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Abstract

In this thesis we compare several boundary integral formulations for three dimensional
Helmholtz transmission problems. When studying boundary integral equations for the
Helmholtz equation, eigenvalues of the Laplace operator, also called spurious modes,
may cause difficulties. If the considered wave number corresponds to a spurious mode,
certain boundary integral operators lose their injectivity, which may lead to non-
uniquely solvable boundary integral equations. Whether a wave number belongs to
an eigenvalue of the Laplace operator is dependent on the domain and can in general
not be determined easily.

At first we consider the model problem of a bounded Lipschitz domain and constant
wave numbers. In a second step we expand our considerations by allowing the wave
numbers to be piecewise constant. For both cases we discuss three direct boundary
integral formulations that overcome the problem mentioned above, meaning we can
establish unique solvability independent of the wave numbers. The presented formu-
lations are the single trace formulation, the Steklov—Poincaré operator formulation
and the local multi trace formulation. For the discretization of these formulations we
apply a Galerkin scheme which leads to systems of linear equations. To efficiently
solve these systems with iterative solvers, we examine the formulations’s compatibil-
ity with operator preconditioning and how such preconditioners can be constructed.
Finally numerical examples are presented to confirm our findings and compare the
three formulations.

Zusammenfassung

Diese Arbeit vergleicht verschiedene Randintegralformulierungen fiir das dreidimen-
sionale Helmholtz Transmissionsproblem. Untersucht man die Helmholtz-Gleichung
mit Hilfe von Randintegralgleichungen, so konnen Eigenwerte des Laplace Operators,
so genannte Spurious Modes, Probleme verursachen. Angenommen, die betrachtete
Wellenzahl korrespondiert zu einem Spurious Mode, so verlieren bestimmte Rand-
integraloperatoren ihre Injektivitdat. Dies kann in weiterer Folge zu nicht eindeutig
losbaren Systemen von Randintegralgleichungen fithren. Ob eine Wellenzahl zu einem
Eigenwert des Laplace Operators gehort, hangt vom betrachteten Gebiet ab und kann
im Allgemeinen nicht ohne Aufwand bestimmt werden.

In dieser Arbeit wird als Modellproblem zunéchst ein beschranktes Lipschitz Gebiet
mit konstanten Wellenzahlen betrachtet. In einem zweiten Schritt werden die Betrach-
tungen auf stiickweise konstante Wellenzahlen erweitert. Fiir beide Falle werden drei
direkte Randintegralformulierungen vorgestellt, welche stabil in Hinsicht auf Spurious
Modes sind. Dies bedeutet, dass ihre eindeutige Losbarkeit unabhéngig von der Wahl
der Wellenzahlen gewahrleistet ist. Die vorgestellten Formulierungen sind die Sin-
gle Trace Formulierung, die Steklov-Poincaré Operator Formulierung und die Multi
Trace Formulierung. Diese Formulierungen werden mit Hilfe einer Galerkin-Methode
diskretisiert, was zu linearen Gleichungssystemen fiihrt. Um fir diese Systeme iter-



ative Losungsverfahren effizient anwenden zu kénnen, untersuchen wir, ob sich die
betrachteten Formulierungen fiir die Vorkonditionierung mit geeignet gewahlten Op-
eratoren verwenden lassen und wie solche Vorkonditioner aufgestellt werden konnen.
Abschlieflend werden numerische Beispiele betrachtet, um die theoretischen Aussagen
zu bekriftigen und die drei Formulierungen zu vergleichen.
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Introduction

In this thesis we discuss how to compute approximate solutions for the three dimen-
sional Helmholtz transmission problem. This problem is a coupling of at least two
Helmholtz equations, each of whom is defined as a partial differential equation

—Au(z) — K*u(z) =0

where A is the Laplace differential operator and u the unknown function. The wave
number k is a given material constant, which we assume to be real and positive.
This equation can be used to model linear acoustics when assuming time harmonic
behaviour of the acoustic waves [8]. In this case, the unknown complex function u is
either the velocity potential or the pressure and x is the wave length depending on
the medium.

We now formulate the Helmholtz transmission problem, which describes the scat-
tering of an incoming wave by a penetrable scatterer 2 C R3. The solution consists
of two functions wu;,; and uey that solve the local partial differential equations

— Aty (7) — /{igntuint(x) =0 for x € Q,
Ay (7) — K text(2) =0 for z € Q¢ :=R3\ Q.

The two functions are connected via the boundary I' := 00 where they fulfil trans-
mission conditions

uint(x) - uext(‘r) = f(l’) for x S FJ

((;)Mumt(x) — ((;)Muext(x) = g(z) forx € T,
with the unit normal vector n, and given transmission data (f,¢). Finally the solu-
tion in the exterior wuey has to satisfy the Sommerfeld radiation condition to ensure
uniqueness. This is the simplest form of the Helmholtz transmission problem, a more
general model allows for a piecewise constant interior wave number Kiy,.

Since in most cases it is not possible to derive an analytical solution, we have to
resort to approximate solutions. These can be computed by numerical methods such
as the finite element method [2, 19] or the boundary element method [15, 19]. In
this thesis we consider the boundary element method which is based on the property
that any solution of the Helmholtz equation w is fully described by its trace u and
its normal derivative 8871; on the boundary. These traces can be determined as the
solution of boundary integral equations formulated in the appropriate function spaces

on the boundary. In a last step these spaces are replaced by finite dimensional discrete



10 Introduction

function spaces which leads to a system of linear equations and thus an approximate
solution.

There are several advantages of the boundary element method over the finite el-
ement method for this model problem. First of all the domain we have to consider
is reduced from R? to the surface of € and secondly, the boundary element method
can handle unbounded domains and radiation conditions naturally. Unfortunately,
boundary integral equations may suffer from spurious modes which are connected to
eigenvalues of the interior Laplace operator. These modes cause the loss of injectivity
for certain boundary integral operators, which can result in a non unique solution even
though the model problem stated above is uniquely solvable.

Thus we are interested in boundary integral equations that are uniquely solvable for
all wave numbers. The approaches presented in this thesis are two Steklov—Poincaré
operator formulations [20, 22], the single trace formulation [21] and the local multi
trace formulation [5, 12]. Some other formulations not discussed here are the global
multi trace formulation [4] and the boundary element tearing and interconnecting
method [22].

All these formulations result in systems of linear equations that can be solved using
iterative solvers. One obstacle is that increasing the dimension of the finite dimensional
functions spaces, which leads to more accurate approximate solutions, also increases
the number of required iteration steps and hence computation time. The solution to
this problem is preconditioning, where we modify the systems with the aim that the
number of iterations is independent of the dimension of the discrete spaces. One such
preconditioning strategy, which is based on operators of opposite order [11, 19], is
presented and discussed for three of the formulations.

This thesis is structured as follows. The first chapter introduces the abstract setting
for coercive operators as well as the appropriate function spaces. Chapter 2 presents
all standard boundary integral operators and the Steklov—Poincaré operator, which is
a Dirichlet to Neumann mapping. The third chapter explains how we can translate
a continuous operator equation into a discrete setting and introduces the operator
preconditioning strategy. In Chapter 4 we return to the model problem and discuss the
four presented formulations with regard to their unique solvability, discretization and
preconditioning. Chapter 5 considers the more general case, where the domain is not
homogeneous but has a piecewise constant wave number k;,,. The last chapter confirms
the theoretical results and compares the formulations with numerical examples.



1 Fundamentals

This chapter gives a short introduction to the fundamental concepts and notations we
require later on to study the Helmholtz transmission problem.

The first two sections present two different abstract settings for operator equations of
the form Au = f as well as sufficient properties to ensure their unique solvability. One
is the classical approach of the Fredholm alternative [13, 19], the other a combination
of the Fredholm alternative and Lion’s lemma [5, 12].

The remainder of this chapter introduces the so—called Sobolev spaces [3, 13, 15, 19],
which are spaces of functions whose derivatives are square integrable up to a given
order. Starting from a domain 2 C R3, the definition is extended to cover boundaries,
open subsets of boundaries and skeleton boundaries. All considerations are restricted
to the case when Q C R3 is a bounded Lipschitz domain.

1.1 Variational formulations for coercive operators

We consider a bounded linear operator A : X — X’ where X is a complex Hilbert
space. An operator is called bounded if there exists a constant ¢ > 0 such that

1Av]lxr < 5ol

holds true for all v € X. For a given f € X’ the goal is to find a solution u € X such
that the operator equation

Au=f

is satisfied. This model complies with the Steklov—Poincaré operator formulation and
the single trace formulation we discuss later on. The first step is to rewrite the operator
equation into an equivalent variational formulation to find u € X such that

(Au,v) = (f,v) (1.1)

holds for all v € X where (-,-) is the duality pairing on X’ x X. For a proof of the
equivalence of these problems see [19]. Since A is linear and bounded it induces a
sesquilinear form a(-,-) : X x X — C by

a(u,v) := (Au,v) .

On the other hand, let a(-,-) be a given sesquilinear form, then there exists a linear
bounded operator A : X — X’ such that this equation is satisfied. This allows us
to switch between these two formulations without restrictions. Note that this also
implies that every property of an operator has a counterpart in the sesquilinear form.

11



12 1 Fundamentals

The properties we assumed so far for A are not sufficient to ensure unique solvability
of (1.1). One possible set of such properties is given in the Fredholm alternative.

Theorem 1.1 (Fredholm alternative). [13, Thm 5.3.1] Let K : X — X be a compact
operator, then exactly one of the following alternatives is true:

e The homogeneous equation (I — K)u =0 has a non trivial solution u € X .

o [or any g € X there exists an element u € X such that (I — K)u = g and
llully < cllgllx, with a constant ¢ > 0 independent of g.

A linear operator is said to be compact if the image of the unit ball is relatively
compact in the image space [3]. Although we want to use this result, we would like to
get rid of the auxiliary operator K and instead formulate conditions on the operator

A itself.

Definition 1. Let X be a Hilbert space. An operator A : X — X’ is called coercive
if there exists a compact operator T : X — X’ and a constant ¢! > 0 such that the
Garding inequality

R((A+Tao,v) = ol (12

holds for all v € X.

Definition 2. Let A : X — X’ be a linear operator. If it follows from
Au=20
that u = 0, we call A injective.

Assuming that A fulfils these properties we can use the Fredholm alternative to show
unique solvability of the continuous variational formulation as stated in the following
lemma.

Lemma 1.2. [19, Theorem 3.15] Let A : X — X' be a bounded, injective and coercive
linear operator, i.e. (1.2) holds true. Then the operator equation Au = f has for any
f e X' a unique solution u € X that satisfies

lullx < el fllx

with a constant ¢ > 0 independent of f.

