’ = #, the last identity yields

(2.14)
n n ﬁ n %
ol = [ S0 g w(ZW—ﬂp) (ZWH&)
j=0 X 3=0 j=0
%
<ty ) whal
- 2 (j+ 1700 g=oller (x)-

If p>1/a, then 0 < p'(1 — ) <1 and so

> < T _ds _ (n4 )07
pr Vi - = J,  gp'=e) = 1 —p/(l—a)

Hence, (2.14) reduces to

(1) T
(1—p(1—a))l/? [ (w?)F—oller(x) < (1—p/'(1 —a))l/? ([ (w?)7—oller(x),

o lx <71

where we have used the fact 7(n + 1) < 2T in the last inequality. Since the last
inequality holds for all n =0, ..., m, it follows that (2.13) holds. ]

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/29/18 to 128.41.61.52. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

NUMERICAL ANALYSIS OF NONLINEAR SUBDIFFUSION 7

Now we are ready to prove Theorem 2.4.

Proof of Theorem 2.4. For the backward Euler CQ we have K({) = (1%4)&
Since, 1% = 0, 920° = 0, and the identity (2.6) can be written as (17;4)(1 S v =
oo o(02v™)¢™. Then Lemma 2.5 and (2.10) imply

1™ o lle=(x) < ell (070" )iloller(x) < el (0™ )iloller(x) + co
< er[ (V") pollee (x) + cenll (0" )nollerx) +co VI <m < N.

By choosing ex = 1/2 and collecting terms, and using the fact v° = 0, we obtain
[ nzllee x) < eall(W)ntillerx) + o VI<m <N.

That is, [[o™||x < e Yoney [0"||x 4 co for 1 < m < N. Then the standard discrete
Gronwall’s inequality gives, for sufficiently small step size T,

max_|[v"]|x < e*Tco.
1<n<N

Substituting this into (2.10) yields (2.11). The proof of Theorem 2.4 is complete. 0O

To analyze other time-stepping schemes, we shall need the following lemma of
discrete Mikhlin multipliers, which is a simple consequence of Blunck’s multiplier
theorem [7, Theorem 1.3] through the transform ¢ = e~*. Here, an unconditional
martingale difference (UMD) space X denotes a Banach space such that the Hilbert
transform Hf(t) := [ ]tc(fs) ds is bounded on LP(R; X) for all 1 < p < oo [23]. Ex-
amples of UMD spaces include R%, d > 1, and L(Q), 1 < ¢ < oo, and their closed

subspaces (e.g., the finite element space S}, equipped with the L9(£2) norm).

LEMMA 2.6 (discrete Mikhlin multipliers). Let X be a UMD space and let M :
D — C be an analytic function, continuously differentiable up to OD\{%1}, such that
the set

{M(Q): ¢edD\{£1}} U {(1 =)L+ M'(¢) : ¢ € OD\{£1}}
is bounded, and denote its bound by cgr. Then for any 1 < p < oo and any sequence

(f™)22, € P(X), the coefficients u, € X, n=0,1,..., in the power series expansion

M(EQ)> fr¢" = ur"  V(CeD
n=0 n=0

satisfy

||(Un)ﬁ°°:o||ep(x) < Cp,XCRH(fn)z,o:OHEP(X)a
where the constant ¢, x is independent of the operators M(¢), ¢ € D.

Now other time-stepping schemes can be connected to the backward Euler CQ.
The next result gives a general criterion for the discrete fractional Gronwall’s
inequality.

THEOREM 2.7 (general criterion for discrete fractional Grénwall’s inequality). Let
X be a UMD space. If the generating function K(() = 2= > 0 Kn(™ satisfies

(2.15)
and (1= ¢)(1+QK'(Q)| < c|K(Q)] V(€ oD\{+1},

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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then the discrete fractional Gronwall’s inequality holds: if a € (0,1) and p € (1/a, 00),
and a sequence v € X, n=0,1,2,..., with v° = 0, satisfies

(2.16) 1@ llenx) < ROl o Y1<m< N

T

for some positive constants k and o, then there exists a 79 > 0 such that for any
T < 19 there holds

(2.17) (™A e (x) + 1(020™) 34 len(x) < co,

where the constants ¢ and 1y are independent of o, 7, N, and v"™ but may depend on
a, p, k, X, and T.

Proof. First, we note that 0%v" = 77 Z?:o Kjv"=i, n =0,1,2,..., are the
coefficients in the power series expansion

(2.18) K(Q) Y v"¢m =) (900m)¢™s
n=0 n=0
it follows that
(2.19)
[ee) T « 1 1_ C)a:| oo _ ( T )Oz oo
2 (1—<) {K«)( —) |20 =) 2
where F'", n =0,1,..., are the coefficients in the expansion
rio(5) [ -3
(0o = S e
|:K(C) T n=0 n=0
By applying Lemma 2.5 to (2.19), we obtain
(2.20) 10"l ) < N E™ I gllorx) V1< m <N

Let m be fixed and define E™ = 02v™ if n < m and E™ =0 if n > m. Let F™ be the
coeflicients of the power series

then F™ = F™ for 0 < n < m. Now the conditions in (2.15) imply
L(1-¢)° ar 1 (1-¢\°
() |=e ma jomourog iz () ]

By choosing M (¢) = %(%)a and applying Lemma 2.6 to (2.21), we obtain

<c VCedD\ {&1}.

