Calcolo (2025) 62:5
https://doi.org/10.1007/s10092-024-00629-6

®

Check for
updates

Generalized convolution quadrature for non smooth
sectorial problems

J. Guo'? . M. Lopez-Fernandez?

Received: 5 June 2024 / Revised: 22 November 2024 / Accepted: 23 November 2024
© The Author(s) 2024

Abstract

We consider the application of the generalized convolution quadrature (gCQ) to
approximate the solution of an important class of sectorial problems. The gCQ is
a generalization of Lubich’s convolution quadrature (CQ) that allows for variable
steps. The available stability and convergence theory for the gCQ requires non real-
istic regularity assumptions on the data, which do not hold in many applications of
interest, such as the approximation of subdiffusion equations. It is well known that
for non smooth enough data the original CQ, with uniform steps, presents an order
reduction close to the singularity. We generalize the analysis of the gCQ to data sat-
isfying realistic regularity assumptions and provide sufficient conditions for stability
and convergence on arbitrary sequences of time points. We consider the particular case
of graded meshes and show how to choose them optimally, according to the behaviour
of the data. An important advantage of the gCQ method is that it allows for a fast and
memory reduced implementation. We describe how the fast and oblivious gCQ can be
implemented and illustrate our theoretical results with several numerical experiments.
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1 Introduction

Given a function f, we consider the approximation of linear Volterra convolutions in
the abstract form

t
c(t) :/ k(t —s)f(s)ds, (D)
0

where the convolution kernel k is allowed to be vector-valued, on an arbitrary time
mesh

A=0<t1<---<ty=T. 2)

We also consider the resolution of convolution equations like (1), where the data is ¢
and the goal is to approximate f. The efficient discretization of (1) and, more generally,
equations involving memory terms like (1), has been an active field of research for
decades due to the many applications involved. Indeed the kernel can be scalar valued,
such as k() = ¢V with y > —1, as it is the case for the fractional integral [6, 16],
transparent boundary conditions [1, 27], impedance boundary conditions [13], etc.,
can be a matrix or even an operator, such as k() = e’, meaning the semigroup
generated by the operator A, as it appears in the variation of constants formula for
abstract initial value problems [17], see also [9] for other operator-valued kernels, or
can even be a distribution, like the Dirac delta, in the boundary integral formulation
of wave problems [8, Chapter 2].

Lubich’s convolution quadrature (CQ) [23] is nowadays a very well established
family of numerical methods for the approximation of these problems, but its con-
struction and analysis is strongly limited to uniform time meshes, where #, = nh,
with h = % fixed. CQ schemes never require the evaluation of the convolution ker-
nel k, which, as mentioned above, is allowed to be weakly singular at the origin,
be defined in a distributional sense [24] or even not known analytically. Instead, the
Laplace transform K of k is used, the so called transfer operator, namely

oo
K(z) = / e “'k(t)dt, defined for Re z > o, (3)
0

for a certain abscissa o € R. The application of the CQ requires a bound of the form
”K(Z)” =< M|Z|M, for Re 7z > o, (4)

forsome M > Oand u € R, with u > Otypically holding in applications to hyperbolic
time-domain integral equations [24]. In this rather general setting, the generalization of
Lubich’s CQ to variable steps has been developed in [19-21], presenting the so-called
generalized convolution quadrature (gCQ), with a special focus on the resolution of
hyperbolic time-domain integral equations. The available stability and convergence
analysis of the gCQ requires, in general, strong regularity hypotheses on the data.
In particular, for ¢ = —a, with o € (0, 1), convergence of the first order can be
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Generalized convolution quadrature for non smooth sectorial problems Page 3 of 37 5

proven on a general mesh only if the data f is of class C3([0, T'], B) and satisfies
() = f/(0) = 0, [21, Theorem 16]. Notice that the result in [21] improves the
first one proven in [19], where an a priori regularization step is required for problems
satisfying Assumption 1, and the data is required to satisfy f € C*([0, T], B) with
£©O0) =0, with 0 < ¢ < 3, see also [8, Theorem 2.32].

There are however important applications, such as the time integration of parabolic
problems [26], the approximation of fractional integrals and derivatives [25] and the
resolution of fractional diffusion problems [9], where K can be holomorphically
extended to the complement of an acute sector around the negative real axis, and
it satisfies a bound of the type

IK@I = MlzI™, larg@)| <7 — g, (&)

for some ¢ € (0,%), M = M(p) > 0, and « > 0. If K satisfies (5), then it is said
to be a sectorial Laplace transform and we also say that k is a sectorial kernel. The
current theory for the generalization of the CQ to variable steps is suboptimal for these
problems, where the extra regularity of the kernel should allow to relax the smoothness
requirements on the data f (or c, if we are solving the convolution equation). In the
present paper we address the a priori analysis of the gCQ for this important class of
problems. More precisely, as a first step in the development of this theory, we consider
following class of convolution operators.

Assumption 1 Let B and D be some normed vector spaces and L£(B, D) the space of
linear continuous mappings from B to D, with the usual operator norm

| Fullp
IFllp—p = sup .
ueBu0 lullB

We assume that the Laplace transform of the kernel k in (1), is an operator valued
mapping K : C — L(B, D) which satisfies

1. K is holomorphic in any sector | arg(z)| < .
2. There exist M > 0 and « € (0, 1) such that

IK@lpep < Mlz|™*, larg(2)| < 7. (6)

3. K is continuous in the upper half plane Im z > 0, with the possible exception of
z = 0, and similarly on the lower edge of the cut.

In what follows, we will omit subindexes in the norms when they are clear from the
context. Important examples of kernels satisfying Assumption 1 appear often in the
literature, such as:

1. The fractional integral of order « € (0, 1), where k(¢) = % and K (z) = z7¢%.
2. The resolvent of a symmetric positive definite elliptic operator A or a discrete
version of it by the standard finite difference or the Finite Element method at

z%, with ¢ € (0, 1), provided that the spectrum of A is confined to the negative
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real axis, away from 0. Then K (z) = (z%I — A)~ ! is either an operator between
appropriate functional spaces or just a matrix and falls into this class of problems,
since typically the resolvent of A is bounded like

Iz — A7 < MlzI™!,  for|arg(z)| > 7 — ¢, M= M(p) > 0,

and any ¢ € (0, 7). The approximation of subdifussion equations by applying the
CQ and also the gCQ to discretize the fractional derivative leads to the analysis of
these methods for k(1) = £ ![(z*1 — A)~']. This application is carefully discussed
in Sect. 4.

3. Models for wave propagation in lossy media, such as the Westervelt equation stud-
ied in [4], include damping terms of the form considered in this manuscript.