1.2 Variational formulations and Lion’s lemma

In this section we consider a bounded and linear operator A : X — II' where II is a
subset of the complex Hilbert space X. For a given element f € X', note that I ¢ X
implies X’ C II', we have to find u € X such that

Au = f.
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This model problem corresponds to the multi trace formulation. Since Au € II', the
equation can only be satisfied in the sense of I’ and the variational formulation reads

a(u, @) == (Au, ) = (f,¢) Ve ell (1.3)

The necessary properties to ensure the existence of a unique solution are quite similar
to those we have encountered in the previous section. The result is given in the
following theorem which is a derivation of Lion’s projection lemma [12; Lemma 9] and
the Fredholm alternative.

Theorem 1.3. [12, Lemma 10] Let X be a Hilbert space and 11 a dense subspace of
X. Let a(-,+) : X x IT — C be a sesquilinear form and T : X — X' be a compact and
continuous operator. Further we assume:

o For every ¢ € 11, the linear form u — a(u, ) is continuous in X.

o The sesquilinear form a(-,-) is coercive on II X IT with T as the compact operator.
That means there exists ¢ > 0 such that

Ria(p, 0) + (Tp.0)} 2 cllely  Voell
o The sesquilinear form a(-,-) is injective, which means a(u,p) =0 for all p € 11
implies u = 0.

Let these assumptions be fulfilled, then for any f € X' there exists an element u € X
as the unique solution of the variational problem (1.8) satisfying the stability estimate

lullx < el fllx

where ¢ > 0 is independent of f.

1.3 Sobolev spaces

In this section we present the Hilbert spaces we use to formulate the variational formu-
lation of the Helmholtz transmission problem, the so—called Sobolev spaces. Although
we are mainly interested in functions defined on the boundary, we also introduce spaces
in a bounded Lipschitz domain Q C R3. We then explain how to connect these spaces,
defined in the domain and on the boundary, by using trace operators. In this thesis
we only give a short introduction, for details see [3, 15].

The basis for all further spaces is the space of square integrable functions

Ly(Q2) := {u : Q — Clu is Lebesgue measurable,/ |uf® dz < oo}
Q

with the inner product (u,v);,q) = Jouvdz and the norm HuHiQ(Q) = (U, ) 1)
For an integer s > 0 we then define the space of functions whose weak derivatives up
to the order s are square integrable

H*(Q) :=={u € Ly(Q)|0%u € Ly(2) Vau : || < s}
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As before we can equip this space with an inner product

(U, V) o = > /8a 0ov(z)dx

la|<s

that induces a norm ||u| is(ﬂ) i= (U, U) o). For the more general case when s € R,
there exists a A € (0,1) and a [s] € N such that s = [s] + A. With this, the H*(2)

norm is defined as

aa a
Wl = 3 (0% + 3 [ S0

laf<ls) lal<[s]

The space H*(Q2) is then the closure of {p € C*(Q) |||¢|
the H*(Q2) norm.

Considering the unbounded complement of €, Q¢ := R3\ Q, we further define the
space where the square integrability is only required locally as

ey < 00} with respect to

Hyo(2°) 1= {ulugp € H(Q°) Voo € CF°(R?)}.

Since we want to solve the partial differential equation by using functions defined on
the boundary I' := 0f2, we are interested in corresponding Sobolev spaces. These are
obtained in a similar fashion as before, with the main difference that we have to use
spaces with a non integer order s. Let s € (0,1), then we define the Ly(I") respectively
the Sobolev-Slobodeckii norm

ey = [ [ uCeyuas,]

u\xr
iy = [+ [ M2 s,

With these norms we get corresponding spaces

1/2

[[ul

Ly(T') :={v : I' = Clv is Lebesgue measurable, [|v|,,y < oo},
() :={v € Ly(T) | ]

e(ry < 00} for s € (0, 1).
The definition of the Ls(I') norm already indicates how an Ls(I") inner product looks
like, that is
(U, V) ) = / u(z)v(z)ds, for u,v € Ly(T).
r
So far, we have only considered s > 0, this inner product now allows us to define

Sobolev spaces of negative order as dual spaces. That means for s € (0,1) we set
H—*(T) := [H*(T")] with the norm

<t7 U>1"
[l == sup it
A== (1) 0£veHs(T) ||UHHS(F)
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The appearing duality pairing is the extension of the Lo(I") inner product, that is

(U, v)p = /FU(I)mde

for u € H*(I') and v € H*(I"). Both the Ly inner product and the duality pairing
are sesquilinear forms that are antilinear in the second argument.

Until now we only considered s € (0,1) which is all that is possible in the case of
a Lipschitz domain. Sobolev spaces on the boundary of higher orders can only be
defined if the the boundary satisfies further regularity assumptions. More specifically,
if Q is a C* domain then we can extend the definitions above to H*(I") provided s < /,
for details see [15].

The next step is to connect these spaces on the boundary with the ones in the
domain. Let u € C'(2), then we can simply evaluate u as well as the normal derivative
of u on the boundary. By normal derivative we mean

0
—u
on
with the outward unit normal vector n. We now want to find more general formulations

of these two evaluations, of particular interest is their application to functions in
H'(Q). The trace theorem [14, Theorem 3.38] states that the Dirichlet trace operator

(x) := Vu(z) - n(z) forx el

W' HY(Q) —» HYA(D),

is a bounded operator. For the normal derivative, or Neumann trace operator, we
have to further assume that Au € Ly(€2). Since we are interested in functions that
solve the homogeneous Helmholtz equation, this is satisfied and we can use [15, Thm
2.7.7], which gives us that

W HN (A, Q) = HVA(T)
is a bounded operator with
HY A, Q) :={uec H(Q)|Au € Ly(Q)}.

Note that this definition is only correct if we consider a bounded domain €2, the case of
an unbounded domain is considered later. As desired, these operators are extensions
of the evaluations discussed before, that means for u € C*(Q2) and z € T it holds that

int

Yotu(r) = u(z) and  {"u(z) = n(z) - Vu(z).

The same can be done for functions that are defined in €2¢, which leads to the exterior
trace operators

76"+ Hige(X) — H'A(T),
% HY (A, Q) — HVA(D),
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with
H'(A,0°) = {u € HL ()| Au € LF™ ().

The space H...(2) was already introduced, the yet undefined space is the space of Ly
functions with a compact support

L @)= J {ue IE(Q%) | supp(u) C K.

KCR3,K compact

If Q is bounded then it holds that H}.(Q) = H'(Q) and L5 () = Ly(2). So we see
that the former definition of H'(A, ) is a special case of H'(A, Q°).

Note that the normal vector is the same as above, so we consider the inward unit
normal vector with respect to Q¢. That means for a function u € C*(R3) we get

yirty(x) = y¢tu(z) for x € T.

1.4 Spaces on parts of the boundary

In this section we present Sobolev spaces on open subsets of the boundary as well
as piecewise defined spaces, for further details see [15, 19]. These spaces are used
for the more general model problem in Chapter 5, in particular the local multi trace
formulation in Section 5.5. Let I' be a closed surface fragmented into open subsets I';
such that it can be written as

J
F:UE and I'; NT'; = 0 for i # j.
i=1

First, we define the Sobolev space on each of these parts for s € (0,1) as
H(I;) = {v=wpr,|Jw e H )}

with the corresponding norm

[v] Hs([;) "= inf{{|w] Hs(r)|w € H*(I');wyr, = v}.

The index s is assumed to satisfy |s| < 1 in the entire section. A well known subspace
of H*(T';) is given if we restrict it to functions with compact support,

H(T,) = {v = wyr,Jw € H*(T), supp(w) C T;}  for s € (0,1).

Spaces of negative order are defined as the dual spaces with respect to the localized
Ly inner product. Let s > 0, then we set
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with the norms

o <w,v>ri
||wHH75(Fi) = Sllp T7
O#UGHS(FZ-) v HS(Fl)
HwHﬁfs(FJ = sup M
; ozverry) [Vl gy

From these definition we conclude the following inclusions for s > 0:
H*(T;) € H*(T;) C Ly(Ty) € H™*(Ty) € H(Ty).

So far, we looked at the functions on each subset of I' individually, the next step is
to combine these functions. In doing so we get a function which is defined on the
complete boundary I" and has a certain regularity on each segment I';. Let s > 0, then
these are the so—called piecewise defined spaces

H2,(T) == {v e L*(D)|uyr, € HY(T,) for i =1,..., J},

Hy,(T) == 1:[1 H*(Ty),

with the corresponding norm

1/2
2
Hs(Fi)] '

J
HUHHSW(F) = lZ H’U\n
=1

The dual spaces for s > 0 are given by

— !/

Hya () =TT H (1) = H;,(D)]
Hya (D) 1= [ H™*(Ts) = [Hy,(0)]

@
I
—

Similar to above, here we have the inclusions for s > 0
H:,(T) C HY(T) C H;,(T) C Ly(T) € H,5(T) € H*(T) € H,:(T).

Of particular interest for our further considerations is the pair HY2(I') x H, Y/*(T").
The following lemma tells us that these form a dense subset of the classical trace
spaces HY/2(I') x H~Y/2(T).

Lemma 1.4. [5, Lemma 2.15] Let T be the boundary of a Lipschitz domain, then there
hold the dense embeddings

HYA(T) < HY2(D),
H12(0) < HY2(D).

pw
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1.5 Spaces on a skeleton boundary

Up to this point we only considered the case of a single domain €2 an its closed boundary
['. In this section we introduce spaces on the boundary of several domains that may
share parts of their boundary. These spaces are used in the single trace formulation as
well as the Steklov—Poincaré operator formulation for composite structures in Chapter
5. To keep notations simple we restrict ourself to two domains, the extension to an
arbitrary number of domains is then straight forward.

Let € be a Lipschitz domain which is divided into two disjoint Lipschitz subdomains
Q); with boundaries I'; := 9, for i € {1,2}. Figure 1.1 shows the two scenarios
that may appear. The first one, see Figure 1.1a, is that one domain is enclosed by
the other, which means it either holds I'y C I'; or I'y C I';. This case leads to
the standard Sobolev spaces and hence we neglect it from here on out. The more
interesting scenario is that both domains share part of their boundary with €2, i.e.
oQNT,; # 0 for i € {1,2}. This case is pictured in Figure 1.1b.

r

r
() ToNT =10 (b) T;NT # 0 for i € {1,2}
Figure 1.1: A structure 2 composed of two subdomains €2; and 2.

First we define the skeleton boundary as the union of all individual boundaries
['s :=T'; Ul and the exterior domain € := R3\ (2, U ) with [y := 9Qp. For any
function u € H'(A,R3) we apply the trace operators for all three domains and get

0w, € H'P(Lh), i € {12} 2§"upn, € H'A(Ty),

Mg, € HV2(IT),i € {1,2}  ~5"ujq, € H (L),
Taking the Dirichlet trace on the whole skeleton we have found a function whose
restriction to any boundary T'; is in H'/2(T;). This motivates the definition of Sobolev
spaces on the skeleton by starting from the product space of local trace spaces H*(T';)

and enforcing continuity across shared boundaries. We denote the product space for
s€(—1,1) as

() = T H¥(T).