(™) nZoller(x) < cll(E™)nZoller(x)

which further implies

IF™)nollerx) = ICF™)nollenx) < ell(E™)nZollerx) = €l (070" )noller(x)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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where the constant ¢ is independent of m. The last inequality and (2.20) yield

(™ Snolles (x) < €ll(@7v™ ) noller(x)-
Substituting (2.16) into the last inequality gives

(2.22)
(0™ )i llese (x) < ekl| (0™ )iy ler(x) + co
< er (V") llese (x) + cerll (v )plallo(x) + e V1I<m <N,

where € > 0 is arbitrary. By choosing ex = 1/2, we obtain
10" )n=illee (x) < enll(@™)iiller(x) +co ¥1<m < N.

That is, [[v"||x < o>, [[0"]|x + co for 1 <m < N. Then the standard discrete
Gronwall’s inequality gives, for sufficiently small step size 7,
max_|[v"]x < e*Tco.
1<n<N

This together with (2.16) and (2.22) yields (2.17). The proof of Theorem 2.7 is
complete. ]

By Theorem 2.7, the discrete fractional Gronwall’s inequality can be proved for
the L1 scheme and general BDF CQs.

THEOREM 2.8 (discrete Gronwall’s inequality for L1 scheme and BDF CQ). Let
X be a UMD space. For both the L1 scheme and CQ generated by the kth-order BDF,
with 1 < k < 6, the discrete fractional Gronwall’s inequality holds: if « € (0,1) and
p € (1/a,00), and a sequence v™ € X, n=10,1,2,..., with v° = 0, satisfies

170" piallenx) < Bl @™ nLillenx) +0 VI<m <N

for some positive constants k and o, then there exists a 79 > 0 such that for any
T < 19 there holds

I(0™)n lle=x) + 1020™)3% ller ) < co,

where the constants ¢ and 17y are independent of o, T, N, and v™ but may depend on
a, p, k, X, and T.

Proof. By Theorem 2.7, it suffices to show that the generating functions K(()
of the L1 scheme and CQ satisfy (2.15). We discuss them separately. First, for the
L1 scheme, K({) = W“}C)Qha,l(() converges for ¢ € JD\{1} and has the

following asymptotic expansion (cf. [11, Theorem 1] or [17, equation (4.6)]):

TUR(() = (1 =% +o((1-¢)%) as (=1
If ¢ € OD\{1} is sufficiently close to 1, then
K Q] = 31— ¢

Meanwhile, we recall the following series expansion (cf. [17, equation (4.5)]):

Lilj‘(‘;(e;;) = (2m)*2 (cos (W) (Ag + Bp) — isin (W) (Ag — Be)) ;

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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where Ag = 3°0° ((k+ £)* 2 and By = 3 5o o(k+ 1 — £)72 Thus, if { = e™?
is away from 1, then 6 is away from 0 and 2w, and thus Ag + Bg > c¢. This shows
|Lia_1(e79)| > ¢. Since |1 — ¢|> > ¢|1 — ¢|* when ¢ = e~ is away from 1, it follows
that

|Lia—1(¢)

Pl () = = ¢ 2 el P 2 el =gl

Overall, the first inequality of (2.15) holds for the generating function K (¢) of the L1
scheme. The second inequality of (2.15) has been proved in [17, Lemma 4.3]. This
shows the assertion for the L1 scheme.

Next we turn to the CQ. For the CQ generated by the kth-order BDF, the gen-
erating function K(() satisfies

1-¢ = J
Since the function 2521 %(1 — ¢)771 has no root on the unit circle 9D for 1 <k <6
(see [9, Proof of Lemma 2] or [12, pp. 246-247]), it follows that

‘(1i<)aK(Q‘ B

This proves the first inequality of (2.15). Note that

[0

> c.

k

S a-gp

J

k a—1
<1+<>(1<>K'<<>—<1+<><1<>;‘;<Zl.<1<>f> >a-

=17

,_.
>
|
-

<.

- (1 +¢)( (Z il J—1>
j=1
and so for any ¢ € OD\{+£1}, there holds

a1+ Q) (X, LA — o) T b ¢y

<
I
o
—~
—_

L+Q0 - cmo‘ _

K(Q) (SF -0 -
where the last inequality holds, since the denominator (Z?:l %(1 - ) _1)a has no
root on JD. This shows the second part of (2.15), completing the proof of the theo-

rem. 0

Remark 2.9. In Theorems 2.7 and 2.8, if we assume
1070 ) v (x) < Kl (00T ler(x) +0 ¥1<m <N,
i.e., the index on the right-hand side is slightly changed, then we have
(™) e (x) + 1(OF 0™ ) ler () < co

without any restriction on the step size .
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3. Regularity of the solution. Now we discuss the existence, uniqueness, and
regularity for the solutions to (1.1) and (1.4). These results are needed in the numer-
ical analysis in section 4. The main result of this section is the following theorem.

