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Abstract

We consider the scalar anisotropic wave equation. Recently a convergence analysis for radial perfectly
matched layers (PML) in the frequency domain was reported and in the present article we continue this
approach into the time domain. First we explain why there is a good hope that radial complex scalings can
overcome the instabilities of PML methods caused by anisotropic materials. Next we discuss some sensitive
details, which seem like a paradox at the first glance: if the absorbing layer and the inhomogeneities are
sufficiently separated, then the solution is indeed stable. However, for more general data the problem becomes
unstable. In numerical computations we observe instabilities regardless of the position of the inhomogeneities,
although the instabilities arise only for fine enough discretizations. As a remedy we propose a complex
frequency shifted scaling and discretizations by Hardy space infinite elements or truncation-free PMLs. We
show numerical experiments which confirm the stability and convergence of these methods.

Keywords: perfectly matched layers, Hardy spaces, infinite elements, anisotropic wave equation

1. Introduction

In the 1990s Bérenger [14] introduced the perfectly matched layer method as an approximate transparent
boundary condition for transient electromagnetic wave equations. Soon it was recognized [20] that the PML
equations can be derived by means of a complex scaling technique, which was already extensively used
under the names complex scaling/analytic dilation/spectral deformation since the 1970s in mathematical
physics for analysis and resonance computations, see [3, [, [57], and a detailed review in [37]. We refer to
the introduction of [30] for an extensive literature review on PML. No doubt, the reason for the popularity
of the PML method stems from the fact that it is very easy to implement: for transient equations one only
needs to introduce some additional auxiliary unknowns (without any knowledge of a fundamental solution
or Dirichlet-to-Neumann operator). For this reason it is easily possible to apply the PML method to all
kinds of equations. However, as soon as one deviates from classical applications it is a delicate question
if the PML method yields physically correct and stable solutions. In particular, backward waves which
can occur in dispersive materials [12] [6] and waveguide geometries [I8] 27] lead to challenges for the PML.
Another important challenge, which is the focus of this article, are anisotropic materials. Indeed also
the application/construction of absorbing boundary conditions for anisotropic equations requires a careful
analysis and has received quite some attention, see e.g., [I1] 54| 55| [5T), 45].

Up to our knowledge, the instability of Bérenger’s Cartesian perfectly matched layers for anisotropic
media was noticed as early as in 1996 by Fang Q. Hu [39] when applying PMLs to Euler equations, and, as a
first remedy, the author suggested numerical filtering. The reason for the appearance of such instabilities was
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investigated in particular in [36} 1], and at first was attributed to the possible loss of the strong well-posedness
of the PML problem. In [40] it was shown that a strongly well-posed PML system can be constructed, but
it is still unstable: the PML instability is induced by so-called backward propagating waves in the direction
of the PML absorption. While the explanation in [40] was given using somewhat semi-heuristic arguments,
it found its mathematical justification in the seminal work by Bécache, Fauqueux and Joly [9]. There, it
was proven that the classical Cartesian Bérenger’s PMLs in one direction with constant absorption can
be unstable when applied to anisotropic media. The analysis in [J] is based on a plane-wave analysis of
the Cauchy problem for the constant-coefficient PML media filling the free space. It is proven that some
(but not all) of the instabilities of the PMLs are high-frequency instabilities, caused by so-called backward
propagating waves in the direction of the PMLs, occurring in particular in many anisotropic materials.

At the numerical level, the fact that instabilities appear for high frequencies implies that coarse discretiza-
tions are not likely to exhibit them, see [43]. Since the usual goal is to construct numerical methods for which
the error can be made arbitrarily small, this is not a very satisfactory solution (though it indeed can be used
in practice). While there exist several works discussing and predicting the behaviour of Cartesian Bérenger’s
PMLs in anisotropic media (whereas the treatment against the instabilities is typically problem-dependent),
there exists only little knowledge about the behaviour of the other types of PMLs, in particular radial PMLs,
introduced in [2I]. The analysis of [9] does not apply to this case, and the numerical experiments are not
always conclusive. The principal goal of this work is to address this question in detail. More precisely, we
would like to answer the following questions:

Q1. Are radial PMLs stable when applied to anisotropic problems?
Q2. If not, what is the reason for the instability?

Q3. If the answer to Question 1 is negative, can we find a workaround, which would not be specific to
the anisotropic scalar problem in question?

To answer these questions we concentrate on the simplest model problem, namely the anisotropic wave
equation, for which many computations can be done explicitly. This model already contains some of the
difficulties which occur when applying PMLs to more challenging problems (e.g., anisotropic elasticity).

Answers to Questions 1 and 2. Our answers to Questions 1 and 2 are given in Section [3] For
theoretical purposes, we work with radial perfectly matched layers of infinite length (which we will refer to
as truncation-free PMLs), which already exhibit many interesting phenomena observed in truncated PMLs.
If the spatial support of the source term (compactly supported in space and time) is located far enough from
the damping layer, then the solutions to the PML problem are stable, i.e. exhibit at most time-polynomial
growth. On the other hand, the PML system itself allows for unstable solutions. We believe that this is due
to the presence of an essential spectrum of the underlying operator in the right-half of the complex plane.
We prove the existence of such a spectrum. Our numerical experiments (Section indicate that the
instabilities occur at the discrete level, when the discretizations are chosen fine enough, independently of the
support of the data. Our findings for the radial PMLs complement those by K. Duru and G. Kreiss [26], [43]
who observed similar phenomena for Cartesian PMLs applied to anisotropic elasticity and wave equations.

One answer to Question 3. Indeed, stable Cartesian PMLs for the anisotropic wave equation were
constructed by a clever change of variables in [23]. Nonetheless, because our goal is to propose a method
that is possibly suitable for other anisotropic problems apart from the scalar anisotropic wave equation,
we choose a different path. Our starting point is the PML time-harmonic work by one of the authors of the
present article [31], where it is suggested to use complex frequency shifted PMLs. However, we show that, like
in the time-harmonic case, in the time domain the complex frequency shift has to be chosen proportionally
to the damping parameter of the layer, with the proportionality coefficient limited by the anisotropy. In this
setting increasing the damping parameter does not allow to decrease the PML error, and the convergence
can be ensured by increasing the width of the layer only. See Section [ for details. We propose two solutions
to this problem in Section [5] and test their performance numerically. They are outlined below.

S1. We do not truncate the perfectly matched layer, but rather use the complex-shifted change of variables
combined with the discretization by infinite element methods. To do so we use the Hardy space infinite



elements (HSIE), see [38, 29] for their introduction, analysis and numerical experiments in the time-
harmonic case, and [53], [58, Chapter 10.2.4], [49] for the time-domain formulation and experiments.
In particular, we use a time-domain equivalent of the two-scale method presented in [32].

S2. We exploit so-called exact PML methods, where the exactness is ensured either by choosing a non-
integrable damping parameter [16], or a coordinate transformation mapping an infinite domain to a
finite one [41], 59| and [30, Chapter 4.5.1]. We concentrate on this latter choice.

The complex frequency shift appeared already in the literature to prevent long-time instabilities of Carte-
sian PMLs [10], or as a practical approach to stabilize perfectly matched layers in anisotropic elasticity, cf.
[26]. Studies combining classical, Cartesian PMLs, and infinite finite elements, can be found in [50].

This article is organized as follows. In Section [2| we state the problem under consideration and the
associated PML equations derived by the radial complex scaling. We provide some heuristic arguments why
radial PMLs might be stable when applied to anisotropic media. Next, we present different computational
radial PML examples, some with stable and some with unstable behaviour. In Section |3| we investigate the
cause of the instabilities: the equations are well-posed and for convenient configurations the solutions are
stable. Nevertheless for small spectral parameters s, Res > 0, there exists an essential spectrum, which
indicates the unstable character of the PML equations. As a remedy we introduce in Section [ a complex
frequency shifted Hardy space infinite element method, as well as a corresponding truncation-free PML. We
report computational results, which confirm stability and convergence of these methods, in Section

2. Problem setting and motivation

2.1. Problem setting
2.1.1. The model

We consider wave propagation in anisotropic media, described by a scalar anisotropic wave equation.
Namely, we look for u: Rf x R? — R and p: Rf x R? — R?, where R} := {t € R: ¢t > 0}, s.t.

Ou=divp+ f inR{ xR? A7'9p=Vu inR{ xR? (1)
u(0,x) =0, p(0,x)=0inR? (2)

where the source f is sufficiently regular, f(0,-) = 0, and f(¢,-) is compactly supported inside a bounded
domain Qy for all £ > 0. The matrix A € R?*? is symmetric strictly positive definite. By eliminating p we
write this system as a second order equation, and equip it with homogeneous initial conditions:

Otu — div(AVu) = 0;f in Rf x R?, u(0,x) =0, du(0,x)=0 in R% (3)

We are interested in the solution to the above problem inside a bounded convex domain Qjyt, s.t. Qf C Qjne.
To bound the computational domain we surround €,y by an absorbing perfectly matched media ngml =

R? \ Qine, which is usually then truncated to a bounded layer Qpmi. Inside this layer, the original PDE is
modified in such a way that, on one hand, the Laplace transform of its solution decays exponentially fast in
space, and, on the other hand, the waves propagating from i into Qpm,1 do not get reflected at the interface
Y between iy and 1. The absorbing system is constructed via a certain frequency-dependent change of
variables applied in the direction normal to ¥ (this will be discussed in detail later). In the literature there
are several common choices of the geometry of €2;,; and the construction of the corresponding PMLs:

1. Cartesian PMLs [I4, [I5] where Qi is a box (—a, a)?, and Qpm = (—a — L, a + L)? \ Qine;

2. radial PMLs [21], where Qiy is a circle B, := {x € R? : [|x|| < Rpmi}, and Qpm1 = Br,+L \ Qint;

pml

3. general convex PMLs (see e.g., [44] or [21]), where €y is a general convex domain.



For anisotropic wave propagation problems (generalizing )7 in [9) it has been shown that the Cartesian
PMLs may exhibit time-domain instabilities, i.e., exponentially growing in time solutions. The arguments
of [9] are based on a plane-wave analysis, which cannot be applied to radial PMLs. As discussed before, the
goal of this article is to examine the question of stability of radial PMLs for anisotropic problems. Because
in its full generality this problem is challenging, we concentrate on the simplest model . We first introduce
the radial PMLs and next explain why their use may seem to be promising in the anisotropic media setting.

2.1.2. Radial perfectly matched layers
To apply radial PMLs to (3], we start by rewriting it in the Laplace domain. For v € L'(R) s.t. v(t) =0
for t <0 (i.e., v is a causal function) the Laplace transform is defined by

+oo
0(s) := (Lv)(s) := /0 e 'u(t)dt, se€Ct:={seC: Res>0}.

Next we rewrite the problem in the polarcoordinates (r, ¢) € Ry x[0,27). Denoting by V. v = (8,77 19) v,
divy g v =r~ (0, (rv,) + 9yve), we obtain the following Laplace-domain counterpart of (3)):

520 — div, 4 (A®V, 40) = sf in R?,
cos¢ —sing

sing cos¢
for the unknown in the Cartesian and polar coordinates. The radial PMLs are based on a change of variables

with A? .= RlARdJ and the rotation matrix Ry := . Here we used the same notation u

r+s7t f;pml o(r)dr', > Rpmi,

where o is as in Assumption [2.1 4
T, r < Rpmla P ( )

To(5,7) = {

Assumption 2.1. ¢ € L=(R") is s.t. o(r) = 0 for 7 < Ry and o(r) > 0 for r > Rpp.

The function o is called a damping (absorption) parameter. Let us additionally introduce

], iCT s~ ta(r G(r)=r1 ' a(r')dr’
Glom) =200 <1457, )= [ othar .
dy(s,r) := W =1+st0(r), Xo(s,%):=xdy(s,|x]).

Where convenient, we will abuse the notation as follows: we will write d,, (s) for d, (s, 7), when d,, is considered
as a function of the Laplace variable s and r is fixed, or, resp., dg(j). The same applies to d, and x,
respectively. In addition, we use the overloaded notation d,(s,x) := ds (s, ||x|]), o(x) := o(||x||), etc. With
this new change of variables and the above notation, we obtain the following problem for 47 (s, x) := (s, X
§2d,d, 07 — div, 3 (A%V, 407) = sf inR?, A2 .= diag(d,,d,)A? diag(d; ', d;"). (6)
Let us rewrite the above in the time domain, and in a form more suitable for the numerical implementation,
based on a reformulation of () in Cartesian coordinates. Given x € R?\ {0}, we denote by IIj(x) and IT_ (x)

the orthogonal projections onto the spaces span{x} and (span{x})" respectively. Then the Jacobian reads
~ XXT ~ ~ ~
Jo = Dyx, = d, 1d +W8Td0 = dU(HH + HJ-) + HX||H”8TdU (7)

= (Cio— + ||X||(97«CZU)HH + CZUHJ_ = dJH” + d[,HL.

1Here, we assume that the holomorphic continuation is well-defined.



Its determinant is det J, = dyd,. Then @ rewrites, based on the usual Piola transform [I7, pp. 59-60],
s2det J,07 — div (A, VaT) = sf, As(s,x) :=J,(5,x) T AT, (5,x)" " det I, (s, x). (8)
The above can be written as a first-order system:
sdetJ, 0% =divp® + f,  sA;'p” =Va’.