Under Assumption 1, the convolution kernel k£ can be expressed as the inverse
Laplace transform of K by means of a real integral representation, see for instance
[11, Theorem 10.7d], more precisely we can write

k(t) = foo e G (x) dx, )
0
with G given by
1 —im i
G =5~ (K(e x)— K(e x)),

and bounded by
M
IGx)| < —x% for x > 0. ®)
bid

For the regularity of the data f, we assume that
f@) = tﬁg(t), with B > —1, g sufficiently smooth. )

Notice that g continuous in [0, T'] is enough for (1) to be well defined under the
assumptions on k. In this situation, the original CQ methods are well known to suffer
an order reduction. Typically a CQ formula of maximal order p is able to achieve that
order in the L°° norm only if the zero-extension of the data f to ¢ < 0 is smooth
enough, depending on « and p. This question has been thoroughly analyzed in the
literature, starting from the introduction of the CQ itself in [23]. More precisely, we
follow the operational notation introduced by Lubich and set

K@) f =k=x f, the continuous convolution (1), (10)
K (3,h )f, the approximation of (1) by the original CQ with step £, an
K (B,A) f, the approximation of (1) by the gCQ on the time mesh A in (2). (12)
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We consider the particular case f(¢) = tPv, witha t-independent v € B, cf. [9]. Then,
for p = 1, the following error estimates follow from [23, Theorem 5.2, Corollary 3.2]

Cto='hPHl for —1 < p <0,

. 13
CteP ', for g > 0. (13)

ITK @) f1(tn) = [K @) fall < {

The above estimates imply that the order of convergence close to the origin is actually
o + B, and that the maximal order of convergence (which is one) is only achievable
pointwise at times away from the origin and for § > 0. Similar error estimates in
time hold for the application of the CQ to linear subdiffusion equations [14], whose
solutions are known to satisfy (9), see [9, Section 8]. For approximations of order
higher than one, correction terms are needed in order to achieve the full maximal
order at a given time point away from zero but, in any case, the convergence rate still
deteriorates close to the singularity [9, 15].

The real integral representation in (7) of the convolution kernel is much simpler
to deal with than the usual contour integral representation along a Hankel contour in
the complex plane, which is used in the analysis of more general sectorial problems
[26]. This allows us to derive rather clean error estimates for the gCQ method and
still brings quite a lot of insight for the analysis of more general sectorial problems
and also of higher order gCQ schemes, which we do not address in the present paper.
On the other hand, the definition of the gCQ based on (7) is equivalent to the original
one in [19] and thus all the important properties proven in [19] still hold, such as the
preservation of the composition rule, see Remark 3. Being able to use (7) also brings
important advantages from the implementation point of view. In particular, we refer to
the fast and oblivious CQ algorithm for the fractional integral and associated fractional
differential equations developed in [5]. In this paper, we generalize the algorithm in [5]
to the gCQ method, and show how both the computational complexity and the memory
can be drastically reduced even for variable step approximations of the convolution
problems under study.

The real integral representation of the kernel 7*~!/ I' () has been recently used in
[7] to derive a posteriori error formulas for both the L1 scheme and the gCQ of the
first order. For the popular L1 method the maximal order of convergence is known to
be 2 — «, higher than for the gCQ of the first order. In [7], the maximal order 2 — «
is shown to be achievable in the L2 norm by using appropriate graded meshes. A
posteriori error formulas are also derived for the gCQ method of the first order, but
their asymptotic analysis is not developed. The authors point indeed to the complicated
a priori error analysis which is required for this. In this paper we address precisely this
a priori error analysis and derive error bounds in the L® norm for the gCQ method
of the first order. We obtain optimal error estimates of the maximal order for general
meshes and, as a particular case, for appropriate graded meshes. By doing this, we fill
an important gap in the theory in [21], for an important family of applications.

As we have already mentioned earlier, our analysis is conducted on an arbitrary
time grid, but we consider in detail the particular choice of graded meshes, defined by
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TY
N 9

t, = mt)’, 1= n=1,...,N. (14)

For (14) we derive the optimal value of the grading parameter y as a function of «
and B in order to achieve full order of convergence.

The paper is organized as follows. In Sect. 2 we recall the definition of the general-
ized convolution quadrature method. In Sect. 3 we analyze this method for f satisfying
(9) and for sectorial kernels satisfying (7)—(8). In Sect.4 we address the application to
linear subdiffusion equations. Sections 5 and 6 are devoted to implementation issues
and numerical results are shown in Sect. 7.

2 Generalized convolution quadrature of the first order
We present the gCQ method for (1) under the assumptions (7)—(8) in a different way

from the derivation in [19] and [21], which takes into account the specific properties
of the convolution kernels under study. Indeed (7) allows to write

o0 t o0
C(t):[ G(x)/ e =9 f(s)ds dx =/ G(x)y(x,t)dx, (15)
0 0 0

with y(x, t) the solution to the scalar ODE problem

ory(x,t) = —xy(x,t) + f(), with yx,00=0, xe€(0,00), te€(,T].
(16)

With this representation of the convolution kernel, the gCQ approximation of (1) is
defined below.

Definition 2 For a given N > 0 and a sequence of time points
A=0<t<---<ty=T, with Tj =t —tj—q, j=1, (17)

the generalized convolution quadrature approximation to (1) based on the implicit
Euler method is given by

o0
o= [ Gumad (18)
0
where y, (x) is the approximation of y(x, #,) in (16) given by the implicit Euler method,
this is,

n

- 1
Y(x) =) "1 lex 1. (19)
j=I1

=j
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In applications it will be convenient to use the operational notation (23), which is
defined by

(KON, ==Y onifs. (20)

j=1

with f; = f(¢;),if f is a function. We will use the same notation for f being a vector,
and in this case, f; denotes its j-th component. The gCQ weights are given by

Wy =T ooG(x)l_[r(tgx)dx, r(x) = L. 1)
sJ J 0 E:j 1+X

Notice that r(x) = R(—x), with R(z) = ﬁ the stability function of the implicit
Euler method.

Remark 3 Under assumptions (7)—(8), our definition of the gCQ approximation (18)
to (1) is equivalent to the one in [19], where the gCQ weights are shown to be given
by

n

onji=| [] ' | & [1:]._1, L rn—l] , (22)
(=j+1
with K [rj_l, T, ]] Newton’s divided differences. Thus the properties proven in

[19] for this scheme hold also under the equivalent definition (21). In particular, the
gCQ method has the very interesting property of preserving the composition rule.
More precisely, by using Lubich’s operational notation for one-sided convolutions
[24]

t

(K@) f) (2) :=/ k(t —s)f(s)ds, with K = L[k], (23)
0
it holds

K2(3)K1(3) f = (K2 - K1)(3,) f. (24)

Following the notation in [21], if we denote by K (3/*) f the vector of approximations
to (K(9;) f) (¢j) on a general time grid

A=0<t<---<ty=T, (25)
by the gCQ method, it is proven in [21, Section 5.2] that

K@K f = (K2 - KD |- (26)
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This property is essential in many error proofs of CQ based schemes for different
problems involving memory terms of convolution type and will be used in Sect. 4
when discussing the application of the gCQ to subdiffussion equations.