THEOREM 3.1. Let ug € H}(Q) N H%(Q), and let f : R — R be Lipschitz contin-
wous. Then problem (1.1) has a unique solution u such that

(3.1) we ([0, T]; L*(Q)) N C((0,T); Hy () N H*(Q)), 9w € C([0,T]; L*(Q)),
(3.2) Owu(t) € L*(Q) and |0u(t)|| 2 <t for t € (0,T).

Similarly, problem (1.4) has a unique solution wuy, such that

(3.3) llunllco o, 22@)) + 1ArURllcjo,11:22)) + 107 unllcqo. ;22 (0)) < 6
(3.4) |0pun ()| p2(0) < ct* ' for t € (0,T].

The constant ¢ above is independent of the mesh size h but may depend on T'.

Remark 3.2. For smooth initial data and right-hand side, in the absence of ex-
tra compatibility conditions, the regularity results (3.1)—(3.2) and the h-independent
estimates (3.3)—(3.4) are sharp with respect to the Holder continuity in time. The
regularity (3.1) was shown in [36] for linear subdiffusion equations and in [29] for
a semilinear problem with Neumann boundary conditions under certain compatibil-
ity conditions. However, we are not aware of any existing results such as (3.2) and
(3.3)-(3.4) for semilinear problems without compatibility conditions, which are im-
portant for the numerical analysis in section 4.

Remark 3.3. If f is smooth but not Lipschitz continuous, and problems (1.1) and
(1.4) have unique bounded solutions, respectively, then f(u), f'(u), f(up), and f’(up)
are still bounded. In this case, the estimates (3.1)—(3.2) and (3.3)—(3.4) are still valid,
which can be seen from the proof of Theorem 3.1.

We begin with some preliminary results. Let L,%(Q) be the vector space Sj
equipped with the norm of L?(Q2) and let H?(2) be the vector space Sj, equipped
with the norm

lvnllmz ) = llvnllz2@) + [Anvnllzz@)  Von € Sh.

To analyze u(t) and up(t) in a unified way, we consider the following abstract problem:

(3.5)

Ofu(t) — Au(t) = Pf(u(t)) for ¢ € (0,T],
u(0) = wo,

where the notation (X, D, A, u, P, ug) denotes either (L?(Q2), H} (Q)NH?(Q), A, u, I, ug)
or (L3(), H3(), Ap,up, P, Ryug), with I denoting the identity operator. On a
bounded convex polygonal domain 2, the norm of D is equivalent to the graph
norm, i.e.,

(3.6) [ollp ~ [[vllx +[[Av]x Vv eD.

Let || - ||x—x be the operator norm on the space X. Then the operator A satisfies
the following resolvent estimate [4, Example 3.7.5 and Theorem 3.7.11]:

I(z = A Hixox Scplzl™h Yz e T4, Vo e (0,m),

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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where for ¢ € (0,7), X4 := {z € C\{0} : |arg(z)| < ¢}. This further implies

(=" = ) Vlxox < coalel ™ Vze Sy Vo e (0,m),

(3.7) o
||A(Za—A) ||X~>X §C¢7a VZGEd, V(/j)e (0,7‘(’).

Let g(t) = Pf(u(t)), and w := u — ug. Then w satisfies the following equation:
(3.8) Ofw(t) — Aw(t) = Aug + g(t)
with w(0) = 0. By means of the Laplace transform, denoted by ~, we obtain
2%W(2) — Aw(z) = 2~ Aug + §(2),

which together with (3.7) implies @(z) = (2® — A) "1 (27t Aug + g(2)). By the inverse
Laplace transform and convolution rule, the solution w(t) to (3.8) is given by

(3.9 w(t) = F(t)Aug +/0 E(t —s)g(s)ds,

where the operators F(t) : X — X and E(t) : X — X are defined by

(3.10)
1

1
F(t):= — #2712 -~ A)7'dz and E(t) := — et(z* — A dz,
2mi Jp, 27 Jp,

respectively. Clearly, we have E(t) = F'(t). The contour I'g 5 is defined by
(3.11) Togs={2€C:|z| =6, argz| <O}U{z € C:z=pet? p> 6},

oriented with an increasing imaginary part, where 6 € (7/2, ) is fixed. In view of
(3.9), u is the solution of problem (3.5) if and only if it is the solution of

(3.12) u(t) — ug = F(t)Aug + /0 E(t—s)Pf(u(s))ds.

The next lemma summarizes the mapping properties of the operators F' and FE.
These are partially known [36, section 2], [30]. We only sketch the proof for
completeness.

LEMMA 3.4. For the operators F and E, the following properties hold:

(1) tFO) ] xox + 7 F' ()] x-x + [[AF ()| x>x < ¢ VYt e (0,T].
(ii) F(t): X — D is continuous with respect to t € [0,T), and AF(0) = 0.
(i) £ E®)x-x + 27 E" ()l x-x +HAE@®) | xox < ¢ Vte (0,T].
(iv) E(t) : X — D is continuous with respect to t € (0,T].