This rewriting preserves the skew symmetry of the first-order counterpart of our original problem . Using

- 5 dy ~ _5\s

sda(s)da(s):s%-a%-&-i-g, s~(8):8+a—a—w
S d (3) s+ o (9)

dy(s) . (0—d)o
Sdg(s) =s=(0-o)+ s+o
we obtain that the left-hand-sides of the above can be rewritten as
sdet J,4° = s0° + (a 6+ ‘”) a, (10)
s
sdetJ;'I AT, p7 = sAT!p7 + (0 —G— W) I A~ I p7,
o

. (0 —6)o e .
—(o — ~ 2 JII, A 11, p°.
+< (0 —6)+ Py L 1P

Thus, introducing the auxiliary unknowns

st =1’

)

q:=

o o o
I p° + —1II, p° = q=0oc(1-— II,p° 1—-— I, p°
sta 1P +s+0 1P * 0( S—i—&) P +U< s+0) P

and applying the inverse Laplace transform (where the respective time-domain functions are indicated by
omitting the hats) leads to the first order system
ou’ = —(0 4+ 6)u’ — o6v + divp? + f,
O = u?,
A7'9,p° = (0 —5) (I AL, p” — I[A~'Ip° — I, A~ "I, q + I A" 'L q) + Vu,
dq =5 (Ip” —Tjq) + o (1 p” — 1. q).

(12)

In practice, the radial PMLs are truncated by imposing homogeneous boundary conditions at r = Rpmi + L.

2.2. Potential stability of radial PMLs

Studies of radial PMLs for time-harmonic anisotropic wave equations were initiated in [3I], wherein the
convergence of a radial PML for anisotropic scalar resonance problems was proven rigorously. However, these
results do not allow any direct deduction of stability for the time-dependent equation. An argument which
may indicate a potential stability of radial PMLs for anisotropic time-dependent problems is the following.
If we apply the radial PMLs in the free space with o = const > 0 (which is the setting in which Cartesian

PMLs are often analyzed), we have that d = d, and thus we obtain the following PML problem:
O2u’ + 200 + o*u’ — divAVu® =0, (t,x) € RT x R?
It is straightforward to verify that the associated energy is non-increasing:

d g o g 1 o o g
ZB7 (1) = =200 (1) | T2 uz),  EO(1) =5 (Ilatu ()72 g2y + llou” (Ol 72(ze) + |AY2Vu (t)||%2(R2))'



energy
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(a) Long-time (in-)stability of PML discretizations for (b) Spectra of the time harmonic problems corresponding
different mesh sizes. The energy curve corresponding to to Figure@

the coarsest mesh size h = 0.2 is hardly visible, because

it is overlapped by the energy curve for h = 0.1.
Figure 1: (In-)stability of standard PMLs.

(b) t =16 (c) t =24

(a)t=14
Figure 2: Unstable PML solution with h = 0.075 at different times ¢ (cf. also Figure

2.8. Numerical experiments and their interpretation
To motivate our following analysis we present the results of some preliminary numerical experiments

which already showcase the quite surprising behavior of radial PMLs for anisotropic materials.

2.8.1. Two different types of behaviour
We implement a discretization of the radial PML system using fourth order finite elements (for
details see Section discretization of the interior domain). We choose Qi = By := {x € R? : ||x|| < 1},
Qpm1 = Bo \ B; and an anisotropy with A = diag(1,9). We use a piecewise constant damping with o, = 20
(cf. Assumption and a time-harmonic source f(t,x) = 1200sin(10t) exp (—200]|x[[?). The resulting
problem is discretized in time with the help of the implicit Crank-Nicholson time-stepping scheme (with
the time step 7 = 0.02) to rule out possible instabilities caused by a violated CFL condition. To reduce
computational time we exploit the symmetry of the problem and simulate merely one quarter of the domain.
Figure |1a] shows the energy F(t) = %(H@u"”%z(w) + ||Vu"||%2(R2)) of the time-domain solutions in Qipy
for different mesh sizes h. We observe that for the coarser meshes (h = 0.2,0.1) the solution appears to be
stable even for large computation times. For finer meshes (h = 0.075,0.05) we observe an exponential growth

of the energy (i.e., unstable solutions, see also Figure [2| for snapshots of the unstable time domain solution
for h = 0.075). However, these instabilities occur at different times and with different exponential rates.

These observations are confirmed by studying the eigenvalues of the eigenvalue problem corresponding to
the Laplace transform of the system where the Laplace parameter s is the unknown spectral parameter.



Figure [Lb| shows parts of the spectra of the eigenvalue problems corresponding to the time domain problems
from Figure We observe that for the coarser meshes (h = 0.2,0.1) all of the approximated eigenvalues
have negative real part, which indicates stable time-domain solutions. The spectra computed using finer
meshes contain eigenvalues with positive real parts which correspond to exponentially growing time-domain
solutions. Note that the finer the discretization, the larger the maximal real part of the eigenvalues. This
explains the different exponential growth rates in the time-domain experiments.

2.8.2. Discussion of the results
The numerical results above clearly show that PMLs are not unconditionally stable for anisotropic media.
Ad hoc there seem to be two possible causes for the instability:

a) the untruncated, continuous system is already unstable,
b) the instabilities are caused by the truncation and the discretization (in space and time).

As the instability worsens for finer discretizations, there seems to be little hope for stability for sufficiently
fine discretizations. Next, we will argue that there exist some configurations where the solution to the
untruncated, continuous system is stable, and some where instabilities already occur on the continuous level.
Nonetheless, even in the configurations with stable continuous solutions, we will show the existence of an
essential spectrum in Ct that causes discrete instabilities.

A similar behavior was already observed in [43] for Cartesian PMLs and anisotropies which are not
aligned with the coordinate axes. Therein the authors exploit that for coarse meshes the discrete solutions
are stable. Moreover they provide stability conditions on the mesh size. In the article at hand our goal is to
construct a stable numerical method for arbitrarily fine discretizations.

3. Well-posedness and stability analysis of radial PMLs

In this section we argue that the instabilities observed in the previous section are not entirely numerical
(the meaning of ’entirely’ will become clear later). We call the problem , equipped with the right-hand
side f := (f, fu, f,» f,) and vanishing initial conditions,

e well-posed, if there exist my, ms, C, a, p > 0, s.t. for each f € H™ (R*; (H™=(R?))%), with £(0) =
... = 0™ £(0) =0, and for each T > 0, there exists a unique solution u® € L>(0,T; L?(R?)), s.t.
[u” || oo 0.7 22(R2)) < CT (L +T)P|| Fll mrme (0,7;m= (R2)) - (13)

e stable, if the above holds with a = 0.
We formulate the well-posedness and stability definitions for u? only, since the remaining unknowns can be
expressed via u? in a unique way.

Remark 3.1. The vanishing initial conditions for f ensure that f can be continued to a causal function in
H (R (H (R2))9).

Remark 3.2. In the above definition, we allow the support of the sources to lie inside the PMLs, even though
in practical applications the starting radius of the PML should always be chosen to avoid this setting.

Since we are in the setting of radial PMLs, from now on we assume without loss of generality that
B := A71 - diag(Amaxa Amin)a (14)
with Amax = Amin > 0. For simplicity, we will work with a piecewise constant absorption parameter o.

Assumption 3.3. The absorption parameter ¢ satisfies o(r) = 0 for r < Rppm and o(r) = o, > 0 otherwise.

Some results will be valid for more general classes of o, which will be made precise in their statements.



Theorem 3.4. Let o satisfy Assumption[3.3 Then:
1. The problem is well-posed.
2. If for all t > 0, supp f(¢,.) C B,,, where r. < Rpm1/ s, with

)\max )\min
Ly 1= Amax + Amin >1, (15)
2 ArnaxAmin

i.e., the source is supported sufficiently far away from the absorbing layer, then the bound holds
with a = 0 and some my, mg,C,p > 0.

Proof. Statement 1 is proven in Section Cor. and Statement 2 in Section Cor. O

The above result shows that the source of the observed numerical instability of radial PMLs is definitely
not due to a lack of well-posedness. On the other hand, at the continuous level, the solution to the PML
system is stable for a particular class of sources which are located sufficiently far away from the PML.
Since such sources are very special (while, perhaps, being the only “interesting” sources for the application
of the PMLs), this does not imply that the corresponding problem is stable. Indeed, instabilities manifest
themselves at the discrete level, independently of the support of the source term, as illustrated in Section
2.3.1| (it is easily verified that in the setting of Section i« = 5/3 while | f| is far smaller than machine
precision outside of Bjz/s, and thus the conditions of Theorem are met).

A possible origin of time-domain instabilities is the presence of singularities in C* of the Laplace transform
s+ 17(s) € L*(R?) of the time—domain solution u”. These singularities are related to the points s where the
operator corresponding to is not invertible The existence of such a spectrum is stated in the following

theorem (with the notation (u, uJr = Jo u( X)dx).

Theorem 3.5. Let o be non-decreasing and continuous for r > Rpym (not necessarily piecewise-constant).
For s € C let the sesquilinear form al(-,-) be defined by

as(u,ul) = (A, Vu, Vul) + s?(dydou,ul), w,u’ € HY(R?). (16)

Then there exists sp € CT, s.t. the Riesz representation A,(so) € L(HY(R?)) of as*(-,-) is not Fredholm.
Therefore, the essential spectrum of A, () in CT (the set s € CT where A,(s) is not Fredholm) is non-empty.

This theorem is proven in Section The above result implies that, in general, for suitably chosen
sources, s — 0°(s) is not H!(R?)-holomorphic in C* (see [42, p.365]). We believe that it is not L?(R?)-
holomorphic either. A theoretical justification to this is out of scope of the present article. This lack
of analyticity then indicates that we cannot bound the time-domain solution t + u°(t) € L?(R?) by a
polynomial in time bound, uniformly for any admissible source f.

3.1. A remark on the analysis

The sections that follow are dedicated to the proofs of Theorems (Sections and and
(Section . A direct time-domain analysis of well-posedness and stability is quite complicated, and thus
we will work using Laplace domain arguments. For this we consider the system , with non-vanishing
sources (f, fu, f,, f,) in the right-hand side. We further rewrite it in the Laplace domain w.r.t. the unknown
u?, more precisely, we replace (6] by:

§%d,d, 07 — div, 4(A2V, 407) = F, (17)
where F' = D(s,d,(s), Ja(s), Og, 5'y)(f, o, fp, }'q)T, with the operator D being defined as D(aq, ag, as, a4, as)
5 .
= 3 b/ ay, for some b; € RO*1. Assuming that ' € L?(R?), we will look for a solution of belonging to
j=1

H'(R?). In terms of the Laplace domain analysis, one can establish the following sufficient conditions:



e If there exists a > 0, s.t. the solution s — 47(s) is an L?(R?)-valued analytic function in C}, and
satisfies the following bound

157 ()]l 2 (r2) < Cmax(L, (Res)™™) (1 + [s|)?| F|[ 22y, € >0, m,p>0,
then the corresponding time-domain problem is well-posed. See, e.g., [6] for more details.

e If the above holds true with a = 0, the respective time-domain problem is also stable.

More details on this type of analysis can be found in the monograph by F.-J. Sayas [56]; it was used in the
PML context in e.g. [19],[35], [6], [28], [8], [13], and also in the time-domain BIE community, cf., e.g., [5].

3.2. Radial PMLs are well-posed
Let us consider the problem in the variational form and establish the following bound:

17 ()|l w2y < C(L+ s E )12y, s €CE, a>0. (18)

Lemma 3.6. Under Assumption there exists o > 0 depending on ||| Lo m+), ||| Lo+, A, such that
Rea (u, su) > ||sul[72gey + | Vul|T2 g2y for all s € CF.

Proof. The main idea of the proof is to use the fact that, as |s| — 400, the sesquilinear form a, (-, -) becomes
close to the sesquilinear form without the PML (i.e., ag(,-)). First of all, remark that

Re(s*(dpdou, su) = [s]* Re s|ul| 22 gey + [s*(5 + )"/ 2ul ey + Resll(50)" ulf2ge)- (19)

For the remaining term, we use the definition of the matrix A, = J;'AJ; T detJ, as per , . In
particular, for all s € C}, with a constant C' depending only on 0| s, [|5|lcc; A, We have that

{(Ag = A)Vu, sVu)| < ClIVulls @), (20)
because A, — A = O(]s|™!) as |s| — oo (since J, =11 + I + O(|s|™!), as |s| = +00). Therefore,

Re(A,Vu,sVu) = Re((A, — A)Vu, sVu) + Re(AVu, sVu)
> Re 8\ | VUl 72 (r2) — Ol Vul[ 22y,

where in the last inequality we used . Finally, taking o = Apax(C 4 1), and combining the above lower
bound with the identity , we arrive at the conclusion in the statement of the lemma. O

With the Lax-Milgram lemma, we conclude that the bound holds true. This, together with the
arguments of the extended version [7], Proposition 3.3] of [6], implies the following result.

Corollary 3.7. The problem 18 well-posed.

3.8. Radial PMLs are stable if the source is located far away from the absorbing layer

All over this section we consider o that satisfies Assumption [3.3] which is not necessary, but simplifies
some computations. Moreover, we use the principal definition of the square root (Re \/z > 0, z € C\ (—o0, 0]).

3.3.1. The fundamental solution of the PML problem in the Laplace domain and its properties

Because the PML problem is well-posed, its solution can be expressed with the help of the associated
fundamental solution. Analytic expressions of such fundamental solutions in the time domain are difficult
to obtain, cf. [24] for the Cartesian PMLs in two dimensions, and therefore we are going to work purely in
the Laplace domain. First of all, as expected, the fundamental solution for the PML problem coincides with
the fundamental solution of the original wave equation with the PML change of variables applied to it.



Proposition 3.8 (Fundamental solution of the PML problem). Let ' € L*(R2), and let s € C;, where
a > 0 is sufficiently large. Then the unique solution 4° € H*(R?) to is given by

W7 (5,%x) == | Go(s;x,y)F(y)dy, x&R? (21)
RZ

where Gy is a fundamental solution of the PML problem defined by

1
2my/det A

and y, is defined similarly to x, (see ) In the above Ky is the McDonald function, defined as in [25,
10.25], with the branch cut Ry :={t e R: ¢ < 0}.

Gl x.y) i Ko (5y/6ce(6) = ¥o(6) Bl (9 - va0) ). B=ATL(22)

The proof of this result can be found in the extended version of the present article [34].To show how the
properties of the fundamental solution in the Laplace domain translate to time-domain bounds on u? (¢, x),
we will study the behaviour of s — G, (s;x,y) in the complex plane.