In [19] a complex contour integral representation of the convolution kernel is used.
Here we use the real integral representation of the kernel (7), which can actually be
derived from deformation of the complex contour, as explained in [5]. This represen-
tation of the gCQ based on the real inversion of the Laplace transform is both useful
for the error analysis in the low regularity setting, as we show in Sect. 3, and for the
implementation of the method, see [5], and Sects. 5 and 6.

We recall here the best convergence result available so far for the gCQ based on the
implicit Euler method, which is a particular case of the class of Runge—Kutta based
g¢CQ studied in [21].

Theorem 4 [21, Theorem 16] Let 0 < o < t-L with

max

Tmax ‘= lgelfo{tj}. 27

Assume that K satisfies (4) with i = —a, for some o € (0, 1). Then if f € C3 (0, T),

with f®© (0) = 0, for £ = 0, 1, there exist constants C, ¢ > 0 such that the following
error estimate holds

éoT
lle(tn) — cnllp < Ce“ 7 N fllc3 0. 7], B) Tmax-
In the next section we show how the regularity requirements for f can be signifi-

cantly relaxed under assumptions (7)—(8). Furthermore, we will also be able to remove
the exponentially growing term e“* in the error estimate.

3 Error analysis in the non smooth case

From (15) and (18) we can write the error at time ¢, by

c(tn) —cn = /OO G(x)en(x) dx, (28)
0
with
en(x) = y(x, ty) — yn(x).

As itis usually done to analyze the error for ODE solvers, we notice that y(x, t) solves
the recurrence

Y, tn) _Ty(x’ ) yenta) S tn) 4+ dn (),
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with d,, Euler’s remainder, this is,

dor) = 2 TV o) oy s (29)

Tn

Then

en(x) =Y 7;d;(x) [ [ r(zex). (30)

For the special case of f(r) = tPv, with 8 > —1, and t-independent v € B, we
can obtain explicit representations of (30). For this, we recall the definition of the
Mittag—Leffler function, see for instance [10].

Definition 5 (Mittag—Leffler function) For « > 0, § € R, the two parameter Mittag—
Leffler function E, g(z) is defined by

Eqyp(z) = ; F(al B zeC.

We also recall the definition of the Riemann—Liouville fractional derivative of order
w > 0, which is given by

dP
(W) — P—H
@) = dth Lf1(),

withu >0,0—1<pu < p, p € N, and Z°~* the fractional integral of order p — p,
with

1 t
'L f10) = m/ﬂ (t — )"\ f(s) ds, a1

if v > 0. For u < 0 we take f*) = Z~#, Notice that
'If1=9,"F1,

with the operational notation (23).
In the next result we collect a few identities and properties that will be needed in
the proof of Theorem 14.

Lemma 6 It holds:
1 If f(t) =t with £ > —1,

PE+D oy

S TR )

(32)
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2. For B > —1, B # 0, the solution y(x, t) to (16) with f(t) = tPv satisfies

y(x, 1) = D1+ BPTE gia(—xt)v, (33)
yi(x, 1) = D1+ BIPEy g1 (—xt)v, (34)
yiu(x, 1) = T+ B)P E) g(—xt)v. 35)

For B = 0 (33) and (34) still hold true, but (35) must be replaced by
Vi (x, 1) = —xe My, (36)

3. From [30, Theorem 1.6], for o < 2 and B € R, there exists C > 0 such that

C
|Eap(=y)| = iy > 0. (37

Proof Identity (32) follows directly by noticing that the Laplace transform of the left

hand side is ['(¢ + 1)z~ ¢« 1,
In order to prove (33), we write

t
y(x, 1) = / (t —s)Pe ™ dsv =T + BT Ple™"1(r)v.
0

By expanding the exponential into its power series and using the same argument as to
prove (32), we can write

y(x, 1) = ( x) /(t—s)ﬁs dsv

E 0

(=0 T+ g
:r(1+ﬂ); 7 F(Z+ﬁ+2)t++v

=T(1+ AP E| ga(—xt)v,

this is (33).
Derivation of the power series gives

(—x)*
“T(+B+2)

0* B+
=T(1+p) Z W+—Mt v

(e, 1) =Tl +ﬁ)2 (B + £+ Dif*ly

and so (34). The expression (35) for 8 # 0 follows analogously. For 8 = 0 the term in
£ = 0 is constant and thus we must use instead (36), which follows by differentiating
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twice in

—Xxt

1 —
Y, 1) = ———v.
X

Lemma7 Let B > —1, and f(t) = tPvin (16). Then

di(x) = —1 ‘ra+8) (E1 p+1(—=x11) — E1 g2 (—x71)) V

and, for j > 1, there exist§; € (tj_1,t;) such that

e+ pgl T Ep(—xgj)v. if B £ 0,
di(x) = )gl'j iy, B =0

Proof For j = 1 the result follows from (33) and (34), since
1
dy(x) = o x, 7)) — ye(x, 1) .

For j > 2, we apply (35) or (36), according to the value of 8, to

1 ‘Ej
i(x)=— 1) — Jti—1) = y(x, b)) = ==y (x, §)).
dj(x) t.(y(xt) y(x, tj-1) — yi(x, 1)) 5 (%, &)

J

The main result is given below.

(38)

(39)

(40)

Proposition 8 Assume that K satisfies Assumption 1. For f(t) = tPv with B > —1,
v € Bindependent of t, and for an arbitrary sequence of time points 0 < t; < --- <1y
with step sizes Tj =t; —tj_1, j > 1, there exist§; € (tj—1,1;), for j > 2, such that

the error in (28) can be bounded by

le(tn) = eallp < ClIvlls | 7 + Z T B @1
j=2
with C depending on «, B and the constant in (8).
In particular, for t, as in (14), 1 <n < N, it holds
N—}’(a-l'ﬁ)’ ya+pB) <1,
le(tn) — callp < CIIVIBT* { N7I(1 +1og(n), y(@+p) =1, (42
Nty v+ pB) > 1.
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Proof We write

n

c(tn) — ¢ :/oo G(x)en(x)dx =Y 1; /oo G) | [[rzex) | djx) dx.
0 o Jo

=j

By (8) and noticing that 0 < r(z,x) < 1, we can bound
M < o
et~ enlp < = _er,-/o X d; () 15 dx,
]:

provided that the integral above is convergent.
For j = 1 we use (39) and (37) to obtain

o0
- /0 X () g dx

<||v||3rﬁ“r<1+ﬂ>/ “(|(E1 p1(=x))| + |E1 pra(—x11)|) dx
B+1
<2C IN@! d
< 2C|v]se T +ﬂ)/ 1+xr1 x
=2C “Pra / @ d
Ivlsz T+ | 1+u u

=2C|IvIsei T + BB — o, @),

with B the Beta function.
For j > 1 and 8 = 0 we have, by Lemma 7,

/ x—“||dj<x)||3dx=||v||3—’/ x1 e ) dx
0 0

[e¢)
= |Ivls 25;" Zf u' "™ du
0

< vIsr@—a) 5 e,

fOI‘Ej € (I];],tj).
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For j > 1 and 8 # 0, we use (40) and (37) to bound