Proof. First, consider (ii) in the case X = L?(Q), D = H}(Q) N H2(Q), and
A = A. By setting f(u(t)) = 0 and A = A in (3.12), [36, Theorem 2.1] implies
that AF(t) = F(tH)A : L*(2) — L*(Q) is continuous with respect to t € [0,T].
Thus, F(t) : L2(Q2) — H}(Q) N H?(Q) is continuous with respect to ¢ € [0,T]. Then
taking ¢ — 0 in (3.12) yields AF(0) = 0. This proves (ii) in the case X = L?(Q),
D = H}(Q) N H?(), and A = A. The proof for the case X = L%(2), D = H?(Q),
and A = Ay, is similar.

For any integers k > 0 and m = 0, 1, by choosing § = ¢t~! in the contour I'g.s and
using the identity A(z® — A)~t = —I + 2%(2% — A)~1, the resolvent estimate (3.7),
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and change of variables z = scos ¢ + issin ¢, we have (with |dz| being the arc length
element of Ty 5)

1

dk
| =

A" —F(t =
dtk ()HX—>X

/ eFtRTIA™ (2 — A) " dz
To,s

X=X

< C/ 6Re(z)t|Z|k571+(m71)a |dZ|
To,s

> ]
< C| COS(9| / est cos 98k—1+(1n—1)04d8 + C/ €08 Lp6k+(m_1)ad(p
4 —0

< Ctf(mfl)osz.

Since E(t) = F'(t), the last inequality yields (i) and (iii). The continuity of F(t) :
X — D and E(t) : X — D for t € (0,T] follows from the equivalent norm in (3.6),
showing (iv). d
Now we are ready to present the proof of Theorem 3.1.
Proof of Theorem 3.1. The proof is divided into four steps.

Step 1: Ezistence and uniqueness. We denote by C(]0,T]; X)x the function space
C([0,T); X) equipped with the following weighted norm:

— —At .
ol i= gmax [l u()]lx Vo e C([0,7):X),

which is equivalent to the standard norm of C([0, T]; X) for any fixed parameter A > 0.
Then we define a nonlinear map M : C([0,T]; X)x — C([0,T]; X)a by
¢
Mu(t) = up + F(t)Aug + / E(t—s)Pf(v(s))ds.
0

For any A > 0, u € C([0,T7; X) is a solution of (3.12) if and only if w is a fixed point
of the map M : C([0,T]; X)x» — C([0,T]; X)x. It remains to prove that for some
A > 0, the map M : C([0,T]; X)» — C(]0,T]; X)x has a unique fixed point. In fact,
the definition of M and Lemma 3.4(iii) immediately yield

(3.13)
le™ (Mui(t) — Mua(t))l| x

X

sce*ﬂﬂ<tfswfwwm$—wa@mxds

t
< c/ (t— S)a_le_’\(t_s) max He_’\s(vl(s) —va(s))|lxds
0 s€[0,T]

1
— c/\o‘</ (1-— 9)“1(/\t)ae’\t(19)d9> |lvy — va]|x  (change of variable s = t6)
0

1
<c sw(Iw(1- 9)]0*/%”(1@)(7:/»&/2(/ (1- a)a/“(w) o — vslx
)\>O,Z{2t]>0 0
0€lo,1

< e(T/N?|lvy — vallx Yov1,va € C([0,T]; X)a.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/29/18 to 128.41.61.52. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

14 BANGTI JIN, BUYANG LI, AND ZHI ZHOU

By choosing a sufficiently large A, the last inequality implies
lle (Muvr(t) = Mua(t))[|lx < 3llor = v2llx Vo, 09 € C([0, T]; X))

Hence, the map M is contractive on the space C([0,T]; X)». The Banach fixed point
theorem implies that M has a unique fixed point, which is also the unique solution of
(3.12).

Step 2: C*(]0,T]; X) regularity. Consider the difference quotient for h > 0,

(3.14)

utth) —u®) _ FEEM-F@) , 1 /Hh E(s)Pf(u(t — 5))ds
he t
)

he he
3
/E t—i—h—s})la— Pf(u(t—s)) = 3" T(t, h).

=1

A simple consequence of Lemma 3.4(i) is that h~%||F(t + h) — F(t)||x—x < ¢, which
implies ||Z1 (¢, h)||x < c. By appealing to Lemma 3.4(iii), we have

memls = o [ B P - s

X
t+h o
<c— s* lds = E(t+h) <c
he t o ho
By the Lipschitz continuity of f, we have
h)—-P
e M| T (t, h)| x = —At/ Bt — 5 DI £1) = PI(u(s)
he <
< cl/ “A(t=a) (1 _ gya-te—ns|| U EP) Zuls) [
0 he X

By substituting the estimates of Z;(¢, h), ¢ = 1,2, 3, into (3.14) and denoting Wj(t) =
e Mh=%||u(t + h) — u(t)||x, we obtain

t
Wi(t) <c+a / e M) (= 5)* MW (s)ds < e+ 1 (T/A)? max, Wh(s),
0 s€|0,

where the last inequality can be derived in the same way as (3.13). By choosing a
sufficiently large A and taking maximum of the left-hand side with respect to ¢ € [0, T,
it implies max;c(o, 7] Wr(t) < ¢, which further yields

