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Abstract

Computer simulation of the propagation and interaction of linear waves is a
core task in computational science and engineering. It is fundamentally im-
portant in a wide range of areas such as antenna design, atmospheric particle
scattering, noise prediction, radar and sonar modelling, seismic and ultra-
sound imaging. The finite element method represents one of the most common
discretization techniques for Helmholtz and Maxwell’s equations in bounded
domains, which model time-harmonic acoustic and electromagnetic wave scat-
tering, respectively. At medium and high frequencies, resolution requirements
and the so-called pollution effect entail an excessive computational effort and
prevent standard finite element schemes from an effective use. The wave-based
methods offer a possible way to deal with this problem: the trial and test
functions are built with special solutions of the underlying PDE inside each
element, thus the information about the frequency is directly incorporated in
the discrete spaces.

This dissertation is concerned with a family of those methods: the so-
called Trefftz-discontinuous Galerkin (TDG) methods. These include the well-
known ultraweak variational formulation (UWVF) invented by O. Cessenat
and B. Després in the 1990’s.

We derive a general formulation of the TDG method for Helmholtz and
Maxwell impedance boundary value problems posed in bounded polygonal
or polyhedral domains. We show the well-posedness of the scheme and its
quasi-optimality in a mesh-dependent energy norm; a similar result in a mesh-
independent norm is obtained by using a duality argument. This leads to con-
vergence estimates for plane and circular/spherical wave finite element spaces;
the dependence of the bounds on the wavenumber is always made explicit.
Some numerical experiments demonstrate the effectiveness of the method in
the case of the Helmholtz equation.

Several mathematical tools are needed for the analysis of the TDG method.
In particular, we prove new best approximation estimates for the considered
discrete spaces with the use of Vekua’s theory for elliptic equations and ap-
proximation results for harmonic polynomials. The duality argument used in
the convergence analysis of the scheme in the case of the Maxwell equations
requires new wavenumber-explicit stability and regularity results for the cor-
responding boundary value problem: these are proved with the use of a novel
vector Rellich-type identity.
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Riassunto

La simulazione al computer della propagazione e dell’interazione di onde lineari
¢ un compito fondamentale nelle scienze computazionali e nell’ingegneria. Essa
¢ di primaria importanza in una grande varieta di aree, quali la progettazione
di antenne, lo scattering da parte di particelle atmosferiche, la modellizzazione
di radar e sonar, la produzione di immagini sismiche e da ultrasuoni. I metodi
agli elementi finiti sono una delle tecniche di discretizzazione pit comuni per
le equazioni di Helmholtz e di Maxwell poste in domini limitati, le quali mo-
dellizzano lo scattering di onde acustiche ed elettromagnetiche in regime time-
harmonic. A medie ed alte frequenze, la risoluzione della frequenza spaziale
e il cosiddetto “pollution effect” richiedono uno sforzo computazionale ecces-
sivo ed impediscono un utilizzo efficace dei metodi agli elementi finiti piu
comuni. I metodi “wave-based” offrono un modo per trattare questo proble-
ma;: all’interno di ogni elemento le funzioni di base sono particolari soluzioni
della PDE considerata, di conseguenza la frequenza e incorporata direttamente
nello spazio discreto.

3

Questa tesi tratta una famiglia di questi schemi: i cosiddetti metodi “Trefftz-
discontinuous Galerkin” (TDG), i quali includono la nota “ultraweak varia-
tional formulation” (UWVF) introdotta da O. Cessenat e B. Després.

Qui deriviamo una formulazione generale del metodo TDG per le equazioni
di Helmholtz e di Maxwell con condizioni al bordo di tipo impedenza posti in
domini limitati poligonali o poliedrici. Mostriamo che lo schema & ben posto e
ha convergenza quasi-ottimale in una norma dell’energia; un analogo risultato
in una norma indipendente dalla mesh ¢ ottenuto con un argomento di dualita.
Questo porta a stime di convergenza per spazi di approssimazione costituiti da
onde piane e circolari/sferiche; la dipendenza delle stime dalla frequenza ¢ sem-
pre indicata esplicitamente. Alcuni esperimenti numerici mostrano 'efficacia
dello schema nel caso dell’equazione di Helmholtz.

Diversi strumenti matematici sono necessari per ’analisi del metodo TDG.
In particolare, usando la teoria di Vekua per equazioni ellittiche e alcuni risul-
tati di approssimazione per polinomi armonici, dimostriamo nuove stime di
miglior approssimazione per gli spazi discreti considerati. La tecnica di dua-
lita usata nell’analisi della convergenza dello schema nel caso delle equazioni
di Maxwell richiede nuove stime di stabilita e regolarita per il corrispondente
problema al contorno con esplicita dipendenza dalla frequenza; dimostreremo
tali stime usando una nuova identita vettoriale di tipo Rellich.






Contents

Abstract iii
Riassunto v
Contents vii
List of Figures xi
List of Notation xiii
1. Introduction: wave methods for time-harmonic problems 1
1.1. Time-harmonic problems. . . . . . . . . ... ... ... .... 1
1.1.1. The Helmholtz equation . . . . . ... ... ....... 2

1.1.2. The Maxwell equations . . . . . ... ... ... .... 3

1.1.3. Other time-harmonic equations . . . . . . .. ... ... 4

1.1.4. Standard discretization of time-harmonic BVP . . . . . 4

1.2. Wave-based discretizations . . . . . . . . ... ... ... ... 5
1.2.1. The ultra weak variational formulation (UWVF) 7

1.2.2. The DEM and the DGM . . . . . ... ... ... .... 9

1.2.3. The variational theory of complex rays (VICR) . ... 10

1.2.4. The partition of unity method (PUM or PUFEM) . .. 11

1.2.5. Least squares methods . . . . . ... ... .. ... ... 12

1.3. General outline of the dissertation . . .. .. ... ... .... 13
1.4. Open problems and future work . . . . . . . ... .. ... ... 15

I. The Helmholtz equation 21
2. Vekua’s theory for the Helmholtz operator 23
2.1. Introduction and motivation . . . . . . . .. .. ... ... ... 23
2.2. N-dimensional Vekua’s theory for the Helmholtz operator . . . 24
2.3. Continuity of the Vekua operators . . . ... ... ... .... 31
2.4. Generalized harmonic polynomials . . . . . .. ... ... ... 47
2.4.1. Generalized harmonic polynomials as Herglotz functions 50

3. Approximation of homogeneous Helmholtz solutions 55
3.1. Introduction . . . . . . .. ..o 55
3.2. Approximation of harmonic functions . . . ... .. ... ... 56
3.2.1. h-estimates . . . . . . .. ... ... 56

3.2.2. p-estimates in two space dimensions . . . . . .. .. .. 60

3.2.3. p-estimates in NV space dimensions . . . . ... ... .. 62

vii



CONTENTS

viii

3.3. Approximation of Helmholtz solutions by GHPs . . . . . . . .. 70
3.4. Approximation of gener. harmonic polynomials by plane waves 75
3.4.1. Tool: stable bases . . . . .. .. ... ... ... ... 76
3.4.2. The two-dimensional case . . . . .. ... ... .. ... 82
3.4.3. The three-dimensional case . . . .. ... .. ... ... 88

3.5. Approximation of Helmholtz solutions by plane waves . . . . . 94
Trefftz-discontinuous Galerkin method for the Helmholtz equation 103
4.1. Introduction. . . . . . .. . ... 103
4.2. The TDG method . . . . . ... ... ... ... ... ..... 105
4.3. Erroranalysis . . . . .. .. oL 108
4.3.1. Duality estimates in L®>norm . . . ... ... ... ... 110

4.4. Error estimates for the PWDG method . . . .. .. ... ... 112
4.5. Error estimates in stronger norms . . . . . . . .. ... ... .. 121
4.6. Numerical experiments . . . . . . . ... ... ... ... ... . 123
The Maxwell equations 129
. Stability results for the time-harmonic Maxwell equations 131
5.1. Introduction . . . . . . .. .. L Lo 131
5.2. The Maxwell boundary value problem . . . .. ... ... ... 132
5.2.1. Regularity for smooth domains . . . . . . .. ... ... 133

5.3. Rellich identities for Maxwell’s equations . . . . . . . ... ... 134
5.4. Stability estimates . . . . . ... oo 138
5.5. Regularity of solutions in polyhedral domains . . . . . . . . .. 144
Approximation of Maxwell solutions 155
6.1. Introduction . . . . . . . . ... ... 155
6.2. Approximation estimates for Maxwell’s equations . . . . . . . . 155
6.2.1. Approximation of Maxwell solutions by plane waves . . 156
6.2.2. Approximation of Maxwell solutions by spherical waves 159

6.3. Improved h-estimates for the Maxwell equations . . . .. ... 165
6.4. Plane wave approximation in linear elasticity . . .. ... ... 174
6.4.1. Potential representation in linear elasticity . . . .. .. 174
6.4.2. Approximation estimates by elastic plane waves . . . . . 176

Trefftz-discontinuous Galerkin methods for the Maxwell equations 179

7.1. Introduction . . . . . . . . . . ... 179
7.2. The Trefftz-DG method . . . . . . . . . ... ... ... .... 180
7.3. Theoretical analysis . . . . .. ... .. ... ... ... ..., 184
7.3.1. Well-posedness . . . . ... ... ... ... ....... 185

7.3.2. Error estimates in mesh-skeleton norm . . . . . . . . .. 186

7.3.3. Error estimates in a mesh-independent norm . . . . . . 187

7.4. The PWDG method . . . . ... ... ... ... ... ..... 191

. Vector calculus identities 195



CONTENTS

B. Special functions 197
B.1. Factorial, double factorial and gamma function . . . .. . . .. 197
B.2. Bessel functions . . . . .. ... oo oo 199
B.3. Legendre polynomials and functions . . . ... ... ... ... 200
B.4. Spherical harmonics . . . . . .. ... oo 201
B.5. Vector spherical harmonics . . . . . .. ... ... ... .... 202

B.5.1. Definitions and basic identities . . . . . . . . ... ... 203

B.5.2. Vector addition, Jacobi-Anger and Funk—Hecke formulas 207

References 211
Index of definitions and notation 227
Curriculum Vitae 231

ix






List of Figures

2.1.
2.2.
2.3.

3.1.
3.2.
3.3.

4.1.
4.2.
4.3.
4.4.
4.5.
4.6.
4.7.

5.1.

6.1.

Two paragraphs of Vekua’s book. . . . . .. . .. .. ... ... 24
A domain D that satisfies Assumption 2.2.1. . . .. ... ... 25
Surface plots of 2D generalized harmonic polynomials. . . . . . 51
A domain whose complement is a John domain. . . . . . . . .. 63
The backward induction step in the proof of Lemma 3.4.2 . . . 81
3D directions that satisfies the hypothesis of Lemma 3.4.2 . . . 82
Plot of PWDG best approximation factor with respect to ¢ . . 115
The analytical solutions for the numerical tests. . . . . . . . .. 124
PWDG convergence plots for regular solutions. . . . . . . ... 125
PWDG L? convergence plots for singular solutions. . . . . . . . 125
PWDG H' convergence plots for singular solutions. . . . . . . 126
PWDG jump convergence plots for singular solutions. . . . . . 126
PWDG L? convergence plots for different wavenumbers. . . . . 127
Geometric considerations in the proof of Lemma 5.4.1. . . . . . 139
The Maxwell vector plane waves. . . . . . . ... .. .. .... 157

xi






List of Notation

We denote balls and spheres in RY by

Bi(x0) = {xeRY |x—xo|<r},  B,:=B(0),
SN1.=0B; = {x e RY, |x| =1} c RV
We call multi-indices the vectors of natural numbers @ = (ay,...,ay) €
NV, where N = {0,1,2,3,...} includes the zero. We define their length |c,

we use them to describe multivariate polynomials, differential operators and
we establish a partial order denoted by “<”:

N
al: = ay,
j=1

N

olal
(%} anN
ozt -0z

a<p if ajgﬂj Vje{l,...,N}.

D% : =

If Q is an open Lipschitz domain in RY (or an N-dimensional manifold), we
denote by WFP(Q)¢, with d € N, k € R, 1 < p < 0o, the Sobolev spaces with
(integer or fractional) regularity index k, summability index p, and values
in C. We omit the index d if it is equal to one, i.e., for spaces of scalar
functions. We set H*(Q)? := W*2(Q)? and define H}(Q2) as the closure in
HY(Q) of C§°(£2). The corresponding Sobolev seminorms and norms for k € N
are defined as:

1
p
[ulywen (o ::< > /Q’Dau(x)’pdx>’

acNY |a|=k
k 1 1
— » " Deu(x)Pdx )"
lalwirgy = (S lulyme ) = (3 [ 10outrax)’,
Jj=1 aeNVN |al<k @
‘u’kQ = ‘u’Wkﬂ(Q)?
ully.0 = l[ullwre)
[ulyroory == sup  esssup|D%u(x)|,

aeNVN |al=k xeQ

||u||wk’oo(§z) = sup |u|wj,oo(Q) .
7=0,...,k
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List of Notation

The w-weighted Sobolev norms are defined as

k 1
. 2
[ulljo 0 = < Y w?kd) Iulig> Vue HYQ), Yw>0.
-

(0.2)
For 0 C R3, we introduce the following Hilbert spaces of vector fields, see
also [94, Ch. 1]:

LT(%Z):{VGLZ(?Q )’ v-on=0},
chrlQ):{v€L2 VXVEL2(Q)},
Hy(curl; Q) :{Vechrl Q):nxv=0 ondN},
Himp(cwrl; Q) := {v € H(cwl;Q): nx v € L7(0Q)} ,
H(curlcurl; Q) := {v € H(curl; Q) VXVXVGLQ(Q)?’}, (0.3)
H(div; Q) :{VGL2 :V-ve L} ()},
H(div%; Q) :={ve L*Q)®: V.-v=0in Q},
churlQ):{ver vaEHk(Q)},
HE(div; Q) = {ve H*Q)*: V.ve HQ)},

where n is the exterior unit normal vector field to 9. Each space is endowed
with the corresponding graph norm.

If F: 00 — C?is a vector field defined on the boundary of a Lipschitz
domain © C R?, we denote its normal and tangential components by

Fy:=(F-n)n and Fr:=nxF)xn, (0.4)

respectively. As a consequence, F can be written as F = Fy + Fr.

Xiv
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1. Introduction: wave methods for the
approximation of time-harmonic
problems

Understanding and predicting the propagation and scattering of acoustic, elec-
tromagnetic and elastic waves is a fundamental requirement in numerous en-
gineering and scientific fields. However, the numerical simulation of these
phenomena remains a serious challenge, particularly for problems at high fre-
quencies where the solutions to be computed are highly oscillatory. An im-
portant and active current area of research in numerical analysis and scientific
computing is the design of new approximation methods better able to repre-
sent these highly oscillatory solutions, leading to new algorithms which offer
the potential for hugely reduced computational times. A key associated ac-
tivity is the development of supporting mathematical foundations, including a
rigorous numerical analysis explaining and justifying the improved behaviour
of the new approximation methods and algorithms.

The present dissertation aims at describing a special finite element method,
termed Trefftz—discontinuous Galerkin (TDG) method, for the time-harmonic
Helmholtz and Maxwell’s equations, and at analyzing in a rigorous fashion its
stability and convergence properties.

We begin this preparatory chapter by briefly describing the boundary value
problems that will be considered in the following parts of this thesis. In
Section 1.2, we introduce wave-based finite element methods and describe the
most relevant schemes that belong to this class. Then, we outline the structure
of the dissertation, and finally we sketch several intriguing open problems that
will arise in the following chapters.

1.1. Time-harmonic problems

In this section we introduce the most common partial differential equations
(PDEs) that describes time-harmonic wave propagation. We consider bound-
ary value problems (BVPs) with impedance boundary conditions (IBC) in
bounded domains of RY. Extensive descriptions and motivations of these
PDEs are given, for example, in the books [59,125,152,160].



1. Introduction: wave methods for time-harmonic problems

1.1.1. The Helmholtz equation

The propagation of acoustic waves with small amplitude in homogeneous iso-
tropic media can be described by the wave equation:

1 02U(x,t)

2 Ot?
The unknown scalar field U(x,t) is a velocity potential depending on the
position vector x and on the time variable ¢; ¢ is the speed of sound and A is

the usual Laplace operator in the space variable x € R3. The velocity field v
and the pressure p can be derived from U as

=AU(x,t) .

1 oU (x,t)
v(x,t) = —VU(x,t), x,t) = ———"2% |
(x0) == VUG, plxt) ===
where pg is the medium density in the static case.
The time-harmonic assumption lies in the choice of a sinusoidal dependence
of U on the time variable:

U(x,t) = Re {u(x) efic”t} ,

where w > 0 is the wavenumber and cw is the frequency.! With this as-
sumption, the complex valued function u satisfies the homogeneous Helmholtz
equation (sometimes called reduced wave equation):

Au+wu=0.

Of course, the Helmholtz equation can be considered in any space dimensions
N > 1. It is often convenient to write it as system of first order equations:

wo—Vu=0,

iwu—V-o=0.

In order to model non-homogeneous and absorbing materials, the wavenumber
w (and thus the local wavelength A = 27/w) can be a function of x or can
take complex values.

When a boundary value problem is studied, the Helmholtz equation is con-
sidered in a domain ) and it is supplemented by boundary conditions. If the
value of u is prescribed on 0€), we talk about Dirichlet or sound-soft boundary
condition; if the value of the normal derivative du/dn (n being the outgoing
normal unit vector on 9) is given, we call it Neumann or sound-hard bound-
ary condition. A linear combination of Dirichlet and Neumann data is called
Robin boundary condition; in particular when the value of

g—z +idwu
is fixed on 9 for some real non-zero (possibly non-constant) parameter ¥, we
call it impedance boundary condition.

!Notice that many authors use the letter & to denote the wavenumber and w to represent
the frequency.



1.1. Time-harmonic problems

The non-homogeneous impedance boundary value problem
—Au—wlu=f inQ,

@%—iﬁwu:g on 0f) ,
on

where  is an open bounded Lipschitz subset of RY, f € L%(Q), and g €
L?(982), can be written in the following variational form: find u € H'(Q) such
that

Vu- Vo —w?us)dV +
Q

o0

(1.1)

mwmdsz/fmv+/ gvdS  (1.2)
Q o0

holds for every v € HY(Q).

1.1.2. The Maxwell equations

The Maxwell equations describe the propagation of electromagnetic waves
through some media. The non-homogeneous time-harmonic Maxwell equa-
tions can be written as

{—m E-VxH=—(iw)J,

‘ (1.3)
—wp H+V XE=0,

where the unknown electric field E and magnetic field H, and the datum J
are vector fields in three real variables that take values in C®. The material
parameters € (electric permittivity) and p (magnetic permeability) model the
material through which the wave propagates: they can be constants, or posi-
tive bounded scalar functions of the position, or positive definite matrix-valued
functions. Equations (1.3) can be condensed in a second order PDE:

Vx(p 'VxE)—wE=1J.

The typical boundary conditions used for Maxwell’s problems make use of
the tangential traces of E and H. The impedance boundary condition can be
written as

Hxn—-9nxE)xn=(w)'g, (1.4)
or, equivalently,

(W 'VxE)xn—iwd(nxE)xn=g.

Notice that the tangential part of the electric field is summed to the rotated
tangential part of the magnetic field.

The variational form of the boundary value problem given by equation (1.3)
in an open bounded Lipschitz domain  C R3, supplemented with the bound-
ary conditions (1.4) on 02, may be written as: find E € Hiyp(curl; Q) = {v €
H(cur; Q) : vy € L2.(99)} such that

[V <B) (%0 - (e®) g av—iw [ 0Br & s
O [2}9]

:/QJ-Z dV+/an-ET ds

holds true for every & that belongs to the same space.



1. Introduction: wave methods for time-harmonic problems

1.1.3. Other time-harmonic equations

The elastic wave equation (Navier equation) in the time-harmonic form reads
A +20)V(V-u) =V x (V xu) +w’pu=0,

or equivalently
A+ w)V(V-u) + pAu +w?pu =0,

where A\, u are the Lamé constants, and p is the density of the medium. A
Robin boundary condition (cf. [123]) is

T () +idwu=g

on 0f), where the traction operator is defined as
TM (v) = ng—z +An(V-u)+punx(Vxu).

For p = 0 (and A\ = p = 1) the elastic wave equation reduces to the
displacement-based Helmholtz equation (cf. [84]):

V(V-u)+w’u=0,
whose Robin boundary condition reads
V-u+idwu-n=g.

A general family of time-harmonic linear first order hyperbolic equations is
given in [85,86]:

—iwu + Z 8::3 =0
J

where AU), j =1,..., N, are square m x m real matrices (possibly depending
on the position x), and the unknown u is a vector field in N real variables which
takes values in C™. For instance, the Helmholtz equation can be expressed in
this form by fixingm = N+1,u = (01,...,0n,u) = (Vu/(iw),u) and defining
AU) as the (N 41) x (N 41) symmetric matrix with only two non-zero entries,
with values 1, which lie in the positions (j, N + 1) and (N + 1, 7).

1.1.4. Standard discretizations of time-harmonic boundary value
problems

The PDEs described in the previous sections play a central role in many fun-
damental scientific and technological areas. The most widely used tool for the
discretization of the corresponding boundary value problems and for the nu-
merical approximation of their solution is perhaps the finite element method
(FEM). The papers [190] and [34] give a review of different numerical methods
for high frequency time-harmonic problems.

Every solution of the time-harmonic equations displayed before oscillates
with a spatial frequency w that is set by the PDE itself. The standard FEM



1.2. Wave-based discretizations

uses piecewise polynomial space to represent these solutions, thus the number
of degrees of freedom needed to obtain a given accuracy in certain domain,
is larger for higher values of w. In the h-version of a FEM, the convergence
is achieved by reducing the meshsize h, i.e., the maximal diameter of its el-
ements; on the contrary, the local polynomial degree is kept constant. The
FEM discretization error is usually controlled by the best approximation er-
ror, through a quasi-optimality estimate. For an exact solution that oscillates
with frequency w in an element of size h, the approximation properties of a
polynomial space depend on the product wh, thus at a first glance it may seem
to be possible that a constant value of this product implies a control on the
FEM error.

Unfortunately this is not the case. This fact is due to the accumulation of
phase error, called numerical dispersion or pollution effect, that affects any lo-
cal discretization, cf. [17]. This phenomenon manifests itself in the theoretical
analysis of the different schemes as a dependence of the quasi-optimality con-
stant on the wavenumber. In concrete terms, this means that the h-version of
any finite element method at medium and high frequencies delivers a reason-
able error only with extremely fine meshes. Thus these methods are compu-
tationally too expensive to implement in many practical cases. On the other
hand, spectral finite element schemes sacrifice the locality of the approxima-
tion but, in exchange, are immune to numerical dispersion, cf. [4,5].

Another common approach to the numerical solution of oscillatory prob-
lems is the boundary element method (BEM), based on the discretization of
boundary integral equations (BIE). In particular, the combined field integral
equation (CFIE) is widely used and recent work [32, 50, 53, 134] has made
substantial progress in understanding the behaviour at high frequency of nu-
merical solution methods. Very high frequency problem are often treated with
asymptotic methods based on the geometric optic approximation; this large
class of methods includes the ray-tracing and the front propagation techniques
(¢f. [74,91,176]). Finally, we mention that possible alternatives to the FEM
are finite differences schemes (FD) and time-domain methods (cf. [34]).

1.2. Wave-based discretizations

To cope with the fundamental difficulties offered by the discretization of time-
harmonic equations, many different finite element methods have been pro-
posed, all sharing the common strategy of incorporating information about the
equations (namely, the wavenumber) inside the trial space. This is achieved
by choosing basis functions defined either from plane waves (functions x +—
exp(iwx - d), with propagation direction d), or from circular, spherical, and
angular waves, fundamental solutions or more exotic solutions of the under-
lying PDEs. As for polynomial methods, only the spectral version (i.e., when
the number of basis functions per element is increased) of these schemes is free
from numerical dispersion.

Examples of methods based on plane waves are the partition of unity finite
element method (PUM or PUFEM) of I. Babuska and J.M. Melenk [16], the



1. Introduction: wave methods for time-harmonic problems

discontinuous enrichment method (DEM) [6, 82, 189], the variational theory
of complex rays (VICR) [172], and the ultra weak variational formulation
(UWVEF) by O. Cessenat and B. Després [47]. This latter method has seen
rapid algorithmic development and extensions, see [117,119,121,122,124], and
even commercial software has been based on it. Since it can be reformulated as
a discontinuous Galerkin (DG) method, the UWVF allows a rigorous theoret-
ical convergence analysis [42,85,96,108]. Other schemes employ different basis
functions: circular waves (also called Fourier-Bessel functions) [154,186], fun-
damental solutions [22], angular functions adapted to the domain [23], “wave-
band functions” [172,188], divergence-free vector spherical waves [18].

The methods mentioned above have been mostly used for the discretiza-
tion of the Helmholtz equation; for the Maxwell case far fewer schemes are
available, see [18,48,107,121,191]. Linear elasticity problems were addressed
in [123, 130, 138-140]; the DG/UWVF discretization of displacement-based
Helmholtz equation was treated in [84] and the corresponding one for lin-
ear hyperbolic equations and the linearized Euler equation in [85,86]; different
acoustic problems with discontinuous coefficients or flowing media were treated
in [12,88,133].

We can distinguish between two main categories of wave-based methods.
The Trefftz methods are the ones that use basis functions that are locally
(inside each mesh element) solution of the underlying PDE; the main exam-
ples of this category are the UWVF, DEM/DGM, VTCR and many least
squares methods. These schemes differ from each other by the technique used
to “glue” together the trial functions on the interfaces between the elements.
The DG framework provides a very general and powerful tool both for formu-
lating many of these methods and for carrying out their analysis. The second
category uses “modulated basis”, i.e., local solutions of the PDE multiplied
by non-oscillatory functions, usually low-degree polynomials; here the most
famous example is given by the PUM. This second class of methods is more
suitable for non-homogeneous problems (with source terms in the domain) and
for smoothly varying coefficients, i.e., non-homogeneous material parameters.

The Trefftz methods with plane wave basis and polygonal /polyhedral el-
ements allow easy analytic computation of the integrals necessary for their
implementation (see Section 2.1.2 of [95] for the integration in closed form
of the product of plane waves in polygons). On the contrary, different basis
functions and curved elements require special quadrature rules for oscillating
integrands.

In the medium and high-frequency regime, wave-based methods achieve
higher accuracy than analogous polynomial schemes, when a comparable num-
ber of degrees of freedom is used. The considerations about the numerical dis-
persion and numerical evidence suggest to obtain accuracy by increasing the
dimension of the local approximating space (p-version) instead of by refining
the mesh (h-version).

However, for large p or small h, the typical basis functions used in these
methods become more and more linearly dependent, leading to the resulting
linear system being severely ill-conditioned. This is the main obstacle that
prevents wave-based methods from enjoying a wider use in applications. A
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common statement regarding the ill-conditioning of wave-based methods is
that it is a local phenomenon due to the “lack of orthogonality” of the wave-
based bases; indeed the different ways of gluing together the elements do not
heavily affect the condition number (see for example [86, Sect. 6.2] and [124]).
This fundamental problem has begun to be partially addressed; for example,
special rules for the dependence of the local number of degrees of freedom on
the wavenumber and the local mesh size in order to improve the conditioning
of the UWVF system matrix are discussed in [121, 124], nevertheless much
more work needs to be done.

In the following few sections we introduce in more detail the main fami-
lies of wave-based schemes: UWVF, DEM/DGM, VTCR, PUM/PUFEM and
least squares. Of course, several other similar approaches exists: for instance
the wave based method (WBM) of [168], the weak-element method of [97,174],
the mapped wave envelope finite and infinite elements of [49], the flexible local
approzimation method (FLAME, a finite difference method for electromag-
netism) of [191], the plane wave H (curl; ) conforming method of [136] and
subsequent papers. Some comparisons of the numerical performances of the
different schemes can be found in [12,86,87,117], and a review of different
Trefftz formulations in [168]. A summary of the theoretical results concerning
the stability and approximation properties of different wave-based methods
(PUM, least squares methods and UWVF /DG) is available in [75, Sect. 4-6].

Here we discuss only the case of the Helmholtz equation, since it is the
prototype for all the other time-harmonic problems and it has received a much
larger attention in the literature. The reformulation of the UWVF as a Trefftz-
DG method is not considered here because it will be the topic of Chapters 4
and 7.

1.2.1. The ultra weak variational formulation (UWVF)

The ultra weak variational formulation for the Helmholtz equation has been
introduced by O. Cessenat and B. Després in [46-48], and further developed
and extended in several subsequent papers by different authors. We write its
formulation following the introduction given in [48], in the special case of the
impedance boundary condition with ¢ =1 (i.e., @ = (1 —9)/(1 +9) =0 in
their notation) and f = 0 (i.e., without volume sources).

Let 7, be a finite element partition of a polyhedral Lipschitz domain 2 C
RN N = 2,3, of mesh width h (i.e, h = maxge7, hi, with hy := diam(K));
we denote by ng the outgoing unit vector on 0K and by 0y, = 0u/Ong the
corresponding normal derivative of w.

Let u € HY(Q) be a solution of the impedance BVP (1.1) with f = 0 and
¥ = 1, such that On, (vx) € L?(0K) for every K € Tj,. We define the (adjoint)
impedance trace z € V := [[ e L?(0K) as x|k = (—Ony +iw)uf.

The UWVF of problem (1.1) reads: find x € V such that

Z /(?KCCwadeS— Z /a Tox' Fr(Yjor)dS

KeT,, K.K'cT;, / OKNOK’
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-3 [ e ds (1.5)
Kot JOKNoQ

for every y € V, where the operator Fi : L?(0K) — L*(0K) maps yy into
the trace

F(yr) = (Ony +iw)ex
of the solution eg of the local BVP

—Aeg —w?er =0 in K,
(—0Ongx +iw)ex =yxg ondK .

The expression (1.5) is a variational formulation for the skeleton unknown x;
after the equation is solved with respect to z, the solution u|g can be recovered
in the interior of each element by solving a local (in K) impedance BVP with
trace z |9k

The equation (1.5) is discretized by choosing a suitable finite dimensional
subspace Vj, of V. However, the implementation of Fi(y)9x) requires the
solution of a local BVP, therefore Cessenat and Després proposed the use of a
Trefftz discrete space, in particular a space spanned by plane waves. The trial
space is thus defined as

Vy, o= {xh €V : (wn)px € span{(—0On, + iw)ei“’x'dﬂK} VK e 771} ,
for p unit propagation directions {dg}/=1,. , C SN-1,

Theorem 2.1 of [47] states that the discrete problem obtained by substituting
V with V}, (or any other Trefftz space) in (1.5) is always solvable, independently
of the meshsize h. In the same paper it is proven that the solution impedance
trace z, of the discrete problem converges to x (the impedance trace of the
continuous problem) with algebraic rates of convergence with respect to the
meshsize h; the same is true for the convergence of the discrete solution uy, to u
(see [47, Corollary 3.8]). In both cases (i.e., for z — x and u —uy), the error is
controlled only in the L?-norm on the boundary 9. The rate of convergence
linearly depends (in two space dimensions) on the dimension p of the local trial
space, namely, on the number of plane wave propagation directions employed
in each element. However, the theoretical order of convergence is one unit lower
than that experimentally observed, as can be noticed from the comparison of
Table 3.3 and Corollary 3.9 in [47]; this fact is due to the best approximation
estimate of [47, Theorem 3.7]. In Section 4 of [42], the results of Cessenat and
Després have been used together with the duality technique of [154] to prove
algebraic orders of convergence for the volume norm of the error ||u — up|| L2(Q)"

The UWVF is perhaps the wave-based method which has received the
largest attention in the last years. As already mentioned, there exist gen-
eralizations to many different time-harmonic settings as the Maxwell (cf. [18,
48,121,122]), elasticity (cf. [123,138]), displacement-based Helmholtz (cf. [84])
and hyperbolic (cf. [85,86]) equations. In [183], it has been applied to equa-
tions of reaction-diffusion type (e.g., Helmholtz equation with purely imagi-
nary wavenumber), in this case the solutions and the basis functions have a
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completely different nature with respect to the problems considered so far:
they are not oscillating but contain steep boundary or internal layers.

Other papers studied several relevant computational aspects of the UWVE:
the preconditioning and the choice of a linear solver in [124], the use of the
perfectly matched layer (PML) in [119], the case of anisotropic media in [122],
the comparison with other wave-based schemes (PUFEM and least squares)
in [86,87,117], the application to complicated ultrasound problems in [120].
In [153], the UWVF is used to couple Trefftz and polynomial trial spaces on
different elements, this is a very promising direction to follow in order to apply
the method to realistic problems.

An effective strategy to generalize the UWVF is to recast it as a dis-
continuous Galerkin (DG) method, this has been done in different ways;
cf. [42,84,85,96]. This approach makes the derivation of the method sim-
pler, allows to improve the scheme by choosing in a smart way some relevant
discretization parameters (within the so-called numerical fluxes) and to study
the convergence in a rigorous fashion with the help of the DG machinery al-
ready developed for polynomial schemes. The DG reformulation of the UWVF
for the Helmholtz and the Maxwell cases and its convergence analysis will be
the topic of Chapters 4 and 7 of this dissertation.

1.2.2. The discontinuous enrichment and the discontinuous
Galerkin methods (DEM and DGM)

The discontinuous enrichment method was firstly introduced by C. Farhat,
I. Harari and L. Franca in [79]. The basic idea is to enrich the polynomial
FEM space with plane wave functions and impose weakly the interelement
continuity via Lagrange multipliers. The degrees of freedom related to the
enrichment field can be eliminated by static condensation in order to reduce
the computational cost of the scheme.

In the subsequent paper [81] (see also [80]) the polynomial part of the trial
space was dropped, thus the remaining basis is constituted by plane waves
only. In this version, the DEM was renamed discontinuous Galerkin method
(DGM).2

Higher order extensions of the DGM and more complicated numerical ex-
periments are taken into account in [82]; finally [189] extends the scheme to
three dimensional hexahedral elements. The mentioned papers compare the
different versions of the DEM/DGM with standard polynomial methods of the
same order, and show that the number of degrees of freedom per wavelength
needed to obtain a certain accuracy is greatly reduced by the use of the former
schemes. A stability and convergence analysis for the lower order elements is
carried out in [6]; for the higher order elements, to our knowledge, it is not
yet available.

2 Despite the fact that the DGM is both a DG and a Trefftz method, this scheme is quite
different from the Trefftz-DG (denoted TDG) discussed in Chapter 4: indeed the interface
continuity is treated with Lagrange multipliers by the former scheme and as a local DG
in the spirit of [45] by the latter. See [86] for a comparison of the two DG formulations.
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The extension of the DGM/DEM to elasticity problems has been considered
in [139,207] (Navier equation) and in [140] (Kirchhoff plates).

Here we briefly describe the formulation of the DGM following Section 2
of [81], in the simplified case of a cavity without a scatterer (i.e., in their
notation, @ = B, 0 =@, a = =0, k = w). We consider the BVP (1.1) with
¥ = —1 (to be consistent with [81]) in a bounded domain £ C R? partitioned
in a finite element mesh 7. We define: the function spaces

v:= ][] B'(x), w:= [] H '*0KnoK),
KeTy, K,K'eTy,

the bilinear forma:V xV — C

a(w,v) = Z /K(Vw-Vv—w2uv)dV—/ iwwovds,

Ker]-h o0

the bilinear form b: W xV — C

b(p, w) = Z / p (Wi —wg)dS,
K,K'eT;, OKNOK'

and the linear form r : V — C

r(v) ::/BQgUdS.

Then problem (1.1) corresponds to the following variational formulation: find
(u,\) € ¥V x W such that

a(u,v) + b\, v) =r(v) YveV,
b(p,u) =0 VupeWw.

This equation is then discretized by restricting it to finite dimensional spaces
YV CcVand W C W. In the DEM, V is the direct sum of a polynomial
and a plane wave space, in the DGM only the plane wave part is retained.
The Lagrange multiplier space W is composed by constant (on every edge)
functions for the lowest order element and by oscillatory functions (plane wave
traces) for the higher order methods. The degrees of freedom related to V are
then eliminated by static condensation.

1.2.3. The variational theory of complex rays (VTCR)

The evolution of the VT'CR followed the direction opposite to the UWVF and
the DEM: it was firstly developed by P. Ladevéze and coworkers for prob-
lems arising in computational mechanics and only later it was extended to the
acoustic/Helmholtz case. The first appearance of the VT'CR is in [129], where
the vibrational response of a weakly damped elastic structure at medium fre-
quencies is modeled with a novel variational formulation (see also the more
detailed presentation given in [130]). In [175] this approach is extended to

10



1.2. Wave-based discretizations

three-dimensional plate assemblies, in [171] to shells of relatively small curva-
ture (Koiter’s linear theory), and in [131] different techniques to solve simul-
taneously the same equation for different frequencies are illustrated.

Here, following [172] (see also [181]), we show the formulation of the VITCR
when applied to the Helmholtz equation. In order to simplify the presentation
we use the same notation introduced in the previous sections for what concerns
the domain partition. We consider a domain  C R? whose boundary is
decomposed in two parts denoted I'p and I'y and we consider the problem
with mixed (Dirichlet and Neumann) boundary conditions:

Au+w?u=0 in9Q,

U= gp onl'p,
7 Ou
—— =gN onI'y .
w on

The VTCR formulation (cf. [172, eq. (3)]) reads: find a Trefftz function u such
that

1 Ov i Ou
/FD(u—gD);a—ndS—i- FN’U<;a—n—gN> ds
1 7 aU‘K 8v|K,>
+ - — ) — -
2 Z /8K08K/(UIK uIK )w <3nK 8HK/

K,K'eTy,
) 8’&[( ou K’
+ (VK +U‘K/); <8nK + (9nK/> dS=0

for every v in a proper Trefftz test space.

The corresponding discretized problem is obtained by choosing a space of
plane wave and/or “wave band” functions, i.e., Herglotz functions with piece-
wise constant kernel (c¢f. Section 2.4.1):

b
o) (X) . / eiw(ml cos 0+x2 sin ) do 0<a<b<or.

The linear system obtained with this method is not symmetric.

1.2.4. The partition of unity method (PUM or PUFEM)

The partition of unity finite element method is the main example of non-
Trefftz wave-based method. Its introduction is due to the work of I. Babuska
and J.M. Melenk in the series of papers [16, 142,144, 146, 147]. Other work
concerning the application of the PUM (and its variants) to Helmholtz and
related acoustic problems are [12,88,132,165, 187, 188].

The main feature of the PUM is a special construction of the trial and test
spaces. If {2;} is an open cover of the domain €2, {¢;} is a Lipschitz partition
of unity subordinate to {Q;}, and {V;}, V; € H'(;), are a local discrete
spaces, then the PUM space is defined as V' := {ZJ @;vj, v; € V;}. This choice
implies that the construction of a finite element mesh is not necessary for this

11
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scheme: this is an advantage for many problems (e.g., when frequent remeshing
is needed) but it might make numerical quadrature more challenging.

Unlike the methods described so far, the PUM is a conforming method
and is based on the standard variational formulation of the underlying BVP,
for instance, equation (1.2) for the Helmholtz BVP with impedance boundary
conditions (cf. [188]). The PUM space V inherits the approximation properties
of the local spaces {V;}, and the formulation can provide the quasi-optimality
of the scheme; the issues of the approximability of the solutions and of the
continuity and regularity of the elements are dealt with separately by the Vj’s
and the ¢;’s, respectively. Because of these reasons, the convergence analysis
of the PUM is very well developed, see for instance [16].

The choice of the local spaces has a great importance. They are usually con-
structed with solutions of the underlying homogeneous PDE. In the Helmholtz
case plane and circular/spherical waves (in [142]) and wave bands (in [188]) are
used. The PUM framework and local best approximation for these functions
guarantee (high order) h and p convergence of the scheme.

The comparison of the performances of the PUM and Trefftz methods,
in particular concerning the conditioning of the problem, does not show a
clear superiority of any of the two families; see the contrasting results of [81,
Sect. 6.3] and [117]. The choice of a polynomial partition of unit (e.g., hat/pyr-
amid functions) highlights the main difference between PUM and DEM: in the
former polynomials and plane waves (or analogous functions) are multiplied
with each other, in the latter they are summed. When a polynomial space is
added to the PUM one, the method is referred to as generalized finite element
method (GFEM) as in [187] and [12, Sect. 2.2.3].

1.2.5. Least squares methods

Several numerical schemes use Trefftz functions within a least squares frame-
work. All these methods share, on one side, a great simplicity of implementa-
tion and, on the other, a very serious ill-conditioning of the linear system that
has to be solved.

The prototype of these methods was described in [186] by M. Stojek. A
two dimensional domain is partitioned using a mesh and a Trefftz space is
defined on it using circular waves, multipoles (Fourier-Hankel functions), and
basis functions adapted to parts of the domain containing circular holes or
corners. The (weighted) sum of the interface jumps of the field and its normal
derivative and the discrepancy with respect to the boundary conditions are
minimized with a least squares procedure. The choice of the relative weights
of the different terms within the least squares functional is perhaps the main
issue in this setting.

The paper [154] studies the convergence of a similar method defined on a
smooth domain. There the jumps of the complete gradient (opposed to the
normal derivative only) are penalized. A special duality technique is used
to prove that the volume L? error of the solution is controlled by the value
of the least squares functional (c¢f. [154, Theorem 3.1]). From this, orders of
convergence in h and p for plane and circular waves follow.

12
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An important method in this family is the method of fundamental solutions
(MFS); [78] gives a general introduction to these schemes for elliptic equations
and [22] provides a detailed discussion of its theoretical and numerical aspects
for the Helmholtz equation in interior and exterior domains. The solution
of a BVP inside an analytic domain © C R? is approximated by a linear
combination of fundamental solutions:

P
up(x) = Y arHYY (wlx — yel)
/=1

where Ho(l) is a Hankel function of the first kind and order zero and the
singularities y, are located on a special smooth curve outside 2. The choice
of this curve is one of the main issues of the scheme and requires the use
of complex analysis techniques. The discrete solution is obtained as a least
squares minimization on the boundary conditions. We may interpret the MFS
as a discretization of a single layer potential representation, indeed it shares
several features with BEM.

The paper [23] presents a scheme that merges properties of those of [186]
and [22]. The problem of the scattering by a polygon is discretized by using
corner and fundamental solutions (instead of the multipoles used in [186])
in a very small number of subdomains, thus giving exponential convergence
rates. The relation between the accuracy of the computed solution and the
conditioning of the least squares system employed is analyzed in detail in [23,
Sect. 7). A drawback of this scheme is that its use is restricted to sound soft or
sound hard problems posed on polygons: extensions to impedance boundary
conditions and curved or three-dimensional scatterers are not covered.

1.3. General outline of the dissertation

In the present dissertation we study a family of Trefftz-discontinuous Galerkin
(TDG) methods for the Helmholtz and the Maxwell equations. Their formula-
tions and the corresponding convergence analysis are presented in Chapters 4
and 7. In order to prove convergence bounds, new approximation estimates for
plane and circular/spherical waves need to be proved: this is not an easy task
and Chapters 2, 3 and 6 are devoted to this purpose. Moreover, in the Max-
well case, new stability and regularity results are necessary; we prove them in
Chapter 5.

Part I: The Helmholtz equation

Chapter 2 We introduce the two Vekua operators for the Helmholtz equation,
denoted V; and V5. We show that they are inverse to each other and they map
harmonic functions defined in a star-shaped, bounded domain D C RY into
solutions of the homogeneous Helmholtz equation in the same domain, and
vice versa. We prove that they are continuous in Sobolev norms; in particular
we study the dependence of the continuity bounds on the wavenumber of the
underlying Helmholtz equation and on the diameter of D. Finally, we define

13
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the generalized harmonic polynomials as the image under V; of the harmonic
polynomials: it turns out that they are circular and spherical waves.

Chapter 3 In this chapter we prove approximation estimates for Helmholtz—
Trefftz spaces. We begin by proving error bounds for the approximation of
harmonic functions by harmonic polynomials: the h-estimates are simple con-
sequences of the Bramble-Hilbert theorem, while the p-estimates require more
work. With the use of the Vekua operators these bounds are translated into
similar ones for the approximation of Helmholtz solutions by generalized har-
monic polynomials. Then, these special functions are approximated by plane
waves by truncating and inverting the Jacobi—Anger expansion. This gives in
turn the approximation of general homogeneous Helmholtz solutions by plane
waves. All these estimates are proved in Sobolev norms and the dependence
of the bounding constant on the wavenumber is always made explicit.

Chapter 4 We introduce a family of TDG methods for the discretization
of homogeneous Helmholtz BVPs with impedance boundary condition. The
standard UWVF is included as a special case. We prove the quasi-optimality of
the method in a mesh-dependent norm and in L2-norm via a duality argument.
The results of the previous chapter provide error bounds with algebraic rates
in h and p for spaces of plane and circular/spherical waves. Finally, we show
some simple numerical results in order to validate the method.

Part II: The Maxwell equations

Chapter 5 We consider a (non-homogeneous, time-harmonic) Maxwell im-
pedance boundary value problem, posed in a bounded star-shaped Lipschitz
polyhedron. With the use of a new vector Rellich-type identity, we prove
wavenumber-independent stability bounds for the H (curl; ©2)-norm of the so-
lution. Then we show a regularity result in H1/2+8(curl; ), for some 0 < s <
1/2, for the same problem.

Chapter 6 Here we consider the approximation of general Maxwell fields by
divergence-free vector plane and spherical waves. Some estimates are quite
easy to prove by approximating the curl of the field as a vector Helmholtz
solution and then applying the curl operator. Unfortunately this bounds are
not sharp: by resorting to Vekua theory we can find better h-estimates for
vector spherical waves. This procedure requires some work with vector spher-
ical harmonics. In Section 6.4 we show how this approach can be extended to
the elastic wave equation.

Chapter 7 We introduce a family of TDG methods for the homogeneous
version of the Maxwell BVP previously considered. Following the lines of
the scalar case, we derive the formulation of the method and prove its quasi-
optimality for a mesh-skeleton energy norm. The duality argument requires
the regularity result proved in Chapter 5 and delivers a bound in a (mesh

14
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independent) norm that is slightly weaker than L?(2). Orders of convergence
are proved for plane and spherical wave trial spaces.

Appendices In the Appendix A we report some well-known vector calculus
identities and in the Appendix B we define and briefly describe several spe-
cial functions. In particular we deal with factorial, double factorial, gamma
function, Bessel functions (and corresponding spherical and hyperspherical
variations), Legendre polynomials and functions, scalar and vector spherical
harmonics.

Most of the presented results are also available in the following papers and
reports: [151] for Chapter 2; [150] for Chapter 3; [108] for Chapter 4; [109]
for Chapter 5; [107] for Section 6.2.1 and Chapter 7; [149] for Section 6.4.
However, in this thesis we have added many additional comments, some results
are more general or slightly sharper and some proofs have been improved. In
particular, the proof of the stability results in Section 5.4 is quite different
and much less involved than the corresponding one in [109], Corollary 5.5.2
corrects a mistake that was present in the proof of Lemma 4.1 of [109], and
the presentation of the TDG method for the Helmholtz equation in Chapter 4
is more general than that of [108].

1.4. Open problems and future work

There are a lot of possible extensions, generalizations, improvements, and
“sharpenings” of most of the results and the methods of the present disserta-
tion which are, in our opinion, worth to be investigated. Here we list the most
relevant ones.

Plane wave directions adaptivity. Most of the available plane wave-based
methods use basis functions with a large number of propagation directions that
are chosen in an arbitrary way: usually they are (approximately) equispaced.
It is clear, however, that in many concrete problems a few directions only
might be enough to approximate accurately the solution. For example, in a
scattering problem only the directions propagating away from the scatterer(s)
contribute to the radiating field, while the ones propagating in the opposite
direction are irrelevant. The presence of too many basis functions increases
critically the size and the condition number of the linear system to be solved,
so it is vitally important to be able to select the relevant directions.

The challenge consists in finding the significant directions efficiently; this
might be done with a “refine and coarsen” adaptive algorithm based on local
(thus parallelizable) non-linear optimization procedure. This can be a major
advance for plane wave methods. Indeed, many papers in the field, see for
instance [84,119,121,122,189], highlight the self-adaptive choice of the plane
wave propagation directions as one of the important needs of these methods.
The analysis of these adaptive schemes is a completely open issue. Their
robustness, condition and sensitivity also require extensive study and the un-
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derstanding of these aspects is fundamental for the method’s efficient imple-
mentation. A few possible approaches to plane wave directions adaptivity and
several problems arising from it are described in [33].

Non-constant coefficients. The methods we consider in this thesis involve
PDEs with piecewise constant material parameters (local wavenumber w, re-
fractive index n, density p, electric permittivity €, magnetic permeability u).
In many practical applications those coefficients vary smoothly inside the do-
main, and the discretization of these problems requires modifications of the
methods. In particular, for general coefficients, Trefftz methods are no longer
feasible. The UWVF, in its original form of [47], requires constant parameters;
however, it might be possible to generalize its reformulation as a DG method
to non-constant coefficients. This would change many of its features: the plane
wave basis functions have to be multiplied by polynomials (or other functions)
so they do not remain Trefftz functions and new volume terms appear in the
formulation. In addition special numerical quadrature for highly oscillatory
integrands have to be employed. The DG formulation of the method, the
analysis of its well-posedness and a priori error estimates, the approximation
estimates for modulated (plane, circular of spherical) waves are open prob-
lems in this field. A possible further extension may be to consider anisotropic
parameters.

A related problem is given by non-homogeneous PDEs, i.e., equations with a
non-zero source term in the domain. Low order h-convergence for the PWDG
method has been studied in [96], while p-convergence and high orders in h are
not possible via Trefftz methods. It appears that the use of modulated waves
will be advantageous in this case.

Chapter 2.

e In Theorem 2.3.1, the dependence on the wavenumber of the continu-
ity constants of the operator Vs is explicit only in the two and three-
dimensional cases. In order to extend this to higher N, the only steps in
the proof that need modifications are the interior estimates for Helmholtz
solutions proved in Lemma 2.3.12; see also Remark 2.3.14. An improve-
ment of this stage could also establish the (w-explicit) continuity of V5
in the L?-norm for N = 2 and 3.

e The original Vekua theory of [194] holds for any linear elliptic equa-
tion with analytic coefficients in two real variables. The Helmholtz case
is a special one because it allows a fully explicit definition of the two
operators, and extensions to any dimension. Nevertheless, it could be
extremely interesting to see which of the results presented here carry
over to more general PDEs, e.g., Helmholtz with varying wavenumber
or elliptic equations in divergence form (i.e., V - (AVu) + w?u = 0).

e In [54], the Vekua operators for exterior unbounded domains were de-
fined. The study of their continuity is completely open.
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e In order to deal with BVPs whose solutions are singular, it might be
important to study the continuity of the Vekua operators (and the ap-
proximation results) in Sobolev norms with non-integer differentiability
indices (see Remark 2.3.15). A related generalization concerns the study
of the continuity of the operators defined on “wedge domains” with re-
spect to Sobolev norms weighted with powers of the distance from the
origin. This can help in the study of the approximation of corner singu-
larities.

Chapter 3.

e One of the main steps in the approximation theory developed here is
the approximation of general harmonic functions by harmonic polyno-
mials. While the two-dimensional case is completely settled thanks to
a careful use of complex analysis techniques (cf. [142,144]), the three-
dimensional case returns orders of convergence that depend in unknown
way on the shape of the considered finite element. This gap in the
theory is reflected by the presence of the parameter A\p (defined in The-
orem 3.2.12) in all the convergence estimates for the wave-based FEM.
This dependence propagates to the approximation by plane waves and
the convergence bounds of the TDG method. A precise lower estimate
for this parameter (at least for simple domains, e.g., tetrahedra, cubes
or convex polyhedra) is fundamental in order to obtain sharp approx-
imation results. In Remark 3.2.13 we discuss three possible ways of
tackling this issue: the approximation theory for elliptic operators de-
veloped by T. Bagby, L. Bos and N. Levenberg in [19-21], the Lh-theory
of V. Zahariuta [179,206] and the boundary integral representations of
the harmonic functions.

e The stable bases for plane wave spaces introduced in Section 3.4.1 might
be a useful tool in order to develop a more stable FEM code. On the
other hand, it is not clear how to implement them effectively.

e Lemma 3.4.8 could be extended to higher dimensions by using the N-
dimensional addition formula and Jacobi-Anger expansion.

Chapter 4.

e The duality argument of Lemma 4.3.7 requires a quasi-uniform (and
shape-regular) mesh; it might be interesting to weaken this assumption
in the context of an Ap-method, see Remark 4.4.12. The convexity as-
sumption on the domain could be relaxed as well; see Remark 4.3.9.

e The error bound in H!'-norm obtained in Section 4.5 is not fully satis-
factory, since it makes use of a projection on a polynomial space.

e If in the Helmholtz equation (1.1) the wavenumber w is purely imagi-
nary, a simple reaction-diffusion model is obtained. This is an elliptic
PDE with completely different properties, but Trefftz methods are viable
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and effective for it, as demonstrated in [183]; in particular the Trefftz—
DG method provides great flexibility that allows its application to many
different settings. An example is the resolution of skin layers in eddy
current problems, a topic of great interest for applications (e.g., the sim-
ulations of power transformers). Many questions concerning this topic
are completely open and provide interesting challenges, for example: the
a-priori theoretical study of different methods, the approximation prop-
erties (the approach developed in Chapter 3 applies with minor changes
to the simplest reaction-diffusion equation only, see Remark 3.5.9), and
the efficient implementation of the method. Other interesting aspects are
the use of adaptivity, the construction of domain-adapted basis functions
(“corner functions”) in the spirit of the MFS of [23], the treatment of
“bad” meshes and domains with special features like cracks and discon-
tinuous coefficients.

Chapter 5. A key step in the analysis of the considered FE methods is the
proof of stability and regularity estimates for the solutions of the corresponding
(adjoint) boundary value problem. Furthermore, to be useful, these bounds
must show explicitly the dependence on the wavenumber. For the Helmholtz
equation all the results are based on Rellich or Morawetz-type identities (some
special pointwise equalities related to the variational form of the problem);
see for instance [52,53,66,104,142]. In the Maxwell case, the only available
results are the ones in Chapter 5 for star-shaped domains and in [101] for
unbounded dielectric materials. In the recent work [182], the additional power
of Morawetz-type identities has been realised and it has been used to prove
the coercivity of a new boundary integral operator (BIO) called the “star-
combined operator” for acoustic scattering.