Remark 3.9. As we will see further, the use of the fundamental solution enables us to show stronger stability
results than the ones provided by the study of the PML sesquilinear form in Section [3.2

Properties of s — (X, —y)  B(x,—y). First of all, we are interested in the analyticity of the argument of Kj
in Proposition [3:8] Clearly, the case x, y € Qin reduces to the analysis of the fundamental solution without
the PML. The case x,y € ngml is less interesting, since in applications the source F' in is supported
inside ;,¢. Therefore, we fix x € Qg‘fnl and y € Qiy, and introduce (recall) the following definitions:

JC A A
do(s) =1+ —, eXy):= RomX —y,  &(Ix[) := x| = Rpm. (23)

In the above and what follows, we denote by % := =:. Remark that for x inside the PMLs d, (s, ||x]|) is

I

constant, therefore we use the notation d,(s) instead. With these definitions, we have in particular that
Oc . Oc . .
s = (] + 22 (x| = Fpmi) ) % = (14 22 ) €(xI)% + Bpmix.
Therefore, the quantity that we wish to study can be rewritten as follows:
he(s3%,y) = (%o —y) 'B(x%s —y) = (¢ + XEd,)B(c + %¢d,,) (24)
=c"Be+ d2(s)6%% 'Bx + 2d,(s)éc Bx.
With ¢ = ¢l|c[| 7!, we define the following quantities:
11X, y) :=¢'Beé, 7o(X):=%x'Bx, and ~455(X,y):=% Be. (25)
This allows us to rewrite h,(s;x,y) as follows:

he = [le|*vi1 + 2d,€ e y12 + d2€320.

An illustration to the notation is given in Figure (3] We are interested in the behaviour of h, for s € CT
and { > 0, in particular in the points where h,(s;x,y) € Ry, so that the argument of the fundamental
solution is not analytic. Remark that for s € CT s.t. hy(s;%x,y) ¢ Ry, it also holds that s\/hs(s;x,y) ¢
(=00, 0], and the fundamental solution is well-defined in these points. We then have the following result.

Lemma 3.10. Let x € Qgcl and y € Qins be fived. Then hy(s;x,y) < 0 if and only if s € C* is s.t. the

m.
following two conditions hold true:

_ ”Rpmlf( - y” 712(A7y), (3082 ar s 7%2(327 }’)
(0) Redy(s) =~ YLTE 00 (8) cos?fargd, () < 22 S oo (26)

10



KR

Figure 3: An illustration to the notation . The PML medium is marked in gray and the physical medium in white.

Proof. Computing the real and imaginary part of h, explicitly yields with d,, := Red,, ds,; :== Imd, and
the notation from

ho = |le|*y11 + 2do£]le]|y12 + (di,r - di,i) 22 + 2ido i€ (||cl|y12 + dor&y2e) - (27)

Thus Im h,(s;x,y) = 0 if and only if d,; = 0 or (a) is satisfied, i.e.,

dpr(s) = —”g”zz (28)

The identity d,; = 0 is equivalent to s € RT which implies h,(s;x,y) > 0. This leaves us with (a). For
he(s;%,y) <0, it is further necessary that

lell*v11 + 2do €] v12 + (dg,r - dg,i)§2’722 <0.
Re-expressing ¢ via d,, from (or (26)(a)) yields

2 2
i =222 4 az2(d2, — d? )2 <o,

V22 22
This can be rewritten as
dz ; V11722
g,
U . (29)
dg,?“ 7%2
The above is equivalent to the condition (26))(b). O

To understand the statement of Lemma remark that the condition (b) is a condition on a ’source’
point y and on the direction x € S2. The condition (a) is more involved, and involves the distance between
the point x inside the PML and the interface between the PML and the physical media.

Let us now study the validity of the conditions (a), (b) for arbitrary points x € Q57 ) and y € Qing. It
appears that the condition (b) always holds true for some s € C* and almost all directions X.

Lemma 3.11. Lety € Qi and X € S? be s.t. 112(X,y) # 0. Then there exists s € Ct, s.t. the condition

(b) in holds true.

Proof. First, the right-hand side of (b) in is strictly positive. Next, remark that s — do(s) = 14 %= is

a bijection from C* to (Cf. Thus, s — argd,(s) takes all the values in (—g, g), hence the conclusion. [
The validity of the condition (a), however, depends on whether the medium is isotropic or anisotropic.
In particular, for isotropic media, the condition (a) never holds true, and we have that h,(s;x,y) ¢ Ry .

Lemma 3.12. For the isotropic medium (B = ald, a > 0), for all x € S* and y € Qin, it holds that
Y12 = m2(X,y) > 0. Therefore, for all s € C, h,(s;x,y) ¢ Ry .

Proof. Since for isotropic media B = aId, a > 0, we have that
signy12(X,y) = sign ()ET (RomiX —y)) = sign (&Tc) .
The condition ||y | < Rpmi is equivalent to || Rpm% — c||? < Rf)ml, which, after straightforward computations

yields |¢||?—2Rpm% "¢ < 0. Thus % "¢ > ||¢[|?/(2Rpm1) > 0 and hence y12(X,y) > 0. Since the left hand-side
of (26)(a) is always positive, we conclude with Lemma O

11
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Figure 4: Left: the quantity sign~yi2(X,y) as defined in depending on y € B(0,1), for a fixed x = (cos 0.8, sin 0.87),
Rpm1 = 1. In dark blue we mark y, s.t. signy12(X,y) = —1, while in yellow y with sign~y12(%,y) = 1. The point x is marked in
red. Right: the dependence of the quantity ming g2 signy12(X,y) on y (with yellow marking positive values and blue negative
ones). In all the experiments, the matrix B = diag(1,1/4).

For an anisotropic medium, the above result for the sign of v12(%X,y) does not hold true. Indeed,
signy12(%,y) = sign (" Be),

and the positivity of X" ¢ does not imply that the above quantity is positive. This is illustrated in Figure
Remark 3.13. Tt is possible to prove that when eigenvalues of B differ, i.e. Apin 7# Amax, then there always
exists y € Qin and a direction Xg, s.t. y12(X0,y) < 0.

The condition on the sign of 715 is of utmost importance. Indeed, we show below that if there exists a
direction %Xg and the point y € Qine, s.t. 712(X0,y) < 0, the condition (a) of Lemma holds necessarily

true for some s € C* and x € Q% .

Lemma 3.14. Assume that there exist Xg € S* and y € Qin, 8.t. V12(X0,y) < 0. Then for any s € C*, the
condition (a) of holds true for x € Q, defined by x = pxo with

Y12(X0,y)
Re d,_-, (8)’)/22 ()A(())

The proof of this lemma is left to the reader. It also implies the following positive result.
Corollary 3.15. Lety € Qine. If v12(2,y) > 0 for all 2 € S%, then h,(s;x,y) ¢ Ry for all s € C*.

Fig. indicates that for y located sufficiently far from the boundary of the PML, it holds that vy12(2,y) > 0
for all 2 € S%. This is quantified below.

Lemma 3.16. Let . be like in (15). For all 2 € S* and y € Qing s.t. |ly|l < Rpmi/ps, the function
S? 3 2 — y12(2,y) is strictly positive.
This implies that for such 'y, the function hy(s;x,y) € C\ Ry for all s € Ct and x € Q- Also, for

all such'y and all x € Q7 the function C* 3 s+ Go(s;%,y) is analytic.

p = Rpmi — ”Rme)A(O - YH Rpm > Rpm.

Proof. By Corollary to have that h,(s;x,y) € C\ Ry it is sufficient to ensure that y is s.t. $? 2 2 —
v12(2,y) is strictly positive. We have that

signy12(2,y) = sign (RpmliTB,% — ||yH2TB§/> .

By straighforward calculations carried out in [34, Lemma C.1], for any 21, 29 € S?,

éﬂ*u

N N
2z, Bzy
NN
z, Bz
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where i, is defined as in the statement of the present lemma. Then it follows immediately that S? >
Z — m12(2,y) > 0. The analyticity of s — G, (s;x,y) follows then from h,(s;x,y) € C\ Ry. Indeed,
remark first of all that z — Kjy(z) is analytic on C \ R_, and therefore, it is sufficient to check that
arg s\/hy(s;x,y) € (—m,7), for all s € C*. This follows from arg+/hs(s;x,y) € (—7/2,7/2). O

In what follows, we will need a finer result on h,(s;x,y), summarized in the following lemma.

Lemma 3.17. Lety be s.t. ||y|| < Rpmi/p« — 9, where p, is like in and § > 0. There exists C > 0,
which depends only on Ry, the matriz B and 6 > 0, s.t. for all s € C*, we have that,

Re(sv/he(s;x,y)) > CRes|x||, for|x]| > Rpmi-

Proof. We start with the identity Re(sv/h,) = ResRevhs, — Im sIm+/h,. Let us first prove that Im+/h,
is of the same sign as —Im s. For this let us recall that by

Im A, (s;%,y) = 2Imdo(s) (&]lx — yll712 + Redo (5)6722) |

and as 12 > 0 (cf. Lemma [3.16) and Red,(s) > 0, we conclude that signIm h,(s;x,y) = signImd,(s) =
signIm(o/s) = —signIm s if £ # 0, and Im A, (s;x,y) = 0 otherwise. Therefore,

Re(sv/ho(8;%,y)) > ResRe v/ ho(s;x,y). (30)

Let us now define H: CT xC2xR? — C by H(s;X,y) := hy(s; cZ;lx,y), so that H(s;X,,y) = hs(s;%,y), see
the expression . For (x,,y) belonging to a compact set K, Re H(s;%,,y) > ¢k > 0, since H(s;%X,,y) =
hs(s;%,y) does not vanish. For large ||x,|| — +00, we have that, uniformly in ||y|| < Rpmi/t+ — 9,

VH(5: %0, y) = 1/xIBx, (1 +o(1)) = (1 n %) VxTBx (1 + o(1)).
We then have

Re (1 i %) VXTBX > i 1l

which yields the result in the statement of the lemma. O

3.8.2. Proof of Theorem (@)
This section is dedicated to proving that radial PMLs for anisotropic media are stable, as long as the
support of the source is sufficiently separated from the PML. We start with the following auxiliary result.

Lemma 3.18 (The source far from the PML). Let 7, := Rpmi/p« — 0, where u, is defined in and § > 0.
We have the following bound for all s € C*:

1 \2
Go(s:%,y)|?dy dx < Cmax | 1, () , 31
o], Gty ( - (31)

where the constant C' depends only on Ry, 0, and the matriz B.

Proof. We split the integral in the left-hand side of as Iy + I, where

Iy —/ / (s;x,y)|?dy dx, 1, —/ / (5;%,y)|?dy dx.
B(0,r.) oo Or*)

Jnt

Next, let us bound the above two integrals by the right-hand side of . We start with a less classical one,
namely I,, and next argue that the corresponding estimate can be extended to Ij.
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Step 1. A bound on I,. Recall an explicit expression for G, given in Proposition [3.8f We start by bounding
G,. First of all, remark that the function z — Ky(z) is analytic in C\ R™. By [25] 10.32.9], it holds that

Ko(z) :/ e Zcoshiqy 2 € CY, therefore |Ko(z)| < |Ko(Rez)| in CT.
0

Moreover, from the above representation it follows that the function R* 3 X — Kg()) is decreasing. There-
fore, by the above considerations and Lemma [3.17] we have that

|Go(s;x,y)| <

1
_leO(Re(S ho(s;%,y)))l

1
< ———|Ko(C Res||x]|)]-

This allows to rewrite

1 r2
I, < —— Ko(CR Zdxdy < —>— Ko(CR 2d
- 47T2detA/ocl/B(O,r*)| o(C Re s} Fdxdy < 47TdetA/Qool| o(C Re sflx])["dx

r2

7,2
< _k K 2d — * K 2d .
< 47TcletA/R2| o(C'Re sx|)|*dx 47T(Res)202detA/R2\ o([1x[)2dx

By [25] 10.30], for any a > 0 (where the constant C;, > 0 in the bound depends on a > 0), it holds that

max(L [log[z[]) |z| <a,

e < {2 I, (32

The above bound shows that x — Ko(||x||) € L?(R?). This yields the desired bound for I,.
Step 2. A bound on Iy. First, we remark that Iy < |G, (s; ., .)||%2(thxﬂim). Next, recall that for x,y € Qins,

it holds that G,(s;x,y) = Wﬁ[ﬁ)(s”x —yl|lB), where ||x||3 = x"Bx. Like before, we conclude that
G, (5:%,y)| < —A—|Ko(Re s||x — y||g)|. The remainder of the proof is left to the reader. O
27V det A

We immediately obtain from the above the following corollary, which is the principal result of this section.

Corollary 3.19. Consider the PML problem with the source terms (f, fo, fp,, £,) € L?(RT; L2(R?))
and vanishing initial conditions. Let the source term F, defined after (I7), be s.t. F' € H'(RT; L*(R?)), and
F(0) = 0. Let, additionally, for all t > 0, supp F(t) C B(0,r.), with r, being like in Lemma[3.18

Then, for all T > 0, admits a unique solution u® € L*(0,T; L*(R?)). This solution satisfies the
following bound, with the constant C' > 0 depending on 7, Rpmi and the matriz B, but independent of o.:

w7 [l o (0.7:2222)) < CTY2(1+T)||F || 1 0,7:2 m2))-

Proof. First of all, as shown in Section the solution to the PML problem is unique, and its Fourier-
Laplace transform is given by, cf. Proposition [3.8]

i (s,x) = | Gols,%.y)F(s,y)dy. (33)
RZ
We remark that for ||x|| < Rpmi, 47(s,x) = (s, x) (i.e., equal to the solution without the PML), and
therefore is L?(Qins)-valued analytic function. As for the Q29 ), let us fix x € %, v € B(0,7.). Remark
that s — G, (s;%,y) can be extended by analyticity to CT. With the Lebesgue’s dominated convergence
theorem, it is possible to prove that s — 47 (s) € L*(R?*\ B(0, Rym1)) is analytic in C* (recall that analyticity
amounts to weak analyticity, cf. [42) Chapter 7]). With the Cauchy-Schwarz inequality and Lemma

for all s € C*,  [|[a7(s)|p2(re) < CHF(S)HLz(Rz) max(1,(Res)™t), C > 0.