Bl + ) — u(t)x < e <,

where the constant c is independent of h. Thus, we have proved [|ul|ce(o,r:x) < ¢
Step 3: C([0,T]; D) regulam'ty By applying the operator A to both sides of (3.12)
and using the identity AF(t fo AE(t — s)ds (cf. Lemma 3.4), we obtain

(3.15)
Au(t) — Aug = AF(t) Aug + /0 AE(t — s)Pf(u(s))ds

— AP(t) (Aug + Pf(u l/AEt—$@ﬂ() Pf(u(t)))ds
— Tu(t) + T (t).
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By Lemma 3.4(iii) and the C([0, T]; X) regularity from Step 2, we have
t
1Zs(®)]x = H | ARG ) Prs) - PrGt)as
0 X

t _ t t t— o
</ Mdsg/ udsﬁcf’l vt e (0,7).
0 0

- t—s t—s

Lemma 3.4(iv) implies that Zs(¢) is continuous for ¢ € (0,7, and the last inequality
implies that Z5(¢) is also continuous at ¢ = 0. Hence Z5 € C([0,T]; X). Moreover,
Lemma 3.4(ii) gives Z, € C([0,T]; X) and

IZu®)llx < ellAuo + PF(u(t))l|x < c.

Substituting the estimates of Z4(t) and Zs(t) into (3.15) yields [|Aullc(o,7;x) < ¢,
which further implies ||u||c(jo,77;p) < ¢. The regularity result u € C([0, T]; D) together
with (3.5) yields 9¢u = Au+ Pf(u) € C([0,T]; X).

Step 4: Estimate of |u/(t)||x. By differentiating (3.12) with respect to ¢, we
obtain

u'(t) = F'(t)Aug + E(t)Pf(ug) + /0 E(s)Pf (u(t — s))u'(t — s)ds
— E(t)(Aup + Pf(up)) +/0 Bt — 8)Pf (u(s)) (s)ds.
By multiplying this equation by t!~%, we get

% (1) = 172 B(t) (Aug + Pf(uo)) + /0 72 B(t — §)Pf (u(s))s'~*u'(s)ds,

which together with the L stability of P, [38, Lemma 6.1] directly implies that

e M (1) x

< e B ()] xo x|l Auo + Pf(uo)x
t
b [ eI ) P ) e ()] s
0

< ce_’\t||Au0 + Pf(uo)|lx + c(T/)\)% ax e_’\ssl_“Hu’(s)HX,

m
s€[0,T]

where the last line follows similarly as (3.13). By choosing a sufficiently large A
and taking maximum of the left-hand side with respect to ¢t € [0,7], it implies
max;c(o,7) et/ ()| x < ¢, which further yields (3.2). The proof of Theorem
3.1 is complete. O

4. Error estimates. Now, we derive error estimates for the numerical solutions
of problem (1.1) using the discrete Gronwall’s inequality from section 2 and discrete
maximal ¢P-regularity from [17]. To illustrate the general framework for the numerical
analysis of nonlinear time-fractional diffusion equations, we focus on the L1 scheme
and backward Euler CQ. Other time-stepping schemes can be analyzed similarly. The
convergence rates we show below are sharp (up to a logarithmic factor) with respect
to the solution regularity in Theorem 3.1 and are also confirmed by the numerical
experiments in section 6.
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4.1. Preliminaries on the linear problem. First we recall some error esti-
mates for the following linear subdiffusion equation:

(4.1) Ofv(t) — Av(t) = g(t) Vvt e (0,7T],
where ¢ is a given function. The semidiscrete FEM for (4.1) seeks vy, (t) € Sp, such that
(42) vah(t) — Ahvh(t) = Phg(t) Vt € (0, T]

with v,(0) = Rpv(0), and the fully discrete scheme secks vy € S, n = 1,..., N,
such that

(4.3) 07 (vy, — vh) — Apvy = Prg(tn)
with v = vy, (0), where 020} denotes either the backward Euler CQ or the L1 scheme.

The semidiscrete solution vy, satisfies the following error estimate [14, 13, 16].

LEMMA 4.1 (semidiscrete solution of linear problems). For the semidiscrete so-
lution vy, to problem (4.2), there holds with ¢5, = log(2 + 1/h)

e [on(6) = ()2 < B2 0Oz + b gl o.1.12000)

The solution v} of the fully discrete scheme (4.3) satisfies the following error
estimate. For the backward Euler CQ, it was proved in [16, Theorems 3.5 and 3.6],
while the proof for the L1 scheme will be given in section 5.

LEMMA 4.2 (fully discrete solutions of linear problems). For the fully discrete
solutions vy to problem (4.3) with the L1 scheme or backward Euler CQ, there holds

lon(tn) — oLz < et (1 A0(0) | 2y + 9(0)]| 2(c)
tn
ter / (tn — )" 19/ ()| 2 ey .
0

Remark 4.3. If 1 < d < 3 and v(0) € H}(2) N H?(R), then the error estimates in
Lemmas 4.1 and 4.2 are still valid if v;,(0) is the Lagrange interpolation of v(0), due
to the smoothing property of the solution operator [14, Lemma 3.1]. Consequently,
all the results in section 4.2 remain valid in this case.

