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We consider a space-time fractional parabolic problem. Combining a sinc-
quadrature based method for discretizing the Riesz-Dunford integral with
hp-FEM in space yields an exponentially convergent scheme for the initial
boundary value problem with homogeneous right-hand side. For the inhomo-
geneous problem, an hp-quadrature scheme is implemented. We rigorously
prove exponential convergence with focus on small times ¢, proving robustness
with respect to startup singularities due to data incompatibilities. fractional
diffusion, sinc-quadrature, Mittag-Leffler, Riesz-Dunford, hp-FEM

1 Introduction

The study of fractional partial differential equations has attracted a lot of interest in the
mathematical community in recent years. Motivated by processes in physics or finance,
it has become necessary to leave the realm of classical derivatives, and one encounters
new difficulties, most notably one introduces non-local aspects to the problems under
consideration [SZBT18|.

In the context of numerical approximation, several different approaches have been pro-
posed to handle fractional diffusion problems, although often they focused on the station-
ary elliptic case. For the stationary case, we mention those based on a Caffarelli-Silvestre
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extension [NOS15, BMN ™18, [MPSV1S]|, the integral fractional Laplacian [AB17, [FMMS21]
and the Riesz-Dunford (also known as Riesz-Taylor and Dunford-Taylor) functional cal-
culus [BLP17h, BLP17al [BMS20]. See [BBNT18|] for a summary of discretization meth-
ods for the elliptic fractional diffusion problem. Another recent approach for discretizing
both the fractional Laplace and heat equation is based on a reduced basis method [DS22,
DS21]. Further methods that are based on discretizing first and computing fractional
powers of the resulting stiffness matrix include [HHTO0S|, [GHKO05, HLM ™18, [HLM™20);
see also the discussion in [Hof20)].

For fractional ODE problems, the most common formulation is based on the Caputo
derivative due to its natural behavior with respect to initial conditions. As for numeri-
cal approximation, it is common to use time-stepping methods [NOS16], but especially
when already dealing with fractional operators in space, it is very natural to use a
Riesz-Dunford based formulation and apply an appropriate sinc-quadrature [BLP17b].
Recently, a slight modification of the sinc-quadrature scheme based on a double expo-
nential transformation has been proposed [Rie20]. This modified scheme can also be
combined with the hp-FEM techniques from this article to obtain a very fast numerical
scheme.

For the spatial discretization, finite element based-methods are popular. Most results
focus on the h-version, designing schemes which provide algebraic convergence rates, un-
der suitable compatibility conditions on the given data. Lately, hp-FEM based schemes
have started to appear. First, only for the extended variable in a Caffarelli-Silvestre
based discretization scheme [MPSV18], then for the full discretization of an elliptic frac-
tional problem [BMNT18|,[BMS20]. Unlike previous results, [BMNT 18| also removed the
compatibility conditions on the initial data, relying instead on the fact that appropriately
designed hp-FEM spaces can resolve the developing singularities at the boundary.

In the context of time-dependent problems, hp-FEM based approaches have been pi-
oneered in [MR21], again focusing on an extension-based formulation for the fractional
Laplacian and restricted to the classical first order derivative in time. It is proven
for smooth data and geometries (but without compatibility assumption) that an hp-
discretization can deliver exponential convergence towards the exact solution. The
present work consists of transferring the methods from [MR21] to a functional calcu-
lus based discretization in the spirit of [BLP17b], generalizing the problem class to the
case of (Caputo) fractional time derivatives in the process. We prove that for smooth
geometries in 1D or 2D, one can design meshes and approximation spaces such that the
proposed method features exponential convergence to the exact solution, even in the
presence of startup singularities. Most of the paper is concerned with analyzing the
convergence in the pointwise-in-time H?(Q) Sobolev-norm, which is the natural setting
for the model problem (2.I)) and the considered numerical method. For small times ¢,
these estimates suffer from a degeneracy at small times ¢ > 0. In order to remedy this,
we consider an appropriate space-time energy norm and prove that, given an additional
abstract assumption on the initial condition, one can expect robust convergence in this
weaker norm.

Compared to [BLP17al, we also improve the time dependence of the estimates for the
sinc-quadrature error from ¢~ to ¢t~7/2. Similar behavior for the discretization errors



was also observed in the v = 1 case in [MR21] and is well established for discretizations
of the heat-equation [Tho06].

We close with a short comment on notation. We write a < b if there exists a constant
C > 0, which is independent of the main quantities of interest (for example the number
of quadrature points, the mesh size, polynomial degree employed or the time t) such that
a < Cb. We write a ~ b if a < b and b < a. The specific dependencies of the implied
constants are stated in the context.

2 Model Problem and notation

We consider the numerical approximation of the following time-dependent problem.
Working on a bounded Lipschitz domain Q C R?, we fix 7,3 € (0,1] and a final time
T > 0. Given an initial condition ug € L*(Q2) and right-hand side f € L°°((0,T), L?(12))
we seek u : [0,T] — R satisfying

Nu+LPu=finQx[0,T], ulspa=0  u(0)=uyinQ. (2.1)

The operator Lu := — div(AVu) + cu is linear, elliptic and self adjoint. We assume that
the given coefficients satisfy that A € L°°(Q, R%*?) is uniformly symmetric, positive
definite and ¢ € L>®(Q) satisfies ¢ > 0. The fractional power £ is given using the
spectral representation

o= 3" Nlu ), (2.2)
=0

where (\;, ‘Pj)?io are the eigenvalues and eigenfunctions of the operator £ with homo-
geneous Dirichlet boundary conditions; as is standard, the eigenfunctions are L?(Q)-
orthonormalized. The homogeneous Dirichlet boundary condition is to be understood
in the sense that u(t) € dom(L?).