For any u € H5(I's) let its elements be uw; € H*(I;) for i € {0,1,2}, that means
u = (ug,uy,uz) . Then the skeleton Dirichlet trace space H'/?(I'g) is defined as

H'Y(Tg) := {u € Hy>(Ts)|u; = u; in HY*(Ty;) for i # j,i,j =0,1,2}.
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Let u = (ug, u1,us) € HY/?(I's), then we define the restriction operator ‘I, as
wr, = u; in HY3(T,),i € {0,1,2}.

The norm of HY/?(I'g) is given by

, 1/2
HY/2(Ty) .

When considering the Neumann datum, we have to take into account that the

normal derivative has an orientation depending on the domain it comes from. In

particular, for almost all z € T'15 we get v{"uq, (x) = —7{"ujq, (x) while v{"uq, () =

Y5 )0, holds true for almost all z € T'jp. One way to write this continuity condition

is by means of local duality pairings and exploiting that traces in H'/?(I'g) are unique

2
el = (3 o
1=0

on each interface. Let the components of t € H, Y 2(Fs) be t;, then we can write
t = (to,t1,t2)" and define

HY?(Dg) = {t € H;'(T)

(o), =Sty =0, Ve BT

=1

<u7t>1"
[#l-1r2gy = sup
0#£u€eH/2(T'g) HUHHl/Z(FS)

Instead of a simple restriction we define a mapping L; : H~'/2(T's) — H~Y2(T;) as
Lit=t ic{0,1,2}.

This discrepancy to the notation used earlier, where we just restricted the Dirichlet
skeleton trace, is to emphasize that the Neumann skeleton trace is not unique on
interfaces but may change the sign.

Naturally we are interested in a duality pairing between these two spaces, unfortu-
nately we cannot express it for arbitrary functions (u,t) € HY/2(I's) x H=*/?(I's). To
illustrate the occurring problem, let uy € H'/?(Ty) and define the adjoint operator to
Lo by L : HY?(Ty) — HY?(I's). Then for t € H~'/2(T's) we see that

<U0, LOt>F0 = GLSUO, t>F5 .

Hence, we can describe the duality pairing in the case that one of the functions is a
composition of a function living on one boundary and an adjoint restriction operator.
Let (:r,)* : H"Y2(I's) — H~Y2(I;) be the adjoint operator of the restriction for the
Dirichlet trace, then for i € {0,1,2} we set

(Lyug, ), o= (us, Lty Vu; € HV2(Ly),t € H (D),
(Cr)tu), = (tour,), e HV2(T0),ue HY2(T).
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It is not obvious if and how this definition can be extended to arbitrary functions in
H'Y?(I's) x H~'/?(I's). The naive approach would be to add the local duality pairings
up, but since the normal derivative has a change in sign on I'y5, the terms on I'y5 would
cancel on another out. Fortunately, for the formulations we are going to consider it is
sufficient to be able to compute the special cases mentioned above.

The next lemma allows us to estimate the norm of the Neumann trace on one
boundary by the norm on the remaining boundaries which is required for the Steklov—
Poincaré operator formulation.

Lemma 1.5. Lett € H Y/%(T's) and i € {0,1,2}, then it holds

2
”LitHH*l/Q(Fi) < Z ||]L’jt||H—1/2(Fj)'

j#4,j=0
Proof. Let i € {0,1,2} be arbitrary but fixed, then the local norm is defined as
(wi, Lit)p, (@i, Lit)p,

ILit|| ;=120 = sup sup — .
i T4 0Au; €HY/2(T;) HUiHHW(n) 075111.6?1;;2@) HuiHHl/Z(Fi)
For the second equality we used Lemma 1.4 which tells us that ﬁ%ﬂ(l}) is dense in

HY2(T}). Let @; € E%Q(Fi) be arbitrary but fixed, then we can define a skeleton
Dirichlet trace function

3 B B ~ . i _ ’al .. on F’L
i = (@, Uy, p) T € HY*(g), for j #i:a; = { '(f” elsewhére'

<ai7 Lit)r‘i‘ =

Furthermore we get @, € ﬁ;éz(ri) for all j € {0,1,2}. Exploiting the definition of
H='/2(T'g) we can rewrite the dividend of the norm expression as
2
< > <apj,Jth>Fj‘
2
< Z ||aj||H1/2(Fi) thHH*l/Q(Fi)'
The last step is to estimate the norm 4, for this recall that it holds @; = x;t,r,; with
the characteristic function x;; which is one on I';; and zero everywhere else. Then it

<ﬂ‘r“Lit>ri
J#i,§=0
j#i,j=0

easy to see that for j # i

15 rrareeyy = @i || gajogr,y < Nille,)-

Finally we use these results to estimate the H~'/2(T;) norm by

(@i, Lit) . || g1/2 r o

[Litll g1r2r,y = sup u o
oznerizry 1Willmaw, i

O, € H AL (Ty) ||ﬂi||H1/2(Fi>

therefore showing that we can estimate the local H~'/2 norm by the sum of the other
H~'2 norms. O
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In this chapter we present the concept of boundary integral equations for the Helmholtz
equation. The main idea is that a solution of the Helmholtz equation for a given
domain €2 is fully described by its Dirichlet and Neumann traces on the boundary.
Therefore it is sufficient to find these traces and restrict all our considerations to the
boundary.

To find these so—called Cauchy traces we establish boundary integral operators and
show that they fulfil certain relations, provided the Cauchy traces come from a solution
of the Helmholtz problem. This system of relations is called the Calderén projection
and is the starting point of the derivation of systems of boundary integral equations
in Chapters 4 and 5.

Sections 2.2 and 2.3 discuss properties of the boundary integral operators presented
in Section 2.1, namely injectivity and coercivity. In the last section we present and
study the Steklov—Poincaré operator, which is a composition of previously introduced
operators. For a more comprehensive discussion of the topic we refer to [13, 14, 15, 19]

2.1 Boundary integral operators

Let k € R, with R, := {z € R|z > 0} be a given wave number, ) C R?* a bounded
Lipschitz domain and I' := 0f) its boundary. We start with the three dimensional
fundamental solution of the Helmholtz equation, that is

1 etrlz—yl

U* = — .

With this, we can define two boundary integral potentials that solve the Helmholtz
equation in R3\ T'. These are the single layer potential

(Vew)(z) = /F Ut(z, y)w(y)ds,, = €R\T,

defined for w € H~'/2(T") and the double layer potential

(Wev)(x) == /Fv(y)gsz:(x, y)dsy, r € R\ T,

defined for v € HY2(I'). It holds that V, : H-V*(I') — H'(Q) N H.,(Q°) and W, :
HY2(I') — HY(Q) N H},(Q°) are continuous and linear operators [19]. Moreover, for

loc
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22 2 Boundary integral equations

any w € HV2(T"), v € HY*(T') and = € R?\ T these functions solve the Helmholtz
equation, that is
—~A(Vw)(z) — 2 (Vow)(z)
A(W,0) () — # (W) ()

0,
0

The single layer potential and the double layer potential further satisfy the Sommerfeld
radiation condition. As mentioned earlier, we are interested in keeping our considera-
tions restricted to the boundary. Hence we take the Dirichlet and Neumann traces of
these two potentials which results in the well known relations

A0 (Vaw) () = 76" (View) () = (View) (),
A (V) ) = Ju(a) + () (),

A (Vo) () = — gu(e) + (L) (z),

A Wew)(x) = —g(a) + (Kew)(z),

(W) = 5o(a) + (Kow)(z),
N (W) (@) =" (W) (x) = —(Dyv)(2)
for almost all z € T". In these equations we have introduced new operators, namely
the single layer boundary integral operator V, : H~Y*(I') — HY*(I),
the double layer boundary integral operator K, : HY*(I') — HY*(T),
the adjoint double layer boundary integral operator K. : H_l/Q(F) — HY4(D)
and the hypersingular boundary integral operator Dy : HY/*(I') — H~Y(T).

All these operators are continuous and linear, therefore bounded [19]. Representations
of these operators for v € H'/?(T') and w € H~/?(I") are given by

/U* z, y)w(y)dsy,
(Ko)@) = [ ol >;’%U*<x s,

(Ka)(a) = [ wly)5-Ui)ds,

(D)) = =5 [ 0(0) Vi),

For notes on how these integrals are to be understood and can be evaluated, see
[15, 19, 22]. Even though the name suggests otherwise, the adjoint double layer bound-
ary integral operator is not the Ly(I')-adjoint of the double layer boundary integral
operator. How these two operators are connected is stated in the following lemma.
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Lemma 2.1. [20, Section 2] For all k € R, v € H'Y*(T') and 7 € H~'/*(T") it holds
(Kov,7)r = (v, K" T)r.
A similar result holds true for the single layer boundary integral operator.
Lemma 2.2. [20, Section 2] For all k € R and (t,7) € [H~Y2(")]? it holds
(Vor, )y = (1, V_it)r.
Let u € HY(Q) be a weak solution of the interior Helmholtz problem
—Au(r) — k*u(z) =0 for z € Q,

then it can be expressed by its Dirichlet and Neumann traces with the representation
formula [19, Chapter 5]

u(z) = (Voyimtu)(z) — (Weyi™u)(z)  for z € Q. (2.1)

Thus it is sufficient to know the Cauchy traces of the solution w. All in this thesis con-
sidered formulations are so—called direct approaches, that means the goal is to compute
the Cauchy traces. An alternative are indirect formulations that consider a potential
approach, for example u = (Vw) with an unknown density w € H~Y3(T'). Apply-
ing the trace operators to the representation formula results in the interior Calderén
projection which can be written in matrix form as

Yrtu\ %I - K, V. yinty, (2.9)
ity ) D, %]—FK; ity ) ‘

Since this is a projection, that is C?> = C, we can derive the following relations.

Corollary 2.3. [19, Corollary 6.19] For all wave numbers k € R it holds
VD —(1I+K>(1I K
K K 2 K 2 K )

| 1
DV, — (I + K;> (1 _ K,Q) ,

2 2
VHK; - Kmvm
K' D, = D K..