/0 Fd; ()] p dx
+ _
SRR G2 760~ 1/ *|Ey p(—x€))| dx
scnvng#qsf”/ L
’ 0

1+ x&;
r'(l+8) e, 1
=C||v||BTrj§j‘+ﬂ 2/0 uT s & € (),

This proves the general estimate (41).
We now notice that for the graded mesh in (14) we have

o<y’ j77 =, (43)
and that for 8 < 2 — o we can bound E‘Hﬁ 2 < t;Hlﬂ =2 for j > 2. Thus

n 00
> / x7%ld; (x) || pdx
=70

n
< C||V||3)/2‘L’y(a+ﬁ) ZjZ(V—l)(j _ l)y(a+ﬂ—2). (44)
j=2
We bound
20y —1 -2 1 R4 2 2
PG =17 V—(1+—1) J AT
and then
ijf 1y (0) | pdx < CIVlLgy 47 77O 3 a2
j=2 Jj=2

a+p-2 a+p-2

and the result follows. For 8 > 2 — o we use the bound E =t and derive
the same result without the constant 47, O
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Remark 9 Note that for « + 8 > 1, the error estimate (41) on the uniform mesh with
step size T can be written as

n
_ a+p 2sa+p—2
llc(tn) = callp = Clivlip | 777 + E TE;
=2

n
-2 -2
< Clvlls | =+ 7> max <t7+ﬁ tfffg )
j=2
C|v
< || ||B ”a+ﬁ—1’

Ta+p-—-1"

which is in agreement with the result in [23, Theorem 5.2]. Moreover, fora + 8 = 1,
the error estimate (41) on the uniform mesh can be bounded by

lc) —cnllp < ClivligT (1 +1log(n)), n>1.

We will need the following generalization of the previous result to deal with remainder
terms in power series expansions of the right hand side.

Corollary 10 Assume that K satisfies Assumption 1. Then for fixed o > 0 and f(t) =
(t — o)iv, where B > 1, (y)4+ = max(0, y), v € B is t-independent, and for an
arbitrary sequence of time points 0 < t] < --- < t, with step sizes t, = t,, — t,—1,
n > 1, thereare & € (tj_1, 1), for j = 2, such that the error in (28) can be bounded
by

n
le(ta) = callp < CIVIls | T — )T P 4+ > 22 — )P 2| @5)
Jj=2

with C depending on «, B and the constant in (8).

Proof We observe that

(1) = 0, if t <o,
Y1 = u(x,t —o), if t>o,

where u is the solution to (16) with right hand side t#. The restriction to 8 > 1
guarantees that y(x, ¢) in (16) is twice differentiable with respect to ¢ in (0, 7'], with
vs+ bounded, and obvious formulas follow for y; and y;;. This leads to the following
generalization of (39)

di(x) =

y(x, 1)
T _yl(xvtl)

=T+ B)(7 — G)ﬁ (%El,ﬁ+2(_x(fl_0))_E1,,B+1(_X(Tl_0))) \4
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and of (40)
T B—1 .
dj(x) == TU+p) (§ —0) Erp(=xE —o)v. 2=j=n.

The integrals in the proof of Proposition § are then either O or can be estimated by the
analogous expressions with 7| or &; shifted by o.
]

Lemma 11 [30,(2.108)] Letpu > 0, p—1 < u < p, p € N, ifthe fractional derivative
FUW (1) is integrable, then

P =00
A OENIOEDY /7O

n—L
T —C+1)

According to the definition of the fractional integral, Lemma 11 gives the fractional
Taylor expansion of f(¢) at + = O with remainder in integral form, cf. [22, (3.20)].

Remark 12 If a function f satisfies (9) with g € C*1+1([0, T], B), then f is
continuous in [0, T'], see Appendix A.

Proposition 13 Assume that K satisfies Assumption 1 and for u > 2, f#=9(0) = 0,
fore=1,...,p,withp —1 < pu < p,and f(") is bounded on [0, T]. Then, for an
arbitrary sequence of time points 0 < t] < --- < t, with step sizes t, = t,, — t,_1,
n > 1, there exist§; € (tj_1,t;), for j > 2, such that the following bound holds

+ +u—2
lett) = eallp = € | 7™ max | f‘“)(t)||3+zr g o | RO
j=2

with C depending on «, |t and the constant in (8).

Proof By Lemma 11, f is equal to

FO =T = ( S ) . (46)

By using the operational notation (23), we can write

s — o)t~

M )
=/ Kt s>ftn( : f(")(o)dads
o T( )

n (H)
— k(t, — M~ 1 ) f (U)d
/0 <fo (= $)(s = 0)y r(w)

B In f(u)()
= [ [x@e -t e

c(tn) = [K (@) f1(ta) = [0 k(tn — S)/ ( f(“)(a)dd ds
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and

(t;
e =[KOMf], =D on / ’—f(“)(cr)do
' 1 g I'(w)

Jj=

i (t; — o)l
—Z M/ ’F( )+ f(“)(o)do

tn n ()
_ o n—1 f (o)
_/0 jz_la)n,./(tj o)y TG0 do

tn (n)
_ Aokl f (0)
—/0 (k@M= ] T do

Then the error [K (3,) f1(t,) — [K(8/*) f], can be written in terms of the gCQ error
for the Peano kernel, like

t ()
B -1 A u-11 £7700)
c(ty) —cp = /O (K(at)(- —0o)y () — [K(at ) —o) :In) (0 do

Since u — 1 > 1, we can apply Corollary 10 and bound

In ()]
et = anllp < € [ DI (nm o)t 2+Zr (&) — o) 3) do

() t
_ M¥Xosi= I @l n/ (t] — )22 dor
T'(w)

e ZmaX0<t<§ 1FWls 5 %
T 7 Jo

& —0) ' do

maxo<; <y, IIf 1)l ot o Z maxo<<; f '”(r)nBT2 w2
T +u—1 F+p—2) 777

And the result follows. O

We state now the main result of the paper for f satisfying (9), generalizing the
results in [22] to variable steps.

Theorem 14 Let B > —1. Assume that K satisfies Assumption 1 and f(t) admits an
expansion in fractional powers of the form

P (C+8)
N PO 1 pB . F(PHBHD)
f(t)_gt F(E+,3+1)+F(p+ﬂ+1)(t ! )(t)’ @7
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with p > 1 — B, p € N. Assume that f PtP+D is bounded on [0, T, Then

P n
-2
lett) = cullp < €Y (ff”“‘ + ) ryE ) RO

=0 j=2

n
1 —1
+C (r{’”*”* max [ fPHED @) 5 + 3 2T max If(””“)(t)lls) :
J

0<t<t v 0<t<t
Jj= ’

(48)

for a general time mesh like in (17), §; € (tj—1,t;) with j > 2 and a constant C
depending on «, $ and M in (8).