Lemmas 4.1 and 4.2 will be used below in the analysis of the nonlinear problem.

4.2. Error estimates for the nonlinear problem. Now we can present error
estimates for problem (1.1). Like in the linear case, we discuss the spatial error and
temporal error separately. First, we derive the spatial discretization error.

THEOREM 4.4. Let ug € H}(Q)NH?(Q), and let f : R — R be Lipschitz continu-
ous. Then the semidiscrete problem (1.4) has a unique solution uy, € C([0,T]; L3(f2)),
which satisfies

212
(4.4) oBax, [u(t) = un(t)||L2(0) < clih”

Proof. By Theorem 3.1, the existence and uniqueness of the solution uy hold. It
remains to establish the estimate (4.4). To this end, we define vy, (t) as the solution of

6?71;7,(15) - Ahvh(t) = th(u(t)) with ’Uh(O) == uh(O) == RhUQ.
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This together with Lemma 4.1 yields the following estimate for ¢ > 0:

(45) (=) (1)l z2(0) < ch®[[u(0) || m2(0) + ch* G| f (W) Lo 0,7522(0)) < chC.

Meanwhile, we note that p; := v, — uy, satisfies the following equation:
02 pn(t) — Api(t) = Puf (u(t) — Puf(un(t) with pa(0) = 0.

Then, by the Lipschitz continuity of f and the maximal LP-regularity of fractional
evolution equations [5, Corollary 1], we obtain the following estimate for any p €
(1,00):

19 prllLe 0,752 () < cllPrf(w) — Puf(un)llLe(o,r;L2(2)
< cllu—unlleo,m;2(0))
< cl|u = vnllLe(o,r:L2 () + cllonlleo,r;r2 @)

< ch?0; + cllpnll Le(o.riL2 () -
Then by the fractional Gronwall’s inequality in Theorem 2.1, we have

t < ch?¢?.
e, llon ()| 2(0) < ch®l;

This and (4.5) directly imply the desired result. 0

Next we give the temporal discretization error.

THEOREM 4.5. Let ug € H}(Q) N H%(Q), and let f: R — R be Lipschitz contin-
uwous. Then the fully discrete scheme (1.3), with either the L1 scheme or backward
Euler CQ for time discretization, has a unique solution uj, € Sy, n=1,...,N, and
the solutions satisfy

4. —up <er®.
(1.6 e fun(t) — o) < er
Proof. For given u?L, . ,uzfl, (1.3) is essentially a linear system with a symmetric

positive definite matrix, and thus it has a unique solution u} € Sp. It suffices to
establish the estimate (4.6). Like before, we decompose the fully discrete solution u}
into two parts, uj = v} + pj, where v} and pj, respectively, satisfy

(4.7) 02 (v — o) — Apvpy = Puf(un(ts)),

(4.8) 02 ph — Anphy = Puf(up ™) — P f (un(tn)),

with v) = u;(0) = Rpup and p) = 0. Equation (4.7) can be viewed as the time
discretization of (1.4), with the right-hand side being a given function. Hence, by

Lemma 4.2 and using [|0sun(s)||r2(0) < ¢! (cf. Theorem 3.1) and Rademacher’s
theorem, we have

l[un(tn) = vitllL2) < cto™ T (| ARun(0)] 2y + [1f (wr(0)) | L2(0)

tn
+er / (tn — )| (un())Dsun(5)] 2 ds
(4.9) 0 .
<ecttlr 4 CT/ (tp — s)* s ds
0

< ct%flr + ctflaflT < er®.
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It remains to estimate p}. By applying the discrete maximal ¢P-regularity to (4.8)
(choosing X = L2 () in [17, Theorems 3.1 and 4.1]), we obtain that for all 1 < p < oo,

102 P ) e z2ceyy < el (f(uh ™) = flun(ta)))nis llen(zzce))
< el (f(up™") = flun(ta—)nzallen (20
+ell(f (un(tn-1)) = f(un(tn)))niller 22 (0)-

By the Lipschitz continuity of f and the triangle inequality, we arrive at
I1Cf(up ™) = fun(tn-)))nzs ller L2 ()

< ol (un(tn-1) — up ey ller 222y
< cll(untn-1) — v len L2y + ell (o™ ey ler(L20)
< er® + ol (R ler L2 @)

where the last inequality follows from (4.9). Similarly, by the Lipschitz continuity of
[ and the a priori estimate |[usl|ce(jo,77;22(0)) < ¢ (cf. Theorem 3.1), we deduce

1L (un(tn1)) = F(un(tn))l 2@ )nzaller < ell(fJun(tn-1) = wnltn)llL2@))na ller
<cll(er®)naller-

Combining the preceding three estimates yields

102 i) my lercr2cy) < el (i) lenr2qy) + e

By choosing p > 1/a and applying the discrete Gronwall’s inequality (with X = L?(Q)
in Theorem 2.8), we obtain

. 7 < et
(4.10) Ay lorllz2@) < et
In view of the decomposition up(t,) — u = (up(tn) — vjy) — pj, the two estimates
(4.9) and (4.10) imply (4.6), completing the proof of the theorem. |

Remark 4.6. If the nonlinear source f is not Lipschitz continuous but problem
(1.1) has a unique bounded solution u, then Theorems 4.4 and 4.5 are still valid by
proving the boundedness of the semidiscrete solution uy and the fully discrete solution
up. For simplicity, we have assumed f to be Lipschitz continuous in order to avoid
these technicalities.