If we consider the exterior Helmholtz problem
—Au(z) — K*u(r) =0 for z € Q°

instead, we have to further demand that the solution u € H} (Q°) satisfies the Som-
merfeld radiation condition
2

0 wx) —iku(z)| dsy =0 (2.3)

on

lim
r—00

|z|=r
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to ensure uniqueness for any given boundary conditions. A solution for this problem
can be fully described by its traces using the representation formula [19, Chapter 5]

u(r) = — (Vo™ u)(z) + (Weys™u)(x) for x € QF. (2.4)

Applying the Dirichlet and Neumann trace operators to this expression yields the
exterior Calderén projection

A %[—i— K, —V. et (2.5)

tu) T\ =D =K ) i) |
All above conditions hold true for k = 0, which gives us the special case of the
Laplace instead of the Helmholtz equation. We denote the Laplace boundary integral
operators by dismissing the sub—-index, that means V' := V), D := Dy and so forth.

One notable difference is that, in case of the Laplace problem, the exterior solution
has to satisfy a different radiation condition.

2.2 Injectivity of boundary integral operators

The presented operators may or may not be injective, depending on the wave number
k and the geometry Q. For example, let v € H'(Q) be a solution of the interior
homogeneous Dirichlet problem

~Au=r’u inQ, AM"u=0 onT. (2.6)
Then the first line of the interior Calderén projection (2.2) reads
0 = —Vieyima.

That means if the problem (2.6) has a non trivial solution, then V,; is not injective.
We get a similar result for (%I — K) if we consider the second equation instead of
the first one. As the next lemma shows, the other direction is true as well, if V, is
not injective, then there exists a non trivial solution of the homogeneous Dirichlet
problem.

Lemma 2.4. [20, Section 2] Let Q C R* be a bounded Lipschitz domain with the
boundary I'. Fort € H‘l/Z(F) and k € R the following statements are equivalent:

1. The pair (k,t) € Rx H™Y2(T) is a solution for the single layer boundary integral
operator eigenvalue problem Vit = 0.

2. The pair (k,t) € R x H™Y2(T) is a solution for the adjoint boundary integral
operator eigenvalue problem (%I — K}).

3. The interior Dirichlet eigenvalue problem
—Auy(x) = Aup(z) forz € Q, Yotuy(r) =0 forz €T

has a solution uy € HY(Q) with vi"uy =t and \ := K.
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A similar statement holds true when we consider the interior Neumann problem
instead.

Lemma 2.5. [20, Section 2] Let @ C R® be a bounded Lipschitz domain with the
boundary T'. For u € HY?(T') and k € R the following statements are equivalent:

1. The pair (k,u) € Rx HY*(T') is a solution of the hypersingular boundary integral
operator eigenvalue problem D,u = 0.

2. The pair (k,u) € R x HY?(T) is a solution of the double layer boundary integral
operator eigenvalue problem (31 + K,)u = 0.

3. The interior Neumann eigenvalue problem

—Auy,(x) = puy,(z)  forxz € Q, Yu, () =0 forz el
has a non trivial solution u, € H'(Q) with v{"u, = u and p := K.

This absence of injectivity is a problem if we aim to make use of Lemma 1.2 or
Theorem 1.3 which both demand injective operators. The idea is to combine different
operators in such a way that the resulting system is injective.

2.3 Coercivity of boundary integral operators

Recall the definition of coercivity (1.2), that is for an operator A : X — X’ there
exists a compact operator T4 : X — X’ such that the Garding inequality

R((A+ Tayv,v) > c|loll%
is satisfied for a ¢ > 0 and all v € X. The first step to show this property is the next
lemma that gives us such compact operators for all four boundary integral operators.
Lemma 2.6. [15, Lemma 3.9.8] The operators

V., -V :HYXI) - HYX(I),
D, — D : HY*(') — H (),
K.— K :HY*T) — HY4(T

)
K. — K': HY*T) - HY*I)

are compact. The operator D is the stabilised hypersingular operator defined as
<5u7 U)F = <Du7 U)F + <U, V711>F<U7 V711>F
for all (u,v) € HY*(T), see [20].

Together with the well known ellipticity properties of the Laplace boundary integral
operators V' and D, see [19], this gives us the desired coercivity for the single layer
boundary integral operator and the hypersingular boundary integral operator.
Lemma 2.7. The operators V,, : H/*(I') — HY*(') and D, : H/*(') — H~*(T")
are coercive for k € R with the compact operators Ty, =V — V. and Tp = D — D,.
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2.4 The Steklov—Poincaré operator

In this section we discuss a Dirichlet to Neumann mapping, the Steklov—Poincaré
operator. To consider interior and exterior problems at the same time, we define x; as
the wave number in €2 and kq for the exterior domain. Suppose k1 is not a Dirichlet
eigenvalue of 2, then Vj, is invertible and we can solve the first line of the interior
Calderén operator (2.2) for

. 1 )
W=V (5 + K ) 2

Combined with the second line of the Calderén operator this yields

) 1 1 )
,ﬁntu = {Dm + <2 —+ K;l) V"‘_11 <2[ —+ Kfﬁ)} '78ntu-

We have at least two representations of an operator that, for given Dirichlet datum,
returns the Neumann datum of the corresponding solution for the interior Helmholtz
equation. We define

. 1 1
strp,+ (R )vat (b 1)

1
=V ! (21 + K,ﬂ>

as the interior Steklov—Poincaré operator. Now we want to study certain properties of
this operator, namely injectivity and coercivity. Showing coercivity would be simple

if K, is the adjoint of K , which is unfortunately not the case for x; # 0 as we have

seen in Lemma 2.1. One key element in construction of the needed compact operator
is given in the next lemma.

Lemma 2.8. The operator (K — K' ) : H'/*(T') — HY*(T") is compact.
Proof. From Lemma 2.6 we know that the operators
Tk, =K' — K, and Txg =K —K',
are compact. Therefore, their difference
Tgr —Tg, = K, — K,
is compact as well. O

Lemma 2.9. [7, Lemma 3] Let V, be invertible, that is k? is not a Dirichlet eigen-
value, then SI™ is coercive.
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Proof. Let v e HY 2(T) be arbitrary but fixed. We consider the symmetric representa-
tion of the Steklov—Poincaré operator. From Lemma 2.6 we know that D, is coercive
with the compact operator Tp and can write, with a yet undefined operator T,

: 1 1
RS +Tp + Tv, v)r = R( [Dm +Tp + (21 + K;1> V! (21 + Kﬂl) + T} v, )
1 1
> P ollfagey + R (51 + Kn ) Via (51 + Ko ) + T 0.0

For the inequality we used the coercivity of D,,. The operator that we use for the
remainder is motivated by Lemma 2.1. We set

(1 .
To=— (K, - K )V (21 + Km> +T,

the operator T will be defined later. With that, the remainder reads

R( [(;1 n K) V! (;I + Km) + T}v, )

< 1 (;] + K/ﬂ)vv (;I + Kﬁl) U>F + §R<TU’ U>F
1

1 g
(V! (21 + K,ﬂ)v, Vi, Vi1 (21 + Km) v)r + R(v, T"0)r.

RV,
RV,
We already know that V,, is coercive with the compact operator Ty, motivating the
definition

2

where Ty, is the adjoint of Ty,. Here we used Lemma 2.2 to find the adjoint of Vj,,
that is V_,,. With this choice it follows

T 1 —1pxy,—1 1
T o= <21 + K’_m> VLTV ([ + Km>

1 1 -
9%<[(21 + K’_m) vl <21 + Km> + T] v, 0 > 0
and furthermore

R(SE + Tslo, v)r > e vl fe

with

Ty:=Tp— (K, — K., Vi (;I 4 Km) 4 (;I + K> VoL Tyt (;I 4 Km> .
This operator is compact since the space of compact operators form a two-sided op-
erator ideal in the space of bounded operators, see [3]. This means if K is a compact
operator and B a bounded one, then KB and BK are compact operators. For the
third element we need Schauders theorem which tells us that the adjoint of a com-
pact operator is again a compact operator. In summation we established that Ty is a
compact operator and thus Sffl“f is coercive. O
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Lemma 2.10. Assume k? is neither a Dirichlet nor a Neumann eigenvalue, then S,i’ft
1S injective.

Proof. We have to show that, if u € H'?(T') solves Sy = 0, it follows u = 0. Since
k% is not a Dirichlet eigenvalue, we can apply the operator ngt and there exists at
least one solution v € H'/?(T") of the problem Simu = 0, the zero function. Let now u
be such a solution. From the definition of S/ we know that ¢ = S"u is the Neumann
datum of the interior Dirichlet problem to find v € H*(2) such that

~Av—kjv=0 inQ, "v=u onT.

This means that we can find u as the Dirichlet trace of the solution for the interior
Neumann problem, find © € H*(2) that solves

N 2 A . int ~ ;
—AD—kj0=0 inQ, A"o=t=5"u=0 onT.

Since k7 is not a Neumann eigenvalue, we know that this problem only has the trivial
solution v = 0 in Q. From this it follows u = ~{"v = 0. O

Next we consider the exterior domain ¢ and again we assume for the moment
that 2 is not a Dirichlet eigenvalue. Then we can solve the first line of the exterior
Calderén operator (2.5) for v{**u and use this result in the second line which gives us

the symmetric formulation of the exterior Steklov—Poincaré operator

e = =St = — | Dy, + (;I - K ) V! (;1 - K )|t 2)
Naturally there is a non symmetrical representation of the exterior Steklov—Poincaré
operator that we get by solving the first equation of the Calderén projection. However,
this form is only well defined if k3 is not a Dirichlet eigenvalue whereas we will show
that the symmetric form is well defined independent of the wave number. Hence we
restrict our considerations to the representation (2.7) for the remainder of this thesis.

Lemma 2.11. [22, Section 5.4] The symmetric formulation of the exterior Steklov—
Poincaré operator (2.7) is well defined for all wave numbers ko € R.

Proof. Assume that 2 is not a Dirichlet eigenvalue, then Vj, is invertible and the
exterior Steklov—Poincaré operator is well defined as a combination of well defined
operators.

The second possible case, 2 is a Dirichlet eigenvalue, needs a bit more consider-
ation. The operator D, is well defined for all wave numbers, so we only have to
consider the remaining part. Let u € H'Y2(T') be arbitrary but fixed, then we set
g = (%I - K,io) u € HY*(T'). From [9, Corollary 3.3] it follows g € Imag(V},) which
allows us to apply V!, which is not uniquely defined since we can add any element

Ko

t € ker(V,,). Let ¢ be such an element, that is V¢ = 0, then Lemma 2.4 gives us

1 -
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Let ¢ be the unique element of the factor space H~'/2(T")/ ker(V,,) that solves Vi, t = g,
then it follows for a € C and # € ker(V,,)

1 _ 1 .
(21 - K;U> Viltg= (I — K,;O) (t + at)

2
1
= (I - K/ ) t.
2 0
From Lemma 2.4 we know that (37 — K7, ) and V,,, have the same kernel and thus the
exterior Steklov—Poincaré operator is well defined. n

Lemma 2.12. The exterior Steklov—Poincaré operator Sf;"gt is coercive for all wave
numbers ko € R.