For v € (0,1), the fractional time derivative is taken in the sense of Caputo, i.e.,

v 1 L1 Ou(d)
= 5y T e

whereas for v = 1, 8} := §; is the classical derivative.
As was shown in [BLP17b], the exact solution to (Z1]) can be written in the following
form using the Mittag-Leffler function e, , (see (2.6]) for the precise definition):

u(t) = E(t)up + /0 W(r)f(t—7)dr := 6%1( — t“/ﬁﬁ)uo + /0 Ty_leﬂw( — Tyﬁﬁ)f(t —7)dr,

where we used the following functional calculus based on the spectral decomposition:

v (= L) 0 =" ey (N (0, 0)) 12y 05 Yo € LA(Q).
j=0



An alternative representation, which will prove more amenable to numerical discretiza-
tion is based on the Riesz-Dunford calculus:

1 _
eru( =1L )0 =~ i ey u(—02P) (2= L) Twd: Vo eL2(Q),  (2.3)

where the contour C is taken to be parameterized by
2(y) := b(cosh(y) + isinh(y)) for y € R. (2.4)

The parameter b > 0 is chosen sufficiently small so that z(y), y € R, is in the sector .
given in Definition 2.1

The natural spaces for formulating our results are given by two scales of interpolation
spaces, H?(Q) and H?(Q). To that end, we define for 6 € [0, 1]:

HO(Q) = {u € LX)+ Y N(u, ) r2qey | < oo}.
j=0

Another way of introducing spaces between L? and H{ is given by the real interpolation
method. That is, given two Banach spaces X7 C Xy with continuous embedding, we

define for 6 € (0,1):

2
ol s i= [ (0 = lo+tholh )
[X0,X1]0.2 -0 vEX] t’
[Xo, X1lg 1= {u € Xo + lullxg )y, < 0

For § = 0 and 6 = 1 we take the convention that [Xo, X1]g2 = Xy. Using this notation,
we define the fractional Sobolev spaces:

HY(Q) == [L*(Q), H'(Q)] HY(Q) == [L*(Q), H ()]

0,2’ 0,2°

It is well known, that for 6 € [0,1] the spaces H?(Q) and H?(€2) coincide with equiv-
alent norms; see [Tar(07]. We will therefore use whichever definition is more convenient.
Most notably we have

3000y ~ 3 M) (.05 2
7=0

We will need the following multiplicative interpolation estimate (see [Tri99, Sect. 1.3.3]):
1-6 0
[ullixo x50 < Collullxy lullx, — Vue Xi,0 €[0,1]. (2.5)

Throughout, we take inner products to be antilinear in the second argument.



2.1 The Mittag-Leffler function

Since it plays a major role in the numerical method, we briefly introduce the Mittag-
Leffler function and summarize its most important properties. See for example [KST06,
Sect. 1.8] for a more detailed treatment. Given parameters v > 0, u € R, the Mittag-
Leffler function is analytic on C and given by the power series

ey u(z) = ;:; By 1) (2.6)

For 0 <y <1, € R and & < ¢ < 7, there exists a constant C' only depending on
v, t, ¢ such that

C
1+ |2

o2 < for ¢ < [Argz| < . (2.7
For v = p = 1, the Mittag-Lefller function e;; is the usual exponential function. Esti-
mate (Z7) also holds in this case for 7/2 < { < 7.

The derivative of the Mittag-Leffler function can be expressed as:

d
Ee%l(—mﬁ) = Mt e, (7)), (2.8)

2.2 Assumptions on the discretization in space

When considering the Riesz-Dunford representation of u, the contour lies in the set of
values for which £ — z is invertible. Therefore we consider the set of complex numbers
up to a cone which contains an interval [a,00) C R that in turn contains the eigenvalues

of L.

Definition 2.1. Let Cp denote the Poincaré constant of 1, i.e., the smallest constant
such that |lull 2y < Cp|Vull2@) for all u € Hy(Q). With Anin(A) the smallest

2
eigenvalue of A and fized 0 < g < zg < min <%§fl), 1) , we define

S :=C\ Hzo + 2z : |[Arg(2)| < =,Re(z) > O} U BaO(O)} .

0
8
Remark 2.2. The set .7 is chosen in such a way that it contains the contour C used in
the functional calculus, given by z(y) := b( cosh(y) + isinh(y)). See Figure 21 .

An important role will be played by the resolvent operator R(z) := (z — £)~! and its
discrete counterpart, where we replace it with a Galerkin solver Ry (z). Let V), C H}(Q)
be a closed subspace. Recalling that Lu = — div(AVu) + cu, we define Ry, (z)f := uy, as
the solution uy, € Vj, satisfying

((z — C)up, vh)LQ(Q) — (AVuh, Vvh)LQ(Q) = (f, vh)Lg(Q) Yo € Vp,. (2.9)

For z in the set .# the following stability estimate holds for the resolvent operator:



Figure 2.1: Geometric configuration of Definition 2.1]

Proposition 2.3. Let z € .7 and ug € L*(Q). Then, for a € [0,1]:

o

HR(Z)UOHﬁa(Q) N ‘Z’_HE HUOHLQ(Q) and HRh(Z)uh,OHﬁa(Q) S ‘Z’_H_E Huh,OHL2(Q)-
(2.10)

Proof. This is basically [MR21l Lem. A.2] with the substitution { = —z+ ¢. We include
the proof for completeness.

Writing u := Ry (2)ug, and testing in (Z9) with v, := fu for B € C with |3| =1 to be
chosen later, we can show

Re(B) (| AY2VullF2 () + "%l 72q)) — Re(B2) [[ulf2(q)

o 122 lull gy ) (2:11)

For small |z] < 229, we can use § = 1 and bound using the Poincaré estimate:

< [ (w0, uw) 2] < (12172 [luoll 2y ) (

1
2] [[ull72(q) < 22003 VulF2iq) < §HAVUH%2(Q)7

to easily get the a priori estimate for o € {0,1}.