This technique might be combined with the novel vector Rellich-type iden-
tity developed in Section 5.3 to obtain a coercive BIO that can be discretized
to solve Maxwell scattering problems with star-shaped scatterers. This prob-
lem is closely related to many other interesting open questions concerning the
scattering of electromagnetic waves: for instance, the stability of the BVP for
bounded domains containing an inclusion or a scatterer (like the one proved
in [104] for the acoustic case) and the continuity of the Dirichlet-to-Neumann
map. A new stability result for electromagnetic BIOs will certainly be regarded
as a major achievement in the analysis of boundary element methods.

The vector Rellich-type identity of Section 5.3 might be generalized to the
following settings (see Remark 5.5.9 for more details):

non star-shaped domains (see Remark 5.3.5);

domains containing inclusions (see Remark 5.4.8);

unbounded scatterers as rough surfaces;

e inhomogeneous and complex material parameters € and y;

boundary integral operators;

18



1.4. Open problems and future work

e linear elasticity problems;

e Rellich-type identities for differential forms.

Chapter 6.

e Remark 6.3.5 explains a possible approach to extend the sharp h-esti-
mates for Maxwell spherical waves to the analogous plane waves. The
key tool is a special vector Jacobi—Anger expansion. However it is not
entirely clear how to prove a precise error bound.

e Sharp p-estimates for Maxwell plane or spherical waves seem to be very
hard to obtain; see Remarks 6.2.2 and 6.3.3.

e Approximation estimates for elastic spherical waves could be considered
in the context of the Navier equation; see Section 6.4.

e The behaviour of the approximation bound in Theorem 6.4.3 deserves
to be further investigated in the case of almost incompressible materials
(X very large).
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The Helmholtz equation
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2. Vekua’s theory for the Helmholtz
operator

2.1. Introduction and motivation

Vekua’s theory! is a tool for linking properties of harmonic functions (solutions
of the Laplace equation Au = 0) to solutions of general second-order elliptic
PDEs Lu = 0: the so-called Vekua operators (inverses of each other) map
harmonic functions to solutions of Lu = 0 and vice versa. It is described
extensively in the book [194], a concise presentation is provided by [102].

The original formulation targets elliptic PDEs with analytic coefficients in
two space dimensions. Some generalizations to higher space dimensions have
been attempted, see [56-58,93,112,113] and the references therein, but the
Vekua operators in these general cases are not completely explicit. Moreover,
a function and its image under the mapping are often defined in different
domains, for instance, solutions of equations in three real space dimensions are
mapped to analytic functions in two complex variables (cf. [57, Theorem 2.2]).
A very interesting extension of Vekua’s theory, introduced in [54], is concerned
with the definition of operators for exterior (unbounded) domains.

Here, the PDE we are interested in is the homogeneous Helmholtz equation
Lu := Au + w?u = 0 with constant wavenumber w. In this particular case,
simple explicit integral operators have been defined in the original work of
Vekua for any space dimension N > 2 (see [192,193], [194, p. 59], and Fig. 2.1),
but no proofs of their properties are provided and, to the best of our knowledge,
these results have been used later only in very few cases [54,126].

S. Bergman, in [27] and in some related papers, developed several integral
operators that represent solutions of elliptic PDEs in terms of analytic func-
tions. As described in [178], Bergman’s operators are equivalent to Vekua’s.
The former are easier to use in order to construct special solutions of general
elliptic equations, since they are defined starting from the equation coefficients;
the latter allow a better theoretical analysis. However, Vekua’s operators are
completely explicit in the Helmholtz case, so his approach seems to be the
most appropriate for this equation.

Vekua’s theory has been used in numerical analysis to prove best approxi-
mation estimates for special function spaces in the two Ph.D. theses [31,142].
Since we are interested in bounds in Sobolev norms, we will follow the ap-
proach of Chapter IV of [142] to prove the continuity of Vekua’s operators in
those norms.

We proceed as follows: in Section 2.2, we will start by defining the Vekua
operators for the Helmholtz equation with N > 2 and prove their basic prop-

!Named after Tlja Vekua (1907-1977), Soviet-Georgian mathematician.
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2. Vekua’s theory for the Helmholtz operator

3. Notice that formula (13.9) may be generalized to the case of a space
of any number of dimensions. In fact, the formula
WX,y e, %) = (X155 Xy)
1

1
- ug@yts. .2l £
o

n-2) 0

57 Jo0I-Dar,  (13.14)

The formula (13.14) also can be inverted, in fact,

uo(xl, S A u(xl, cesXy)
1 1
+ 30 [ ulegt, ..., x0) 2-2) I 0VE - D) dt (13.17)
o VE(1 - 0)

Figure 2.1.: Two paragraphs of Vekua’s book [194] addressing the theory for
the Helmholtz equation.

erties, namely, that they are inverse to each other and map harmonic functions
to solutions of the homogeneous Helmholtz equation and vice versa (see The-
orem 2.2.5). Next, in Section 2.3, we establish their continuity properties in
(weighted) Sobolev norms, like in [142], but with continuity constants explicit
in the domain shape parameter, in the Sobolev regularity exponent and in
the product of the wavenumber times the diameter of the domain (see Theo-
rem 2.3.1). The main difficulty in proving these continuity estimates consists in
establishing precise interior estimates. Finally, in Section 2.4, we introduce the
generalized harmonic polynomials, which are the images through the Vekua
operator of the harmonic polynomials, and derive their explicit expression.
They correspond to circular and spherical waves in two and three dimensions,
respectively. The results developed here will be the main ingredients in the
proof of best approximation estimates by circular, spherical and plane waves
developed in Chapter 3.

All these proofs are self-contained. Theorem 2.2.5 was already stated in
[194], without proof; many ideas come from the work of J.M. Melenk (see
[142,144]). Almost all the results of this chapter are described in [151].

2.2. N-dimensional Vekua’s theory for the Helmholtz
operator

Throughout this chapter we will make the following assumption on the con-
sidered domain.

Assumption 2.2.1. The domain D ¢ RN, N > 2. is an open bounded set
such that

e 0D is Lipschitz,

e D is star-shaped with respect to the origin,
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2.2. N-dimensional Vekua’s theory for the Helmholtz operator

e there exists p € (0,1/2] such that B,, C D, where h := diam D.

Not all these assumptions are necessary in order to establish the results of
this section (see Remark 2.2.7 below).
Remark 2.2.2. If D is a domain as in Assumption 2.2.1, then

Bph CDcC B(l—p)h
The maximum 1/2 for the parameter p is achieved when the domain is a
sphere: D = By,.
2

We can compute the value of p for some special simple domains centered in
the origin. In two dimensions, if D is a square p = 1/2+/2, if it is an equilateral
triangle p = 1/2+/3, if it is a regular polygon with 2n vertices p = cos(m/2n)/2.
In three dimensions, if D is a cube p = 1/2v/3, if it is a regular tetrahedron
p =1/2v/6. In any dimension N, if D is a N-dimensional interval product

H —aj,a;) a; >0 then

p=—==
j=1 2,/2].%

Figure 2.2.: A domain D that satisfies Assumption 2.2.1.

Definition 2.2.3. Given a positive number w, we define two continuous func-
tions My, My : D x [0,1) — R as follows

wlx] \/EN72
Mi(x,t) == ——— J1(wlx|[vV1—=1t),
1 2 Vi- (2.1)

iw|x| \/_N
My(x,t) == — Ji(tw|x|\/t(1 — 1))

where J; is the 1-st order Bessel function of the first kind, see Appendix B.2.

Using the expression (B.11), we can write

1)k <WIX\>%+2 (1)
(k+ 1) ’

M (x, tle

k>0

25



2. Vekua’s theory for the Helmholtz operator

Note that M; and Mj are radially symmetric in x and belong to C*°(D x (0, 1]).
If N is even, both series converge everywhere, so M; and M, have a C°-
extension to RY x R.

Definition 2.2.4. We define the Vekua operator Vi : C(D) — C(D) and
the inverse Vekua operator V, : C(D) — C(D) for the Helmholtz equation
according to

1
Vilol(x) = ¢(x) —i—/o M;(x,t)p(tx)dt VxeD,j=12, (2.2)

where C'(D) is the space of the complex-valued continuous functions on D.
Vi[¢] is called the Vekua transform of ¢.

Notice that ¢ — M;(x,t)¢(tx), 7 = 1,2, belong to L'([0,1]) for every x € D;
consequently, V1 and V5 are well defined. The operators V; and V5 can also be
defined with the same formulas from the space of essentially bounded functions
L*>(D) to itself, or from LP(D) to itself when p > (2N —2)/(N —2) and N > 2.
This can be verified using Me(x,t) = O(tgfl)tﬁo for £ =1,2.

In the following theorem, we summarize general results about the Vekua
operators, while their continuity will be proved in Theorem 2.3.1 below.

Theorem 2.2.5. Let D be a domain as in Assumption 2.2.1; the Vekua op-
erators satisfy:

(i) Va is the inverse of Vi:
Vi[Valg]] = Va[Vilel] = ¢ voeCO(D).  (23)

(i) If ¢ is harmonic in D, i.e., solution of the Laplace equation A¢ = 0,
then

AVi[¢] + w?Vi[p] = 0 inD .

(i5i) If u is a solution of the homogeneous Helmholtz equation with wavenum-
ber w >0 in D, i.e., Au+ w?u =0, then

AValul =0 inD .

Theorem 2.2.5 states that the operators V7 and Vs are inverse to each other
and map harmonic functions to solutions of the homogeneous Helmholtz equa-
tion and vice versa.

The results of this theorem were stated in [194, Chapter 1, § 13.2-3]. In two
space dimensions, the operator V; followed from the general Vekua theory for
elliptic PDEs; this implies that V; is a bijection between the space of complex
harmonic function and the space of solutions of the homogeneous Helmholtz
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2.2. N-dimensional Vekua’s theory for the Helmholtz operator

equation.? The fact that the inverse of V; can be written as the operator V5
(part (i) of Theorem 2.2.5) was stated in [193], and the proof was skipped as an
“easy calculation”, after reducing the problem to a one-dimensional Volterra
integral equation. Here, we give a completely self-contained and general proof
of Theorem 2.2.5 merely using elementary calculus.

As in Theorem 2.2.5, in this chapter we will usually denote the solutions of
the homogeneous Helmholtz equation with the letter u, and harmonic func-
tions, as well as generic functions defined on D, with the letter ¢.

Remark 2.2.6. Theorem 2.2.5 holds with the same proof also for every w € C,
i.e., for the Helmholtz equation in lossy materials.

Remark 2.2.7. Theorem 2.2.5 holds also for an unbounded or irregular domain:
the only necessary hypotheses are that D has to be open and star-shaped with
respect to the origin. Indeed the proof only relies on the local properties of
the functions on the segment [0,x]. For the same reason, singularities of ¢
and u on the boundary of D do not affect the results of the theorem.

Theorem 2.2.5 can be proved by using elementary mathematical analysis
results. We proceed by proving the parts (i) and (7i)-(iii) separately.
Proof of Theorem 2.2.5, part (i). We define a function
g:[0,00) x [0,00) - R,

Wyt
1) = Ji(wvrvr —
olr.1) = 3L MVIVTT)
Note that if r < t the argument of the Bessel function J; is imaginary on the
standard branch cut but the function g is always real-valued.
Using the change of variable s = t|x|, for every ¢ € C(D) and for every
x € D, we can compute

S

Vil =000 + [ M 27)0(523) s

x|/ 7\ x|/ x|

X wix| s N2 X
~ow- [T e VRV oo

:¢(x)—/OX|S—NTQ g(Ixl, ) ¢<51) ds,

|x| 2 x|

Vil = 000 + [ M e 27)0(523) s

| |

Il jw|x s N3 X
—ot0 = [T L (aVRT ) o)

—oe+ [ Tz ol o) @

X

2The proof in higher space dimensions might be contained in the Georgian language article
[192] that is hard to obtain.
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2. Vekua’s theory for the Helmholtz operator

because s < |x| and we have fixed the sign /s — |x| = iy/|x| — s. Note that
in the expressions for the two operators the arguments of the functions g are
swapped. Now we apply the first operator after the second one, switch the
order of the integration in the resulting double integral and get

Vi [Valol] () = [¢<x> | ' |X|;_ (s, 1<) o(s75) ds]
M s X s i x
_/0 ]x]ﬁ g(lx|, s) [¢(3m> +/0 J?Q(Z,S)(b(zm) dz] ds

= ¢(x) + /OX| L;_: (9(s, |xI) — (][, 8))¢<s,—;> ds

x| 52 < Ix 1
— — z— —g(z,s x|,s) dsdz .
/ = o ) [ 5 o alixl o

The exchange of the order of integration is possible because ¢ is continuous
4
and, in the domain of integration, [s~'z71g(|x|,s)g(z,s)] < % s || el
thanks to (B.14), so Fubini’s theorem can be applied.
Notice that V3 [Vg[gb]] =1, [Vl [(;5]] , so we only have to show that V5 is a right
inverse of V. In order to prove that V; [‘/2 [(;5]] = ¢ it is enough to show that

g(t,r)—g(r,t):/trw ds Vr>t>0, (2.4)

so that all the integrals in the previous expression vanish, and we are done.
Using (B.11), we expand ¢ in power series (recall that, for k& > 0 integer,
[(k+1)=k:

wirt (—1)l Wiyl (r — t)l
t) = 2.5
90rt) = —; ; 2N (1) (25)

from which we get

W2t 5 (=) W (r =) (=) =) _ (2.6)

g(t,r) —g(r,t) = 4 2211 (1 +1)!

>0

We compute the following integral using the change of variables z = f,—:i and

the expression of the beta integral (B.6)
r 1
/ s(r—s)Y(t—s)kds = (—=1)k@ —t)ITFH! / (1—2)izF (z2r+ (1 —2)t)dz
t 0

IR !(r(k+1)+t(j+1)).

= (DM = T

(2.7)

Thus, expanding the product of g(t,s) g(r,s) in a double power series, inte-
grating term by term and using the previous identity give

[ dedoa)
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2.2. N-dimensional Vekua’s theory for the Helmholtz operator

ds

(2_5) w2 rit Z (_1)]+k w2(j+k+1) 74_]' tk /r 82(7° _ S)J(t . s)k
S0 22(i+k+1) 41 G+ DHE (B+ 1) S

@nw'rt Z (=1)F WRUHRFL) pi h (p — g)ithtl

T a2 RO (G D (k1)L R 2)l

J,k=2

(r(k+1)+t(+1))

(=jthk+1) W rt (r —t)! i i i1 A ‘
- I—j) +t(j+1
4 ;22154_115120 j+1 l—]).(( J)+ i+ ))
wirt l =1 A A I ‘ A
= J+1 4l—75—-1 R T
4 22211+1|ll]20[ <j+1> ry Tt —i-(j)( r) t ]
2 w2 (r
_ wert (70 t) |:—(t—7')l+tl+(t—'l")l—(—’I")l]

2l (Al
T A

2.6
@ gt r) — g, 1) |

thanks to the binomial theorem and (2.6), where the term corresponding to
[ =0 is zero. This proves (2.4), and the proof is complete. O

Proof of Theorem 2.2.5, parts (ii)-(iii). If ¢ is a harmonic function, then ¢ €
C>(D), thanks to the regularity theorem for harmonic functions (see, e.g.,
[77, Theorem 3, Section 6.3.1] or [92, Corollary 8.11]). We prove that (A +
w?)V1[¢](x) = 0. In order to do that, we establish some useful identities.

We set r := |x| and compute

9 9 N
—M t) =wv1—t — V31—t J V11—t
9 EN-2
(B16) WVt T\f Jo(wrv1 —t),
N—-1 0 0?

AMi(x,t) = TMMl(%t) + WMl(X,t)

9 AN-2
t
— % (N Jo(wrv1l —t) —wryv1 —t Ji(wryv1 — t)) ,
(2.8)
where the Laplacian acts on the x variable.
Since M7 depends on x only through r, we can compute

A (xHe(tx))
= AM;(x,t) ¢(tx) + 2V M;(x,t) - VP(tx) + My (x, 1) Ad(tx)

=AM (x,t) ¢(tx) + 2iM1(X,t)§ -tVo . +0

olx|
t 0 0
= AM;(x,t) ¢(tx) + 2;MM1(XJ)§¢(75X) ;

because %(b(tx) =x-Vo .

29



2. Vekua’s theory for the Helmholtz operator

Finally, we define an auxiliary function f; : [0,h] x [0,1] — R by

Fi(rt) =V JolwrVI—1).

This function verifies

b N—2 N
afl(r,t) = % Jo(wrv1 —t) + 2%J1(wrm) ,
f1(7“,0)=07 f1(7“,1):1.

At this point, we can use all these identities to prove that V;[¢] is a solution
of the homogeneous Helmholtz equation:

(A +w?)Vilg](x)

1
— Ad(x) + W2(x) + /0 A(Ml(x,t)gb(tx)) dt + /0 WM (x, £)o(tx) dt

1
= 2p(x) — W /0 VA Jo(wrvT = t)%gb(tx) dt

N-2 N—2
~a? | 1 <M JoloryT—D) — UV Tt T
0

2 2 V31—t
N—2
+%Jl (wrvI— t)) o(tx) dt
1 ) )
= w2¢(x) — w2/0 <f1 (7“, t)a(ﬁ(tx) + Efl (7“, t)(b(tX)) dt

t=1
= (009 = [Aroa] ) =0,

We have used the values assumed by ¢ only in the segment [0,x] that lies
inside D, because D is star-shaped with respect to 0. Thus, the values of the
function ¢ and of its derivative are well defined and the fundamental theorem
of calculus applies, thanks to the regularity theorem for harmonic functions.

Now, let u be a solution of the homogeneous Helmholtz equation. Since
interior regularity results also hold for solutions of the homogeneous Helmholtz
equation, we infer u € C°°(D). In order to prove that AV,[u] = 0, we proceed
as before and compute

0 er\/i]\F2 ,
@Mg(x, t) = — Jo(iwr+/t(1 —t)),

N—-2
AMy(x, 1) = %(N Joliwry/t(1 — 1)

—iwr\/t(1— ) Jy (iwr\/t(li—t)))

A (My(x, t)u(tx)) = AMy(x, t)u(tx) + 2;%Mg(x, t)%u(tx)
— WA My (x, t)u(tx) |
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2.3. Continuity of the Vekua operators

and we define the function

Folrt) = VI Jo(iwr/H1 = 1)),

which verifies

) NVE TR ViV iwr(1 - 2t)
afg(r,t) = Jo(iwr/t(1 —t)) — N Ji(twr/t(1 —t)) ,

f2(r,0) =0, fa(r,1) =1.

We conclude by computing the Laplacian of Va[ul:
1
AValu](x) = Au(x) + / A(MQ(X, t)u(tx)) dt
0

= —w?u(x) + w? /1 \/EN Jo(iwr+/t(1 — t))%u(tx) dt

0
1 AN-2
+w2/0 \/ZQ <N Jo(iwr/t(1 —t))
—iwr\/i\}l___ttJl(iwr t(l—1)+ % Jy (fwr+/t(1 — t))) u(tx) dt
! 0 0
= —wlu(x) + w2/0 (fg(r,t)au(tx) + Efg(r,li)u(b{)) dt=0. O

Remark 2.2.8. With a slight modification in the proof, it is possible to show
that V; transforms the solutions of the homogeneous Helmholtz equation

Ap+wip=0

into solutions of
A¢ + (wh +w?)g =0

for every w and wg € C, and V5 does the converse.

2.3. Continuity of the Vekua operators

We denote the space of harmonic functions and the space of solutions of the
homogeneous Helmholtz equation with Sobolev regularity j, respectively, by

H/(D) : = {¢ € H/(D): Ap =0} VjeEN,
HZ;(D)::{UEHj(D):Au+w2u:0} VieN,weC.

In the following theorem, we establish the continuity of V; and V5 in Sobolev
norms with continuity constants as explicit as possible.

Theorem 2.3.1. Let D be a domain as in the Assumption 2.2.1; the Vekua
operators

Vi:H (D) —» HI (D),  Vy:H)(D)— HI (D),
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2. Vekua’s theory for the Helmholtz operator

with HI(D) and HL,(D) both endowed with the norm [l 0.0 defined in (0.2),
are continuous. More precisely, for all space dimensions N > 2, for all ¢ and
w in HI(D), j > 0, solutions to Laplace and Helmholtz equations, respectively,
the following continuity estimates hold:

Vi@l < C1N) 2 (14 5)3NF2 € (14 (h)?) [|6ll;.p » (29)

N3 o ||ul]

[IVa[u ]H]wD < Cy(N,wh, p) (14 )2V (2.10)

j7w7D ’

where the constant Cy > 0 depends only on the space dimension N, and Co > 0
also depends on the product wh and the shape parameter p. Moreover, we can
establish the following continuity estimates for Vo with constants depending
only on N:

IValulllop < Cov p 2" (14 (wh)!)e3 02" (fjully p + hluly ) (211)
ifN=2,...,5, uec HY(D),

1Valullljuop < On 072 (L4 5)2N 71 e (14 (wh)?) ed0P2" ],

(2.12)
if N=2,3,j>1, ue H(D),
and the following continuity estimates in L°°-norm:
(1 - pwh)®
Vil oy < (1 2220 ) 16 (213)
((1 - P)Wh)2 la h
Walullpy < (14 < B0 ) e (2.14)

if N>2, ¢ ueL®D).

The last two bounds (2.13) and (2.14) hold true for every u,¢ € C(D), even
if they are not solutions of the corresponding PDFEs.

Theorem 2.3.1 states that the operators Vi and Vs preserve the Sobolev reg-
ularity when applied to harmonic functions and solutions of the homogeneous
Helmholtz equation (see Theorem 2.2.5). For such functions, these operators
are continuous from H’(D) to itself with continuity constants that depend
on the wavenumber w only through the product wh. In two and three space
dimensions, we can make explicit the dependence of the bounds on wh. The
only exception is the L2-continuity of V5 (see (2.11)), where a weighted H!-
norm appears on the right-hand side; this is due to the poor explicit interior
estimates available for the solutions of the homogeneous Helmholtz equation.

All the continuity constants are explicit with respect to the order of the
Sobolev norm and depend on D only through its shape parameter p and its
diameter h, the latter only appearing within the product wh.
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2.3. Continuity of the Vekua operators

In the literature, there exist many proofs of the continuity of V; and Vs
in L*®-norm (in two space dimensions); see, for example, [31,73]. To our
knowledge, the only continuity result in Sobolev norms is the one given in [142,
Section 4.2]: this holds for general PDEs and for norms with non-integer
indices, but is restricted to the two-dimensional case, and the constants in the
bounds are not explicit in the various parameters.

Since the proof of Theorem 2.3.1 is quite lengthy and requires several prelim-
inary results, we give here a short outline. In Lemma 2.3.2, a direct attempt
to compute the Sobolev norms of V¢[¢] shows that two types of intermediate
estimates are required. The first ones consist in bounds of the kernel functions
M, and M, in W7*-norms; these are proved in Lemma 2.3.3. The second
ones are interior estimates for harmonic functions and for Helmholtz solutions:
the former are well-known and recalled in Lemma 2.3.9, while the latter are
proved in Lemma 2.3.12. Since we want explicit dependence of the bound-
ing constants on the wavenumber, this step turns out to be the hardest one.
Finally, we combine all these ingredients and prove Theorem 2.3.1.

From here on, if 3 is a multi-index in NV, we will denote by D? the corre-
sponding differential operator with respect to the space variable x € RY; see
(0.1).

Lemma 2.3.2. For £ =1,2, >0 and ¢ € H’(D), we have

Veloll? , < 21915 p +2( +1)* 2 sztz%l’”’Mﬁ( )iy s-ro (D)
k=0
/ / ‘D% tx dxdt. (2.15)
1BI=k

Proof. From Definition 2.2.4, we have

‘Vﬁ | dx

Mg X t)¢(tx)) dt

|ex|=y5
2

<2|g[ip+2 > // ( >D°‘ P Me(x,t)DPg(tx)| dtdx
B<a

lex|=j

<2|¢|]D+2//

where in the second inequality we have applied the Jensen inequality and the
product (Leibniz) rule for multi-indices (see [2, Sect. 1.1]); here, the binomial
coefficient for multi-indices is (g) = HZN 1 ( ) We multiply by the number

(N]j,'le) of the multi-indices 3 of length & in NN , in order to move the square

inside the sum, and we obtain

j
Vel | <2\¢\]D+2// j—|—1ZN+k1

=0

dtdx ,

33 [pors | > ( ) o= st |

k=0 |8|=k
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2. Vekua’s theory for the Helmholtz operator

> ‘D%(tx)f 2 dt dx

|Bl=Fk

> (§) oo

loe|=j
a>3

<20¢l7p+ 20 + D("FIT) ZZ// ‘Dﬁgbtx dt dx

k=0 |B|=k

2
©sup | Me( ) Gy ) SUP [§:.<g>] |

t€[0,1] BI=F | o=
o>f3

the last factor can be bounded as

sup 3 H< >< sup 37 HB’L:Z <3

BI=F o= i=1 IBI=F o= lal=j
a>B a>B
<é - #{aeNV |a|=j}
_ j (N+j—-1
=é ( Nil )
(B.10)

< (14N,
from which the assertion follows. O

Now we need to bound the terms present in (2.15). The next lemma provides
estimates for My and My in W/°°(D)-norm, uniformly in ¢. The proof relies
on some properties of Bessel functions.

Lemma 2.3.3. The functions My and My satisfy the following bounds:

(1—p)wh)’
M1l oo (Dxj0,1]) < %, (2.16)
1—p)w?h
sup [ My (1) ]y1,00(py < ( /)2) ) (2.17)
t€[0,1]
wl .
tSE]Pl] IMi(sO)lwseepy < 5 (G+HA=p)wh)  Vj=2, (2.18)
€10,
2
1—p)wh
1-— 2h
Sup | M2 () [pr1oe(py < ( p2) ea (=P (2.20)
€0,

Jwh\ 34_,, ‘
tSEpu’MQ( Olwice(p) < 35=1 ( >64(1 Pl Y j>2,
€10,

(2.21)

Proof. Thanks to Remark 2.2.2, we have that sup,cp x| < (1 — p) h. Now,
the L°°-inequalities (2.16) and (2.19) follow directly from (B.14).
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2.3. Continuity of the Vekua operators

Since M; and M, depend on x only through |x|, we obtain the W1~
bounds (2.17) and (2.20):

0
sup MOy = s b
t€[0,1] whe(D) te[0,1], xeD I[x|
(B.16) 25| /EY 2 (B.13) (1 — 2y
S . R NN | R Gl L)
tel0,1], 2
Ix|€[0,(1—p)h]
(B.16) wQ\x\\/de '
swp ML Dl < s | CE il R 1)
t€[0,1] t€[0,1],
Ix|€[0,(1—p)h]
(B'Sl4) (1 B p) w2 h e%(l—p)wh )

In order to prove (2.18) and (2.21), we define the auxiliary complex-valued
function f(s) := s Ji(s). It is easy to verify by induction that its derivative

of order k is
8k k—1 k

0
@f(S) =k WJl(S) + s @Jl(S) .

We can bound this derivative using (B.17) and the binomial theorem:

I <’“;11)J2mk+z<s>+

s 2% Z (=™ (Z) Jom—k+1(8)

m=0

The functions M; and M, are related to f by

N-2
My ) = A JelVI=D)

\/EN_4
My, 1) = g flis Vi)

so we can bound their derivatives of order j > 2:

(s)]. (2.22)

< (k+s]) ., max

IR}

Ji
L

&7

sup |Milyjee(py < sup alxp

t€[0,1] tel0,1], xeD

\/EN72
2(1—1t)

M)

i &
(wv1—1) Wﬂwb{h/l —t)

< sup

te€[0,1], xeD

(222), (B.13) (,J
s U+A=pwh)

sup |M2|Wj,oo(D)
te[0,1]

N—4

(iw/t(1 — 1))’ Fliwlx|/t(1 = 1))

<  sup

tel0,1], xeD

o7
IO(tw|x[\/t(1 —t))I

21— 1)
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2. Vekua’s theory for the Helmholtz operator

(2.22)7<(B.14) @J <,+ (1- p)wh> JA(1-pwh 0
- 201 2

Remark 2.3.4. With less detail the bounds of Lemma 2.3.3 for every j > 0 can
be summarized as:

sup | M1 (-, 8)|yyaco(py < &7 (4 + (wh)?) (2.23)
t€[0,1]
sup [Ma(,8)lypse(py < @ (1+wh) edl=Ph, (2.24)
t€[0,1]

We ignore the algebraic dependence on p because it will be absorbed in a
generic bounding constant. In a shape regular domain, a precise lower bound
for p € (0, %] can be used to reduce the exponential dependence on wh.

Remark 2.3.5. If the wavenumber w = wp +iwy is complex, the following more
general estimates hold:

(L= plwlh)® ()
HM1HL°°(D><[O,1]) % e(=p)lwrlh

1- > h
sup [Mi (-, )| y1.00(py < A=Wl a—pjerin ,
t€[0,1] 2

IN

J
sup |M1(-,7f)|wj,oo(D) < % (] +(1- p)|w|h) e%(lfp)hulh Vji>2,
te[0,1]

2
A =p)lwlh)” 10w
HMQHLOO(DX[O,I]) < % 62(1 p)lwrlh ,

1- h
sup |M2("t)|W1’°°(D) < ﬂ e%(l_p)‘w}ﬂh ,
tel0,1] 2
w|’ . 1—p)wlh\ 34_ )
sup |M2(’t)|W]7°°(D) S % <] + %) 64(1 P)\w\h \V/J Z 9 ,
t€(0,1]
which can be obtained by performing some small changes in the proof of
Lemma 2.3.3.

Remark 2.3.6. By using the bounds in Remark 2.3.5, we can extend Theo-
rem 2.3.1 to every w € C, similarly to Theorem 2.2.5 (see Remark 2.2.6).
Indeed, the case w = 0 is trivial, since Vi and V5 reduce to the identity, while
in general, Theorem 2.3.1 holds by substituting w with |w| in the estimates
and in the definition of the weighted norm (0.2), multiplying the right-hand
side of (2.9) by ezl and that of (2.13) by el=p)lTmeih,

Lemma 2.3.7. Let ¢ € H¥(D), B € NV be a multi-index of length |3| = k
and DP be the corresponding differential operator in the variable x. Then

1 2
/ / D%(tx)( dx dt (2.25)
0 D
( 1 DByl % — N >0
S — if 2k — N >
2]<:—N+1H ‘bHop ¥ -
< 2 2k+1 2
p |D| :
Kool - (O 2 oo, o
¢HO,D+ <2) 2k +1 ¢ LOO(B%@) t <V
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2.3. Continuity of the Vekua operators
where K = log% if (2k — N) = —1 and K = (2/p)N~1 if 2k — N) < —1, |D|
denotes the measure of D and p is given in Assumption 2.2.1.

Proof. In the first case, we can simply compute the integral with respect to ¢
with the change of variables y = tx:

/OI/D‘Dﬂtb(tx)‘dedt:/ol /tDt”' ‘D%(y)‘Zf—Nydt

1 2
sl
_2k—N+1H ¢0,D’

the set tD is included in D because D is star-shaped with respect to 0.
In the case 2k — N < 0, the integral in ¢ is not bounded so we need to split
it in two parts, treating the second one as before:

/OI/D‘ngb(tX)‘Q dx dt
:/OQ/D‘Dﬁ(b(tX)‘Q dxdt—i—/:/D‘DBqﬁ(tx)‘Z dxdt

£ 2 1 2
§/2t25| dt|D|HD%H )+/ t%—NHD%H dt
0 :

L (B 0,tD
2
1 2k+1 2 1 2
b= 6 ] B Al L
2k +1 \2 L>(B ) » 0,tD
& 2
and the assertion comes from the expression
2 .
1 log — if2k—N=-1,
_ P
/t% Nat = 1 (£)2ka+1 9\ N-1
i 2 < (= if 2k — N < —1. O
: %k -N+1 = <p> ' <

Remark 2.3.8. We can summarize the bounds of Lemma 2.3.7 for every value
of the multi-index length k with the estimate

1 2
/0 /D ‘Dﬁ(b(tx)‘ dx dt
N-1
<(2) el O A2 e -

From Lemma 2.3.7, it is clear that, in order to prove the continuity of V; and
V5 in the L?-norm and in high-order Sobolev norms, we need interior estimates
that bound the L°-norm of ¢ and its derivatives in a small ball contained in
D with its L?-norm and H7-norms in D. It is easy to find such estimates for
harmonic functions, thanks to the mean value theorem (see, e.g., Theorem 2.1

(2.26)

of [92]).
Notice that it is not possible to avoid the use of interior estimates for the
continuity in H’(D) when j > &, as the assertion of Lemma 2.3.7 might
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2. Vekua’s theory for the Helmholtz operator

suggest: indeed, Lemma 2.3.2 requires to estimate fol fD ‘Dﬁqﬁ(tx){2 dx dt for
all the multi-index lengths |3] = k < j, so we inevitably confront the cases
2k— N=—-1and 2k — N < —1.

Lemma 2.3.9 (Interior estimates for harmonic functions).  Let ¢ be a har-
monic function in Br(x), R > 0. Then

1
660" < 7 1906 e (2:27)

2

where |By| = F(Wﬂiil) is the volume of the unit ball in RN (see (B.8)). If
2
¢ € H*(D) and B € NV, |B| < k, then

N
I Y I L R T

Proof. By the mean value property of harmonic functions (see Theorem 2.1
of [92]) and the Jensen inequality, we get the first estimate:

2
1
(x)|° = |[—— o(y)dy
90 |Br(x)| BR(X)( )
< 2 [ P dy = e 612 5 -
= |Brl JByx) RN |By| "T10-Br()

The second bound follows by applying the first one to the derivatives of ¢,
which are harmonic in the ball B (x) C By, C D. O
2

Remark 2.3.10. The interior estimates for harmonic functions are related to
Cauchy’s estimates for their derivatives. Theorem 2.10 in [92] states that,
given two domains Q; C Qs C RY such that d(Qy,99) = d, if ¢ is harmonic
in 9, then for every multi-index « it holds

D% iy < (M>'a' 19l (2.20)
L> () = d Loo(Qg) * .

In order to find analogous estimates for the Sobolev norms, we can combine
(2.29) and (2.27) using the intermediate domain {x € RY : d(x,) < £}
and obtain
N — —N 2
1D llo,0, < Onall™? &%= |¢]5,

but the order of the power of d is not satisfactory. In order to improve it,
we represent the derivatives of a harmonic function 1 in B; C RY using the
Poisson kernel P(y,z) = (1 — |y|?)/|ly —z|":

DXy(y) = (z) DXP(y,z)dS(z) yé€ By, VaeNV,

gN-1
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2.3. Continuity of the Vekua operators

where the derivatives of P are taken with respect to the first variable (see (1.15)
and (1.22) in [14]). By rewriting this formula in y = 0 and then translating
in a point x, if ¢ is harmonic in Bj(x), we have

DYY(x) = Y(x+2z) DFP(0,2)dS(z) VYaeNV.

§N-1

Given two domains (1 C Qs such that d(Ql, 6@2) =1, iquS is harmonic in s,
it holds

6], = f,, 106007 ax= |

y=x+z N
e [ ([ R av) D8P0 as() < Cxa
2

gN-1

2
dx

/S o d(x +2z) DXP(0,2)dS(z)

o .

0,822

where we have used the Jensen inequality and the Fubini theorem. By sum-
ming over all the multi-indices of the same length and scaling the domains
such that Q; € Qy € RY and d(2;,095) = d, we finally obtain

16l 000 < Ongk 7 |50, 4 kEN, (2.30)

We can use the bicontinuity of the Vekua operator to prove an analogous result
for the solutions of the Helmholtz equations; see Lemma 3.5.1.

The main tool used to prove the interior estimates for harmonic functions
is the mean value theorem. For the solutions of the homogeneous Helmholtz
equation, we have an analogous mean value formula [64, page 289] but it does
not provide good estimates.

Another way to prove interior estimates for the solutions of the homogeneous
Helmholtz equation is to use the Green formula for the Laplacian in a ball, but
this gives estimates that either involve the H'-norm of u on the right-hand
side of the bound or give bad orders in the domain diameter R.

A third way is to use the technique presented in Lemma 4.2.7 of [142] for
the two-dimensional case. This method can be generalized only to three space
dimensions, and does not provide estimates with only the L?-norm of u on the
right-hand side. On the other hand, it is possible to make the dependence of
the bounding constants on wR explicit. We will prove these interior estimates
in Lemma 2.3.12.

A more general way is to use Theorem 8.17 of [92]. This holds in every
space dimension with the desired norms and the desired order in R. The
only shortcoming of this result is that the bounding constant still depends on
the product wR but this dependence is not explicit. We report this result in
Theorem 2.3.11.

Summarizing: we are able to prove interior estimates for homogeneous
Helmholtz solutions with sharp order in R in two fashions. Theorem 2.3.11
works in any space dimension and with only the L?-norm on the right-hand
side. Lemma 2.3.12 works only in low space dimensions and with different
norms but the constant in front of the estimates is explicit in wR. Both tech-
niques, however, allow to prove the final best approximation results we are
looking for with the same order and in the same norms.
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2. Vekua’s theory for the Helmholtz operator

Theorem 2.3.11. (Interior estimates for Helmholtz solutions, version 1).?
For every N > 2, let u € H'(Bgr(xo)) be a solution of the homogeneous
Helmholtz equation. Then there exists a constant C' > 0 depending only on the
product wR and the dimension N, such that

N
”uHLOO(B%(xo)) < CWR,N) B2 lullg g (xo) - (2.31)

Lemma 2.3.12. (Interior estimates for Helmholtz solutions, version 2). Let
the function u € H'(Bg(xo)) be a solution of the inhomogeneous Helmholtz
equation

—Au—wu=f,

with f € H'(Bgr(xo)). Then there exists a constant C > 0 depending only on
the space dimension N such that

lull oo (B 5 (x0)) < C R ((1 + w?R?) lullo,Brxo) T B IVUllg ppxg) (2:32)
2

+R2 11 0.5 (x0)) for N =2,

N
ull oo (B 4 (wo)y) < C B2 ((1 +w’R?) (lullo, Br(ze) + B 1VUllo Br(ao))
2
(2.33)

R flosnen) T BNV o puany)  Jor N =3,4,5,
IVl e (1 (o)) < € BT (02R [[ullg ) + (14 ©2B2) [Vtlly g0
2
(2.34)
+R Hf||O7BR(x0) + R2 vaHO,BR(XO)) fOTN = 2,3.

Remark 2.3.13. In the homogeneous case, i.e., f = 0, Lemma 2.3.12 reads as
follows. Let u € H'(Bgr(xo)) be a solution of the homogeneous Helmholtz
equation. Then there exists a constant C' > 0 depending only on the space
dimension N such that for

N=2345:
N
”uHLOO(B%(xo)) <CR2(1+w*R?) ([ullg ppeee) + B 1VUllo,Byex))
(2.35)
N =2,3:
N
HVUHLOO(B% (XO)) S C R <w2R HUHO,BR(XQ) + (1 +w2R2) HVUHO,BR(X())) :
(2.36)

Proof of Lemma 2.3.12. Tt is enough to bound |u(x¢)| and |Vu(xg)|, because
for all x € Br(x0) we can repeat the proof using Br(x) instead of Bg(xo)
2 2

with the same constants. We can also fix xg = 0.

3This is exactly Theorem 8.17 of [92]; with that notation, for the homogeneous Helmholtz
equation we have k(R) =0, A=1, A=+/N, v = w and p = 2 (g is not relevant for the
homogeneous problem); see also page 178 of [92].
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2.3. Continuity of the Vekua operators

Let ¢ : RT — [0,1] be a smooth cut-off function such that

and ¥R : RN — [07 1]7 ()OR(X) = (P(

, (1x] x 1, (1xl N-1,/|x]
V = — ] = A = — =) 4+ —= =)
SDR(X) ¥ (R) R’X’ ’ SDR(X) RQSD (R R‘X‘ v R

We define the average of v and two auxiliary functions on Bpg:

_ 1

U= —— u(y)dy ,
|Br| JBg )

9(x) :=u(x) er(x),  g(x):= (u(x) = 1) pr(x);

their Laplacians are:

f(x) = fi(x) + f2(x) + f3(x) = —Ag(x)
L N r(lxly X
== [ﬁsp (%) + R ? (?)} u(x) = 20 () g Vex)
+ (B (W) + F(x)
F(x) 1= F1(x) + f2(%) + f3(x) :== —Ag(x)
L N - r(lxly X
— [ ) + T ()| ) - 1) — 2 () - V)

+o(B) () + f(x) .

The fundamental solution formula for Poisson equation states that, if a is
solution of —Aa = b in RY, then

1
~ 5 log|x| N=2,
. ™
o) = [ ex-y)dy)dy, wid @) =0 Ty
R L S
EERI
(2.37)

The identity (2.37) holds for all b € L?(Bg), thanks to Theorem 9.9 of [92].
We notice that

1
N |B

1 b'e
N |By| x|V

vo 0 - |

| x|~V VN>2.
1

We start by bounding |u(0)| for N = 2. In this case, it is easy to see that,
for all R > 0, we have

/ (log x| —log R)*dx = —R? . (2.38)
Br 2
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2. Vekua’s theory for the Helmholtz operator

We note that from the divergence theorem

fly)dy = - Ag(y)dy = — Vg(s) - nds=0,
BR BR 8BR

because g = 0 in R?\ Bs r and, since f = 0 outside Bz, then f has zero mean
4 4

value in the whole R?. )
We apply (2.37) witha = gand b = [ using the Cauchy—Schwarz inequality,
the identity (2.38) and the fact that f has zero mean value in R?, we obtain:

1 ~ 1 -
(0 = 60| = |55 [ (osly1 ~tog B} | < o= /3 R Ty,

1 1
< ot g Il + 5 19l 2 il + W5, )

where the constant Cl,, depends only on N and ¢; in the last step we have

used the definition of f and the fact that ¢’ (‘iRl) = 0 in Br. The estimate
4

(2.32) easily follows.

Proving all the other bounds (on |u(0)| for N > 2 and on |Vu/(0)| for N > 2)
is more involved. We fix p, p’ > 1 such that %—i— z% = 1. For a > 0, we calculate

R ! N—1 i
5oy = ([, [ reraras)

1
SM NP s N-&
N <ap/+N LA :CvaﬂozRM Py

(2.39)

that holds if ap’+ N # 0, that is equivalent to (a+N)p # N, for every N > 2.
We compute also

3R P

_ N-1 [ Y (2=N)p . .N—1
||¢||LP(B%R\B%R) =Cnyp <|S |[R r Pr dT)
4

1 3\ @=Np+N 1\ @=Np+N »
=COpn,p SV 7HP (ZR> —<ZR>

= Oy, RPN, (2.40)

for every p # %, N > 3, and the analogous

3=

3
ZR

N-1 1-N)p , N—1
HV(I)HLP(B%R\B%R) =Cnp <!S ‘/1 r1=Np . dr)
4

1-N+&X
= CN,p R L

R (2.41)

that holds for every p # %, N > 2.
For all ¢ € H&(B Rr), using scaling arguments, the continuity of the Sobolev

embeddings HJ(B;) = LP(B;) which hold provided that 2 < p < 28 if
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2.3. Continuity of the Vekua operators

N > 3,and 2 < p < oo, if N = 2 (see [2, Theorem 5.4,1,A-B]), and the
Poincaré inequality, we obtain
N N
10 rBry = B7 [¥llLes) < Cnp B ¥,

Noa NN (2.42)
<Cnp R7 [Vllos, <Cnp BY 2 |[VYllg 5, -

Now we can estimate u in the case N > 3. From the Hélder inequality for
the pair of spaces LV, LP, p > 2 (thus, p’ < 2), and the fact that fi=f=0
in B1y (see the deﬁmtlon of f), we can write

4

0)] = lg(0) = | [ | #6x)7x)dx

<12l 3y 0 15+ Pll g 5, 120 1l -

Us,ing (2.40) to bound the LP-norm of ®, the continuity of the embedding of
Lp (B%R \ B%R) into L2(B%R \ Big) (recall that 1 < p/ < 2) with constant
|BsR \ B1R|?7 for the norm of fi + fo, the definition (2.37) of ® and (2.39)
with @ = 2 — N, which requires p > g] , to bound the L' -norm of ®, and
finally (2.42), which requires 2 < p < 2 , to bound the norm of f3 (recall
that f3 € H}(BR)), we have

NI

_1
2

N 4
[u(0)] < Cn R0 |BgR|p/

f1+f2H

0,B B
$r\Byn

+COypR* 7 RY

lose

Finally, using the definitions of the f;’s, [Veg| < %C’@ and % + I% =1 we
obtain

1 1
(72 Ml s, + 5 19l 5, )
+ Onpplt" 2 (w ||VUHO,BR + ||Vf||o,BR + EW HUHO,BR + R ||fHo,BR
- 2 2 2 2
< Crvpp B7% (14 W2 R2) Jully , + B (1+ 07 R2) | Vullg g,

R 1 0.5, + B IV Fllo ) -

N
7

[u(0)] < Crp o BN Ry

The previous argument for bounding |u(0)| requires that there exists p such
that % <p< %, which is possible only if N < 6; this is the reason of the
upper bound on the space dimension in the statement.

In order to conclude this proof, we have to estimate |Vu(0)|. We use the
same technique as before, after differentiating the relation (2.37) witha =g
and b = f. For every N > 2, thanks to (2.41), the embedding of Lp,(BgR\

4

. 2 : — 1 _ i
B%R) into L (B%R \ B%R), (2.39) with &« = 1 — N and (2.42), that require
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2. Vekua’s theory for the Helmholtz operator
N<p§A2,—]_VZ,W€have

7u(0)] = V9(0)] =| [ V#0700 x

< HV(I)HLP(B%R\BiR) 1f1+ f2HL”/(B%R\B%R)

90 gy [Tl o5
1-N+ZX L-L= |7
< CnpR P |B§R|” 2Hf1+f2HO,B§R\BlR
4" 4
1-N Ny q N =

+ CNJ;R r Rp 2 ”VfSHO,BR .

By using the Poincaré—Wirtinger inequality, whose constant scales with R, to
bound [lu — ||y g, , we obtain

Vu(0)| < Cpp B (B2 Ju =g s, + B[Vl s, )
+ CNpp R*% <R_1 HWQU + fHo,BR + HV(WQU + f)Ho,BR)
< Oy BF (2R July g, + (1 +w2R2) [Vulg g,

R o, + B2 1l 5, )

The requirement that there exists p such that N < p < ]\2,—11[2 can be satisfied
only if N < 4. O

Remark 2.3.14. Lemma 2.3.12 is the only result in this chapter which we are
not able to generalize to every space dimensions N > 2. This is because in
its proof we make use of a pair of conjugate exponents p and p’ such that the
fundamental solution ® of the Laplace equation (together with its gradient)
belongs to LP (Bg) and, at the same time, H'(Bg) is continuously embedded
in LP(BpR). This requirement yields the upper bounds on the space dimension
we have required in the statement of Lemma 2.3.12.

Combining the results of the previous lemmas, we can now prove Theo-
rem 2.3.1.

Proof of Theorem 2.3.1. We start by proving the continuity bound (2.9) for
Vi. For every j € N, N > 2, ¢ € H7(D), inserting (2.23) and (2.26) into (2.15)
with £ = 1, we have

J
Vilgll, p < [2 617 p +2(1+ 7PN 722 3" W20 (j — ko + (wh)?)®
k=0
1

. ( (;)N oo+ ()" o HD%H;(B@ )] |

|Bl=Fk

Then, using the interior estimates (2.28), we get

Viléll;p < On (1+ )2V "1 el (14 (wh)?)
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2.3. Continuity of the Vekua operators

1

S Q(j_k)< v, ke D) >, |
: w p p
Pt (ph)N ) TP

1-N

1-N N ]
<Cypz 1+ (1+wh)?*) 6l -

by the definition of weighted Sobolev norms (0.2), and because |D| < bV and
p < 1. The constant Cy depends only on the dimension N of the space.

Passing from the seminorms to the complete Sobolev norms gives an extra
coefficient (1 + §)/? and the bound (2.9) follows.

In order to prove the continuity bound (2.10) for V5, we proceed similarly.
For every j € N, N > 2, u € HL (D), inserting (2.24) and (2.26) into (2.15)
with £ = 2, we have

J
|V2[u]|j7D < [2 |u|§7D +2(1 4 5)3N 2% ZWQ(j_k)(l + wh)QB%(l—p)wh
k=0

N—-1
() o (" 555 X )

(2.31) 3 .
< C(N,wh,wph) (14 )21 ¢l

J

1
2

1
2
20—k 1-N okr1 |D] 2
k_ow (G—F) <p +p —(ph)N> |u|k7D]

CBN_1
< C(N,wh,p) (L+ )" e ul;,p -

Again, passing from the seminorms to the complete Sobolev norms gives an
extra coefficient (14 5)'/2 and the bound (2.10) follows.

Now we proceed by proving the bounds (2.11), (2.12) and (2.14) for V5 with
constants depending only on N.

For the continuity bound (2.11) for the Vi operator from H!(D) to L?(D),
we repeat the same reasoning as above. If u € HL (D), N = 2,...,5, using the
definition of V3, (2.19), (2.26) and (2.35), we have

2

Valulllp,p <

1
2ull} o+ 2 1Mol oy [ [ (0P dxdt]

(Wh)2 L 2 9 N—-1
2l p 2 (CPebor ) L (2) 7

N
2

<

1
2

2
+ 101 Colom) ¥ (14 (o) (el + o0 19l ) H

1N L1—pw
<Cnypz (14 (wh)') e2(1=7) h( lullo,p +PhHVUHO,D) ,

which immediately gives (2.11).
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2. Vekua’s theory for the Helmholtz operator

Let us now prove (2.12). To this end, given a multi-index 3 € NV, we need
to bound HD'@uHLOO(B I Bl =0, for N = 2,3,4,5, we simply use (2.35)
32@)

and get

| D2 = l[ull e s

2.43
L‘X’(B%) h) ( )

b

wlz h#

< Cn(ph)™ % (1 +w0%h?) (JJully,p + o |Vl p) -

If |B] = j > 1, we note that there exists another multi-index o € N? of length
|a| = j — 1, such that for N = 2,3 and u € HZ,(D) it holds

HDﬂuHLw(B% < VD%l e, (2.44)

2

_N o «
< Cn(ph) ™% (b [D%ullg p + (1 + (@ph)?) [VDullo p )

thanks to (2.36). Notice that the restriction to N = 2,3 in this proof is due
to the use of (2.36). Again, inserting (2.24) and (2.26) into (2.15) with £ =2
gives

J
[ul2 p + (14 §)2N 72 €2 3 w20R(1 4 wh)2es (1-p)h
k=0

( SNl + o DY HDB HLoo<B,,h>>]

BI=k
<Oy (1+5)3V "1 el (14 wh) et(i-peh

Valull p < Civ

=

1

J 2
wz(j—k)< 1-N |, 4 2kt p HDB H > ’
kzo | |kD P |D| Z LOO(B%@)

1B|=k

and thus, as a consequence of (2.43) and (2.44), we obtain

Valull;p < O (L+7)2N "1 el (1 +wh) eilpwh

1 D ?
. [w2]p1 N (\IUIlg,D+ v L+ w?p w?p*h?)? (IIUHO,D +thVUHO,D)

j
o D
+Zw2(] k) <|u|kD +p2k(N+k 1) ‘hN’
- 1
2

2
' (prh [uly_1,p + (1 +w?p?h?) |U|k,D> ) ]
<Oy (1+)3V71 )5 & (1 4+ wh) ei(-Pwh

. 2
W (14 w122 (Jullg,p + I Vullo p)
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2.4. Generalized harmonic polynomials

1
2

J A 2
+ 2 WP (w2h luly_1.p + (1 +w?h?) Wk,D) ]
<Oy (1473 935 ¢ (14 wh) ef0mnh

(1+ (wh)?)* ¥ Jull p + (Wh)? + (Wh)®) w23 Y |2,

NI

J
b S 2 (14 (wh)? zw 'fwurz,D]
k=1

<Ov A+ )2 p7 & (14 (wh)t) e PN . ),

where the binomial coefficient comes from the number of the multi-indices 3
of length |3| = k and is bounded by (B.10). As before, passing from the
seminorms to the complete Sobolev norms gives an extra coefficient (1 + j)/2
and the bound (2.12) follows.

Finally, we prove the continuity of V; and V5 in the L°°-norm stated in
Equations (2.13), (2.14). Thanks to the definition of V; and V5 and the bounds
(2.16) and (2.19), we have

VAl ey < (1 + 1Ml (o1 ) 1] e )
(1= p)wh)®
< (1+ =220 ol

(L=p)wh)” 1,
Vol ey < (1+¥62“ DY ull ey

4
that holds for every ¢, u € L*°(D) and for every N > 2. This proves (2.13)
and (2.14), the proof of Theorem 2.3.1 is complete. O

Remark 2.3.15. In Section 4.2 of [142] the continuity of the two-dimensional
Vekua operators has been proved in Sobolev norms with (positive) non-integer
regularity exponent j. The same result would immediately follow here, with
constants explicitly depending on the problem parameters, if both the sequence
of spaces H7(D) of harmonic functions and the sequence of spaces HZ, (D) of
harmonic functions constituted Sobolev scales. In [128, Theorem 1.4], this is
proved for H7 (D) (and for solutions of equations defined by general elliptic ho-
mogeneous operators) provided that the Sobolev spaces with non-integer reg-
ularity exponent are defined as restrictions of Bessel potential spaces L% (R™)
(cf. [2, 7.59-7.66]). However, the analogous result for solutions of the Helm-
holtz equation seems not to be available.

2.4. Generalized harmonic polynomials

Our interest in Vekua’s theory is motivated by its use in the derivation of ap-
proximation estimates for the solutions of the homogeneous Helmholtz equa-
tion by finite dimensional spaces of particular functions: the generalized har-
monic polynomials.
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2. Vekua’s theory for the Helmholtz operator

Definition 2.4.1. A function u € C(D) is called a generalized harmonic
polynomial of degree L if its inverse Vekua transform Vh[u] is a harmonic
polynomial of degree L.

Thanks to the results of the previous sections, the generalized harmonic
polynomials are solutions of the homogeneous Helmholtz equation with wave-
number w and belong to H*(D) for every k € N, so they are also in C*°(D).

Let u be a solution to the homogeneous Helmholtz equation in D, and let Py,
be an approximation of the harmonic function Va[u] in the space of harmonic
polynomials of degree at most L in a suitable Sobolev norm, for which an esti-
mate of the approximation error is available. Then, using the continuity of V;
and V5 given by (2.9) and (2.12), respectively, one can derive an approxima-
tion estimate for u — Vi[Pr] (V1[PL] is a generalized harmonic polynomial) in
a suitable w-weighted Sobolev norm (we will do this in Chapter 3). This also
implies that, if D is such that the harmonic polynomials are dense in H* (D)
for some k, then the generalized harmonic polynomials are dense in HE (D),
see Remark 3.3.5.