In the above the constant C'is independent of s. It remains to use the Plancherel inequality and the causality
argument to obtain the desired stability bound, see [8, Theorem 4.1], [I3] Theorem 2.11]. O
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3.4. The origin of the instabilities: presence of the essential spectrum for small frequencies

The goal of this section is to prove Theorem Its proof relies on the following lemma, which shows
that the principal symbol of the PDE associated to the frequency-domain PML problem @ may vanish
for some so € CT and x( € Qon- As a corollary, the underlying operator A, is no longer Fredholm. To
prove this result, it is sufficient to show the existence of a singular sequence, i.e., (vn)nen C H'(R?), s.t.
lvn |l g1 (r2y = 1, (vn) does not have a convergent subsequence, and || A (s)v, | — 0, see [30, Thm. 3.3]. In
order to construct such a sequence, we will use (truncated) plane waves e’™é0* with a well-chosen phase &.

The choice of the phase is given by the following lemma.

Lemma 3.20. Let o be continuous for r > Rpmi and non-decreasing (not necessarily constant). Let addi-

tionally Amax # Amin- Then there exist xo € Q3. so € C* and &, € R?\ {0} such that EJAU(SO, x0)&n = 0.

Proof. Remark that it is sufficient to show the existence of € # 0 s.t. ETAﬁ (s0,%0)€ =0,as A, = R¢AgRT,
see Section for respective definitions of the matrices (and in particular (@))).

Let x = r(cos¢,sing)’ € Q30, be an arbitrary vector (such that o(r),5(r) > 0), and s € C*, both

quantities to be fixed later. Following [31, p. 2721], we express A%(s,x) via the entries of A® = (A?J)”

—ir —1
Teq A(fl 'A(fz
A‘fQ e"Tchg)2

Aﬁ(&x) = (e ) , Ti= arg(dg(s,r)/czg(s,r)), cq = |ds(s,7)/ds(s,7)|

Recall that A = diag(\;L., Aol,), and that under the condition Apmax # Amin, for ¢ # 7n/2, n € Z, it holds

that Afz # 0. From now on we restrict ourselves to this range of ¢. Next we plug & = (&1,&) T € R? into the
equation §TA§ (s,x)€ = 0. The imaginary part of the left-hand side vanishes if £2 = cif%Ag’Q/A(fl. Plugging

in &= (cll/zy/Ag’Q, —c;1/2\ A?, sign A))T into &€ A%(s,x)€ = 0 yields the identity
cos T = |AD,| /(A AS)Y? =t aq. (34)

It remains to show that there exist x and s € CT, s.t. the above holds true. This will be the values x¢ and
50 as in the statement of the lemma. First, as A? is positive definite, and by the restriction on ¢, we have
that 0 < ap < 1. Next, we remark that

arg T = arg z(n,w, ), 2nw,r)=n*+w+ (G +o)n+oo+i(G —o)w,

where z depends on r through o, 6. Let us consider the above expression on the lines w = const. For
n=0, z=w?+i(d — o)w. Moreover, since ¢ is non-decreasing, we have that &(r) < @a(r), and thus
¢ —o # 0 for any r > Rpmi. From this it follows that there exists w = wy (sufficiently small) and r = rg, s.t.
cosarg z(0,wp, 9) < ag. By the continuity argument, this inequality holds true for sufficiently small > 0.
As n — 400, cosarg z(n,wp, r9) — 1. By the mean-value theorem, we conclude that there exists 79 > 0, s.t.
cos arg z (1o, wo, 7o) = ag. Thus, we fix sg = 19 + iwo and choose ¢, g, &, as discussed above. O

Remark 3.21. The condition &g A, (so,%0)&o = 0 with &, € R? is stronger than £5A, (s, %0)&, = 0, &, € C2.
With the help of the above lemma, we can prove Theorem [3.5]

Proof of Theorem[3.5 Assume that A, is Fredholm. We are going to derive a contradiction. Let x¢, so and
&, be like in Lemma For § > 0 let

| As(s,x), |Ix—x0] >4,
Aos(s,%) = { Al (s,%0), % — o] < 0.

Let aj 5(-,-) be defined as a;(-,-) with A, being replaced by A, ;. Since A, (so,x) is continuous at X, for
a fixed € > 0, we can find § > 0 such that [|A,(so,.) — Ay 5(50,.) || ®2) < €. Hence there exists § > 0 such
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that the Riesz representation A, s(so) of a.%(-,-) is Fredholm. We are going to construct a singular sequence
for Ay 5(s0) in a similar fashion as in the proof of [2, Thm. 6.2.1], and thus arrive at a contradiction.

Let x be a C? cut-off function with x(x¢) = 1, suppx C Bs(xo). Consider the sequence of functions
un(x) := x(x) exp(ingy-x), n € N, for which [|uy, || 1 (r2) & n. It is not difficult to check that w, /||u, || g2 — 0
in L?(R?), therefore, u, /||u, | g1 has no convergent in H' subsequence. Next, let us verify that there exists
a constant C > 0, s.t. |af,‘36(un,u7)| < C||ul|| 1 (g2 uniformly in n. We compute

<A075(so,x)Vun, VuT>L2 = <Ac,,5(507 x0)Vun, VUT>L2 = Il(") + 12"),
Ifn) = <exp(in£0 -X)A,(80,%0)Vx, VUT> , IQ(n) = <inx exp(in€ - X) A, (s0,%0)€ps VuT>.

Clearly, \Il(n)| < C(x; As(50,%0))||ul|| g1 (r2). It remains to show that the same holds true for 12(”). We
rewrite it by using the integration by parts

18" = = {(im)*x exp(ingy - X)&] Ao (0, %0)E0, ut ) = (i exp(ingy - x)VxT Ag (s0,%0)€g, u')

By Lemma[3:20] the first term in the right-hand side of the above vanishes. To deal with the second term, we
rewrite in exp(in€, - x)€&, = V exp(in, - x) and integrate by parts again, which yields the following identity:

IV = — (Vexp(in&, - x), u' Ag(s0,%0)* V)
= (exp(ing, - x), (Vu') " Ag(s0,%0)* Vx + u' div(As(s0,%0)* VX)) -

The absolute value of the latter expression can be bounded from above by C(x, A, (xo))||u’|z1. Hence
Un/||un| g1 is a singular sequence for A% and thus A, 5(so) is not Fredholm. This is a contradiction to the

Fredholmness of A, (sg). This implies that the essential spectrum of s — A, (s) is non-empty in C*. O

Remark 3.22. Alternatively, one can prove Theorem by constructing a singular sequence based on the
localized fundamental solution around the points x where its argument vanishes, see Lemma[3.10} Yet another
approach in the isotropic time-harmonic context is presented in [58, Section 5.3.1] based on a decomposition
into polar coordinates and a singular sequence based on spherical Hankel functions with increasing index.

Remark 3.23. The analysis in the proofs of Theorem [3.5 and Lemma [3.20] are in accordance with previous
observations: The supports of (u,),en are localized in the absorbing layer and hence cannot be ’triggered’
by the data with a sufficient distance to the absorbing layer, cf. Theorem Additionally, the functions
(un)nen are increasingly oscillating and hence coarse discretizations do not capture the part of the spectrum
in CT, cf., the numerical experiments in Section

Now we have proven Theorems [3.4] and These results show that radial PMLs in general fail when
applied to anisotropic problems. Thus in the next section we will seek a remedy for this issue.

4. A possible remedy: shifted change of variables?

In Section we have observed that A, can loose its Fredholmness when cos arg(cl, /do) is not bounded
far enough away from zero. Indeed, in the isotropic case (Amax = Amin) the condition , sufficient for the
loss of Fredholmness, becomes cos arg(d, /dy) = 0 (which never holds true for s € Ct). In the anisotropic
case (Amin 7 Amax) (34) can be written as

7 |(/\max - Amin) sin ¢ cos Q5|
cosarg(dey/ds) = . -
rg( / ) (Amax cos? ¢ + Amin sin? ¢)1/2()\min cos2 @ + Amax sin? ¢)1/2 ( )

This condition can be fulfilled because dy(s,7)/dy(s,7) ~ (1 + Z) in the vicinity of the PML interface inside
the PML (i.e. when r = Rpm1 + €, with ¢ being sufficiently small). Then it is always possible to choose

s € CT, s.t. arg(l + Z) = arctan Mﬁ% can take any assigned value (—7, 7 ), which ensures the validity
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of the identity for a range of ¢. Therefore, we will look for an alternative PML change of variables, as
suggested in the frequency-domain work [3I), p. 2723]. This new PML change of variables reads:

prml
s+

r»—)r—l—ﬂ. (36)

The parameter v > 0 is then chosen to ensure that cos arg < 42 exceeds the quantity in the right hand side of

([35) for all ¢ and all s € C*. Then it is possible to ensure that A, (s) is Fredholm for all s € CT, in the
spirit of [31l Thm. 3.6]. Indeed, since cosarg(z;/z2) > cosarg z; when arg 21, arg zo, arg z; — arg z € (0,7/2)
(resp. in (—m/2,0)), we have that

cosarg(dy (s +7)/do (s + 7)) > cosarg(do(s + 7)) = cosarg ( s _:,y)

O¢ Oc 1
> cosarctan Im (1 + ) = cosarctan | — Im <f)
s+ gl syt +1

for all s € CT. Since

—1 -1
7~ m(s)| o mE)] 1

i E
P I T Re(sr )+ D2 1y 2(Ims)2 T4 2(Ims)? 2

for all s € C*, we deduce that

1
inf cos arg (aM) > cosarctan (2) = .
s€CH do(s+7) 2y 14 (0./(27))?

Thus by choosing o./27 small enough we can ensure that inf e+ cosarg(dy (s +7)/do (s + 7)) is larger than
the right hand side of for all ¢, which yields that A, (s) is Fredholm for all s € C* [31, Thm. 3.6]. In
order to obtain a more precise stability condition on -, we will examine the behaviour of the fundamental
solution of the respective problem, in the spirit of Section [3.3.1]

Remark 4.1. The idea of using the complex shift in order to stabilize the PMLs for anisotropic media is
not new, and, to the best of our knowledge, first appeared in the works of K. Duru and G. Kreiss [26],
[43]. However, complez-frequency shifted PMLs were introduced already much earlier, e.g., in [52]. See the
discussion in the introduction of [I0] for more details.

4.1. A stability condition on
Let us introduce the fundamental solution G, - corresponding to the new PML change of variables:

1 -1
GO’,'Y(S7X’ Y) = m[(o (5\/(XU,7(S) - YU,V(S))TB(XU,’Y(S) - YU,'\/(S))> ; B=A ;

I o il — ]
o) = %Il + | o(r’)dr'>:x(1+ =_lx| Rl’ml):xdo<s+%|x>, (37)

s+ s+ x|

pml

and y, ~ is defined similarly to x, . The proof of the counterpart of Propositionwith ~-shifted change of
variables follows the same steps as the proof of Proposition in [34], and thus we leave it to the reader. To
study the behaviour of the fundamental solution, we can proceed as in Section [3 Remark that 1nstead
of hy(s;x,y) as defined in (24)), we now study h,(s + v;x,y). Our goal is to choose 7 so that Lemma [3.17]
holds true for any source term, and not only for the data supported far enough from the interface. For this
we will require in particular that h,(s +7;x,y) ¢ (—00,0] for all s € C*, all y € Qi and x € Qpui. By
Lemma this requires that one of the following holds true:

[RpmiX =y 712(%,y)

(@) Redo (8 +9) 2 =5~ Fpm 7223)

. (b) cos®(argdy (s + 7)) > M (38)
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Let us define the following ratio which will play an important role in the analysis that follows:
Oc

. (39)

V=
Observe that the image of C* under the mapping d, (- + ) depends on this ratio only (rather than on v, o.
separately). It is the circle centered in the point s, = (1 + 3, 0)T € R? and of radius v/2; indeed,

B,j2(sy) ={z€C: (Rez—1—-v/2)%+ (Imz)* <v*/4} = {1+ 2: 2 € C, (Rez — 1/2)* + (Im2)* < v*/4}
={l+2:2€C, |z <vRez} ={1+2:2€C, Re(z7! —v71) >0}

={l1+z2: z=

T ={ltz z=—¢ 1. 1
P seC={1+z: z pp seC™} (40)

Let us now study under which condition on v (a) or (b) holds true. First of all, the result below shows
that the condition (38))(a) necessarily fails for some (y,x) € Qine X Qpm1 (see Remark [3.13).

Lemma 4.2. Lety € Qin, 2 €S? be s.t. y12(2,y) <0. Let v, v > 0. Then, for s =~ and X = pz € Q%o
where p is given by

712(27 Y)

v\ —1
p:le—(1+7> Rymz —y Z
P 1 Hvzz(z,y)

2 > Rpmla
the condition (38)(a) does not hold true.

The proof of this result is left to the reader. Therefore, in our choice of v, we will enforce (38))(b), for all
y € Qine and %X € S%. Let us define

9
X, . 5
BQ = max 7}2( yz ;o Qo(%) = {y € Qune : M2(X,y) < 0}

*€S2, yeQ_ (%) 711(X7 Y)’Yz (’A()
Then we would like that

cos?(arg d, (s + 7)) > 82, for all s € C*. (41)

By Lemma C.2 in the report [34], 8 < 1 and equals 8 = f\"““# It remains to rewrite ([41)), cf. (29):

max +Amin

1
tan? arg dy, (s + ) < ?—1, seCT. (42)
In view of the definition of the image of d, (- + ), given in (40), we have that []
2
2 14
maXZeBV/2(SV) tan arg z = m

Therefore, (42) is equivalent to

v? 1 1 1 1

Remark that as  — 1 (which amounts to Apax/Amin — +00), the above upper bound requires that v — 0.