Notice that the above result improves significantly the regularity requirements of the
result in [21]. Notice also that for a graded mesh (14), Proposition 8 shows how to
choose the grading parameter y in order to achieve convergence of order one, according
to the regularity and the number of vanishing fractional moments at 0 of f. Detailed
interpretations are presented in Corollary 15 and Corollary 16 below.

Corollary 15 Let B > —1, and assume that f (t) admits an expansion as in (47). The
full order convergence

llc(tn) — cnllp = O (Tmax),

where Tmax is the maximum time step in (17), can be achieved if f(t) in (47) satisfies
one of the following conditions:

i B>1—a.
(i) —a <B<1—aand fP0)=0.
(i) =1 < B <1—a, fB0)=0and 1P (0) =0.

In particular, convergence of order 1 is proven on an arbitrary time mesh provided
that f € C3([0, T1, B), with f(0) = 0, which corresponds to B = 1, cf. Theorem 14.

Corollary 16 Let B > —1, and assume that f(t) admits an expansion as in (47), with
FB(0) # 0 and the times t, belong to the graded mesh (14), 1 < n < N. Then the
error estimate

TetBN—y@+h) ya+p) <1,
le(ty) —callp < € T*PPNTI(1 +1og(n)), y(@+pB) =1,
TN P @4 8) > 1,

holds, where y is the grading parameter in (14).
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4 Application to linear subdiffusion equations

We consider the application of the gCQ method to fractional diffusion equations of
the form

Diu(t) + Au(t) = f(t), t€(0,T], (49)
u(0) = uop,

where A is a symmetric, positive definite, elliptic operator, 0 < « < 1, and Dy denotes

the Caputo fractional derivative of order o

o 7l i _ 1 ! _ —ai
Diu(t) =1 |:d[u:| (t)——r(l_a)/(;(t s) dsu(s)ds.

Problem (49) is considered as an abstract initial value problem on a Banach space B,
for instance B = L? (), with  C R¢ a domain, together with Dirichlet or Neumann
boundary conditions. This is the analytical framework in [9] and corresponds to take
D = B in Assumption 1. We notice that in [9] an expansion in fractional powers
of the solution u is derived, of the same type as the one we consider in (47) for the
data f, under suitable space-regularity conditions on ug and f. The ambient space
B can also be a finite dimensional vector space if the method of lines is a applied
to (49) and a Galerkin method is used for the spatial discretization. In this case the
resolvent estimates below follow in essentially the same way due to [3], with several
applications so far in the literature, such as [28].

Notice that when u(0) = 0, the Caputo fractional derivative D u(t), with0 < o <
1, is equivalent to Lubich’s operational notation 97 u(¢), and

Du(t) = 8%u(r) = 8% ' du(r) = 8} 0 u(r).
The Laplace transform of the solution to (49) is given by
U@ =2 T+ A ug + 1+ A7 F ),

with F(z) the Laplace transform of the source f(¢). By using the operational notation
for convolutions in [23], see Remark 3, we can write the solution as

u(t) = E(@uo + (K () /) (@), (50)

with
E@) =L@+ A7) (51)

and
K() =G T+A)7" (52)
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We denote further
k(t) = L7K]1@), (53)

which satisfies (k % f)(t) = (K (9;) f)(?).
Let us assume first that ug € D(A). Then, we can use the identity

I+ A) ' =1-E"T+A)"A
to write
E(Hug = ugp — K(0;)Auyg. 54)
Combining (50) with (54) yields

v(t) :==u(t) —uo = (K@) (f — Aug)) (t), (55)
which is the solution of

o%v(t) + Av(t) = f(t) — Aug, t € (0,T].
t v(0) = 0. (56)

‘We use now the notation
HOM f

for the gCQ discretization of H (d;) f, with H the Laplace transform of a convolution
kernel &, on an arbitrary time grid A := 0 < t; < --- < ty = T. Then we apply
the gCQ to discretize the fractional derivative, which corresponds to H(z) = z“.
Notice that this approximation is defined in [19], where more general convolutions are
considered, not only those satisfying (7)—(8). In this way, we obtain for the smooth
case ug € D(A), the scheme

[(a,A)"‘ v] + Avy = f(ty) — Aug, n>1, (57)

with v,, denoting the approximation to v(#,).

Since the gCQ preserves the composition rule of the continuous convolution, the
approximations v, defined in (57) are the same as the ones obtained from applying
the gCQ in (55), this is, it holds

ve = [KOM)(f — Aup)], - (58)

It then follows that the approximation properties of the time discretization in (57)
depend on the behavior of K (z) and the regularity of f — Aug. In the next Theorem
we show that if —A is a sectorial operator and the sectorial angle § can be taken
arbitrarily close to zero, then k in (53) satisfies (7)—(8). This is for instance the case if
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—A = A is the Laplacian operator with Dirichlet or Neumann boundary conditions,
with —A acting on a domain @ C R?, and in the L?(2) — LP(2) norm, for any
1 < p < oo, see for instance [12, 29]. This property is often preserved by standard
spatial discretizations, such as finite differences [2] or the finite element method [3].

Theorem 17 Let us assume that for any § > 0, there exists M (§) > 0 such that
I+ A~ =M@z~ for largz <7 6. (59)

Then, for 0 < o < 1, k(¢t) in (53) can be represented by

k(t) = / G(x)e " dx, (60)
0
with
sin(rra) o o —iam -1 o i -1
G(x) = X (xe 1+A) (xe 1+A) , 61)
which satisfies the bound
16CON < 279 11 — aym))? . (62)

Proof By (59), forany § > 0 and 0 < o < 1, it holds
14T+ A7 < M1 — )7 +ad)|z|™%, for |argz| <7 — 8.

The estimate above allows to pass to the limit as § — 0, since the constant remains
bounded. This yields the bound

1T+ A) 7 < M((1 —a)m)|z|™%,  for |argz| <.
Then

lim  zz*I+A)"'=0

7—0, |argz|<m
and

lim I+A)7 =0,

z—00, |argz|<m

with (z%1 + A)_1 being defined and continuous for Im z > 0, and also for Im z < 0.
By [11, Theorem 10.7d] the real inversion formula for the Laplace transform holds
and yields

e¢]

k)= —— [ e (((xe"”)“l n A)_l - ((xei”)“l n A>_1> dx.

2mi 0
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Formula (61) now follows from the identity

((xe—i”)“l n A)fl — ((xei”)“l n A)il
— ((rel™)% — (xe™iT)Y) ((xe—"”)“l + A>_1 ((xe"”)“l + A>_1

and the bound (62) follows in a straightforward way from (59). O

In this way, the results in Sect.3 can be applied in order to choose an optimally
graded time mesh for the approximation of v, depending on the regularity of the source
term f.

In the non smooth case ug ¢ D(A), we can approximate the solution (50) to (49)
by applying the numerical inversion of sectorial Laplace transforms to approximate
the term E (f)ug and the gCQ method to deal with the convolution K (9;) f, for which
Theorem 17 remains useful.