5. Proof of Lemma 4.2 for the L1 scheme. The L1 scheme was analyzed in
[15] only for the homogeneous problem. Below we give a proof for the general case.

First, we assume that ¢ is time-independent, i.e., g(t) = g(0). Then using the
Laplace transform, one can derive the error representation (cf. [15, equations (2.7)
and (2.9)])

1
27Ti F0,5
1

=g [ (e ) THBAeTT) = An) T (Anwn(0) + Pag(0)) dz,
1 Fg,(;

v (tn) — v = ez (2% — Ap) T (ARva(0) + Prg(0))dz

where the contour I'g 5 is defined in (3.11), I'y s = {2 € Ty 5 : [Im(z)| < 1/7}, and

1— e *7 (1 _ 6727)2

wz)=——— and B-(e°7)= mma—l((”)a

TEe T
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which satisfy the following estimates (cf. [15, section 3]):

(5.0)  colel < Ju(e) < erle] and Ju(e™) — 2| < erls2 ¥s € T,
(5.2) 1B:(e7* )| > clz|r' ™ and [B;(e77) — 2%| < c|2[*T*7* VzeTg,.

By using (5.1)—(5.2), direct calculations yield
(53) =7 = Ap) T = (e ) THB(eTFT) = Ap) T ey r2(e) < clol T

Now we split the error vy (t,) — v} into two components, i.e., vp(t,) — vp = Z1 + I,
where

I = % - (27 (2% — Ap) T
— (e )T H(Br(e7*T) — An) 1) (Anvn(0) + Prg(0)) dz,
1

0= — 712 — AR) TN ARYR(0) + Prg(0))dz.
2mi To,s\I'p 5

By using (5.3) and (3.7), and choosing § < 1/t,,, the argument from [15] yields
(5.4) IZullz2(0) + 122l 2 () < ctn ™ 712w (0) + Pag(0)]r2(0)-

Second, we consider the case v(0) = g(0) = 0. Then Taylor’s expansion gives
(5.5) Prg(t) = Prg(0) + 1% Prg'(t) = 1% Prg'(t).
In view of (3.9), the semidiscrete solution vy, (¢,) can be represented by
(5.6) vn(tn) = (E * Prg)(tn) = (B * (1% Pog"))(tn) = (B x 1) * Pug’)(tn)-

Similarly, we have

(B-(&) — Ah)71 = Z ETe™ with E! = QLTrl e (Br(e”FT) — Ah)71 dz.
n=0 e s

Hence the fully discrete solution v} can be represented by vy = 3°7_ E7 =7 Pyg(t;),
and the second inequality of (5.2) implies

(5.7) 1B 2@y r2e) < ctg '

Let Er ((t) = >0 o EM6¢,—(t), where 0;, _ is the Dirac delta function concentrated
at ¢, — e with € € (0,7). Then v} can be rewritten as

(5.8)
0 = lm(Ere % Pog)(tn) = im(Eype (1% Pog'))(tn) = (lim(Em #1) Phg/) (tn).
e—0 e—0 e—0

The representations (5.6) and (5.8) yield

(5:9)  lonlta) = villexe) < |

[hm((E —E.)x1)x Phg’} (tn)

e—0

L2(Q)
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Using the Laplace transform and Cauchy’s integral formula, we deduce

1
(lim(E - ET;G) * 1) (tn) = €Zt"’2_1(2:a — Ah)_l dz

e—0 2 Tos

1
-5 (e ) T H(Br(e7T) — Ap) Tz,
2mi l"ﬂe' 5

Then using the estimate (5.3) we obtain

<ertoh

€0 L2(Q)—L2(Q)

(5.10) ‘

(lim(E B, 1) (tn)’

It remains to prove the following extension of the estimate (5.10):

<ecrt*t Vte(0,7).

(5.11) ‘ <
L2(Q)—L2()

(lim(E B, 1) (t)‘

e—0

Then this and (5.9) yield the second part on the right-hand side of (4.2), which
completes the proof of Lemma 4.2.

To prove (5.11), we consider the Taylor expansion of (E(t) — E;.(t)) =1 at
t=t,,ie.,

(512) (B Er)# 1)(t) = (B — Er.) % 1)(tn) - / (B—E,.)(s)ds.

In view of Lemma 3.4(iii), there holds

tn tn
H / E(s)ds < c/ s lds < ert@ L
t L2(Q)—L2(Q) t

Similarly, appealing to (5.7), we have

= |E? || L2y r2(0) < QT
L2(Q)—L2()

tn
1im/ E.(s)ds
t

e—0

Substituting (5.10) and the last two inequalities into (5.12) yields (5.11). d

6. Numerical experiments. In this section, we present numerical examples to
verify the theoretical results in Theorems 4.4 and 4.5. We consider problem (1.1) with
a diffusion coefficient 0.1 in the unit square Q = (0,1)? with the following two sets of
problem data:

(8) uo(w,y) = ay(1 —2)(1 — y) € HY(Q) N HA(Q) and f = VI + o2

(b) ug(z,y) = (1 — z)sin(2ry) € HE(Q) N H?() and f =1 —u>.