2Because the maximum of tanarg z is achieved on the boundary of the circle B, /2(5,,), it suffices to find the supremum of

v2ja—(z—1—v/2)2

the function f(z) = on the interval (1,1 + v).
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Our next step would be to show that the condition ensures the stability of the PML system. However,
this condition per se is not sufficient. Indeed, a complete stability result would also require the analysis of the
problem when the sources are located inside the perfectly matched layers. Otherwise we can expect that the
instabilities will manifest themselves on the discrete level, just like they did in the case when the source was
supported far away from the PMLs, and the corresponding continuous problem was stable. Indeed, recall
the numerical experiments of Section where the parameters are chosen so that Theorem yields the
stability of the continuous solution, and yet the discrete solution is unstable.

Since such an analysis is fairly technical, and, moreover, it will not allow us to relax E| the requirement
0./ < Vs, we proceed as follows. We will prove a somewhat weaker stability result, where v, is replaced by
a sufficiently small number. We start by formulating the time-domain system that we are going to study.

4.2. The frequency-shifted first-order system

Up to this point all our reasoning was solely based on the frequency-domain fundamental solution. The
corresponding time-domain system (cf., ) needs yet to be derived. We do this along the lines of the
paragraphs preceding to obtain the frequency shifted first-order in time system . Note that, to this
end we merely have to replace the arguments of d,,d, by s+~ in @ to obtain

~ o6 —v(o+ ) Yoo

sdy(s+7v)ds(s+v)=s+oc+07+ )
(s +7)do(s+7) P PERE
olsH) _ s (0=9)0+d)
de(s+ ) st+y+o
dy -6
(do(s+7) s (0—d)+ (@—-0)(y+o)
dy(s+7) s+y+o
With J, (s, x) = Jo(s + 7, %), the frequency-shifted counterparts to and are given by
~o ~\~O 0&_’7((7—"&) ~O 70’5’ ~NO
sdetJ, ~u’ = (s+ o0+ 0)u° + u’ — u?,
=t ) s+ (s+7)?
19T -1 ~o —1lao ~ (0—_5—)(7—’_5—) -1 Ao
sdetJ  J, A7 J,,p7 =sA7p7 + (0’ fm I A="I1p?,
) (05)(7+0)> I
+(—(c—6)+ —————= |II, A1, p°.
( ( ) s+o+7y + P
We introduce the auxiliary frequency-domain unknowns
1 1 Y
D= 1, W= 0, q:= 7(7—~_’y~1_I”f)‘7-|-70+’y IT, p°.
v +s Y+s sty+o st+y+o

This leads to the first order time-domain system
ou’ = —(o+0)u’ 4+ (y(o + &) — 06)v + yoow + divp? + f,
0w = u? — v,
Oyw = v — yw, (44)
A7'9,p° = (0 —5) (M A 'L, p” — A 'Ip” — I, AT, q + II) A~ 'L q) + Vu’,
da = (5 +7) (Ip7 —q) + (0 +7) (ML p” — 111 q).
The above problem, equipped with initial conditions, source terms and posed in R2, can be proven to be well-

posed, following the same arguments as in Section [3.2] We will not repeat them here, but rather concentrate
on the stability question, which we again study by examining the fundamental solution.

Remark 4.3. Compared to the system , the above system requires the introduction of a single additional
auxiliary scalar unknown in the PML layer.

3We will discuss later, in Section why this requirement is disadvantageous for the PMLs.
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4.8. Stability of the obtained PML system in the free space
The principal result of this section is a counterpart of Corollary and reads as follows.

Theorem 4.4. There exists vy > 0, s.t. for any oq,y > 0, s.t. o./v < v, the following holds true. Let
F € HY(RT; L*(R?)) be s.t. F(0) =0. Then

4% (s,%) = / Gy, %,3) (s, y)dy
]RQ

is a Fourier-Laplace transform of a LS (R*; L2(R?))-function u®, which additionally satisfies the following
stability bound for all T > 0:

[u” || Lo (0,7522(R2)) < C1(B, Rpm)e 2B Fomt T2 max (1, T2)|| F|| g1 (0,752 (82))
with some non-negative constants C1(B, Rpmi) and C2(B).

The proof of this theorem can be found in the end of the present section.

Remark 4.5. We believe that the dependence on Ry in the above estimate can be waived. As for the
dependence on o, we did not manage to get rid of it.

Remark 4.6. At a first glance, an exponential increase of the above stability constant with respect to o,
seems to indicate that it is impossible to ensure convergence of the complex frequency-shifted PMLs as
0. — +00. This is confirmed by the numerical experiments in the section that follows (Section. Instead,
in Section [f] we propose an alternative, truncation-less perfectly matched layer, whose convergence does not
rely on increasing o.. Thus, the non-uniformity of the stability estimate in 0. does not seem to pose any
problems for the class of methods that we propose in this manuscript.

Our considerations rely on the analysis of the fundamental solution. Remark that the argument of K|
depends now on (Xgy — Yo,y)  B(Xo,y — Yo,y) = ho(s + 7;X,y), with h, as defined in (24). The key result
in the proof of Theorem is the following lemma, which is a counterpart of Lemma [3.1

Lemma 4.7. There exist constants vy, Cx, c+, Cg > 0 depending on B only, s.t. for all o,y > 0: o./7 <
vy, the following bounds hold true.
1. For (x,y) € R? x R?,

Cilslllx =yl = Isv/ho(s +v%,y)[ = C-s]lx = yl|. (45)

2. For all (x,y) € Q% | x R? with ||x —y|| > p := CgRpml, it holds that

pml
Re (s\/hg(s+’y;x,y)) >cy Res|x—y/. (46)

3. For (x,y) € Q| x R?,

pml

Re(sv/ho(s+v;x,y)) > (cx Res —c_oc)[|lx —y|- (47)

Remark 4.8. In the above, we believe that the dependence of p on R,m1 can be waived, and is due to the
non-optimality of the estimates.

For the proof of the above lemma please see Appendix [A] where this lemma is re-stated as Proposition
[A29] The above lemma allows to obtain Laplace-domain bounds on the solution of the shifted PML problem.

Proposition 4.9. Assume that g € L*(R?). Then, with vy > 0 like in Lemma and for all oo,y > 0,
s.t. o./v < vy, the function v(s,x) = fR2 Go~(8:x%,¥)9(y)dy satisfies the following bound:

[v(8)l| 222y < C1(B, Rym1)e”>®7eFomi max(1, (Re s) =) [lgl £2(r2),

with some non-negative constants C1(B, Rpm1) and Ca(B).
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Proof. Let us consider

2
oy = [ | [ G sy latwty] ax

We make use of the explicit expression of the fundamental solution and the bound ([32)), which we repeat
for the convenience of the reader below. For any a > 0, there exists C'(a) > 0, s.t.

max(L [log|z]), || <a,

Kool < Co) { 2R e (48)
For a fixed x € R?, we split, based on the elements of Lemma
R? = O (x) U Os(x) U O3(x), (49)

O1(x) = {y € R?: |s|[x —y| < 1},
Oy(x) = {y € R [s||x -y > 1, [x—yll <p},
O3(x) = {y € R?: [s|lx —yll > 1, [x—yl|>p}.

Let us now consider G, ,(s; X, y) in each of these regions. In Oy, by the upper bound in [{5)), [s\/ho (s +7; X, y)
< (4, and therefore, by ,

|Gor(s3%,y)| < Crmax(1, [sv/he (s +7;%,¥)]) < Cr (1+ [log(ls|l[x — y[D]),
s$v/ he(s —|—’y;x,y)‘ > C_, therefore,

where in the last bound we exploited the lower bound in ([d5). In O,
we employ to show that

Gy (5%, ¥)] < Coo~ B/l
We then use to further bound

Gy (5%, )| < Coe™F Reslx—yl+eoellx=yll < Cyec-0cr,

Finally, in O3, we have again that ‘s\/hc,(s + ;5 %, y)’ > C_, and thus use the bound of , combined with
the bound , which yields

|G (5:%,y)] < Cyem et Resleyl,
The splitting and the above bounds allow us to rewrite

2

/O( )GU,W(S;x, y)g(y)dy / Hi(x —y)|g(y)ldy| dx,
i(x R2

3 2
o)y <3380 5i= [ ix< |
i=1 R? R2
(50)

Hy(x) = Cy (1 =log (Is|[[x]1) Lisjscj<1s  Ha(x) = Coe™ 7Ty pqf<islpr Ha(x) = Cae™ R 1o mmana o)) -

Next we recognize in the bound for S; the L2-norm of a convolution product. With Young’s inequality
for convolutions we obtain S; < |[H;||2:]|g]|22. We end up with the following inequality:

3

lo(s)Z2ge) < lgllZaey D I HillZa ze)-
i=1
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It remains to estimate the L'-norms of H;, 1 < i < 3. This yields

[Hallz 2 :/B (1 —log (|s][lx[[))dx < <|S|2 - \8\’2/
1

B

log ||x||dx> < max(1, (Re 5)72),

[s]

||H2||L1(]R2) < / e~ 7%Pdx 5 pQGC’UCp, ||H3||L1(]R2) 5 / e ¢~ Restde 5 Cp max((Re S)_Q, 1).
B B¢

P P

Recalling the definition of p from Lemma allows to conclude with the desired estimate. O
We have the necessary ingredients to prove Theorem
Proof of Theorem[{.]} Use Proposition and the Plancherel theorem like in [8 Proposition 3.15]. O

4.4. Investigation of convergence

Recall that the convergence of the PMLs is quantified by two parameters: the absorption parameter o
and the width of the PML layer L, see [24] 13, 8]. In the classical, Bérenger’s case, both in waveguides and
in the free space, the error between the PML solution and the exact solution on the time interval (0,7T)
decreases at least exponentially fast as 0. — 400 and L is fixed, or as L — +o00 and o, is fixed [24] 8 [I3]
Since from the computational viewpoint varying L can be quite expensive, much effort in recent years was
dedicated to the choice of the optimal profiles of the damping functions o [22, 47]. In this section we present
the analysis for o being piecewise constant (cf. Assumption .

Unfortunately, when v is chosen proportionally to o., it seems impossible to ensure the PML
convergence as 0. — +oo and the PML width L is kept constant. The lack of convergence is easy

to understand when considering the time-harmonic regime (s = —iw). Indeed, in one dimension, under the
. I o(z)dz . . . ) )
PML change of variables 2 — z + —2=——— the time-harmonic outgoing plane wave up., (¢, ) = e iwttike
is transformed into an evanescent wave
. _koc(z—Rpm1)
Upyy (8, 2) = Upu (8, ) Aage (2, 0, k), Aage (2, w, k) = e wFiy

_ kwo‘c(mprml)
For v = vo., the attenuation factor is then given by |Aa (2, w, k)| =e  «*+*°¢¢ . In particular, for w = k,

|>‘att(x7 k7 k)| ~e v (I*Rpml)’ as g, — +00. (51)

This indicates that the convergence can be assured only by increasing the PML width, proportionally to o..

In the time domain, it is possible to prove in 1D that the best convergence rate is at most O(oq 1 2),
see [34] for more details. Let us illustrate this numerically. We consider a 1D wave equation on an interval
r € (0,00) with the Dirichlet boundary condition u(t,0) = g(t) = e~* t2. We apply the PML change of
variables for r > Rpm = 0.2, fix the PML width L = 1, and v = 1. We then plot the dependence
of the PML error e?<(t,x) = |u(t,z) — u?(t,z)| at t = 10, = 0.1 on o, while keeping v = v~1o. = 0.
Let us remark that the error is computed numerically using its expression in the Laplace domain and the
convolution quadrature method [46].

The results are shown in Figure |5} Clearly, the PMLs based on with o./y = const do not converge
as g, — 400, and the only way the convergence can be assured is by taking L — +oco. Unfortunately, in
this case the PMLs are hardly more efficient than the classical super-cell method: if one is interested in the
solution inside the box (—a,a) x (—a, a), due to the finite velocity v = 1 of the wave propagation, for a fixed
time ¢ > 0, one can always compute the solution inside the larger box (—a — L,a + L) X (—a — L,a + L),
with L = t/2 and e.g. homogeneous boundary conditions. Thus the improvement provided by the PMLs is
only marginal.

In the section that follows we suggest two alternative strategies. The first one is based on the use of the
infinite elements (Hardy-space methods) for the v-shifted PML system. The second one is based on mapping
of the exterior domain to a bounded domain, which is applied after the complex scaling. In both approaches
no PML truncation is done, and thus at the continuous level the ~y-shifted PMLs become exact.
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Figure 5: Illustration to the experiment of Section Dependence of |e%¢(t,z)| on oc.

5. Two different numerical methods

Both of the methods that we propose are Galerkin methods based on the following semi-discrete weak
formulation of to find u%,v,w,p’,q € C*([0,7], V) x C*([0,T], @) such that

(O, ul) = ((—(o + 6)u” + (v(0 + &) — 06)v + yodw,u’) — (p7, Vul) + (f,ul),
(O, vT) = (u” —yv,07),
(O, wh) = (v — yw,wh), (52)
(A'9p7,p") = (0 —5)A"(pL —a1),pl) — (0 —5)A'(P] —q)), p|) + (Vu7,p'),
Oa,a’) = (& +7) (B —ay) ) + (0 +7) (b7 —au) . al),

for all uf,v’,wl € V,p’,q" € Q and some (discrete) spaces V C H'(Q),Q C (L*(Q )) , where the radial
and tangential components of vector unknowns are denoted by subscripts ||, L (i.e., fj := IIf, £, :=1I_f,
with I being the projection onto the space spanned by x). The initial conditions are vanishing.