5 Fast and oblivious gCQ for the fractional integral

We follow the approach in [5] and start by addressing the implementation of the gCQ
for the fractional integral 9, “. Notice that the associated convolution kernel in this
case is

a—1

k() = ﬁ

which satisfies assumptions (7)—(8) with

sin(ma
—( )xfa.

G(x) = (63)

This property of 9, * has been used in [5] in order to develop a special quadrature
for the original CQ weights, those corresponding to an approximation with uniform
steps. We generalize here the ideas in [5] in order to obtain a fast and oblivious gCQ
algorithm for the fractional integral.

First of all we split the gCQ approximation into a local and a history term like

n—no n

[(a,A)_“ f]n =Y onjfi+ > wnjfj =1 + 1, (64)
j=1

j=max(l,n—no+1)

for a fixed moderate value of ng, which can be also equal to 1, in principle. We now
apply different methods to compute I/* and /€.

For the local term I,i(’c we use the original derivation of the gCQ method in [19], and
the expression (22) for the gCQ weights. This leads to the following complex-contour
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integral representation

1 _ - I
Iiaczﬁfza > u([ly=|fidz nz1.  ©9
€ jmttengs  \e=j o F

where C is a clockwise oriented, closed contour contained in Re(z) > 0, which

encloses all poles of the integrand, namely rj_l, with j =1+ (n —ng)4,...,n. We
denote
n n 1
uloe(z) == Z T; 1_[ 1 fi, n>1,
. =Tz
J=1+@m—no)+ t=j

which satisfies the recursion

1 T,
loc loc n loc
“naL (z) = 11— Tnzun”ﬁl(z) + 1——Tnzfn’ “(Zinou (x)=0 (66)
and write
Iloc — —a loc dz. 67
n —2m./cz u, (z)dz (67)

For the approximation of (67) we set m the minimum pole of ui{’c (2), M the maximum
one, and

q :=M/m.

Then we choose C as the circle Cys of radius M centered at M +m /10. The parametriza-
tion of Cys and the quadrature nodes and weights for approximating (67) are obtained
in the following way:

(i) If ¢ < 1.1, we use the standard parametrization of Cj; and apply the composite
trapezoid rule. Notice that, in this case, the time grid A is close to uniform and
thus the special quadrature based on Jacobi elliptic functions from [20] is not
required. The threshold value ¢ = 1.1 has been found heuristically. In this case,
the parametrization reads

(@) =m/10+ M1+, 6 e (—m, ),

and the quadrature nodes and weights are given by

~ Va6 . 2wl
2 =Pm@), w=— l,’;,gc cowith 0= -7+ (68)

_ loc
forl—l,...,NQ‘ .
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(i) If ¢ > 1.1, we apply the quadrature proposed in [20] which is based on the
special parameterization of Cyy

- _ M l/2~|—sn(0 A)

where sn is the elliptic sine function. The quadrature nodes z; and weights w; in
this case are given by

~ 4K(A) -,
o= PO, = 5 e P o) (70)
— loc
forl = l,...,NQ .
In any case, we approximate
Nlo[
Il()C ~ Z wlZl — l()C(Zl) (71)

=1

For the history term we use the real integral representation

n—ng

s = an, fy = ) F@n) | Yaono(0) dx, (72)
l=n— n0+1

with r(x) defined in (21) and y, defined in (19). To approximate the integral, we
generalize the quadrature method from [5] to accommodate variable time grids, yield-
ing corresponding nodes x; and weights @;. We denote the error tolerance of this
new quadrature as tol and denote N g” the total number of quadrature nodes, which
depends on both the time grid and tol. Then (72) is approximated by

his
N n

,mmza—,, [T r@) | ynmnCo) = 1. (73)

Jj=n—no+1

with each y,_,, (x;) satisfying the recursion

1 Tn hi
=y — =0, 1<I<N}° (74
yn(x1) TTox 1(x) + TFon Jn yolxr) =l=Ng. (4

In this way the evaluation of I,f”s forl <n < N requires a number of operations
proportional to N and storage proportional to N g” . We finally approximate

[a f] "hm_}_izloc’ n>1.
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In our numerical experiments, we set
no = min (10, N), N%° = max (50, ng) ,

for the evaluation of 7,7,00. In this way the total complexity of this algorithm is
O(ngN IQ”C + (N —ng) N g”), while the memory requirements grow like O(N Ié’” +
N g“ ). For the uniform step approximation of (31), this is, the original CQ, it is proven
in [5] that N g‘ = O(log(N)). The results reported in Tables 1, 2, 3 and 4 for the

generalization of this algorithm to variable steps, indicate that also on graded meshes
like (14) it is N’é” = O(log N), which certainly is an very important feature of
this method. A rigorous theoretical analysis of the required complexity and memory
requirements of the generalized fast and oblivious algorithm is beyond the scope of
the present paper.

6 Fast and oblivious gCQ for linear subdiffusion equations

Here we show how to adapt the algorithm described in the previous section to the

efficient computation of v, in (57). In order to apply the fast gCQ algorithm for the
fractional derivative we observe that, by definition,

9% =01y,
Then, by the discrete composition rule, it also holds

(atA)a = (azA)a_l o

t

where BIA denotes the approximation of the first order derivative provided by the gCQ
method, this is,

Up — Up—]
0Pv), = ——"—, 1<n<N.
Tn

Thus, we can write (57) like

n
> o [020], + Ave = f(tn) — Aug, n > 1.
j=1

with w,_ ; the gCQ weights (21) for the fractional integral 8,“*1, this is with

. sin(r (1 — a))x“_l
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Subsequently, we have

n—1

On.n [E)IAv]n + Av, = f(t,) — Aug — an,j [B,Av]j , n>1.
j=1

Noticing that from (22) we have w, , = K[, = T, @+l the scheme reads
(0 T+ A)vn = f () = Aug + 7, V""" =Y wn ;i [00], nz 1. (75)

The summation in the right hand side can be efficiently evaluated by applying a
variation of the algorithm in Sect.5. As then, we separate this term into a local and a
history term, by

n—no n—1

anlav an,Z)v + Z a)n,[av]

j=max(l,n—no+1)

After applying the corresponding quadratures, as described in Sect. 5, we now approx-
imate the history term by

his
n—no N n

an, [67] sz [T r@x | yent),

Jj=n—no+1

with the values of f; in (74) replaced by [B,A v]j. The approximation of the local term
now reads, after quadrature,

Nl(m
n—1 1
O( 1 unocl(zl)
> onl Z wizy P
. I -1,z
j=max(l,n—no+1)

with ui{’fl as in (66), with f,_; replaced by [B,Av]n_l. The complexity and memory
requirements are as explained in Sect. 5.