In order to explicitly write the generalized harmonic polynomials, we prove
the following lemma.

N

Lemma 2.4.2. If € C(D) is an [-homogeneous function withl € R, [ > -5,

i.e., there exists g € L>(SN™1) such that
669 =g(ig) W' VxeD,

then its Vekua transform is

vilsloo = (1+ ) @HH o) WIF iy () vxeD.
(2.45)

Proof. Using the beta integral (B.6), we can directly compute the Vekua trans-
form from the definition of Vi:

X

Vitelo =o( ) I+ [ o( ) (el ancenar

|x

_ g<%|) x| <1 + /Olthl(x,t) dt)
A (M>2j+2(1 oy

: (~1)i
_ (X 1 _ +&-1 2
=a(pg) |1 /ot D P T

=0
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2.4. Generalized harmonic polynomials

wlx|

(s )

=k r(z+ +k)

N
« >2k+l+371

N % N (2 +5-1 (—1)F (%
_r(l+5> 9<g>|><|1 2 <;> l; k!r<z+%+k>
=r(t+3) <%>l+2 () % Tyl

The condition [ > —% is necessary to ensure a finite value of the integral

Jot 11— )i dt. O

As a consequence, the general (non homogeneous) harmonic polynomial of
degree L and its Vekua transform can be written in terms of spherical har-
monics and hyperspherical Bessel functions (see the Appendices B.2 and B.4)

as
L n(N,) <
=35 I Ylm(m) , (2.46)
=0 m=1
v L n(N,l) 9 +4-1 <
WIPI) = I E Y Y ant+4) (2) 7 () e )
=0 m=1
_ ﬁ*zf:oz:g’“al,mr<z+%> (2)' Y () i @hD) N even,
Mam T (+5) (1) Ym(%) iV (wix) N odd.

(2.47)

If N = 2, identifying R? with the complex plane C and using the complex
variable z = re'¥, (2.45) gives directly

L
= Z ap et (2.48)
I=—L
L o\
Vi[P](z) = Z ap |1|! (;) et Jjj(wr) . (2.49)
I=—L

If N = 3, we use the definition of spherical Bessel function (B.18) to get

X
agm [x/ Y,m<m>, (2.50)

EZZZ r(i+3) (%)l V() adel) - 25)

a E (i>l v () i)

2w |x|
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2. Vekua’s theory for the Helmholtz operator

where {Y;"},,—_; . are a basis of spherical harmonics of order [, and we
have used the property (B.5). This means that the generalized harmonic
polynomials in 2D and 3D are the well-known circular and spherical waves,
respectively; they are often called Fourier-Bessel functions.

The Jacobi-Anger expansion, together with formula (2.49), can be used to
compute the inverse Vekua transform of a two-dimensional plane wave with
propagation direction d = (cos#,sinf):

Valetx ) (re) P20 15| 3 o) €100

LEZ
l

(249 Zz <_> | cH(—0)

lEZ m'

l
1 [ wwr —Zwr
= (¢' 9 (¢, 9) _
- Z 1! ( ) + Z T ( 5 > 1
leN 1EN

— ei%ei(w—e) n e_i%re—i(w—e) 1

=i =0) (el-%(ei(w—eure—iw—e)) +1) -1

_ e—i%e*i(w’e) (eiwrcos(w—e) + 1) 1.

The corresponding result in three dimensions is not fully explicit:

Vled)(x) P2 [47{) Ji(wlx)) Z (o |)Ym(d)]

leN m=—I
l
(2.51) g U ) m
in Z el Z Y ( ) y(d)
(B.32) l! , I X 3 9
= — (2 P(—-d R®,d
> (i) (1 ) xR, des?,

where P, is the Legendre polynomial of degree [ (see Appendix B.3).

2.4.1. Generalized harmonic polynomials as Herglotz functions

In this section, we define an important family of solutions of the homogeneous
Helmholtz equation, the Herglotz functions (see [59, Def. 3.14]), and show that
the generalized harmonic polynomials belong to this class. This result can be
used to prove approximation properties of homogeneous Helmholtz solutions
by plane waves, as it has been done in [142, Prop. 8.4.14].

Definition 2.4.3. Given a function ¢ € L?(SV~!) we define the Herglotz
function w, with Herglotz kernel g and wavenumber w as the function in
C>(RY) defined by

wy(x) == /SNI g(d) e“*dds(d) x € RV . (2.52)
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2.4. Generalized harmonic polynomials

Figure 2.3.: The real and imaginary parts of the two-dimensional generalized
harmonic polynomials V;[2!], 1 =0,...,3, w = 10, in [-1,1]%.
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2. Vekua’s theory for the Helmholtz operator

The Herglotz functions are entire solutions of the homogeneous Helmholtz
equation. For NV = 2, if the kernel ¢ is a piecewise constant function, they are
usually called “wave bands” (cf. [172,188]).

It is known that the Herglotz functions are dense in H” (D) with respect to
the H*(D)-norm or the C*°(D) topology, whenever D is a C*~1! domain; the
proof is given in Theorem 2 of [201]. As already mentioned, if D is such that
the harmonic polynomials are dense in H*(D), then the generalized harmonic
polynomials, which are Herglotz functions, are dense in HZZ(D) This means
that, for k& > 2, we generalize the result of [201] to different assumptions on
the domain D; see Remark 3.3.5.

In Remark 6.2.4 we will define the vector version of the Herglotz functions,
and we will study their relation with Maxwell’s equations.

Lemma 2.4.4. Let P be a harmonic polynomial of degree L € N in R? or RV,
N > 3, defined as in (2.48) or in (2.46), respectively. Then the corresponding
generalized harmonic polynomial V1[P] is a Herglotz function w, with Herglotz
kernel

L 1]
! ,
Z a ﬂ < ) 't N=2,
=1L
L n(N,0) <l—|—%) 2\!
=3 wn = (2) W@ N3,
=0 m=1 272 w

where {Y™ }1en; 1<m<n(N,) 18 any orthonormal basis of spherical harmonics

(see B.4).

Proof. We only have to use the Jacobi—-Anger expansions combined with the
addition theorem for spherical harmonics, in two and N dimensions (see Equa-
tions (B.34), (B.36)) to verify that the Herglotz functions with the kernels
written above correspond to (2.49) and (2.47), respectively.

In two space dimensions with polar coordinates z = r ¥ we have

™ l
U)g(Z) _ /2 Z |2l|' ( >| |eil9 eiwr(cos ¥,sin)-(cos 6,sin 0) do
(R T \iw

2! U o
_ Z / llo9 ewr cos(¢p—0) 46
-y Por \liw 0
_ 1! g ,
(B.34) \2\ <2w> / 105 Ju(wr) 60 dg
T

I=—L U'eZ
|Z|' " o
Z > a ( > Jy (wr) e / =% g9
—Llc7 0
(B.12) L 2\ il (2.49)
Y it (2) duen e 2 vipp)
I=—L
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2.4. Generalized harmonic polynomials

where in the second last step we have used the identity fOZW =10 49 = 27 0.
In the previous chain of equalities, we could exchange the order of summation
and integration because the serie in I’ converges uniformly and absolutely in
[0, 27], thanks to (B.14).

In higher space dimensions N, we use the orthonormality of the spherical

harmonics fSN—l YleZ”“' = 01,1/ O, dS(d):

1=0 m= 1 2 w
L n(N,l) F( ﬂ) l
(B.36) 2 2 m
/SN P (a) @
n(N,I')
’ X —
30D N2 N i ) v () Y (@) ds(@)
>0 m/'=1
n(N,l) 1
(B.8) (N —2)!! L N 2 m( X
= WZ Z: al,mr(l‘f‘E) o Y, <|x|>‘7l (w|x])
2) =0 m=1
(2.47), (B.T) V[P ()

Lemma 2.4.4 also gives an easy formula to compute the Vekua transform of
any Herglotz function w,, given the expansion of its kernel g in harmonics. In
two dimensions, for {a;} € (*(Z), r > 0, v € [0, 2] and the usual identification
between R? and C,

2T
‘/2|:/ ezwcos Zal ezlG d9:| 7‘6 )
0

Y/

=V, [271 Zal il Jjij(wr) eilw] (re')

LEZ
L rawr\ I
= 271'2@[ W (7) e .
LEZ

Notice that eiwxd — piwr(costcosO+sinsing) _ giwcos(p—0) fop every point x =
(rcosp,rsiny) € R? and direction d = (cos#,sinf) € S,

In higher dimensions N > 3, for every x € RY, {a;,,} € *({l € N, 0 <
m < n(N,l)}), we have the analogous formula

oo n(N,l)
zwxd
wl [ >3 wn a)dd (x)
N (W 1-§ & n&h X
:V2 |:27T7 <T> Z Z Al m il Jl+%_1(w\x\)Ylm(g)}(x)
=0 m=1
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2. Vekua’s theory for the Helmholtz operator

N o 1 wx|\! .,/ X
—2r2 3" S N) ( 2' |> Y, <m> (2.53)

In three dimensions, the spherical harmonic Y™ is the kernel of the Herglotz
function

(2.53) wlx|\—1/2 m
wypn 6e) O a2 (XD g e v ()

|

(B.18) . m( X
2 dr i G (wlx]) Y (m) (2.54)
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3. Approximation of homogeneous
Helmholtz solutions

3.1. Introduction

In this chapter we consider finite dimensional function spaces spanned by plane
wave functions with different directions d; € SN=1, 1 =1,...,p:

P
PW,, ,(RY) = {u e C®RY) : u(x) = Zal ewxdi o e (C} , peN.
=1

Our aim is to derive approximation estimates of the form
inf u — wl|; <ellu Vue HYD), Au+w?u=0in D,
o8 =l < [l (D),
(3.1)

for 0 < j < k, where D ¢ RY, N = 2,3, is a bounded domain, and the
wavenumber weighted norms have been defined in (0.2). Of course, in (3.1)
we will establish the dependence of € on the size and the geometry of D,
the wavenumber w, the number p of directions dj of plane waves, and the
regularity indices j and k. Moreover, as illustrated by the norms employed in
the bound, our principal interest is in the case of limited smoothness of u.

To tackle (3.1) we take a detour via spaces of generalized harmonic polyno-
mials defined and described in Section 2.4. These functions owe their pivotal
role to the fact that they can be mapped to harmonic polynomials through
the Vekua operators and these are bijective and continuous in suitable Sobolev
spaces, as described in Chapter 2.

In Section 3.2.1 we prove h-version approximation estimates for harmonic
functions by harmonic polynomials in any space dimension, using a simple
Bramble-Hilbert argument. Sharp two dimensional p-estimates were proved
in [144], heavily relying on complex analysis techniques, we report them in
Section 3.2.2. For the p-estimates in higher space dimensions, relying on the
result of [19], in Section 3.2.3 we prove algebraic convergence, but with order of
convergence depending on the shape of the domain in an unknown way. Using
the continuity of Vekua operators, approximation estimates for homogeneous
Helmholtz solutions in the spaces of generalized harmonic polynomials can be
obtained from approximation estimates of harmonic functions by harmonic
polynomials, this is done in Section 3.3.

Now the task apparently reduces to estimating how well the generalized
harmonic polynomials can be approximated by plane waves:

inf u—wl, <||lu—Q|, + inf Q — w|;
weP w,p(RN) H H],w,D — H HJ7UJ7D weP w,p(RN) H HJ7UJ7D )
(3.2)
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3. Approximation of homogeneous Helmholtz solutions

for some judiciously chosen generalized harmonic polynomial (), which is
“close” to u. The chief target of Section 3.4 is to estimate the second term.
In order to do this, we prove algebraic orders of convergence in h and more
than exponential speed in p, the number of plane waves used in the approx-
imation. The argument is based on the truncation and the inversion of the
Jacobi—Anger expansion. In two space dimensions, any choice of propagation
directions for the plane waves used in the approximation is allowed, while in
three space dimensions, we ask for a mild requirement for the h-convergence
and a much stronger one for the p-convergence.

However, we eventually have to arrive at bounds in terms of u, which en-
tails scrutinizing the link between w and @ in (3.2): this link is provided by
Vekua’s theory. In Section 3.5, we will combine all the results obtained in the
previous sections and write the final best approximation estimates for homo-
geneous Helmholtz solutions by plane waves (see Theorems 3.5.2 and 3.5.3,
and Corollary 3.5.5).

Concerning the approximation by plane waves, the only results previously
known are due to O. Cessenat and B. Després [46,47] and to J.M. Melenk [142].
However, they suffer a few disadvantages: they hold only for two-dimensional
domains, the dependence on the wavenumber is not explicit, the orders are not
optimal and there are no estimates which give simultaneous convergence in the
meshsize h and in the local dimension p. The approximation by generalized
harmonic polynomials in two space dimensions has been studied in great detail
in [142,144], the corresponding one in higher dimensions appears to be new.
All the main results of this chapter are summarized in [150].

The h-estimates can be proved in domains D that satisfy Assumption 2.2.1,
see Remarks 3.3.2 and 3.5.6. On the other hand, the p-estimates will require
the following stronger assumption.

Assumption 3.1.1. Let D C RY, N > 2, be a bounded open set such that
e 0D is Lipschitz,
e there exists p € (0,1/2] such that B,, C D, where h := diam D,

e there exists 0 < pg < p such that D is star-shaped with respect to every
point of the ball B, .

Assumption 2.2.1 allowed pg to be equal to zero, i.e., in order to define the
Vekua operators and to prove their continuity, the domain was required to be
star-shaped only with respect to a point (the origin).

3.2. Approximation of harmonic functions

3.2.1. h-estimates

The standard h-estimates for polynomial spaces are based on the Bramble—
Hilbert theorem, introduced for the first time in [35]. We are interested in
constructing explicitly the approximating polynomial, so we use a different
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3.2. Approximation of harmonic functions

version of this result. The approximating polynomials are usually constructed
by using one of the following two different strategies: the first one consists in
averaging Taylor polynomials on subsets of the domain D, alone (like in [71])
or multiplied with smooth cut off functions (cf. [38, Lemma 4.3.8]); the second
one consists in summing homogenous polynomials constructed with backward
induction from averages of the derivatives of the function to be approximated
(like in [195] and [156, Theorem 3.6.10-11]). We will pursue both policies, the
outcomes are described in Theorems 3.2.2 and 3.2.3, respectively. Here the
important consideration is that, in all the considered cases, if the function to be
approximated is harmonic then the polynomial obtained with these procedures
will be harmonic as well.

We define the Taylor polynomial and its averaged counterpart according
to [71], using the notation of [38, Section 4.1]. Given a function ¢ € C™~1(D),
the multivariate Taylor polynomial of order m of ¢, centered at y € D, is

T = Y~ D%(y)x — )" (33)

lal<m

Definition 3.2.1. Given a domain D as in Assumption 3.1.1 and a function
¢ € H™ (D), the avemged Taylor polynomial of order m of ¢ is

Qo(x) : / %) dy
‘BPOh‘ POh

D%¢(y) (x —y)* dy .

(3.4)

‘Bpoh‘

Bogn |a\<m

Notice that both 73" [¢] and Q™ ¢ are polynomial of degree at most m — 1.
It is possible to define Q™¢ for every ¢ € L'(B,,;) (see [38, Prop. 4.1.12]).
For every multi-index B such that |3] < m — 1,

DIl = Y o Do0ly) g (x -9

la|<m (a
a>3
= Y LRy (x—y)y =T PR |
|’7|<m [/
DPQ o) = p [ TDRe ay =@ D600

(3.5)

see also [38, Proposition 4.1.17]. This fact, together with the linearity of
Q™, implies that if ¢ is harmonic then the polynomials 7T3"[¢] and Q"¢ are
harmonic for every m € N:

N 2
AT Z —Tm (4] = ZT;H [%qﬁ} — T ?[Ag] =0,
' (3.6)

2
AQ™¢ = Z Q% ZQ’” 2¢:Qm‘2A¢:0.
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3. Approximation of homogeneous Helmholtz solutions

In Theorem 3.2.2 we report the final corollary of [71] in the case of harmonic
¢ and p = ¢ = 2. The proof relies on a bound of the Hardy—Littlewood
maximal function of the derivatives of ¢. The bounding constant is fully
explicit and depends on the geometry of D only through its diameter h and
the parameter pg.

Theorem 3.2.2 (Bramble-Hilbert for harmonic functions, version 1). Let D
be a domain as in Assumption 3.1.1, m € N, m > 1, and ¢ € H™(D) be
a harmonic function. Then the averaged Taylor polynomial Q™¢ of order m
(and degree m — 1) is harmonic and approzimates ¢ with the estimates

N+j-1 3 hmd
o-qrap <2y m-n( X 007) B e )
|Bl=m—j Po
forj=0,...,m—1.

Using the bound on the binomial coefficient (B.10) and the multinomial
theorem that provides formula (B.9), we can write the estimate (3.7) in a
simpler form:

m AN—1 Nm—I hm—J .
o —Q (b‘j,DSQ(l"i‘j) m—j—1) pN/2 ‘(b‘m,D 0<j<m-1.
0

(3.8)

Analogous bounds for Taylor polynomials averaged with cutoff functions are
given in [38, Lemma 4.3.8] and [106, Theorem 2.1.2].

Notice that even though the constant in the bound (3.7) decreases with m,
this is not a p-estimate: the convergence is not guaranteed if the degree of the
polynomial is raised. Indeed the norm on the right-hand side depends on m
and blows up for singular ¢’s: Taylor polynomials are effective only “locally”,
i.e., for h-estimates.

Using the powerful result of [195] and the mean value theorem for harmonic
functions, it is possible to prove an analogous error estimate that (i) not
require the domain to be star-shaped with respect to the ball B, but only
with respect to the origin (it satisfies Assumption 2.2.1 instead of the stronger
3.1.1) and (i) allows to use the standard Taylor polynomials instead of the
averaged ones. Property (i7) will be useful in Section 6.3 (in particular, to
prove Lemma 6.3.1). The bounding constant is completely explicit but a bit
more complicated than the one in (3.8).

This approach is closer to the original work of J.H. Bramble and S.R. Hilbert
(cf. [35], [156, Theorem 3.6.10-11]) since the polynomial is constructed with
backward induction from averages of the derivatives of ¢ on (subsets of) D.

Theorem 3.2.3 (Bramble-Hilbert for harmonic functions, version 2). Let ¢
be a harmonic function that belongs to H™ (D), where the domain D satisfies
Assumption 2.2.1, and m € N. Then, the Taylor polynomial Tg”rl[(;ﬁ] of order
m + 1 (and degree m), centered at the origin, is harmonic and approzimates
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3.2. Approximation of harmonic functions

¢ with error

N—-1

m+1—j 1+j T_ .5 o
‘¢_T6n+1[¢”j,D <n 2 (2 ) N™M—Its hm+1 J ‘(b’

W m+1,D >

(3.9)
for every 0 < j < m, where
2+1og<1—;£) N=2,
L \N-2
2(12) N>2.
Proof. Borrowing the notation of [195], we define the parameter

K= su inf
yea%|3’|/yeap|3’|

that satisfies 1 < k < (1 — p)/p, thanks to Assumption 2.2.1, and the function

logz—%%—%z‘Q N=2,
K3(z) = 2 _N-2_ 1 41,22 N9
N(N—2) N—2 TN .

Sections 1 and 4 of [195] provide a polynomial of degree m, denoted with
Py, B¢, that approximates ¢ with the bound

’¢_Pm,B¢’j,D

4 1 12 4
< 4(— 7> N*2—(— 7> 2 K
—max{ 2 T NNyt 2N/t )

1 1
N4j—1\z/(m+1—)"\2, 0y
( ] > (M) pmtl ]|¢|m+1,D

J (51"

m+1—7 — 1 -7 LA : :
0 @) ([P T g

m+1—j
2

(B.10),(B.2)
<

m~+1,D

where 7 is defined as in the theorem’s assertion. We used (16/72 + 1/2) —
(12/7%2 +1/2)k~2 < 2+ logk (for the case N = 2, with x > 1) and 16/72 +
4/15 < 2 (for the case N > 2).

We only have to show that P, p¢ can be chosen as the Taylor polynomial
7+ [g).

We denote with B the ball B,, C D and we use the notation 7g, py.5(-),
P, g from Section 2 of [195]. The mean value theorem for harmonic functions
gives

1
TRy = E/sz(x) dx = 1(0) (3.10)

for any harmonic function ). We show that the polynomials py p(¢) defined
in [195, Eq. (2.3), (2.4)] satisfy

@)= Y X D%9(0). (3.11)

kE<|a|<m
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3. Approximation of homogeneous Helmholtz solutions

We will proceed by (backward) induction from k& = m to kK = 0. The case
kE = m holds thanks to [195, (2.3)] and (3.10).
Assume that (3.11) holds for k, then for every multi-index 3 € NV:

8 _ 1 _o appe
Plrs@69= 2. G a—pre PO
“a>8
Y=a-B Z i'x'VD’HﬁqS(O)

k-1BI<rl<m—18]
which implies
1
Appp(@)(x) = Y, —xX'D7A¢(0)=0.
k—2<|y|<m—2 '

We show the induction assertion:

[195, (2.4)],
pens@)) ) pep@)6)+ Y S x(D%6(0) - Dps(6)(0))
lo|=k—1
=pes(@)(x) + > i'an%(o): > i'an%(o),
|| =k—1 o k—1<|a|<m @

because pi p(¢) is harmonic and (by induction assumption) is a polynomial
with only terms of degree greater or equal than k, so its (k — 1)™ derivatives
vanish at the origin.

This immediately gives the identity:

Prsé(x) = pos(@)(x) = Y S x*D6(0) = T3 g](x) =

0<|e|<m

Notice that the bounding constant in (3.8) is decreasing with respect to
m — j, while the constant in Theorem 3.2.3 grows exponentially in m if the
condition h > N *ln_% is verified.

For general functions ¢ € H™ (D), the Taylor polynomial is not well-defined
since it requires point evaluations of ¢ and its derivatives, therefore the aver-
aged one has to be used. In our case ¢ is harmonic, thus all its derivatives are
continuous in the interior of the domain and the use of Taylor polynomials is
legitimate.

A constructive Bramble-Hilbert theorem for domains that are not star-
shaped is given in Section 7 of [70]. Since we plan to use this estimates
together with Vekua’s operators, we are not interested in those more general
domains.

3.2.2. p-estimates in two space dimensions

In two dimensions sharp p-estimates are provided by Theorem 2.9 of [144]. Its
proof uses complex analysis techniques (see [142, Theorem 2.2.10]): R? is iden-
tified with C and the harmonic function ¢ to be approximated is considered
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3.2. Approximation of harmonic functions

as the sum of the real parts of two holomorphic functions: ¢ = Re ¢ +1 Re ¢o.
Then, ¢1 and ¢9 are interpolated by complex polynomials P; and Ps, respec-
tively, in the points that are the images of {eka/ "}k=1,...n under a conformal
map ¢ : C\B; — C\ D and the interpolation error is estimated with an integral
formula; the sum Re P} +i Re P of these polynomials will be a complex-valued
harmonic polynomial that approximates ¢. All the fundamental steps in the
proof (representation of harmonic functions with holomorphic ones, conformal
mappings, complex interpolation in Bi, equivalence between complex and har-
monic polynomials) cannot be directly generalized to dimensions higher than
two.

Definition 3.2.4. We say that the domain D C R? = C satisfies the exterior
cone condition with angle Apm, Ap € (0,1] if for every z € C\ D there is a
cone C' C C\ D with vertex in z and congruent to

Co(Apm,r) ={z e C|0<argz < Apm, |z| <r}.

It can be seen that if a domain D C R? satisfies Assumption 3.1.1, then it
satisfies also the exterior cone condition with parameter A > %arcsin(ii&p).
Any convex domain satisfies the exterior cone condition with angle 7 (i.e.,
Ap = 1) while for a general smooth (C') domain A\p = 1 — ¢, with € > 0, is

required.

Theorem 3.2.5 (Theorem 2.9, [144]). Let D € R? be a domain as in As-
sumption 3.1.1 that satisfies the exterior cone condition with angle A\pm and
¢ € HFU(D), k integer > —1. Then for every L > k there exists a harmonic
polynomial Pr, of degree L such that

Ap(k+1—j5
L(L+2)> e En G=0,. . k+1
+17D T Yty )

(3.12)

’(b L‘j,D — Ch < L 4 D)

where the constant C' depends only on k and the shape of D.

The term (L + 2)~*p (k+1-9) gives the algebraic convergence of the approx-
imation when the degree of the polynomials is raised. These orders are sharp
as shown in the numerical examples provided in [144, Section 2.4]. The speed
of convergence can be improved when the singularities of ¢ are located on
convex corners of the domain (see [144, Corollary 2.13]).

For complete polynomial spaces, the term (log(L + 2))*?*+1-7) can be
avoided in the best approximation spectral estimates, but it is not guaran-
teed that, given a harmonic function, this sharper estimate is attained by a
harmonic polynomial.

Remark 3.2.6. If the harmonic function ¢ is defined in a larger domain D" > D
then the approximation error converges to zero with exponential order in L.
The speed of convergence depends on the so-called “conformal distance” be-
tween D and the boundary of D’; see for example [144, Corollary 2.7], [31,
Theorem 6.3.3], [196] for bounds in L>- and W%*-norms and [143, Proposi-
tion 2.15] for a bound in Sobolev norms on analytic domains. We will see a
bound of this kind in Theorem 3.2.10.
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3. Approximation of homogeneous Helmholtz solutions

3.2.3. p-estimates in N space dimensions

In two space dimensions, there are several results concerning the approxima-
tion of harmonic functions by harmonic polynomials; for example, a large part
of the book [198] is devoted to this problem. Since all the proofs are based
on complex analysis techniques, only very few of them have been generalized
to higher space dimensions. The proof of the density of three-dimensional
harmonic polynomials dates back to the work of Bergman and Walsh (see
[28,161,197]) but the first estimates of the speed of convergence are much
more recent (see [8,20]).

The technique used by J.M. Melenk in the proof of Theorem 3.2.5 is based
on a special deformation of the harmonic (holomorphic in two dimensions)
function to a function defined in a larger domain. Then, a classical result of
complex analysis gives exponential convergence in the original domain, since
it is compactly contained in the enlarged one; the dilation reduce the speed of
convergence to an algebraic order.

In order to exploit the same idea in higher space dimensions, we need a result
that gives exponential convergence in compact subdomains with a suitable
dependence on the size of the extended domain. This result is provided by [19]
and reported here in Theorem 3.2.10. This fact allows to prove Theorem 3.2.12
below, which generalizes Theorem 3.2.5 to higher space dimensions. For L
large enough, the obtained order of convergence in L is algebraic and equal
to Ap(k+ 1 —j). The main difference between the 2— and the N-dimensional
result is that the geometric constant Ap for the latter (N > 3) is not explicit,
even for convex domains. This fact prevents the hp-estimates from being fully
explicit.

In order to apply the compact subset convergence theorem, we need to
require that our domain D is the interior of the complement of a John domain.
We report the definition of John domain, according to [19].

Definition 3.2.7. A domain  C R¥ is called a John domain if RY \  is
nonempty and compact and there is a constant 0 < J < 1 such that for every
y € Q there exists a locally rectifiable curve ~(s) C 2, parameterized by the
arclength, with v(0) =y and ~v(00) = 0o, such that d(~(s),RY \ Q) > s.J, for
every positive s.

In two dimensions, if 2 is a John domain with constant J, then the interior of

its complement D = R?\ Q, satisfies the exterior cone condition with constant
Ap = 2/rarcsin J. The converse is not true, in general, but it depends on the
star-shapedness of D.
Remark 3.2.8. Let D € RN be a domain as in Assumption 3.1.1; the exterior
RN\ D is a John domain with constant J > pg/(1 — p): for every y ¢ D it
is possible to choose the curve + of Definition 3.2.7 as the half line v(s) =
(1+s/lyl)y. In two dimensions, the cone (Jsq Bpys/(1—p) (7(5)) lies outside
D, as shown in Figure 3.1.

Lemma 3.2.9. In any dimension N > 2 an open bounded set D C RV is
convex if and only if the interior of its complement RN \ D is a John domain
with constant J = 1.
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3.2. Approximation of harmonic functions

Figure 3.1.: The exterior of D is a John domain with J > pg/(1 — p). Given a
point y = «(0) inside the re-entrant corner, the curve ~y(s) is the
dashed half line.

Proof. If D is convex, we suppose without loss of generality that 0 € D. For
every y ¢ D the curve v(s) = (1+s/|y|)y satisfies Definition 3.2.7 with J = 1.

We prove the converse by contradiction: we assume D to be non-convex and
RN\ 'D to be a John domain with J = 1. Since D is non-convex there exist w1
and wa € D such that (w; +w2)/2 ¢ D and since D is also open there exists
r € (0, |w; —wy|/2) such that B, (wy)UB,(wy) C D. We assume without loss
of generality that wy = (0,...,0,2) and wy = —wy; z > r follows.

By definition of John domain, there exists a curve «(s) in the arclength s
such that v(0) = (w1 4+ w2)/2 = 0 and d(y(s), Br(w1) U By(wz)) > s for
every real s > 0. We fix s, = 2?/r — r and we have that v(s.) € B, because
~ is parameterized by the arclength. We have:

Sy < d(’Y(S*), BT(WI) U Br(w2)) < sup d(y, BT(WI) U BT‘(WQ))
YEBs,

=d((s+,0,...,0), Br(Ww1) UBp(W3)) =](5+0,...,0) —wq|—r

z

=/s2+22—7r =\ 5 +rt-22+22—7r
r
24+ r2(r2 — 22) r<z 22
r r

that is a contradiction because the last inequality is strict. This implies that
if J is equal to 1, then D must be convex. ]

The fundamental approximation result by harmonic polynomials in arbi-
trary dimensions is Theorem 1 of [19]. Assumption 3.1.1 and Remark 3.2.8
guarantee that the hypotheses of this theorem are verified.

Theorem 3.2.10 (Theorem 1, [19]). Let D C RY satisfy Assumption 3.1.1.
Then there exist constants p > 0, b > 1, ¢ > 0 and C > 0 depending only on
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3. Approximation of homogeneous Helmholtz solutions

D, such that, for every § € (0,1), for every ¢ harmonic in
D’ = {x e R": d(x,D) < 6h} = D + Bg,

and for every integer L > 0, there exists a harmonic polynomial P of degree
at most L such that

|6 = Pl oo(py < C (6h) 77 pEOR) 18]l oo Doy - (3.13)

We cannot expect that the function ¢ we want to approximate can be ex-
tended outside the domain D because a singularity can be present on the
boundary of D. In order to use Theorem 3.2.10, we need to introduce a
function T[¢] defined on a neighborhood of D such that: (i) T[¢] has the
same Sobolev regularity as ¢; (i) T[¢] is harmonic; (iii) T[¢] approximates
¢ in the relevant Sobolev norms. In the next lemma we build a function
that satisfies these requirements using a technique analogous to the one used
in [144, Lemma 2.11]. The value of this function in a point x is the value
of the Taylor polynomial of ¢ (according to (3.3)) with center (1 — €)x, i.e.,

Tilgl(x) = T, 161 ).

Lemma 3.2.11. Let D C RY be a domain as in Assumption 3.1.1, ¢ €
HMY(D), k€N, e € (0,1/2). Denote by D, D D the dilated domain

1
D, = D:<1+1E )D,

1—ce¢ —€
and by Ti[¢] the functions defined on D, by
1
Y D% ((1—e)x) (x)* 1=0,....k,

Ti[o)(x) =} jag=t & (3.14)
0 l=-1.

Then:

()
pohe<d(D,0D.) <2he; (3.15)

(ii) there exist a constant Cyy, independent of €, D and ¢ such that

k
ITel6]lo,p, < Cn D (eh) él,p ; (3.16)
=0

(iii) for every multi-index B, |B| < k+1

18|
prripl =Y () da-oPtnpe. e

=0

which also implies that if ¢ is harmonic in D then Ty[¢| is harmonic in
De;
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3.2. Approximation of harmonic functions

(w) if ¢ is harmonic in D, there exist a constant Cn , independent of €, D
and ¢ such that

6 — Telell; p < Cwvpe pg” (D)™ (¢l iy ¥i=0,...k+1.
(3.18)

Proof. The bounds in (i) follow from

1
pohe < pohe <d(D,0D,) < sup d< X)
1- xeD "1—e

gh( ! —1):1h < %he |

1—c¢ —€

where the second inequality is proved in [142, Appendix A.3] (due to the
slightly different definitions of D, the “€” of [142, Appendix A.3] corresponds
to our 1<).

The bound (3.16) in (7 ) is straightforward:

| T%[¢ HOD S (1 — o)x )‘2 |€X|2|0c| dx (#{a: |af < k)
De o \<k
2 eh |2l dy '

I=|a k
< Z eh)* i p -
1=0
For (iii), we proceed by induction on |3|. For the case |3| =1, k > 0, given
m € {1,...,N}, we set

em =(0,...,0,1,0,...,0) e NV

and denote by «,, the m-th component of «; then

Dy, Tilelx) = 3 L (D, D)6 (1 - %) (ex)°

|| <k
+ Z é D% ((1 — €)x) eouy, (ex)>om
|| <k
am>1
TS (1 TDs gl + Y D preng (1~ x) (o)

= (1 =€) Ti[Dx,, ¢](x) + € Tjp—1[Dx,, 8] (x) -
(3.19)
The case |5| = 1, k =0, is given by

D, Told] (%) = Dx,, (6((1 = €)x) ) = (1 = ) Dx,, 6((1 = €)x)
= (1= o[ Dx,,6](x) ;
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3. Approximation of homogeneous Helmholtz solutions

this completes the proof of (3.17) in the case |3] = 1. Now we proceed by
induction for 2 < |3 < k + 1. Let assume that (3.17) holds for every multi-
index « such that 1 < |v| < |B| < k+1. Given 3, there exists m € {1,..., N}
and v € NV such that 8 = ~ + e,,; then

DPTy[¢] = Dx,, DVT}[¢]
1nduct10n |B]—1
(317)

3 <|ﬁll— 1> L(1— P17 Dy Ty [Dg)

=0

(3.19) e 1Bl -1\ 1-1
Z( ;) - P [0 (DR + e T D%
=0
18]

- Z (‘ﬂ ’) — )P T, [DP )

where the last identity follows from Pascal’s rule (j ;1) + ({:11) = (%)
In order to prove (3.18) of (iv), we fix a multi-index 3 and an integer I,
0 <1< |B| =j < k+1. From the formula for the remainder of the multivariate

Taylor polynomial, we have

(R

2

:/ Z L{Fl (Xe)a /1(1 _t)k—l DaDﬁ(JS((l _ E+t€)X) dtl dx
(8% 0

D lo|=k—i+1

IN

Ch N (hE)Q(kflJrl)

1 2(k~1) apB
/0(1 t) > / D DPo((1—e+te)x )( dx dt

loe|=k—1+1

1
< CgN (hE)Q(k_lH)/O (1—1)*¢ ‘¢‘ifl+1+j,(lfe+te)D dt,

where the seminorm on the right-hand side is well defined, though ¢ belongs
only to H*1(D), because since it is harmonic, it is C°° in the interior of D.
Thus, using Cauchy’s estimates for harmonic functions,

|p#6 ~ Ticip?s|,

(2.30) 1 o
< Crn (he)2<k—l+1>/ (1 )25 0d((1 — e+ t)D,aD) Vg2, di
0

< Cry py 7 (he)k=a+D) W%H,D ;

because (1 — ¢+ te)D is star-shaped with respect to B, n1—ctte); d((1—e+
te)D,@D) > poh(1 — t)e thanks to [142, Appendix A.3], and the remaining
integral is fol(l — )20 dt < 1.
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3.2. Approximation of harmonic functions

Finally we use the fact that the sum of the coefficients in (3.17) is equal to 1
and obtain

6= Tild)l;,p < D “Dﬁ¢_ DﬁTkMHOD
181=] ’

J .
(3.17) S (? > e (1—e)" (DP¢ — Ty [DPg))

1B|=5 Il =0 0,D
i .
I\ 1 H 8 B8 H
< Y _
= ZZ<Z> ¢(1-¢) D76 = TilD79] 0,D
|Bl=j 1=0
<Cin py’ (he)h T Ples1.D - a

This lemma allows to apply Theorem 3.2.10 to harmonic functions with
given Sobolev regularity in D, regardless of whether they can be extended
outside this set. For L large enough, the obtained order of convergence is
algebraic and depends on the difference of the orders of the norms on the
right- and left-hand sides (namely, £ + 1 — j), and on a parameter \p that
depends on the geometry of the domain. Without any further assumption on
D, we cannot expect to find an explicit value for A\p. The following theorem
is the IN-dimensional analogue of Theorem 3.2.5.

Theorem 3.2.12. Fiz k € N and let D C RN, N > 2, be a domain as in
Assumption 8.1.1. Then there exist three constants:

C > 0 depending only on k, N and the shape of D,
q >0, b>1 depending only on N and the shape of D

such that
for every L > max{k, 27} and for every ¢ € H* (D) harmonic in D,

there exists a harmonic polynomial P of degree L that satisfies
| — P|j,D < C hFtI (LiAD(kH*j) Fp L L)‘D(H]Jr%)) 9lkt1,0

VO<j<k+1, VApe(log2/logL,1/q).
(3.20)

If the degree L is large enough, since 1 — Apq is positive, the second term
on the right-hand side is smaller than the first one and the convergence in L
is algebraic with order Ap(k + 1 — j). The coefficient Ap depends only on the
shape of D (through the constant ¢ of Theorem 3.2.10).

Proof of Theorem 3.2.12. Firstly, we fix three small positive constants €1, €s, €3
in the interval (0,1/2) and define ¢, ;== 1—(1—¢€1)(1—€2)(1—€3) < €1 +ea+€3.
For every domain €2, we can define

A 1 1 1 1

Q:=-Q, QL = Q, QO = O = Q,
1—61 1—62 (1—61)(1—62)
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3. Approximation of homogeneous Helmholtz solutions

Q”/ — 1 Q”: 1 Q: 1 Q
€7 1—e3 ¢ (1—€)(1—€)(l—e3) 1—e

For every function f defined on 2, we also define f (x) = f(hx) on Q.
We apply Theorem 3.2.10: for every T' € H7(D") harmonic, there exists a
harmonic polynomial P of degree at most L such that

TP < ongni TP

J.D 3,D

(2.30)

"L oy nt |7 - B

< 2 - _
g W5 e T =P

< Oy, W=7 |DUIE (poer)” HT PLHLOO )

N
(313) N _ . 1 2 L ey .
= CN’LDhQ ] <1—61> (pocr) ]62pb E HTHLOO([)H)
i —j b L~ || 7
< Oyyp h277 (poer) V6" b7 %2 ey * | T 0,D1
= CN,JD h 61 eyt b b €3 )7 HTHOD/" ) (3.21)

where the bound in the second-last step follows from the mean value theorem
for harmonic functions (2.27).
Now we define .
0=0-Q" ¢,
where QFT1¢ is the Taylor polynomial of ¢ (of order k + 1 and degree k)
averaged on B, defined in (3.4). We choose

T := Tj[d]

from Lemma 3.2.11, using € = €. Let PX be the polynomial that approximate

T on D from Theorem 3.2.10 as above, so that (3.21) is satisfied. Finally we
define

PL . pL + Qk+1¢
that is a harmonic polynomial of degree at most L, because k < L and thanks
o (3.6).
These definitions allow to gather all the approximation results proved so far
in the following estimate:

0= P, p = |0+ Q"0 PF = QM| |

<[o-mel,, +[nei- 1,
(3.18) ,
(3.21) _ el eyl ey 2 ~
2 Onn o hk+1]H C. - —JAHT H
N,k Pg (6 ) k+1,D + N,j3,D bLeg k[¢] 0,D!""
(3.16) kt1—j | 7 GIjG;p 6;% i lpl—j |7
= CN,j,k,f? (€xh) ‘¢‘k+1,D + ples ; exch MJ,D
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3.2. Approximation of harmonic functions

N
i —5 k
(3.7) e el e ? :
| k1 €176 & I kt1—j
S Ongup |77+ 0= e | B I8l
1=0
. N
k1o, €176 €7 k+1—j
. -, & % &= —j
< CN,]‘7]§,D €4 + pLed h ‘(b’kJrl,D )

as QFT1¢ is a polynomial of degree at most k. Now, for every value A\p €
(log2/log L,1/q) we can fix €] = €3 = €3 = L0 < % This gives

B . Loltetd) i
0= P*|;p < Cnjns (L e ])+bL1—7ADq W 1l

which concludes the proof. O

Remark 3.2.13. As previously mentioned, in the case N > 3, it would be very
desirable to prove a sharp lower bound on the parameter Ap in (3.20) for
a class of domains of special interest, for example three-dimensional convex
sets. Even restricting to polyhedral domains could be enough, since D is
mainly meant to be an element in a finite element mesh. Here we describe a
few possible approaches to tackle this problem.

The most natural idea is to repeat the proof done in [19] and in the related
papers [8,20,21] for a special class of domains and to choose sharper bounding
constants in all the intermediate results. However, a first attempt suggests
that this may provide a good bound for the relevant parameter only in the
case of a spherical domain. A second approach is the use of the so-called Lh-
theory developed by V. Zahariuta and described in [179,206]; this seems to be
more suitable for harmonic problems than the theory of complex potential and
plurisubharmonic functions used in the proof of [19], on the other hand the
Lh-theory is much less developed and not easy to handle. A third possibility
that is worth investigating is the following: we consider a harmonic function
¢ defined on D% = D + By, with convex D, and we write it using the single
layer potential as

1
(b(X) = D5 G(Xay)Q(y) dS(y) ) G(X7 y) = ’SN_l‘(N _ 2) ‘X _ y’N—Q ?

for some density g, where G is the fundamental solution of the Laplace equa-
tion (cf. [184, (7.4)] and [77, Sect. 2.2.1a]). Thus, if it was possible to ap-
proximate accurately x ~— [x|>~" in the special domain (Bg \ B.) N {x =
(x1,...,zNn), n > 0} (¢ < R) with a harmonic polynomial Py, . of degree L,
then ¢ would be approximated in D by the harmonic polynomial

Pr (x—
o= [ TEEM I asgy) .

In this case, the dependence of the error on the distance ¢, related to § =
d(D, D%)/h, is crucial.
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3. Approximation of homogeneous Helmholtz solutions

3.3. Approximation of Helmholtz solutions by
generalized harmonic polynomials

In Section 3.2 we established how a harmonic function can be approximated
by harmonic polynomials. In this section we use these results, together with
Vekua’s theory, to prove error bounds for the approximation of Helmholtz
solutions by means of generalized harmonic polynomials. We only have to
combine the results of Theorems 2.3.1, 3.2.2, 3.2.5 and 3.2.12. These estimates
guarantee the convergence when the diameter h decreases to zero or the degree
L goes to infinity.

In Section 2.3 we proved the continuity of the inverse Vekua operator V5
in Sobolev norms with constants explicit in wh only for N = 2,3 (due to the
poor interior estimates coming from Lemma 2.3.12). This fact is reflected
in the approximation: parts (i) and (v) of Theorem 3.3.1 give h- and p-
estimates, respectively, in any space dimension without explicit dependence
on the wavenumber. Part (ii) contains the wavenumber-explicit h-estimate
for N = 2,3, while the corresponding results in p are given in parts (7ii)

(N =2) and (i) (N = 3).

Theorem 3.3.1. Let D C RN be a domain as in Assumption 3.1.1, k € N and
u € H*1(D) be a solution of the homogeneous Helmholtz equation Au+w?u =
0 in D. Then the following results hold.

(i) h-estimates:
For every N > 2 and for every L < k there exists a generalized harmonic
polynomial Qr of degree at most L such that, for every j < L + 1, it
holds

lv = Qrllj0.0 < C po

N . .
’ (1 + L)4N ej+L hL+1_] HU’HLJrl,w,D ) (322)

where the constant C depends only on the product wh, p and N, but
s independent of L, j, po and w. In particular, this holds when Qp =
Vi [QFF WA [u]], where Q¥ 1Valu] denote the averaged Taylor polynomial
of degree L + 1 of Va[u] (see Definition 3.2.1).

(i) h-estimates, explicit in wh:
If N =2.3, for every L < k there exists a generalized harmonic polyno-
mial Qr, of degree at most L such that, for every j < L+ 1, it holds

lv = Qrllj 0,0 <C py

ol

N (1 +L)% oIt

(14 (wh)7 ) ea(l=p)wh pL+1=j lull s w0
(3.23)

where the constant C' depends only on N, but is independent of h, w, L,
J, p, po and u. Again, this holds when Qp = Vi [QL‘HVQ[U]].

(iii) hp-estimates in two space dimensions:
If N = 2 and D satisfies the exterior cone condition with angle Apm
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(see Definition 3.2.4), then for every L > k there exists a generalized
harmonic polynomial Q' of degree at most L such that, for every j <
k41, it holds

le = Qll;

< O (14 (wh)+6) ea(-ph (

Ap (k+1—3
M) ol ])hkﬂfj Hu||k+1 b
7w7 ’

L+2
(3.24)
where the constant C depends only on the shape of D, j and k, but is
independent of h, w, L and u. This holds when Q; = Vi[P'L], where P't

is the harmonic polynomial approximating Va|u] provided by Theorem
3.2.5; notice that (3.24) holds also for k = —1.

hp-estimates in three space dimensions:

If N = 3, there exists a constant A\p > 0 depending only on the shape
of D, such that for every L > max{k,Ql/)‘D} there exists a generalized
harmonic polynomial Q' of degree at most L such that, for every j <
k+1, it holds

Hu_ LHj,w,D

<C(1+ (wh)i*6) ei(l=p)wh [ =Ap(k+1—j) pk+1-j lullgs1wp s
(3.25)

where the constant C' depends only on the shape of D, j, and k, but is in-
dependent of h, w, L and u. In particular, this holds when Q'] [P”L]
where P"" is the harmonic polynomial approzimating Va|u] pmmded by
Theorem 3.2.12.

hp-estimates in N space dimensions:

For every N > 2, there exists a constant Ap > 0 depending only on the
shape of D, such that for every L large enough there exists a generalized
harmonic polynomial Q' of degree at most L such that, for every j <
k+1, it holds

Hu - QT HJWD < ¢ L0 EHd) pht Hqu-',—l,w,D ) (3.26)

where the constant C' depends only on the shape of D, j, k, and wh, but
is independent of L and u. Again, this holds when Q' = V;[P"!].

Proof. In order to prove both items (i) and (i), we choose the same Q =
Vi [QF V4 [u]], and we use the continuity of the Vekua operators (2.9), (2.10),
(2.12) and the Bramble-Hilbert Theorem 3.2.2. For every N > 2 we have

2
flu— QL||j7w7D

)
< Onp'™ (1_|_])3N+1 2j (1+ wh Zw% ) {V QL“VQ[uHiD

< Onp N1+ )PP (1 + (wh)?)?
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3. Approximation of homogeneous Helmholtz solutions

J 2(N-1) p2(L+1-1)
W20 l)(1+l) R 1yl
2[u]]
P i (Lo0P LD
< On p' Vg™ (145N ¥ (14 (whY )2 BT Walul|L

(2.10) B ‘ , iy 3
< Cnhp Py (L4 )N X RPEHD (L4 1PN

< Cnnp py™V (14 LEN=1 2040 p2(419) 2

(notice that the case | = L + 1 follows from |Va[u] — QLHV?[“HL-HD =
[Valu]|, 1 p because Q¥ *W,[u] is a polynomial of degree at most L) and for
N = 2,3 we obtain
lu = QL7
< On p" Vg™ (145N ¥ (L4 (wh) 72 B Vsl g

L O g™ PN (L4 )N AT (1Lt (k)RR 2

(14 L)W 22D (Pl 2
< On g 7N (14 LN 2 20D
(1 + (wh)76)2 ez (=pwh p2(L+1=) HUH%H,W,D .
Items (7ii), (iv) and (v) can be proved in a similar way by choosing Q) =

Vi[P'F] and QY = V41 [P"F], with P' and P"* approximations to Va[u] provided
by Theorems 3.2.5 and 3.2.12, respectively. For N = 2 we have

Hu—Q'Luwa(?)Cu + )7 (1 + (wh)? Zw% D |Valu] P’L|iD

(3.12)
< C]kb(1+ Wh Zw Jj— th(k-f—l 1)
1=0
10g(L—|—2) 2Ap (k+1-1) )
\ 12 Valullyi1p

WD Vol p

log(L + 2) Pp(kt+1=j)
L+2

< Cppp L+ (Wh)T*2)? (

(2.12) , 3
< Cjk 5 (1 + (wh)]+6)2e§(lfp)wh

2Ap (k+1—j
(log(L +2) D) P2RH1=0) 2
L+2 k+1l,w,D >

while for every N > 2 we obtain

(2.9)

Hu_ LHj,w,D <, (1+])3N+1 2j (1+ wh sz(y 1) |V P”Lﬁ,p

(3.20)

< Cipp (14 (wh)? Zw% Dp2k1=0 =2 (=0 a2
[=0
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3.3. Approximation of Helmholtz solutions by GHPs

<Cp(1+ (wh)TT2)2 [~ PAp(k+1=5) p2(k+1-3) |V2[u]|i+1,D

(2.10)

< C

B 22D (k+1—j) p2(k+1—j
]7 b 7w

2
Ml -
which is the assertion (3.26). If N = 3, in the last step in the previous chain
of inequalities the dependence on wh can be made explicit using (2.12) instead
of (2.10):

lu= QL0 p < Chup (L (@hy 2L 20410 2041500 2

(2.12)

< C

kD (1+ (wh)HG)?e%(1*p)th72>\D(k+17j) p2(k+1—j

2
D lulli 100 -

0

Theorem 3.3.1 shows that a solution of the Helmholtz equation with Sobolev
regularity k£ + 1 can be approximated by generalized harmonic polynomials
with algebraic convergence both in the mesh size h and in the degree L. The
order of convergence in h is k + 1 — j and the order of convergence in L is
Ap(k + 1 — j), where Ap is a parameter depending on the domain shape.
The two-dimensional result comes from [144]; in this case we have complete
control of the rate of convergence since mAp is the opening of the smallest
re-entrant corner of the domain; estimate (3.24) has been shown in [144] to
be sharp. In three dimensions, the result is much less powerful because an
explicit lower bound for the parameter A\p in (3.25) is not available yet, as
explained in Remark 3.2.13. This means that the convergence rate in L is not
fully explicit.

Remark 3.3.2. If the domain D does not satisfy Assumption 3.1.1 but only
the weaker Assumption 2.2.1 (namely, it is not star-shaped with respect to an
open set but only with respect to a point) then it is still possible to prove a
h-estimate, thanks to Theorem 3.2.3. We fix the value
2+log(¥> N =2,
n= 1\ N2
2 (TP> N>2,

and define @, = V4 [Ty ! [V5[u]]], namely, the Vekua transform of the Taylor
polynomial of Vs [u] with degree L and centered at 0. Then, using (3.9) instead
of (3.7), the bound (3.22) becomes

lu = Qcllju,p < C (2 N)H*H (L4 L)2N &TE R ul| o (3:27)

for every N > 2 and j < L + 1; C depends only on p, wh and N (but not
on pg, which can be equal to zero in this domain). The second bound (3.23)
becomes

T A ,
lu = Qilljp < C PV (ZN)FL (1 4+ LM E (14 (wh)7*)

3(1—p)wh 3, L+1—j (3.28)
es h HUHL+1,W,D )

for N = 2,3; C depends only on the space dimension N.
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3. Approximation of homogeneous Helmholtz solutions

Moreover, we can express the spatial dependence of the difference between
two subsequent approximating generalized harmonic polynomials as
X .
Qu1(0) = Qub0) = Va [T Valul] = T3 [Valul] | ) = (57 ) ()
for some g € L?(SV~1), because TOLJF2 — TOLJrl is a homogeneous polynomial
of degree L 4+ 1 whose Vekua transform is given by (2.47). This fact is not

true in general for the polynomials constructed using Theorems 3.2.2, 3.2.5
and 3.2.12 because their differences are not homogeneous.

If v with Au + w?u = 0 possesses an analytic extension beyond 0D, then,
thanks to Theorem 3.2.10, we can expect exponentially accurate approxima-
tion by generalized harmonic polynomials; this is shown in the next proposi-
tion.

Proposition 3.3.3. Let D ¢ RN, N > 2, satisfy Assumption 3.1.1. Then
there exist constants p > 0, b > 1, ¢ > 0 and C' > 0 depending only on
D, such that, for every § € (0,1), for every u solution of Au + w?u = 0 in
D’ = D+ Bgy,, and for every integer L > 0, there exists a generalized harmonic
polynomial QQ of degree at most L such that

11— p)w I
||u_Q||Loo(D) <C (1_|_ (wh)4) 62(1 p)wh(1+26) (5h) Py L(6h)1? ||uHLoo(D6) .
(3.29)

Moreover, if u € H/(D), j € N, the following bound holds

N 1w _
||U_Q‘|j,w,D <C (1—|—(wh)4+]) 62(1 plwh(1426) b L(6h)1 HUHLoo(Dé) ’ (330)

where the constant C' depend on N, D, j and dh, while b > 1 and ¢ > 0
(possibly different from the previous ones) depends only on D.

Proof. In order to prove the first bound, we only have to use the continuity of
V1 and V5 in L°°-norm, Theorem 3.2.10 and the simple fact that DY satisfies
Assumption 3.1.1 with diameter (1 + 26)h:

(2.13) wh)?
o= Qllimy = (1405 1= Qi)

(3.13)
< C (14 (wh)?) (6h) 7 b M [ Vaful| e sy

(2.19) 2 2\ _L1(1—p)wh(1+26 —
< C (14 (Wh)?) (1+ (wh(1 + 26))?) e2(1=Pwh(520) (5p)=P

b EOM ]| oo oy -

If u € H(D)NL>®(D?) we apply the Cauchy estimates on the transform of u:

(2.9) )
lu— Q2,5 < Cnp (14PN e¥ (14 (wWh)?)? ||Valu — Q)

J,w,D
(0.2)(B.10) A

j
> @+ DN D] Valu = Qllfyee(py
1=0
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3.4. Approximation of gener. harmonic polynomials by plane waves

(2.29)
< CNp (1 +])4N+1 27 (1+(wh)2+])

Nj 2
(22) 1~ QUi
(3.13) .
S CN,D (1 +j)4N+1 (1+ (wh)2+])2
2eNj\* (5h 2L(5h/2)? 2
(Z52) (5) 7 oo il o
(2.14)

< Cnp (1+ ])4N+1 (1 4 (wh)7)? e(1-plwh(1+20)

2eNj
(20)" o 520l e

< Cwpgian (14 (wh)*H)" 1ot G2t 2, )

O

Remark 3.3.4. Theorem 3.3.1, Remark 3.3.2 and Proposition 3.3.3 hold true
for any complex wavenumber w with minor modifications: in every bound w
has to be substituted by |w| and the right-hand sides of (3.22), (3.23), (3.24),
(3.25),(3.26), (3.27), (3.28), (3.30) have to be multiplied by e2“/" while that
of (3.29) by e(l=P)Imwlh (see Remark 2.3.6).