5.1. Method 1: infinite elements

As a first approach to construct the discrete spaces V, @ we use infinite elements. To be more specific,
we use Hardy space infinite elements (HSIEs) [38 29]. Note that so far HSIEs have been primarily used
for time-harmonic problems, with the exception of [53], [68, 10.2.4], [49]. Since HSIEs are constructed
by means of a rather technical apparatus working in the Laplace domain, we choose to work here with
an equivalent, but more accessible presentation as in [48, B8]. That is we directly specify the infinite

clements as discrete subspaces of H'(Q% ) and <L2(Q°°

pml)) . In Qi we use conforming finite element

spaces Vipe C H! (Qnt), Qint C (LQ(Qint))z. In our particular implementation, we use Lagrange P} finite

elements for discretizing u?, and discontinuous Lagrange elements (Px_1 —DG)2 for discretizing p?. In Q3 ,
we use tensor products of the the trace spaces of the interior spaces and (scalar) radial spaces, i.e.,

Vext := Vrad @ Vs, = span{x = rx > 0(r)0(RpmX): 0 € Viaqa, 0 € V5 },
Qext = Qrad & QZ - Span{x =7rX Q(T)(i( pmlx) . ij € Qrad7 fl S Q2}7

where
Vs = {v|g,v € Vit }, Qs :={q|x,q € Qint}-

In the latter case, as the elements of Q;,; are piecewise-polynomials, the trace q|s is well-defined on each
mesh element adjacent to X. The spaces for discretizing the radial part are then defined as follows. To
capture the combination of the exponential decay and the oscillatory behaviour of frequency-domain PML
solutions, cf. Section [I.4] we use products of exponentially decaying functions and polynomials

Vrad(M0, 11, N) 1= Qrad(n0,m1, N) := span {exp(—nor)p(r), exp(—mir)p(r) : p € PN}, (53)
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with N € N, 9 # 01 > 0. In the above P? denotes the space of polynomials of degree N, and thus the
respective spaces are 2(IN +1)-dimensional. For a particular case 1y = 11, we define the 2(N +1)-dimensional
space (this definition is consistent with the definition of the two-pole Hardy spaces, cf. Appendix B

Vrad(M0, 10, N) 1= Qrad (n0, 10, N) := span {exp(—nor)p(r) : p € PN}, (54)

The space Vyada (10,70, N) = Qrad (0, 10, V) corresponds to the classical Hardy infinite element space intro-
duced in [38]. At the same time, the space Viaa (Mo, n1, N) = QOraa(n0, 1, N) relates to the two-pole Hardy
space, as introduced in [33] (specifically to the two-scale version from [32]).

The practical use of the above spaces relies on the choice of a ’good’ basis (it should be well-conditioned,
yield sparse discretization matrices, and allow for a ’sparse’ coupling between the interior and the exterior, cf.
58, p.70]) and further evaluation of the matrix elements. For the classical method a convenient set of basis
functions was constructed in [38] in the spacial Laplace domain. Afterwards in [48] the basis was translated
into the physical space resulting in a subset of generalized Laguerre functions. The construction of such basis
functions for the two-scale method is more subtle, and was done in the spacial Laplace domain in [33]. The
numerical implementation of the above method relies on the knowledge of the mass and stiffness matrices
({Dn, D) L2(®R+)s (T0n, Om)L2(®+), (Orn, Oplm) 12(r+), €tc.), which can be computed semi-analytically. The
corresponding expressions and computational procedures are stated for in Appendix [B]

5.1.1. Numerical experiments
In all the experiments we use the Crank-Nicholson method for time discretization.

Stability. To illustrate numerically the stability of the system we discretize the same problem as in Section
this time adding the y-shift and using infinite elements. In the interior we use the elements with the
order k = 4 and vary mesh sizes h. The number of infinite elements in the exterior is then varied accordingly
(as defined by Vs, Qy). Because the statement of Theorem is not quantitative (i.e. there is no explicit
expression of vy given there), we choose v satisfying (43). In partlcular we take o, = 20 and v = 10, which,
together with g = M =4/5, leads to (cf. . V= % =2<v,=3.

The dependence ngf the energy of the solutlon on time 1s shown in Figure We observe a long-time
stability both for coarse and fine discretizations. Figure [6b] shows the discrete spectra of the corresponding
time-harmonic problems. Contrary to the situation depicted in Figure [IB] even for finer discretizations the
discrete resonances do not enter the positive complex half plane, as indicated by our theoretical arguments.

103 ¢ T T T T T
[ ——h=0.2,2(N+1) =20
+-h=01,2(N+1) =24
o~ = 0.075,2(N + 1) = 30 «
——h =0.05,2(N + 1) = 36 _

energy
-
S
R
T
Im(s)

30 ~ h=022(N+1)=20

- th=012(N+1)=24
—35} o7 - - xh =0.075,2(N +1) =30 | |

: . - 011700a2(1\+1):36

o A0 e 5 T 5 0 05
0 10 20 30 40 50 60 70 80 90 100 515 1 85 3 25 -2 15 -1 05 0 05 |

Re(s)
(a) Long-time stability of infinite element discretizations (b) Spectra of the time harmonic problems corresponding
for different mesh sizes and number of infinite elements. to Figure@

The energy curves are hard to distinguish, since they lie
exactly on top of each other.

Figure 6: Stability of the frequency shifted infinite element discretizations.
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Figure 7: Convergence of two-scale complex scaled infinite elements w.r.t. the number of the elements in the basis of V;,q-

Convergence. The theory from [29] 48] predicts super-algebraic convergence of Hardy-space methods w.r.t.
the number of the infinite elements for time-harmonic problems and a fixed frequency. The goal of this
section is to verify numerically whether the same convergence rate can be achieved in our setting in the
time-domain regime. We choose Qi = By \ Bos := {x € R? : ||x|| < 1} and set A = diag(1/8,1). We use a
piecewise-constant o (i.e., satisfying Assumption , with o, = 20, v = 10. As a source we choose

f(t,x) = 2400sin(10t) (exp (—160|x — (0.7,0) "||*) + exp (—160||x + (0.7,0) " ||?)),

As before, we merely simulate one quarter of the domain. The interior discretization is done by the finite
elements of order £k = 6 and a mesh-size of h = 0.075. For the infinite elements, in all our experiments, we
set mp = 1, and n; = 7, and vary 1. We compare the numerical solution to the reference solution. The latter
is computed by using homogeneous boundary conditions on a domain large enough such that the wave is not
yet reflected back to the interior and finite elements of order k = 8.

Figure [7] displays convergence of the L2-errors (in space and time in ;) of the primal variable u? (¢,x)
for end-time 7" = 0.5 for various choices of 7. The error from the interior- and time-discretization is roughly
2-1076, thus the observed, converging dominating error is exclusively the error of the exterior discretization.

Like in the time-harmonic regime, we observe the super-algebraic convergence of the error with respect to
the number of the infinite elements. Moreover, as we see, the two-scale Hardy finite element space drastically
outperforms the one-pole method, though in both cases the super-algebraic convergence can be observed.
This is most likely due to a poor quality of approximation of the high-frequency solutions by the one-pole
method. Indeed, such solutions decay rapidly inside the complex-shifted layer, see the expression , and
thus can be approximated better by e™"* with sufficiently large . Choosing optimal parameters for the
performance of such infinite element methods, however, remains an open question.

5.2. Method 2: truncation-free PMLs

Let us now present an alternative method. We use the new change of variables, cf. :

1 pfo(n) AP
P { fu(r) + 555 g, o()dr’, r > Rom, (55)

Tony
T, r < Rpml.
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with
RpmiL

) = v L=

The change of variables defined by fi, is a bijective mapping from [Rpmi, Rpml + L) to [Rpmi, 00) (and thus
maps Q;"ml into a bounded layer Qpn, of width L). It therefore yields a truncation-free version of the PML.
Note that this approach follows the ideas for the frequency domain of [41], [59] and [30, Sect. 4.5.1], and is
different to the one used in [16] where merely the imaginary part of the scaling is unbounded. To avoid
singular integrals due to the change of variables defined above we use an approach similar to [59]. We apply
the change of variables to the weak form while the test functions v are replaced by (Rpmi + L — 7)3v1

(differing slightly from [59] 3.3.2] where also the trial function is scaled).

5.2.1. Numerical experiments
In all the experiments we set L = 1.

Stability. We conduct the same experiments as in Sections[2.3] but using the approach described above.
Similarly to the infinite element approach, we observe long-time stability in the time domain experiments in
Figure This is again confirmed by the fact that, at least for the discretizations considered, the respective
resonance problems have no spectrum in C*, as illustrated in Figure

Convergence. Contrary to the case of the infinite elements it is not straightforward to separate the interior
from the exterior discretization error, due to the fact that the finite element meshes in the interior and
exterior domains are not independent. Thus we use a uniform mesh size in the whole domain to study the
convergence of the L2-error (in time and space) of the primal variable u°(t,z) in the interior domain (cf.
Figure @ The remaining parameters are identical to the ones in the convergence experiments in Section
For truncation-free PMLs we observe two kinds of errors (apart from the discretization error in Qi ):

e the discretization error of the layer without the outmost elements which we expect to be O(h¥*1) (in
the L?-norm), and

e an additional error due to the fact that the outmost elements with homogeneous Dirichlet boundary
conditions in the absorbing layer are mapped to an infinite domain, which causes the solutions to
oscillate widely, and where the standard analysis does not apply.

In the experiments in Figure [J] we use an end time 7' = 0.5, and thus we observe the first kind of error and
the convergence of order h*+!. The plateau in Figure |§| occurring at errors of magnitude 2 - 1077 is the
time-discretization error. In the section that follows we perform experiments on longer times.

10° — 0 ‘ /
r ——h =02 5| : B
i ca-h =01 R # X )
——h =0.075 L | |
——h = 0.05 —10p e
—15F x 3 4
I = 20 ’ : il
g 10%f N E h |
g Wmmmmm ) x |
—25| . : 1
—30| . * xh=0.2 B
« . " oh=0.1
351 x * -h=0.075 | |
o * +h=0.05
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ —40 Lt e L - L
0 10 20 30 40 50 60 70 80 90 100 5 —45 -4 =35 -3 -25 -2 -15 —-1 -05 0 05 1
t Re(s)
(a) Long-time stability of truncation-free PML discretiza- (b) Spectra of the time harmonic problems corresponding
tions for different mesh sizes. The energy curves are hard to Figure @

to distinguish, since they lie exactly on top of each other.

Figure 8: Stability of the frequency shifted infinite PMLs.
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Figure 10: Comparison of the error of truncation-free PMLs and infinite elements.

5.83. Comparison of the two methods

In this section we compare the methods presented in Sections [5.2] and numerically. Since for larger
end times T, due to the hardware limitations, we were not able to compute the reference solution with a
very high accuracy, we will compare the performance of these methods for a model isotropic problem. In
this setting, we consider the problem with A = Id, vanishing source f = 0, and the initial conditions
u(t,r, @),y = 120exp(=50r), dwu(t,r, d)|,_, = 0, so that the solution does not depend on the variable
¢. This allows to reduce the problem to a single spatial dimension. We next solve this new problem by
applying two methods described above. We use the following parameters for the methods: o, = 20, v = 10,
no = 1,m = 20 and L = 1. We choose a very fine interior discretization, so that the interior error is
dominated by the error from the exterior discretization (and until the wave reaches the absorbing layer it is
dominated by the time stepping error; the time step is chosen as 7 = 10~° which gives an error of ~ 10~7).
In Figure we study the dependence of the L2-spatial errors on time for both methods. The number of
infinite elements and the exterior discretization of the truncation-free PMLs with order k£ = 3 is chosen so
that the number of unknowns discretizing the exterior is equal in both methods.

We observe that the error starts growing when the wave hits the absorbing layer at 7' = 1. After an
initial settling phase the errors grow. Nonetheless, on smaller time intervals the error of the infinite elements
is by far smaller. At the end of the experiments the errors of the two methods are comparable.
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Figure shows the error of the two methods for various discretizations with respect to time. Figure
shows comparison of the two methods for the separated equation at the end time T = 10 with respect
to the number of degrees of freedom in the exterior domain. For the chosen examples the infinite element
method is more efficient than the truncation-free PML.
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A. Auxiliary lemmas quantifying the behaviour of h,

We will assume everywhere in this section that o satisfies Assumption [3.3] i.e., is piecewise-constant and
equal to 0. > 0 inside the perfectly matched layer. We additionally use the notation ||x|/g := Vx'Bx, for
an arbitrary vector x € R%. Recall the definition (24]), which we extend to y € Qo

h0(5§xa y) = (XJ - yo)TB(XJ - ya)a X,y € R2.

In what follows, we will need more explicit expressions and bounds on h, in different regions of R? x R2.
We will first state and prove these bounds for x,y € Q;Oml X ngml' The bounds for x € Q;Oml and y € Qi
can be obtained similarly, therefore we omit their derivation here. The interested reader can find them in
Appendix A of the report [34]. We summarize all the bounds in Section

A.1. Bounds on hs(s;x,y) for (x,y) € Q%) x Q>
A.1.1. Bounds for classical PMLs
As a preparation for the proofs of the following results we begin by rewriting

X —Yo = (x—y)(1+ 571%) - Silac(Rpml)A( - Rpmly) =p(l+ 571%) - Silacppml, (A1)

with p=x —y and ppm1 = (RpmiX — Rpm1y). We then have that

Oc 2 Oc Oc Uz
ho(s;%,y) = (1 + ;) p'Bp - 2— (1 + ?) P ' Bppmi + ?pgmprpmb (A.2)
We start with the following bound.

Lemma A.l. Let 0. > 0. Then there exist vy, cg > 0, which depend on B, s.t. for all s € CL, with
& = VB0,

Rehy(s;%,y) > cgllx — y|?, forallx,y € Q. (A.3)
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Proof of Lemma[ A1 We make use of (A.2), (A1). For all s € CT we have that Re(l + s lo.)? >
Re(1 + s7202), and therefore, in particular, for s € C, it holds that

o2 20,

Reha(sixy) 2 (1- % ) ol -

2
g T g 2
(1+2) [P BPom| = 25l
We have that ||p|| > ||ppm1||E| Therefore,

HPHB > )‘min”pH > Amianpml” >y )‘min/)‘maxnppmlHB' (A'4)

We conclude that for all o > ygo,., with vg > 0 sufficiently large, all the sign-indefinite and negative terms
are controlled by ||p||%. Hence the bound in the statement of the lemma. O

An upper bound on h,,, stated below, is then obtained similarly, and thus we leave its proof to the reader.