7 Numerical experiments

We test in this section the convergence results proven in Proposition 8 and Sect. 4, by
applying the gCQ method to different examples. Since the main goal of this paper is to
derive accurate error estimates for the gCQ, we set a rather high tolerance requirement
for the quadratures described in the previous section. More precisely, we settol = 1078
for the evaluation of 7,3’”, forall 1 <n < N and all values of N.
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7.1 Computation of the fractional integral

To verify Proposition 8, we consider the approximation to the fractional integral (31)
with

[y =1

The exact solution is then given by

w1 = TEHD i
%[ f1@) = F(a—i—,B—i—l)t . (76)

Set T = 1. The maximum absolute error is measured by
max |2 f1(tn) — Zy1f1]-
1<n<N

For ¢ = 0.8, the value of N gis in (73) is listed in Table 1, which shows that the

quadrature number N g ¥ increases logarithmically with respect to N.

In Fig.1, we present the maximum absolute error for different values of o and
B. The numerical results demonstrate that the gCQ method (18) can achieve first
order convergence with y = 1/(a + B), which is consistent with the theoretical
results. Further, in Fig. 2, we test the relation between the convergence order and the
grading parameter. We can observe that the convergence order is min (1, y (o + B)),
in agreement with Proposition 8. In addition, the evolution of the error on different
graded meshes, as presented in Fig.3, shows that the error near the origin is much
smaller for the nonuniform mesh than for the uniform one.

7.2 Fractional diffusion equations with non smooth data

Example 1 We consider the fractional ordinary diffusion equation

Dfu(t) +u(t) = f(r), u(0)=0, 0<r<lI,

Table 1 Number of Ngs used to approximate (76) on different graded meshes with « = 0.8, ng = 10,
tol = 1078

y\N 16 32 64 128 256 512 1024 2048 4096
2 29 46 55 63 72 77 85 89 94

4 52 93 118 139 158 174 191 204 217
6 74 141 185 222 253 283 313 341 365
8 90 189 255 313 359 405 451 493 535
10 104 237 329 407 474 540 604 667 724
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Fig. 1 Maximum absolute error in the approximation of (76) with y = 5 B
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Fig.2 Maximum absolute error in the approximation of (76)
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Fig.3 Absolute error in the approximation of (76) with N = 80
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with an exact solution

ut) =1".
The corresponding source term is
FB+D g4, 8
t) = —— 1 +t".
F@ rg—a+1

The results in Table 2 demonstrate that the number of quadrature points N gs increases
slowly with respect to N on the graded mesh (14). In Fig.4, we present the maxi-
mum errors for different combinations of & and §, revealing the method’s consistent
full-order convergence of one on an optimal graded mesh, as discussed in Sect. 4.
Additionally, Fig.5 visually provides the convergence rate of gCQ method on vari-
ous graded meshes, with the uniform mesh serving as a specific case that exhibits a
convergence rate of O (N =By,

Example 2 We consider here the following subdiffusion equation on a 1D domain
Q=(-1,1)

Dfu — Au = f(x,1), (x,1) e Qx(0,1],
u(x,0) =cos(rx/2), x e, a7
ulx,t) =0, (x,1) € 02 x (0, 1].

The exact solution is given by

ux, 1) = (14 %) cos(rx/2),

and the source term is

rg+1n

f(x’t)z(r‘(ﬁ—a—i-])

P 4 721 + tﬁ)/4> cos(mx/2).

Problem (77) fits the format in (49) with A = —A and uo(x) = cos(rx/2). The
domain of —A is given by

D(—A) = Hi () N H*(Q) (78)

Table2 Value of Ng” for Example 1 with @ = 0.5, tol = 1078

y\N 16 32 64 128 256 512 1024 2048 4096
2 33 50 62 72 83 91 98 104 113
4 62 107 137 165 191 216 240 264 288
6 91 168 227 271 325 373 421 468 516
8 119 239 326 404 480 557 634 715 798
10 148 314 436 549 660 773 887 1007 1130
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maximum absolute error
maximum absolute error
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Fig.4 Maximum absolute errors for Example 1 with y = %
a = 0.5, 3=0.5 a = 0.8, 8=0.8
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Fig.5 Maximum absolute errors for Example 1 with different values of y

and ug(x) € D(—A). Then, as discussed in Sect.4, we can solve the equivalent
problem (56).

We first discretize (56) in space by applying the finite element method with piece-
wise linear basis functions and mesh-width A,. The resulting discrete Laplacian
operator is well known to satisfy the hypotheses of Theorem 17. Then, according
to the regularity of f — Au(x, 0), the convergence order of the gCQ method is one on
graded meshes (14) with y > % In this way we compute the numerical solution UZX
of (56), and so u"AX = U"AX + u(x, 0). In our experiment, we measure the maximum

L2-norm error, which is defined as

max |u(t,) —u's |;2.
| max, llue(z,) AL

In Fig.6 we show the expected result for y = %, for different values of 8. We also

show in Table 3 the number of quadrature nodes N gs used to approximate (57). In
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B8 =0.2
-1 L 4
10 o2l |
5 5
s g
S 1072} 3 S 107 3
B B
E E!
g g
=] —slope — —1 ~ % 1074} 1
g5 103 H—<a=0.4 4 g
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e = 0.7 -
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Fig.6 Maximum L2 norm error for Example 2 with y = %, Ay = ﬁ
his
Table3 Value of Ny for oW 16 32 64 128 256 512 1024 2048 4096
Example 2 with 8 = 0.2,
Y =35 tol = 1078 03 90 155 200 238 273 308 340 369 398
04 95 162 212 251 291 328 364 398 436
0.5 98 167 220 262 306 346 389 429 470
0.6 101 176 227 276 319 368 411 455 501
0.7 106 180 234 285 334 382 430 484 534
vy=1 v=2

=107

absolute error

Fig.7 we display the error profiles foro = g = 0.5, for both the uniform mesh and the
optimal graded one, with y = 2. We can see that the gCQ method on the nonuniform

mesh is more accurate near t = 0.

Example 3 In this example, we consider

DYu(t) +u(t) = f(),
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with an exact solution
u@)y=1+t""+Het—r)¢t—rf, >0, r=0.
The corresponding source term can be given by

FBi+D g LB+ 1D

7 _ T NFe D S _ _ P«
TB—a+t1) F(,Bz—oz—i-l)H(t N =r=",

f@) =u)+

which is piecewise smooth.

For this example, we employ a graded mesh with higher density near the singularities
t = 0 and t = r, which is defined as follows

-
1 < Ny,

Ny = [Nr/T], 1) =n"""(Ny —n+ D)2~ Ny 72t T(n):”l” L l<n<
l]

t(0)=0, tn)=tn—1+1(n), 1<n=<Ny,

k— Np
N — N

Y2
t(k):t(NH—l)-l—(T—r)( ) Ni+1<k<N, t(N)=T.

On the left-hand side of Figs. 8 and 9, we depict the structure of the mesh described
above for different values of r, y; and y» with N = 1024. The error plots on the
right-hand side of Figs. 8 and 9 illustrate that the gCQ method is capable of handling
problems with multiple singularities and demonstrates superior performance compared
to the uniform method.

Example 4 In this example, we consider the same equation as in Example 2, but with
uog(x) ¢ D(A), namely.