For larger |z| > 2z9, we may assume that | Arg(z)| > § > 0 for some § > 0. (Graphi-
cally speaking, we exclude a slightly thinner cone starting at 0 instead of the cone start-
ing at 29.) It is then sufficient, if we can pick 8 such that Re(8) > 0 and Arg(—z3) €

(—=m/2,7/2). Just as in [MR21] Lem. A.2] one can check that if Im(z) <0, §:= emi"3"
satisfies the necessary conditions that Re(5) > 0 and —Re(8z) > 0. If Im(z) > 0,
then 8 := ¢"2" does. This shows as before | R (2)uoll () S |Z|_1/2||UOHL2(Q) and also

IR (2)uoll 20y S 1217 Hluoll L2 (o)



By interpolation, we deduce that for « € [0, 1]:

1R (=)ol oy S 12172 ol 2y - (2.12)
The discrete estimate follows verbatim. O
Definition 2.4. A function f : [0,T] — L*(Q) is said to be uniformly analytic if:
(i) For allt € [0,T], f(t) is analytic in a fized neighborhood 0 of Q0;

(ii) there exist constants Cy,v¢y > 0, the analyticity constants of f, such that for all
t €10,T) and p € Ny,

IVP (O oo @) < Cpr7p!s

(iii) there exists an open set O C C, containing a positive sector {z € C : z #
0,|Arg z| < &} for some constant § > 0, and there exists a constant Cy > 0 such
that, for each v € L(9), the function t ~ (f(t);v)r2(q) has an analytic extension
to O and

sup |(f(s5),v)r20)] <0 <o
s€0 HUHL2(9)

The main assumption on the discretization space Vj, is taken such that it approximates
the solutions to singularly perturbed problems exponentially well. The same assumption
has already been used in [MR21].

Assumption 2.5. A function space Vy, is said to resolve down to the scale € > 0 if for
all z € & with ]z\_l/z > ¢ and for all f € L?(Q) that are analytic on a fized neighborhood
Q of Q, the solutions to the elliptic problem

2 Lutu=f

can be approximated exponentially well from it. That is, there exist constants C(f), w
and p > 0 such that

. - —wNH
inf (2] IVa = Vol Fa) + e — vllfaq)] S COHe,

VR EVY ~

where Ng := dim(V},). The constant C(f) may depend only on §~2, the analyticity con-
stants of f, on A, ¢, Q, 29, and g9, while the constants w and p may depend only on A,
c, Q, Q, 29 and g9 Most notably the constants are independent of z, €, and Ngq.

We state and prove all our results under the general assumption that Vj resolves
specific scales. In Section B, we will give one construction of such a space using hp
finite elements; see also [BMNT18] and [BMS20] for similar constructions, focused on
real valued parameters z.



3 The pure initial value problem

We first focus on discretizing the homogeneous problem, i.e., we only consider the case
f =0. In this case, the exact solution can be written as

1 _
u(t) == =— [ ey 1(—t72") (z— L) Lo dz. (3.1)
211 C ’
We discretize this function in two steps. First, we replace the contour integral with a
sinc-quadrature rule, analogous to what was done in [BLP17bh]. For a fixed number of

quadrature points Ny € N and grid size k£ > 0, we write, setting y,, := nk:

Nq
ul(t) == Qim Z er1 (= 2(yn)?) 2 (yn) (2(yn) — L')fluo. (3.2)
—

As a second step, we replace the resolvent operator R(z) = (z — £)~! by the discrete
counterpart Ry (z) as defined in (2.9]). We obtain the fully discrete approximation

N
W(E) = 2 S e a(— 02(n)) 2 () R (2L o (33)
—

Lemma 3.1. Assume that ug is analytic on a neighborhood of the closure of 2. Let
Ny eN, k>0 be given. Let ey < b < zy, with g9 and zy as defined in Definition[21] and

Nk
b as in (24). Then, if V}, resolves the scales down to € = b=12e=73, the error due to

the spatial discretization can be bounded by

[ut(0) =t B)| 1, g, < O N (3.4)

The constants C, w, p depend on the constants from Assumption [Z0 and on the initial
condition ug.

Proof. We note the following, easy to verify estimates, with the generic constants only
depending on b (as used in the definition of the contour C):

o) < bV and ()| ~ |# ()] ~ €U (3:5)
For fixed z € .% with |2|Y/2 < Vb eNak/2| Assumption 25 gives using (23):

IR(2)u0 — Ru(2)uo| gy S [217/2 7 emMa.

Thus, using (7)), as long as V}, resolves all the scales |z(y;)|~'/2, the error can be
estimated by

Nq
@) =t )] g SH D lena (=02 ) |2 wa)] o) |42 e
n=—Ng
Ny 1
_WNH
k2 —Wz<yn>rﬁ/2e M,



The following simple calculation then concludes the proof:

) ) 1/2 . 1/2
B/2 _ B
———% |F\Un =\ — ——% |FUn
1+tﬂz<yn)\5‘ ()| (Hﬂ!z(yn)\ﬁ) <1+Mz(yn)!5’ (o) )

. 1/2
- - < /2
(\Z(yj)!_ﬁ +”> -

Next, we consider the discretization error due to replacing the contour integral by the
sinc-quadrature formula. This can be done along the same lines as in [BLP17b]. We
take their definition for the class of functions which can be approximated well by the
sinc quadrature.

(3.6)

AN

O

Definition 3.2. Given H > 0, we define S(By) as the set of functions f, defined on
R, satisfying the following assumptions:

(i) f can be extended to an analytic function on the infinite strip
By :={z€C:|Im(z)| < H} (3.7
that is also continuous on Bj.

(7i) There exists a constant C' > 0 independent of y € R such that

/H |f(y +iw)| dw < C vy € R. (3.8)
—H
(i1i) We have

N = [ 15+ i)+ 1y~ dy < o (3.9)

The following error estimate is proved in [LB92], and is also the basis for the conver-
gence result [BLP17bl Lem. 4.2].

Proposition 3.3 ([LB92, Thm. 2.20)). If f € S(Bg) and k > 0, then

‘/OO f(z)dz —k i f(kn)‘ __NBr) (3.10)
o < 2sinh(wd/k) ) '
n—=——oo

The behavior of the exact solution, most notably the blowup of the energy norm
for small times is determined by the regularity and boundary conditions of the initial
condition ug, formalized using the spaces H (Q). Even if the boundary conditions are
not met, ug is slightly better than just L?(Q). This is the content of the following
proposition.