Remark 3.3.5. The Herglotz functions defined in Section 2.4.1 constitute a
subspace of the space HZ, (D) of the Helmholtz solutions in D, for any j € N.
Part (v) of Theorem 3.3.1 ensures the density of the Herglotz functions in
HL(D) for every j > 1, N > 2 and D as in Assumption 3.1.1. This is
a generalization of Theorem 2 of [201] where the density in H7(D)-norm is
proved for domains of class C7~b1: on the other side, we require D to be
star-shaped, which was not needed in [201].

3.4. Approximation of generalized harmonic
polynomials by plane waves

Now we want to approximate the generalized harmonic polynomials using lin-
ear combinations of plane waves. The link between plane and circular/spher-
ical waves is given by the Jacobi—-Anger expansion and the addition theorem
for spherical harmonics, (see Appendix B.4).

In what follows we will always consider plane wave spaces with dimension
p chosen according to

) 2q+1 in two dimensions ,
(¢+1)? in three dimensions ,

for some ¢ € N. This choice ensures that the value of p is equal to the
dimension of the space of harmonic polynomials of degree at most ¢ in two
and three real variables.
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3. Approximation of homogeneous Helmholtz solutions

We pursue the following policy: given a generalized harmonic polynomial
to be approximated, we represent it as a (finite) linear combination of circu-
lar /spherical waves (see (2.49) and (2.51)); then we truncate the Jacobi-Anger
expansion of the generic element > 7 _; v, exdi of PW,, ,(RY), “solve” the
resulting linear system with the a;’s as unknowns and thus define the approx-
imating function in PWWJ,(RN ). Error bounds will be obtained by estimating
the residual error produced by the truncation of the Jacobi-Anger expansions.
We will do this in Lemma 3.4.3 (two dimensions) and Lemma 3.4.8 (three di-
mensions): this entails bounding the norm of the inverse of a matrix defined
by the generalized harmonic polynomials. Another detailed analysis of the
residual of the truncation the Jacobi—Anger expansion in a quite different set-
ting can be found in [44]. The proof will be fairly technical, because we need
a very precise estimate of all the terms involved; on the other hand, we ob-
tain a sharp algebraic order of convergence in h, the diameter of the domain,
and a faster than exponential speed of convergence in p, the number of plane
waves used. In the two-dimensional case, this result holds for any choice of
the plane wave directions, while in three dimensions, we will have to choose
them carefully.

3.4.1. Tool: stable bases

Our analysis relies on the existence of a basis of the plane wave space that does
not degenerate for small wavenumbers. Yet, it is well-known that the plane
wave Galerkin matrix associated with the L?(D) inner product (mass matrix)
is very ill-conditioned when the wavenumber is small or when the size of the
domain is small, because in these cases the plane waves tend to be linearly
dependent. In order to cope with this problem, it is possible to introduce a
basis for the space PW,, ,(RY) that is stable with respect to this limit.

In 2D a stable basis was introduced in [96, Sect. 3.1]. Here, we give a simpler
construction:

92 1 4 )
bi(x) = (i) 3 I = ANy e dr =g, 3.31
()= (= el (2) @ doq. (33D
where 7y = 1 if I > 0 and v; = (—1)" if [ < 0. The plane waves directions are
d; = (cos 6,sin ;) l=—q,...,q, d; # dg Vi#£k,
the matrix A is

— _ [l 2q+1,2q+1
A = {Al;l’}l:—q,...,q - {6 ‘ l,}l:—q,...,q e C™ 1 3
ll:iqv"wq ll:iqv"wq

and the superscript ~ ' is used to denote the transpose of the inverse (i.e.,
A-T = (A~Y)T). With this definition, using the polar coordinates x =
r(cos 1, sint), we have

o\l 4 |
— (! 1 = AfT i iwr cos(—0;)
0 = (i) 1 (2) Y (A e

I'=—q
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3.4. Approximation of gener. harmonic polynomials by plane waves
(B.34) g i o
=7 (=) W ZZ Jy(wr) ¥ Z D e 10

lez, l'=—q
o\
N
=(— I —
(=i) (w)

) o a ~
it Jy(wr) e 4 Z it Ji(wr) ety Z (A~ ) e 00
li1>q l'==q
(2.49) Vi [Tu\emp} + O(wq+1—|l|)w_)0 ’
where we used the property J_p(z) = (=1)¥Ji(2) Yk € Z.

In three dimensions, thanks to the Jacobi-Anger expansion and the defini-
tion of the generalized harmonic polynomials, we can easily find a stable basis
for PW,, ,(R3).

We fix ¢ € N, p = (¢ + 1)? and the p directions {dim }i=o,....q; jm|<i Which
define PW,, ,(R3) in such a way that the p x p matrix!

M = {Mlml'm}z 0. i<t = {Y"(dvm)} 1=0,..q, jm|<t, (3.32)
0,...,q, |m/|<I I'=0,...,q, |m/|<l'

is invertible. We define p elements of PW,, ,(R3)

L(I+3) /24! ,
bl,m(X) . (732) (_) Z (MiT)l,m;l’,m’ elwx'dl/’m/

(2%

272

Relying on the Jacobi-Anger expansion (B.35), we obtain:

) = 1 2L (25 o v ()

Tw
2m2 e,
| <l
D (M g Y (i )
I'=0,...,q,
Im/| <V

= w (=) [z’l it v (75)

+ ZZ Jiwlx|) Ylm(!x!) Z (M) st Y7 (i)

l>q,~ l/:(??"'vgv
| <l Im’|<l

! Since vector indices are often denoted by a pair of integers separated by a comma (e.g.,
di,m ), here and in the following we use the semicolon to separate the row and column in-
dices of second order matrices (e.g., My .17 /). The components of vectors and matrices
will be denoted by round brackets with subscripts, whenever their names are composite
(e.gA7 (Md)l’m or (Mfl)l’m;l/’m/).
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3. Approximation of homogeneous Helmholtz solutions

(2.51) X _
2 st 3 (2] 0
thanks to to the asymptotic properties of the spherical Bessel functions for
small arguments (B.21) and to

> M Y () = (Mt (M) s
I'=0,....q, '=0,...q,
| <17 | <

= 0,7 .1 if [m| <1<q.
The functions b; ,, constitute a basis in PW,, ,(R3); since

b () <2 ) v ()
’ ]|
uniformly on compact sets, this basis does not degenerate for small positive w
and its associated mass matrix is well conditioned.

The existence of a stable basis and the proof of the convergence of the
plane wave approximation require the matrices A and M to be invertible.
This is the case if and only if the sets of directions {d;} or {d;,,} (in two
or three dimensions, respectively) constitute a fundamental system for the
harmonic polynomials of degree at most ¢. In two dimensions, if the directions
d; are all different from each other, this is always true, as we will see in
the proof of Lemma 3.4.3. In three dimensions, we prove that there exist
many configurations of directions that make M invertible in the following two
lemmas and provide an example.

Lemma 3.4.1. Let the matriz M be defined as in (3.32). The set of the
configurations of directions {djm}i—o, . 4. im|<t that makes M invertible is a
dense open subset of (S?)P.

Proof. The spherical harmonics Y, = Y;™(sin @ cos ¢, sin fsin ¢, cos @), and
thus the determinant det(M) : (S?)? — C, are polynomial functions of sin 6,
cos @, sin g, cosp. This implies that det(M) is continuous and then its pre-
image [det(M)]~1{C\ 0} is an open set.

The existence of at least one configuration of directions {d; m }i—o,... g: |m|<i
such that M is invertible is guaranteed by a simple generalization (to non
constant degrees n) of Lemma 6 of [158], or by Lemma 3.4.2 below. Since a
trigonometric polynomial is equal to zero in an open set of R? if and only if
it is zero everywhere, then det(M) is zero only in a closed subset of (S?)P with
empty interior, which means that M is invertible on a dense set. O

Lemma 3.4.2. Given q € N, let the p = (¢ + 1)? directions on S? be chosen
as

di,, = (sin 0 cos @y, sin b sin @y ,,, cos 91)

foralll =0,...,q, |m| <1, where the ¢+1 colatitude angles {6;}1—o,...q C (0,7)
are all different from each other, and the azimuths {¢1m }i—o,....q;im|<t [0, 27)
satisfy ©im # Pime for every m # m'. Then the matric M defined in (3.32)
15 invertible.
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3.4. Approximation of gener. harmonic polynomials by plane waves

Proof. We define

¢ = cos 0, l=0,...,q,
20+ 1)1 = [m])!
Ny = <Il<q.
Lm \/ 4 (I + |m|)! ml <l<q

We notice that the values ¢ are all different in (—1, 1) and, thanks to (B.30),
it is possible to write the elements of the matrix in the form

Ml,m;l’,m’ = Nl,m Pllml(cl/) "l m! ,

where P/ denote the Legendre function defined in (B.24).

For every m € {0,...,q}, we define the square matrix of dimension ¢—m+1
{S]l .] m,....q — {D Pl cj }.7 =m,....q »
7m7 7q 7m7 7q

where D™ P, are the m' derivatives of the Legendre polynomials of degree
[ defined in (B.22) and constitute a basis of the space of the polynomials of
degree ¢ — m. If the vector 77 € R+ belongs to the kernel of 8™, i.e.,
S™i = 0, then we have

q
0= (S™q); = > _ D™P(c;) m Vi=m,...,q,

l=m

that means the polynomial Y 1 D™P(x)n of degree ¢ —m has ¢ —m + 1
distinct zeroes. This implies that 77 = 0 and hence the matrix 8™ is invertible.
This fact also implies the invertibility of the matrices

{ l}J =m,....q — dlag ({(1 —C ) }] m,.. 7q) s . diag ({Nl,m}l:m,...,q)

_m7 -q

={Nym (1—¢2)% D’”Pl(c])}%: "
- 7q

4)
= {Nl,m _le(cj)}j:mv"'vq m= Oa )

=m,...,q

where P/ are the associated Legendre functions. Similarly, also the matrices

{Rim}J =m,...q = diag ({(1 G ) Fi=m,. JJ) S™ - diag <{Nl’_m}l=m,...,q>

7771, 7q

- {Nl,f (1—0 )2 D™ Pl(cj)}]: g

l=m,....q
(B-24)
{Nl le(cj)}j:m,...,q m = 15"'aq )
l=m,...,q
are invertible.

We fix a vector £ in CP such that
My = > Y™ (diw) & =0 VI'=0....q |m/|<U.

l:07"'7q

Im|<l
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3. Approximation of homogeneous Helmholtz solutions

If we show that &, =0 forall [ =0,...,qg and m = —[,... [, then M’ (and
thus M) is invertible and the proof is complete.
We define the functions

q
() = & Niw P\ (cos0)  ¥m=—q,....q, 0€(0,7),
I=|m]|
(3.34)
so that, owing to (B.30), we have

q
M = 3 an(By) €m0 =0 VI =0,...,q |m|<l.
m=—q
(3.35)
The last expression in the case I’ = ¢ reads

q
Z am(aq) eiqu’m/ =0 Vom' = -q,...,q.

m=—q

Thus, the function > 7 _ ; am(0,) ™% is a trigonometric polynomial of degree
q in the variable ¢ with 2¢ 4+ 1 zeroes, so its coefficients vanish:

am(y) =0 Vm=—q,...,q. (3.36)
Take m = ¢; thanks to (3.34) and (B.26), we have

(29)!

0= ag(0y) = &g.g Ngyg Pl(cosy) = &.q Nog 2q—q!

q
(1 —cos®6,)2 ,

that implies &, ; = 0 and also a4(#) = 0 for every 6 € (0, 7). Similarly we can
prove that &, _, =0 and a_4(f) = 0 for every 6 € (0, ).
Now we proceed by induction on the index m decreasing from ¢ — 1 to 0:

§tm =0 m<|m|<l<gq, (A)

induction hypotheses .
{m@ﬁzo Im| <m <j<q. (B)

We have already verified the induction hypotheses at the initial step m = ¢—1:
£g.+q = 0 and a,(04) = 0 for all |m| < g (see (3.36)), and in particular for all
Im| < ¢ —1.

Let us suppose that (A) and (B) hold for a fixed m € {0,...,¢ — 1}. We
have to prove

o : Em =0 m=|m|<l<q, (A7)
induction assertions . . ,
am(6;) = 0 m| <m=j. (B)
The equation (3.35) for I’ = m reads
m .
D am(bm) e =0 Y |m!| <m,

m=—m
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3.4. Approximation of gener. harmonic polynomials by plane waves

since, thanks to (A) and (3.34), a,,(07) = 0 for |m| > m. This is a trigono-

metric polynomial in ¢ of degree ™ having 2m + 1 zeroes {@m m/ }m/=—m,....m»

so it is identically zero and a,,(fm) = 0 for every |m| < m, that is (B’).
Thanks to (B) and (B’), for every j € {m,...,q} holds

q q
0= (3 34) Z m Nim Pl (cosb;) Z Jm ,
l=m I—m

and the analogous is true with the index —m. Since R*™ are invertible, we
have (A’) and the induction argument is complete.

We conclude that all the coefficient & ,,, are equal to zero, thus M is invert-
ible. O

Figure 3.2.: A graphical representation of the backward induction on the index
m in the proof of Lemma 3.4.2 with ¢ = 8 and p = 81. At the
step m = 4 the coefficients in the grey squares are zero (hypothesis
(A)). The induction step shows that also the coefficients in the two
boxes are equal to zero (assertion (A’)).

""""""""""" an’l
&.’1,-1 :éw,o &71,1
¥ "
B : .|
aﬁ,—ﬁ :am,o cee gmi
0 | : 2|0
..° E él,-ﬁ :al,l) él,m EJl,ﬁ S
ICRERE : N
0 “ ...... ‘0 Eord ‘ Eao ‘ | Em|O .‘0
vl

Lemma 3.4.2 provides a quite general class of configurations of plane wave
directions {dyn }i—o,...q; |m|<: that renders the matrix M invertible. This im-
plies the existence of a stable basis in PW,, ,(R?) and allows to prove the
approximation estimates in h in Section 3.4.3. To prove estimates in p, we
will need a smarter choice of the directions.

In order to fulfill the hypotheses of Lemma 3.4.2, the directions only have to
satisfy the following geometric requirement: there exist ¢ + 1 different heights
zj € (—1,1) such that exactly 2j + 1 different vectors d;,, belong to S?n
{(x,y,2), 2 = zj}j=0,.,q An example of directions satisfying this condition
with ¢ = 3 is shown in Figure 3.3.

The definition of the stable bases for plane wave spaces and all the prop-
erties shown in this section hold exactly in the same way for every complex
wavenumber w # 0. With a little effort and the use of the hyperspherical
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3. Approximation of homogeneous Helmholtz solutions

Figure 3.3.: A choice of directions {dy,;, }i—o,... ; |m|<i that satisfies the hypoth-
esis of Lemma 3.4.2 with ¢ = 3, p = 16. Notice that 1 direction
belongs to level 0, 3 directions to level 1, 5 to level 2 and 7 to level

3.

Bessel functions (see (B.20)) it is possible to generalize the definition of the
stable basis and the proof of Lemma 3.4.1 to every dimensions N > 3.

3.4.2. The two-dimensional case

In two space dimensions, thanks to the Jacobi-Anger expansion and the special
properties of the circular harmonics Y;(e??) = ¢/? //27, we can approximate a
generalized harmonic polynomial in PWw,p(RQ), with completely explicit error
estimates both in h and in p. The order of convergence with respect to h is
sharp, as it can be seen from simple numerical experiments [42,95, 96, 148].
The proof given below improves considerably the one given in [148]. A similar
result for a circular domain was proved in [164].

Lemma 3.4.3. Let D C R? be a domain as in Assumption 3.1.1. Let P be a
harmonic polynomial of degree L and let

{di = (cos Oy, sinbp) }r——q,..q

be the different directions in the definition of PW, ,(R?), p = 2¢ + 1. We
assume that there exists 0 < 6 <1 such that

2
min 0; —0. >— 0. 3.37
J
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3.4. Approximation of gener. harmonic polynomials by plane waves

Let the conditions on the indices

1
0<K<L<gq, L—Kg{qTJ, (3.38)

be satisfied. Then there exists a vector @ € CP such that, for every R > 0,

— Z (677 eiwx-dk S C(W,(;,Pa h, R, q, Ka L) ||P||K,w,D )
o ) (3.39)

where we have set, for brevity,

3

5 q
C(w757p7haRaanaL): 3 ‘ (2\/6552> <2L\/L+1>

72 pL-K+1

(WR)TTE (14 (wh) IR e
Proof. We write the harmonic polynomial

z) = Z ag vl et a; € C, (3.40)
I=—L

with the usual identification R% = C and z = re'¥. We have
q
ViP)(z) = 3 ay el eosbirsind)dy

k=—q
q

L 1
2.49 2 ; A B
(:) Z a |l|! <a> I Jlll(w,r) _ Z a eiwr cos(yp—0y)

1]
(B:34) Z 1 |1! <—> ’yl Jy(wr) Zz Jy(wr) iy Z oy e ”G’“,

=1L €7, k=—q

where 4, = 1 if I > 0 and 4, = (—1)! if I < 0 because J_;(wr) = (—1)"J;(wr).
Define the p x p matrix A by

A= {Apti——gog = 1€ """ Hh——g..q

(cf. Section 3.4.1), and the vector B e Cr by

o\ I
5 = a |1]! (—) ity le{-L,...,L},

w
0 le{—q....~L—1}U{L+1,...,q}.

The matrix A is non-singular because it is the product of a Vandermonde
matrix and a diagonal matrix:

A ={e 0%} o 2 - diag <{€"q9’“}k:—q7...vq) =V4-Dy.
szqy"'yq
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3. Approximation of homogeneous Helmholtz solutions

By choosing the p-dimensional vector & as the solution of the linear system
A a = 3, we have

V'l[P § :akewrcoswrsmw di § :Z Jl wr zlw § :Ck e zl@k’
k=—q [l]>q k=—q

and thus the L*>°-norm of the error is controlled by

q
iwx-dy ) —1
- E ay e §< sup 25 |Jl(t)|> A
elown) I H1

k=—q LOO(BR)

(3.41)

We have to bound each of the three factors on the right-hand side of (3.41).
Using the well-known bound for the Bessel functions (B.14), we have, for
the first factor,

1
sup > [Ji(t)] <Y o Z(%) %

te[0,wR] I>q te[0,wR] I>q

£\t t 1 wR>q+1 e
< su — — — . (342
tE[OER]<2> (¢+1) 'Z< ) < 2 (g +1)! (3.42)

For HA_l{ » we observe that the l-morm of the inverse of the diagonal
matrix D4 is one, while the norm of the inverse of the Vandermonde matrix
V4 can be bounded using Theorem 1 of [89]:

1A = VA DAL < v V2l

< 1+ ‘6_193
p max H Oy e——
k=—q,....q ‘6—7/65 - e_lgk’
S§=—4q,...,q
s#k

With simple geometric considerations?, it is easy to see that, under the con-
straint (3.37), the product on the right-hand side is bounded by its value
when

2
0::06+—ﬂ§s S$=—q,...,q,
p

and the maximum is obtained for £ = 0. A simple trigonometric calculation
gives

. . 2 4
le™¥s — 1% :\/5\/1—005(9;—98) > \/§£ |05 — 0ol = =5 s,
T p

2 Indeed, we can assume without loss of generality that: (i) the directions are ordered
({0-g < O_q11 < -+ <Oy} C (—2m,2m)), (i) 6o = 0, (iii) 04 < O_q + 2, and that (iv)
the maximum is achieved for £ = 0; notice that it may happen that either 97q < —T or
04 > 7. Then the constraint (3.37) implies 27r5| | <10s — 00| = |0s] < 2w — 2= =+d(g+1) for

s==1,...,4q; this gives, in turn, [e”"* —e7%| = |e7 " 1| > |e_T65—1|7 which is the
value obtained with the set {0 = 27"53}5:711 ‘‘‘‘‘ ¢- Therefore, each term in the product
is bounded from above by the corresponding one with the directions {07 }s=—q,....q-
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3.4. Approximation of gener. harmonic polynomials by plane waves

because 1 — cost > %5 2 12 for every t € [~m,7]. This leads to the bound
P’
Al < : A
| H1—ps_1;[ 45!3[ = (26)2 (¢1)2 (3.43)
s;é}c o

In order to bound H E / we need to bound from below the Sobolev seminorm

of order p of P for every = 0,..., L. Recalling that B,, C D and taking
into account the expression of P in (3.40), we have

2
2

8;1, | . ..
oz | 5P E:“ﬂrf‘ e
’ r
07Bph ‘]| =u j O,Bph
ho L 118V4 ’
/p 5w GUF ey / " =iy pdr
\JIIJ’I . (gl = )t (15" = ! 0
S o, (15102 (ph) I (3.44)
7= ] | |_ )) 2<U‘_M+1)

where in the last step we have used the identity

2
/ U3 dop = 2 8550 .
0

All the terms in the sum on the right-hand side of (3.44) are non-negative, so
we can invert the estimate. Thus, considering (3.44) for p = || and p = K,
we obtain, respectively,

1 1
|ai| < NAIRED) [Plyy.p o<|l|<L,
< LWV -K+L P K<ll<L
W=V N (ph)IEET KD

We insert these bounds into the definition of the coefficients of 5, with K < L
(where, in the case L = K, the empty sum Z|L1|: 141 1s meant to be equal to
0):

<y A (EYﬁPr
- V7 ph\w .0

=K
L I
1 (JI| - K /|l - K+1
: |z|§f<:+1 Ve <w> (ph)ll=K+1 Flico
VoK F12K+5
< W NPl

VT ph
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3. Approximation of homogeneous Helmholtz solutions

oL+1 i < EL: (l—K)!\/Z—KJrl_) Pl

T S plK+ g ¢ [ (wh)lI=K

oL+1 ks w K
< {W (1+ (wh) ) T

- (\/K+ 1+ (L-K)L-KWL-K+ 1) } IPlgop - (3.45)

Inserting the bound on the sum of the Bessel functions (3.42), the one on
HA*1H1 given by (3.43) and the one on ng1 given by (3.45) inside (3.41)

gives
gz{(%yﬂ (qu_l)u} ' {(%)gw}

2L+1
: {7 w R (14 (wh) MY VI 1 (L - K + 1)!} 1Pl .0

ﬁpL—K+1
(3.38) 2 1\?/.;
< W <@) (2 vVIL+ 1)

o RE |
> —— s IPllkwp
he (g)*(g+1)!
We use Stirling’s formula (B.1) to bound
P @ar 2|
@?@+D' " (g+1))°
a1

1 +3
_ e (g +1)2+3 (1) (55)+3

(wR)THIE (1+ (wh)_L+K) e (3.46)

3 1
3(a+1) =5 o~ @D o

27 (¢ + 1)3(q+1)+%

For ¢ > 3, since the exponent in the last factor on the right-hand side of the
last inequality is negative, we get

el LI (2v3 )" s

St < (2V2eE) (g1 1)
(@2 (g+1)! — 27 (g+1)

For ¢ = 1,2, one can see directly that the same bound holds true, thus we can

use it for any ¢ > 1 and obtain

5 q
Vi[P] — Zq: ay exdn < ° ( c ) <2L\/L+1>

ﬂ-%poKJrl 2¢/2 §2

k=—-q L*°(BRr)
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3.4. Approximation of gener. harmonic polynomials by plane waves

wr RK 1
> o
ho(g+1)'F

this concludes the proof. O

(R (14 (wh)THE) e 1Pl w5

In Section 3.5 we will use the bound in Lemma 3.4.3 with R = h in the
derivation of hp-approximation error estimates of Helmholtz solutions by plane
waves in the 2D case (see Theorem 3.5.2). Notice that, thanks to the properties
of the polynomials, the assertion of Lemma 3.4.3 holds for every R > 0, which,
so far, is not related to the size of D.

The dependence on w, h, R of the constant in the bound (3.39) is slightly
different from the one in [106, Lemma 3.1.3]. Actually we could substitute the
term

(wR)IH1—K (1+ (wh)_L+K) RTK with (wR)IH! (1+ (wh)_L) L

This could be useful, for instance, to prove bounds with large R independent
of h.

Remark 3.4.4. When 6 = 1 in (3.37) we have uniformly spaced directions
0; = 0o + 27”]' in S'. In this case, we see that HA_lH1 = H%KtHl =1:

q q
(AKt)l;k _ Z o=l oik0; _ Z o=k 00+ 7))

Jj=—q Jj=—q
. . 2n —i(l—k)2Z p
—i(l—k)0o ,i(1—F)*Tq1—e p P
_Je e P iz =0 L#Ek,
= 1—e p
p l=k.

Thus, for uniformly spaced directions, the bounding constant in Lemma 3.4.3
becomes slightly smaller, but the orders of convergence remain unchanged:

7

7 1 q
Vl[P] o i g eiwx-dk < €s ( ez > (2L /L+1)

P Vrpl=E+1\ 9,/2
1 L>°(Br)
_ _ wr RE 1
(R (1 (k) ) e T Pl
(¢+1)"
at1 q
where we have used &qil# < e (%) 3t1 (q + 1)7%1. The constant has been

11
reduced by a factor e 724 /1 ~ 2%,

Remark 3.4.5. Notice that, in Lemma 3.4.3, the assumption (3.38), which
basically means L < ¢/2, has been used only once, i.e., in the inequalities
chain (3.46).

We could modify the condition (3.38) into L — K < n(q — 1), n € (0,1).
This allows to choose higher order generalized harmonic polynomials in the
final p-estimate and modify the constants in Theorem 3.5.2 and in Corollary

3.5.5. However, this does not affect the general order of convergence. See also
Remark 3.4.10.
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3. Approximation of homogeneous Helmholtz solutions

3.4.3. The three-dimensional case

Now we would like to prove an approximation estimate similar to Lemma 3.4.3
in a three-dimensional setting. The two-dimensional case has shown that the
proof of the order of convergence with respect to ¢ requires a sharp bound on
the norm of the inverse of the matrix A. In three dimensions, the correspond-
ing matrix is M, defined in (3.32). This matrix is more complicated and it is
not of Vandermonde type. As a consequence, we are not able to bound the
norm of M~! with a reasonable dependence on ¢ in the general case, but we
restrict ourselves to a particular choice of the directions d; .

Lemma 3.4.6. Given q € N, there exists a set of directions {dym fo<|m|<i<q C
S? such that

M, <2vap=2v7 (¢ +1)* (3.47)
Proof. Given a set of p = (q+1)? directions {d;,,} we define the determinant
A (S*Y—C, A({dym}) = det(M) .
This is a continuous function, so |A(+)| achieves its maximum in, say,

{dzk,m}0§|m|§l§q € (82)p .

Thanks to Lemma 3.4.2, A(+) is not identically zero, so it is possible to define

the polynomials

A(dg gy - es X, .00, dy 1)
A({dy,.})

(in the numerator, the direction dj, is replaced by x). From their definition,

is clear that these functions are spherical polynomials of degree at most ¢;
they satisfy

Lym(x) = x € §?

* 0<|m|<i<q,
Lian (A ) = 011G ogl‘m"\gz'gq ’

which means that they are the Lagrange polynomials of the set {d}, }, and

HLl,mHLoo(SQ) =1.

Now we show that the set {d],,} is the one which satisfies (3.47). With the
choice d; ,,, = dj, , the entries of M~ satisfy

l,m>?

-1 m/ _ 0<|m|<I<g,
Z (M)t mitrme Y (i grr) = 01,1006 OS‘TIIL//ISl//S(P
0<|m/|<l'<q

that means (M™1); .. is the (I, m)" coefficient of L;,, with respect to
the standard spherical harmonic basis. This gives:

MY, = max > (M) ]

0<|m/|<I'<q
0<|m|<i<q

<

max max (M™Y. |
0<|m/|<l'<g 0<|m|<I<q M
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3.4. Approximation of gener. harmonic polynomials by plane waves

< max MY, 2
=P 0<|m|<I<q Z |( )l,m,l ,m
0<|m/|<l'<q
p 0<|m|<I<q H l,mHLQ(SQ)
Sp V47T max HlemHLOO(SQ) :2\/7_1_29,
0<|m|<i<q
where we used the orthonormality of the spherical harmonics in L?(S?). O

The first part of this proof is adapted from that of [169, Theorem 14.1],
which is a special case of the Auerbach theorem.

Lemma 3.4.6 is true, with the same proof, for any basis of orthonormal
spherical harmonics in N > 3 dimensions. The final bound turns out to be
M|, < n(N,q)/[SN-1], where (N, q) is the dimension of the space of
spherical harmonics of degree at most g, namely, the size of M (see (B.28)).

Remark 3.4.7. Lemma 3.4.6 does not provide a way of computing the set of
directions satisfying (3.47). However, an efficient algorithm that computes
systems of directions which satisfy a bound close to (3.47) is introduced in
[180]. The computed directions (up to ¢ = 165, p = 27556) can be downloaded
from the website [204]. The table presented on that website shows that the
Lebesgue constant for p = (¢ + 1) computed directions is smaller than 2gq,
which gives the slightly worse bound HM_lH1 <47 pgq.

Now we can prove the three-dimensional counterpart of Lemma 3.4.3.

Lemma 3.4.8. Let D C R? be a domain that satisfies Assumption 3.1.1,
g €N, p=(qg+1)2, and let {dim}o<iml<i<q C S? be a set of directions for
which the matriz M is invertible. Then, for every harmonic polynomial P of
degree L < q and for every R > 0 and K € N satisfying

1
0<K<L<gq, L—KngJ, (3.48)

there exists a vector & € CP such that

W[P] - Z al,m eiwx.dl’m S C(wap7 h7R7q7K7 L) HM_1H1 HPHK,w,D I
lIO,...,q;

Im|<i L>(BR)
(3.49)

where
1 (L + 1)2 eKJrl
2/mpt e

K
on 1
S(WR)TTE (14 (wh) EE) e L

q—3

he q'T (g+1)2

C(W7Pa h7 Ra q, Ka L) =
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3. Approximation of homogeneous Helmholtz solutions

Proof. As in two dimensions, we write the harmonic polynomial

Zzalm\x\yl (’ ’) am €C

=0 m=—1

and we use the Jacobi-Anger expansion:

§ O ezwx dyr s

07 7q7
\m’\<l/
%53153’ L 1\ (20 +1)! x
505w () B () o)
=0 m=—I
l
g X T a N
—47'('2 Zl jl(w’X’) Z Yim (m) Z al’,m’ Y}m(dl/’m/)
>0 m=—I I'=0,...,q;
Im/| <V
= —4r Z i gi(w|x]) Z <£> Z e Yy ) 5 (3.50)
1>q+1 m=-—I ‘ 0,...,q;
\m'\<z'

provided that the vector & € CP is the solution of the linear system M - a = 5
with

!
1/ 1\ @+ 1)!
B, = E<%>Tal’m 1=0,....L; Im[ <1,
m o= !

0 l=L+1,...,q; |m| <1,
(3.51)
and M is the p X p matrix defined in (3.32).

Now we can bound the coefficients a;,, with the norms of the polynomial
P, denoting r = |x|:

2
o |7 g l
PEo> [Zp] o0 3wt (X)
ot lo,p (- x|
»Bph l=p m=—I 0.8,

S i I+1'—2
:/0 ZZZ Z o Gyt

l=p m=—lU'=pm/'==1'
Y;™(d)Y;™ (d) dd r2 dr
SQ

2 B)2(—m)+3
Y Y G B by 0<p<lL
l=p m=—1 )) 2(l M)+3

thanks to the orthonormality of the spherical harmonics. Choosing p =1 and
w = K, this gives:

1
l l 2
Z |al,m| <V20+1 < Z |al,m|2>

m=—I m=—I
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3.4. Approximation of gener. harmonic polynomials by plane waves

3
2l+1L3\P\lD 0<I<L,
W(ph)z
l
(1-K)\20-K)+3
> laml = V2I+1 I-K+3 Pli.p
m=—l I! (ph) 2
I—K)! (2 +2
< U=R t)!!KD K<I<L. (352)
Al (ph)l*KJrE )

Now, for every dy ,, and for every x € Bg, we have

—

2

i S i) Y v () Ve
§47T Z 2wﬂ|-x|{z]l+%(w|x|)‘ Z Y}m(%)
1541 m=—1

B0 w\x\ YE o 241
\/ Qw\x l> gy +3) ol+s 4w

—— g+l ( ) 2 (g1l
it ﬁ<w|x|> S 3 2)
2\ 2 = Tl+it+1+3)

Z Y™ (dyr )

m=—I

MIH

J
+1 agt1 oo (X
b'e q! 2+ < 2 )
<vr (20)" POk
V(2 +1)! =
124 w
< Lo (R e (3.53)
(2¢ + 1)!
where, in the second inequality, we have bounded the sum of the spherical
harmonics with (2.4.105) of [160], and in the fourth inequality we have used

(g+i+3) 1 1 q! 224+
= < = .
Plg+j+1+3) Tl+i+3) ~ Te+HTG+1)  Vag+1)! 5!

We will also need the following bound. When ¢ > 3, using the Stirling
formula (B.1), e < 2v/2 and the hypothesis on the indices, we have

(L—K)! _ (L - K)LK+z catl

<
20-L gl T 9q-L qa+3 (L-K
N A I X
4 e () LI
- 2

qq+%

< V2l KT (L)q_L M

22 ¢it2
- 1
< V2 b el i+ . (3.54)
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3. Approximation of homogeneous Helmholtz solutions

The same bound holds true also for ¢ = 1, 2.

We plug (3.53) in (3.50) with the definition of § and the bound (3.52) on the
coefficients a; ,, with K = [, and obtain the assertion of the lemma through
following chain of inequalities:

2 : iwx-d
al,m e I,m

1=0,...,g;
Im|<t L>*(Bg)
(3.50) . ! N B
< s ar Y i) Y v (S) Y| - Dl
v€Bn 1>q+1 m=—1 [
I'=0,...,q,
m/=—U'..l
(353) g 20 on ,
41 R 1
< g WA e |IM HlHﬁH
(3.51) (20 +1)!
N P +1 b+l
2 ), g2 o Y 3 L (L) @l
=0 m=—1
3.52) ||M ! | 24 w
(S) | l, a2 (WR)T 05
dr (29 +1)!
= @I+ 1) V3 V2l + 1
Z 3 |P|Z,D
1=0 LI (ph)2

20+ 1) (I — K)! (21 +2)
i Z <2w> 111 (ph)!—E+2 Plico

_ 3 IM q! 24 (WR)™ o Kz_:l(2l+1)!\/2l+1
CVm o AT R (2q+1)' h — 2L 111!
L
@+ (1—K)N@20+2) | .
Py 0 l. PO W NPk
=K
ML 1 g2 [+
- : (L +1) (LK) (2L 2)
I AVE P e (2q+1)![2LL!L! <( +1) NEL+2)
qg+1-K RK —L+K
(wR) 3 (1+ (wh) ™) % |Pll
M- 1 1 q¢lg'49 (2L+1)!
SH I q' q (2L +1) ol (L 1) (L K)!

2y pL-K+3 ql27 (2 +1)! 4L LI LI

(WR)IIK }}; (1+ @h) 2K €2 |1Plleup
2
M1 _

T 2ym LK+ gl2ek

(WR)q+1 K RK

; (14 (wh)~ L+K) HPHK(UD

l\.’)\w
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3.4. Approximation of gener. harmonic polynomials by plane waves

030 M, (D4 ek
2ym(qg+1)? ji-K+3 "

q

[ ]S}

Jr

Njw

.~ RK _ wR
(wR)IHE 0T (1+ (wh) ™" ) ez |Plgyp

. . . . !
where we have used the monotonicity of the increasing sequences [ — (22; Jlr,ll),

l ! l
and [ — (jl—}_!ll)! = %Jﬂf; (see (B.5)). O

Remark 3.4.9. Lemma 3.4.8 provides a way to compute a plane wave approxi-
mation of a given generalized harmonic polynomial. Solving the linear system
M - & = 3, with the matrix M defined in (3.32) and the right-hand side 3 as
in (3.51), gives the coefficient vector @ of the approximating linear combina-
tion of plane waves. Since M is independent of w and h, the conditioning of
this problem depends only on the choice of the directions. Hence, in terms of
stability, approximation with plane waves is no less stable with respect to w
than approximation by generalized harmonic polynomials.

However, if the considered generalized harmonic polynomial is the Vekua
transform of a fixed harmonic polynomial, the coefficient vector 5 blows up
for w — 0 because of its definition (3.51).

Remark 3.4.10. The relation (3.48) between the number of plane waves and
the degree of the generalized harmonic polynomials can be written in more
general form as

For ¢ > 1+ 1/n, the bound (3.54) becomes

(L= K)! _ (L= K)M s R bt
20-L gl —

2q—L qq+%

n(L—1)+3% <ﬂ>q_L ¢=Da-n

< eK+1 5

n

and the constant in (3.49) is changed into
C(q W, p h.R. K L) :; 6K+1 nn(L*1)+% <6 77”)‘1—11 (L 4 1)2
) ) ) ) ) ) 2ﬁpL7K+%

(WR)THIK (1+ (wh)fLJrK) g2

This provides more flexibility in the choice of L and ¢ and allows to increase
the order of convergence in ¢ but does not change substantially the estimates
for general Helmholtz solutions.

Combining Lemma 3.4.8 and Lemma 3.4.6 immediately gives the following
result.

Corollary 3.4.11. Let D C R3 be a domain that satisfies Assumption 3.1.1,
q € N and p = (q+1)%. Then there exists a set of directions {dim}o<iml<i<q C
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3. Approximation of homogeneous Helmholtz solutions

S? such that for every harmonic polynomial P of degree L < q and for every
R >0 and K € N satisfying (3.48), there exists a vector a € CP such that

W[P] — Z Al m eiwx-dl’m < C(wap, h’R’Q?K’L) ||P||K,w,D ’
1=0,...,q;
mi<i L (Br) )
where

1 (L4 1)2 K1
ploits o

S(WR)THE (1 + (wh)_L+K) e

C(“%Pa h7 Ra q, Ka L) =

ﬂRK 1
2
h

W

Remark 3.4.12. All the results proved in Sections 3.4.2 and 3.4.3 and their
proofs are valid for every complex wavenumber w # 0 with minor changes: w
has to be replaced by |w| in the bounds and a term el Tm@IR hag to be multiplied
to every majorant after the use of the inequality (B.14) (in particular, all the
right-hand sides in the assertions are multiplied with this value).

3.5. Approximation of Helmholtz solutions by plane
waves

In order to use Lemma 3.4.3 and Lemma 3.4.8 to derive error estimates for the
approximation of homogeneous Helmholtz solutions in PW%p(RN ), we need
to link the Sobolev norms of the error to its L°°-norm. This is done in the
following lemma, that generalizes the usual Cauchy estimates for harmonic
functions to the Helmholtz case. The result is a simple consequence of the
continuity of the Vekua transform.

Lemma 3.5.1. Let D C RN, N = 2,3, be a domain as in Assumption 2.2.1,
and let w € HI(By), j € N, be a solution to the homogeneous Helmholtz
equation with w > 0. Then we have

1-N . 1 N .
ull; 0 p < Cnjgp 2 7 (1+ (wh)/ ) e2h B2 lullpoopy,y - (3.56)
where the constant C depends only on N and j.

Proof. Assumption 2.2.1 implies that D C B(;_,), and henceforth the distance
between the boundaries of the domains involved in formula (3.56) satisfies
d(D,0B},) > ph. Using the Cauchy estimates for harmonic functions and the
continuity of the Vekua operators, we have

(2.9) 1-N .
luljop < Cnp2 (1+7])

W

NEZ e (14 (wh)?) [[Valul|
J

<Cyjp 2 (L4 wh)?) D W Vafull,

=0

j7w7D
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3.5. Approximation of Helmholtz solutions by plane waves

J

< Cn,j P%_j (1+ (wh) ™) ezl T [ull oo (B,

where, in the last step, the exponential has coefficient 1/2 because the ball By,
has diameter 2h and shape parameter p(Bj) = 1/2. O

Now we can state the main results: the hp-approximation estimates for
homogeneous Helmholtz solutions in H7(D) with plane waves in PW,, (D).
We consider the two cases N = 2 and N = 3 separately in Theorem 3.5.2
and Theorem 3.5.3, respectively; we will write a simpler (and probably more
useful) version in Corollary 3.5.5.

Theorem 3.5.2 (hp-estimates, N = 2). Let u € HEXT(D) be a solution
of the homogeneous Helmholtz equation in a domain D C R? satisfying As-
sumption 8.1.1 and the exterior cone condition with angle Apm (see Defi-
nition 8.2.4). Fiz q > 1, set p = 2q + 1 and let the directions {dy =
(cos Ok, sinby) br——q,...q satisfy the condition (3.37).

Then for every integer L satisfying

—1
0<K<L<gq, L—KSVTJ,
there exists a € CP such that, for every 0 < j < K +1,
<C oli—1Pwh (1 + (wh)j%) pE+1=]

p
U — Z akeiwx-dk
k=1 jw,D
log(L +2) \*?H+1=9)
' ( L+2 >

N [L+1 e3 !
+ (14 (wh)T5+2 (—) :
( (w ) ) p q+ 1 2\/5 52 \/m HU’HKJrLuhD

(3.57)

where the constant C > 0 depends only on j, K and the shape of D, but is
independent of q, L, 0, {dy}, w, h and u.

Proof. Let Q be the generalized harmonic polynomial of degree at most L
equal to @ from Theorem 3.3.1, item (%ii).
Since V5[Q] approximates V5[u|, we notice that, for K > 1,

1V2[Qlll o0 < [Valtlll g o p + [1V2lu] = V2[Qlll k0 p
(3.12)
< (1+0) [Valulll kb (3.58)

(2.12) 3
< C(1+ (wh)?) ea(lmplh ull g w0 >
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3. Approximation of homogeneous Helmholtz solutions

where C' depends only on K and the shape of D. In the second step we could
use the stability bound (3.20) with j = k+ 1 = K and ¢ = Va[u| because
Q = Q' = V1[P], with P from Theorem 3.2.12.

We combine all the ingredients and obtain, in the case K > 1,

p
w— Z akeiwx-dk
k=1
(3'24)7

(3.56) . 301_mwn (log(L +2) Ap(K+1=7) _j
< C(1+ (Wh)]+6)€4(1 plwh <L7+2> hKJrl J HUHKJrl,w,D

p .
Q _ § :akelwx-dk
k=1

p

Q _ Z akeiwx-dk

k=1

<lu=Qlljwp +

j7w7D j7w7D

+C (14 (wh)itH) ez pl=7

L= (By,)
(3.39),

‘ Ap(K+1-7)
T2 0 (14 (wh)i*6) eF0-ph <71°g<L + 2>>

L+2

[Sfey

S

24/262

I
R WW V2 [@ll ko0
q 2
(3.58)

< C o(1+5(1-p))wh (1+(wh)j+6) pE 1=

. log(L + 2) Ap(K+1—j)
L+2

L2 (4 @h)y ) L e3 ! I
U )
poKJrl C]+1 2\/5 52 \/Q"'—l K+1,w,D

where the constant C' > 0 depends only on j, K and the shape of D. If K =0
and j € {0,1}, we have to use (2.11) instead of (2.12) in (3.58), so that (3.58)
becomes

q
ra ot (o) @ VIR e e

L—p)w
V2l@lllo,p < C (1 + (wh)*) 22" (Jlullg p + b July p) -

The rest of the proof continues as in the case K > 1 until the last but one
step. For the last step, since

11
w [V2[@lllg,p < C (14 (wh)*) €202 & (Jlully p + b [uly p)
< C (L4 (wh)h) 2P (14 wh) Jluly g p
< C 1+ @h)Y) ed N )y, p
we get exactly the same conclusion as in the case K > 1. U

Theorem 3.5.3 (hp-estimates, N = 3). Let u € H5TY(D) be a solution of
the homogeneous Helmholtz equation in a domain D C R3 satisfying Assump-
tion 3.1.1. Fiz q > 1, set p= (q¢+1)? and let the directions {dim}o<iml<i<q C
S? be such that the matriz M defined by (3.32) is invertible.

96



3.5. Approximation of Helmholtz solutions by plane waves

Then for every integer L satisfying
0<K<L<gq, L—Ks{q;—lJ, L>2'2n

where Ap > 0 is the constant that depends only on the shape of D from The-
orem 3.2.12, there exists a € CP such that, for every 0 < j < K +1,

u— Y e < C (14 (wh)t0) ela-ip)eh pR+1-j

0<|m|<i<q oD

(VZp)bK 'z Frer
(3.59)

where the constant C > 0 depends only on j, K and the shape of D, but is
independent of q, L, {d;m}, w, h and u.

. {L—AD(K—I—l—j) + (1 4 (wh)q_K+2)

Proof. Let @@ be the generalized harmonic polynomial of degree at most L
equal to @7 from Theorem 3.3.1, item (7v).
We proceed as we did in two dimensions: for K > 1,

IV2[@lll i w,p < IValulll i o, p + [IValu] = Va[@ll i o, p

(3.20)
< (1+0) [Valulll kb (3.60)

(2.12) 3
<O (14 (wh)t) eS0Ph

where C depends only on K and the shape of D.

U — § : Cll7melwx.dl’m

0<|m|<I<q j.w,D

<fu=Qllup+||@— D oume™m

0<|m|<i<q D

(3.56) , . .
<O (14 (wh)i*0) ei@mpeh AR KTy

+C (14 (wh)’t) ez 3 Q- Z oy e dim
0<|m|<I<q Lo (By)
(3.49),
Rgh C (1 + (wh)j+6) c1l=p)wh [ =Ap(K+1-j) pK+1—j HUHK-H,w,D
(L+1)* M7,
V2' g (g 1)
(3.60)

£ 0 (15 (why ) o(+10-)ah i

+ CpiLjLK (1 + (wh)Q+j7K+4) BWh thLlij w HVYQ[Q]HK,UJ,D

97



3. Approximation of homogeneous Helmholtz solutions

2 1
.{L*D(K“j) + (1 + (wh)?5+2) L+ 1) My H} lull k1,0
PO

where C' > 0 depends only on j, K and the shape of D.
If K=0andje€{0,1}, (3.60) becomes

w [Va[Qlllo,p < w [Valu]llg p +w [[Valu] —
(3.20), j=k=0
< w [Walllpp+w Ch|Valull p
<C (1 +wh) [Va[ullly, p

(2.12)
< C (L4 (Wh)?) edPh ||, p (3.61)

Va [Q] HO,D

where the constant C' depends only on the shape of D. We continue by bound-
ing in a slightly different way the second term in the triangle inequality above:

Q o § : al7m62wx'dl’m

0<|m|<I<q

Jw,D
(3.56) , A
< C (1 + (wh)]+4) swh 53— Q — Z ahme“"x'dl’m
0<|m|<I<q L (By)
(3.49), ) .
R=h . L+1)” ||M~
2 0 (14 (it g s S I o
V2" T (g + 1)2
3.61 , L+1)? M1
( < ) Cp_L(l + (wh)q+j+9—L) (1+ (1- P))wh hl ]( - H Hl ||uH1wD ,
V2' T (g +1)?
where C' > 0 depends only on the shape of D; since L > 1 this estimate
completes the assertion of the theorem. O

Remark 3.5.4. If the directions {d;m to<m|<i<q C S* in Theorem 3.5.3 are
chosen as in Lemma 3.4.6, using the bound (3.55) of Corollary 3.4.11 instead
of (3.49), the estimate (3.59) becomes

w— Z al,meiw"'dl’m <C (1 + (wh)j+6) ($-30—p))wh
0<|m|<I<q j.w,D
(\/— K g o3 K41,w,D

with C' > 0 depending only on j, K and the shape of D, but independent of
q, L, w, h and u.

For ¢ > 2K + 1, we can rewrite the the error bounds of the two previous
theorems in a simpler fashion.
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3.5. Approximation of Helmholtz solutions by plane waves

Corollary 3.5.5. Let u € HX+(D) be a solution of the homogeneous Helm-
holtz equation and fix
q>2K +1.

We consider the same assumptions on the domain D and on the directions
{di}i=1..p (in 3D, we relabel the directions {d;n,} as {dp}tr=1..p,) as in
Theorem 3.5.2 and Theorem 3.5.3 for N = 2 and N = 3, respectively. In the
three-dimensional case, we assume also g > 2(1 + 21/*D), where A\p > 0 is the
constant that depends only on the shape of D from Theorem 3.2.12.

Then, there exists & € CP such that, for every 0 < j < K + 1,

p
U — § :akezwx-dk
k=1 jw,D

[(log(q + 2)>>\D(K+1j) N 1+ (wh)q—K-i-Q
q

q (CQ (q + 1)) 2
—K+2

[qAD(KHj) Pl 0 e

(\/ﬁpq)g HM1H1] lull k410, D CR?,

<C (1 + (wh)j+6) pli—ipwh pK+1—j

] lull k11w D C R?,

(3.62)

where C' > 0 depends only on j, K and the shape of D, and, in two dimensions,

o = {46_5 p &t  general {dy} as in (3.37), (3.63)

4e 1 p uniformly spaced {dy.}

Proof. Choose L = L%J in Theorems 3.5.2 and 3.5.3 and use Remark 3.4.4

for the uniformly spaced case in two dimensions. O

Notice that in the bounds (3.57), (3.59), and (3.62) the dependence on wh is
slightly better than the one written in the paper [150]. This choice admits the
p-convergence also in the case wh > 1 because the factor (wh)? is multiplied
only with the term with (more than) exponential decay in ¢ and not to the
algebraic one.

Remark 3.5.6. If we do not care about the dependence on p, in order to obtain
a h-estimate with optimal order it is enough to require ¢ > K and, in three
dimensions, to assume M invertible. This gives

P
w— Yol <O (1 (wh) T ES) G T
k=1

Jyw,D

(3.64)
where the constant C' does not depend on h, w and u. No requirement depend-
ing on A\p is needed, because we can simply use part (i) (Bramble-Hilbert)
instead of (7ii)—(iv) of Theorem 3.3.1. Thanks to Remark 3.3.2, the h-estimate
(3.64) holds also for domains that are star-shaped with respect to a single point
only, i.e., that satisfy Assumption 2.2.1 instead of 3.1.1.
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3. Approximation of homogeneous Helmholtz solutions

Remark 3.5.7. The estimates in Corollary 3.5.5 look very similar in two and in
three spatial dimensions, but few important differences must be pointed out.

If D C R?, any choice of (different) directions d; guarantees the estimate
and the convergence. The parameter Ap, which provides the actual rate of
convergence, can be computed explicitly by “measuring” the re-entrant corners
of D.

If D C R3, the estimate, as it is stated, which is valid provided that M
is invertible, guarantees the convergence in ¢ only if the growth of the norm
of M~! is controlled. This is true, for instance, for the optimal set of direc-
tions introduced in Lemma 3.4.6 and for Sloan’s directions of Remark 3.4.7.
Moreover, the rate A\p is not known. If a harmonic polynomial approximation
estimate like (3.20) with explicit order were available, then we could plug this
coefficient in place of A\p in (3.62); see Remark 3.2.13.

We have always used a total number of plane waves equal to p = 2¢g + 1
and p = (¢ + 1) in two and three dimensions, respectively. In a compari-
son with polynomial approximation, g represents the polynomial degree (the
error behaves as ¢~ A0 (E+1-J )) and p the total number of degrees of freedom
involved. The value of p is equal to the dimension of the space of harmonic
polynomials of degree at most ¢, which is lower than the dimension of the
complete polynomial space of the same degree. Thus the approximation with
plane waves seems to require asymptotically less degrees of freedom than the
corresponding polynomial one (see [146, Remark 3.3]). In convex or smooth
two-dimensional domains this is true, since Ap & 1, while in three dimensions
the problem is still open.

Remark 3.5.8. The second term within the square brackets in the estimates of
Corollary 3.5.5 converges to zero faster than exponentially, while the first one
only algebraically (if we assume that the norm of M~! is controlled, when N =
3). This gives the algebraic convergence of the best approximation, if u has
finite Sobolev regularity in D. On the other hand, the order of convergence of
these estimates is given by the harmonic approximation problem described in
Section 3.2. Thus, if the function u is solution of the homogeneous Helmholtz
equation in a domain D’ such that D C D', d(D,0D’) = 6h, 0 < § < 1, we
will have exponential convergence in D (recall Proposition 3.3.3). The speed
will depend on §; see [144, Corollary 2.7] (two dimensions) and [19] (three
dimensions).

Repeating the proof of Theorems 3.5.2 and 3.5.3 with the help of the bound
(3.30) we obtain easily for N = 2,3 and ¢ large enough

p
u— § :akezwx-dk
k=1

i 3wh 71—
< C (14 (wh)T K+8) ezt b1 <HUHK+1,w,D + HUHLOO(D-I-B(S)) ’

(3.65)

Jw,D

where the constant C' depends on j, K, {dx}, N, D, h and §, but is indepen-
dent of ¢, w, u; the value of b > 1 depends only on D and 9.

Remark 3.5.9. All the results proved in this section hold true with minor
changes if w # 0 is any complex number (cf. Remarks 2.3.6, 3.3.4 and 3.4.12).
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In particular, the right-hand sides of the equations (3.57), (3.59), (3.62), and

(3.64) are multiplied by e%‘“"hﬂlm“‘h, that of equation (3.56) is multiplied by
e21¥h and w is substituted by its absolute value in all the bounds and in the
definition of the weighted norms.

Remark 3.5.10. In order to prove similar results in more than three space di-
mensions, the intermediate steps that still have to be verified are the extension
of (i) the wavenumber-explicit interior estimates of Lemma 2.3.12 and of (i)
Lemma 3.4.8, which requires the use of the N-dimensional addition formula for
spherical harmonics and the corresponding Jacobi-Anger expansion (B.36).