Proof. This proof follows the proof of Lemma 2.9 with slight variations since we con-
sider the exterior case instead of the interior one. First we have to note that in Lemma
2.4 we only consider the square of x, therefore (37 — K}) and (31 — K’,)) have the
same kernel. Therefore, as in the proof of Lemma 2.11, the operators

1 /1 _
(21 — K’_m) /% (21 — K%) : HY*(I') — H™Y(I),

1
(KL, — K ) Vit (21 - Kﬁo) : HY/*(I') — H-Y*(I)

are well defined, even though V,, might not be invertible on the whole of H'/2(T).
With these operators we construct, as in the proof for the interior case, the compact
operator

/1 1 w1 (1
T = T+ (Kl = KL )Vt (51 Ko )+ (57 = KL JVELTEV (57 K

and get for all v € HY/?(I")
RS + Ts)v, v)r = e 032y
[

Lemma 2.13. The exterior Steklov—Poincaré operator S¢** is injective for all wave
numbers kg € R.

Proof. The proof is the same as for Lemma 2.10 with the simplification that the ex-
terior Dirichlet and Neumann problems possess unique solutions for all wave numbers
ko. This is due to the Sommerfeld radiation condition (2.3) that we enforce in the
case of unbounded domains. O]






3 Boundary element method

In the previous chapters we presented several boundary integral operators which will
be used to derive boundary integral equations. In this chapter we discuss how these
results translate if we consider finite dimensional test and trial spaces.

The first section of this chapter is a continuation of Section 1.1 for a finite dimen-
sional subspace X of X with a Galerkin-Bubnov scheme [19]. In Section 3.2 we
discuss discrete spaces that approximate the Sobolev spaces introduced in Section 1.3.
Recall that the Steklov—Poincaré operator is not given in a closed form but as the
composition of boundary integral operators, involving an inverse. Therefore its dis-
cretization needs consideration, this is discussed in Section 3.3. Section 3.4 deals with
the preconditiong [11, 16] of the systems we derived earlier.

3.1 Galerkin scheme for coercive operators

In this section we continue with the abstract setting presented in Section 1.1. We
consider a bounded linear operator A : X — X’ and a given right hand side f € X'.
We then want to find an element u € X as the solution of Au = f or the equivalent
variational problem

(Au,v) = (f,v) Vv e X.

Assuming that A fulfils all requirements stated in Lemma 1.2, the unique solvability
is given by the Fredholm alternative. The next step is to discretize the problem, this
means we want to find a different problem with only finite dimensions whose solution
approximates the solution of the continuous problem. For this we consider a subspace
X, C X with a basis {¢/}7,, that is

span{o i, = X5 and dim X, = N.

The sub—index h is a reference to the mesh size, a characteristic quantity of the discrete
spaces presented in the next section. Since X, is a subset of X we call it a conforming
test and trial space, in this thesis we only consider such discrete spaces.

The discrete variational problem is now to find u;, € X}, such that

<Auh, Uh> = <f, Uh> \V/Uh € Xj. (31)

The considered space X, is finite dimensional, hence we can express any element
vp, € Xy, by means of the basis, as

N
Vp = Z VePy-
(=1

31
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With this we have found an isomorphism between X, and CV which enables us to
identify any function in Xj, with the vector of its basis coefficients and vice versa.
Using this isomorphism in the discrete variational formulation for u; and testing with

©r yields
N

Z (Ape, or) = (fr ) fork=1,...,N.

Since the set {(,}Y, is a basis of X}, this problem is equivalent to solving the discrete
variational formulation (3.1). Rewriting in a matrix vector form yields

Apu=f
with A € CV*V, f € CV and u € CV defined by
Aplk, 0] == (Ap, o), Lk=1,...,N,
SR = {f. e0) k=1,...,N,
ull] = wy, (=1,...,N.

This finally is a form we can solve using direct or iterative solvers and Cea’s lemma
tells us how good this approximate solution is.

Lemma 3.1 (Cea’s lemma). [19, Theorem 8.10] Let X;, C X be finite dimensional
and let the Babuska—Brezzi—Ladyshenskaya (BBL) condition

a(up, v
sup 12Ol (3.2)

v}LEX}vah#O th”X

be satisfied for ¢ > 0 and all up € Xp. This inequality is also known as the discrete
inf-sup condition. If A is bounded, linear and coercive then the discrete problem (3.1)
has a unique solution that satisfies the stability estimate

1
lunllx < Z11F 1l

as well as the quasi—optimal error estimate

A
=l < 1+ 2) ing ol

The constant ¢4 is the boundedness constant of A.

In order to apply this lemma, we need to show the stability condition (3.2) as well
as an estimate for the infimum that appears in the quasi—optimal error estimate. Both
these properties are connected with how well X} approximates X. In order to describe
this, we switch from considering a single subspace X} to a family of subspaces.

Definition 3. Let (X}, )nen be a sequence of conforming spaces X;, C X. Then the
sequence is said to approximate X if

lim inf [[v—w)y=0 VveX.

n—oo yheth
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Assuming that we can construct such a sequence of subspaces, we easily see from
Cea’s Lemma that u; converges to u. The only property left is to show that the BBL
condition (3.2) is satisfied. This follows if X}, approximates X well enough, as is shown
in the next theorem.

Theorem 3.2. [9, 19] Let (X, )nen be an approximating sequence of subspaces. If
A is coercive and injective, then there exists a ng € N such that the discrete inf-sup
condition (3.2) is satisfied for all n > ny.

Cea’s lemma assumes that the right hand side (f, o) is evaluated exactly. When
using the boundary element method, this usually is not the case. It is possible that the
right hand side itself contains an operator, for example f = Bg with a bounded linear
operator B : Y — X’ and a given element g € Y Then the variational formulation is

(Au,v) = (Bg,v) YoeX

Since our implementation only covers the application of operators to basis functions
Y € Yy C Y we cannot compute f. One possibility to overcome this problem is
to apply an interpolation or projection operator to g first which results in a discrete
function g, € Y;,. With this we get the perturbed system

(Atip,, or) = (Bgn, @) Vior, € X,

with the solution 4 that is not a solution of the original discrete problem (3.1).
However, the Strang lemma [15, Theorem 4.2.11] shows that the asymptotic order of
convergence is not affected, provided the approximation of the right hand side gy, is
good enough.

3.2 Discrete trial and test spaces

This section introduces finite dimensional subspaces for Sobolev spaces which allow us
to apply the theory discussed in Section 3.1. In particular we present discrete spaces
that serve as approximations of H/2(I") and H~'/2(I"). It is sufficient to consider real
valued basis functions since the imaginary part of a function can be expressed using
complex coefficient vectors.

Let ' be the boundary of a Lipschitz domain that admits a decomposition into N
disjoint triangles 7, which can be written as

This equation introduces the mesh I'j, of the boundary I'. In general geometries do not
allow for such a triangulation, in those cases we have to consider an approximation
I', = I' which introduces an additional consistency error. We have seen similar distur-
bances before when we considered approximations of the right hand side. Once again,
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the Strang lemma, see [15, Section 4.2.4] or [2, Section 3.1], tells us that the order of
convergence is not affected, provided the approximation I'j, of T" is good enough.

To discuss properties of this discretization we need quantifiable measurements of
the elements. Therefore we define for each 7,

the volume A, := / ds,,
Te

the local mesh size hy := /A,

and the diameter d; := sup |z —y|.
T,YEeTy

The maximum over all local mesh sizes is a common measure for how fine the mesh is
and is therefore simply called mesh size

h:= max_ hy.

=1,...,

To distinguish meshes with regards to how fine they are, one often considers either
the mesh size h or the number of elements N. These two characteristics behave in the

three dimensional case as
/1
h e~ —.
N

At last, we define the minimum mesh size

Rmin := min hy.
min =1N 4

3ty

Now let us consider a sequence of meshes with an increasing number of elements N
which leads to smaller elements 7, and therefore to a decrease of h and h,;,. These
meshes are called globally quasi—uniform if there exists a constant c¢g > 1 such that

h: < cc (3.3)

holds for all meshes I'y. Note that since cq is a constant, it is in particular independent
of N. A second mesh property we consider is shape regularity, i.e. that there exists a
constant cg > 0 independent of N that satisfies

dy<cghy, for{=1,... N. (3.4)
On such a shape regular mesh we introduce the space of piecewise constant functions
Sp(T) = span{gy}il,
with

1 z e,
@2<x>:—{ f

0 else.

This space is used as a conforming discrete space for H~/ 2(T") with the following
approximation properties.
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Lemma 3.3. [19, Theorem 10.4] Let I" be a Lipschitz domain that admits a shape
reqular discretization, i.e. (3.4) is satisfied. Let o € [—1,0] and u € H*(T') with
s € [o,1]. Then there holds for a constant ¢ > 0

inf : [ = nll oy < 7 ulmrs(r).

’L)hGS?L(F

The second discrete space we consider is the space of piecewise linear, globally
continuous functions S}(T'). Each element in this space is determined by its values in
the nodes of the mesh. Let {x;,}, be the nodes of the mesh I'y, then we set

(') := span{g; }xZy

with
1 T = Tk,

go,lc(x) = 0 x=uwxpl#k,

linear else.
This space is a subspace of H'/2(T") with the following approximation properties.

Lemma 3.4. [19, Theorem 10.9] [15, Theorem 4.3.22] Let I" be the polyhedral surface
of a Lipschitz domain that admits a shape reqular discretization, i.e. (3.4) is satisfied.
Let 0 € [0,1] and uw € H*(I") with s € [0,2], then there holds for a constant ¢ > 0

inf o [t — vl o ry < h® 7 [l s (ry-

vaS}L(

These two lemmata show that, as h goes to zero, the infimum goes to zero as well if

shape regularity is provided. Therefore we can construct a sequence of approximating

discrete spaces by reducing the mesh size for each new level. One common strategy is

to subdivide the mesh, for triangles this means to insert new vertices at the midpoints
of edges and hence divide each triangle into four smaller ones.