In the computation, we divided the domain €2 into regular right triangles with
M equal subintervals of length h = 1/M on each side of the domain. The numerical
solutions are computed by using the Galerkin FEM in space and the backward Euler
CQ or the L1 scheme in time. To evaluate the convergence, we compute the spatial
error e; and temporal error ey, respectively, defined by

€ = Jax, llun(tn) —u(tn)ll2) and e = | ax luyy — un(tn)llL2(0)-
Since the exact solution to problem (1.1) is unavailable, we compute reference solutions
on a finer mesh, i.e., the continuous solution u(t,) with a fixed time step 7 = 1/1000
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and mesh size h = 1/1280, and the semidiscrete solution wp,(¢,) with A = 1/10 and
T =1/(64 x 10%).

In case (a), since the nonlinearity f is Lipschitz continuous, the theory in section
4 applies. The numerical results for case (a) are shown in Tables 1 and 2, where the
numbers in the brackets in the last column refer to the theoretical predictions from
section 4. We observe an O(h?) rate for the spatial error e5 and an O(7%) rate for
the temporal error e; for both the backward Euler CQ and the L1 scheme. These
observations fully confirm Theorems 4.4 and 4.5.

In case (b), the nonlinear source f is not Lipschitz continuous. Nonetheless, one
observes an O(h?) and O(7%) convergence rate for the spatial and temporal errors,
respectively; cf. Tables 3 and 4. This concurs with the discussions in Remarks 3.2
and 4.6. Further, the absolute accuracy of the L1 scheme and backward Euler CQ is
comparable with each other for both cases (a) and (b). Interestingly, the spatial error
es increases slightly with the fractional order «, but the temporal error e; decreases
with a.

TABLE 1
Numerical results for case (a): the spatial error es with T =1, with N = 1000, h = 1/M.

a\M 5 10 20 40 80 Rate

0.4 6.89e-2 2.00e-2 5.34e-3 1.37e-3 3.31e-4 = 2.01 (2.00)
0.6 7.06e-2 2.05e-2 5.58e-3 1.42e-3 3.44e-4 = 2.01 (2.00)
0.8 7.59e-2 2.18e-2 5.80e-3 1.48e-3 3.57e-4 =~ 2.01 (2.00)

TABLE 2
Numerical results for case (a): the temporal error e; with T =1, T = T/N, N = k x 10*, and
h = 0.1. BE = backward Euler.

« k 1 2 4 8 16 Rate
0.4 | BE 1.16e-3 8.88¢-4  6.79e-4  5.19e-4  3.86e-4 | = 0.39 (0.40)
L1 2.06e-3 1.59e-3 1.22e-3  9.34e-4  T7.15e-4 | = 0.38 (0.40)
0.6 BE 1.79e-4 1.18e-4  7.75e-5 5.10e-5  3.36e-5 ~ 0.60 (0.60)
L1 3.05e-4  2.02e-4 1.33e-4  8.80e-5 5.81e-5 ~ 0.60 (0.60)
(0.80)
(0.80)

0.8 BE 1.73e-5  9.87e-6 5.65e-6  3.24e-6 1.86e-6 ~ 0.80 (0.80
L1 3.91e-5 2.24e-5 1.29e-5 7.38e-6  4.24e-6 ~ 0.80 (0.80

TABLE 3
Numerical results for case (b): the spatial error es with T =1, with N = 1000, h =1/M.

a\M 5 10 20 40 80 Rate

0.4 5.65e-2 1.68e-2 4.58e-3 1.18e-3 2.87e-4 ~ 2.00 (2.00)
0.6 5.90e-2 1.75e-2 4.74e-3 1.22e-3 2.97e-4 ~ 2.00 (2.00)
0.8 6.19e-2 1.82e-2 4.93e-3 1.27e-3 3.08e-4 ~ 2.01 (2.00)

TABLE 4
Numerical results for case (b): the temporal error ex with T =1, 7 =T/N, N =k x 10*, h = 0.1.

« k 1 2 4 8 16 Rate
0.4 BE 1.53e-3 1.17e-3 9.07e-4 6.96e-4 5.33e-4 ~ 0.38 (0.40)
L1 2.73e-3 2.12e-3 1.64e-3 1.26e-3 9.65e-4 ~ 0.38 (0.40)
0.6 BE 2.43e-4 1.60e-4 1.05e-4 6.93e-5 4.56e-5 ~ 0.60 (0.60)
L1 4.14e-4 2.74e-4 1.81e-4 1.20e-4 7.89e-5 ~ 0.60 (0.60)
(0.80)
(0.80)

0.8 | BE | 2,35e-5 1.34e-5  7.68e-6  4.40e-6  2.53e-6 | ~ 0.80 (0.80
L1 5.30e-5  3.04e-5 1.75e-5 1.00e-5  5.76e-6 | ~ 0.80 (0.80
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