Remark 3.5.11. If the function u we want to approximate using plane waves is
not a solution of the homogeneous Helmholtz equation, or it is solution with a
different wavenumber, we can not expect p-convergence and high orders in h.
Anyhow, for every u € H?(D), linear h-convergence in H'-norm and quadratic
in L?-norm have been proved in [96, Prop. 3.12-3.13].
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4. Trefftz-discontinuous Galerkin
methods for the Helmholtz
equation

4.1. Introduction

One of the prominent examples of finite element methods for the discretization
of Helmholtz equation based on the use of plane wave trial and test functions
is the ultra weak variational formulation (UWVF), introduced by Cessenat
and Després in the 1990’s [46,47]. Since then, this method has seen rapid
algorithmic development and extensions, see [117,118,121,122,124] and Sec-
tion 1.2.1 of the present thesis. It turns out that the UWVF can be recast
as a special discontinuous Galerkin (DG) method employing local trial spaces
spanned by a few plane waves, as pointed out in [42,85,96]. In a sense, this
is a special case of a Trefftz-type approximation, as the local trial functions
are solutions of the homogeneous Helmholtz equation —Au — w?u = 0. This
perspective paves the way for marrying plane wave approximation with many
of the various DG methods developed for second-order elliptic boundary value
problems. This has been pursued in [84,96,110,148] for a class of primal and
mixed DG methods, which generalize the ultra weak scheme, and which differ
from each other in the choice of the numerical fluxes.

Here we adopt a more general perspective: we develop the a priori er-
ror analysis for general Trefftz spaces, not necessarily constituted by plane
wave functions. We refer to these methods as “Trefftz—discontinuous Galerkin
(TDG) methods” for the general case and “plane wave discontinuous Galerkin
(PWDG) methods” for the special choice of the trial space.

In [96] an h-version error analysis for the PWDG method applied to the
2D inhomogeneous Helmholtz problem was carried out. In that case, indepen-
dently of how many plane waves are used in the local approximation spaces,
only first order convergence can be achieved in general. The analysis was
restricted to a class of PWDG methods with flux parameters depending on
the product wh (not including the classical ultra weak variational formula-
tion of [47]). Key elements of this analysis are local approximation estimates
and inverse estimates for plane waves, and a duality technique. This involves
estimating the approximation error of the solution of an inhomogeneous dual
problem by plane waves. High order convergence as h — 0 is actually achieved
in the homogeneous case f = 0 only [148], because plane waves are not capable
to approximate general H? functions in a fixed domain (cf. Remark 3.5.11).

The application of a duality argument in the h-version error analysis entails
a threshold condition on the mesh size: quasi-optimality of the PWDG solu-
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tion is guaranteed only if w?h is “sufficiently small”; see [96, Theorem 4.10]. In
numerical experiments this is observed as a widening gap between discretiza-
tion error and plane wave best approximation error as w becomes larger and
larger. Thus, the notorious pollution effect that haunts local discretizations
of wave propagation problems manifests itself in the theoretical estimates.

For polynomial schemes, their p-versions, also called spectral versions, are
immune to the pollution effect [3-5]. Thus, we believe that the spectral/p-
version of TDG methods, which strives for better accuracy by enlarging the
local trial spaces, will also possess this desirable property. Besides, practical
experience suggests that (well balanced local) p-refinement is highly advis-
able [124], because (local) smoothness/analyticity of the solution u can be
exploited. Ultimately, a judicious hp-refinement strategy will be the most at-
tractive option, though one has to confront the notorious ill-conditioning of
the linear systems arising from spectral PWDG approaches. Since aspects of
implementation are not covered here, we will gloss over this issue.

Unfortunately, a comprehensive hp convergence analysis is elusive so far.
Thus, the more modest aim of this chapter is the derivation of abstract a
priori p-version error estimates for the TDG method applied to the two- and
three-dimensional homogeneous Helmholtz equation in convex domains, and
to specialize those estimates in concrete convergence bounds in the case of the
PWDG method. The used approach has little in common with the duality
techniques pursued in [96,148], because p-refinement does not yield any useful
approximation of the solution of the inhomogeneous dual problem, since plane
waves fail to approximate general functions.

Moreover, we cannot rely on coercivity in the seminorm of the bilinear form
defining the TDG method for general functions. Instead, we consider a weaker
skeleton-based energy seminorm (i.e., containing interelement jump terms and
boundary terms only), which is a norm when restricted to the space of local
Trefftz’ functions. We prove a coercivity result in this norm. This grants
more freedom in the choice of the flux parameters; in particular, constant
flux parameters are allowed so that also the classical ultra weak variational
formulation of [47] is covered by our analysis.

Our argument is based on an estimate of the L2-norm of Trefftz’ functions by
their skeleton-based norm, which was discovered in the context of least squares
Trefftz methods in [154]. We rederive this estimate in order to establish the
dependence of the constants in front of the estimate explicitly not only on the
meshwidth A, but also on the wavenumber w. In parts, the analysis is carried
out along the lines of [42]. On the other hand, we do not rewrite the TDG
bilinear form in terms of impedance traces, but stay closer to the DG setting
and our arguments are substantially simpler than those of [42].

We point out that the constant in front of the final p-version error estimates
for the PWDG depends on the product wh. This is inevitable, because no
accuracy can be expected unless the underlying wavelength is resolved by the
trial space. Yet, in contrast to the h-version estimates of [42, Sect. 4], the
error bounds do not hinge on the assumption that wh is “sufficiently small.”

The outline of this chapter is as follows: in Section 4.2, we report the
derivation of the TDG method for the homogeneous Helmholtz equation with
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impedance boundary conditions. Next, we derive abstract error estimates for
the general TDG method in Section 4.3: we state a coercivity property and
continuity of the TDG bilinear form, then we prove quasi-optimality of the
approximation error in a mesh skeleton-based norm. In Section 4.3.1 we derive
a bound for the L?-norm of the error via a duality argument following [154]
and [42]; this hinges on certain assumptions on the domain and the mesh,
in particular the convexity of 2 and the uniformity of element sizes. Subse-
quently, in Section 4.4, from the approximation results proved in Chapter 3, we
derive error estimates for the PWDG method in the skeleton-based norm and
in energy-norm: these are reported in Theorem 4.4.4. In Section 4.5, we derive
error estimates in a stronger norm, containing the difference between the gra-
dient of the analytical solution and the gradient of a (computable) projection
of the TDG solution. The final section studies the PWDG discretization error
numerically for some model problems.

We follow the paper [108] with two major differences: (i) the method and
the abstract analysis are presented for the general TDG method instead of
the special PWDG case; (ii) all the results hold not only for two- but also for
three-dimensional domains.

4.2. The TDG method

In this section, we introduce the Trefftz—discontinuous Galerkin (TDG) meth-

od for the homogeneous Helmholtz equation, following [96] and [108].
Assume Q to be a bounded Lipschitz domain in RY, N = 2,3. For the

duality argument used in our error analysis, we need to assume €2 to be convex.
Consider the Helmholtz boundary value problem

—Au—wu=0 in

. (4.1)
Vu-n+iwu=g on 0 .

Here, w > 0 is a fixed wavenumber (the corresponding wavelength is A =
27 /w), n is the outer normal unit vector to 92, and 7 is the imaginary unit. In-
homogeneous first order absorbing boundary conditions in the form of imped-
ance boundary conditions are used in (4.1), with boundary data g € L?(99).

Let 73, be a Lipschitz finite element partition of €}, with possible hanging
nodes, of meshwidth A (i.e., h = maxger, hi, with hg := diam(K)) on which
we define our TDG method; we will denote by Fj, = UKeTh OK the skeleton
of the mesh, and set 72 = Fj, N 0Q and F/ = F \ .7-"}?.

In the p-version setting, we assume the mesh 7; to be fixed, and we only
vary the dimension p of the local trial spaces. Further assumptions on the
problem domain and on the mesh 7; will be made precise at the beginning of
Section 4.3 and in Section 4.4.

In order to derive the TDG method, we start by writing problem (4.1) as a
first order system:

iwo =Vu in
iwu—V-0=0 inQ, (4.2)
wo-n+iwu=g on 0f) .
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By multiplying the first and second equation of (4.2) by smooth test functions
T and v, respectively, and integrating by parts on each K € 7Tj, we obtain

/iwa-?dV—i—/uV-TdV—/UT-ndS:O VreH(div;K),

K K oK
/iwu@dV%—/a-WdV—/o’-n@dS:O Voe H(K). (4.3)
K K 0K

Replace u,v by up,v, € V,(K) and o, T by o), T, € V,(K), where V,(K) C
HY(K) and Vp(K) C H(div; K) are finite dimensional space. Then, approx-
imate the traces of u and o across interelement boundaries by the so-called
numerical flures denoted by 4, and &, respectively, to obtain

/iwap-?pdV—i—/upV-Tp dV—/ﬁpr-ndS:O V1, e Vy(K),

K K oK
/muﬂp dv+/op-ﬁpdv—/&p-n@p dS =0 Vu,eV,(K).
K K oK

(4.4)

The numerical fluxes will be defined below; they also take into account the
inhomogeneous boundary conditions.
Integrating again by parts the first equation of (4.4), we obtain

1 1
/o-p.?pdvza/Vup-deV—,— (up —up)Tp -mdS . (4.5)

iw
K K oK

We assume V;,V,(K) C V,(K) and take 7, = Vv, in each element. Inserting

the resulting expression for fK o, - Vu, dV into the second equation of (4.4),

we arrive at

/(Vup YV, —wu,v,) dV — /(up—ﬁp) Vu,-n dS — / iwop,-nT, dS =0.
K oK
(4.6)

Notice that the formulation (4.6) is equivalent to (4.4) in the sense that their
uy, solution components coincide and the o), solution component of (4.4) can
be recovered from wu, by using (4.5).

Another equivalent formulation can be obtained by integrating by parts
once more the first term in (4.6) (notice that the boundary term appearing
in this integration by parts cancels out with a boundary term already present

n (4.6)):

/( Avy, — wvp)updV—i—/ﬁvap-ndS—/z’wé’p-n@pdS:O. (4.7)
K oK K

Now we assume that V,(K) satisfies the Trefftz property:

—Av, — w?v, =0 in K Vo, e V,(K);
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4.2. The TDG method

notice that this ensures that the gradients of the functions in V,(K') belong
to H(div; K), thus no assumption on V,(K) needs to be made. With this
condition the volume term in (4.7) vanishes, thus (4.7) simply becomes

/ Uy Vv, -n dS — iwo, -nv, dS =0. (4.8)
oK oK

In order to define the numerical fluxes we recall some standard DG notation.
Write n™, n~ for the exterior unit normals on 0K ™ and 0K ~, respectively. Let
u, and o, be a piecewise smooth function and vector field on 7y, respectively.

On 0K~ NOK™, we define

the averages: {u,} := %(u; ‘u,) , o} = %(a; +a,),
the jumps: [uy]y :=uin" +u,n” | [o]y:=0) -0t +0o, -n"

Furthermore, we denote by Vj the elementwise application of V. Then, we
define the TDG fluxes by setting

. 1
Op = E{{thp}} —afup]n,
N 1
up = {up } — B E[[vhup]]N
on interior faces, and
~ 1 1 1
op= %vhu,, —(1-9) <Evhup + upn — o gn) ,
w

~ 1 1
up:up—(S(,—thp.n—i—up—Eg)

on boundary faces, where the parameters «, § and 0 are the so-called flux
parameters; assumptions on them will be specified in Section 4.3.

For every a € [[ger. L*(0K) and A € [[ger, L*(OK)N we have the so-
called scalar “DG magic formula”:

Z /aKaK'ndS:/JT}{[[G]]N-{{K}}—l—{{a}}[[z]]NdS—l—/fBaK-ndS,

KeTy, h

thus, adding (4.8) over all elements K € Ty, gives

/ (i [Vwvrly — w8, [5,]w) dS
i (4.9)
+/ (ﬂpvhvp-n—iwa'p . nﬁp) dS=0.
Fi
Defining the global Trefftz trial space
Vo (Th) := {vp € L*(Q) : vyl € Vp(K)V K € Ty}

and inserting the above defined numerical fluxes into (4.9) allows us to write
the TDG method as follows: find u, € V,(7},) such that, for all v, € V,,(Tp),

An(up, vp) = Lr(vp)
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4. Trefftz-discontinuous Galerkin method for the Helmholtz equation

where

An(u, ) ::/FI{{U}}[[V—W]]N dS+z‘w1/fIﬁ[[th]]N[[V—hv]]N ds
—/ {Vnu} - [vln dS+z’w/ aluly - [o]n dS
Fi Fl

+/ (1—5)uvhv-nd5+iw*1 OVpu-nVyv-ndS
Fb 7B

—/ 5th-n6d5+iw/ (1 -9%)uv ds,
Fi Fi

and
lp(v) = iw ™! 5thv-ndS+/ (1-9)gvdS.
Fb FB
The TDG formulation is consistent by construction; thus, if v € H?(Q)
solves (4.1), then it holds that

Ap(u,vp) = ln(vp) Vv € Vi(Th) . (4.10)

In order to completely specify the scheme, only the finite dimensional func-
tion space V,(7;) has to be fixed. In Section 4.3 we study the error analysis
for any trial Trefftz space, while in Section 4.4 we will describe a special choice
for V,,(Ts) using plane wave functions.

4.3. Error analysis

We develop our a priori error analysis under the additional assumption that

a, B and § are real, strictly positive, independent of p, h, and w,
with 0 < <1/2.

Remark 4.3.1. A choice of flux parameters that depends on p and on the
product w h, in the spirit of standard DG methods and of the PWDG method
of [96], will be discussed in Remark 4.4.6. The choice « = f =6 = 1/2 gives
rise to the original UWVF by Cessenat and Despres (see [47] and [42]).

Define the broken Sobolev spaces
H(Ty) = {we L*(Q) : wyx € H(K)VK € Tp} .
Let T'(73,) be the piecewise Trefftz space defined on 7y, by
T(Tp) == {w € H*(Ty) : Aw+ w?w =0 ineach K € Tp,} ,

and endow it with the norm (see Proposition 4.3.2)

™ N RN
: ’ (4.11)

2
+w ! H&l/QVhw . n”

2
1-6 1/2
0,f§+wH( )

’o,f;? '
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4.3. Error analysis

In the following, we will also make use of the augmented norm
2 2 —-1/2 2
ol =1l +w |57/ gw}|

0,7}

, (4.12)

LR S TR L

We collect a few technical prerequisites for the convergence analysis.
Proposition 4.3.2. The seminorm (4.11) is actually a norm on T(Ty,).

Proof. Let w € T(Tp) be such that |||w|||§-h = 0. Then w € H?() and
satisfies Aw + w?w = 01in Q, w = 0 and Vw - n = 0 on 9, which implies
Vw-n+iww = 0 on J2. The uniqueness of the solution of problem (4.1) gives
w = 0. U

Proposition 4.3.3. If w € T(Ty), then
I [Ap (w, w)] = |||wl||Z, -

Proof. Provided that u,v € T(Tj), local integration by parts permits us to
rewrite the bilinear form Ap(u,v) as

.Ah(u,v) :(th, th)oﬂ - /}_I[[U]]N . {{v—hl}} ds — /}_I{{vhu} . [[5]]]\[ dsS
h h
—/ duVpv-ndS — OVypu-nvdS
7B FB

+iw_1/ BIVruln[Viv] N d5+¢w—1/ SViu-nViyv -ndS
FiE FB

+iw/ auln - [v]n dS—i—z’w/ (1—8)uv dS — w?(u,v)00

FI 7B

where (-, -)o.o denotes the L2-scalar product in Q. Therefore,

Ap(w,w) = ||Vawl§o —2 Re

/I[[w]]N-{{V—hw}} d5+/65wm dS]

Fh Fh

+iw 82Tl 2

2
+ jwt 51/2Vhw ‘n
0,74

0,7

2 2
+sza [w]n 05! +iw || ( ) w 0,58 w” lwllgq

from which, by taking the imaginary part, we get the result. U

Remark 4.3.4. As a consequence of Propositions 4.3.2 and 4.3.3, the TDG
method is well posed without any constraint on the mesh and the wavenumber.
Indeed, if Ap(up,vp) = 0 for all v, € V,(Tp), then Ap(up,u,) = 0 and thus
||up|l| 7, = 0, which implies u, = 0.
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4. Trefftz-discontinuous Galerkin method for the Helmholtz equation

Proposition 4.3.5. For all wy,ws € H*(T}),
[An (w1, wa)| < 2|[[wrl| 7+ [[[w2 ]l 7, -

Proof. The result follows from the definition of Ap(-,-), § <1 -6 < 1 and
repeated applications of the (weighted) Cauchy—Schwarz inequality. O

In the next proposition, we prove quasi-optimality of the TDG method in
the ||| - ||| 7, -norm.

Proposition 4.3.6. Let u be the analytical solution to (4.1) and let u, be the
TDG solution. Then,

U —u < 3 inf U — v
= lllz, <3 dnf iyl

where ||| - |||]_-h+ is defined by (4.12).

Proof. We apply the triangle inequality and write

v = uplll 7, <Illw—=vplll7, + lllup = vplll7, (4.13)

for all v, € V,(Ty). Since u, — v, € T(Ty), Proposition 4.3.3 gives
I[up — va\th = Im [Ap(up — vp, up — vp)] -

From Galerkin orthogonality and continuity of Ay (+,) (see Proposition 4.3.5),
we have

llup = vplllZ, < 2111 = vplll £+ [up = vpll|, ,

which, inserted into (4.13), gives the result. O

4.3.1. Duality estimates in L?-norm

Following [42,154], we bound the L?-norm of any Trefftz’ function by using
a duality argument. For this purpose, we define two mesh parameters which
will enter the constants in the error estimates: the shape regqularity measure

where dg is the diameter of the largest ball contained in K, and the quasi-
uniformity measure
h maxxeT, MK

a.(Ty) = max — = — .
q-u-(Th) KeT, hg  mingeT;, hi

The bounding constants C' in Lemma 4.3.7 and in the following results will
depend on s.r.(7y) and q.u.(Tp,).

From now on, we will need to assume €2 to be convex in order to have elliptic
regularity.
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4.3. Error analysis

Lemma 4.3.7. There exists a constant C' > 0 independent of h and w such
that, for any w € T(Tp),

lwllpq < € diam(©) (1+w™2072) [|ju]l|, - (4.14)

Proof. Let ¢ be in L?(2). Consider the adjoint problem:

—Av—wlv =0 in Q,

, (4.15)
Vo-n—iwv=0 on 0f) .

The solution v belongs to H?(£2) and, since ) is convex, the stability estimates

vl 0 +wllvllgq < Crdiam(Q) ol

' (4.16)
[v]g,0 < Co(1 4w diam(2)) [[ellgq

hold, with C1,C5 > 0 depending only on the shape of Q (see [142, Proposi-
tion 8.1.4] in two dimensions, [66] and [104, Propositions 3.3, 3.5, and 3.6] in
three dimensions).

Multiplying by w € T(7Ty), integrating by parts twice the first equation
of (4.15) element by element (using Aw + w?w = 0 in each K € Tj), and
taking into account that Vv - n = iwv on 912, we obtain

[(w, @)ool

= Z/ (Vw-n@—wVv-n) ds
oK

KeTy

= /I([[Vhw]]w—[[w]]]v-%) dS+/ (Vow -0+ iww) T dS

i 7

<3 (il Jol, o teta], o], )

+ 3 (Jorwnl, o], v o o], o o, )

ferB
2
07f>

g|||w|||fh[ > <wH51/2v

fert

+w ! Hoflﬁvhv

2
07f

) 1/2
e
ferB ’

= [[Jwl||, Gw)"/*. h

Introducing, for convenience, a parameter + defined by v = 8 on interior faces
and v = ¢ on boundary faces, we have

Gv) < Z (wHWI/%

KeTy

2

2
+w ! Hofl/QVv .
0,0K 0,0K
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4. Trefftz-discontinuous Galerkin method for the Helmholtz equation

We recall that, for any K € Tp,, the trace inequality [38, Theorem 1.6.6]
2 —
lull o < € lullose (P lllo,ie + Il i) Vwe HY(K) — (417)

holds with a constant C' > 0 depending only on the “shape regularity measure”
of K, thus on s.r.(7y,). Since v € H?(f), using the definition of the flux pa-
rameters, the trace estimate (4.17), the quasi-uniformity (h' < g.u.(T5)h 1),
and the stability estimates (4.16), we can bound G(v) as follows:

G(v)

- 2 -1 2 _
<C Z {WhKl ||U||0,K tw HUHQK |U|1,K tw 1hK1 |U|1,K +w! |U|1,K |U|2,K
KeTy,

<C [diam(Q)Q(q.u.(’ﬁl) whT 4 1) + w! diam(Q)] ||S0||g,g
< € diam(Q)?(q.u.(Tp) w th ™t + 1) o2 g

(we have also used the obvious inequality A < diam(f2)), with a constant C' > 0
independent of h, p, and w. Consequently, for all ¢ € L?(Q2), we obtain

w, s . - -
w200l ¢ giam(e) (14 (g () 2w 20712 w5,
lello.q

and the result readily follows. O

By applying Lemma 4.3.7 to u — u, € T(T;,) we can bound the L?*-norm of
the error by its ||| - ||| 5, -norm, like in [42].

Corollary 4.3.8. Let u be the analytical solution to (4.1) and let u, be the
TDG solution. Then, there exists a constant C > 0 independent of h, w,
Vp(Tw), and w such that

lu — |y < C dian(€2) (1 + w_l/Qh_1/2> e — ]|, - (4.18)

Remark 4.3.9. The convexity assumption used in this section might be re-
laxed to any domain € that allows the stability estimates (4.16); here the
seminorm [v[, o can be substituted by the weaker [v]y/,,, o for some > 0.
See Theorem 5.5.5 for a similar result in the Maxwell setting.

4.4. Error estimates for the PWDG method

If the Trefftz discrete space V,(7) is constituted by plane wave functions,
we denote the particular TDG method obtained as plane wave discontinuous
Galerkin (PWDG) method.

We fix p different propagation directions {d¢}s=1,. , C S¥-1 p €N, and
set V,(K) equal to

p
PW,,(K) = {Zagein'de , g € (C} VEKET;
(=1
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4.4. Error estimates for the PWDG method

consequently V},(73,) corresponds to

PWeyp(Th) == {vp € L*(Q) : wylx € PW,,(K)V K € Th} -

Note that p is the spectral discretization parameter, i.e., the dimension of the
local trial space. Of course, a different set of directions could be chosen for
each mesh element, we use the same choice throughout the domain only for
the simplicity of the presentation.

We also make the following assumptions on the mesh and the plane wave
propagation directions:

e there exists ¢ € N, ¢ > 1, such that p = 2¢+1if N =2, and p = (¢+1)?
if N =3;

e if N = 2 there exists dg € (0,1] such that the propagation directions
{d; = (cosby,sinby)}s=1,.., satisty the following condition:

. 27
min |0y — Op| > — b4 ,
€7£/:17...7p p

20

(cf- (3.37));

e if N = 3 the matrix M defined in (3.32) depending on the propagation
directions is invertible and the norm HM_1H1 grows less than exponen-
tially with respect to its size p (e.g., the directions are the optimal ones
of Lemma 3.4.6 or Sloan’s directions of Remark 3.4.7);

e there exist two parameters 0 < py < p < 1/2 such that all the ele-
ments K € T, (after a suitable translation) satisfy Assumption 3.1.1.
For example, a shape-regular mesh with convex elements satisfies this
condition with p = pg = (25.7.(T3)) L.

The use of Assumption 3.1.1 on the elements implies that, if N = 2, every
K € T, satisfies the exterior cone condition (Def. 3.2.4) with a certain angle
A ™, Ag € (0,1]. On the other hand, if N = 3, for every element K the
analogous parameter A\g € (0, 1] has been introduced in Theorem 3.2.12 (see
Remark 3.2.13). We define

AT, = Ilgél% AK - (4.19)

Notice that Ay; = 1 if the elements are convex and N = 2. This parameter
will appear in the orders of convergence of the PWDG method and in the last
assumption:

e if N =3 then ¢ > 2(1 4 2/ 7).

Under these assumptions, the approximation estimates of Corollary 3.5.5
can be employed in every element. For every 0 < j < k+1€N, 2k +1 < g,
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4. Trefftz-discontinuous Galerkin method for the Helmholtz equation

we define the values
g5 = (1 + (wh)j+6) eli—apwh ph+l=j

log(q + 2) A7y, (k+1-7) N 1+ (wh)a—K+2 .y
. NV =2 (120
(co (¢ +1))
_ iy 14 (whya K2
)\7’ (k+1 ]) 1 —
[q ' T V2o g ML=,

where ¢y has been defined in (3.63).

In the next lemma, we use Corollary 3.5.5 and the trace inequality to prove
best approximation estimates on the mesh skeleton and in the mesh-dependent
norm || - ||+

Lemma 4.4.1. Given v € T(T,) N H*Y(Q), k > 1, ¢ > 2k + 1, there exists
& € PW,,p(Th) such that we have the following estimates:
2 - 2
Ju— fHo,fh < Ceo (’50 ht 51) ||qug+17w,Q )
2 - 2
IVa(u =gz, < Cer (e1h™ +e2) lulliyr o -

=€l < € (wedh ! +weoer +w b +w ™l eren) fullhiy o

with the constant C > 0 independent of h, p, q, w, k, {ds}, and u.
Proof. We have

2 (427) C h*l 2
lu—=¢&loor < Clhg llu—Ellgx + llv—¢Elloxlu—EL k)
(3.62) » ,
< Ceo(eoh™ +e1) lullpsrwx -

and

, (417 . )
IV (u— 5)”0,81{ < C(hg [u— 5‘1,1{ + |u— 5‘1,1{ lu— 5‘2,1()
(3.62)
< Ca (81 ht +52) HquJrl,w,K .

Adding over all elements gives the first two bounds in the assertion. The last
bound follows from

llu =€l < C (wllu- llo.z, +o IValu =gz, ) -
O

Lemma 4.4.1 holds also if u belongs only to the broken Trefftz-Sobolev space
T(T) N H*Y(T), provided that the weighted H*+1(Q) norm on the right-
hand side of the bounds is substituted by its piecewise counterpart H*+1(Tp,).
Remark 4.4.2. The graphs of the factor in the last bound of Lemma 4.4.1
showed in Figure 4.1 highlight the pronounced increase of the constants for
large wh and small p. This is evidence of a threshold condition, that is, a
minimal resolution requirement on the plane wave space before any reasonable
approximation can be expected.
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4.4. Error estimates for the PWDG method

10 ‘ 10 ‘
10° 10’ 10° 10° 10’ 10°
(q/ 10gq(q +2)) 7 (A -7, k=)
* wh=01 * wh=0.1
— wh =0.25 — wh =0.25
-=-=-wh=05 -=-=-wh=05
""" wh=1 == wh=1

Figure 4.1.: Logarithmic plot of the PWDG best approximation factor for the
(squared) ]H-H]I}T—norm: (wedh ™ tweper +wteth I +w e es) as
proved in Lemma 4.4.1, in two (left) and three (right) dimensions.
Herew=1,k=5,p=025 A, =1, h € {0.1, 0.25, 0.5, 1} and
on the abscissas it is represented ¢ € {1,...,100}. For N = 2
we use 0q = 1, i.e., the propagation directions are equispaced; for
N =3 we assume |[M~!||, = 2y/7 p as in Lemma 3.4.6.

Remark 4.4.3. The first term in the square brackets of (4.20) decays alge-
braically for increasing ¢ (and thus p) while the second one decays faster than
exponentially. Therefore, the final estimate of Lemma 4.4.1, for large ¢, can
be written as

A7 (k—1/2)
log(q+2)) Th _
= €l < Cw™2 B2 fullpy 0 4\ 0 ) Z z
q h =9,
(4.21)

where the constant C' depends on the product wh as an increasing function.
Due to to the first two bounds of Lemma 4.4.1, the orders of convergence are
not improved when working with the weaker ||| - |||, -norm.

In the following theorem, we state error estimates for the PWDG method
in the following energy-type norm:

2 2
lwlipe = lllwll|%, + o llwllgg -
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4. Trefftz-discontinuous Galerkin method for the Helmholtz equation

Theorem 4.4.4. Under the assumptions stated in Section 4.3.1 on the numer-
ical fluzes and those in Section 4.4 on the mesh and on PW,, ,(Ty,), with @ con-
vex, let u € H*1(Q) be the analytical solution to (4.1) and let u, € PW,, ,(Tp)
be the PWDG solution. If p is sufficiently large, there exists a C' = C(wh) >0
independent of p and u, but depending on w and h only as an increasing func-
tion of their product wh, such that

lw = uplll 5, < Caw™2RFH2 AT ED Yyl g (4.22)
w =l < C diam(@) BL G5 ED o (4.23)
and thus
[ = upll pe
<C diam(Q)l/2 [wil/Q + diam(Q)l/Q} Rl G AT (B=1/2) HquH’w’Q ,
(4.24)

where

q _
g = { loslat2) N=2,
q N=3.

Proof. The first two bounds follow from Proposition 4.3.6, Remark 4.4.3, and
Corollary 4.3.8. The third bound is a direct consequence of the first two. [

Remark 4.4.5. Using the definition of ¢, it is easy to verify that the depen-
dence of the constant C' on wh in (4.21) and in (4.22), for large p, can be
bounded as

C(wh) = C (1 4 (wh)17F+9) eG-Gpleh
and that in (4.23) and (4.24) as
C(wh) = C (1 + (wh)I~FH9+1/2) (G=Ge)wh

Remark 4.4.6. If we choose the flux parameters depending on p and wh in the
following way:

b wh dwh
a:i(/]\a 5:4’ 6:4’
wh q q

with the same ¢ of Theorem 4.4.4, a, b and d strictly positive and independent
of h, w and p, again with 0 < § < 1/2, then the result of Lemma 4.3.7 becomes

lwllog < € diam(€) [/ (@™ 2h7Y2 4w h7Y) 4 G2 (14 0! 2012)
wlll,
and the best approximation estimate of Lemma 4.4.1 is
=iy <0 ((F+) lu=€ls, + 21V =61 5, )
<0 (L) (e comn) + 20t +a120) ) il

h
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4.4. Error estimates for the PWDG method

Consequently, reasoning as in Remark 4.4.3 yields the estimate
kE~Ar b (~(1=A1)/2 | ~(Ap —1)/2
llu = €lllzs < CREGTmE (U2 4 GORD2Y g
< C kg /22 lullks1 w0

where full order k for the best approximation is achieved if A7; = 1, e.g., in
two-dimensional convex elements. On the other hand, the final error bounds
(see Theorem 4.4.4) for this choice of flux parameters are

k ~—A1 (k
lu = wpll| 5, < C BEGATRERDT2 Q) o
. k=1 ~=A7, (k+1/2)+1
w lJu=upllgq < C diam(Q) BF1 g REFDT Yy o
lu = upll p; < C diam(Q) AF= G=ATEHH Yy o

Thus, the gain of half a power of ¢ in the best approximation estimate, with
respect to the case of constant flux parameters, is compensated by a loss of half
a power of ¢ in the result of Lemma 4.3.7. If A7, = 1 the order of convergence
in the energy-norm is the same as in the case of constant flux parameters, if
A7, < 1 then the former is lower than the latter.

Remark 4.4.7. By matching the final estimate of Theorem 4.4.4 with the best
approximation estimate (4.21), we find that the bounds in DG-norm feature
optimal asymptotic behavior with respect to p, but half a power of A is lost.

Remark 4.4.8. The proof of the “coercivity” result of Proposition 4.3.3 does
not involve inverse trace inequalities. This allows to choose either constant flux
parameters or the variable flux parameters discussed in Remark 4.4.6, which
give convergence in the energy-norm of order (/]\_ATh (k=1/2) and Z]\_)‘Th(k+1/2)+1,
respectively.

On the other hand, in a two-dimensional triangular shape-regular mesh
(A7, = 1), the bound of the L?-norm of the trace of a discrete function on
the boundary of an element K by the L?-norm of the discrete function within
K involves a constant proportional to qh;/ 2 (see numerical evidence in [96,
Sect. 3.2]). Therefore, the use of inverse trace inequalities would have required
a choice of the flux parameters similar to the one in Remark 4.4.6, but with
q? instead of ¢/log(q), resulting in a deterioration of the order of convergence
of the energy norm by a factor ¢qlog(q).

Remark 4.4.9. If the function u to be approximated is regular enough such
that it can be extended analytically to a strictly larger domain Q' O , the
convergence with respect to p turns out to be exponential. Indeed, the alge-
braic term in the assertion of Lemma 4.4.1 and Theorem 4.4.4 can be replaced
with an exponential one provided by Remark 3.5.8:

lw = upllpe < €O (Nullgsrwa + lull o) -

where C' is independent of ¢ and u, and the speed of exponential convergence
b > 1 depends on Q, Ty, and on d(2,0), i.e., on how far u can be extended
analytically.

This fact also implies that in elements of 7T, that have a positive distance
from 02, we always obtain exponential convergence in p for the local best
approximation by plane waves.
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4. Trefftz-discontinuous Galerkin method for the Helmholtz equation

Remark 4.4.10. In Theorem 3.3.1 we have seen that the generalized har-
monic polynomials have the same (or better) approximation properties of plane
waves. If we replace PW,, ,(7p,) with

GHP,, ,(Ty) == {vp € L*(Q) : wp|k is a generalized harmonic polynomial
of degree at most ¢, V K € 77L} ;

then we have the same estimates of Theorem 4.4.4 (of course, without the
need of any assumption concerning the propagation directions). Moreover, the
number of degrees of freedom involved is the same, namely dim PW,, ,(73,) =
dim GHP,, ,(Ty) = p - #{K € Trn}.

Since the quasi-optimality estimate (4.18) does not depend on the special
trial Trefftz space used, a convergence estimate holds also if plane waves and
generalized harmonic polynomials are used together or separately in different
elements; for example the former might be used in parts of the domain where
the solution propagates in a clear direction and the latter in the parts where
resonances occur. Detecting these different regions in automatic fashion re-
quires a highly non trivial adaptive algorithm. Other problem-specific Trefftz
functions, as corner solutions, could be added to these two families (cf. [186]).

Remark 4.4.11. In order to have p- or h-convergence in the bounds of Theo-
rem 4.4.4, the analytic solution u has to belong to H?(€2). On the other hand,
it is known that in a (star-shaped) non-convex, polygonal or polyhedral do-
main €2, the solution might present corner and edge singularities and it belongs
to H3/2t1(Q) only, for some 0 < 1 < 1/2 (see [67,100]); the duality argument
of Lemma 4.3.7 can be generalized to this setting using more general trace
inequalities, for example the ones of [145, Theorem A.2] (cf. (7.11)). However,
in two space dimensions, the possible singularities of the solutions are known
explicitly: they are “corner waves”, i.e., circular waves centered at the reen-
trant corners with non-integer Bessel exponents which depends on the size of
the corner. For a given Sobolev regularity, they constitute a finite dimensional
space of Trefftz functions, thus it is possible to include them in the discrete
trial and test spaces, only in the mesh elements that are adjacent to reentrant
corners. Since the solution u belongs to H?(£2) up to a linear combination of
these functions (cf. [100, Theorem 2.4.3] for the Laplace case and [23] for the
Helmholtz one with Dirichlet boundary conditions), the approximation esti-
mates for plane (or circular) waves guarantee the convergence of the scheme.
This technique has already been adopted in a least squares setting in [23].

Remark 4.4.12. In Lemma 4.4.1 and in Theorem 4.4.4, for the sake of simplic-
ity, we used the assumption of quasi-uniformity of the mesh and we took the
same number of basis functions in every mesh element. In order to develop a
hp-version of the PWDG method, a better control over the dependence of the
error on the local discretization parameters is needed. Since all our approxi-
mation results are local, it turns out that such control can be achieved very
easily.

In every element K € 7T, (with diameter hx) we fix a local value gx and
we denote with pg the dimension of the corresponding plane wave space
PW,, p (K) (such that px = 2gx + 1 for N = 2 and px = (gx + 1)? for
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4.4. Error estimates for the PWDG method

N = 3). Then, the best approximation bounds in the assertion of Lemma 4.4.1
can easily be restated as:

2 —1 2
lu—¢€lls 7 <C > eox (coxhg +e1.k) Il wx -
KeTy,

2 —1 2
IVaw =l <C > e1k (erx by +e2.k) Il wx -
KeTy,

A2
Il = €l
<C Z (wsg,Kh}I + weo k€1, K + w_laiKhl}l + w_laLKag) HuHiHMK ,
KeTy,

where the € x’s are equal to the €;’s from (4.20), provided that h and ¢ are
substituted by hx and g, respectively.
The error bound in the skeleton norm (4.22) becomes

_ k—1/2 ~—Ag(k—1/2
e = wplllz, € Ca /2 37 RATV2 GARG=1D
KeTy,

Notice that so far we have never used the mesh quasi-uniformity. Finally, the
error bounds (4.23) and (4.24), in L% and DG-norms, can be written as

, gu.(Th)\ k—1/2~—Ag (k—1/2
a)Hu—uI,HO’Q SCdlam(Q)<7> Z Iy / dr % /)Hqu+17w7K7

h KeTy
1/2
=yl <0 [+ diam(e) (£72) ]
k—1/2 ~—Ag(k—1/2
) Z b / i =172 Hqu+1,w,K .

KeTy

Notice that q.u.(7,)/h = (minger, hi)~'. The same results hold also for
generalized harmonic polynomials (see Remark 4.4.10).

These bounds might be useful in order to study a full Ap-version of the
PWDG method; other necessary ingredients are the regularity theory for the
Helmholtz equation and the approximation bounds with exponential speed in
p for smooth solutions as the ones described in Remark 3.5.8. The final result
might provide exponential convergence of the error (in the norms mentioned
above) with respect to the total number of degrees of freedom involved Ngof =
> KeT, PK; when a properly scaled mesh is chosen.

However, the presence of the factor q.u.(7,) requires the use of a quasi-
uniform mesh. In order to employ graded meshes, a possible idea is to let the
flux parameters «, 8 and ¢ depend on the local meshsize hg.

By making explicit the dependence on the flux parameters, the bounds
(4.14), (4.22) and (4.23) (with C independent of g.u.(73)) can be written as:

lwllgq < € diam(Q) [[fwlllr, > (1 +w V20
KeTy,

—1111/2 —1111/2 1/2
(o132 oy T 18 onmgy + 107 1 2 ornmpy ) -
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4. Trefftz-discontinuous Galerkin method for the Helmholtz equation

= uplls, < € 3 w20 + fzelf?)
KeTy,
1/2 _1n1/2
(a2 ey + 187 oy + 157 1 o )

bV e + €2l

_1pl/2 1/2 1/2
(0™ 0 oy + 181 2 rcamgy + 101 2 rcim )| Bl

E=1/2 ~=Ag(k—1/2
<C Z hi / qK K=t Hqu-i—l,w,K
KeTy

- 1/2 —11/2
: [ V2 <1 + H04||1L/oz ornFl) T 187 (oxnFl) T lo 1HL°°(3K”]E5)>
+W71/2<Ha71H1L/oZ(8Kﬂ]-'I + Hﬁ”i/j, @rnF) T ”5”2/‘3(3K”f5)>] ’

wllu—1upllyq < Cdiam(€2)

S R (0 1 ey + 187 1 e + 157 1 )|
KeTy,

k—1/2 ~—Ar(k—1/2
-[Z i PG Nl
KeTy,

— —1|1/2 1/2
: (th A <1 + HOZHi/j, @rnF) T 18 1HLoo(aKmff + 07 = aKmFB)>

—1)(1/2 1/2 1/2
+ (ho 132 gy + 1812 om0 2 )

In the last bound the two sums are independent of each other. Therefore, the
positive powers of hx from the second sum can not balance the negative half
power coming from the first one, unless the quasi-uniformity of the mesh is
assumed (as we did before) or the flux parameters are chosen appropriately.
A natural choice is to take

h

hi

In this case the above formulas become

lwllgg < € diam(R) (1+w™2h712) [|[wl||5, |

_ —1 ~—Ar(k—1/2
lle = wplll, < Cw™ 2R 37 W G g e
KeTy
. k—1~—Ag(k—1/2
wllu=upllog < Cdiam(@) Y7 G T ulp o -
KeTy,

At a first glance, all these inequalities seem to be independent of the relative
sizes of the elements, but the assumption 6 < 1/2 needed to define the bilinear
form and the Fj, /.7-",;r -norms requires the quasi-uniformity of the mesh.
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4.5. Error estimates in stronger norms

If the fluxes are chosen according to
a b~ B~ ~whi

(¢f. Remark 4.4.6) the best approximation estimate in JFj-norm improves,
because every term contains the same powers of hx and w, but the duality
procedure gives a linear dependence on q.u.(7p):

s 1/2 17—
lwllo < € diam(®) (Y w?hyl® +w™ ) [llwlll, |

KeTy,
~—Ar(k—1/2
e =wplllz, < € D7 b @M Y ullgy
KeTy,
< O diam(e) 4%(Th) koA (k=1/2)
wllu—upllg g < Cdiam( )T Z KK g 10,5 -
KeTy,

4.5. Error estimates in stronger norms

It would be desirable to derive an asymptotically quasi-optimal estimate of
[Vr(u —up)llgq as was achieved for the h-version of PWDG in [96]. The
duality technique employed in our approach does not provide such estimates.
We have to settle for weaker results.

Fix ¢ € N, ¢ > 1, and define the following H!(T},)-orthogonal projection onto
the space P4(T;) € H'(Q) of globally continuous, 7,-piecewise polynomial
functions of degree at most ¢: P : H(T,) — P4(T,) is such that, if w €
Hl (771)’

Ly(P(w),v) = Lp(w,v) YovePIT),
where

Lp(w,v) = /Q(Vhw-v—hv—i-uﬂw@)dv Vw,veHY(T,) .

Note that, given w, the computation of P amounts to solving a Neumann
boundary value problem for —A + w? by means of ¢g-degree Lagrangian finite
elements. Thus, in principle, P(u,) can be obtained from the TDG solution
up € V,(Tp) by means of solving a discrete positive definite second order elliptic
boundary value problem in a postprocessing step.

Proposition 4.5.1. With the same assumptions as in Corollary 4.3.8, u €
H*1(Q), and 0 < k < q, we have

IV (u— P(“p))Ho,Q

h\F _ . _
<C <<5) ullgg1,w0 + P V2 (diam(Q)w'/? + w2 [|Ju — up|||fh> ’

(4.25)

with C' = C(wh) > 0 independent of q, V,(Tr), and u, but depending mono-
tonically on the product wh.
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4. Trefftz-discontinuous Galerkin method for the Helmholtz equation

Proof. By the triangle inequality, we can write

IV (u=Plup))llgq < IV (u=Plu)lpq + IV (Plu—-u)lq - (4.26)

We bound the second term on the right-hand side. By the definition of P, for
all v € P(T}), local integration by parts gives

Ly(P(u — up),v)
Z/Vu—up Vo dV + w?(u — up, v)o.0

KeTy
=— Z / A(u—up)T dV
KeTy
+ Z V (u—1up) ng v dS +w(u — uy,v)o0
KeTs,
= 2w (u — up, )00 +/ [Vih(u—up)|nT dS + Vi(u—wup) -nv dS .
F FB

Aiming for the |||w|||7,-norm, we use the Cauchy-Schwarz inequality and get

Ln(Pu = up),v) < 2wllu—upllgq wllvlgg

+w /2 Hﬂl/z[[vh(u - up)]]NH Wi Hﬁ—l/QUH

0,7}
R N T

0,7}
0,75
< 2w flu = upllg g wllvllo o

+ |l = upll| 7w max{a™2, 872} olly 7, -
Now, the trace inequality (4.17) gives
La(P(u— up),v) S2w||u—wpllg q wl[vllg.q + Clwh)™|lu = ull|5,

max{672, 8712} - (wllolly,q + whIVolgg)

1/2
2 _
< (w2l = upllg o + (@h) Il = wpll[3,)

- Cmax{0~"2, 72} max{wh, 1}
1/2
(WP lloll.0 + 19013 o)

where C' > 0 depends only on the shape-regularity of the mesh 7. Setting
v :=P(u — up) yields the estimate

I9P(u — up)ll2 g + w2 [P(u =) |2
< € (uin{s, B1) " mac{wh, 112 (w2 u — w2 + (@h) Il — w3, ) -

We plug in the duality estimate of Corollary 4.3.8 and allow C' > 0 to depend
on an upper bound for wh and also on the (constant) flux parameters. Thus,
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we arrive at

I9P0 =)l < O («lu— upllyg + @h) ™ lllu— w5,
(4.18)
< O (diam(Qu 22 4+ (@h)2) llu = w1,
(4.27)
Further, standard error estimates for H'-conforming Lagrangian finite element
spaces [15, Sect. 4.2] provide

hk:

9= P o <€ 2 Nl (129
where C' > 0 depends on the shape-regularity of 7, and €.

Inserting (4.27) and (4.28) into (4.26) yields the assertion of the theorem.

O

When Proposition 4.5.1 is applied to the PWDG method of Section 4.4 we
obtain the orders of convergence in H'(€2)-norm for the projection P(u,).

Corollary 4.5.2. With the assumptions of Theorem 4.4.4, p as defined in
Section 4.4, and 1 < k < q, we have

IV (u = P(up) g, < C (diam(Q) +w™1) B GARET2 |y g

with C'= C(wh) > 0 independent of p and u, but depending monotonically on
the product wh.

Proof. 1t is enough to plug the bound (4.22) into (4.25) and use h < diam(£2).
O

4.6. Numerical experiments

In this section, we numerically investigate the p-convergence of the PWDG
method for regular and singular solutions of the Helmholtz equation in 2D.

We consider a square domain Q = [0, 1] x [—0.5,0.5], partitioned by a mesh
consisting of eight triangles (see Figure 4.2, upper-left plot), so that h = 1//2.
For the time being, we fix w = 10, such that an entire wavelength A = 27 /w ~
0.628 is completely contained in €2. All of the computations have been done
in MATLAB, and the system matrix was computed by exact integration on
the mesh skeleton.

We choose the inhomogeneous boundary conditions in such a way that the
analytical solutions are the circular waves given, in polar coordinates x =
(rcos@,rsinf), by

u(x) = Je(wr) cos(&0) , £E>0;

here, J¢ denotes the Bessel function of the first kind and order £. For ¢t < 1,
these functions behave like

1 t

O e (5)5 |
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4. Trefftz-discontinuous Galerkin method for the Helmholtz equation

Thus, if £ € N, u can be analytically extended to a Helmholtz solution in
R?) while, if ¢ ¢ N, its derivatives have a singularity at the origin. Then
u € HEF17¢(Q) for every € > 0, but u & HET(Q) (see [99, Theorem 1.4.5.3)).

05 03 \
0.4
0.3
0.2
0 0 0.1
0
-0.1
/ -0.2
> 0 0.5 1 05 08 1 03
0.6 0.5
\
0.4 0.3
0.2
0.2 o o
0 0
-0.1
/ -0.2 -0.2
08 1 05502 04 o6 08 1 03

Figure 4.2.: The mesh used for the numerical experiments and the analytical
solutions for £ = 1 (top right), £ = 2/3 (bottom left), & = 3/2
(bottom right) and w = 10.

We compute the numerical solutions in the regular case £ = 1 and in the
singular cases £ = 2/3 and £ = 3/2. The profiles of the analytical solutions
corresponding to these three cases are displayed in Figure 4.2, upper-right and
lower plots.

We consider two choices of numerical fluxes: with constant parameters, as
in the original ultra weak variational formulation (UWVF) of Cessenat and
Despres [47] (o = 8 = 6 = 1/2; dashed line in the plots), or depending on p,
h, and w as in Remark 4.4.6: a = 7! = §~! = agp/(whlogp), with ag = 10
(PWDG from here on; dashed-dotted lines in the plots). We also plot the
error of the L%projection of u onto PW,, ,(T5) (solid line). For every case,
we compute the L?-norm of the error, the broken H'-seminorm and the L?-
norm of the jumps on the skeleton of the mesh. The errors are plotted in
Figures 4.3-4.6.

These plots highlight three different regimes for increasing p: (i) a preasymp-
totic region with slow convergence, (ii) a region of faster convergence, and
finally, (i7i) a sudden stalling of convergence, due to the impact of round-off.
In fact, for high dimensional local bases, it has been observed that PWDG ap-
proaches suffer from serious ill-conditioning (see [47] and [124]), thus without
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0 10°
= - PWDG L2 -= PWDG br. H'
107 -~ - ultra-weak L3 10° - - - ultra—weak br. H'
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5 S
= —6 T 4
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Figure 4.3.: The errors in L?-norm, H'-seminorm, and L?-norm for the jumps
for the regular solution u = Jj(wr)cos(f) plotted against p €
{3,...,27}. The convergence is exponential before the onset of
numerical instability, and the discretization error is very close to
the L2?-projection error.

10° ’ : 10° ‘ ’
== PWDG L2 == PWDG L2
- - - ultra-weak L2 ke - - - ultra-weak L2
10 K== —proj. L2
5 510
G 5]
o~ N -3
- =110
107
-4 L L L -5 i i i
10 100.5 100.7 100,9 10 100.5 100.7 100.9
p/log(p) p/log(p)

Figure 4.4.: The errors in L?-norm for the two singular solutions (¢ = 2/3 on
the left and £ = 3/2 on the right) in logarithmic scale with respect
to p/logp, p € {3,...,27}.

an appropriate preconditioning or a clever choice of the bases it is impossible
to obtain meaningful results for large p, we refer to [124] for a discussion of
this issue and a possible remedy.

With a parameter ag > 5 in the definition of the fluxes, such that the
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10’ : 10' :
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Figure 4.5.: The errors in broken H'-seminorm for the two singular solutions
(£ =2/3 on the left and £ = 3/2 on the right) in logarithmic scale
with respect to p/logp, p € {3,...,27}.
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Figure 4.6.: The errors in L?-norm on the skeleton for the jumps of the two
singular solutions (£ = 2/3 on the left and £ = 3/2 on the right)
in logarithmic scale with respect to p/logp, p € {3,...,27}.

condition § < 1 (and thus 1 — ¢ > 0) is satisfied for all the considered p, the
PWDG method is slightly superior to the one with constant fluxes (UWVF)
in the L?- and H'-norms; the difference in the jumps norm is even more
pronounced.

The most evident outcome is that, for both methods, the numerical errors
are always close to L?-approximation error of the analytical solution, that is,
the p-version is not affected by the pollution effect (in the examples that are
considered here).

The discretization error for £ = 1 (analytic solution) converges in all the
considered norms with exponential rate (see Figure 4.3). This behavior is not
a surprise: the algebraic convergence in the theoretical estimates is only due
to the best approximation error and becomes exponential when the analytical
solution of the problem can be extended analytically outside the domain (see
Remarks 3.5.8 and 4.4.9).

For £ = 2/3 and & = 3/2, the solution u has a singularity located in a
boundary node of the mesh. It corresponds to the typical corner singularities
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arising from re-entrant corners in scattering problems. In this case, as ex-
pected, the convergence is not exponential but algebraic, although the orders
of convergence are not clear. In the region of faster convergence, the orders are
significantly better than the ones expected from the theory; for higher p, nu-
merical instability prevents us from obtaining a neat slope in the logarithmic
plot. In all the considered norms, the orders of convergence are clearly better
for the solution with higher Sobolev regularity (with & = 3/2, u € H%(Q)).

By decreasing the wavenumber w, keeping the mesh fixed, we obtain a faster
convergence in all the norms for both methods; see Figure 4.7. On the other
hand, the instability appears for smaller p because the plane waves are closer
to being linearly dependent. Of course in this case the domain accommodates
fewer wavelengths.

Conversely, if we increase w, again with the same mesh, the preasymptotic
region becomes larger and larger (more plane waves are needed before the onset
of convergence) and the instability reduces the maximum possible accuracy we
can reach.

00 N ] w=0.25
I R U fe w=1
5 - w=4
L —w=16
10™° ——w =64

-15 3

5 10 15 20 25 30 35 40 1
number of local plane wave basis functions pllog(p)

10

Figure 4.7.: The errors in L?norm for the regular solution (¢ = 1, on the left)
and the singular one (£ = 2/3, on the right, in logarithmic scale
with respect to p/logp) for different values of w (0.25, 1, 4, 16,
64), p € {3,...,40}.
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Part Il.

The Maxwell equations
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5. Stability results for the
time-harmonic Maxwell equations

5.1. Introduction

Stability estimates of variational solutions to PDE’s with stability constants
which are explicit in some of the characteristic parameters are important in
the theoretical analysis, and then in the design, of discretization methods.
Often, discretization parameters have to be chosen in relation to the physical
ones, in order to design accurate, robust, and efficient numerical methods.
This is the case for time-harmonic wave propagation problems, where the
choice of the discretization parameters in relation to the wavenumber is crucial.
There, fundamental model problems consider bounded domains with piecewise
smooth boundary and first order absorbing boundary conditions (impedance
boundary conditions, IBC).

For the Helmholtz problem with IBC, stability estimates in weighted H'-
norm with explicit dependence on the wavenumber were derived in Proposi-
tion 8.1.4 of [142] in the 2D case, then extended to the 3D case, with a similar
argument, in [66] and [104]; in the latter reference, the case of mixed bound-
ary conditions was also considered. In these results, in order to use Rellich
identities, the problem domain is assumed to be star-shaped with respect to
a ball. A key ingredient in the proof given in [142] is the fact that the weak
solution belongs to H?, which holds true for convex or smooth domains; [66]
and [104] weakened this requirement to H' solutions, thus to problems posed
on any star-shaped polygon/polyhedron. In Section 2.1 of [75] a very pow-
erful similar result is proved with a completely different argument, based on
special decompositions of boundary integral operators; the dependence on the
wavenumber is worse but the bound holds for any Lipschitz domain.

For the time-harmonic Maxwell equations with IBC, stability estimates were
derived with a Fredholm-type argument in [152, Theorem 4.17]. Unfortunately,
this analysis does not allow to establish how the stability constant depends on
the wavenumber.

In this chapter, we consider the time-harmonic Maxwell equations with con-
stant coefficients in bounded, uniformly star-shaped domains. In Section 5.4,
stability estimates in a weighted H (curl)-norm are derived. For polyhedral or
smooth domains, relying on new Rellich-type identities proved in Section 5.3,
we extend the argument of [142] and prove stability with constants independent
of the wavenumber (see Theorem 5.4.5).

For the analysis of numerical approximations of Maxwell solutions, which
relies on duality arguments, it is also interesting to derive elliptic regularity
results. For this reason, in Section 5.5 (see Theorem 5.5.5), we prove that,
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provided that the boundary data are in H5 (9Q), 0 < s’ < 1/2, the solutions
reach a regularity H'/>*5(curl; Q), for some 0 < s < s’ < 1/2, in polyhedral
domains. In a convex polyhedron, the regularity is always optimal: s = s’ <
1/2. The constant in the stability estimates in stronger norms (H! for smooth
domains, H'/2%$ for polyhedral domains) depends linearly on the wavenumber.

Our main reason of interest in these stability and regularity results was
their application in the error analysis of Trefftz-discontinuous Galerkin ap-
proximations of the time-harmonic Maxwell equations. In fact, in Chapter 7
we will extend to the Maxwell case the theory developed in Chapter 4 for the
Helmholtz problem, where uniform stability with respect to the wavenumber,
together with elliptic regularity, played an essential role. Another potential
application is the extension to electromagnetic waves of the norm and sta-
bility bounds of boundary integral operators for acoustic scattering derived
in [53] and [182]. A few possible developments of this theory are discussed in
Remark 5.5.9.