3.3 Discrete Steklov—Poincaré operator

Recall that for a given operator A : X — X’ we can define its discrete counterpart by
its application to all basis functions. This discrete operator is then fully described by
the matrix

Ah[g, k] = <A<,0k,(pg> k,g = 1, .. .,N,

where {(,}Y, is a basis of X. However, if we consider the exterior Steklov—Poincaré
operator (2.7) in its symmetric form

1 1
Sert =, + (I - K;) yo! (I - KR) ,
2 2
then such a computation is not possible due to the inverse operator V"' which we
cannot apply directly. Instead, let v € H'/2(T") be arbitrary but fixed. Then we define
1

w =V (21 — Kﬁ) ve H VAT,
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which by definition is a solution of

w e H_1/2(F) . (Vew, T)p = <<;] — K,_§> U,T> VT € H—I/Q(F).
r

This motivates the introduction of a discrete function wy, € SY(I') ¢ H~Y/2(T") defined
as the solution of

1
Wy, € S}?(F) : <V,§U}h,7'h>11 = <<2[ — KK) ’U,Th>F VTh S S;?(F)

With this we set ]
Sety := Dy + <21 — K;) W,

as an approximation of the Steklov—Poincaré operator. Its matrix is given by
Spll, k] = <§gwt<,p}€, ¢;> Ve (=1,....M

with the basis {p} 1L, of SE(T'). The question is now if this disturbed discrete prob-
lem still has a unique solution and if that solution approximates the solution of the
continuous problem. The Strang lemma [15, Theorem 4.2.11] tells us, that both these
properties are satisfied for the considered case. Let u € H'/?(I') be the unique solution
of

(Se™u,v)p = (f,v)r Vo€ H'(T),

then the disturbed discrete variational problem
up € S,ll(F) : <§§M’U,h,’l}h>p = <f, Uh>1" Yy, € Si(r)
has an unique solution that satisfies the error estimate

= wnllgrzqey < e 1L (= vallgs ey + Onllon ey
’UhGSh

with a continuity constant d§, > 0. At first glance, the additional error term might
look bad, but for the Steklov—Poincaré operator and the choice S} (T') we get the same
asymptotic error behaviour as we would for the undisturbed system. The same can
be done for the interior Steklov—Poincaré operator if we assume that the operator V
is invertible.

3.4 Preconditioning

In the previous section we derived a system of linear equations which remains to
be solved. We do not solve the system directly but use an iterative solver, in our
case GMRES [18, Section 5.2]. The downside of such a solver is that the number of
iterations steps required for a fixed accuracy depends on the condition number ko(Ay)
of the system matrix Aj,. For boundary integral equations of the first kind, which
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our formulations are, this condition number increases as the mesh size h decreases
[15]. This grow of the condition number that manifests in an increase of required
iteration steps can be observed for numerical examples in Section 6.3 and Section 6.4.
To counteract this behaviour we use a preconditioning strategy. This means we solve
a modified system with a condition number that is independent of the mesh size and
has the same solution as the original system [11, 19].

As a model we consider the operator equation

Au=f

for a bounded and coercive operator A : X — X’ and f € X'. The corresponding
discrete system is

Apu=f

with a conforming test and trial space X, C X. If all assumptions of Lemma 3.1 are
satisfied, both of these problems have a unique solution.
The idea is to find a regular matrix Cy, € CN*N and solve the modified problem

CanAnu=Cyhf.

Since Uy, is regular this system has the same solution as the original one.

In order to be a good preconditioner the matrix C'y j, should comply with two criteria.
The first criteria is that the new system matrix C’E’lhAh has a condition number that
is bounded independent of the mesh size h. To ensure this, both matrices need to be
similar in some sense. The second criteria is that we have to be able to compute and
apply the inverse of Cy , efficiently.

The two trivial choices of Cy, that illustrate the trade—off between these two prop-
erties are A itself and the identity /. If we choose Cy ) = Aj, the modified system is
the identity with the condition number 1, but to apply C’Z}l we have to compute the
inverse of Aj, which was the original problem. For Cy; = I we know C’g}h = I which
is trivial to apply but the condition number of the modified system is the same as for
the original system.

For the use in boundary element methods there exist several approaches to construct
feasible matrices C’Z}l. Such preconditioning techniques include, amongst others, the
multigrid method [15, Section 6.5] and the artificial multilevel boundary element pre-
conditioners [16]. In this thesis we use and present the concept of preconditioning
using boundary integral operators of opposite order [11, 19].

Let B : X’ — X be a bounded operator and consider the composition BA : X — X.
This means that B corresponds to 02}1 from the previous setting. In order to estimate
the norm of the resulting system A and B have to satisfy stability conditions

A
sup | (Aup, vn) | >cllluplly  Vun € Xj, C X, (3.5)
0#£vp€Xp, ||Uh||X
B
sup w ZCIB”ZhHX’ Ve € Xj, C X', (3.6)

ownex;  |lwallx
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From Theorem 3.2 we know that this is satisfied as long as the operators are coercive
and injective and the discrete spaces are approximating, properties we already required
earlier.

The next question is how to translate this composite operator to the discrete level.
The problem is, consider for example A,u = f, that the discrete operator A; excepts
a coefficient vector u as input, but its output f is a discrete function tested with basis
functions of the dual space. We refer to Section 3.1 for the definitions of the matrix
and vectors . Hence the output of A, and the input of B; do not fit and we have to
use auxiliary operators in between. The inverse of the mass matrix, defined as

Myl k) := (@, ) o € X, € X,

with bases {@p }L, of X}, and {1}, of X, has the desired properties. Note that it
is no coincidence that the dimensions of both discrete spaces are the same, in fact it is
a necessary condition since we need to invert M),. That this inverse exists is ensured
by the following, final, stability condition

sup | {vn, wn) |

> Mlonll, Vo € X (3.7)
otwnex) ||wnllx

Theorem 3.5. [11, Theorem 2.1] Let (3.5)—(3.7) be satisfied, then there exists a
constant ¢ > 0 independent of the mesh size h such that

ko( M, *ByM, T Ay) < c.
Note that the only inverse required to compute the preconditioning matrix
- - -7
Cuh =M, 'B,M; "

is M, . This can be computed efficiently since M), is a sparse matrix that is spectrally
equivalent to a diagonal matrix.

We have seen that the first two inequalities (3.5)—(3.6) follow for a fine enough
mesh if the operators are coercive and injective. The last stability condition (3.7),
that only depends on the spaces X, and X}, needs more consideration. Here we
present two choices for stable pairings in the case that we consider the Sobolev spaces
HY2(T') x HY(T).

The first idea is to use the same discrete space of piecewise linear, globally continuous
functions for both continuous spaces. Then the necessary condition of equal dimensions
is satisfied. The following lemma shows the inequality (3.7) if the L, projection, and
therefore the mesh, fits certain criteria.

Lemma 3.6. [17, Theorem 2.1] For v € HY?(T') the Ly projection Qy, : H'/*(T) —
SHT) is defined as

<thawh>L2(F) = <'U>wh>L2(r) Yy, € Sy(T).
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Figure 3.1: Construction of the dual mesh I

If the Ly projection is bounded in HY*(T'), then there ewists a cpy > 0 satisfying the
the stability condition

I (RN

> CM||UhHH1/2(r) Vo, € Sfll,(r)'
0w, €S} (T) Hwh”H*l/?(F)

If we consider a globally quasi—uniform mesh, then the assumptions of Lemma 3.6,
i.e. the boundedness of the Ly projection, is ensured [17, Theorem 1.8]. A second
sufficient criteria is to assume only a locally quasi—uniform mesh in combination with
a small enough mesh width h [17, Section 2.1]. Thus, the pair S}(T") x S}(T) is stable
and can be used for preconditioning.

The second approach keeps the proposed discrete spaces Si(I') for HY/2(I') and
S(T') for H=Y/2(I") but makes use of a dual mesh. The first problem we encounter
when using S} (T') and Sj(T) as introduced in section 3.2 is that the dimension of these
spaces are not equal. We have one piecewise constant basis function for each element
{7¢};L, whereas the basis functions of Sj(I") correlate to the nodes {z;}1L,;.

The solution is to create a new mesh I'j, of the boundary I' with M elements 7, which
are no longer triangular. Then we define the space of piecewise constant functions on
this new discretization, that is S}?(fh).N

One way to create such a dual mesh I';, as described in [17, Section 2.2] is illustrated
in Figure 3.1. The elements of I'j, are defined by starting from the the primal mesh
I';, with the vertices x;. Then we take the the midpoints of edges and triangles, which
form the vertices Z, of fh. The elements 7, € fh of the dual mesh, one for each
vertex of the primal mesh xj, are then constructed by connecting the vertices Z,.
Provided the mesh width % is small enough and the mesh is locally quasi—uniform,
this construction leads to a stable pairing Si(T';) x Sy (') [17, Section 2.2] that can
be used for preconditioning.






4 Single homogeneous scatterer

In this chapter we present and discuss several formulations for the model problem of
a single homogeneous scatterer, i.e the wave number is constant inside the domain
Q). This simpler model problem not only facilitates the notations and proofs but also
changes the characteristics of some formulations compared to the more general case
considered in Chapter 5.

The considered approaches are the single trace formulation [12, 21|, the Steklov—
Poincaré operator formulation [20], the interior Steklov—Poincaré operator formulation
20, 22] and the local multi trace formulation [5, 12].

Each formulation is presented in its own section starting with the motivation and
derivation of the operator system. The second step is to ensure unique solvability
and at last we construct feasible preconditioning operators for all except the interior
Steklov—Poincaré operator formulation. The last section discusses how the discrete
Galerkin scheme presented in Section 3.1 can be applied to these formulations.

4.1 Model problem

Let Q C R? be a bounded Lipschitz domain with its boundary I' := Q. In com-
pliance with the notation in the following chapter we denote the domain as 2; and
its complement Q¢ = R3\ Q; as Qy. In this Chapter the Cauchy data of functions
@ € HY(A, ) and 4y € HL (A, ) are denoted as

int ~ int ~

ur(z) ==y, ti(z) =" forx el

uo(z) = 5"y, to(x) ="y for z €T

Let kg and k1 be given positive constant wave numbers. The Helmholtz transmission
problem is to find @ € H'(Q) and @y € Hp.(Qp) that satisfy partial differential
equations

—A?j1<l’) - K%le(l’) =0 forxe Ql, (41)
—Afig(x) — Kkiiig(z) =0 for x € Qg

and inhomogeneous transmission conditions

ur(z) —uo(z) = f(x) forx €T, (4.3)
ti(z) —to(z) = g(x) forx el (4.4)
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for given transmission data f € HY2(I') and g € H~Y?(T"). To ensure unique solv-
ability we have to demand that u, satisfies the Sommerfeld radiation condition

2

0 ds, = 0. (4.5)

ong,

lim Uo(z) — ikolo(x)

r—00

|z|=r

In [21, Lemma 2.2] it is shown that this model problem (4.1)—(4.5) has a unique solution
if the Lipschitz domain €2y is bounded and both wave numbers are greater than zero.
From the interior Calderén projection (2.2) we get boundary integral equations for the
interior partial differential equation (4.1)

(Vi t1)(z) — <;I + K,ﬂ) ui(x) =0 forzxel, (4.6)
(Dyur)(z) — @1 _ K;l> ti(z)=0 forzel. (4.7)

In the same way the exterior Calderén projection (2.5) gives us equations for the
exterior partial differential equation (4.2)

(Vieoto) (x) — (-;[ + Kﬂo) up(z) =0 forx el (4.8)
(Dyuo)(z) + <;I + K;O) to(x) =0 forx el. (4.9)

Combined with the transmission conditions (4.3)—(4.4) we have six equations to find
the four unknown traces.