Dfu — Au = f(x,t), (x,1)eQx(0,1],

u(x,0) =1, X €Q, (79)
u(x,t) =0, (x,1) € 02 x (0, 1].
1073 102+
;_
=
5]
(<53
=
[=} 1073 L
=
g
: )
107 B 10y \\
——slope = —1 \
«- origional CQ
g(f%
0 0.2 0.4 0.6 0.8 1 10! 102 10°
t N

Fig. 8 Adaptive mesh used in the implementation of gCQ method with N = 1024 (Left) and maximum
absolute error (Right) for Example 3 witha = 0.4, 81 = 0.6, 8, =0.8,r =0.28,y1 = 1/B1, 2 =1/B>
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Bt
1073
= -2 L
g 10
(<5}
=
=
(=3
&
= = 1073 L
é =
104} = . =
: e
g
1074 L 4
—slope = —1
s origional CQ
g(fQ
0 0.2 0.4 0.6 0.8 1 10! 102 103
t N

Fig. 9 Adaptive mesh used in the implementation of gCQ method with N = 1024 (Left) and maximum
absolute error (Right) for Example 3 withoe = 0.4, 81 = 0.6, B = 0.8,r =0.72,y1 = 1/B1,v2 = 1/B2

in 2 = (—1, 1) and with

rg+1

_ W B 2 B
F(,B—oH—l)t + (141t )/4) cos(mx/2).

f(x,t)=<

As before we apply the linear finite element for the discretization in space of the
problem. Then we approximate in time (49) with A the resulting discrete Laplacian.

We apply the inversion method of the Laplace transform in [18] for the approxima-
tion of the term E (t)ug in (50). This gives

J
L7+ A ol () & Y or()e 2 6 (& () T+ A) o,
I=—J
(80)
where
h /7
wi(tn) = 50 ? (Ih),  zi(tn) = @(lh),
Tl
with
_ : . _a® _ 2mdJ(1-0)
@(s) = pnty)(1 —sin(o +is)), h= 7 u(tn) = @)
6) = h 1 b=1-L de@0™
a(f) = arccos (m>, =1-- 6(75_0)’

forl <n < N,witho = %, d = % and J = 50. Notice that we use a high number
of quadrature points per time point, which is certainly not necessary, since the method
in [18] is able to approximate the inverse Laplace transform with the same quadrature
uniformly on time windows of the form [fy, Afg], with A > 1. In this way we are
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approximating the term E(f)uo with machine precision and observe only the error
induced by the gCQ approximation of the convolution term in (50).

The error in this example is measured with respect to a reference solution computed
with double the time points, this is

n ~2n
max u —Uu 2
l<n<N I Ax AX”L ’

where 'LTZA’i is the corresponding numerical solution on the finer time mesh

ty = (n/(2N))Y, 0<n <2N.

The optimal grading parameter in (14) for this example is y = max (1/o, 1/8). And
the values of N g” used in the quadrature formula (73) on different graded meshes
(14) are listed in Table 4.

The results in Fig. 10 confirm that FEM-gCQ scheme for (79) is convergent with
full order one on the graded mesh (14), with y = max (1/«, 1/8). Figure 11 shows
for different values of y the convergence order of this method, which is equal to
min{l, ya, yB}.

Table 4 Value of Ngs for Example 4 with « = 0.6, tol = 108

y\N 16 32 64 128 256 512 1024 2048 4096
2 33 51 64 74 86 94 101 110 118
4 64 109 145 173 200 228 254 280 306
6 97 177 237 292 344 396 451 505 561
8 128 252 345 433 519 604 696 784 879
10 161 334 469 593 717 845 980 1119 1260

= = 1072} 3
o o
£ =
(55 (S5}
= =)
= =
(=} [=)
= =
-~ -~
S} S
g g -3
= 5107 ¢ N 1
g g N
= =] slope — —1 N
g g ——a = 0.4 N
a = 0.5 N
-e-a = 0.6 N
cera = 0.7
10-4, a:‘O.S 4
10! 10? 10°
N
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o =0.5,3=0.5 a=04,3=0.8
1072 F
=y
g0 g
= =
(55 (S5}
g ., g
S s, S
= =
= RN < a
™07 107 F
E 1073} e pmemE g R
g N g E .
= \\\; 1 5 R
g ——y = 1.0 \\\ = ——y = 1.0 SO
wey = 1.5 Ta sy = 1.5 R NE
v = 2.0 v ~ = 2.0 SRR
.-y =25 - -y =25 R
104 H-= v =3.0 x 10%H.. . — 30 >
10! 102 103 10! 102 10°
N N

Fig. 11 Maximum L2 norm error for Example 4 with Ay = 30%

A.Continuity of the fractional derivative

We adopt here the notation in [31]. Let us denote H ([0, T]) the space of Holder
continuous functions f(z) of order 0 < A < 1, this is

|f(t1) — f()| < Alty — 2],

for some constant A. Let p(x) be a non negative function. We denote H p) =
H(O’T);)‘(,o) the space of functions f such that p f € H*, this is, fe H* (p)if

ft) = M, with fo(t) € H”.
p(1)

Assume now that

K
p(0) =[] —m*,

k=1

for some u; € R and #; € [0, T]. Then we denote HOA (p) = H&([O, T1; p) the space
of functions f € H*([0, T]; p) such that fy(t;) = 0.
ForA = m+o withm =0,1,2,... and0 < o < 1, wesay that f € H*([0, T]) if
feC™([0,T]) and f™ e H? ([0, T]). It is clear that C"*1([0, T]) ¢ H*([0, T).
Assume now f(t) = tPg(r) with g € C"T1([0, T]),m = 0,and B8 > —1, 8 ¢ Z.
By using the Taylor expansion of g we can write

m_ L0
s =25t 450,
=0

£!
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with the remainder g € C’”“([O, T1), satisfying g“) (0)=0,for¢ =0,...,m.Then
m_ ;@
N8O pie s
f(t)—% TR {0

Now, for v = [B + p], with p € N, we compute

igm(m rg+e+1) a & ey d’

IV_(5+P) lﬁ_ 1).
0 Tw—p+e+)de dr " 1()

f(ﬂ-i-P) (1) =
£=0

Since the integer exponents ¢ + v — p > 0, the addends in the summation above are
either O or continuous in [0, 7]. Let us now consider the fractional integral of order
o € (0, 1) of the function P g, which is given by

o7 [P3 )] = / (1 — )" '5Pg(s) ds.

(o)

Integration by parts and the vanishing moments of g at the origin imply that

7 (Pg) = 9@t [P 5(s)] ds

—/(l‘
Fa+m+1)

We can differentiate up to m + 1 times with respect to ¢ in the expression above, while
keeping a convergent integral. Differentiation m + 1 times gives

1 t
o (Pe(n) = m/ﬂ (t — ) gt [sPg(s)] ds = a7 (PPg) .

The fractional derivative above is Holder continuous if g<m+1) is Holderian, by [31,
Lemma 13.2], this is g € H”T! for some o € (0, 1) and, in particular, if g
™[0, T)).
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