We have already presented the main results of this chapter in the paper [109],
however the proof of the stability of the impedance boundary value problem
(Theorem 5.4.5 here, Theorems 3.1 and 3.2 in [109]) given there is much more
complicated, even if the basic tools used are the same. Here, the use of Rellich-
type identities in pointwise form (see Section 5.3) and the density provided
by [62] allowed to prove the final statement directly on polyhedral domains
instead of resorting to an involved approximating process with smooth ones,
as we did in Section 3.2 of [109]. Moreover, here we have corrected the proof
of Corollary 5.5.2 (and consequently the definition of the spaces H*(9f2)) that
was faulty in [109]; however the final result is not affected by this modification.

5.2. The Maxwell boundary value problem

Let Q C R3 be an open bounded domain, which either has a C? boundary or
is a polyhedron. We assume that

there exist a point xg € 2 and a real number v > 0 for which 2 is
star-shaped with respect to all points in B, (xg).

For each point x € 01, the open cone with vertex x, height |x — xp| and
opening angle § = arctan(y/|x — xg|) > arctan(vy/diam(f2)) is contained in €.
This means that the domain satisfies the uniform cone condition; therefore,
by [99, Theorem 1.2.2.2], Q is Lipschitz.

We consider the following frequency-domain formulation of the Maxwell
equations in terms of electric field E and magnetic field H with impedance
boundary conditions in the domain £2:

—iwe E -V xH=—(iw)™'J inQ,
—iwp H+V xE=0 inQ, (5.1)
Hxn—-9Y9nxE)xn=(iw)"tg ondQ,

where w > 0 is a fixed wavenumber, J € H(div’;Q) is related to a given
current density, and g € LZ(99) (see (0.3) for the definition of these spaces).
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5.2. The Maxwell boundary value problem

The material coefficients
€, i, € R are assumed to be constant with e, u > 0 and ¢ # 0.

By expressing H in terms of E using the second equation of (5.1) and by
substituting it into the first equation and into the boundary condition, we
obtain

Vx (@ lVXxE)—w?E=J inQ, (5.2)
(L 'VXxE)xn—iwdnxE)xn=g ondf. '
We introduce the “energy space” (equipped with graph norm)
Himp(cwrl; Q) := {v € H(cwl; Q) : vy € L3(09)} , (5.3)

where H (curl;€2) has been defined in (0.3) and the subscript 7 denotes the
tangential component according to (0.4). Then the variational formulation of
the Maxwell problem (5.2) reads as follows: find E € Hjpyp(curl; ) such that,
for all £ € Hipp(curl; ), it holds

AM<E,£>=/QJ-E dV+/mg-ET as, (5.4)
where

M(E, &) = / (W 'V XE) (Vx§ —w(E) ¢ dV—z’w/ﬁET-ZT ds .
Q oN

Well-posedness of problem (5.4) in Hipp(curl; ) is proved in [152, Theo-
rem 4.17] that we report here.

Theorem 5.2.1. Under the assumptions made on §2, J, g and on the material
coefficients, there exists a unique E € Hpy,(curl; Q) with V - (eE) = 0 solution
to (5.4).

5.2.1. Regularity for smooth domains

It was shown in [68, Sect. 4.5.d] that in a C2-domains, for smooth boundary
data, the solution of problem (5.4) belongs to H'(curl; Q). We report here the
proof for the sake of completeness.

We recall that on the boundary of a C?-domains all the Sobolev spaces
H?®(0Q), —2 < s < 2, and their tangential vectorial counterparts H7(0€2) :=
{p € H3(002)? : o -n = 0} are well defined (see [7, p. 825]).

Lemma 5.2.2. Let Q C R? be a bounded C?-domain. In addition to the
assumptions made on J, g and on the material coefficients, we assume g €
H%/Q(aﬁ). Then, the solution B to problem (5.4) belongs to H'(curl;Q) :=
{ve H' (Q)?: V xveH (Q)3).

Proof. Decompose E as
E=3"+Vy,
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5. Stability results for the time-harmonic Maxwell equations

where ®° € H'(Q) N H(div%; Q) and ¢ € H'(Q) (see [105, Lemma 2.4));
clearly, Ay = 0 in €. By using this decomposition, we can write the boundary
condition in problem (5.4) by

(1 V x E) x n — iwd®) — iwdVrp =g on 0,

where V) is the tangential gradient of v, i.e., Vy := (n x Vi) x n.

Using the results of [39] (see also [152, eq. (3.52)]), the tangential divergence
divy of (u~'V x E) x n is well-defined, belongs to H~/2(9Q). Moreover,
®Y. g € HY2(00)3, and thus divy(9®% + g) € H/2(99Q). It follows that
divy 9V € H-1/2 (092) and, by an elliptic lifting theorem for the Laplace—
Beltrami operator on smooth surfaces, we find ¢ € H3/2((9Q); this, together
with Ay = 0 in Q, gives ¢ € H?(f2), due to the smoothness of 92, which
implies E € HY(Q)3.

Similarly, we prove the smoothness of V x E: decompose V x E as

VXxE=9"4+Vgp

where U0 € HY(Q)3 N H(div"; ), and ¢ € H'(Q); again, A¢ = 0 in Q. The
boundary condition in problem (5.4) can be written as

p 0 xn+ Vo xn—iwdEr =g on 0f) .

The tangential curl curly Er is well-defined and belongs to H~/2(9Q). More-
over, ' xn, g € H%/Q((?Q). Thus, curly(u ' ¥ xn—g) € H~1/2(9Q). Thus,
since

curly(p~'Ve x n) = — divy (n x (W 1V x n)) = —divy Ve

(see [152, Formula (3.15), p. 49]), we have that divy u= Ve € H=1/2(09).
Again, the regularity results for the Laplace—Beltrami operator confirm ¢ €
H3/2(9€)), which, together with A¢ = 0, gives ¢ € H*(Q2), and thus V x E €
H(Q)3. O

5.3. Rellich identities for Maxwell’s equations

The so-called Rellich-type identities are a family of formulas widely used in the
theory of partial differential equations. The first specimen of this family was
proved by F. Rellich in [170]. They found their main application in the analysis
of the regularity of solutions of scalar elliptic PDEs in non-smooth domains, as
described extensively in Chapter 5 of [159] (see also [141, p. 146 and following
ones|). In the context of boundary integral equations they provided explicit
bounds for the inverse of a combined integral operator in [53, Lemma 2.3] and
they were used to define a new coercive operator in [182].

We will prove a new Rellich-type identity which contains the Maxwell op-
erator. Our approach is similar to the one developed to prove wavenumber-
explicit stability bounds for impedance Helmholtz boundary value problems
in [142, Prop. 8.1.4] (in two dimensions), [66] (in three dimensions, also for elas-
ticity problems) and in [104] (for mixed boundary conditions in more general
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5.3. Rellich identities for Maxwell’s equations

domains). The only previous identity of this kind in the context of Maxwell
equations we are aware of is presented in the report [101], where unbounded
penetrable dielectric media are considered.

All these identities share a common structure. Given the differential opera-
tor £ which defines the considered PDE and a function v, a special multiplier
Mu is introduced. Then, the Rellich identity is often written in the form

Re {Lv Mv} =P+V-Q, (5.5)

for appropriate terms P and Q. If v is a solution of the PDE Lv = f in the
(sufficiently smooth) domain €2, integration by parts gives

/PdV+ Q-ndS:Re/dev
Q oN Q

(notice that this integral version is often referred to as Rellich identity). A
smart choice of the multiplier Mv may ensure that a volume norm of v
(contained in [, PdV) is bounded by some boundary norm (contained in
J50 Q - ndS) and by the PDE datum f.

For example, if £ = —A — w? is the Helmholtz operator in N dimensions,
the multipliers M v = v and Myv = x - Vv give the identities

Re {(—Av — w?v) T} (A9 Re{ V- ((Vo)o) + |[Vo]? - 2\1}\2}
2Re {(—Av —w?v) x- Vv} = (2 Re {(x- Vv)VD} + (w?|v]* — |Vv|2)x)
+ (N = 2)|Vv]? = Nw?|v)?

(see [182, Lemma 2.1]). The integration of these two equations leads to a
bound on the H'(€2)-norm of v in terms of its impedance boundary condition
and the source term f, as in the mentioned theorems of [66,104,142].

L.E. Payne and H.F. Weinberger in [163] proved analogous formulas for
general elliptic operators instead of the Laplace one (see also [159, p. 245]
and [141, Lemma 4.22]). In domains with unbounded boundaries (e.g., the so-
called “rough surfaces”), the multipliers xy 0v/0z N and Jv/dxy were used to
prove the well-posedness of certain scattering problems; see for instance [52,
Lemma 4.6] and [51, Lemma 3.3].

Finally, when 2 is the complement of a bounded domain (a common situ-
ation in scattering problems) the multipliers have to be modified to include
a suitable radiation condition that ensure a sufficient decay at infinity to de-
fine all the needed integrals. In this case the obtained identities are called of
Morawetz-Ludwig type and can be found in [155] and in [182, Lemma 2.2].

In the Maxwell case, we will use as multiplier the vector analogous of Mj:
ME = (V x E) x x. In order to highlight the symmetry between electric
and magnetic field and to keep the proofs as neat as possible we will use a
multiplier for E and a mirror one for H (see Proposition 5.3.2). For a more
general choice of the multiplier see Remark 5.3.5.

We begin by proving a simple vector calculus identity; the key tool is (A.12).
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5. Stability results for the time-harmonic Maxwell equations

Lemma 5.3.1. Let v be a C' vector field with values in C* defined in a open
domain of R®. Then

2Re{V><V-(V><X)} = 2Re{V- (v-x)V) —(V-X)V-V}—V- ([v|*x) +[v|* .
(5.6)

Proof. We use some of the identities shown in Appendix A:

2Re{va-(Vxx)}

(A:'S)QRe{V-(vx(Vxx))—i—v-Vx(Vxx)}

(A2)(A6) o b | {V ((v-x)v— |V|2X)

+v-(VV-X—XV-V+(X-V)V—(V-V)x)}

A1 5 Re {V ((v-x)vV— |v|2x) +2vP = (v X))V -V +v-(x: V)V}

M 26 {7 (v307 = V) = (v XV 5} + T () + v

= 2Re{V- (v x)v) — (V-X)V-V} — V- (v]*x) + [v]*.
U

Now we put this identity in relation with the Maxwell operator in the E-H
formulation (5.1); we use the coefficients € and p in order to make the sum-
mands containing both fields vanish. The result is in the form of a Rellich
identity: the PDE operator is applied to the vector fields E and H and multi-
plied by special multipliers to obtain a divergence term summed to a positive
one. The terms containing V - E and V - H will vanish as soon as the iden-
tity will be applied to solutions of Maxwell’s equations. At this stage, all the
manipulations are pointwise; we will integrate by parts in Section 5.4.

Proposition 5.3.2. Let E and H be C! vector fields with values in C defined
in a open domain of R3. Let w, € and u be non-zero real numbers. Then

2Re { (V x E ~ iwpH) - (6B x x) + (V x H+ iweE) - (uH x x) }

- 2Re{v- (e(E-x)E + p(H-x)H) — (B -x)(V - E) — p(H-x)(V -ﬁ)}

-V (E|E|2X + ,u|H|2x) + €|E|? + p|H?.
(5.7)

Proof. The identity (5.7) is a simple consequence of Lemma 5.3.1:
2Re{(V X E —iwpH) - (€E x x) + (V x H+ iweE) - (H x x)}
ZQRG{VXE-(EEXX)—{—VXH-(MEXX)

+iweu(—H-Exx+E-ﬁxx)}
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5.3. Rellich identities for Maxwell’s equations

G041 9 Re {v (e(E - x)E + p(H - x)H)

—¢(E-x)(V-E) — u(H-x)(V- H)} — V- (e[BI>x + p|H|?x)

+ €| Bl 4 p|H? — 2wep Im{E-Hxx—i—E-ﬁxx} .
eRrR

/

=0
O
Remark 5.3.3. Under the hypothesis of Proposition 5.3.2, by choosing H =

—i(wp) "'V x E and multiplying by w?, if also V x E is of class C, the Rellich
identity (5.7) reads

2 Re {v : (wze(E X)E+pu (VX E x)V x E) — W (B x)(V - E)}
= V- (WPeBx + 7|V x EPx) + we[E2 + 57V x BJ?
:zRe{(vX(ufleE)—w%E)-(vXE)xx}. (5.8)
This formula can be put in the form of the general Rellich identity (5.5) by
choosing:
LE=Vx (1 'V xE)—-w?E,
ME = (VxE) xx,
P = LB + L[V x B~ Re {w%(B-x)(V )}
Q =Re {wZE(E X)E+p YV XE-x)V x E}
— %wze\E\Qx — %,ﬂyv x E[*x .

Remark 5.3.4. Equation (5.7) is true in distributional sense for E and H in
H(Q)3, as well as equation (5.8) is true for E € H!(curl; ).

This is not the case for E and H merely in L*(Q)? (or E € H(curl;Q))
because the proof of equation (5.6) uses the product v - (x - V)¥v (where v
represents E; H and V x E) which is not even defined in this general setting.

Remark 5.3.5. In Proposition 5.3.2 we have used a Rellich multiplier defined
through the position vector field x. This choice guarantees (i) the positivity
of the non-divergence terms in the identities (5.7) and (5.8) (called P in (5.5))
and (i1) the positivity of x - n on the boundary of a star-shaped domain.
Clearly this can be generalized in order to cope with more general domains.
If we choose instead a O vector field Z with values in R3, the identities (5.6),
(5.7) and (5.8) become:

2Re{V><v-(V><Z)}
:2Re{v- (v 2)%) —(V-Z)V-V—V(V-V)Z}
+IVA(V-2) - V- (v[Z), (5.9)
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5. Stability results for the time-harmonic Maxwell equations

2Re {(V x E ~ iwpH) - (B x Z) + (V x H + iweE) - (uF x Z)}
- 2Re{V- <e(E " Z)E + p(H - Z)ﬁ) —¢EE-V)Z - yH(H - V)Z
—«(E-Z)(V-E)— u(H-Z)(V-ﬁ)}

V. (E|E|2z + u|H|2Z> LBV Z) + pHAV-Z),  (5.10)

2Re {v- (w26(E Z)E+ (VX E-Z)V x E) — W2(E-Z)(V -E)
— W2B(E - V)Z -y 'V x E(V x E) - v)z}
~v. (uﬂeyEPz + YV x EPZ)

+ W2 EX (V- Z)+ p |V x E3(V - Z)
=2Re{(Vx (1 'V xE)—w?E) - (VxE)xZ}. (5.11)

They can be proved as in the case of Z = x by using (A.10) instead of (A.12)
and (A.11).

If V-E = 0, the non-divergence terms in the last identity correspond to (the
real part of ) the sesquilinear form defined by the matrix B := (V-Z)1d3 —2DZ
(DZ being the Jacobian matrix of Z) applied to we'/?E and to u~'/?V x E.
Notice that in the case Z = x, B boils down to the 3 x 3 identity matrix
Ids, thanks to (A.11). In order to obtain a useful identity when we integrate
by parts these formulas, Z has to be chosen such that B is either positive or
negative semidefinite in the domain and the sign of Z - n is constant on the
boundary.

5.4. Stability estimates

In this section, we prove stability estimates in energy-norm for problem (5.4),
with stability constants independent of the wavenumber w. We use an argu-
ment similar to the one developed in [142, Sect. 8.1] (see also [66] and [104])
for the Helmholtz problem. Before doing that, we establish the following geo-
metric equivalence.

Lemma 5.4.1. Let Q C R3 be a bounded, either C? or polyhedral domain.
Then ) is star-shaped with respect to B (%) if and only if, for all x € 0 for
which n(x) is defined, (x —xo) - n(x) > 7.

Proof. Set I' := {x € 9Q : n(x) is defined}; our assumptions on €2 imply that
O\ T has zero 2-measure.

If 2 is star-shaped with respect to B, (xg) then, for all x € I', the tangent
plane in x to 02 does not intersects the (open) tangential cone to 0B, (xq)
with vertex x. Since (x —xp) - n(x) is equal to the signed distance of xo from
the tangent plane in x to 99, then (x — xg) - n(x) > 7.

We prove the converse by contradiction; see Fig. 5.1. Assume that there
exist x € 2 and y € B,(xg) such that the segment (x,y) is not contained in
Q. Then, there exists z € (x,y) N I such that the open segment (x,z) is
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5.4. Stability estimates

Figure 5.1.: Geometric considerations in the proof of Lemma 5.4.1.

contained in Q. () If z € I, then (z—x¢) -n(z) = (z—y) -n(z)+(y —xo0) -n(z);
since (z —y) -n(z) <0 and (y — x¢) -n(z) < v- 1, then (z — x¢) - n(z) < v,
which contradicts the assumption. (i) If z ¢ T', there exists n > 0 such that
the (open, infinite) cylinder C, with axis through x and y, and radius 7 is
such that its orthogonal sections Sx and Sy through x and y, respectively,
are contained in 2 and B, (xg), respectively. Since C;,, NT" is an open dense
subset of C;, N 0L, let z’ be one of its points such that, defined x’ and y’ as
the orthogonal projections of z’ onto Sk and Sy, respectively, the points x/, y’
and z’ are in the same situation as the points x, y and z in case (i). Then we
conclude that (z' — x¢) - n(z') < 7, which contradicts the assumption. O

The assertion of Lemma 5.4.1 amounts to the identity

sup {7 € R : Q is star-shaped with respect to Bﬁ,(xo)}

= inf {(x — x0) - n(x) : x € 0Q and n(x) is defined} .
The integration on € of the Rellich identity (5.7) gives a new equation that
relates the volume norms of E and H with their tangential and normal traces
on 00 and with the source term J = iw(V x H + iweE). In Lemma 5.4.2 we

prove this new formula; in Lemma 5.4.3 we exploit the star-shapedness of the
domain and Lemma 5.4.1 to get rid of the normal traces.

Lemma 5.4.2. Let E and H € H(curl; Q) N H(div; Q) N CH(Q)3, where Q is
an open, bounded, Lipschitz domain. Then the following identity holds

R S e

:—2Re/ e(Er-xr) (E-n)+ p(Hr -xr) (H-n)dS
o
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5. Stability results for the time-harmonic Maxwell equations

b [ el ~ B m) + (Bef? - By P)xw)dS
o0
+2Re Qe(E-X)(V-E)—|—,u(H-X)(V-ﬁ)dV
—|—2Re/ (VX E —iwpH) - (€E x x) + (V x H+ iweE) - (uH x x)dV .
Q
(5.12)

Proof. We remind the decomposition (0.4) in tangential and normal parts
v=n(v-n)+ (nxv)xn=vy + vy of the vector fields defined on 9; this
gives v-x = vy - xy + vy - xp and |[v]? = [vn |2 + [vr]?.

We integrate by parts the Rellich identity (5.7), and obtain

2 2
78] + ]
:—QRe/aQe(E-x)(E-n)—i—u(H-x)(ﬁ-n)dS
4 [ B m) 4 PO m) s
o0
—|—2Re/ﬂe(E-x)(V-E)+,u(H-x)(V-ﬁ)dV
—|—2Re/Q(V><E—iw,uH)-(eEXx)+(VXH+iweE)-(,uﬁxx)dV
:—QRe/(me(ET-XT)(E-n) —l—,u(HT-xT)(ﬁ-n)dS
b [ el ~ B c m) + u([Eef? - [HyP)(xw)dS
o0
—|—2Re/Qe(E-X)(V-E)+,u(H-x)(V-ﬁ)dV

+2Re/ (VX E —iwpH) - (€E x x) + (V x H+ iweE) - (uH x x)dV .
Q
O

Lemma 5.4.3. Let Q be an open, bounded, either C? or polyhedral domain,
which is star-shaped with respect to the ball B,(0), w, € and p be positive
numbers, and let E and H be vector fields in Hpy(curl; Q) N H(div; Q). Then
the following bound holds

ol ]
0,Q 0,92
- (diam(Q))2<H€1/2ETH2
n Y

/Qe(E -x)(V-E)+ pu(H-x)(V-H) dV‘

2
el )

0,00 0,09

+2

+2

/Q(VXE—iw,uH)-(eEXx)—F(VXH—{—iweE)-(,uﬁxx)dV .
(5.13)
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Proof. The theorem proved in [62] states that the space of smooth vector fields
C>(Q)3 is dense in Himp(curl; ) N H(div; Q) for every bounded, Lipschitz (2
(see also [152, Theorem 3.54] and [26] for similar results). This is a deep result
based on the regularity theory for the Laplace equation. This density gives us
the possibility to assume that E and H are C'(Q2)3 vector fields.

We use the weighted Young inequality 2ab < a?/e + eb? (here € = x-n) and
the result of Lemma 5.4.1, i.e., x-n(x) > v > 0 on 99, in the identity (5.12):

2 2
e W
0,02 0,2
2
< [ (B EIE 4 B o) + Br G ) — By w) as
o0 X--1n
HQ@HQ- H%(x-n) — [Hy|2(x-1n)) dS
o [ (18 P PG (B PO m) (B (cem)

+2

/QE(E-X)(V'E) +u(H-x)(V-H) dV‘

=1 (VxE—iwuH)-(eExx)—i—(VxH—i—iweE)-(uﬁxx)dV‘
Q

< (diam(Q))2
Y
+2‘/QE(E-X)(V-E)—i—u(H-x)(V-ﬁ)dV‘

/ €|ET|2—|—M|HT|2dS
oN

+2 / (VxE—iwuH)-(eExx)—i—(VxH—i—iweE)-(uﬁxx)dV‘ :
Q

because (|x7|?2+ (x-n)?)/xny = (|x7|? + |xn|?)/xn = [x]?/xy < diam(Q)? /7.
O

Remark 5.4.4. If we choose H = —i(wp) "'V x E (as in Remark 5.3.3) and
we assume V - E = 0, the integral identity of Lemma 5.4.2 and the bound of
Lemma 5.4.3 read
2 2
o e P T
0, 0,92
= —2Re/ w?e(Er-x7) (E-n)+ 4 (VX E)r-xr) (VxE-n)dS
o0
" /a e([Brf =By ?)(x-m) + 17 (7 % Bl =7 % )y ) (x- n) S
+2Re/ (Vx 'V xE)—w?’E) - (VxE) xxdV,
Q

and

w2

9 9
el/QEH + H/flﬂv X EH
0,0 0,0

< (diam(Q2)) 2 2

7 (|

e <] )

0,00 0,00
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+2

/(Vx(,u_1V><E)—w26E)-(V><E)><de , o (5.14)
Q

respectively.

We are now ready to prove our stability result. We may notice that so far
we have not used the impedance boundary condition: all the previous results
hold for any Maxwell boundary value problem. Now the boundary condition
defined in (5.2) will be crucial.

Theorem 5.4.5. Let  C R3 be a bounded either C? or polyhedral domain
which is star-shaped with respect to B,(xg), and let J, g and the material
coefficients satisfy the assumptions made in Section 5.2. Then, there exist two
positive constants Cy, Cy independent of w, but depending on diam(2), v, 9,
€ and p, such that, if E is the solution to (5.4),

o2 B+

dPE| <Cillhg+Collgloon - (5:19)

Moreover, there exist two positive constants Cs and Cy independent of w, but
depending on diam(S2), v, ¥, € and p, such that

w |[012Bz | < CallTloq+ Culiglon - (5.16)

Proof. We assume, with no loss of generality, that xqg = 0. Taking the imagi-
nary part of Ay(E,E) and using the Young inequality give

2 _ -1 2 2
oloreee]; <] [ 3-8 av|+ 5 o], + 5 ora],
0,69 Q 2 0,00 2 0,69
from which
2 _ 2
W2 HMWETH < 2w /J-E dV‘—i—HW\_l/QgH . (5.17)
0,0 Q 0,09

From Theorem 5.2.1, we see that the hypothesis of Lemma 5.4.3 hold true
and V- E = 0, thus we can use the bound (5.14) together with the impedance
boundary condition, the Cauchy—Schwarz and the weighted Young inequality:

2 2
2 |emef oo <]
0,Q 0,2
(5.14) ( diam(Q))> 2 2
! M(wz e 2w ey )
~ 0,00 0,00

19 /QJ.(VXE) xde'
B o o el
+2(diam(@) [l 23]V < E]
617 (diam(©))” (20(el " + 9l1) ‘/ J-EdV' + (17 4220 1l 90 )
v . |
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+2(diam(@) 23] (la2v < B

2

o w? (diam(Q))4
- 2

2
1/2 1 9 9
E| + 2 o+ 1) 3

diam(£2) 2 _
L) .

1 2
v HM—WV X EHOQ +2( diam(©)) |32, -

By moving the two terms containing E to the left-hand side, taking the square
root and using va +b < \/a + Vb for positive a and b, we obtain the asser-
tion (5.15) with

(diam(Q))2

=2
@ Ve

(e|9]7F + [9|u) + 2 diam(Q) /1

and

i Q
Cy =12 dl&\/i()\/dﬁ]—2 +2u .

The bound (5.16) on the trace is obtained from (5.17) using the Cauchy—
Schwarz and the weighted Young inequalities, and the stability bound (5.15):

2 (5.17) ) ) B )
W2 (|11 EL || U< NG g+ WP I o+ 1917 gl o

(5.15) 2 -1 2 -1 2
< o +e (Cilldllon+ Caligllosn)” + 1917 gl a0
_ 2 — — 2

< (142710 315 o + (1917 +2¢71C3) lgllf o

thus the constants can be chosen as
Cy=1+V2e 201 and  Cy= 9|2+ V2e 20y

The use of (5.15) before the Young inequality leads to a different choice of the
constants:

Cs=e V1201 + Cy and Cy=e 4 \/Cyt 9|71
O

Remark 5.4.6. In Theorems 3.2 and 3.3 of the paper [109] we proved exactly the
same result of Theorem 5.4.5 here but that proof is apparently very different
and more intricate. In that case the Rellich identity was not written explicitly
in pointwise form but was obtained directly in integral form by using the vector
multiplier & = (V x E) x x as test function in the variational formulation (5.4)
(such an approach is closer to the one of Proposition 8.1.4 of [142]). This choice
required E to be in H'(curl; Q), thus Q to be of class C2, due to Lemma 5.2.2.
The extension to polyhedra was then accomplished by adopting a limiting
technique to approximate the problem domain with a sequence of smooth
domains. The boundary value problem posed on the former was the limit of
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the ones posed on the latter via a pullback. Here, a better understanding of
Rellich-type identities in pointwise form and the density borrowed from [62]
allowed us to avoid this procedure.

Remark 5.4.7. The assertion of Theorem 5.4.5 holds true also if €2 is not
a polyhedron but is open, Lipschitz, bounded, star-shaped with respect to
By (x0) and the set {x € 9Q : n(x) is not defined} has zero measure in 05
(¢f. Lemma 5.4.1).

Remark 5.4.8. The assumption of the star-shapedness of ) enters the proof
of the stability bound through Lemma 5.4.3. In concrete, it allows to bound
the volume norms by using only the tangential parts of the traces of E and
H. These are the most natural traces for electromagnetic problems.

In the spirit of [104], we might allow the domain €2 to be defined as Q =
01\ Qq, with both Q; and Q5 star-shaped with respect to the ball B,(0) and
Qy C Q. In other words, the domain contains a hole: this configuration is
important since it can be used to model the scattering of an electromagnetic
wave by a bounded scatterer {25. We fix the unit normal n to be outgoing from
), therefore on the exterior boundary 0§2; we have x-n > v > 0 while on the
interior boundary 9€29 the converse x - n < —v < 0 holds. Thus the signs of
the boundary norms on 95 in (5.12) are swapped and the Cauchy—Schwarz
inequality has to be used in the opposite way. This leads to the bound

w2

2 2
B[+ |u2v < E|
0,Q 0,2

(diam(Q))2 9
S

2 n HM—1/2(V X E)TH;991 -

e e, )

61/2ETH
0,091
+ w? ?

61/2EN H
0,009

+2 / (VX(M_1VXE)—w26E)-(VXE)xde‘ :
Q

instead of (5.14), for every divergence-free vector field E in 2. This result
is not satisfactory because it allows to control the solution with constants
independent of the wavenumber only by using normal traces on the interior
boundary, which are not commonly used in boundary conditions for electro-
magnetic problems. For example, Theorem 5.2.1 holds true in the domain
Q=0 \Q_2 if a tangential Dirichlet boundary condition Ep = 0 is imposed
on 0%y (see [152, Theorem 4.17]).

In the same way, we might look for a “Morawetz-type” analogue of (5.13),
i.e., a bound that takes into account the Silver—Miiller radiation condition
(cf. [160, (5.2.24-25)]) and holds in exterior domains. Again we would find a
bound that involves the normal traces on 0f).

5.5. Regularity of solutions in polyhedral domains

In this section, we establish the regularity of the solutions to problem (5.4)
for a Lipschitz polyhedral domain €2, when g possesses extra smoothness.
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5.5. Regularity of solutions in polyhedral domains

The definition of Sobolev spaces on the polyhedral boundary requires care.

For every real number s, the Sobolev space H*(I") on a smooth (C'*°) man-
ifold T' of dimension N — 1 is defined via local charts that map open sub-
sets which cover the manifold itself into domains of RV~!, see [137, Chap. 1,
Sect. 7.3]. This definition is well-posed in the sense that it provides equivalent
norms for different parameterizations of I" (see [137, p. 40]). If the manifold
is not smooth but only Lipschitz, this definition is well-posed for regular-
ity indices in the range —1 < s < 1 only (c¢f. [7, p. 825], [61, p. 614], [99,
Sect. 1.3.3], [141, p. 99 and Theorems 3.20 and 3.23|, [152, Sect. 3.2.1], [159,
Chap. 2, Lemme 3.2] or [177, Definition 2.4.1}).

We adopt Definition 1.3.3.2 of [99] for H*(0Q), with —1 < s < 1. If 0 <
s < 1, the local chart norm is equivalent to the Sobolev—Slobodeckij norm
defined via the double integral on 052 in equation (1.3.3.3) of [99] (see also [152,
Sect. 3.2.1] and the equivalent formula [177, (2.85)]).

We will also need more regular function spaces; in order to define them we
will exploit the fact that our domain is a polyhedron, which allows definitions
in a piecewise sense that are not possible on general Lipschitz domains. Denot-
ingby I';, j =1,...,m, the flat (open) faces of 02, and following [40, Sect. 2.3]
we set

H*(09) :=={o e H'(09): ¢, € H*(L;) j=1,....m}  fors>1,
(5.19)
and

H7(09) = {p € L}(09) : ¢ip, € H*(T)%, j=1,....m}  Vs>0,

where the faces I'; are considered as domains in R? in the definition of H*(T;)
and H*(I';)2. Notice that in [40, eq. (16)] the space HZ(9€) was denoted
H? (092). For s > 1, the spaces H*(0f2) are endowed with the norms

m 1/2
2 2
lelloon = (Ielion+ Xllelis, ) s>1. (G20
j=1

Thanks to Corollary 1.4.4.5 of [99] for 0 < s < 1/2 the spaces H*(02) can be
defined piecewise, i.e.,

H*(0Q) = {p € L*(09) : ¢, € H*Ty), j=1,....m} 0<s<1/2,
(5.21)
with an equivalence between the two intrinsic norms; therefore we can identify
the spaces

H5(0Q) = HS (09 NL%(09Q) 0<s<1/2. (5.22)

From [39, Theorem 3.9 and Theorem 3.10] (see also [41, Theorem 4.1]), we
learn that, if U € H(curl; ), then

divp(U xn) € HY2(8Q),  cwrly(Ur) € H-Y2(8Q) (5.23)
Jdive (U x m)l_y 00 < € (I0)lgq + IV % Ullg) -

lewrlr (U7) |y 5,90 < € (100lo0 + IV % Ullgg) -

145



5. Stability results for the time-harmonic Maxwell equations

where curly and divy are the surface curl and the surface divergence on 0f2,
respectively, and the constant C' > 0 is independent of U.

The identifications (5.22) and (5.21) imply the continuity of the surface
(scalar) differential operators:

divy, curly : H5(0Q) — HH0Q), 0<s<1/2. (5.24)

Eventually, the standard trace theorem for Sobolev spaces yields the conti-
nuity of the tangential traces (see [39, p. 11])

HY(Q)? — HY*(09) HY(Q)? — HY*09) . (5.25)
U — Ur ’ U — Uxn ' ’

notice that these two trace operators are not surjective in Hilp/ 2 (092) and their
ranges are different (see Proposition 2.7 of [39]).

On a domain  with Lipschitz boundary 02, Theorem 1 of [69] provides
the continuity of the trace operator from H*T1/2(Q) to H*(d9) in the range
0 < s <1 (see also Theorem 3.38 of [141]):

1200, 00 S C I®llss1pp0  VEE HY2(Q), 0<s<1. (5.26)

Moreover, the trace is surjective, thanks to Theorem 2.6.11 of [177] (see also
Theorem 3.37 of [141] for the case s < 1/2):

H*(0Q) = {¢ € L*(09) : ¢ = ®|yq for some & € HT/2(Q)} 0<s<1;
(5.27)

and the norm
o inf {0,y pq, ®EH Qs t. Ppg=9p} 0<s<1 (528

is equivalent to the [|||; 5o norm. The trace operator is not continuous in
the case s = 1 (i.e., from H??(Q) to H'(9Q)) for general Lipschitz or C?
domains, as a consequence of the counterexamples of [127, p. 176]; on the
other hand, it is continuous and surjective for domains with C%! boundary
(¢f. [141, Theorem 3.37]). It is not clear whether this holds or not in the case
of Lipschitz polyhedra.

The following proposition shows that, for 1 < s < 3/2, the spaces defined
in (5.19) correspond to the traces of the usual Sobolev spaces in €. This
is a consequence of the results of [29,30] and [39] in the cases s < 3/2 and
s = 3/2, respectively. Due to (5.27), the analogous identification holds true
for 0 < s < 1 but it is not guaranteed for s = 1.

Proposition 5.5.1. Let Q be a Lipschitz polyhedron. For 1 < s < 3/2, it
holds

H5(0Q) = {p € L*(0Q) : ¢ = D9 for some @ € HSH/Q(Q)} . (5.29)

The two corresponding intrinsic norms (5.20) and (5.28) are equivalent.
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5.5. Regularity of solutions in polyhedral domains

Proof. The case s = 3/2 corresponds to Corollary 3.7 of [39].
We consider the remaining case 1 < s < 3/2. The inclusion

{pe L2(09) : ¢ = P15 for some ® € HS‘H/Z(Q)} C H*(09)

is a consequence of the trace theorem. Indeed, for ® € H**1/2(Q), the trace
P9, belongs to H'(9Q) because of [69, p. 600]. Then ®r, belongs to H*(I';)
because the faces I'; are flat, thus C* instead of merely Lipschitz, therefore the
H*(T'j)-norm can be controlled using the L?-norm and the tangential gradient
Vr which, in turn, is controlled by the volume norm of the gradient which
satisfies the vector analogue of the trace theorem (5.26) in a suitable range of
Sobolev regularity indices:!

(5 20) m 1/2

. 2 2

1], 5o ®2 (||<1>||1,m s ||<1>Hs,rj>
j=1

FquﬂRQ m
< c(ucﬁumwmvmusl,pj)

j=1

(5.22)
< C (2000 +1VOl,_100)

[69, p. 600],
(5.26)
< C(I1®lsgajp0 +IVRl,_100)
< C 041 v e HTQ) . (5.30)

In order to prove the inverse inclusion, we fix ¢ € H*(9). In particu-
lar ¢ € H'(0Q), therefore, if two faces I'; and I'jy meets on the edge e; ;,
then o, = PIr,, on e for every ¢ € H'(9S) (which follows either from
Lemma 1.5.1.8 of [99] with a localization argument or from Green formula for
Lipschitz domains, see [99, Theorem 1.5.3.1] or [159, Théoréme 1.1, Chap. 1]).
Moreover, o, € H*Tj), j =1,...,m. Thus, Theorem 3.10 of [152], which
is a very special case of Theorem 6.9 on page 43 of [30] (or, equivalently [29,
Théoréme 2]), states that ¢ is a trace of a function ® € H*/2(Q) and the
assertion follows.

In other words, the traces of H*t1/2(Q) functions are characterized by H*
regularity on every face and by some compatibility conditions on edges and
vertices according to Theorem 6.9 of [30]; in particular, for 1 < s < 3/2
the compatibility conditions are the same as for H'(9), which are already
granted by our definition (5.19) of H*(0).

The equivalence between the two norms follows from the bound (5.30)
and the open mapping theorem applied to the identity operator in H*®(0%2)
(see [205, p. 77]). O

Thanks to Proposition 5.5.1, Corollary 5.5.2 provides a simple regularity
result for the Laplace equation in the context of the spaces defined in (5.19).

! Alternatively, the continuity H(I)Hs,rj SOl 41,2

tinuous extension operator E, /s : HTY2(Q) — HTY/2(R®) (see [99, Theorem 1.4.3.1]
and [141, Theorem A.4]) and the trace on the affine plane that contains the face T';.

o could be proved by using the con-
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5. Stability results for the time-harmonic Maxwell equations

Corollary 5.5.2. Let Q) be a Lipschitz polyhedron. Then there exists sq de-
pending only on 2, 0 < sq < 1/2, such that if ¢ satisfies

~Ap € L*(Q),
Pl € H*(0Q) ,

for some 1 < s < 1+4sq, then ¢ belongs to H5+1/2(Q). Moreover, the following
bound holds

ol 511720 < C(llells a0+ 1A¢llq) - (5.31)

Proof. This is Theorem 3.18 of [152], since Proposition 5.5.1 identifies the
spaces H*(0Q2), for 1 < s < 3/2, defined piecewise in (5.19) and the ones
defined as global traces defined in equation (3.12) of [152].

The uniqueness of the solution of the boundary value problem and the con-
tinuity of the trace (5.30) and of the Laplacian operators provide a linear
continuous bijective operator

{p € HPV2(Q), Ap € L2(Q)} — L*(Q) x H(99Q)
thus the open mapping theorem (see [205, p. 77]) gives the bound (5.31). O

Remark 5.5.3. The parameter sq in the previous corollary is described in
Corollary 18.15 of [67].

Whenever the domain €2 is convex, Corollary 18.18 of [67] applies and Corol-
lary 5.5.2 holds for every 1 < s < 3/2.

A last elliptic regularity result will be instrumental in the treatment of
Maxwell solutions: it concerns the Laplace-Beltrami operator Ay = divy Vo,
where Vp denotes the tangential gradient, and is stated in [40, Theorem 8];
we report it here, for the sake of completeness.

Lemma 5.5.4. For any bounded Lipschitz polyhedral domain, there is a 0 <
s* <1 depending only on the shape of O in neighborhoods of vertices, such
that

Arp € H13(0Q) for some s > 0
= e HTLEON) Y0<sip<s, spp<s*.

The case spp = s, when s < s* can be deduced from the proof of [40,
Theorem 8|. Moreover, formula (57) in [40] shows that, whenever € is convex,
it is possible to choose s* = 1.

We are now ready to prove the main theorem of this section, namely, a
regularity result for the solutions of the Maxwell equations.

Theorem 5.5.5. Let  C R3? be a bounded polyhedral domain which is star-
shaped with respect to B,(xg). In addition to the assumptions made on J, g
and on the material coefficients in Section 5.2, we assume g € Hy? (0), with
0 < sy < 1/2. Then the solution E to problem (5.4) satisfies

Ec HY/?*(Q)® and V xEc H/*3(Q)3
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5.5. Regularity of solutions in polyhedral domains

for all the real parameters s such that

0 < s <min{sg,sq} and s<s",
where sq is defined in Corollary 5.5.2 (or in [67, Corollary 18.15]), and s* is
defined in Lemma 5.5.4 (or in [40, Theorem §]).
Moreover, we have the following stability estimate: there is a positive con-
stant C' independent of w, but depending on s, 2, v, 9, € and p, such that

IV X El 2150t wlEl g0 < C <(1 +w)([Ilo.0 + lIgllosn) + HgHsg,aQ> :
(5.32)

Proof. In this proof, we denote by C a positive constant independent of w, but
depending on ¥, €2, € and pu, whose value might change at each occurrence.
We start by by proving the regularity of E, following the reasoning of [68,
Sect. 4.5.d].
Decompose E as

E=&"+Vy,
where ®° € H'(Q)? N H(div’;Q), v € H(Q) and

2%, ¢ + [¥ll.0 < CUElgq + IV x Elyg) (5.33)

(see [105, Lemma 2.4]); clearly, Av) =0 in €.
By using this decomposition, we can write the boundary condition in prob-
lem (5.1) by

(17V X E) x n — iwd®% — iwdVrip = g on 9N , (5.34)

where V71 is the tangential gradient of ¢ on 09, i.e., V1 := (n x V1)) x n.
Using (5.23), the tangential divergence divy of (1~ 'V xE)xn is well-defined,
belongs to H~'/2(9) and

|divr ((¢™'V x E) x n) H—1/2,an

(5.35)
=C <H/‘71V X< Bllg o+ [V x (17'V x E)HOQ> :

Since g € H?(99Q), (5.24) gives divpg € H*~1(0Q). Moreover, (5.25)
and (5.24) imply divy ®% € H-/271(9Q) for all n € (0,1/2], in particular,
divy ®% € H*9~1(09Q); they also imply the bounds

|divy %]

< Clef < Cl|®°%, o0, -

5g—1,0Q 5g—1,0Q

From the regularities of the tangential divergence of the terms in (5.34), it
follows that
dive IV € Ho1(09) .

Due to the smoothness of the solutions to the Laplace—Beltrami equation pro-
vided by Lemma 5.5.4, we have that 1) € HT55(9), for every 0 < spp < sg,
s < s, where s* is defined in Lemma 5.5.4. Corollary 5.5.2 ensures that
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5. Stability results for the time-harmonic Maxwell equations

Y € H3?+5(Q), for every 0 < s < min{s,, sq}, s < s*, where 0 < sq < 1/2 is
given in Corollary 5.5.22. Moreover, the previous steps give

(5.31) [111, eq. (2.2)] )
[¥ll3/0450 < Clvliis oo < Clldive IVl 1 5o - (5.36)

From ®° € H'(Q)? and V¢ € HY/?*5(Q)?, we have that E € H'/?+5(Q)3.
We proceed by bounding ||El|, J2+s,0- By the triangle inequality, we have

IE[; /2450 < H‘I’OHUH&Q IVl 2150

and we bound the two terms on the right-hand side separately.
From (5.33) and the stability bound (5.15), we obtain

[2°]], o < C(L+w™) (C1lTlloq + CzlIglloon) - (5.37)

Collecting the bounds proved so far, we obtain

(5.36) .
VY1 )o4s0 < Cldive IVl ;0

(5.34)
<

O (o Jdive (7' < B) xn)|,, o

+ || dive 98% [, ) o+ |divy gHsgq,aa)

(5.24)

< C (ufl [dive ((0™'V x B) xn)||_, , 0

+ @9, o0+ gl 00 )

(5.35), (5.25) . .
< 0wV X Ellgg+w IV x V x Elyg

+ 120+ " gl 00)
(5.1), (5.37)
<

C (0™ IV x Ellggq +w [Ellog +w™ 13l

+ (14w ™) (€1 o0+ Callello o)+ gl o0 )

(5.15) 1 1
< C ((6’1 +w Cr+w ) [ Jloq

+ (1400 gllopn +w gl ) -

Therefore, we have the bound

WBlyz450 < C ((1+Cr+ Cow) g0 + (1 +©)Ca lgllo 0 + el 0 ) -
(5.38)
Similarly, we prove the smoothness of V x E. Decompose V x E as

VxE=%"1V¢,

*Whenever  is convex, the parameter L in [40, Theorem 8] is equal to 2, thus s* = 1.
Moreover, thanks to Remark 5.5.3, sq can be chosen equal to sy. Therefore, if Q is
convex, the only condition on sis 0 < s < 5.
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where 0 € H'(Q)3 N H(div%; Q), and ¢ € H'(Q); again, A¢ =0 in Q and
120, o + 1166 <€ (IV X Ellgg+ IV x ¥ x Ellg)
<C (IV xElgg +w* [Blgg + lle) - (5.39)

where the second inequality follows from the first equation in (5.1). The
boundary condition in problem (5.1) can be written as

p Y xn+ Vo xn—iwdEr =g on 0f) . (5.40)

Thanks to (5.23), the tangential curl curly of YEz is well-defined, belongs to
H~1/2(09Q) and

[eurlr VE7 || 5 9o < C ([Ellgo + IV x Ellgq) - (5.41)
Since g € H;?(0Q)3, (5.24) gives curlpg € H®*~1(0). Moreover, ¥ x
ne H%/Q((?Q)g by (5.25), then curly(pu='®° x n) € H~1/271(9Q), for every

0 <1 < 1/2, by (5.24), in particular, curly(u~'®°% x n) € H%~1(99). Thus,
since

curly(p~'Ve x n) = — divy (n x (W 1V x n)) = —divy Ve
(see [152, Formula (3.15), p. 49]), we have that
divy =V € HS71(0Q) .

Proceeding exactly as we did to prove (5.36), corollary 5.5.2 and Lemma 5.5.4
ensure that the harmonic function ¢ belongs to H>/ 2+5(Q)) with the parameter
s in the same range as before (0 < s < min{sg, sq}, s < s¥), and

(5.31) [111, eq. (2.2)] .
[ll5/2150 = Cllolli4s00 < Clldive IVl g (5:42)

From ¥ € H'(Q)3 and Vo € HY/?5(Q)3, we have that V x E € H'/2+5(Q)3.
For the bound of |V x El|; 25,00 the triangle inequality gives

IV X El /9150 < H‘I’OH1/2+S,Q +IVellijotsa -
Again as in the first part of this proof, from (5.39) and (5.15), we have
[9°]], o < € (14 Cr 4+ Cr) 3o + (1 +w)Cs gl ) -

For ||ng§\|1/2+S o, by proceeding as in the first part of this proof, using (5.42),
the boundary condition (5.40), the bound (5.41), the continuity (5.24), the
stability bound (5.39) and (5.15) we have

196012100 < € (14 Cr+ C1eo) 13l + (1 +w)Co gl + N, 00 )

and consequently

IV % Ellp00 < C (14 C1+ Cr) [3lg g + (14+)C lglo o + gl 00 )-

(5.43)
The bounds (5.38) and (5.43) give the stability bound (5.32). O
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Remark 5.5.6. In the case of convex polyhedral domains, the smoothness pa-
rameters s reaches the regularity of the boundary datum s = s, < 1/2, since
Corollary 5.5.2 holds true for all 0 < sqg < 1/2, and s* = 1 in Lemma 5.5.4
(see footnote 2).

Remark 5.5.7. The regularity of solutions stated in Theorem 5.5.5 guarantees
that the tangential traces of E and V x E are in L2(0). We will need this
regularity in Chapter 7 in order to define the TDG method and to carry out
its convergence analysis.

Remark 5.5.8. For C?-domains, under all the other assumptions made in The-
orem 5.5.5, the H'-regularity of both E and V x E was already established
in [68, Sect. 4.5.d] (see also Lemma 5.2.2 above); the stability estimate

IV % Ellyq +w[Ellg < € (1 +)(1Tloq + Iglloon) + gz )

can be obtained along the lines of the proof of Theorem 5.5.5.

Remark 5.5.9. Similar results to the one proved in this chapter, namely,
wavenumber-explicit stability and regularity bounds in star-shaped domains,
were already available in the simpler case of the Helmholtz equation. Since
we have generalized for the first time the Rellich identity to the context of
Maxwell equations, we can imagine many other results that could be trans-
lated from the scalar to the vectorial setting. In particular, several different
extensions of Theorem 5.4.5 might be interesting;:

e to non-star shaped domains; in this case, in the definition of the multi-
plier ME = (V x E) x x of the Rellich identity, x should be substituted
by a more general vector field Z as described in Remark 5.3.5;

e to domains containing a (star-shaped) hole and with mixed boundary
conditions, in order to extend to the Maxwell case the results proved
in [104] for the Helmholtz problem (see also the comments made in Re-
mark 5.4.8);

e to non-constant or anisotropic material coefficients € and pu; the key tool
for this extension would be the use of more general Rellich identities,
as the one introduced by Payne and Weinberger in [163] (see also [159,
Sect. 5.1.1] and [141, Lemma 4.22]).

A smart modification of the Rellich-type identity proved in Section 5.3 might
also lead to

e wavenumber-explicit continuity bounds for boundary integral operators
(such as Dirichlet-to-Neumann map or combined field operators) and
their inverses (see [53,182]);

e well-posedness of boundary value problems (and corresponding varia-
tional formulations) for the scattering of electromagnetic waves by un-
bounded rough surfaces; in the scalar case the Rellich identities turned
out to be a key tool (see for example [51,52]) but, up to our knowledge,
in the Maxwell setting the only available result is the one of [101];
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5.5. Regularity of solutions in polyhedral domains

e pointwise and integral Rellich-type identities for differential forms (see
for instance [11,105] for an introduction to differential forms), this could
unify the treatment of Helmholtz and Maxwell’s problems.
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6. Approximation of Maxwell solutions

6.1. Introduction

The three Cartesian components of a solution of the time-harmonic homoge-
neous Maxwell equations are solutions of the homogeneous Helmholtz equa-
tion. Therefore, a trivial generalization to vector fields of the scalar approx-
imation estimates proved for spherical and plane waves in Chapter 3 applies
to any Maxwell solution. However, the approximating fields that are obtained
by this procedure do not, in general, solve the Maxwell equations. We have
seen in Chapter 4 that in order to formulate a Trefftz method it is crucial that
the basis functions are locally solutions of the PDE to be discretized. As a
consequence, in order to analyze the convergence of any Trefftz method for
the Maxwell equations, new best approximation estimates that involve only
divergence-free plane or spherical waves are necessary. This chapter is devoted
to tackle this problem.

If the electric field E is seen as the curl of the magnetic field H, the lat-
ter can be approximated as a vector Helmholtz solution. Then, it turns out
that the curls of the vector plane (or spherical) waves approximating H are
in turn divergence-free vector plane (or spherical, respectively) waves, thus
they are legitimate Maxwell-Trefftz fields, and they approximate E. We will
make precise this reasoning in Sections 6.2.1 and 6.2.2. However, the h- and
p-estimates obtained via this procedure are not sharp, since the use of the
curl operator reduces by one the orders of convergence. The same argument,
together with a special potential representation, will be used in Section 6.4 to
prove a similar result for solutions of the time-harmonic elastic wave equation
(Navier equation).

A possible way to improve the convergence rates is to follow the same lines
as in Chapter 3. In Section 6.3 we use vector harmonic polynomials and the
Vekua operators to prove better orders in h for spaces of spherical waves. An
idea for a similar proof for plane waves is sketched in Remark 6.3.5. On the
other hand, this approach apparently does not allow any p-estimate.

Throughout this chapter we will use extensively the vector spherical har-
monics, their definitions and all the needed properties are summarized in Ap-
pendix B.5.

6.2. Approximation estimates for Maxwell’s equations

In this section we observe that it is possible to prove approximation estimates
for solutions of Maxwell’s equations by plane and spherical waves in a very
simple fashion. This result is a consequence of the corresponding one proved
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for the Helmholtz equation in Chapter 3. On the other hand, since we ap-
proximate a vector field through an approximation of its curl, the orders of
convergence are not expected to be sharp, neither in A nor in p.
Let E € H* ! (curl; D), k € N, be a solution of the homogeneous Maxwell
equations
Vx(p'VXE)—w’ E=0 in D, (6.1)

where € and yu are real, positive constants (see also Section 5.2) and D C R?
is a bounded Lipschitz domain. Throughout this chapter we will denote with
k the scaled wavenumber

K= w\/€lt ,

and with H the magnetic field corresponding to E:
H:= (iwp) ' VXE.

Since both E and H are divergence-free (V-E =V -H = 0), € and p are
constant, and the curl-curl operator can be written as V x Vx = V(V:) — A,
where A is the (componentwise) vector Laplacian, they are also solutions of
the homogeneous vector Helmholtz equation with wavenumber x:

—Au-—ru=0 inD, u=E, H. (6.2)

6.2.1. Approximation of Maxwell solutions by plane waves

The vector-valued plane waves are vector field defined as x — a >4, where
a and d are constant unit vectors. They are solutions to the vector Helmholtz
equation (6.2) for every a, d € S?, and they are solution to the Maxwell

equations (6.1) if and only if a-d = 0, since
V- (aemx'd) = ik(d - a)etxd V x (emx'd) = ir(d x a)e"™d . (6.3)

We define local plane wave approximation spaces in a slightly different way
than the one in [121]. Given an integer ¢ > 1, introduce a set of p = (g + 1)?
plane wave propagation directions

{dihi<icpy ©S?, de#dp if (£,

together with the associated set of 2p pairs of directions:

dgp = {(dg,a,,,g) cS? x 827 d,- ajg = 0, asy =ayy X dz}lﬁﬁﬁp . (6.4)
v=1,2

Then, we define the Maxwell plane wave space PW,, 5, (D) as

PW — E ik x-d

w,2p(D) = Qpeayy € l7 (dfaau,é)lgégp € d2p7 Qy e eC )
1<t<p v=1,2
v=1,2

where a, ¢, i = 1,2, represent the polarization directions of the plane wave
propagating along dy.
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6.2. Approximation estimates for Maxwell’s equations

Figure 6.1.: The Maxwell vector plane waves with propagation direction dy
and polarization vectors a, and ay x dy.

The strategy we use in Theorem 6.2.1 to derive approximation estimates
of homogeneous Maxwell solutions E is to approximate E as the curl of H
(E = —(iwe) "'V x H). We apply to H the best approximation estimates for
homogeneous Helmholtz solutions obtained in Section 3.5 in order to approx-
imate it in a larger space than the space of Maxwell’s plane waves. On the
other hand, one can find a basis for this larger space formed by three vector
functions: two of them generate PW, 9,(D), while the third one generates
a space of non divergence-free but curl-free functions; this allows us to find
approximation estimates for the curl of H, and thus for E, in PW,, 5, (D).