Lemma A.2. Let o, > 0. Then there exists a constant Cg > 0, which depends on B, s.t. for all s € CT,

2
o —
|ho(s3%x,y)| < Cp (1 + |S|> Ix —yl||?, forallx,y¢€ Q%5

We also have another lower bound on h, which will be of use later.
Lemma A.3. Let o, > 0. Then, there exist yg, ¢cg > 0, which depend on B, s.t. for all s € C;, with
a = YBO,,
Re(sv/ho(s;x,y)) > ¢ Res||x —y||, whenever x,y € Q> (A.5)

pml®

Proof. We use the identity
Re(sv'ho) = ResRev/hy —ImsIm+/h,.

Recall the explicit expression for the complex root:

\/EZ\I‘ZH_%-FZ‘SignIsz@. (A.6)

A lower bound for Re+v/h, > vReh, can be obtained from Lemma This yields

Re(sv/ho(s;%,y)) = ResRe v/ ho(s;x,y) — ImsIm \/hy(s;x,y) > 0113/2 Res||x —y|| — [Im s Im /Ao (s;%,¥)]|.
7

(A7)

To bound Im /h,, we use that, for z € C\ Ry, cf. (A.6),

T 2| = /|z|72Rez.

We next use the inequality va2 + b2 —a < %, valid for @ > 0, with a = Re h, and b = Im h,,. This inequality
implies that |Im v/2q| < Imho| yith Lemma for s € C}, it holds that

vVReh,
| Im Ay |
‘Im vV ho- S 1/27 (AS)
g’ [Pl

4Indeed, denoting by b := % 'y, we remark that the minimum of the linear in b € [—1, 1] function
P12 = Ppmill® = lIx[1* + Iy I* = 2[Ix[[[ly b = 2R3, (1 — b)

is achieved at b =1 (||x||, ||yl > Rpm1), and equal to |||x|| — [|ly|||? > 0.
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Finally, it remains to bound |Im h,|. From the expression (A.2)), it follows that

1 1 1 1 1
Imh,(s;x,y) = (20C Im; +02Im 32> Ipll — <20C Im; +20%Tm 32> pTBppml + 02 Im?prm]H%
Ims ResIms
=200 (Iplls — P Bppml) — 2037|S|4 1P — PomilB- (A.9)

With the inequality (A.4) ||pllB > /Amin/Amax||Ppmi||B, and using ‘Ilrgls‘ <1, P“Sels < 1, the above yields,
with some constant Cg > 0,

~ O .
[ (s:x.9)] < Ca (1 ; |s|) ol (A.10)

Inserting the above inequality into (A.8)), and next inserting (A.8) into (A.7]), we obtain,

Cgo.|l .
Re(sv/n(5:%,)) > ca Res|x — y|| — B mel (1 " ”) I -yl

c]13/ ?s] Is|
C~’B Oc Oc
= cplies (1 ~ 3/2Res (1 + Res)) I =l
B
Choosing Re s > ygo. with sufficiently large 4g depending on B only yields the desired estimate. O

A.1.2. Bounds on complex-shifted PMLs
For the complex-shifted PMLs, the counterpart of (A.2)) reads

2 2
g g g ag
ho(s+7:x,y) = 14+ —=< "™Bp-2—(14+—¢ "Bppmi + —5—p.  BpPpmi. (A1l
( VX, y) ( s 7) p bp sty s+ P DPpml (S+’y)2ppl Ppml ( )

We start with the following auxiliary result.

Lemma A.4. There exist constants vy > 0 and cg > 0 depending on B, s.t. for all 0. < vy the inequality
Rehg (s +7;%,y) > callx -yl (A.12)

holds true for all s € C* and x,y € Q;"ml.

Proof. By Lemma one has Reh,(s;x,y) > c|x — y||?, whenever Res > ygo.. In other words,
Reh, (s +7;x,y) > cglx — y|?> whenever Res + v > ygo.. If v > ygo. (i.e. vy = 75"'), the estimate
Rehy(s+7;%,y) > cg|/x — y||? holds for all s € C*. O

With the above lemma, we can prove the following proposition.

Proposition A.5. There exist constants vy, Cy, c+ > 0 depending on B only, s.t. for all o.,v > 0: o, <

Vo, for any s € CT, any X,y € Qg"ml, the following bounds hold true:

sV ho(s +7:%,¥)| 2 C-|slllx = yll, (A.13)
s/ ho (s +7:%,y)] < Cilsllx =y, (A.14)
Re(sv/ho(s +7v;x,¥)) > (c4 Res — c_o.)||x — y||- (A.15)

If, additionally, ||x —y|| > px = 2Rpmi\/ Amax/Amin, then

Re (3 he(s+ ’y;x,y)) >ci Res|lx—y|. (A.16)
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The value of p, in the above is not optimal, but we do not pursue the goal of optimizing it.

Proof. The bound (A.13) follows from Lemma[A.4] The upper bound (A.14)) can be obtained by straightfor-
ward computations from (A.11)), thus we leave the proof to the reader. Let us now prove the bound (A.15)).
We have that

Re(svho(s+7;x,y)) = ResRe/ho(s+v;x,y) — ImsIm /b, (s + v; x,y). (A.17)

By Lemma and using the expression (A.6)), we have that
Re \/ho (s +7i%.y) > e *x — y|. (A.18)

Therefore, it remains to bound ’ImsIm Vho(s+7x,y) ‘ We proceed like in the proof of Lemma | A.8 in
particular, we have, with - that

[ Im A, (s +7;%,y)| < C

e e
. 1y ) I — 1l
s + 7] < [s 4+

Inserting the two above bounds into (A.17)) yields

~ o./Ims O,
Re(sv/ho(s +7;%,¥)) 20113/2Res||x—YH—CB S+7|| (1+ 5t |) Ix =yl

With |Tm s| < |s + | and using that v > v, ‘0., we obtain the desired estimate (A15).
Let us finally prove (A.16). We use again (A.17)) and (A.18)). The goal is to prove that for ||x —y|| > pu,
Im sIm \/hy(s +7;%,y) < 0. For this we consider the following expression, cf. (A.9):

202Tm s(Re s + )
s+

QJC Ims

|S—‘r ‘ ”p*pmeHZB- (A19)

Imhgy(s+7;x,y) = (IplE — P " Bppml) —

Next consider the term
S = plls — P Bppm > [plB — [IPlBIPpmllB-

We have ||ppmi]| = Rpmil|X — ¥|| < 2Rpmi, and thus ||ppmi|ls < 2)\}n/a2XRpml- On the other hand, ||p|| >

rln/fl”P”B Therefore, for ||p|ls > 2)\max/)\rln/f1 Rym1, we have that ||pllgs > ||PpmillB, and the quantity S is

positive. Thus, under the condition ||x — y|| > p«, ImsImh,(s + v;%x,y) < 0 and since Im /h, Imh, > 0

(cf. (A6)), we have that Im sIm \/h,(s 4+ 7;x,y) < 0. We then have that (A7), with the use of (A.TS))
rewrites as (A.16):

Re(sv/ho(s +v;x,y)) > 0113/2 Res||x — y||-

A.2. Summary of the results
Below we summarize all the bounds we obtained before. They are evident for x,y € Qi,, and follow

from previous section for x,y € mel, and from the computations summarized in the report [34] otherwise.

Lemma A.6. Let 0. > 0. Then there exist yB, cg > 0, which depend on B, s.t. for all s € CL, with
o = YBO¢;,

Reh,(s;%,y) > cBl|x — y|?, for all x,y € R?. (A.20)
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Lemma A.7. Let 0. > 0. Then there exists a constant Cg > 0, which depends on B, s.t. for all s € CT,
o\ 2
|he(s;%,y)| < Cg <1+|;|) |x —yl|?, forall x,y € R%

o’

Lemma A.8. Let o, > 0. Then, there exist g, ég > 0, which depend on B, s.t. for all s € CL, with

& = YBOc,
Re(sv/he(s;%,y)) > ég Res||x —y|, for all x,y € R2 (A.21)
For the complex-scaled PMLs, the corresponding bounds are stated below.

Proposition A.9. There exist constants v, Cy, c4,Cg > 0 depending on B only, s.t. for all o.,v >
0: 0. < v, the following bounds hold true.
1. For (x,y) € R? x R?,

Cilsllix =yl = [sv/ho(s +7:x,¥)[ = C-|sll|x = yl|. (A.22)

2. For all (x,y) € Q% x R?, s.t. [|x —y| > p = CRpmi, it holds that

Re (s\/hg(s—&—v;x,y)) > cy Resllx—y||. (A.23)

3. For (x,y) € Q%  x R?,

pml
Re(sv/ho(s +7;%,¥)) > c+ Res||x —y|| — c_oc|x — |- (A.24)

Proof. The bounds (A.22) for x,y € Qin are obvious. For x,y € Q% they stem from Proposition

m

The remaining bounds follow for x,y € Qg"ml from Proposition For the case x € Qg"ml, y € Qint, these

bounds can be found in [34]. O

B. Implementation

B.1. Infinite elements
For this section we assume that Assumption @ holds and additionally that R,y = 1, i.e., we have

5(r) = L= D _rl)”C, £ =s

We describe the discretization in the exterior domain ngmh since the discretization in 4, is standard. As

discussed in Section the implementation of the complex scaled infinite elements requires rewriting the

bilinear forms in the weak formulation in polar coordinates. Let us define the coordinate transformation
U:(l,00) x = Qo (X)X, X=(cost,sinf), 6c]l0,2r).

Let us additionally introduce the notation v,,q := v o ¥. We denote by Vsv,.q the tangential gradient of

Urad ON the surface ¥ (i.e. OgvraaX ). As seen from , we need to express only the following two types of

the integrals in polar coordinates, for real-valued integrands:

(v, UT> = / TVrad v;raddrdﬁ, (Vv, qT> = / 70y VradX - q;rad + Vsrad * Hj_qladdrdfc.
(1,00)x% (1,00)x%
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Plugging in basis functions (Section cf. [5.1) of the form vrea(r, %) = 9(r)3(X), vly(r%) = o1(1)o7(%),
Al (1, %) = §(1)1 (%) leads to

(B.1)
(Vo,q') :/(1 )r@rﬁ(r)qT(r)dr/E@(fc)fc(ﬂ(fc)dfc—i—/

(1,00

o(r)g' (r)dr s0(%) - T, § (%)dx%.
)()q()d/zv ) T4 ()

The surface integrals can be evaluated by applying numerical integration on the surface mesh on ¥ and lead
to sparse, well-conditioned matrices if the underlying volume finite element spaces are chosen properly. It
remains to choose a basis for the radial component of the space given in . We proceed to explain how this
is done in the case of standard complex-scaled infinite elements and state the resulting radial discretization
matrices. Subsequently we extend this approach to the case of two-scale infinite elements.

B.1.1. Hardy space infinite elements
Let us consider the following space, which is a special case of :

Vrj\fd = Qi\gd = span {exp(—r)p(r) :p € PM} ) (B.2)
One basis in this space is given by, cf. [68] Section 6.3.2] and [48], Section 4.2,
{r— on(r) =exp(l —7)Lyn_1(2r—2),n=0,..., M},

where the functions L,, _; are generalized Laguerre polynomials, defined by

I 1, n=0, B.3
T S QS = () ), B
The above defines a basis in the space , because the degree of the polynomial L, _; is equal exactly to n.
This choice of the basis ensures that the radial discretization matrices are sparse, see [58] Section 6.3].
Moreover, their entries can be computed in a closed form using the orthogonality of Laguerre polynomials
Ly, —1 with respect to the weight e"z~!. Alternatively the matrices can be computed using numerical
quadrature, i.e., weighted Gauss rules with respect to the weight exp(—2x).

Since later on we will use a two-scale version of the infinite elements, for which such computations are
far from obvious, we choose an alternative approach. ItE| is based on passing to the Laplace domain with
respect to the radial variable r — 1, and next working with discretization matrices in the Laplace domain only.
This technique then can then be generalized to define the basis and compute the entries of the discretization
matrices for the two-scale method. As it is simpler to understand the main ideas for the classical Hardy
space infinite elements, we choose this, more pedagogical, way of presenting the method.

Given a function r +— ¢(r), with r € [1,00), let us introduce its (shifted) Laplace transform (where the
index r indicates that we work with the radial variable, rather than with time):

(Lrp)(p) := @(p) == /Ooo e Pop(€ + 1)de.

Remark that by capital letters we will denote L,-transformed quantities. With the above definition, we can
prove the following result.

Lemma B.1. Let Rep > —1. Then the Laplace transforms of p, are given by the expressions

Lo =) = 1 L) =) = (U] ezl Ba)

5Historically, this is how Hardy space infinite elements were introduced and analyzed in the first place in [38]
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Also, for their derivatives it holds that

Sy L S22 (p—1\"
(Lot ) =~ € =2 (1) onzl @
Finally,
(L,ren)(p) = Dpulp), Dyp=1-0,, (B.6)

Proof. Proof of . For n = 0 the result follows by a direct computation. For n > 1, we rewrite
D, (p) = /00 e P*e™"L, _1(2z)dx. (B.7)
0
Replacing L, —1 by its expression and using the identity
/OO e Prake dr = kl(p+1)"""1, keN,
0
yields the following expression:

= km\ (=2 1 T d &
@n(p)_zn<k) (p+DFT  p+1 <ndx§_:

k=1 k

n k 1 n—1
p— 1
(k>x >‘ 2 p+1x( +2) lzz—ﬁ’

0 - _2_
=T

from which the desired expression follows immediately.

Proof of . The expressions for the Laplace transforms of the derivatives are immediate, if we recall
additionally that ¢o(1) =1 and ¢,,(1) = 0 for all n > 1 (cf. (B.3)).