Proposition 3.4. For 0 € [0,1/2), and ug € H?(Q), we can bound
[uoll oy < C lluollgoq) -

Proof. For § < 1/2, the two families of spaces H? and H? coincide with equivalent
norms, see [Tri06, Sect. 1.11.6] or [McL00L Thms. 3.33, B.9, 3.40]). O

Lemma 3.5. For A > A\ > 0, we define the function

1 —
A1) = grzena (112 () (o) ~ N (3.11)
Then, for H € (0,7/4) and € € (0,5/2), we have the estimate

l9A(y, )] S t77/2AP/FHEgme Rew) Vy € B, (3.12)

with implied constant depending on \1, 8, v, and H.
Additionally, it holds that g\ € S(By) with

N(By) < C(8,H,b,e, )t 1/2\B/2te,

Proof. We begin by noting the following estimates for y € By, with implied constants
depending on A\1,b, and H:

l2(y)| + |2/ (y)] S elRe®l, (3.13a)
Re(z(y)”) 2 e”IReW), (3.13b)
2" () (2(y) =N S 1. (3.13¢)

The first estimate follows from the definition, the others can be found in [BLP17b,
Lem. B.1] and were proven in the course of the proof [BLP17a, Thm.4.1].
We assert the following estimate for ¢ € [0, 5/2]:

AP

2 (y) (2(y) — A)’l‘ < A2 (B-20) Re(v)]

To see this, we compute using estimates (B.I3al) and B.I3d):

N2 ) () = 07 = e

Interpolation with (8.I3d]) then gives the general estimate:

Z“”(**EﬁQLJ‘SP%M+vwﬂsaM@.

1-8+2¢ < B—2¢

bV

) () =N =3 (|7 0) o) - 27

< A2ee(B—20) Re(w)]

NEOICOES)

10



To show ([B.12]), we use ([2.7)) to get

1/2
N2 193y, )] S (Nga(ys t ) (AB l9A(y, )I)

12 1 % _(5—2¢)|Re(y)] ) /2
(1 4 tveﬁ\Re(y | > <1 + t7eBIRe()] ATe )
t

V/2 )\ p—€lRe(y)|

A

A

From estimate (3.12]), we easily deduce parts (i) and () of Definition Part ()

was already shown in [BLP17h]. O

Lemma 3.6. For N, € N and k ~ Ny 1/2 the following estimate holds for 0 < e <
B8 1

min (5, §):

< 7/2 1/2
lut) = w (O s ) S ol 2
for some constant w > 0, depending on €, v, B.
Proof. Using the error function
o
ENt) = / oy, t)dy — k Z ga(nk,t)
- n=-—oo
and the spectral decomposition ug = Z?io up,jpj, we can write the quadrature error as

oo

u(t) — uq(t) = Z (5(}\]', t) +k Z (% (nk, t)) uQ,; Pj-
Jj=0 In|>Ng+1
For the error in the H?()-norm, this means:
s 2
J0(t) — )Gy S SN EQ O oy P+ (k30 X fan, (k1)) o
J=0 In|>Ng+1

The terms can be estimated by Proposition B3] and Lemma B3]

2
wd/k 2 — 2 —enk
() = w0y S 7€ ol Far gy + 477 Ntollac gy (B D ™)
In|>Ng+1
5 t HUOH%% Q) <6747rd/k + 672€qu) .
Picking k ~ Nq 12 and using Proposition B.4] gives the stated result. O

11



4 The inhomogeneous problem

In this section, we focus on the inhomogeneous problem with homogeneous initial con-
dition, i.e., (ZJ) with up = 0 and general f. The representation formula in this case
reads

u(t) = /0 e, (=T LAY F(t — 7) dr, (4.1)

or, using the Riesz-Dunford calculus,

1 t

u;(t) = —/ 71 </ ey (=TT ZR(2) f(t —7) dz) dr. (4.2)
211 0 C ’

Our approximation scheme will be based on a sinc-type quadrature for the contour

integral and an hp-type quadrature for the convolution in time.

4.1 hp-quadrature

In this section, we briefly summarize the theory and notation for using hp-methods to
approximate integrals. Given an interval I = (a,b) and function g : I — C, we are

interested in approximating
[ s
I

where g may have an algebraic singularity at the left endpoint 7 = a.
For a given degree p € Ny, we denote the Gauss quadrature points and weights on

(=1,1) by (2}, w?) € (=1,1) x Ry. See [DR84, Sect. 2.7] for details. For I = (-1,1),

the Gauss-quadrature approximation is then given by
P
7= wig(ah).
7=0

For general I = (a,b), the approximation is obtained by an affine change of variables.

In order to get a method that adequately handles a singularity at the left endpoint,
we consider a mesh on the interval (0,1) with a mesh grading factor o € (0,1) and
parameter L € N, L < p given by

KO = (070L)7 Kl = (ULaaL_1)7 R KL = (U’ 1)

On each one of these elements, we apply a Gauss quadrature, reducing the order as we
approach the singularity, i.e.

L
/ g(r)dr ~ Qg = Qg

1 =0

For general intervals (a,b) we again apply an affine change of variables.
The main result on such composite Gauss-quadrature is the following proposition,
versions of which are well-known, see for example [Sch94l, [Sch92| [CvPS11].

12



Proposition 4.1. Fiz T > 0. Assume that g : I := (0,T) — C can be extended
holomorphically to a function g : O — C such that

(i) O contains a positive sector {z € C: z # 0,|Arg z| < §} for some constant 6 > 0;

(ii) there exist constants o € [0,1) and Cy > 0 such that

lg(2)] < Cg 2|7 Vz e O. (4.3)
Fiz o > 0 and consider the composite Gauss quadrature rule with L layers of re-

finement with degree p = L. Then there exist positive constants Cq, w, and Cgqy such
that

T h
/0 g(r)dr — Qg

< Cqufae*“’p and ‘Q]}pg‘ < Clypap TV 2. (4.4)

Proof. To prove the estimate (4.4]), we assume 7' = 1. The more general result follows
by an affine transformation. We distinguish two cases. On the element Ky, we use the
bound on g and the fact that Ky is small to get

L

(o O'L
/0 g(r)dr — Q% 9| < Cy /0 77 4 olg(ol /2)| < CyotmOE,

For any other element K;_, = (o/*1, o%), we map to the reference interval (—1,1):
£

/ ’ g(r)dr — Q% ‘g

041

NO'Z

1
| i@ -yl (4.5)

where g := g(%l(l —0)7 + (1+0)) is the pull-back of g to (—1,1). By geometric con-
siderations, g is analytic on an ellipse £, with semiaxis sum p > 1, where p depends on

o and the opening angle of the sector. We apply standard results on Gauss-quadrature
(see [DR84, Eqn. (4.6.1.11)]) to estimate:

1
‘/ X g(T)dr — Qi’:il)g‘ < p—2(p—€) Sugp 5(2)| < Cgp—Q(p—K)O,—oM’
_ el

where we used Assumption ([£3]) to bound g. Going back to (@3] we conclude

£

[, otr)dr = Q] £ Cmax(a =252y,

241

For general intervals (0,7') we note that Cy behaves like Cy ~ T~ under affine trans-
formations.
We now show the stability estimate. On each subinterval Ky, for £ > 0 we have

ot < Tol=tH <t <Tgtt,

13



Since all the weights of Gauss-methods are positive and the quadrature integrates con-
stants exactly, we can calculate

hp < Ohp(—) < p— K f-‘,—l TUL —« “ T (+1\—«
@ s = () +ZQ “=(%) *;Awﬂ“) dr
L L-1 Tot
N (T%)_a + Z/T Hl(07')70‘ dr < (JfaL + Ufa)Tlfa. O
1=0"v+9

4.2 Analysis of the inhomogeneous problem

We are now in the position to define and analyze the discretization scheme for the
inhomogeneous problem. The discretization is done on multiple levels. We define the
operator-valued functions

1
W(r) = T“’*le%y( T'Y’yﬁﬁ =77 1—/677 T“’z R(z)dz,

2me
o
Wa(r) =771 5 Z 6%7(—7“’25 (nk))2' (nk)R(z(nk)),
P 2 q
Wa(r) =7 o Y eya (=17 (k)2 (n k) Ri(2(n k).

We get the first layer of approximation by replacing the convolution in time with an
hp-quadrature:

ul(t) == Q@ W) f(t—)].

Instead of relying on the exact evaluation of £? we then switch to the sinc-quadrature
approximation of the Riesz-Dunford integral by defining

b -—_— h
W) == QU V)1t =)
Finally, we do the discretization in space to obtain the fully discrete function
k] 7h [ h‘ 7h
a0 = Qy [Wrt()f(t )]
We now step by step estimate the discretization errors, starting with the one in space.

Lemma 4.2. Assume that f : (0,T) — L?() is uniformly analytic (cf. Definition[2.7),
and YV}, resolves the scales down to € = b=1/2¢=Nak/2  Then

|

GU(4) _ o, DDh < 47/2 —wN§
ud9(t) — u (t)HﬁB(Q)Nt kN, e~NG

14



Proof. The proof is very similar to Lemma [3.I, we only have to account for the extra
quadrature step. Since the proof only relied on the analyticity of the right-hand side f
and the estimate (27]), we can analogously estimate for all 7 € (0,¢)

HW"(T)f(t—T)—Wq’h(T)ft—T HHBQ < 2N ke NG

Using the stability estimate for hp-quadrature in (4.4]), the stated result follows. ]

Next, we consider the error due to the sinc-quadrature:

Lemma 4.3. For 0 < ¢ < min (2, 4) NyeNand k ~ Ny Y2 we can estimate
o arl/2
uf (t) = w9 ()| o ) S 172N Sl(lp)Hf( M zr2e (@) (4.6)
T7€(0

Proof. We again focus on pointwise estimates of W — W4, this time proceeding analo-
gously to Lemma We get for 7 € (0, 1):

N2
W) fE=7) = W =T sy S 777 e N (=7l prae e -
Using the stability of the hp-quadrature then gives (4.6]). O

The final step is analyzing the error due to hp-quadrature.

Lemma 4.4. Assume that f : [0,T] — L?(Q) is uniformly analytic. Assume we are
using an hp-quadrature with Ny, refinement layers and mazimum order p = Np,. Then
we can estimate

2 _
lus(t) = wd ()l sy S /%N,
The constant depends on f and the mesh grading factor o used for the hp-quadrature.

Proof. Using the notation Wy(7) := 77" te, ,(—77\?), we write via the spectral decom-
position

= Z/O Wy, () (f(t =), SDJ‘)H(Q) dr j,

Z%t (W3, (£ = 09) pay) 5

By Definition 24 (i), the integrands are analytic on a set O containing a positive
sector. Using Proposition [4.1] it is sufficient to show for all 7 € O and A > 0 that
|)\5/2W>\(7')| < |7]"/?>7! with a constant independent of A. We note that —77\? is
always in the sector required for (2.7)). This can be seen since —77 is always in the
left-half plane with argument between —ym/4 and v /4. Multiplying with A\® > 0 does
not change the argument of the complex number.

Therefore, we can estimate using (2.7)):

B/2 1/2 3 1/2
| < 1t A < e (o 4 < 2
~ 14T A8~ 1+ |77 M8 14 |77 AP ~
Applying Proposition [2.1] then concludes the proof. O
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5 The general result

Combining the approximations for the inhomogeneous and homogeneous scheme, we
define the fully discrete approximation as

ufd(t) == u®h(t) + ud " ().

1

The corresponding error analysis is then a simple combination of the individual error
estimates. Since we will use it later on, we also include a stability result with respect to
the initial data.

Theorem 5.1. Assume that ug is analytic on a neighborhood of Q and assume that f
is uniformly analytic (cf. Definition [2.4). Use Ny € N quadrature points for the sinc-

quadrature with k = IiNq_l/z, Nip ~ /Ny layers for the hp-quadrature. Assume that
Vy, resolves the scales down to b=1/? e~ (RIDV/NG, Then, the following estimate holds:

i) = 0] g 5 (7724 07) (T e,

HB(Q) ™

In addition, the following stability estimate holds for any € € (0,1/2):

(Ol 75y < C(€) min (VAgut=7) (£ ol + 07 max 17 (7)l|zzqe)-
(5.1)

Proof. For the convergence result, we just collect the different convergence results of
Sections B and @l

To prove the stability result, we start with only the homogeneous contribution. By
an analogous computation to (3.6 we get from the definition of u%" and the estimate
on the resolvent (2.1I0) for € € (0,1/2):

Nq

<k Z +(1/24e) ‘Z(yn)‘—ﬁ(l/Q—i-e) \z'(yn)\ HRh(yn)UOHﬁ,B(Q)
—

< t—7(1/2+5

Huqvh(t) Hﬁﬁ(ﬂ)

)HUOHL2(Q)-

From which the stated estimate follows readily via [33]). If ¢ = 0, the same computa-
tion can be made, but we end up with an additional factor Ngk compensating for the
summation. The inhomogeneous contribution follows along the same lines, but using
the stability of the hp-Quadrature (£.4]). O

5.1 Space-time and time robust estimates

Up to now, we have looked at the error in the H%norm pointwise in time. While such an
approach is natural, the resulting estimates deteriorate for small times ¢ close to zero like
(’)(t*“f/ 2). If the initial condition does not satisfy the boundary conditions, we cannot
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hope to derive t-robust estimates in the energy norm HP. In this section, we derive a
different estimate which does not suffer from this deterioration.