Theorem 6.2.1. Let D be a domain satisfying Assumption 3.1.1. Assume
.k €N, qg>2k+1, ¢ > 21+ 2Y*0), with \p depending on the shape of
D as in Theorem 3.2.12; fix p directions {d;}i1</<p C S? such that the matriz
M defined by (3.32) is invertible. Then, for every E € H* 1 (curl; D) solution
of (6.1), there exists a divergence-free plane wave function &g € PW,, 2,(D)
such that

HE - EEijl,/th < Cr2 (1 + (/g;h)j+6) e(%*%p)nh pEt1=i

- » 1+ (kh q—k+2 B
Ap(k+1-j) 4 L?) M| Y X Elljpy

(V2pq)'=
(6.5)

for every 1 < j < k+ 1. Here, the constant C > 0 depends only on j, k and
the shape of D.

q

Proof. The field H = (iwp) 'V x E is a solution of the vector Helmholtz
equation (6.2) and belongs to H**1(D)3. Thanks to Corollary 3.5.5 it can be
approximated in the space generated by

1 ik x-dy 1 ik x-dy 1 mx-dg} )
{00 (01,006 (00,4} (66)

with the same orders of convergence as in (3.62).
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6. Approximation of Maxwell solutions

For every ¢, we fix a unit vector a; ¢ such that a; - dy = 0; we set ayy :=
a; ¢ x dg and a ¢ := dy. Clearly, {a,¢},—12 1 is an orthonormal basis of R?;
therefore, the basis

— ir x-d
{vaf(x) = ay, e Z} 1<0<p
v=1,2,1

generates the same space as the basis in (6.6). Thus, there exist v e Cp,
v e {1,2, L}, such that, for every 0 < j < k+1, (¢f. (3.62))

H- Y afwy < C (1+ (kh)IT0) elGminsh phti=j

1<¢<p
v=1,2,1 ikD (6.7)

. [q—AD(kH—j) L L (sh)r e
q=3
(V2pq) =

Notice that, while wy y and wg ¢ are Maxwell’s solutions, this is not true for
w | ¢; thus, we want to approximate E in the space generated by

{WV75(X)}1SZSP .

v=1,2

HM—wrl] Hrn

On the other hand, simple calculations (using (6.3)) give

V X Wi = —ikWay , V X Wy =1KkWi g, Vxw,,;=0;

these identities, together with (6.1), give (with the same coefficients QY oas

in (6.7)):

E— %72 N (—ajwi + apway)

lst=p j—1,/,D

= |[k2V x V x E + p'27 12 (ik) 7! Z ayV x w0
1<0<p
v=1,2,1 j—1,k,D

? -
=||—V x [(zw,u) IV xE - g a?ww]
we
1<(<p
v=1,2,v j—1,k,D

< (we) | (jwp) IV X E — Z QayWy, ¢
1<(<p
= J»k,D
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(6.7)

6.2. Approximation estimates for Maxwell’s equations

q—)\D(k-i—l—j) +

Q)T

g

< (o)™ C (14 (kh)TO) eliminlnh phti=i

(V2p

v

def. of H K2 O (1 + (Kh)jJrG) e(g—gp)nh pE+1=i

q

—Ap(k+1—j)

Q)T

1+ (Iih)q_k+2
(V2p

g

IV

H 1,0,

[V x EHIH—LH,D .

This correspond to the assertion with the choice

2 1
€ = E (—agwie+agway) .
1<e<p

O

Notice that the value of HM_1 Hl which shows up in the bound has already
been commented in Lemma 3.4.6 and in Remark 3.4.7. Many of the comments
already made for the Helmholtz approximation problem carry over to the
vector setting: if the vector field E can be extended smoothly outside D
then the order of convergence in ¢ is exponential (see Remark 3.5.8); if only
convergence with respect to h is considered then the assumptions on D and ¢
can be weakened (see Remark 3.5.6); the bound can be adapted to complex
parameters (w, € and p) as in Remark 3.5.9.

Remark 6.2.2. The fact that the order of convergence proved in Theorem 6.2.1
is expected to be one order lower than the sharp one can be seen from the
comparison of the bound (6.5) with (3.62), the corresponding one in the scalar
case. We have the same algebraic order of convergence both in h and ¢, namely
k + 1 — j, but here the error on the left-hand side side is measured in the
H7~1(D)3-norm instead of the H’(D) one. Moreover, the norm on the right-
hand side is the H¥*!'(D)3-norm of V x E instead of the same norm of E
itself.

This is due to the fact that E is approximated as a mere first order derivative
of H, not using further properties of the curl (Vx) operator.

6.2.2. Approximation of Maxwell solutions by spherical waves

In Section 6.2.1 we have seen how to approximate a solution of the Maxwell
equations using plane waves that are solutions of the same equations. This was
a corollary of a Helmholtz approximation result. Now we want to repeat the
same procedure for generalized harmonic polynomials, i.e., vector spherical
waves (see Section 2.4), by using the corresponding scalar result proved in
Theorem 3.3.1.

From the proof of Theorem 6.2.1, we know how to show (suboptimal) error
estimates for the space defined as the image of the finite dimensional approx-
imating space for the vector Helmholtz equation under the action of the curl
operator. Therefore, we will define carefully the vector spherical waves and
prove a few simple relations between them. The main tools we will rely on are
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6. Approximation of Maxwell solutions

the vector spherical harmonics; we will follow the definitions and the notation
introduced in Appendix B.5.

We say that a vector field u : R? — C3 is a vector generalized harmonic
polynomial of degree L if its three Cartesian components u1, us and ug are gen-
eralized harmonic polynomial of degree L, according to Definition 2.4.1. We
call u a Mazwell generalized harmonic polynomial of degree L if, in addition,
it is solution of the Maxwell equations (or, equivalently, it is divergence-free).
We write a basis for the space of these fields that takes into account the vector
structure.

We know from (2.50)—(2.51) that a scalar function which can be written in
the separable form u(x) = j;(k|x|)g(x/|x|) (with ! € N and j; a spherical Bessel
function as in (B.18)) is a solution of the Helmholtz equation with wavenum-
ber x > 0 if |x|'g(x/|x|) is harmonic. In particular, |x|'g(x/|x|) will be a
homogeneous harmonic polynomial of degree [ and u(x) = j;(k|x|)g(x/|x]) a
homogeneous generalized harmonic polynomial of degree [. In Appendix B.5
we define a basis, denoted by {Z}", T}", N'/'}, of the space of the vector-valued
homogeneous harmonic polynomials of degree [ (see (B.44), pay attention to
the range of the coefficients | and m). Their angular dependence is denoted
by {I[",T}",N]*} (see (B.45)). Therefore, any vector generalized harmonic
polynomial of degree at most L can be written as

Qux)= )Y A7 jiklx]) I (x)

0<i<L

|m|<I+1

+ D AT ) TP+ D AR i) N (%) (6.8)
1<I<L 1<I<L
jmI<i ml<I-1

for some complex coefficients A%lv A%l, AK}J.

Theorem 3.3.1 states that a vector field u € H**(D)3, solution of (6.2)
in D, where D is a domain that satisfies Assumption 3.1.1 and k£ € N, can
be approximated by a vector generalized harmonic polynomial of degree L.
However, we want to define a different set of basis functions to deal better
with Maxwell’s equations.

We define the three following families of C'*° vector fields:

T0 bgy, BT R — CF 121, |m| <1,
11(x) == —g(klx|) T/ (%) ,
[+1 1 6.9
5100 = 57 e (efx]) T4 (0 + 57 e (klx) Nita o), (09
1

bT1(50) = g (- (vf) T4 50) = i (vfx)) N1 () ) -

Moreover we define
bY () = —j1 (k[x )N (x)

and we use the convention b%o = b%o =1°, = 0. In [160, Theorem 5.3.1] the
fields bl",’s are called transverse electric multipoles and the b’s transverse
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6.2. Approximation estimates for Maxwell’s equations

magnetic multipoles. Formulas (6.9) can easily be inverted:

Ji(klx]) I (x) = b3y (x) + (1 +1) BT 4 (x) 120, |m[<l+1,
Ju(klx]) T (x) = b7y (x) =1, |m|<l,
Ji(k[x[) Ni*(x) = b3y (x) = 1T (x) 121, |m[<I-1.

(6.10)

Using the results shown in the appendix we can prove the following identi-
ties:

v (sutrxl) ¥70) P2 i (el Y7 (0 + 100+ 1)V 2D e

|
(B49) . . .
(B.19) i1 (m]x]) = (L 4+ 1) g (s]x]) T (%) + NiT,

20+1 20+1
1/2

Gioa(slx) + G (slx)) (10 +1))
20+1 20+1

- ((”Tl)/ P - (H%)/ me))

="k bT(x), (6.11)

+ K

Vo (= x i) ¥ x)) P20V (= el Y )
P2 10+ 1) Gullx) Vi)

(B.45) . .
=" —j(klx|) T (x)

(6.9)
=" b (x) , (6.12)

V xby(x) = Vo ((10+ 1) jilklx)) Vit(x)

2 2Dy - (1) (U i) O o)
i (el + e i) T3 06) + N7 ()
2041 2041
i (sfx) () + (1 ima (sfx) = (0 D (efx)
2041

B _10+1) «

—(+1)"?

(00 - () N

l I+1 I+1
20+ 1
D e by(x) | (6.13)
V x byy(x)
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6. Approximation of Maxwell solutions

(6.9)
“ESE%TVX[a+njlmmw(rYF@%+Ua+1D”2UT@D

L (sl (1 +1) Y7 (0 = (10 + 1)) UZ”(X))]

B2 (10 + 1) e (k1)) + i (k1))
- W{_W“) ]
0+ (P2 ) — (2D b)) | v

1/2

(B.19) (l(l;l’j)l) [ S+ 1)jl+1("€‘x‘) ’:’jll(’i‘x‘)
+a+n(—mﬁmmn+iﬂﬁ$39)

, (4 1) Jira (5D \ Ty /m
=1 i) - D) v
— — R (D)) ik VI'(x) = —kDbP(x). (6.14)

These identities may also be proved in a different way using the vector Herglotz
representation of the fields involved and the vector Funk—Hecke formula, see
Remark 6.2.4.

From these relations we notice that the b7"’s and the b3’’s are divergence-
free while the b'/’s are curl-free. Since their componenés are solutions of
the Helmholtz equation with wavenumber &, the b",’s and the bJ’’s are also
solutions of the Maxwell’s equation with the same wavenumber.

Equations (6.12) and (6.13) show that these vector fields coincide with the
ones called interior vector spherical harmonics in [152, eq. (9.62)], denoted by

M?:_Tl’ N;n:_ibg?l’
and with ones introduced in [55, eq. (7.2.42-43)]:
My, = _le ’ Nim = bg?l ) Lim = bTJ :

Since the b ’s are curl-free, from (6.10), (6.13) and (6.14) we have

Vo (DI () = V x by (x) = —wbTig (%) 120, [m| <141,

Y x (JilkIX) T} (x)) = =V x by (x) = #by(x) [>1, jm| <1,

V x <jl(/<|x|)N}”(x)> — Vb (x) = —kbly_y(x)  1>1, |m|<I-1.
(6.15)

Therefore, if Qy, is a vector generalized harmonic polynomial of degree at most
L as (6.8), its curl can be written as

VxQr= Y AUbN)+ > AP by(x), (6.16)
1<I<LA+1 1<I<L
—I<m<l —1<m<lI
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6.2. Approximation estimates for Maxwell’s equations

for some complex coefficients A", and AZ',. Notice the different ranges of the
indices in the two sums. ’ ’

All the vector fields in the form (6.16) are vector generalized harmonic
polynomials of degree at most L+1; indeed, from (6.9) we see that the b’ffL 418
have radial dependence equal to jr+1(k|x|) and the b3’/ ’s contain the terms
Jjr—1(k|x|) and jr41(k|x|), thus both of them are the Vekua transforms of
harmonic polynomials of degree L + 1.

Theorem 6.2.3. Let D C R? be a domain satisfying Assumption 3.1.1, k € N
and E € H*(curl; D) be a solution of (6.1). Then the following results hold.

(i) h-estimate:
For every L < k there exists a Maxwell vector generalized harmonic
polynomial Qfﬂ of degree at most L + 1 such that, for every 1 < j <
L+ 1, it holds

HE B Qf—‘rlijL,i,D <C K2 p(;% p_2 (1 + L)% eI+l

- (14 (kh)7*0) ei(1=p)h plti=j IVXElL1 0D -

(6.17)

where p and py are defined in Assumption 3.1.1 and the constant C' is
independent of h, w, €, u, &, k, L, j, E, and D.

(ii) hp-estimate:
For every L > max{k, 21/>‘D}, where \p 1is the geometric parameter
defined in Theorem 3.2.12, there exists a Mazxwell generalized harmonic
polynomial Q’ﬂl of degree at most L + 1 such that, for every 1 < j <
k+1, it holds

E- Q7.
[B—ain|
< C K2 (1 + (sh)7+0) d0=Psh [ Ao (1=3) pE+1=0 |7 X B, |, p |

(6.18)
where the constant C' depends only on the shape of D, j, and k, but is
independent of h, w, €, u, k, L, and E.

Both Q€+1 and Q’EH can be expanded in the blTl basis as

D ATPLM)+ Y AR b)),

1<I<LA41 1<I<L
—I<m<lI —1<m<l

for suitable complex coefficients Ale'

Proof. The field H = (iwp) ™'V x E is solution of the vector Helmholtz equa-
tion (6.2) with wavenumber k. Thus, part (%) of Theorem 3.3.1 provides a

vector generalized harmonic polynomial Qf of degree L that approximates H
with the error bound (3.23):

HH_ Qg”j,m,D
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6. Approximation of Maxwell solutions

_3 . X i
< Cpy2p 21+ L) 2 I HE (14 (kh)T+0)eat-PRhp Ll | o

w

= Cpy *p (14 L) 2 (14 (h)T+0) eall Pt IV > Eliwn
wit

(6.19)
QI can be written in the form given in equation (6.8), thus we fix
Qf11(x) = —(iwe) 'V x Qff

e = [ Y OAPDTL () = D ARDE(x) + D AR b ( )]-

0<I<L 1<i<L 1<I<L
Im|<i+1 |m|<i m|<i—1

From (6.9) and the previous discussion, this is a divergence-free vector gener-
alized harmonic polynomial of degree at most L + 1. We have the bound:

|E - Q§+1Hj71,n,D = || (iwe) ™ V x (H - Qg)ijl,mD

< (we) ™! HH - QgHm,D ’

which, together with (6.19) and w?eu = k2, give the assertion (6.17).
Part (1) follows precisely in the same way by using (3.25) instead of (3.23).
O

Since the technique adopted to prove Theorem 6.2.3 is the same as the one
used in Theorem 6.2.1, the obtained algebraic convergence rate is equal to
k+ 1 — j, which is lower than (k + 1) — (j — 1), namely, the difference of the
orders of the Sobolev norms involved in the bounds (6.17) and (6.18).

The same comments made in the scalar case can be translated to this set-
ting: it is possible to discuss more general h-estimates (see Remark 3.3.2),
exponential convergence in L (see Proposition 3.3.3) and complex wavenum-
ber or material parameters (see Remark 3.3.4).

Remark 6.2.4. Following Definition 2.4.3, we define the Herglotz field wg with
kernel g € L?(S?)? as the C™ vector field

wg RO C0 L wy(x) = /SQ ">V g(y)dS(y) .
We have the formulas
Vewg() = in [ @Yy gy AS() =i gy () (620)
and

V x wg(x) =ik /S2 XYy x g(y) dS(y) =ik Wy yyxg(y)(X) - (6.21)

Every Herglotz field is a solution of the vector Helmholtz equation (6.2) with
wavenumber k; if g € L%(SQ) then, by (6.20), wg is divergence-free and thus
a solution of the Maxwell equation (6.1) in R3.
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6.3. Improved h-estimates for the Maxwell equations

Using the vector Funk-Hecke formulas (B.54), (B.55) and (B.56) proved
in the appendix, we write the by basis functions of the vector generalized
harmonic polynomials as Herglotz fields:

T= g 0+ )" wyp = _47711-1 T
g1 = i (0 1) v
1) = e Wy (%)
S T (0 = - wp
Ji(k|x)) N (x) = ﬁ WNp (6.22)

These expressions may be used to prove in a simpler fashion some of the
identities shown in this section, namely, (6.11), (6.13) and (6.14):

) " 2.54) VWym(x)  Wysicyym(X)
v (i (elx]) Y7 3e) ) 2 2 =
K Wym (x) B
4 11 :

1
Vbl =g 11+ 1)V x wyp
)

K

4 -1
(B.39) —K 1/2 m
=" ot W+ 1) wop = —r b,
m 1 1/2

V x b2,l = m (l(l + 1)) V x WUlm
) R
4 4t
(B.37) —K
 A4n

In [202, Theorem 2, Remark 2] it is proved that the Maxwell-Herglotz fields
(i.e., divergence-free Herglotz fields) are dense in the space of the solutions
of homogeneous Maxwell’s equations with respect to the H¥(D)3-norm, 1 <
k € N, if the domain is of class C*!. Part (i) of Theorem 6.2.3 extends this
result to Lipschitz domains that are star-shaped with respect to a ball (see
also Remark 3.3.5 for the analogous scalar case).

6.21
= (l(l + 1))1/2 WyisyxVim

6.21
= (1 + 1))1/2 Wy—yxUpm

(10 + 1) wype — kb,

6.3. Improved /-estimates for the Maxwell equations

In Section 6.2 we approximated a solution E of Maxwell’s equations by ap-
proximating its curl. This led to estimates whose orders were not sharp. Here
we pursue a different policy to obtain better rates of convergence with respect
to the size of the domain h. We will prove error bounds only for Maxwell
generalized harmonic polynomials, the corresponding problem for plane waves
is briefly addressed in Remark 6.3.5.
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6. Approximation of Maxwell solutions

The rationale is the same as the one followed in Chapter 3: using Vekua’s
theory we reduce the approximation problem to a harmonic one. Theo-
rem 3.2.3 gives error estimates for the Taylor polynomial, here we have to
modify it a bit in order to find an approximant which is solution of the Max-
well equations. As before, we will use extensively the properties of vector
spherical harmonics described in the Appendix B.5.

From now on we assume D C R? to be a domain that satisfies Assump-
tion 2.2.1 (notice that this is weaker than Assumption 3.1.1 used in Sec-
tion 6.2).

We define the vector Vekua operators Vi and Vo = (Vl)_1 as the operators
acting on continuous vector fields u : D + C3, such that on each component
they agree with their scalar counterparts Vi and Vs from Definition 2.2.4. The
properties of V7 and V5 described in Chapter 2 clearly carry over to Vi and V.
Maxwell vector fields are mapped by Vs into a proper subspace of the space
of vector valued harmonic functions; this subspace depends on the considered
wavenumber.

Equation (2.51) states that

(20 +1)!

Vol —,

(2r) " u(klx]) Y™ (x) | = x| Y (x) -

We use this scalar identity and the vector Helmholtz solutions b} from (6.9)

to define the following harmonic vector fields

fori>1, |m| <l :

110+ = (25 Valblilo)
= X' T (x) = T (x) 2V —x x VA (x).
B0 = 3 e F Valbiilo
- Q =1 () + (2l + 1l)?2z ¥3) F1(x)
= %<l LIRNTT i(f)‘zcz‘z)i 3)>VHZH(X) * 211f3HF(X) *

fori>0, |m| <1 :
m @2+ m
J_,l(x) L= T (R (%)l V2[bJ_,l](X)
1 K
I Im _ m

P l*l(x) (2l + 1)(21 + 3) l+1(x)

(B.44) 1 (r]x/)? m K prm
- E(H (21+1)(21+3)>VH’ () = grg it x - (6.23)

o)

Notice that these are complex vector-valued harmonic polynomials but only
the b!",’s are homogeneous of degree [, while the b3"’s and the b ,’s are sums

of two homogeneous polynomials of degree [ + 1 and [ — 1.
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6.3. Improved h-estimates for the Maxwell equations

We can easily invert these expressions:

Tlm - leT,Ll )
K ~m ~m
I" = 13 <b2,l+1 +(+1) bl,z+1) ,
m 20+1 ~m ~m
N = - < 211 _le_,kl) : (6.24)

Let ¢ be any harmonic vector field ¢ : D — C3, A¢ = 0. Since D is open
and bounded, ¢ is analytic in it (cf. [77, Theorem 10, Sect. 2.2.3]) and can
be represented as a Taylor series centered at the point 0 (which belongs to D,
thanks to Assumption 3.1.1):

o= o TP+ Y d I+ Y din NT (6.25)
121 120 >1
|m|<i |m|<I+1 |m|<I—1

for some complex coefficients a]’;, where the series converges absolutely and
uniformly on every ball contained in D and centered at the origin. This is a
legitimate Taylor series because, for every [ € N, the term

Sap T Y dn I+ Y i N

Im|<i m|<i+1 m|<i—1

is a homogeneous harmonic polynomial of degree [, thus the Taylor polynomial
of ¢ centered in the origin, with order L + 1 and degree L (see Section 3.2.1),
reads

L+1
TeH el = > o, T+ > o I+ Y af N

1<I<L 0<I<L 1<I<L

R ml<i+1 iml<i-1
Notice that if the polynomials 7", Z}* and A" were not homogeneous, or if
the Taylor expansion with respect to a point xg # 0 was taken into account,
then the coefficients a7, a7';, and a}}, would depend on the degree L of
the Taylor polynomial and the expression (6.25) would be meaningless. The
expansion (6.25) can be written in the b, basis:

b= (“Tz b, + aby Bé’?z) + > ar, b7y, (6.26)
>1 1>0
el <t jml<1

where the two sets of coefficients are related by

m m
ar; = 0ay
m m m mo . m m m m
ari—1 Ty 4 afr o N = agy by +a7' T, (6.27)

that can be made explicit (using (6.24) and (6.23)) as:
K 21+ 3
ayy = %—Ha’ﬁl_l + Ay

Kl (I+1)(20+3)
=5 a - L

K
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6. Approximation of Maxwell solutions

1
ar) = P <(l +2)agyy + GT,IH) )

mo K o m _.m

Now we assume that V1[¢] is a Maxwell solution (or equivalently V-V1[¢] =
0). Then a'7*; = 0 for all the possible indices 0 < |m| < [ because the inverse

vector Vekua operator Vy maps every vector b}, into BTl (up to a multiplica-
tive constant, see (6.23)). However, the Taylor polynomial of ¢ may contain
some b'"; term because the Taylor truncation respects homogeneous polyno-

mials while the BT ;s are inhomogeneous for every [ > 1. Now we want to

write explicitly those terms in T§[¢]:

L+1
Ty (9]
o m m m m m
= Z ar, TT" + Z ar; L' + Z axr, N
1<I<L 0<I<L 1<I<L
ml<l m|<i+1 ml<i—1
o m m m m m m
= > arTr+ Y, (az,l—1m1+a/\/,z+1~'\fz+1> - Y anN
1<I<L 1<I<L+1 LA1<I<L+2
jml<1 jml<i ml<l-1
(6.27) m o m T mo AT
= Z al’l bl,l + Z a’2,l b2,l - Z G/N,l Nl . (628)
1<I<L 1<I<L41 LA1<I<L42
jml<1 jmi<i iml<i-1

Notice that the term N vanishes because the coefficient a?\/ | s zero.

In Theorem (3.2.3) (a special version of the Bramble-Hilbert theorem) we
have proved an error estimate in h for harmonic functions approximated by
their Taylor polynomials. Here we want to use as approximant only the
B{’fl / Bg”l part of T5[¢], so we have to estimate the difference, given in (6.28)
by the terms containing an g NP forl=L+1andl=L+2.

We recall that the A/7*’s are homogeneous vector harmonic polynomials
of degree I. Thus we can compute their L?norm in a ball. Using interior
estimates for harmonic functions and d(D,0By,) > ph, we have, for every
admissible [, m and j € N, and for X € {T,Z,N}:

J>1: ’le’j,D =0,
(2.30) ,
0<isli A7, < G )7 AT,
h
=y ([T [ xR s ar)
0 S2

(B.46) ' » h2+3
= G () <2z+3

=C; (1+1)2 p 7 plta—i (6.29)

1/2

1/2
(L+1)(20 + 3))

where the constant C; depends only on j. The estimates (6.29) might be
modified by using the ball By, instead of Bj,: with this choice the factor p=7
on the right-hand side must be substituted by 2'.
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6.3. Improved h-estimates for the Maxwell equations

We use a technique similar to the one used in the proof of Lemma 3.4.8: we
bound from below the k-th Sobolev seminorm of ¢ in D with the L?-norm of

its radial derivative of order k in a small ball. Given ¢ as in (6.25), r := |x|,
o’
2
#in> | 5E|
ph

ph
0 S2

Zrlik (I _l!k)| ( Z at; T (y)

1>k 0<|m|<i
2
Y e Y Nmy)) as(y) dr
0<|m|<I+1 0<|m|<I-1
(B.46) 20—2k+3 1 12 m |2
= h 1(l+1
2_ (o) 20— 2k +3(— k)2 > laFPra+)

>k 0<|m|<l

+ > e P +DERI+3)+ > |a7\}71|2l(2l—1)>;

0<|m|<l+1 0<|m|<i—1

notice that the last step relies on the orthogonality in L?(S?)? of the considered
fields. Since all the summands in the last expression are positive, for every
admissible [ and m and for 0 < k <,

. 1 (I—k) [20—2k+3\"?
) < ( ) s

(ph)l*’”% Il L(1+1)
) < 1 (I—k) [ 20—2k+3 1/2‘(1)‘
N (I+1)(20 +3) /D
. 1 (1—k) [20—2k+3\'?

We have collected all the ingredients to prove an error bound for the ap-
proximation of ¢ by a linear combination of b",’s and bZ’s.

Lemma 6.3.1. Let D be a domain as in Assumption 2.2.1, L > 1 and ¢ €
HHY(D)3 be a harmonic vector field. Moreover, we assume that ¢ is the
image under Vo of a Mazwell solution, namely, we can write it as in (6.26)
with all the coefficients a’l’ equal to zero. We define a truncation of ¢:

L m 1.m m m
Prio:= Z aiy by + Z asy by,
1<I<L 1<I<LA41
0<[ml<i 0<[m|<l

which is a vector harmonic polynomials of degree at most L + 2. Then, for
every j < L, Pro approximates ¢ with the estimate

(6 = Prasl, p < C (3V2)1 pmmsl(bH1=d)/2545/2) pLii=i (g
(6.31)

where the constant C depends only on j.
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6. Approximation of Maxwell solutions

Proof. In Theorem 3.2.3 we proved an estimate for ® — Té“[(b] and in (6.28)
we have shown an explicit expansion of T§[¢] — Pryo. We join the two
results via the triangular inequality:

6~ Prislyp < |o T (g]| |+ |T6 (8] - Pros|

J,D
(3.9)
(6.28) Lti—j)2 147 —j —j
< (2010 - p)/p)T — = 3R gl
27T{ 3 ]
+ Z GT/,JNZH
LA1<I<L+2
(6.29)
(6.50) O (3V/2) L p=(L+1=5)/2 pL+1-j
< J ( ) P |¢|L+1,D
+Cy p IR T | (0<k<L+1)
k=L+1

<y (3VR) RS P g
O

The continuity of the Vekua operators gives the final h-estimate for Maxwell
generalized harmonic polynomials.

Theorem 6.3.2. Let D be a domain as in Assumption 2.2.1, L > 1 and
E € HY(D)3 be a solution of the Mazwell equations (6.1). Then there exists
a Mazwell generalized harmonic polynomial Q4o of degree at most L+2, that
can be written in the form

— m m m m
Qri2= Z AT b+ Z Ay by (6.32)
1<I<L 1<I<L+1
0<[ml<l 0<[mI<i

such that it approximates B with the error bound

IE — QL+2||j7H,D <C p—maX{L/27j+2}—5/2 (3\/5 e)L (L + 2)5

. (1 + (mh)j+6) e1(1=p)sh pLt1=] ||E||L+1,K,D )
(6.33)

for every 0 < j < L. The constant C' depends only on j.

Proof. The Vekua transform ® := V3[E] is a harmonic vector field in D,
therefore it can be written as (6.26); moreover a''; = 0 because E is a Maxwell
solution. We define Q2 := V[Pr42], where P L+2 is the vector harmonic
polynomial provided by Lemma 6.3.1. Clearly, Q42 can be written as (6.32).
The assertion easily follows:

29)
IE-Qri2llop < Cp ' (14 (5h)?) IV2[E] = Prial; . p
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6.3. Improved h-estimates for the Maxwell equations

(6.31) .
< Cpfl (1_|_ (I{h)Q) (3\/§)L pfmax{L/Q,]+2}71/2

j o A 1/2
) <Z FLQ(J—JO) h2(L+1—]0) ’VQ[E”%A—LD)
Jo=0
< O p7 BRI (14 (kh)*) (3V2)F WY VL[E]| p
(2.12) , j
<0 g maL/202)-5/2 (1 4 (1op)i+6) o2(=p)rh (3V2 )" (L + 2)°

B g e -
O

We can easily see that the bound (6.33) compares favorably with (6.17), the
analogous one proved using the potential representation technique developed
in Section 6.2.2. The two bounds provide algebraic orders of convergence in h
equal to L + 1 — j but the error is measured in H/~!(D)? and H?(D)3-norm
in (6.17) and in (6.33), respectively. The norm that appears at the right-hand
side is the HXT1(D)3-norm of V x E and E, respectively. Notice that the
approximating spaces used in the two theorems are slightly different, even if
they have the same dimension: in the first case only the b'",’s terms are allowed
toreach [ = L +1, in the second case, only the b3"’s can reach [ = L+ 1. This
also implies that the degrees of the vector generélized harmonic polynomials
in the two cases are at most L + 1 and L + 2, respectively.

We note that the vector fields in the form (6.32) do not represent all the
Maxwell generalized harmonic polynomials of degree at most L+2: for instance
the bTL 41’8 have only degree L + 1 and are not part of this set. However,
every Maxwell generalized harmonic polynomials of degree at most L can be
written in this way.

Remark 6.3.3. From the discussion made in this section it should be clear
why this approach is not viable for p-estimates, i.e., to prove convergence with
respect to L as the bound (6.18). Indeed, a crucial step here was the explicit
knowledge of the harmonic polynomial that approximates Vo[E|, namely, the
Taylor polynomial. The p-estimates proved in Chapter 3 (e.g., the ones in
Theorem 3.2.12) rely on the abstract results of [19], where the existence of the
approximating functions is proved via a complicated Hahn—Banach argument
(see [19, p. 79]), so we have no concrete grasp on the polynomial.

Remark 6.3.4. The choice of accepting more bJ’,’s than b!",’s in the approx-
imating field may look arbitrary but is needed to prove the desired order in
h. For instance, if we used a Maxwell generalized harmonic polynomial in the
more natural form

Qrii= ) Afy b+ A% by,
1<I<L
0<[m]<l
then formula (6.28) would read

Ty [¢)
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6. Approximation of Maxwell solutions

Zaub + Z ?6?4' Z a7 It — ZaﬁnﬂLHNTLnH

1<I<L 1<I<L |m|<L+1 lm|<L
Im|<l Im|<l

and, in the proof of Lemma 6.3.1, we would be forced to choose k = L because
of the conditions on (6.30). The final estimate would read

HE_QLH‘ < Clip L) (14 (kh)IT0) ei(-ph

.77R7

(W NElyep + A Bl )

that is less satisfactory than (6.33).

Remark 6.3.5. In Section 3.4 we studied how to transfer approximation prop-
erties of scalar generalized harmonic polynomials to plane waves. It might be
possible to repeat the same procedure in the Maxwell setting. Here we give
an idea about how this proof could be accomplished.

The link between spherical and plane waves is given by the Jacobi-Anger
expansion (B.35) that has been generalized to the vector case in the iden-
tity (B.53). Here we show a modified Jacobi-Anger expansion that couples
tangential spherical harmonics (U} and V") with Maxwell fields (b}’ and
by',) and radial spherical harmonics (Y;") with curl-free fields (b’ )): 7

iTX' B53 . . ~ M <
Y 1y 2 un S i S YL @Y ()

>0 ve{-1,0,1} |m|<i—v
= 4 Z Z i ]lJru Z Y ( )
ve{-1,0,1} I>—v Im|<l
(B.47)
69) _1/2 —
4y > U+ 1) b rx) @ Vi)
>1 |m|<I
_47TZZ TRy 2l+1 Ji—1(r) Iy (x )®Iﬁ1(Y)
1>1 |m|<I
+dm il i () N7 (%) @ N7 (y)
; qu I+ 1)(2l +1) 7 11 1Y
(B.49)
(6.9) —1/2 - im —
DD RAUGES) I ( 11(rx) @ Vi'(y) —iby(rx) @U; (y))
1>1 |m| <l
—ary o > AT (rx) @ YY)
120 |m| <l

r>0, x,yecS?; (6.34)

the last step can be easily verified backwards. When multiplied with a unit
constant vector a such that a-y = 0 (or a = y), the identity (6.34) implies
that a Maxwell (or a curl-free) vector plane wave can be expanded in a series
of Maxwell (or curl-free, respectively) generalized harmonic polynomials; in a
sense we need the other way round.
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6.3. Improved h-estimates for the Maxwell equations

As in the proof of Theorem 6.2.1, for every ¢ € N we fix p = (¢ + 1)? prop-
agation directions {ds}1<s<, C S? (chosen such that the matrix M of (3.32)
is invertible) and 3p corresponding vector plane waves:

where a,, ¢ € S?, ajo-dy=0,ay=aj,xdy, and a; y = d,. If we proceed as
in the proof of Lemma 3.4.8 and we use a linear combination of these plane
waves to approximate a vector generalized harmonic polynomial

QL= Z (AT, by 4+ AT by + Z ATy T

1<I<L 0<I<L
0<[ml<I 0<[ml<t
we obtain
Q- Y oW
Z,:O7"'7p
v'e{1,2,1}
=Qr(x) — E g (%9 1dg) - a, o
0'=0,...,p
v'e{1,2,1}

6.34 , - m —
QL) —ar 3 Y [(um)) b (x) @ Vir(dy)
1>0 0'=0,...,p
Im|<l  ve{1,2,1}

— i1+ 1) byyx) @ U7 (de) — i BT (x) @ Y (de) | - av e

= > (A7 b+ AR bYY)

i S e |10+ D) (VT ) B
>0 0'=0,....p
[m|<l  v/e{1,2}

_ z’(l(l + 1))_1/2 (Ulm(dg/) . ayl,l/) bgfl(x)]

+ Z AT,l bT,l + 47 Z il Z Qg 7 (Ylm(dg/) . aJ_7g/) bT,l(X)
0<iI<L >0 0=0,..p
0<[m]<l ml<I
using V;*(d) -d = U*(d) -d = 0 and the fact that Y;"(d) is parallel to
d. The relevant point of this identity is that the coefficients oy, and agy
(and ay ¢) of the Maxwell (and curl-free) plane waves are multiplied with the
Maxwell (and curl-free) generalized harmonic polynomials by, and by} (and
b, respectively) only. Thus, in order to approximate a Maxwell (or curl-free)
geﬁeralized harmonic polynomial, only the Maxwell (or curl-free, respectively)
plane waves give a contribution in the basis b},
Lemma 3.4.8 provides coefficients «, ¢ such that all the lower order terms
(in 1) of the previous expansion vanish; this is a main step in the proof of an
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6. Approximation of Maxwell solutions

error estimate. What is left to prove, is that the non-Maxwell plane waves
w | ¢ can be dropped (i.e., the o) ¢’s set to zero) if the coefficients ATJ are
zero, i.e., Qy, is a Maxwell generalized harmonic polynomial, for instance that
one given by Theorem 6.3.2. For this purpose the identity shown above might
be useful because the non-Maxwell plane waves are put in relation with the
non-Maxwell spherical waves only, thanks to (6.34).

6.4. Plane wave approximation in linear elasticity

The time-harmonic elastic wave equation (Navier equation) that arises nat-
urally in linear elasticity theory, is an example of a vector wave propagation
PDE and shares many properties with Maxwell’s equations. Several non-
polynomial finite element methods have been designed for its discretization;
see for instance the schemes described in [123,130,138,139,207].

Best approximation estimates for elastic plane wave spaces seem not to
be available. Here, using a balanced choice of pressure and shear waves, we
obtain an approximation error bound with algebraic orders of convergence
both in the diameter h of the considered domain and in the dimension p of
the approximating space.

The proof follows closely the corresponding one for the Maxwell problem
described in Theorem 6.2.1. It is based on a potential representation of time-
harmonic elastic solutions (see Section 6.4.1 below), in particular it relies on
the approximation of the scalar and vector potentials using Helmholtz- and
Maxwell-type plane waves, respectively. The final convergence estimate is not
expected to be sharp since one order of convergence is lost through the repre-
sentation formula. Error bounds for vector generalized harmonic polynomials
are not considered here but they might be proved following the ideas used in
Section 6.2.2. The results of this section are also presented in [149].

6.4.1. Potential representation in linear elasticity

In this section we define Navier’s equation and we briefly study a special
Helmholtz decomposition of the displacement field, sometimes called Lamé’s
solution. For a more comprehensive treatment of potential representations in
(time-dependent) elasticity problems we refer to Sections 1 and 2 of [185]. A
different representation through a single vector potential that is solution of
the iterated Helmholtz equation can be found in [162]; a similar one (for the
static case) is described in [76].

Time-harmonic elastic wave propagation in a homogeneous medium and in
absence of body forces is described in frequency domain by Navier’s equation
(cf. [98, Sect. 5.1.1]):

A +2)V(V-u) —puV x (Vxu)+wpu=0 in D, (6.35)

supplemented by appropriate boundary conditions (for example the general-
ized impedance b. c. in [123, eq. (2.4)] which includes the traction and dis-
placement ones, see Section 1.1.3); here

D c R? is an open bounded Lipschitz domain,
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6.4. Plane wave approximation in linear elasticity

u:D — R is the displacement vector field,
w >0 is the angular frequency,
A, >0 are the Lamé constants, and

p >0 1is the density of the medium.

We assume A, p, p and w to be constant in D, and define the wavenumber of
pressure (longitudinal) and shear (transverse) waves, respectively, as:

p 3 p 3
wp = w , wg i=w | — .
r <A+2u> s (u)

Remark 6.4.1. Thanks to the identity V(V:) = A + V x (Vx), A being the
vector Laplacian, equation (6.35) can be written as

A+ p)V(V-u) + pAu+w?pu =0 inD .

We denote by Dv the Jacobian of the vector field v, by Dv = %(Dv +D'v)
the symmetric gradient (or Cauchy’s strain tensor), by div the (row-wise)
vector divergence of matrix fields, and by Ids the 3 x 3 identity matrix. Using
the identity 2divD?® = V(V:) + A = 2V(V:) = V x (Vx), equation (6.35)

can be written in the form
dive +w?pu =0,

where o := 2uD%u + A1d3 V x u is the Cauchy stress tensor.

In this section we assume u to be a solution of (6.35) in the sense of distri-
butions; we define the scalar and vector potential, respectively, as

A2 v v
A =Y s B ga= Y (630)
w?p wh w?p wg

From (6.35), we can use these potentials to represent u:

A+ 2
u= 2 GV )+ LV X (VX u) = Vy+ V x5, (6.37)
w?p w?p

which is a Helmholtz decomposition of the displacement field. Moreover, the
scalar and the vector potentials satisfy Helmholtz’s and Maxwell’s equations,

respectively:
“Ax - why (6.36),é=V-Vv‘vV-2u LV.u
wp
6.35) 1 W 5
= EV- <)\+2va (qu)—wpu) +V-.u
v-(v:x):o()’
9 , (6.36) V xu
Vx(Vxy)—wih = Vx(VXx—5—)-Vxu
Ws

. 1 A+2
(6.35) x( + MV(V-u)+w%u>—qu
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6. Approximation of Maxwell solutions

V=0 (6.38)

As a consequence, the vector potential 1 satisfies also V-1 = 0 and the vector
Helmholtz equation —A — w%«l/} =0.
Remark 6.4.2. The potentials x and ) defined in (6.36) are the only couple
of scalar and vector fields such that: (i) they are solution of Helmholtz’s
equation with wavenumber wp and Maxwell’s equations with wavenumber
ws, respectively; (ii) they constitute a Helmholtz decomposition (6.37) of u.
Indeed, if X and 4 satisfy conditions (i) and (%), then

X = —wp?AX = —wp?V - (VX) = —wp V- (u—V x 17;) = -—wp'V-u=y,
zZ:ngVx (Vx{p):wEQVx (u—Vi):w§2qu:¢.

6.4.2. Approximation estimates by elastic plane waves

Our policy is to apply Corollary 3.5.5 to the potentials xy and 1. Thus we
use two kinds of plane wave functions to approximate the solutions of Navier’s
equation (6.35): pressure (longitudinal) waves

wh i x — deiwrxd des?,
and shear (transverse) waves
wiazxr—)aem’sx'd d,ac$s? a-d=0.
Given d € S?, there exist two linearly independent shear waves propagating

along d (w3, and w3 ;,.) and only one pressure wave (w})

the relations

. They satisfy

V- wh =iwperxd V-wia:O,

Vxwh=0, V x Wia = jwgd x ae@sxd = iwswg’dxa ,
V(V-wq) = —wpwa ,  Vx (V X Wia) = —wiWga

iwpwh =V (e~rxd) . (6.39)

It is intuitive to guess that the two components of u, namely, Vy and V X 1,
can be approximated separately by pressure and shear waves, respectively.
This is the basic idea we will exploit in the proof of Theorem 6.4.3.

Given p € N distinct unit propagation directions {dy}i<¢<, C S?, we as-
sociate p unit amplitude vectors {as}i<i<, C S? such that dy - a; = 0 for
1 < ¢ <p. We use them to define the linear space

P
) P4 iwpx-d Sl iwex-d 5,2 iwaxd
W3, (D) : = { E ay dg P 4 ap) ay SN 4 a7 (dy x ag) ST,
=1

S,1 S,2
ap, at, o)t € (C}

— P S S
= Span {de deal’ wdz,dzxaz}z_l , .

Notice that W3, (D) depends on the choice of d,’s but not on a,’s, and that
dim(W3, (D)) = 3p.
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6.4. Plane wave approximation in linear elasticity

Theorem 6.4.3. Let D C R? be a domain satisfying Assumption 3.1.1, k and
geN, ¢g>2k+1,q>2(1+ 21/>‘D), where \p is the positive parameter that
depends only on the shape of D as described in Theorem 3.2.12. Then, there
exists a set of p = (q+ 1)? propagation directions {d¢}1<i<, C S?, such that,
for every solution u of Navier’s equation (6.35) that belongs to H*'(div; D)N
H*+1(curl; D) there exists € € W3,(D), namely, a linear combination of p
pressure and 2p shear plane waves, such that, for 1 < j <k+1,

lu—¢l; 4. p< C (1+ (wsh)*0) ei—3pwsh ph+1—j

'[“D<k+lj>+ sl HMIHJ
-
(V2pq) =
(WE IV st pn + 952 IV X Wl ) -
(6.40)

Here, the constant C' > 0 depends only on j, k and on the shape of D; the
matriz M is the one defined in (3.32), depending only on the dg’s.

Proof. This proof follows the lines of the one of Theorem 6.2.1.

We fix the directions {d;}i<¢<, to be the ones provided by Lemma 3.4.6,
and separately approximate the two potentials x and 2.

In (6.38) we have seen that the scalar potential x is solution of the Helm-
holtz equation with wavenumber wp; Corollary 3.5.5 provides a combination
of scalar plane waves &, = Y )_; «) Xeiwrxde guch that, for 0 < j < k41,

‘X - gxljD <C (1 + (wPh)j+6) e(%_%P)wPh pt1=i

‘ 1 q—k+2
e A C ki IS TN N

(V2paq)>
(6.41)

The three Cartesian components of the vector potential 1) are solutions of
the Helmholtz equation with wavenumber wg. For every ¢ € {1,...,p}, the
three vectors dy, ay and d; x a, constitute an orthonormal basis of R3. Thus,
according to Corollary 3.5.5, 1 can be approximated by a linear combination
of 3p vector Helmholtz plane waves

1 2
€y = Za}p dpeiwsxde 4 ofp agetwsxde 4 Ozzp 3d, x ageivsxde
=1

with the error bound, for 0 < j <k +1
"(p Ew{ <C 1 -+ (wsh)J+6) (%—%p)wsh hk+1_j

Ap(ktig) 4 L4 (Wsh)T

(\/_PQ) 2

q H Tl | 1l s, -

(6.42)
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6. Approximation of Maxwell solutions

Now we define

£:= Vi +V x &y
p
6.39) . o e _—
( -2 ) i Z (wpdeazcezwpx d, + wsay ’2(31( « agewax d, wSa}b,?)agezwsx dg)
=1

which clearly belongs to W3, (D). This vector field provides the desired ap-
proximation of the displacement u:
[u — Eijl,ws,D - HVX TV XY=V —V X E"Pijl,wS,D

<Y Wi TPV - 6D+ X (&)
jo=0

J
< Z szijl < |X - £x|j1,D + "('b o Ew{jLD)
n=1
(6.41),(6.42)

wp<wg J

C Z wg—jl (1 + (wsh)j1+6) hk+1—j1> e(%‘%ﬂ)wsh
=1

q

—Ap(k+1—j) +

1+ (wsh)q7k+2

VZpa)'T

(A

(It om0 + 180100

C (1 + (wgh)’™) elF—3Plwsh pht+1=j

_>\D(k5+1_j) 4 1 —+ (wsh)q*k+2 HM—1H1

q—3

(V2paq) >

(@R IV -l + @52 IV X Wl )

q

O

Notice that, in order to have convergence in the bound (6.40), either in h
or p, the potentials V - u and V x u have to belong to H?(D).

Since wp < wg, the bound (6.40) holds true also in the case where the norm
on the left-hand side is substituted by [[u —&[|;_; ., p: on the contrary we can
not substitute the algebraic and exponential terms in wgh on the right-hand
side with the analogous ones containing wph.

The bound proven in Theorem 6.4.3 shows algebraic orders of convergence
both with respect to the size h of the domain and to the dimension p of the
approximating space. If the solution u can be analitically extended outside
D, the order in p is exponential, see Remark 3.5.8. The constant C' depends
on the problem parameters w, A, y and p only through wp and wg, with the
dependence shown in the bound.

In the nearly incompressible case, i.e., for very large values of A, both wp and
V-u go to zero. Therefore, estimate (6.40) is useful only if wp? ||V - Uyt wpn
remains bounded. In the limit case we recover Maxwell’s equations and The-
orem 6.4.3 reduces to Theorem 6.2.1.
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7. Trefftz-discontinuous Galerkin
methods for the Maxwell equations

7.1. Introduction

In this chapter, we extend to the time-harmonic Maxwell equations the p-
version analysis technique developed in Chapter 4 for Trefftz-discontinuous
Galerkin (TDG) approximations of the Helmholtz problem. While error es-
timates in a mesh-skeleton norm are derived parallel to the Helmholtz case,
the derivation of estimates in a mesh-independent norm requires new twists
in the duality argument. The particular case where the local Trefftz approx-
imation spaces are built of vector-valued plane wave functions is considered,
and convergence rates are derived.

The ultra weak variational formulation (UWVF) for the Maxwell problem
has been introduced in [46,48], see also [18,121] for more work on it; for dif-
ferent Trefftz-based approaches, we mention [60,191]. As in the Helmholtz
case, the UWVF can be regarded as a DG method with Trefftz basis func-
tions (see [42,85,96] for the scalar case), thus we briefly review some litera-
ture on standard (i.e., polynomial-based) DG methods for the time-harmonic
Maxwell equations. Some of them are based on the primal curl-curl formu-
lation of the problem, neglecting the divergence-free condition. For consis-
tent DG-discretizations, these methods are spurious-free (see [43, Sect. 6],
[65,103,114,199]). Other DG methods are based on “regularized” primal curl-
curl formulations, with penalization of the divergence-free constraint. With
constant weights in the penalty term, the divergence is controlled but these
methods are haunted by so-called spurious solutions in case of strongly sin-
gular problems, see [116,166]. This is avoided by using weighted regularized
formulations, with penalty weights depending on the distance from singular-
ities, see [36,37] and their references. Alternative approaches to control the
divergence of the numerical solutions are based on mixed-DG formulations,
see [115,167].

Taking cue from the UWVF and following [121], we study a class of Trefftz
methods that rely on a DG formulation of the electric field-based Maxwell
problem, where the divergence-free constraint is not imposed; the discrete
solutions will be elementwise divergence-free, but not globally. Our analysis
applies to all these methods, independently of the choice of the particular
Trefftz approximation space.

Our focus here is on the theoretical analysis of the p-version of the methods,
which is immune to the pollution effect, an advantage also shared by spectral
polynomial approximations, see [3-5]). The complete analysis framework pre-
sented here follows very closely that one already seen in Chapter 4 for the
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7. Trefftz-discontinuous Galerkin methods for the Maxwell equations

Helmholtz equation. The first step consists in identifying a mesh skeleton
norm on the Trefftz function space for which the bilinear form defining the
method is coercive. This allows us to prove well-posedness and error estimates
in this norm.

We derive error estimates in a mesh-independent norm by using a duality
argument introduced for the Helmholtz case in [154] and used in [42] and in
Section 4.3.1. In order to extend this argument to electromagnetic wave prob-
lems, we use the stability and regularity results for the Maxwell equations with
impedance boundary conditions and divergence-free right-hand sides, with ex-
plicit dependence of the bounding constants on the problem frequency, that
we proved in Chapter 5. In addition to that, an essential modification in the
duality argument of [154] is required; the outcome is an estimate in a norm
which is slightly weaker than L?, this is the main difference with the scalar
case. Due to the assumptions on the regularity of the solution required in the
duality argument, our analysis is restricted to the case of globally constant
material coefficients, even thought the formulation of the Trefftz-DG methods
allows for piecewise constant coefficients.

As already mentioned, this analysis framework applies to any Trefftz ap-
proximation space. As an example, we consider particular plane wave spaces,
for which we prove explicit p-convergence rates using the approximation prop-
erties proved in Section 6.2.1. Similar results for vector spherical waves could
follow easily from Theorem 6.2.3.

The outline of this chapter is the following. The family of Trefftz-DG meth-
ods we are considering is described in Section 7.2. Section 7.3 is devoted to
the a-priori error analysis (well-posedness of the discrete formulation, error
estimates in a mesh-skeleton norm and in a mesh independent norm). Then,
in Section 7.4, we consider the Trefftz-DG method based on particular plane
wave spaces; we prove approximation properties of these spaces and derive con-
vergence rates for the corresponding methods. All the results are presented
also in the report [107].

7.2. The Trefftz-DG method

We consider the same boundary value problem studied in Section 5.2. Let 2 C
R3 be an open, bounded polyhedral domain that is star-shaped with respect
to all the points of the ball B(x¢), X9 € € and v > 0. The homogeneous
Maxwell impedance problem (5.2) is:

Vx(p 'VxE)-—w?E=0 inQ,
(L 'VXxE)xn—iwdnxE)xn=g ond,

where € > 0, 4 > 0, w > 0 and ¥ > 0 are constant real parameters, g €
LZ(09). Its variational formulation (5.4) reads: find E € Hipp(curl; ) such
that, for all £ € Hiyp(curl; ), it holds

Au(E.€) =/mg-ZT as, (7.1)
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7.2. The Trefftz-DG method
where Himp(curl; 2) has been defined in (5.3) and

AM(E,§) := /Q [(0'V X E)- (VX&) —w?(eE)-&] dV—iw /aQ IE-&p dS.

Notice that we take into account only the homogeneous PDE, i.e., there is no
volume source term (J = 0 in (5.2) and (5.4)).

Let 7; be a finite element partition of ), with possible hanging nodes, of
mesh width b (i.e, h = maxgeT, hi, with hg = diam(K')) on which we will
define our Trefftz-DG method; we denote by Fj, = g7, 0K the skeleton of
the mesh, and set P = 5, N 0Q and Fi = F, \ FP.

We recall some standard DG notation. Write n™, n™ for the exterior unit
normals on K+ and 0K ~, respectively. Let u and o be a piecewise smooth
function and vector field on Ty, respectively. On 0K~ NOK™, we define

the averages: {u} =1i(u"+u") , {o}:=31(c"+07),

the tangential jumps: [o]r :=n" x o™ +n” x o™ .

If D is a Lipschitz domain in R3, the following integration by parts formula
holds true for functions F, G € H(curl; D):

/VXF-CdV:/F-VdeV+/ nx F-GdS,
D D oD

provided that the second integral on the right-hand side is read as a duality
product between the appropriate trace spaces (see [39]). From this, the vector
“DG magic formula” follows:

> /aKnKxF-@dS:/fI ([Flr - {G} — {F} - [G]r) dS

KeT,

+/ nxF-GdS; (7.2)
Fi

thus, if Fisa single-valued function on 0K, we have

Z/ nKxf-GdS:—/
oK

f-[[@]]TdS+/ nxF-Gds.
KeT, Fi

#
Now we are ready to start the derivation of our Trefftz-DG method. Set
V(K):={veH(uwlK), nxve L%((?K)} .

Integrating by parts equation (5.2), for every K € Tj, we look for (E,H) €
V(K) x V(K) such that

iw/eE-ZdV+/H-Vx£dV+/ nxH-£dS=0
K K oK

; A _ YV x (1) dV — w1 —
zw/KH P dV /KE V x (p=tap)dV /aKan (u=tp) dS =0
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7. Trefftz-discontinuous Galerkin methods for the Maxwell equations

for every (&,%) € V(K) x V(K).
Now we discretize the problem: for every K € 7T, we look for (E,, H)) €
VE(K) x VI(K) such that

iw/eEp-Ep dV+/Hp-V><§pdV+/ nxH, € dS=0 (7.3)
K K oK
z‘w/H,,-Ep dV—/Ep-VX(,u_lzpp)dV
K K
—/ nxﬁp-(uflwp) dS=0
oK

for every (&,,¢,) € VI (K) x VI(K), where VI (K), VI(K) C V(K) are
finite dimensional spaces, and ﬁp and Ep on JFj, are the numerical fluxes to be
defined. The particular case of Trefftz-DG method which makes use of plane
wave basis functions (see [121]) will be discussed in Section 7.4 below.

Assuming that V x VI(K) C VI(K), we can choose 9, = V x £, in the
second equation of (7.3) and obtain

iw /Hp-VXEP av
K

:/ E, Vx((u1tv xﬁp)dV%—/ nxE,- (u~ 1V x &, dS.

K oK

Substituting this expression for fK H, -V x§, dV into the first equation
of (7.3) and multiplying by iw give a problem in the E, variable only: find
E, € VE(K) such that

/ B, (VX (1 'V X)) —w?&,) v
K
+/ nxﬁp-(uflegz,) dS+z’w/ nxH, £, dS=0
oK oK

for every £, € VE(K).
The key idea of Trefftz methods is to choose Vf (K) which satisfies the
Trefftz property:

Vx(p'Vxg)-—we,=0 V¢ eVI(K).