Proof of . The identity follows by a direct computation:

£, (rpn) = / e’p§(£+1)90n(£+1)d£:(1—%) / e P (€ + 1)de.
O

In order to relate (B.1) evaluated at radial basis functions ¢, to their Laplace domain expressions, we
use the following lemma, see also [38, Lemma A.1]. Tt follows from the Plancherel identity, by continuing
u, v to causal functions and by making use of the fact that they are real-valued.

Lemma B.2. Let u,v € L?((1,00);R). Then [ u(r)v(r)dr = 5% [. U(p)V (—p)dp.

21
The above lemma states that evaluating the entries of the mass matrix reduces to computing the integrals
in the right-hand side of

[ entdentiar =5 [ 0a)@n(-pip (B.3)
(1,00) Tt JiR

The main idea is then to rewrite the matrix in the right-hand side by using an alternative basis, in which its
representation will be sparse. Even better, this representation will provide us a factorization of the matrix
in the right-hand side with the help of tri-diagonal matrices. We introduce

Sy = span{®,, n=0,1,...,M}.

Moreover,we define new basis functions ¥,, and related basis functions 3,, (the latter ones constitute a basis
used in the Hardy space methods):

2 (p-1\" On,—1
= — > — = = ! - .
U (p) p+1<p+1> =0, V_y(p):=0, B, (1,”) neNu{-1}, (B9

with 6, 1 = 1 if n = —1 and 0 otherwise. We will denote by Sy, := span{¥,, n = 0,..., M} and by
8P = span{B,, n=—1,...,M —1}.
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Remark B.3. The basis functions ¥,, are introduced so that, as we will see later (Lemma , the matrix
defined by the right-hand side of (B.8)) becomes diagonal in this basis.This allows to avoid evaluation of the
integrals over infinite lines. The basis 3,, is introduced to make a connection to the Hardy-space methods.

The main goal is then to rewrite the 'radial’ matrices arising in (B.1)) using Lemma and the new
basis S (resp. 87). We start by expressing ®,, via 8,,.

Lemma B.4. Let the operators T : Sl\ﬁ/[ — S be given by, for 8= (3,B)7,

_ B+ B __ —B+pB(p)
(T-B)(p) = pTa (T:8)(p) == 7])—&- 1 .
Then, for all0 <n < M,
‘CTQDTL = Tf/@n—h ‘C’r(p;l = T+/8n—1- (BlO)

Proof. First of all, remark that, Range(7+) C S§,. This is straightforward from and equalities of
Lemma Both identities in (B.10) then follow by an explicit computation, using Lemma O

With the above we also have the following.
Lemma B.5. 7}(81[\34) C Sy

The above follows from Sy, C S);. We however express 7.3, in a basis of Sy, directly, since we will
need the corresponding expressions later.

Proof. Let us prove the result for 7_. It is straightforward to see that 7_3_, = —%\I’o. For n # —1, we
have that (7_83,)(p) = 222 and we rewrite

p+17
Ynlp) 2 <p1> , and 4 — L (1’1—1>. (B.11)
p+1 (p+1)2\p+1 p+1 2\p+1
Thus, for n > 0, the result follows from the expression:
1
(T-B)(p) = =5 (Wnra(p) = ¥ (p))- (B.12)

As for T, we have that 7. 8_; = 1 ¥, and (73.83,,)(p) = ¥, (p) — \I;)"T(? =1(Uu(p)+ ¥ns1(p)), n>—-1. O

These relations, together with Lemma allow us to express the matrices occurring in (B.1]) with the
help of the bilinear form

oU.V) = 5= | VoV, (B.13)

defined for U, V being the Laplace transforms of one of the functions ¢,, or their derivatives. We then have
the following result, whose proof is based on Lemmas[B.4] and and thus is left to the reader.

Lemma B.6. For all n,m > 0 (where q is defined in and D, in ), it holds that
/(1 ) PnPm = q(T—(ﬂn—1)7T—(ﬁm—1))7 /(1 )r(pn(r)cpm(r)dT = q(DPT—(l@n—l)7T—(6m—1))7
[, rehrenr = gD, T By, T (8,0

(B.14)
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Therefore, instead of directly computing the matrices in the left-hand side of (B.14]), we can factorize them
with the help of the expressions in the right-hand side of (B.14)), by computing the matrix representations
of the operators 7Ty : Sl\ﬁ/l — Sy, Dy Sy — S, and of the bilinear form ¢ : SY; x Sy — C.
Importantly, in this new basis ¢ becomes a diagonal matrix. To state the result that follows, let us introduce
the g-orthogonal projection operator Py : Sy, — Sy, defined by, for U € Sy,

q(PLU, V) = q(U, V), for all V € SY.
We then have the following result.
Lemma B.7. The matriz representations T+ of T+ : SAﬁ/I — Sy, Qofq: Sy xSy — R, D, of
PY.D, : Sy — Sy, are given by:

+1 1 -1 1
1 .
Ty == . Dy=1d—3 2 -5 - ., Q=2Id.

+1 M —2M —1

Proof. Exzpressions of T+. See Lemma
Ezpression of Q. By a direct computation it follows that

_ b IRV 4 (p—D"(=p-1)™ 2 [ (p-1r !
o= [, OV D= 3 [ T TG T ™ R e

Let us assume without loss of generality that n > m. For n > m+ 1, we can use the Cauchy residue theorem
to show that the corresponding integral vanishes, i.e. Q,,, = 0. For n = m, we have that

1
Qpmm =4Respeg —————— = 2.
"+ -1
Ezxpression of Dp. Let us first of all compute
i\p (») = 2n+D(p-1)" 2n(p-1)""
ap " T (p+ 1)t

With (B.11)), we express (p+ 1)~ = —3 (;% - 1). This yields

e (R N (R =

(n+ D)%, — 2Cn+ 1)V, +nT,_4).

1
2
Finally, as Q. = 26,m, we conclude with the stated form of the matrix expression of PA‘I}DP. O

Using the result of the above lemma and (B.14)), we conclude that the entries of the discrete matrices in
(B.1)) can be written as follows:

/ PnPm = (Tj(@'ﬂ‘f)n m? / 7o (1) om (r)dr = (T—frﬁ;@’}lL) )
(1,00) ’ (1,00)

n,m

' (P pm(r)dr = (T]D] QT_
[, reheentriar = (18] r-)

n,m

SRemark that the multiplication operator u(r) — ru(r) sends VM, into Vr]\g(;rl. We can thus show that the shifted derivative
Dy maps 8§, — SJ%[JA'
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B.1.2. Two scale Hardy space infinite elements

Let us consider the two-scale space . In this case, up to our knowledge, no convenient closed form
for the spacial basis functions as for the classical Hardy space infinite elements is known. In the following,
we assume that ng = 1, set my; =7, and define the basis in the Laplace domain first (following [32] [33]). The
corresponding spacial basis functions can then be found by computing the inverse Laplace transform. This is
in general not necessary: as we are not interested in the solution outside of ;,¢, the explicit representation
of these functions is not needed. We define the two-scale Hardy basis of by

L(n+1)/2] ln/2]
1+ p— 77)
U7 (p) 1= L , >0, U =0, B.16
n(p) p+n<p 1) <p . n > 1(P) (B.16)

81 (p) = (gg(—l)), neNU{-1}. (B.17)

The set of {¥7,n € Ng} can be shown to form a Riesz basis in an appropriate Hardy space, see [33]. We
will comment more on a particular form of the above basis functions below, see Remark after Lemma
We then define the basis functions ¢]! by making use of an analogue of Lemma [ B.4] In particular,
first of all we define their shifted Laplace transform £, ¢! = ®7 by a counterpart of (B.10J):

Lol =T8B! 1, n>0.

with the operator 7 defined as follows. Provided the spaces
Sﬁ =span{B)! n=—1,..., M — 1}, SI\\I;; :=span{¥! n=0,..., M}, S}ff :=span{®!, n=0,...,M},
the operator 7" : Sf; — S is defined via

B+ B(p)

_ T

(T2B)(p) =

With the definition of the operator T, it is straightforward to verify that 7 are linearly independent.

Moreover, our first result shows that we have indeed constructed the basis of Vyaq(1, 1, N).
Lemma B.8. It holds that span{L '®"1 n =0,...,2N + 1} = V;aq(1,n, N).

Proof. Because ®" are linearly independent, it suffices to show that span{L 1®7 n = 0,...,2N + 1} C
Vrad(1,1, N). We will show how the result is proven for the simplest cases (for N = 0 and N = 1), and the
result for N > 2 will follow by the same reasoning. Let us first study the case N = 0. Indeed, in this case
Viad(1,1,0) = span{e™?,e~""}. On the other hand,

1

(I)O(P) = m, ‘1)717(10) =

_ 1+m
(p+n)(p+1)

Thus the result of the lemma holds for Vyaq(1,7,0). Let us now consider the case N = 1. We rewrite

1
therefore, 6j(r) =", g](r) =~ (7Y (D).
-n

n n n n ey — P MNani N _ @ 20 an
B0) = Lol(p) = 210) - 20l @3 - L e - o) - 2L ale). (B9

Evidently, ¢] € Viaa(1,m,1). Therefore, let us now consider u(r) = £;! —=-®7(p). Applying the shifted

T P+1
inverse Laplace transform, we remark that u solves

(5 1) utr e =220+ 1), w) =0, = 4 1) = ["e 00+ Dar
T 0

Now remark that ¢7(r) = e’Tpél)(r) +e”7’“p82)( ), where p(]) € Py, and j = 1,2 (i.e., constants). It then can
be verified by plugging in this explicit form of @7 in the above expression that u(r) = e_Tpgl)( )e " (2)( ),
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where pgl) € Py, and ]362) € Py. Crucially, the polynomial degree in the multiplier of e~"" did not increase

after this integration. The above computation shows that indeed, ¢g € Vyaa(1,7,1), and, moreover, writes
od(r) =e "pi(r) + e "po(r), with p1 € P1,  po € Po.

In a similar manner, cf. (B.18)), we can show that ¢ € Vyaa(1,7,1). Because

p—1 p—n
37 — P~ gn . ol =P Tgn : B.19
2N+2(p) pt1 2N+1(p) 2N+3<p) PP 2N+2(p) ( )
cf. the relation (B.18)), the desired result can be proven for N > 1 by using similar ideas. O

To formulate a counterpart of Lemma let us introduce an auxiliary basis, very similar to ¥, namely

L(n+1)/2] [n/2]

~ 1 — -1

B (p) = -1 (p”> <p> . n>0. (B.20)
p+1\p+n p+1

We define SJ‘\IQU = span{\ilz, n =0,...,M}. We then have the following result, which clarifies relations
between different spaces.

Lemma B.9. Sy =S¥, for all M > 0. Therefore 71"(81[\3;) =8y

Proof. Remark that ®((p) = = fﬁlnqlg(p). For n > 1, with odd n = 2k + 1, we have

1
prL
Lo 1+ (p=1\"(p-n\"
7\11%(29)__
p+1 (p+n)+1) \p+1 p+n
(1+n) p=n\(p-1\"(p-n\" 1 (- -
=Tl = o (V5.0) ~ W1 ) -

om(p+1) p+n p+1 P+ 2 2k(P) 2k+1(P)

In a similar manner, for even n = 2(k + 1), we have that
" (p) = L o (p) = — (1+n) <p_1)k+1 (p_'r])k
" p+1 2 p+mp+1) \p+1 P+

- (1) ()

o1 (p) =

Next, let us develop

p-1 _ m=1 o pon o = D-m)
(p+m@+1)  2nn+1) 2n(+n) (A+n)e+D@+n)

With the above, we obtain

1 /n—1-+ ~ 2n -
(I)gk+2 = % (nJrl‘I’gk +\Ilgk+1 - 1+U\I’Zk+2>-
O

Remark B.10. The above lemma partially justifies the particular definition of functions W}l (p) (B.16) and
U7 (p) (B.20). Remark that W} are defined like W) with n and 1 being interchanged. The functions W} are
introduced in order to ensure Sy, = St , which does not hold true for S};" replaced by S}, .
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To formulate the next result, let us introduce the operator 7, : Sf; — g}%’;, defined by

T8 = LI (5.,

It is straightforward to verify that it holds that

L () =T (B 1), n>0.

Le., the same relations for the integrals as in Lemma[B.6|hold and the discrete matrices for the corresponding
operators and the bilinear form ¢ can be obtained by similar computations as above as given in the following
lemmas. Since the computations are very tedious and technical we omit them at this point.

Lemma B.11. Let M +1=2N. Then the operators T ! : S]'(\a/[n — 31‘\1’4" can be represented by the matrices

1 1 1 1
T = —— Id+—T" T7 = —Id+=T"
7 2 +2nT, f=5 +27',
with
T TV
. . 1-n 4 =1 ¢
TN = R , T:= [ 14n , TY .= ( nt1 ,
T TV ( 0 0) ( 0)
T

Moreover, the matriz representation of the bilinear form q : 3}\1'/[' X é:}%'/[' — R is given by

Q
2 1 1-n
ani(“;”) , 0= <1n 141rn>.
0 117

Similar to the classical space we use a projection PA‘En : 81‘%’412 — S]\'if which is given by truncating the
expansion with respect to the basis functions ¥]! to n < M. Then the corresponding square matrix of the
differential operator is given by the following lemma.

Lemma B.12. The matriz of the differential operator PI‘\i,’Dp : S}I\}" — S}f’,n (cf. ) is given by

Dy DY
) Df D, DY
f)nild*i '-' '.. '.. s
Dy _, Dsz—z Dll{ffl
D1 Dn-a
with
__1 1 14+6n+n° 149
_ I+ 2 2n(1+ 2
Dy = ( Ln _1+4Zz+n2> +1 ( n1(+nn) 1+6Z]+772> ’
2n 2n(1+n) 2n ~ 2n(1+n)
U 2 n;l 0 L 211777 12ﬂ
DY =1 nl(jn) vy | DF =1 ((J)rn) 2 )
2n 2(1+n) 2n(1+n)
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