4.2 Single trace formulation

The first approach we study is the single trace formulation as presented in [21] and
discussed in [12, 20]. The name already suggests that it includes only one, either
the interior or the exterior, Dirichlet and Neumann trace on the boundary I'. Let
(G, 10) € H' () x HL. () be a weak solution of (4.1)-(4.5). Then its interior and
exterior traces are solutions of the suitable Calderén operators which yields

Vi, —%[ — K.\ (t1) 0
—1iI+ K, D, A

Vieo =K\ (to) 0
I+ K[, Dy, u)

for the exterior domain. By using the transmission conditions (4.3)-(4.4) we can
replace the exterior with the interior traces and rewrite the second equation as

Vo %I — Ko\ (1) Vio %] - K\ (g
%I—{— K, Dy, Uy %I+ K, Dy, f

for the interior and
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Summing these two equations up yields the single trace formulation, that is find
(t1,uy) € H-Y2(I') x HY?(T) such that

Vlﬂ + VHO _<K/€1 + Kﬁo) 131 =, VHO %[ - K/’vo g ‘ (41())
K, + K|,  Dg + Dy Uy 1+ K], Dy, f
Lemma 4.1. The single trace operator (4.10) is injective for all (k1, ko) € RZ.

Proof. Let (u1,t,) € HY?(I') x H~'/(T") be a solution of the homogeneous system

Vfﬂ + V/-co _(Kfﬂ + Kﬂ‘io) tl _ 0

K, + K|, Dg + Dy, ) \0J’
then we have to show that it follows u; = 0 and ¢; = 0. First we define solutions of
the interior and exterior Helmholtz equation

Uy(z) = (Vi,t1)(z) — (W, uy)(z)  for z € Q,

Up(z) = —(Viot1) () + (Weyuy) () for z € Q.
Both the single layer potential and the double layer potential solve the partial dif-
ferential equations and satisfy the Sommerfeld radiation condition, thus do U; and

Up. Now we apply the trace operators and use that (uq,?;) solves the homogeneous
system. This gives us for x € T’

W) = (Vt)a) + (51 = Ko ) )
o) = ~Vigh)(@) + (3 + Koy ) wa(2) = (Vi) (@) + (51 = Ko, ) (),

W) = (514 K2, ) @) + (Do)
Vet Uy (x) = (;] — K;O) t1(x) — (Dyouq)(z) = (;] + Kfﬂ) t1(z) + (Dy,ur)(z).

We see that (Uy, Up) is a solution of the transmission problem (4.1)—(4.5) for homoge-
neous data (f,g) = (0,0). From the unique solvability of the model problem we can
conclude U; = 0 in €y and Uy = 0 in €2y which applied to the Cauchy data gives us

1 1
Vit + (21 _ Km> w =0 and (21 4 K,gl) fi4 Dyur =0 onT.  (411)

For the second step we define solutions for the Helmholtz transmission problem for
interchanged wave numbers kg and k; by

Up(x) := (Viot1) (@) — (Wyuy)(z)  for z € Qy,
Uy (z) = —(Vi,th) () + (W, uy)(x)  for z € Q.
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Taking the Neumann and Dirichlet traces combined with the previous result (4.11)
and the assumption that (ug,t;) solves the homogeneous system yields on I'

o 1 1

Do = Vi) + (G = K )10 = = (Vi) + (57 + Koy ) = s
N 1

0 = ~(Vat) + (5

A 1 1
’}/intUo = (21 + K;O) tl + (Dnoul) = (21 — K,/ﬁ) tl — (Dmul) = tl,

I+ Kﬁl) Uy = Uy,

A 1
’)/fxtUl == (21 — K,/€1> tl — (Dmul) = tl.

The pair (UO, Ul) solves the homogeneous Helmholtz transmission problem and is
therefore equal to zero. From this we get 0 = fyé”tUD = wu; and 0 = ~i"U, = t;, hence

we have shown the injectivity of the single trace operator. O
Lemma 4.2. [5, Theorem 2.26] The single trace operator induced by (4.10) is coercive.

Proof. We define the operator

T = 2V—V’41 _VHO _(%(_Kfﬂ _KHO)
“\ex'- K’ ~ K. 2D-D, -D,, )

using the operators from Lemma 2.6. Then 7" is a composition of compact operators
and therefore compact itself. Let ¢ = (t,u)" € H-Y2(T') x HY/*(T) be arbitrary but
fixed and denote the single trace operator (4.10) by M, then it holds

waremed) =2((0 5 ) (1) (),

=2R(Vt, t)p + 2R <1N7u, u>r :

For the second equality we exploited that K’ is the Lo(I')-adjoint of K and hence
the off diagonal blocks cancel one anther out. The coercivity then follows from the
ellipticity of D and V' [19]. O

With these properties, namely injectivity and coercivity, we are in a position to
apply Lemma 1.2 which gives us unique solvability of the single trace formulation.

Theorem 4.3. [5, Corollary 2.29] For any given (k1, %) € R and (f,g) € HY?*(T) x
H=Y2(T) there exits the unique solution (t;,u;) € HY*(I') x HY*(T') of the single
trace formulation (4.10).

The last topic of this section is the construction of a preconditioning operator suited
for the preconditioning strategy presented in Section 3.4. Note that the single trace
formulation is composed of two matrices originating in the Calderén projection. For
each of these matrices we can explicitly construct the inverse using the relations given
in Corollary 2.3.
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Corollary 4.4. For k € R it holds

D, K\ (V. —-K.\_ 1[I
-K. V.)\K. D, ) 4 I
Since we consider the sum of two such matrices we additionally need the next lemma.

Lemma 4.5. The following operator system is compact for (k1, ko) € R%

D., K, Dy K[\ . 112 ~1/2 _1/2 1/2
<—Km Vm> — <_Kn0 VK()) cHY/2(T) x H/2(T') — H/*(T") x H'*(T).

The proof of this lemma follows the proof of Lemma 2.8 for all four boundary integral
operators individually. With Corollary 4.4 we can write

( D, K;1> (v,m —K,i()) 1 (I ) N ( D,, —D,, K] —K,;O> (V,.m —Km)
_Km Vm K:eo Df-co 4 I _(Km + Kﬁo) VMVHO K;/m foo
and Lemma 4.5 tells us that the last operator on the right hand side is composed of
a bounded and a compact operator. Such a composition is compact since compact
operators form a two sided ideal in the space of bounded operators [3]. The same

procedure can be done for interchanged wave numbers.
Thus we have found a suitable preconditioning operator

B P D"fl + DNO Kllﬂ + Kl/il
ST (Kyy + Kiy) Vi + Vi

whose application to the single trace operator yields the identity operator plus a
compact operator. The only accumulation point of the spectrum of such a operator
is one which is beneficial if we apply iterative solver, see [15, Proposition 6.1.8]. The
preconditioning operator Bgrp can be written as

B — I Vm + Vﬁo _(Km + Kﬁo) I
STE— AT K. + K. Dy + Dy I
with an injective and self adjoint switching operator. Thus, coercivity and injectivity
of Bgtr follow from coercivity and injectivity for the single trace formulation (4.10).

With this we are able to apply operator preconditioning to the single trace formulation
and BSTF-

4.3 Steklov—Poincaré operator formulation

The next approach we discuss is the Steklov—Poincaré operator formulation [20] which
is named after the Dirichlet to Neumann mapping presented in Section 2.4. For a given
Dirichlet function it returns the Neumann datum of the corresponding solution of the
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exterior Helmholtz problem. Let (i, 4) € H'(Q) x HL () be a weak solution of
(4.1)-(4.5), then the exterior Steklov—Poincaré operator gives us

— (S5 ug) () = to(x) for z €T.

We already know from Lemma 2.11 that this operator is well defined for all wave
numbers kg. Applying this and (4.7) to the transmission condition on the Neumann
trace (4.4) gives us

g(x) = ti(x) —to(x)
= (D)) + (31 + K2, ) 1(2) + (8551 u0) ),

Since all operators are linear, the transmission condition (4.3) allows us to express ug
by u; and f which yields

90+ (S () = (Den)@) + (5T + KL ) o) + (S5 o),

This in combination with (4.6) results in the Steklov—Poincaré operator formulation
to find (t1,u;) € H-Y2(I') x HY/2(T') as the solution of

Ve  —GI+E )N\ (t) _( 0
(;J+K;1 Dy, + 8t ) \uy ) = \g+Sctf) (4.12)

Even though the interior single layer potential may not be injective for all k; € R,
the resulting system is.

Lemma 4.6. /20, Lemma 4.2] The operator system (4.12) of the Steklov—Poincaré
operator formulation is injective for all wave numbers (Ko, k1) € Ri.

Proof. To prove the statement, we have to show that the only solution of the homo-

geneous system
(i, 450
1 ex -
s I+ K, D, +S Uy 0
is the trivial solution. Let (t1,u;) be a solution of this system, then
Ur(z) = (Vi) (@) — (Wi uy)(z)  for z € Oy
is a solution of the interior Helmholtz equation. Its Dirichlet trace for x € I' is
int 1
W) = (Vi) (@) + (51 = Ky ) wr(a),

which can be simplified to
%" Ur(2) = ui ()
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since (1, u;) solves the homogeneous system. If we do the same for the Neumann
trace, that is applying the trace operator and exploiting that we consider a solution
of the homogeneous system, we end up with

V() = (T4 KL ) 61(0) + (Do) ) = ~(S5w)(@) for v € T.

The second step is to do similar computations for the exterior domain. First we
introduce an exterior Neumann trace ¢y := —Sg*u; and

Up(x) := —(\7,{0150)(1') + (Weour)(x)  for z € Q.

Since both boundary integral potentials solve the exterior Helmholtz equation, so does
Up. Using the alternative representation S = V,_1(11 — K,) the Cauchy data for
x €I read

6 Uala) = (Vi Sun)(w) + (51 + Koy ) wa(o) =
9 U(e) = = (51— K2, ) (85')(@) = (Deg)en (2) = ~(S55') @)

Note that due to Lemma 2.4 we can use the alternative representation of Sg* and
remain well defined since Vj,, and (37 — K}, ) have the same kernel as V,,,. Combining
all this we know that (Uy, Up) is a solution of (4.1)—(4.5) for homogeneous transmission
conditions (f,g) = (0,0). Since this problem is uniquely solvable, we can conclude
(U1, Up) = (0,0). From this it immediately follows 0 = 7{™U; = uy on I'. Inserting
this in the Cauchy traces of Uy results in

1
Vi t1 =0, (2[ + K;1> t, = 0.
The first equation together with Lemma 2.4 yields
1
<21' — K,fﬂ) t1=0
which further gives us t; = 0 and thus injectivity of the Steklov—Poincaré operator. [

Lemma 4.7. [20, Thm 4.3] The operator system (4.12) of the Steklov—Poincaré op-
erator formulation is coercive.