Using the Trefftz property of the test functions, the elemental equation
defining the Trefftz-DG method is

/ nxﬁp-(uflegz,) dS+z’w/ nxH, £ dS=0, (7.4)
0K oK

with numerical fluxes to be defined.
Motivated by the classical UWVF [47], and in analogy to the Helmholtz
case (see [42] and Section 4.2), we define the numerical fluxes as functions on

.7'-}{:

B, =B} - - [ Vi x Bylr
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7.2. The Trefltz-DG method

~

1 _
H, = o fu 'V x E ) +a [Ep]r,

and on .7-",?:

N 1 1
E, =E, — 69" (En x (0 x Ep) +9(n x Ep) x n+ Eg) ,

. 1 1 1
H,=—V,xE,—(1-6§)| —VyxE,—9Y(nxE,) — —n x
P Gon h p— ( )<iw,u h p — UV(n x Ep) o g) )
where Vj, x - denotes the elementwise application of the V x - operator, «, 3, d
are real, strictly positive, bounded functions, bounded away from zero, inde-
pendent of h, p and w, with 0 < § < 1/2.

Remark 7.2.1. This choice of fluxes with the parameters «, 8 and § indepen-
dent of the mesh size, in analogy to [42] and Section 4.2, is due to the fact that
our focus is on the p-version of the method. With a mesh-dependent choice
of the flux parameters like the one made in [96] for the Helmholtz problem,
one could use the same analysis technique as in [96] and possibly derive better
h-version estimates also in the Maxwell case (see also Remark 7.3.10 below).

Other numerical fluxes could also be defined by adapting to the time-
harmonic Maxwell problem the DG-elliptic fluxes listed in [10] (for an example
of “mixed fluxes” in the case of the Helmholtz problem, see [110]).

The above defined fluxes are single-valued on the mesh skeleton; moreover,
they are consistent, i.e., replacing E, and H, by E and H, the analytical so-

lutions to (5.2), respectively, we have that E coincides with E and H coincides
with H.
Defining

VI(Th) = {&, € L*(Q): &,k e VE(E) VK € Th},

inserting the numerical fluxes into (7.4) and adding over all elements complete
the definition of the Trefftz-DG method: find E, € VZ(7;) such that, for all

&, €V, (Th),
AM,h(EP7 gp) = KM,h(Ep) ) (7'5)

where
Apin(B,€) = _/F{E}} [TV % Elr dS - /FI{{/NW < E} - [E]r ds

+ / (n x B)- (1%, X &) dS
s

— [ SmxE)- (u 1V, x€ dS— | 6(u'VyxE)-(nx§) dS
Fi FB

- iwl/ Bl Vi x Elr - [p1Vh x €]r dS —iw / a [E]r - [€]r dS
Fi Fl

h

—iw [ T nx (uIV, x BE)] - [n x (um1V), x €)] dS
Fi
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7. Trefftz-discontinuous Galerkin methods for the Maxwell equations

—iw /fB(l—é)ﬁ(an)-(nxﬁ) ds, (7.6)
and
aanl€) = [ 007 xe) (T X €S+ [ (1-0)nxg)-(mx €)dS.

The consistency of the Trefftz-DG method is a consequence of the consistency
of the numerical fluxes, thus, if E is the analytical solution of (5.2), then

Amn(B,€) =lun&,) V& EVE(T) .

Remark 7.2.2. The formulation of the Trefftz-DG method introduced in this
section would remain unchanged if the material coefficients were piecewise
constant on 7. The assumption on these coefficients to be constant in the
whole domain is only required in our error analysis.

7.3. Theoretical analysis

In this section, we closely follow the analysis developed in Chapter 4 for the
Helmholtz problem. Well-posedness and error estimates in a mesh-skeleton
norm are derived exactly as in Section 4.3 (see Sections 7.3.1 and 7.3.2 be-
low). For the derivation of error estimates in a mesh-independent norm, we
modify the duality argument developed in [154] and used in Section 4.3.1 (see
Section 7.3.3 below).

Define the broken Sobolev space:

H8(cwrl; Tp) == {w € L*(Q)* : wig € H¥(cwl; K) VK eTh}.
Let T(7};,) be the piecewise Trefftz space defined on T, by
T(T) == {w e L*(Q)®: Is>0st. we H/*(cwl; Tp),
and V x (4 'V x w) —w?’e¢ w =0 in each K € T} .

Notice that, since T(7,) € HY?*5(curl; 73,), s > 0, if w € T(7},), then both
n x w and n x (Vj, x w) belong to L?(F)? (see (5.27)).
We endow T(7}) with the mesh-skeleton norm

2 2
2 =1 p1/27,, -1 1/2
|||W|||fM,h =w Hﬁ/ [V x WHTHQfé tw Ha / [[w]]THO,f,{
2
T T T ]
2
1— §)1/291/2 H _
e H( ) (W)l 2o

If w € T(Ty) and |[|w|||£,,, = 0, then it satisfies w € Hy(curl; ), p= 'V x
w € Ho(cur;Q), and V x (p7'V x w) — w?e w = 0, thus w = 0, as a
consequence of well-posedness of problem (5.2). This proves that [[[ - [|[£,,, is
actually a norm on T(7).
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7.3.1. Well-posedness
We prove existence, uniqueness and continuous dependence on the data of
solutions to Trefftz-DG methods.

Proposition 7.3.1. There exists a unique E,, solution to (7.5); moreover, we
have continuous dependence of E, on g:

Bl < [[(1 =620 2 xg)| _, -
0.7

Proof. We rewrite the bilinear form Anq ;,(E, §) defined in (7.6), for all E, € €

T(7p) as follows: by the Trefftz property of &, using the “DG magic for-

mula” (7.2), for all E, & € T(7},), we have

E. (vX(m)—w%E) av

KeT, K
= (L'VXE - VXxE€-weE-€) dV
Py |
— / [[E]]T . {;rlvh X E} ds +/ {{E} . [[;rlvh X ﬁ]]T ds
Fi Fl

—/ (mxE) (u=1V, x§) dS;
#
adding this expression of 0 to A, (E, &) gives

Apmn(E,€) = Z /K(u_1V><E-V><§—w26E-Z) dv

KeT,

~ [ Bl i€y a5 - [ {7 < B} - €y d
‘Fh ]:h

—/ dnxE) (u 1V, x &) dS — S(p 'V, xE)- (nx €§) dS
FB 7P

—dw ! Blu Vi X E]r-[u1V), x €] dS —iw / a [E]r - [€]r dS
Fl T

- iwl/ 9 x (p 'V, xE)] - [n x (u= 1V} x €)] dS
Fi

—iw/ (1-6)9(nxE) (nx§)dS VE, £ T(T) .
Fi

It is immediate so see that

Im[An (€)= ~ll€lllF,, YEET(T). (7.7)

Existence and uniqueness of solutions to (7.5) readily follow.
By using the weighted Cauchy—Schwarz inequality and bounding § by 1—4,
we obtain the following continuity property for the functional £ 4(-):

ean@©) < (1= 920 2 mxg)|  Elry,  YEESTT) . (7.9)

Combining (7.7) and (7.8) gives the continuous dependence of E, on g. [
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7. Trefftz-discontinuous Galerkin methods for the Maxwell equations

7.3.2. Error estimates in mesh-skeleton norm

By proceeding as in [96] and in Chapter 4, in order to prove continuity of the
bilinear form Apq (-, ), we define the following augmented norm on T(74):

iy, =l + o5 2gwed]
+w! Hoflﬂ{{(lflvh X W)T}}Hzfé Tw H571/2191/2(n % W)Hz,fg '

Proposition 7.3.2. We have
A n (B E) < 2|[[Ell[ 5 Elllzv, — VEE€T(Th).

Proof. The result can be readily obtained from the expression (7.6) by using
the weighted Cauchy—Schwarz inequality and bounding § <1 — 4 < 1. O

It is immediate to derive the following abstract error estimate in the energy

||| : |||.7'—M,h_n0rm'

Theorem 7.3.3. Assume that the analytical solution E to the Maxwell prob-
lem (5.2) belongs to T(Ty).! We have

E-E <3 inf E - .
1l plllFa < gpevg;:(m”' &lllz,,

Proof. By the triangle inequality, we can write

1B =~ Eplllrn,, < B = &lllzu, + 116 — Bplllrn, V& € VS (Th) ;s

we only need to prove that [|[§, — Ey|[|7,,, < 3|[|E - EJT,|||}_/J(/1 g
Since &, — E, € T(7y), then

|||£p - Ep|||%—‘M,h = - Im[-AM,h(ﬁp —Ep, Ep - Ep)] )

by the Galerkin orthogonality and the continuity stated in Proposition 7.3.2
we obtain

11€p = Bplll70e, < 21IE = &lllxs 1€ — Eplllra -

which allows to conclude. O

Remark 7.3.4. The error bounds in Theorem 7.3.3 and Theorem 7.3.9 below
are proved under minimal regularity assumptions on the analytical solutions,
namely, H'/?*5 s > 0. This indicates that the considered methods are not
affected by so-called spurious solutions (i.e., numerical solutions which con-
verge to non-physical solutions; for discretizations to the Maxwell problem,
this might occur in case of singularities).

1 As a consequence of Theorem 5.5.5, whenever gr; € H* (T';) with sg >0,j=1,...,m,

where T'1, ..., T, are the flat faces of 92, then E € H/?*°(Q)% and VxE € HY?T5(Q)3,
for some s > 0 which depends on s, and Q.
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On the other hand, Theorem 7.3.3 guarantees p-convergence of Trefftz-DG
methods of the type considered in this paper only provided that the spaces
VZ(Ty) are such that

lim inf E - =0.
Jim B,

Thus possible restrictions on the solution smoothness to prove convergence of
a given Trefftz-DG method are not due to the analysis framework, but would
only depend on the choice of the approximation spaces.

7.3.3. Error estimates in a mesh-independent norm

For the Helmholtz problem, error estimates in the L?-norm were derived in
Section 4.3.1 and in [42] from error estimates in mesh skeleton norms, by
proving the same bound for every Trefftz function. This was carried out by
using a modified duality argument developed in [154].

The first issue in repeating that argument for the time-harmonic Maxwell
problem consists in the lack of stability estimates for the dual problem with
a generic (non divergence-free) w € T(7j) on the right-hand side (see Chap-
ter 5). In order to overcome this problem, we will consider the L?-orthogonal
Helmholtz decomposition of w

w=wo+ Vp, (7.9)

with wo € H(div%;Q) and p € H}(Q) (see, e.g., [152, Theorem 3.45]), and
estimate wg and Vp separately.

An estimate of wq in the L?-norm can be obtained by proceeding like in
Lemma 4.3.7, while the poor regularity of p, and here comes the second prob-
lem, does not allow to obtain an L?-norm estimate of Vp (and thus of w).

For this reason, we introduce the following weaker norm: for every u €

L2(9)3, we define

Jou-v dv
lulyaay = sup 490~
veH (div;Q) HVHH(diV;Q)
where HVH?r{(diV;Q) = ||v||2 o + diam(Q)? |V - v||2,. Notice that, for every
u e H(div%; ), [l iy = lulloo-

In the following, we bound the L?-norm of wq and the H(div;{)-norm
of Vp by the [|| - [||#,,,-norm of w (see Propositions 7.3.5 and 7.3.7 below).
Then, error estimates of the Trefftz-DG methods presented in this paper in
the H(div; Q) -norm will follow from error estimates in the ||| - [[|7,, ,-norm.

These final estimates are reported in Theorem 7.3.9 below.

From now on, the shape regularity measure s.r.(Ty) and the quasi-uniformity
measure q.u.(Tp,), defined in Section 4.3.1 will enter the constants in the error
estimates.

As mentioned before, in the next proposition we bound [|wol|, o, by a mod-
ified duality argument.
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7. Trefftz-discontinuous Galerkin methods for the Maxwell equations

Proposition 7.3.5. Let w € T(T;,) and let wo € H(div%;Q) be its first
component in decomposition (7.9). Then, there exists a positive constant C
independent of w, h, p and w such that

Iwolloq < C [w™/2h7Y2 4+ w2 4+ w2k ||| wll 5.

for all real parameters s > 0 satisfying the upper bound in Theorem 5.5.5.
The constant C' depends on Q, s, s.r.(Trn), qu.(Tp), ¥, u, and on the flux
parameters.

Proof. Consider the Maxwell adjoint problem with source term wy

{V X (17IV x ®) — w?e & = wy inQ, (7.10)

(P IV x®)xn+iwdnx®)xn=0 onod,

and let @ be its solution. Since, due to the L?-orthogonality of decomposi-
tion (7.9),

ol = [ wo-w7 v,
Q

by multiplying the first equation of problem (7.10) by w, integrating by parts
twice and taking into account that w is a Trefftz’ function, we have

/WO w dV = Z/ nx®. (u 1V xw) dsS

KeTy

+Z/ 1V % ®) W dS

KeTh
_— /1 <q> A Va x wlr + (1Y x B) - [[W]]T> ds
]:h
+/ (nx(I)-(,u—lvh x W) +nx (u 1V x @)-W) ds.
7
The boundary condition in the second equation of (7.10) implies that
nx (plVx®) w=iwdnx®) - (nxw);

using this and the weighted Cauchy—Schwarz inequality, together with (1 —

§)~1/2 < 671/2 and the definition of the ||| - || Fpq 00T, We get
Wwo - w dV‘
Q
2 2
< [ Z <w Hﬁ’lﬂn X <I>H +w™? Ha 120 % (u™'V x <I>)H >
feF] 7 I
1/2

|||W|||fM,h

+ Y w H5 1/2191/2n><<I’H
JeFE

=: G(®)"2|Iwll[£0, -
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Defining ¢ on F by ( = g if f € .7-"}{ and ( =69 Lif f e ]:f, we can write

G(®) < Z <w Hc_l/Qn X <I>H2 4w Hofl/Qn x (™ 'V x <I>)H2 > .

KeT, 0,0K 0,0K
For any K € Ty, the trace inequality
2 —1 2 20 12 1/2
lullfore < € (ki lullg s + 130 [ull oy i) V€ HV(E) - (700)

holds provided that n > 0, with C' > 0 depending only on the shape of K
and on 7 (see [145, Theorem A.2]). Since, from Theorem 5.5.5, ® belongs to
H1/2+3(cur1; Q) for all s > 0 satisfying the upper bound in Theorem 5.5.5,
using the previous trace inequality and taking into account that the material
coefficients are constant, we get

G(®) < C [wh™ @[5 g +wh® @[3 210 0
1 — 2 — 2
T+ BTV ) @3 g+ 0 R IV X @ a0 ]

with the constant C' > 0 independent of h, p and w, but depending on s, u,
s.r.(Th), q-u.(Tp), and on the flux parameters. Using the stability estimates in
Theorem 5.5.5, we obtain

G(®) < Clw™h +wh + wh®] w3,
which gives the result. U

Before deriving an estimate for the component Vp of decomposition (7.9),
we recall the following regularity result (¢f. Corollary (5.5.2)).

Lemma 7.3.6. [100, Corollaries 2.6.7, 2.6.8] Under our assumptions on 2,
there ezists n*, 0 < n* < 1/2, depending only on Q such that, for all ¢ € H}(Q)
satisfying Aq € L*(Q), we have that q belongs to H3/>*1(Q) for alln < n* and

2
|C]|3/2+n,ﬂ <C HAQHO,Q )

with a positive constant C depending only on Q) and on n. If  is convex, this
holds true for all 0 <n <1/2.

Proposition 7.3.7. Let w € T(T,) and let p € H}(Q) be the second com-
ponent of its decomposition (7.9). Then, there exists a positive constant C
independent of w, h, p and w, but depending on (2, €, and on the flux param-
eter B, such that

VPl @iy < Cw™ (072 + hN)[[[wll| £y,

for all n > 0 satisfying the upper bounds in Lemma 7.3.6.
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Proof. Let w € T(T3,) and let ¢ € H}(2) be as in Lemma 7.3.6, i.e., Aq €
L?(2); we have

@ KeTy,
Z / nx (= 'V x w)-VgdS
KeT;, VoK
VqeH (curl;2),
A 1
e 2 '/ [V x wlr - Vgds
1
= WH’W’HFM}L HVQHO,}‘,{
(7.11) C i
< g Wiz, (h21gl .0+ 1" laly21m0)
1
C (h™2 + h")
= W\!\W\Hm,h 1Aqllog - (7.12)

with B, == min, 7l 5, and the positive constant C' depending only on 2.

Given a function v € H(div;2), consider its L2-orthogonal Helmholtz de-
composition v = vo + Vgy with vo € H(div’;Q) and ¢, € H(Q); then,
Agy = Vv and (V¢',vq) = 0 for every ¢’ € H}(Q). This allows to derive the
desired bound:

Jo Vp-vdV
IVPliaay = _swp Sor——s
ver(div.) IVIa@iv.0)
(7.9) sup Jo VP Yo dV + [o(w — wy) - Vg, dV
veH (div,Q) IVl 7 aiv, )
Jo V' Vo dV=(wo,Vq')=0,
V ¢ €HL(Q) Jow - Vg, dV
= sup ————
veH (div,Q) HVHH(div,Q)
(7<12) C (h_% +hn)’”w’” Sup HAqVHO,Q
< ——5 F T
w3/2 5/81/2 An veH (div,Q) HVHH(diV,Q)

mn

AQV V-v C(hi% +hn)H‘WH‘ sup ||VV||OQ
i S s r UL L
w3/2 eﬂrln/;n e veH (div,) HVHH div,Q)
C (h™2 + h)

w3/2 6,81/2

min

< W Fpsn -

We have the following result.
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Proposition 7.3.8. Let w € T(7;,). Under our assumptions on € and on the
material coefficients, there exists a positive constant C independent of w, h,
p and w such that

Wl g aiviny < C flw, M) Wil 7p
with

Flw, h) == [w‘l/Qh_l/Q T 2hs 4 V2R w2 (R 4 h")] . (7.13)

for all s > 0 and n > 0 satisfying the upper bounds in Theorem 5.5.5 and
Lemma 7.3.6, respectively. The constant C' depends on 0, s, n, s.r.(Ty),
qu.(Tp), U, €, u, and on the flux parameters.

Proof. By using the properties of the Helmholtz decomposition (7.9), we have

Wl g aiv,0y < IWollo.o + IVP a0y -
The result follows from Proposition 7.3.5 and Proposition 7.3.7. U

The main result of this section directly follows from Theorem 7.3.3 and
Proposition 7.3.8.

Theorem 7.3.9. In addition to our assumptions on ), g and on the material
coefficients, assume that the analytical solution E to the Mazwell problem (5.2)
belongs to T(Ty). Then there exists a positive constant C' independent of h, p
and w such that

— o< ’ _
1B = Byl < C Son) it IB= gl
with f(w,h) given by (7.13), for all s > 0 and n > 0 satisfying the upper bounds
in Theorem 5.5.5 and Lemma 7.3.6, respectively. The constant C' depends on
Q, s, n, sr.(Th), qu.(Ty), 9, €, u, and on the flux parameters,

Remark 7.3.10. The error estimate given in Theorem 7.3.9 should not be con-
sidered as an h-version error estimate. Indeed, as already mentioned in Re-
mark 7.2.1, one could adapt to the Maxwell problem the mesh size dependent
numerical fluxes and the analysis framework developed in [96] for the Helm-
holtz equation. In this way, one should obtain better estimates, namely, with
no negative powers of h in the expression of f(w, h), provided that a threshold
condition is satisfied.

7.4. The PWDG method

We denote by Plane Wave Discontinuous Galerkin (PWDG) method the par-
ticular Trefftz-DG method which makes use of plane wave basis functions.
Vector-valued plane waves are vector field defined as x — ae®**9, where a
and d are constant unit vectors and x := w,/eu. They are componentwise
solutions to the Helmholtz equation and they are solution to the Maxwell
equation if and only if a-d = 0.

191



7. Trefftz-discontinuous Galerkin methods for the Maxwell equations

We define local plane wave approximation spaces in a slightly different way
than the one in [121], we follow instead Section 6.2.1. Given an integer ¢ > 1,
introduce a set of p = (¢ + 1)? plane wave propagation directions {ds}1<s<p,
together with the associated set of 2p pairs of directions:

de( ) = {(déaau£)1<g<p€S x §? ,dg-a; =0, agg—angdg} (7.14)

v=1,2
Then, we define PWS, (K) as
E -d
PW_; o (K { Y avean XY (dgay)i<isy € dap(K), aye € C} :
1<0<p v=1,2
v=1,2

where a, ¢, v = 1,2, represent the polarization directions of the plane wave
propagating along dy. Finally, we define the discrete Maxwell-Trefftz spaces
w 2p(77l) - T(’ﬁz)

PW 2 5y(Th) 1= {€3p € LX) © &ayl € PWL,, (K) VK € Ti} -

Of course, a different set of directions could be chosen for each mesh element.

We also make the following assumptions on the mesh and the plane wave
propagation directions in order to use the approximation estimates of Corol-
lary 3.5.5 in every element:

e for every element K € Tj, the matrix M defined in (3.32) depending on
the propagation directions is invertible and the norm HM_1 H | grows less
than exponentially with respect to its size p (e.g., the directions are the
optimal ones of Lemma 3.4.6 or Sloan’s directions of Remark 3.4.7);

e there exist two parameters 0 < py < p < 1/2 such that all the ele-
ments K € T, (after a suitable translation) satisfy Assumption 3.1.1.
For example, a shape-regular mesh with convex elements satisfies this
condition with p = pg = (25.7.(T3)) "}

e we have ¢ > 2(1 + 21/ >‘Th) where A7, is the geometric parameter defined
n (4.19).

In Lemma 7.4.1 we use Theorem 6.2.1 and the trace inequality to derive ap-
proximation estimates in PWZ 12p(7n) in the mesh-dependent [[|- ||| Ff,,-horm.
Then, in Theorem 7.4.3, we will insert these estimates into Theorem 7. 3 3 and

Theorem 7.3.9 in order to derive convergence rates of the PWDG method for
problem (7.1).

Lemma 7.4.1. We fix q, k € N, k > 2, ¢ > 2k+1, p = (¢ + 1)%, and
assume Tp, and dop(K) to satisfy the assumptions stated in this section. Then,
for every E € H* ! (curl; T) solution of (5.2), there exists €9y € PWE’QP('E)
such that

E— 2
IE - &l
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7.4. The PWDG method

<Cr1 (w hle? twerer +wu2h e +w i 2e 53) IV x EHzH’H’K .

where the terms €; were defined in (4.20) (now w is substituted by k) and
C > 0 is independent of p, h, w, €, u, k, B, but depends on the shape of the
elements K € Ty, k, ¥, and on the flur parameters o, 5 and §.

Proof. For every element K € T, and for every 1 < j < k+ 1, the bound (6.5)
reads:
‘E - £2p‘j—17K < ¢ K_Q €j Hv X EHk;—l—LH,K ) (715)

which, together with the trace inequality, gives

5  (4.17) 1 2
|E - £2pHO’8K < C(hy |E- £2pHO,K +[E- EQPHQK B~ 52”‘17[()
(7.15) . . 2
< Crer (arh™ +e) IVXElex

and

9 (4.17) 1 2
IV x B=€)0 o = C (MR E=Eql?  + B =], [B— €0l 1)
(7.15) _4 1 2
< Ck “eg (52 h™ + 83) |V x EHk—f—l,H,K :

The assertion follows from the definition of the ||| - ||| Ff,,horm:

1B~ &/l <2 >0 |w (a4 87+ (=0 +670) (B~ &)}
’ KeTh

1 - _ _ 2
te o+ 50 [l (T % (B =€)l
<Cr™1 (w hle? fwerey +w in?h el + w2 53> IV x EH%H,N,K .
U

Remark 7.4.2. Asymptotically, the coefficients €; behave, for increasing ¢ and
decreasing h, as (h q_)‘Th)kH_J. Therefore, for large ¢, the estimates of Lem-
ma 7.4.1 can be written as

B\ k=32
B &lllry, <Co (%) IV xEBlyrun . (710

where the constant C' depends also on € and g and is an increasing function
of the product wh.

Inserting the estimates (7.16) within Theorem 7.3.3 and Theorem 7.3.9, we
have the following convergence rates.

Theorem 7.4.3. Assume that the analytical solution E to the Maxwell prob-
lem (5.2) belongs to H* 1 (curl; Q), with k > 2. Assume that the mesh Tp, and
the directions day(K), for every K € Ty, satisfy the assumptions stated in this
section and let B, € PW5,2p(771)’ p=(qg+ 1) €N, with ¢ > 2k + 1, be the
PWDG numerical solution.
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7. Trefftz-discontinuous Galerkin methods for the Maxwell equations

Then, there exist two constants Cy,Cy > 0 independent of p but depending
on w and h only through the product wh as an increasing function, such that,

for large p,

) B\ k372
I~ Bpllzas < G102 (5) IV x Bllpran

k—2

_ _ h
HE - EPHH(diV;Q)/ < CQ (w 5/2 +w 4) by

q (k—3/2) HV X EHkJrl,w,Q : (7'17)

Here, C1 = C1(wh) and Cy = Cy(wh) depend on the shape of the elements
K €Ty, 7,9, €, u, and on the flux parameters; Co also depends on Q, s.r.(Tp),
and q.u.(Tp).

Proof. The first bound is straightforward. To derive the second bound, we
simply notice that, for f(w,h) defined by (7.13) we have

flw,h) <Ch 214w,

where C' > 0 depends only on € and on the product wh as an increasing
function. 0

Remark 7.4.4. If the solution E admits an analytic extension outside €2, the
convergence of the estimates in Lemma 7.4.1, Remark 7.4.2 and thus in The-
orem 7.4.3 is exponential in p (see the Remarks 3.5.8 and 4.4.9).

Remark 7.4.5. Using part (ii) of Theorem 6.2.3 it is straightforward to prove
that E can be approximated by a Maxwell generalized harmonic polynomial
Qr+1 (i.e., a divergence-free vector spherical wave, see Section 6.2.2) of degree
at most L + 1, with L > max{k, 21/, }, with the bounds

B B\ k—3/2
1B = Quaalllza, < 1w (F5) IV x Bllgpan -

B B hk—2
IE = Qri1ll gy < Co (w 2 4w 4)m IV X El 100 -

The order of convergence in h can be increased by one with the use of Theo-
rem 6.3.2; in this case the H¥T1(©2)3-norm of V x E on the right-hand side of
the bounds has to be substituted by the same norm of E.

Numerical results that shows the effectiveness of the UWVF discretization
by vector spherical waves are presented in [18]. Of course, plane and spherical
waves can be used together in the same or in different elements.

Remark 7.4.6. The final bounds (7.17) are not sharp because the procedure
used in Section 6.2.1 to transfer the best approximation properties from scalar
to Maxwell plane waves sacrifices one order of convergence both in A and ¢
(see Remark 6.2.2). This also implies that, in order to guarantee h- or p-
convergence in Theorem 7.4.3, E must belong to H?(curl; Q) (because in the
proof of Lemma 7.4.1 we used €3 which is defined only for vector fields with this
regularity); on the other hand, Remark 7.3.4 indicates that this requirement
does not depend on the formulation of the TDG method (¢f. the Helmholtz
case in Remark 4.4.11).
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A. Vector calculus identities

Here we write for reference some well-known vector identities. We use them
for the analysis of Maxwell and elasticity problems, so we focus on the three-
dimensional case only.

For every A, B and C in C?, it holds

A- BxC)=B-(CxA)=C-(AxB), (A1)
Ax(BxC)=(A-C)B- (A -B)C. (A.2)
For every continuously differentiable scalar function ¢ € C'(£2,C) and for

every continuously differentiable vector field A, B € C*(Q, C?), where Q C R?
is an open domain, we have

V-WA)=9yV-A+A -V, (A.3)

V x (pA) = ¥V x A + (V) x A | (A.4)

V.- (AxB)=B-VxA-A-VxB, (A.5)

Vx(AxB)=AV-B-BV-A+(B-V)A-(A-V)B, (A.6)
VA-B)=(A-V) B+ (B-V)A+Bx (VxA)+Ax(VxB).

(A7)

The symbols V- and Vx denote the usual divergence and curl operators of a
vector field, respectively; the expression (A - V)B represents the vector with
components 22:1 AkaBj, j = 1,2,3. The above identities can be found
in [90, p. 157] or in [157, p. 114-115, vol. T].

The (componentwise) vector Laplacian A is equal to

AA=V(V-A)—Vx (VxA). (A.8)

A formula that is useful, for example, in the stability analysis of the Helm-
holtz equation (cf. [142, Prop. 8.1.4]) is

V([$]?) = Vi + Vi) = 2Re[y) Vi) . (A.9)

Given a complex-valued vector field A € C'(2,C?) and a real-valued one
z € C1(Q,R3), it holds

9Re[A - (z-V)A] =z V(AP) 2 V. @AP) - (V- 2)|A2,  (A.10)

where | - | denotes the Euclidean norm of a vector in CV. The position vector
field x satisfies

V-x=3, Vxx=0, Dx =1ds, (A-V)x=A, (A.11)
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A. Vector calculus identities

where (DA); j = %Ai (x) the Jacobian of the vector field A and Id3 the 3 x 3
identity matrix. The formulas (A.10) and (A.11) give

2Re [A - (x-V)A] =V (x|A[*) - 3|A|. (A.12)

We denote by DSA = 1(DA+(DA)") the symmetric gradient (or Cauchy’s
strain tensor) of A and div the (row-wise) vector divergence of matrix fields.
If A € C?(Q,C?), it holds

2divDSA = VdivA + AA A ov(V.A) -V x (VX A).  (A13)

The definition of the curl operator gives also

(DA)" —-DA)B=Bx (VxA). (A.14)
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B. Special functions

We define several special functions and their properties that are used through-
out this thesis. Most of them are well-known results but we always quote
sources where proofs and further properties can be found. In Section B.5,
the notation is not completely standard since there is no common agreement
regarding vector spherical harmonics; we tried to follow the notation of the
most common books. Some of the proofs in this section are new.

B.1. Factorial, double factorial and gamma function

For every natural number n, the factorial n! and the double factorial n!! are

defined as
| nn—1)n-2)---1 n>0,
n!:=
1 n=0.
nn—2)---3-1 nodd,
nll:={nn—-2)---4-2 n>0even,
1 n=20.

The factorial function satisfies the Stirling inequalities (cf. [173])

1

V2m\/n nle TR < nl < 2my/n ne et n>1. (B.1)

Using the Stirling inequalities, we notice that for every £k, N € N, k, N > 1, it
holds

1

1- (B.2)

where [-] is the ceil operator:

[x] == min{k € Z, k >z}, |z] = max{k € Z, k <z} VzeR.
(B.3)
For z € C, Re(z) > 0, the gamma function can be defined as

I'(2) ::/ t# e tdt .
0

197



B. Special functions

The restriction of the gamma function to natural numbers coincides with the
factorial:
I(n+1)=n! neN; (B.4)

the values for a semi-integer variable are (cf. [135, (1.2.3)])

r<n+%):% neN,n>0. (B.5)

The gamma function can also be used to express the beta integral (cf. [135,

(1.5.2), (1.5.6)]):

Fa+1)T(b+1)
Fla+b+2)

Rea,Reb > —1.
(B.6)

The double factorial is related to the factorial and to the gamma function by
the following relations (cf. [9, (10.33c)]):

1
/ t%(1—t)’dt =Ba+1,b+1) =
0

2n +1)! B.5) T(n+ 3) 27
27 n! NZS
(B.7)
The gamma function can be used to measure the (N-dimensional) volume of

the ball By C RY of radius R > 0 and the ((N — 1)-dimensional) surface of
the unit sphere SV~ = {x € RV, |x| = 1} (¢f. [158, (2))):

(2n)!l =2"n! | Cn+ 1) =

N N
T2 2m2
|Bp|= ———~ R, |S"=N|Bi|="F~. (B.8)
r(i+3) r'(3)
For multi-indices o = (a1, ..., ax) € NV the factorial is defined as
N
al = H a;l .
j=1
The multinomial theorem states that
k!
(w1 +-+ay)lb= > =x* VxeRY, NkeN, Nk>L
ol
aeNN | |al=k
By choosing x = (1,...,1), we obtain
1 N*
> T
aeNN | |al=k
and the bound ok
1 N
< B.9
Z (al)Q - (k;l)Q ( )

aeNV | al=k
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B.2. Bessel functions

We use the factorial expression of a binomial coefficient to count the multi-
indices with length j and dimension N > 2:

‘ N+j—1 (N +j—1)!
N _ _
#{a e, Jal=jf ( N-1 > TN — 1)
N+j—1N+j—2 1+4j N1
- < (1
N-1 N-2 - =1+9)
(B.10)

(in the case N =1 the above statement is trivially true).

B.2. Bessel functions

We denote the Bessel functions of the first kind by J,(z) and the spherical
Bessel functions of the first kind by j,(z). The first ones are defined, for every
v,z € C, as
[ee]
(_1)t 2\ 2t+v
HEPS S G b1

(2) tzgt!r(wuﬂ) 2 (B.11)
where T' is the gamma function. When v ¢ Z and z belongs to the segment
[—00,0], J,(2) is not single-valued. When v € Z, J, is an entire function.

We list some properties of these functions (references can be found in [135,
200]):

J_i(2) = (=D)*Jp(2) Vk€Z, (B.12)
Im (Ji(t)) =0,  Re(Ji(it)) =0 Vke€Z,teR,
|k ()] <1 VkeZ,teR, (B13)
e\Imz| 2\
|1, (2)] < T+ D) (’2—‘> Vl/>—%, zeC, (B.14)
0 1) = 5 (s (2) — Ta(2)) | (B.15)
g (szk(z) =2 1(2)
0 0
&JO(Z) =—Ji(2), B (zJ1(2)) = zJo(2) , (B.16)
1 l
S =5 S () ) e ria). (B.17)
m=0

The last equality can be easily proved by induction from (B.15).
The spherical Bessel functions are defined as

Ju(z) = \/gJeré(z) . (B.18)

They satisfy the following differential relations [1, eq. (10.1.19-22)]:

a(z) _ j1(2) + i (z)
z 20+ 1 ’
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B. Special functions

0 . (2) = Lji—1(z) = (L +1) jiya(2)
9,7\ = 20+ 1 ’
Jliz) + %jl('z) = Ji-1(z) — @ = —ji+1(2) + M . (B.19)

These functions are a particular case of the so-called hyperspherical Bessel
functions (see [13] p. 52):

_N
Jljcv(z) = i (1) 2 _ 272 Jk]t%—l(z) N even,
= 2! (N + 2t + 2k — 2)!! \/g A% Jk+g_1(2) N odd:
(B.20)

the last equality is proved using (B.11) and (B.7). The cases N =2 and N =3
correspond to the Bessel and spherical Bessel functions, respectively:

Te(2) = ji(2) Jn(z) = Gi(2) -
Using (B.11), (B.18), (B.4) and (B.5) it is straightforward to see that the

asymptotic forms of the Bessel functions for small arguments are:

1 /2\k , 2k k1
A~ (3) . ARG < keN. B2

B.3. Legendre polynomials and functions

For every natural [, the Legendre polynomial of degree [ (cf. [135, (4.2.1)]
and [1, (8.6.18)]) is defined as

1 o
Pi(t) = o1 3

They are orthogonal in L?([—1,1]) (cf. [135, (4.5.1-2)]):

G (B.22)

1
2
Pi(t) Py(t)dt = & 1 1.0 ) B.2
/1 1(t) P (t) 51 O Vi,l'eN (B.23)

For every natural [ and m, 0 < m <[, the (associated) Legendre functions
(cf. 159, (2.26)], [83, (3.376)], [25, (3.36-37)], [63, p. 505], [160, (2.4.79-80)], [152,
Sect. 9.3.1]) are

e = (-8 SR,

. C=m) (B.24)
PO 1= (<) G B
For | € N and for every m € {—1,...,l}, they can be written as (cf. [25, p. 65])
1 m QM
P (t) = 57 (1= 32 pnEm (2= 1) . (B.25)
The expressions for m = =£[ are:

Pl(t) = (221—11),' 1-)2, Pl =(-1) 2%, (1-1)2 VieN. (B.26)
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B.4. Spherical harmonics

Some authors use a slightly different definition, for example, [135, (7.12.3)]
reads

@ -10% L py = (1mer .

() -

B.4. Spherical harmonics

For every N € N, N > 2, the N-dimensional spherical harmonics are de-
fined as a set of complex-valued functions {Y;™};>0m=1,....n(n,) defined on
SN=1 that constitutes an orthonormal basis of L?(SV~!) and such that the set
{|X|l}/2m(|_§‘)}m:1,...,n(N,l) is a basis of the space of the homogeneous harmonic
polynomials of degree [ in IV variables, for every | € N. This definition allows
different choices of the basis.

The dimensions of these spaces (see [158, eq. (11)] and [14, Prop. 5.8]) are:

n(N,1) :
:( dirr)1 {homogeneous harmonic polynomials of degree [ in N Variables}
1 ifl=0,
= — —3)!
(2l+]\;! (;)(_l;—)']\f 3)! if1>1, (B.27)
1 ifl=0,
=qN ifl=1,
CWoh - OVE) =2,

Consequently, the dimension of the space of the (non homogeneous) harmonic
polynomials of degree at most ¢ € N in IV variables is

q
~ N+qg—-1 N+q—-2
N,q):= N,l) = . B.28
=S = (0 (Y07) ey
The spherical harmonics satisfy the addition formula (¢f. [158, Theorem 2]):

XD N
> YE) Y m) = |SN*71| P(-m) 1leN,&nesVN . (B29)
m=1

In two space dimensions (N = 2), the number n(2,1) of linearly independent
spherical harmonics of degree [ is equal to 1, if [ = 0, and equal to 2, if [ > 1;
we will use only one index [ running over Z and define

oy ._ L e
Yl(e).—me VieZ,
where R? is identified with C and the points on the unit circle S! are repre-
sented in polar coordinate as € for 6 € [0, 27).
If N = 3, the number of linearly independent spherical harmonics of degree
l'is n(3,1) = 2l + 1, so the index m runs in the set {—[,...,l}. We use the
definition given in [59, (2.27)] and in [152, (9.37)]:

”m“*:V@ZL?ﬂ;K”’ﬂmwwmemv (B.30)
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B. Special functions

leN, m=—I,...,1, d=(sinfcosg,sinfsiny,cosf) e S*,

where P/ is a Legendre function as defined in (B.24). Notice that many
authors (cf. [160, 2.4.78], [25, 3.61]) use the alternative definition

e ::(_1)m\/(2l47+7<1z)ﬁ o B os oy

leN, m=-1,...,1,deS?, (B.31)
that differs from (B.30) only in the sign for odd, positive indices m. In three

dimensions, the addition formula (B.29) reads (c¢f. [59, Theorem 2.8], [160,
(2.4.104)])

l . 2+1 )
DYMOY M) ==~ A LN £nes’. (B3

m=—I

The three dimensional Funk-Hecke formula (cf. [59, (2.44)]) states that

[y ©as©) = T i ) nes, 20,02 ml<t.
’ (B.33)
Equations (B.32) and (B.33) hold true also if ¥} is replaced by zm.
Other useful identities are the Jacobi-Anger expansions which expand plane
waves in series of (hyper)spherical waves, namely, generalized harmonic poly-
nomials (see [59, (2.45)] and [13, (4-30)]):

pitcosd _ Zilz]z(t) (ilo Vt, 0 R, (B.34)
leZ

T =Y 2+ 1) i ji(r) A€ m) (B.35)
1>0

l
—dry i) Y VEOY" () Y& meS’, r>0,

>0 m=—I
n(N,l)
Gren = (N =[SV SN ) Y V@) (B.36)
1>0 m=1

VeEneSV Tt r>0, N>3.

All these series converge absolutely and uniformly on compact subsets of R,

B.5. Vector spherical harmonics

In this section, we study the vector-valued counterpart of the spherical har-
monics introduced before; we only consider the case of space dimension N = 3.
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B.5. Vector spherical harmonics

B.5.1. Definitions and basic identities

We want to build an explicit basis for the space L%(S?)3 of the vector fields on
the sphere and for the subspace of the tangent vector fields

L3(S*) == {u:S* = C*, ue L*(§*?% u(x) - x=0 Yx € §?},

(denoted by T2() in [59, page 177], TL?(S) in [160], L7(0B;) in [152]). In
the literature, there exist plenty of definitions of bases for these two spaces.
Moreover, there is no established agreement concerning the notation: we will
follow that of [59, Sect. 6.5], [152, Sect. 9.3.3], [160, Sect. 2.4.4], [24, Sect. 3]
and [203, eq. (62)].

We need to use at least two different bases because we want to exploit
various properties: their relation with the harmonic polynomials and Herglotz
functions, the “tangentiality”, the orthonormality.

As a convention, every time we encounter one of the functions or vector
fields defined in the following with indices outside the range specified in the
definition, we assume that this function/vector field is equal to zero. We
consider all the functions and vector fields defined on S? as 0-homogeneous
functions of R\ {0}, i.e., f(x) = f(|—§‘) vV x € R?\ {0}. For a 0-homogeneous
function f, we have Vf(x) = |x|! st(ﬁ) and x - Vf(x) = 0 where Vg is
the surfacic gradient (see (B.38) below for its definition).

On the sphere, in the usual spherical coordinates (6, ), a vector d € S? is
represented as d = (sin 6 cos @, sin 0 sin ¢, cos §). The two unit vectors ey and
e, are tangent to S? in the increasing direction of # and ¢, respectively.

The definitions presented in this section rely on the definition of three-
dimensional scalar spherical harmonics made in (B.30). However, they are
independent of the special choice of the basis: any orthonormal basis {Y;"}
of the space of the traces on S? of the homogeneous harmonic polynomials
of degree [ can be taken; this would not affect the definitions and the results
presented in the following; for instance all the ¥;™’s might be substituted with

the 177” defined in (B.31).

The first basis we consider allows an easy decomposition of the vector fields
defined on the sphere in their tangential and normal parts. It is defined as

Y™ (x) ::Ylm(x)% Vi>0, |m| <1,
VY™ VgY™ %
Um(X) — |X| l (X) _ ! (‘ I) VZ21, \m]Sl,

(a+1)"*  u+1)"?

- x x VY™ (x) % Vs (5)
VZ(X):: l():H x|

(11 + 1))1/2 (0 + 1))1/2
X m — x|~ mst(f)
IR (l(l+1))i/2| ViZ 1, ml <1, (B37)
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where we used the definition of surfacic gradient and rotational on S? from [160,
2.4.181-182]:

1 Ou ou
sin 0 %e“"Jr%
ou 1 Ou
%ew—l—ﬁ%eg.

Vsu = e,

N (B.38)
curlsu = Vgu X x = —

It is clear that, for every I,m, we have UM, V" € LZ(S?), while Y*(x) is
orthogonal to S? at x. A useful formula is

X x X (A.2)
— X V["(x) = — X <— X Um(x)> = -U"(x) . (B.39)
x|~ x| =\ :
The notation U* and V}* is used in [59, eq. (6.53)] and [152, eq. (9.56)].
In [24], Y] is defined together with the scaled basis

Vin(x) s = (10+1) U] ()

B (x):=(10+1)VPx)  Vix1, |m<I. (B.40)
The set {U]", Vi"};>1, |m|<; is an orthonormal basis of LZ(S?); together with
{Y " }ien, jm|<i it constitutes a orthonormal basis of L?(S?)3 (see Theorem 6.23

of [59], Theorem 2.4.8 of [160], Lemma 9.15 of [152] and [24, (3.21)]).
In Chapter 13 of [157] (pages 1898-1899) a similar basis is defined as:

Poi=(Nm) 'Y, Buu=(Nm) UM, Cu=—(Nym) 'V,

where the coefficients Ny, == /(20 + 1)(I — [m|)!/(47(l + |m])!) come from
the normalization of the scalar spherical harmonics (B.30).

This set of functions can be used to compute the gradient of a scalar func-
tion that is separable in spherical coordinates (using [24, eq. (3.13)] and the
relations (B.40)):

v (F(x) ¥ () = F/(xl) ¥i (2)+ P20 1040) 2 Uy o« (Ba1)

Ix x|

the curl of a vector field (see [24, (3.12a—)]):
v x (B (1) Y7 (x) + Fur(|x]) Up"(x) + Fy (Ix]) Vi"(x))
— (I +1)"?

+ (1% Fu(xl) + F (1)) = 10+ 1) 7" B (D)) V') 5 (B.42)

x| (1) Y () = (%17 Fy (1) + B (%)) UF (%)
and its divergence (see [24, (3.11a—c)]):
V- (Fy (X)) Yi"(3) + Fo([x]) U (x) + By (x]) V'(x))

= (B + 2 X7 By () = 10+ D)2 (x| Fu(x)) Y (x) . (B.43)
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B.5. Vector spherical harmonics

Notice that V - [F(|x|)V]*(x)] = 0.

It is possible to define a different basis of L?(S?)3 from the traces of the
harmonic polynomials. From the definition of Y, (see Section B.4), for every
l € N the set

{H"(x) = X" " (%)},

is a basis of H!, namely, the space of (scalar) homogeneous harmonic poly-
nomials of degree [ in three variables. Theorem 2.4.7 of [160] states that the
vector fields

I"(%) : = VH1 (%)
m 1/2 11m
= (1 1) x| Y72 () + X! (4 1) +2)? Up (%)
[>0,|m|<l+1,
T (x):=VH"(x) xx
1/2 xrm
= —Ix[' (1 + 1) Vi)
[>1, |m[ <1,
NP (x) o= (20 = 1) H (x) x — |x]” VH]" (x)
m 1/2 £1m
= el Y7 (0) = ! (L= 1)) U7 ()
[>1,|m|<l-1
(B.44)
constitute a basis of (H!)3, when collected for fixed values of [ and all the
possible m. Notice the different ranges of the indices [ and m in the three cases.
The above equalities are proved using (B.37) and (B.41). Following [160], we
will denote the traces on S? of these polynomials by
I () - = (14 1) Y700 + (L + 1) +2) Up ()
120, |m[<I+1,

Ty (x): = — (10 + 1)) V' (x) 1>1, |m| <1,
NP(x) s = 1Y (%) — (1= 1)) U (%) 1>1, |m|<1-1.
(B.45)

Theorem 2.4.7 of [160] provides the L?(S?)3-norms of these fields:

1 (x)[2 dS(x) = (I +1)(20 + 3) ,
SQ
/S2 T (x)[? dS(x) =1 (I +1), (B.46)

NP dseo =12t -1).

which hold for the same range of indices of (B.45). In order to prove a vector
Jacobi—Anger expansion, we need a special normalization of this basis accord-
ing to [203, eq. (62)]:

Xl+2 Xflfl m(y
TR . i)
(I+1)(20+1))2
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_ . -1
(B.45),(B.41) NI () 1>0, |m| <1,
(I+1)(20+1))2
_ . ; T™
Yo - B2 v () B LTECO 121, m| <1,
’ (Il +1))2
1-1 Hm™ ) m
YTU <) - — x| VH, (1X) (B:44) l—1(x) : I>1, |m|<1.
(121 +1))> (121 +1))?
(B.47)

Theorem 2.4.7 of [160] (or equation (71) of [203]) states that this set is an

orthonormal basis of L?(S?)3.
In [83, (5.36), (5.305-5.308)], the following notation is introduced:

1 m 2 m 3 m
Vi) =Y,y ) =07 ),y = Vi)
(1 m (2 - ~(3 R
Fim () = =YT400) . Y () = Y000 Y () =i YE(x), (BAS)
for [ € N and |m| < ; see also table 2.1 and the equations (2.136-137), (5.17—

19) and (5.37) in [83].
From (B.44) and (B.45), we can easily derive a few other formulas:

V() = 5 (100 + Nit ()

U0 = g ((”ll)m e () mx)) ,

Vix) = —(l0+ 1)) TP (x) .

We can compute the divergence and the curl of the vector harmonic poly-

(B.49)

nomials:
V-I"(x) =AH"(x)=0,

V-T7(x) ) %V x VA (x) - VH(x) -V x x =0,

VN0 2 (1 4+2) 10 - 1)) XY o)

— 121+ 1) B, (x),

v x I(x) P2V v x vE (x) = 0,
Vx T7x) P2 00+ 1) XY ) + (14 1) (10 + 1) xR ()

CW a0y,

v x M) P2 —ar 1) (- )0 XV (x)

B 1+ 1) T (%) - (B.50)

Finally, it is important to notice that the two orthonormal sets

{{Y}n}zzo, imi<t > LU i1, pmi<t > AV i1, |m|§l}
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B.5. Vector spherical harmonics

and
{{Yfz}lzo, iml<t > 1Y 01hiz1, fmi<t » Y 0tz \m\gz} 7

generate the same space (L?(S?)?), but this is no longer true if we fix [ to be
constant. The first basis is useful in order to split the fields in a tangent and a
radial part (and we need this to deal with the Maxwell-Herglotz functions, see
Remark 6.2.4); the second one has the advantage that it contains the traces
of homogeneous harmonic polynomials, thus it is useful in the approximation
theory.

B.5.2. Addition, Jacobi—Anger and Funk—Hecke formulas for
vector spherical harmonics

We want to prove the vector equivalent of formulas (B.32), (B.33), and (B.35);
different results are possible. The starting point is Equation (70) of [203] that
expands the vector spherical harmonic basis {ngl} in scalar harmonics by
using the Wigner 3-j coefficient. This is a function of six variables denoted
with the symbol ( nﬁ r{; fgg), frequently encountered in quantum mechanics;

its definition and description can be found, for example, in Section 3.7 of [72].
It satisfies the following orthogonality formula (see [72, (3.7.7)]):

- Ji J2 J3 Ji J2 J3
E 273 + 1 =9 ) ,
(273 ) <m1 me m3> (m’l m m3> m,my Tmg,my (B.51)

J3,ms3

Viji,j2€N, mi, mg, my, mheZ,

where the sum is taken over all the pairs of integers (js,ms3) such that the
Wigner coefficients are different from zero, i.e.:

{(j?)am?))eNXZa |.]1_.]2|§.]3 S]l +j25
mal, i < g1 Jmal, mbl < o, ma 4 ma +mg = mi +mh +mg =0} .

If e;,e,, e, are the cartesian reference vectors of R3, following [203, (64)]
we define the complex reference vectors
. 1 .
e =———(e; + iey), ey = e, e 1 = —=(e; —iey),

V2 V2

that satisfy the orthogonality relation €;-e,, = ¢, ,, for pand p’ € {-1,0,1}.
Given two vectors &,m € C3, we denote their coordinates in this reference
system with & = (£-1,&0,&1) and m = (n—1,710,m1) and the tensor (dyadic)
product matrix with M = £ ® n, whose entries are M.,y = &, for p, ' €
{—1,0,1}. Thus, using the convention Y;"(-) = 0 whenever |m| > [, we
consider the following expression:

(> ¥ viwevinm)

ve{-1,0,1} Im|<l—v
[203, (70), n =1 — ]

= S oYY (y)

|m|<l+1
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S @U-v)+1) (l;ny M_lm —1u> (lr_ny u’im —1//)

ve{-1,0,1}
s.t. |m|§l—1/
=l-v
[72 (3.7.4) e
>y Y (y)
Im|<i+1

> <2j+1>(ufm BN | PR
JE{I-1,11+1}
st |m|<j

(B.51) m— =i N
= Z VYY) S
|m|<I+1
(B.32) 20 + 1

4—Pl(x Y) Opp VieN, pu,pe{-1,0,1}, xyeS*.
T

Notice that, in the previous formula, the case [ = 0 has to be treated separately
by using \Y ol = (2y/m)~! for m € {-1,0,1} and the convention Yg, = 0.
We write thlb addition formula in matrix form:

— 2l+1
YooY YhLmeYy )= — Diy) 1ds
ve{—1,0,1} |m|<i—v (B.52)

VieN, x,yeS?,
where Ids is the 3 x 3 identity matrix.

We can combine the summation formula above with the Jacobi-Anger for-
mula (B.35):

XY 1d, (B.35) Z(2l +1) i ji(r) B(x-y) 1ds
1>0

P22 e Y YL 0¥, )

>0 ve{—1,0,1} |m|<l—v
Vr>0, xyeS*. (B.53)

Formula (B.53) gives a vectorial Funk-Hecke formula analogous to (B.33),
using the orthonormality of the basis {Y]} in L3(S?)3:

/ eV Y (y)dS(y) = / ™Y 1ds Y] (y) dS(y)
SQ SQ

B.53 N m’

(B3 )4772 it Ju(r) Z Z YV/J/_V/(X)

1'>0 v'e{-1,0,1} |m/|<U'—v'
. Y0 (y) - Y2u(y) dS(y)
=4r Z Z'l/ Ju (’I“) Z Z Y /l’ 51/—y’l Oy ,m v Nz
I’>0 v'e{-1,0,1} |m/|<U'—v'

= 4§tV Jiaw(r) Yﬁfl(x)
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B.5. Vector spherical harmonics

Vr>0, xeS*, 1eN, meZ, |m|<l, ve{-1,0,1}.
(B.54)

This formula is useful to write the expression of a vectorial Herglotz function
given its kernel. Notice that, for the vector fields U} and Y, formula (B.54)
can not be used directly because they are traces of non-homogeneous vector
harmonic polynomials. A slightly more involved formula is needed:

/S YU (y) dS(y)

(B49) 1 iy I+ 1N\1V2 LN
2 e (5 e - () N0 as)
(B.47) 1

@+ Lem (02 Y700 +12 ¥110) dS(y)

-1

(B.54) 4w _ . A .
T @+ <<l + Y2 i (r) Y () = 112 G () Y l(X)>

(BA7) dmi' L (I 1N m I \V2 .
- 2l+1<( l ) jl*l(rﬂl_l(x”(m) Ji1 (r) N (x)

Vr>0, xe8*, 1>1, |m|<I, (B.55)

e Xy ase)

(B-49) Xy 1 m 1 m
g I _—
/S2 e <2l 1 (%) + 2011 1+1(X)> ds(y)

B.47) — irx- m m
B 2 [y (1Y 00 - (14 1) X (0) dS(y)

(B.54)  4m it 19 . . L N
2 g (177 30) Y260+ 04 D i (1) YHi(9)

(B.47) 4m il . ' -

Vr>0, xe§*, 1>0, |m|<I. (B.56)

The identities (B.54) (with v = 0), (B.55) and (B.56) correspond to the
assertion of Theorem 5.42 of [83]. In order to verify the equivalence of the
formulas written in the different notation, we have to use the relations [83,
(2.136-137), (5.17-19)], (B.48), (B.45), and the fact that the coefficients G(1)
defined in [83, (3.321)] for the special function G(t) := ™, t € [-1,1], r > 0,
satisfy:

1 1
M) = 2r / G A dr P2 0 S0 + 1) i () / Pr (DR

'>0

. 2 +1
- 47?% 21 j—rl i g (r) Sy = A it Gi(r)
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... it finally happened, I'm slightly mad!
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