For the following results to hold, we have to make an additional assumption on Vy, a
version of which is also already present in [MR21]:

Assumption 5.2. There exists a fized neighborhood Q of Q and constants 0, w, u > 0
such that for all ug that are analytic on €1, there exists a function up o € Vy, and constants
Cstabs Capproz > 0 (depending on ug) such that

N
HuthHVZ < Cstap and ||U(] - uh,0||L2(Q) < Cappmze wNQ’

where Ng := dim (Vh) and VO = [(Vh, LQ(Q)), (Vh, Hl(Q))]GQ.

We start by refining the estimates on the resolvent operator from Proposition (2.3]),
establishing that if we insert more regularity than L? in the argument, we get improved
damping properties.

Lemma 5.3. Let z € .. Assume ug € H?(Q) and upo € V9 for some 0 € [0,1]. Then
the following estimates hold for o € [0,1]:

Lreg |

_14a=0 _
1RG0l oy S 1175 ooy and [ Ra(@unollgaey S 177 Tunollyg -

(5.2)
The implied constant depends on d, A, ¢, and the constants in the definition of 7.

Proof. We only consider the discrete case. The continuous one follows analogously, re-
placing V), with H} (). We consider the function w := [Ry,(2) — 2 Hup . By elementary
computations we get from (Z9) that w solves for all v € Vp,:

((z — cw, vh)LQ(Q) — (AVuw, Vvh)LQ(Q) =27 ((cupp, vh)LQ(Q) + (AVuy, o, Vvh)Lg(Q) ).

Thus, w solves the same variational problem as Ry, (z)up,o with modified right-hand side.
If upo € Vp, then w € Vj, is a valid test function, and we get fixing 8 € C as in
Proposition 23] that

Re(B) | A2V w| 720y — Re(B2) w720
S 2l (lunoll 2@ llwl 2@y + 1 Vunoll 2@ Vol 2 @) ) -

From this and the already established bounds on Rp(z)up o from (ZI0), we readily get
the estimates

-1 -1
HwHHl(Q)S\Z’ ”uh,OHHl(Q) and HwHL2(Q)§’Z\ Huh,OHL2(Q)-

By interpolation, this gives

—1
wllza@) S 1217 lunollve-
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From the definition of w and (2.I0]), we get the estimates:
1Bn(unol oy S 57 Tenollvg,  and  [IRu(nol ey S 12172 funola.

By the reiteration theorem [Tar07, Thm. 26.3], we can write V9 = [L%(Q),V¢]s. Thus,

we further interpolate the previous estimates to get for 6 € [0, o/

_0 i q1ray1-_2 _1yae_ 8
1R (2 tn0ll oy S 12172 T2 up gllyo, = 217272 upollye. O

We use this estimate to prove a time-robust estimate. We weaken the statement from
an estimate which is pointwise in time to a space-time Sobolev norm. Such norms were
also considered in [MR21].

Theorem 5.4. Let the Assumptions of Theorem [51] hold. In addition, let Assump-
tion [2.2 hold, and use up, o for the initial condition of the discrete method.

Use Ny € N quadrature points for the sinc-quadrature with k := IiNq_l/z, Nip ~ /N

layers for the hp-quadrature. Assume that Vy, resolves the scales down to b=1/2 e~ (R/2V/Ny
Then, the following estimate holds:

T
/0 17 |u(t) — uf (1) s @S C(T) (e VN 4 /N e V),

The constants depends on the end time T, the domain 2, the data ug and f, the constants
from Assumption 23 and[52.2, and on the details of the discretization, i.e., mesh grading,
the factor k, and the ratio ./\/hp/\/./\_/q, but is independent of the accuracy parameters Ny,
k, Ny or Ng.

Proof. We only consider the homogeneous part, the other one is even simpler as the
singular behavior for small times is not present. In this setting we have u/d = u9". Let
to > 0 to be fixed later. In (5I) we have seen that u/d depends continuously on the
initial condition like t=7/2 /N |lup.o| 12()- Replacing the discrete initial condition with
ug allows us to apply Theorem [B.1] and we get:

T
/ ty_lHu(t) — ufd(t)H%B(Q) dt < log(to)(e_“\/m + /Ny lJuo — uh,o”ig(ﬂ) + Ny e_WNS).
to

For t < tg, it is easy to derive the stability estimates
Hu(t)Hﬁﬁ(Q) 5 t77/2+€ HUOHH%(Q) and Huqﬁ(t)uﬁﬁ(g) S t77/2+€ HUOJLHV%E(Q)

from their representation formulas and the stability estimates on the resolvents in Lemmal5.3l

Thus, the stated theorem follows if we pick ¢y ~ e~ (/¢ min(y/Na;No) and absorb all
polynomial terms into the exponential. O

Remark 5.5. In the case v = 1, the requirement that up o needs to be used for the
discrete initial condition can be dropped. This is because the space-time norm depends
continuously on the L?-norm of the initial condition. "
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6 hp-FEM

In this section, we provide a construction for Vj that satisfies Assumption It is
based on an hp-finite element method on a suitably refined grid towards the boundary
0. The construction is the same as in [MR21] and has similarly also already appeared
in [BMNT™18]| in the context of stationary elliptic problems. In [BMS20], the construction
of [BMNT18] is generalized to polygonal domains.

For this, we need to make the following simplifying assumption throughout this section:

Assumption 6.1. Let Q C R? for d = 1,2 have analytic boundary. Assume that A and
c are analytic on a neighborhood O €.

Just as for the hp-quadrature in Section Il the construction for Vj is based on a
geometric grid that is refined towards the lower-dimensional manifolds where singularities
are expected. In 1d, this means a geometric grid towards the end points, for 2d we make
the following definitions, following [MS9g]|, see also [BMNT18| and [Mel02, Def. 2.4.4].

We first introduce the (shape regular) reference mesh, used to resolve the geometry of
Q.

Definition 6.2 (reference mesh). Let S := (0,1)% be the reference square, and Tq :

=l

{Kl}llz%l a mesh of curved quadrilaterals with bijective element maps Fi : S —
satisfying

(M1) The elements K; partition €, i.e., UK,'ETE =Q;
(M2) fori#j, K;n fj is either empty, a vertex or an entire edge;
(M3) the element maps F : S = K are analytic diffeomorphisms;

(M4) the common edge of two neighboring elements K;, K; has the same parametrization
rom both sides, i.e., if v;; is the common edge with endpoints Py, Pa, then for
both sides, 4 if vij is th dge with endpoints Py, P, th
P € v;; we have

dist(Fi| P, Fy Py)) = dist(Fi P, Fie Pr)  for £=1,2.

In order to be able to resolve boundary layers on small scales, we now refine the refer-
ence mesh geometrically towards the boundary. This is captured in the next definition.

Definition 6.3 (anisotropic geometric mesh). Let Tq be a reference mesh, and assume
that K;, i =0,...,n < |Tq| are the elements at the boundary. Also assume that the left
edge e := {0} x (0,1) is mapped to R, i.e., Fx,(e) C IQ and Fg,(0S \€) N9 =10 for
i=0,...,n. The remaining elements are taken to satisfy K;N0Q =0, i =n+1,...,|Tal.
For L € N and a mesh grading factor o € (0,1), we subdivide the reference square

59 :=(0,6%) x (0,1), S':=(c",0" ") x(0,1), £=1,....L.
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The anisotropic geometric mesh ’7}% s then given by the push-forwards of the refine-
ments in the boundary region, plus the unrefined interior elements:

7ol
ﬁ::{FKi(E*f),z:o,...,L, i=0,...n}u |J {K}.
i=n+1

Definition 6.4. In one dimension, for Q = (—1,1), the reference mesh is given by the
single element Tq := {(—1,1)} and the anisotropic geometric mesh is given by the nodes
L—itl ;1 I

wio=1—0"t i=L+1,...,2L, xor41 :=1.

rg:=—1, x;:=—1+0 yeoy Ly

For general Q = (a,b) it is given by an affine transformation of the mesh on (—1,1).

Using these meshes, we can now give an exemplary construction for Vj, which satisfies
Assumptions and

Definition 6.5 (V;, via hp-FEM). Let 7}% be an anisotropic geometric mesh refined
towards 9 and fix p € N. We write QP := spang<;, ;. <, {x’ll e xfid} for the space of
tensor product polynomials and set

Vo= SENTE) = {u € HYQ): uoFx € Q° VK € T} (6.1)

In [MR21], it was shown that such spaces are able to reliably resolve small scales. We
collect the result in the following proposition.

Proposition 6.6 ([MR21I, Thm.3.33]). Let T} be an anisotropic mesh on € that is geo-
metrically refined towards Q2 with grading factor o € (0,1) and L layers. Use polynomial
degree p ~ L.

Then Vy, defined in (61]) resolves the scales down to ok, i.e., there exist constants
C,w > 0, such that for z € . with ]2\71/2 > ol and every f that is analytic on a
neighborhood Q of Q, the solution u, to (L — 2)u = zf can be approzimated by vy, € Vy,
satisfying

1
_ o _ d+1
2~ [V = Voulaq + [l — vl ey < Ce7 < CleNd

The constant w depends only on o, ) and Q. The constants C, C" also depend on the
constants of analyticity of f.

If we are interested in the estimate from Section 5.1l we also need that the hp-FEM
space can approximate the initial condition in a way that is stable in the discrete inter-
polation norm VY. Again following what was done in [MR21], we split the construction
into two steps, first computing the H'-best approximation in a space without boundary
conditions (this can be done on the reference mesh) and then performing a cutoff pro-
cedure to correct the boundary conditions on the anisotropic geometric mesh. We first
recall the properties of the cutoff operator.
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Proposition 6.7 ([MR21I, Lem. 3.35]). Let T& denote an anisotropic geometric mesh
with reference mesh Tq. Given £ € Ny, £ < L, there exists a linear operator €, :
SPH(Tq) — 55’1(7%) such that for 6 € [0,1/2)

€0l 1) S ot ol o) + IVOll 2oy and  lv —Covll o) S o Vil o @) -
(6.2)

Lemma 6.8. Let ug be analytic in a neighborhood =) Q, and let 0 < 6 < 1/2. Then
there exists a function upo € Vy, :

o
lunolly < lwolliiy —— and — luno = uoll jagqy S €. (6.3)

In other words, if the number of refinement layers L ~ p, then V), satisfies Assump-

tion [5.3 with p = 1/(d + 1).

Proof. A similar result has appeared in [MR21), Lem. 3.36], although in a more compli-
cated setting. Let Il : HY(Q) — SP1(Tq) denote the best approximation operator in
the H'(Q2)-norm (note that we do not enforce boundary conditions). Set g := I z1uo.
We define up, o := €1up € V), and the piecewise constant function v(t) € Vj, as

CgLao t e (O,O'L),
v(t) =4 Gty te (oo™, L=1,...,L,
0 t> 1.

For ¢ > 0 sufficiently small, we then estimate using (6.2):

dt

1
_ ~ 1 ~
Huh,OH%ﬂZ < /0 2 (1610 — v(®)l|72(0) + £ 0D |71 ) -t %HCKLUOH%%Q)

(]B:Z) L-1 ot L-1 ot

<1 (15)5/ t*2‘9*1dt) anll2 .. - < z/ t’29+1dt) ~ 12

< ( Do Wl res o+ (7" [
L—1

L—1
0—200—¢ct ~ 12 —0+20—20¢ ~ 12 ~ 12
S(HZU ’ a)HuoHme)*<ZU i )”“OHHI(W”EHUOHH“Q)’
/=0 /=0

where in the last step we used the fact that 20 < 1 and a geometric series.

The statement then follows from the fact that the space SP'(7q) can approximate
analytic functions exponentially fast (see for example [Mel02, Prop. 3.2.21]), and the
stability of the H'-best approximation operator I . U

Remark 6.9. The use of the H'-norm on the right hand side of (6.3) is mostly for
convenience. Using more involved results about interpolation spaces of polynomials, we
expect that this requirement can be lowered to the HP+¢(Q)-norm. n

Collecting the previous results, we arrive at the pointwise error estimate:
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Corollary 6.10. Assume that ug is analytic on a neighborhood of Q and assume that f
is uniformly analytic.

Use N, € N quadrature points for the sinc-quadrature with k ~ 1/\/J\_/q, Nip ~ \//\7q
layers and p = Ny, for the hp-quadrature. Let ’7}% be an anisotropic geometric grid with
grading factor o € (0,1) such that L 2 \//\7(1 and use the polynomial degree p ~ L for
Vi

Then, the following estimate holds for a constant w > 0:

_1
Hu(t) - ufd(t)H - < (t77/2 + t'Y/Q) (e*“’VNq + NG )
as@) "~
Proof. We apply Theorem Bl By Proposition [6.6] the space V}, satisfies the necessary
Assumption The factor /Ny from Theorem [.1 is absorbed into the exponential

for convenience. O
The estimate for the space-time energy norm takes the following form:

Corollary 6.11. Fix T > 0, assume that ug is analytic on a neighborhood Q of Q and as-

sume that f is uniformly analytic. Use Ny € N quadrature points for the sinc-quadrature

with k ~ 1/\/Ny, Ny ~ /Ny layers and degree p ~ Ny, for the hp-quadrature. Let TF
VNg

be an anisotropic geometric grid with grading factor o € (0,1) such that L 2 DGIE and
use the polynomial degree p ~ L for Vy,.

Let up be given by upo := Crllgiug where Cy, is the cutoff operator from Proposi-
tion [6.7 and Uy is the H'-orthogonal projection onto the space SP1(Tq).

Then, the following estimate holds for a constant w > 0:

T 1
| ute) = ) g e S O eV T,
0

The constants depends on the end time T, the domain €, §~2, O, the data ug and f, the
constants from Assumption[2Z.0 and[522 and on the details of the discretization like mesh
grading or the ratio k/\/Ny, but is independent of the accuracy parameters Ny, k, Ny,
or Nq.

Proof. Follows from 5.4l The necessary assumptions on V; and wuyp are satisfied by
Proposition and Lemma O

7 Numerical Results

In order to confirm our theoretical findings, we implemented the method using the
NGSolve software package [Schi4l [Sch22] for the finite element discretization in 2. The
geometric meshes in 2d were generated using the hp-refinement feature of Netgen, the
integrated mesh generator of NGSolve. A sample mesh can be seen in Figure Il We
note that these meshes include geometric refinements towards each of the corners of the
domain.
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Figure 7.1: Example of a geometric mesh with 5 refinement layers.

Remark 7.1. When implementing the presented method in practice, the dominant cost
is to numerically solve the singularly perturbed problems (z; — £)~Y. Observing that
these problems only depend on the quadrature point, and therefore appear several times
throughout the algorithm, most notably inside the hp-quadrature for the time convolution,
it is therefore beneficial to reorder the operations in order to minimize the number of
systems that need to be solved. This leads to a method which only requires Ny linear
system solves, making it very efficient. "

Example 7.2. As a first evample, we consider the unit square Q = (0,1)% and fix
the end time t = 1. We set the parameters § = 0.75 and v = 0.6. In order to
validate our implementation, we choose the initial condition and right-hand side in a
way that gives rise to a known exact solution. Namely, similarly to [BLP17Y], we set
u(t, z,y) = ey1(—t7(872)P) sin(27x) sin(27y) + t3 sin(rx) sin(ny). This means the data
are given by

uo(x,y) :=sin(2rz) sin(2ry), and f(t,z,y) = <F(z(7i)fy)t3_“/ + t3(2772)5> sin(7z) sin(my).
We look at the convergence of the L*(Q)-error as we increase the polynomial degree p
used for our finite element discretization, the number of geometric refinements in the
underlying grid as well as our quadrature parameters Ny := 6p*, k := m\/1/(58N,) ~
1/p and Ny == p. The grading factor o := 0.125 is used for both the geometric mesh on
Q and the hp-quadrature.

Since we are working in 2d and we are dealing with a geometry with corners that need
to be resolved, the number of degrees of freedom scale like N ~ p*. We plot the error
compared to Né/ 4 As expected, we observe exponential convergence in this very simple
case of a known smooth exact solution; see Figure [7.2d|

Remark 7.3. The choice of k is motivated by [BLP17d, Rem. 4.1], where the optimal

choice is given by k = ,/g—%, where H < /4 is determined by the region of analyticity
in Lemma 33 In our case, we used H := Z. .

5

Example 7.4. We continue with the unit square as the computational domain. But now,
we take an initial condition and right-hand side that violates the boundary condition.
This will lead to the formation of singularities. Namely, we fix ug :=1 and f(x,y,t) =
sin(t), and choose v = /2/2 and 3 := \/3/3. We plot the convergence of the L*>(2)-error
as we increase the polynomial degree p for different end times t. Again, we keep the other
discretization parameters proportional, this time using N := 6p%, k= m\/1/(5BNy) ~
1/p, Nip = p, and again setting o := 0.125 for all geometric grids. Since the exact
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Figure 7.2: Convergence at t = 1 in the L?(Q)-norm for compatible and incompatible
data

solution is not known, we used the approximation on the finest grid as our reference
solution.

As expected, we again observe expomential convergence with respect to Ngll/ 3 P,
confirming that our numerical method can resolve all the appearing singularities.

Acknowledgments: The authors gladly acknowledge financial support by the Aus-
trian Science Fund (FWF) through the projects SFB65 (A.R. and J.M.M) and P29197-
N32 (A.R).
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