Proof. We define the operator
T, = <V—V,€1 —(K - K)) )

K'—K! (D-D,)+Ts

using the operators from Lemmata 2.6 and 2.12, then T}, is compact. If we denote the
Steklov-Poincaré operator (4.12) by M, then we get for all p = (t,u) € HY/*(T') x
H1/2(F)

ploretoe ) =2((3 e 5Tl (),

= R(VE, )+ R((D+ (S +Ts))u,u) .
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The statement of the lemma now follows from the ellipticity of V' and D as well as
the coercivity of Sg*, see Lemma 2.12. O

Lemmata 4.6 and 4.7 allow us to apply the Fredholm alternative in form of Lemma
1.2 and thus immediately conclude unique solvability of the Steklov—Poincaré operator
formulation.

Theorem 4.8. [20, Thm 4.3] The system (4.12) has a unique solution (ui,t;) €
HY(T) x H~Y*(T') for any right hand side (f,g) € HY?*(T) x H~Y*(T") and any wave
numbers (Ko, k1) € RZ.

After ensuring unique solvability, we want to find a preconditioner for the Steklov—
Poincaré operator system (4.12). One possible choice for an operator to use for oper-
ator preconditioning is the one we already used for the single trace formulation, that

is
D, +D, K. +K,
Bgsp = ! e
_(Kﬂl + Kﬂo) Vm + Vﬂo
This operator has the correct mapping properties, i.e. inverse to those of the Steklov—
Poincaré operator formulation (4.12), and is coercive as well as injective as shown for
Bgrp.

4.4 Interior Steklov—Poincaré operator formulation

In this section we consider the interior Steklov—Poincaré operator formulation [20, 22]
to emphasize that not all formulations have to be uniquely solvable independent of
the wave numbers. For this we start from the Steklov—Poincaré operator formulation

(V,ﬂ —(;HKM))(@):( 0 )
%]+K;1 D, + St Uy g+ SEtf )

where we further assume that V, is invertible, i.e. k% is not a Dirichlet eigen-

value. Then, see Section 2.4, we define the interior Steklov—Poincaré operator ngt :
H=Y2(T) — HY2(T) as

‘ 1 1
nt . / —1
St = D, + (21 + Km) v (21 + Km) .
The assumption that V,, is invertible further enables us to rewrite the first equation
of the Steklov—Poincaré operator formulation as
(1
tl :‘/;ﬂ §+KN1 Uui.

Inserting this in the second equation yields the interior Steklov—Poincaré operator
formulation to find u; € H/?(I") such that

(S 4+ S Yuy (x) = g(x) + (S f)(z) for z €T (4.13)
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Theorem 4.9. Let (k1,k0) € R2 and (f,g) € HY*(T') x H-Y2(T') be given. Assume
that K3 is not a Dirichlet eigenvalue, then SI™ is well defined and the interior Steklov—
Poincaré formulation (4.13) has a unique solution u; € HY?(T).

Proof. To apply the Fredholm alternative in the form of Lemma 1.2 we have to show
the injectivity and coercivity of the operator (S,i’}t + 5S¢, Coercivity follows from the
Lemmata 2.9 and 2.12 which show that both operators individually, and thus their
sum, are coercive.
For injectivity let u; € H'2(T") be a solution of (4.13) for a homogeneous right hand
side, that is
(S 4+ Sy (x) =0 for z € Q.

We introduce Neumann traces t; = S/"uy and ty = —S%u; with which we can define
solutions of the partial differential equation in the interior and exterior domain by

Up(z) := (Vo th) (@) — (We,ug)(x)  for z € O,
Up(z) := — (Vi to) (@) + (Wiup ) (z)  for z € Q.

From the definition of the Steklov—Poincaré operator we know that (uy,t;) are Cauchy
traces of a solution of the Helmholtz equation in ;. The same holds true for (us, o)
and the exterior domain €25. Thus, we can conclude for the traces of Uy and U; for
zel

’V(i)ntUl(x) = () ’VSItUo@) = uy (),
WU(x) =ti(x)  A{"To(x) = to().

Furthermore, since u; solves the homogeneous system, for the Neumann traces it holds
0= (ngt + Sﬁit)u(x) = tl - to.

From this it follows that (Uy, Up) solves the homogeneous problem (4.1)-(4.5) and is
therefore equal to zero. Applying the Dirichlet trace operator yields 0 = 7{"U; =
on I' and thus injectivity of the operator (SI" 4 S¢*).

Now we can apply Lemma 1.2 which gives us unique solvability of (4.13). O

The purpose of the interior Steklov—Poincaré operator formulation is to emphasize
the problems of interior eigenvalues. We see that, if 7 is a Dirichlet eigenvalue,
St and thus the formulations (4.13) is not well defined. We do not consider the
discretization of this formulation and have no need for a preconditioning operator.

4.5 Local multi trace formulation
The last formulation we discuss is the local multi trace formulation as presented in

[5, 12]. The most obvious difference to the other formulations is that we do not
eliminate any traces resulting in two Dirichlet and Neumann traces on I'. As for
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the single trace formulation we start by applying the Calderén projection to a weak

solution (@, o) € H' (1) x H.(Qp). First we consider the interior domain and get

‘/H1 _%[ - Klil Z51 =0
_%[ + K, Dy, u )

Now we use the transmission conditions (4.3) and (4.4) to replace 3/u; and 3It; by
the exterior traces and transmission data (f, g). This results in

vnl _Knl tl _1 Uo _1 f
K:;l .D,i1 U1l 2 t() o 2 qg ’

The same proceeding for the exterior domain yields

VNO _KNO tO + 1 Uy _ 1 f
K‘;O D,io U 2 tl - 2 g ’

This local switching operation, it is more apparent what we mean by local for the case
of composite scatterers as considered in Chapter 5, is what gives the formulation its

name. Combining these two systems results in the local multi trace formulation to
find (1, uy, to, uo) € H™/2(I') x HY?(I') x H-Y?(I") x H'?(T") such that

vli1 _Kli1 _%I t]. f
K' D, —iI w| 1y
K1 K1 2 = — 414
R A Y (4.14)
51 K, Dg, i g

To discuss the solvability of this system we first ensure injectivity.
Lemma 4.10. [12, Theorem 4] The local multi trace operator (4.14) is injective.

Proof. Let u = (t1,uy, to, uo) € HV2(I') x HY2(I') x H~Y/2(I") x HY/*(T") be a solution
of the system (4.14) for a homogeneous right hand side (f,g) = (0,0). To show
injectivity we have to show that it follows u = 0. First we define solutions of the
interior and exterior Helmholtz equation

Ui(z) == (‘N/,ﬂtl)(x) — (Wiyup)(x) for x € Q,
Uo(z) := —(Veoto) () + (Wieguo)(z)  for z € Q.

Note that by construction Uy fulfils the Sommerfeld radiation condition. Taking the
traces of these functions and using that u solves (4.14) for a homogeneous right hand
side yields for x € T’

/y(l)ntUl(m) = (thl)(x) + (;] - Km) Ul(l') = ;(ul(x) + UO(ZL‘)),
6 Uo(w) = ~Viafo) @) + (314 Koy ) o) = 3 0a(2) + 0 (2)),
U (1) = @1 + K;1> t1(z) + (Dyyur)(x) = ;(tl(x) +to(2)),

1) = (1= K2y ) to(e) = (Dugtto)(#) = 5 {tola) +a(0))
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We see that the pair (U, Up) is a solution of the homogeneous model problem (4.1)—
(4.5) and thus it follows from the uniqueness of the solution U; = 0 and U, = 0 with
the consequence

ur(z) +up(z) =0 and ty(z)+to(x) =0 forz eT. (4.15)

For the second step of the proof we define a function in 2; using the exterior traces
(uo, to) and vice versa

Up(x) == (Veyto)(z) — (Wiguo)(z) for = € Q,

Uy () = (Vo ty)(z) — (Weyur)(z)  for = € Q.
By construction Uy is a solution of the interior Helmholtz equation for the wave number
kg. Furthermore U; is a solution of the exterior Helmholtz equation for the wave

number x; and satisfies the Sommerfeld condition (4.5). As before we apply the trace
operators and exploit that u solves the homogeneous system (4.14), which gives us

W Tol) = (Vigto) @) + (51 = Koy ) o) = 500) = s (2)),
60 @) = Vet @) = (51 + Ko ) 1a(a) = 5 uo(e) = ma(o))

Tl = (57 + K2, ) to(e) + (Dugtio) () = 5(tow) = ta(2)),

T = = (31 = Kiy ) @) + (Do) (@) = 5 (to(e) = t1(0).

Thus, the pair (Ug, Ul) solves the homogeneous model problem, only this time with
interchanged wave numbers. Since the solution for the global problem is unique, it
follows U; = 0, Uy = 0 and

uo(x) —uy(z) =0 aswellas to(r) —up(x) =0 forzel.
Combined with (4.15) we get the desired result u = 0. O
Lemma 4.11. [12, Theorem 5] The multi trace operator induced by (4.14) is coercive.

Proof. First we consider the multi trace operator itself without the additional compact
operator. We denote the diagonal blocks as A; and Ay and introduce for the off
diagonal block the matrix operator

o (, ).

Then for any ¢, = (t;,u;)" € H (') x H'*(T'),i € {0,1} we can write

A, -1 1 1
(G ) G- (), ~revnd s oo el = (ot

= (A1, 2,) .+ (Aogy 2.
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For the second equation we used that the both terms in the middle cancel one another
out. Hence it is enough to show coercivity for the diagonal blocks which is quite
similar to what we have done before. For i € {0,1} we define the compact operator

oo VetV K- K
A — _K’;Z_’_K/ _DHZ—’—D

which leads to
'y 2 2
(A 4+ Ta)g, 2,), = (Vi ti)p + (Dusy ) > & [ltill 51720y + e uill /ey

for any . = (t;, u;)" € H™'/2(I') x H'/*("). Note that we made use of the ellipticity
of V and D, see Lemma 2.7 or [19]. With this we have shown that A; and A, are
coercive which gives us coercivity of the multi trace operator. [

With these two lemmas, the unique solvability of (4.14) follows from Lemma 1.2.

Theorem 4.12. [12, Collary 1] The local multitrace formulation (4.14) has a unique
solution for all wave numbers (k1,ko) € RY and given right hand sides f € HY2(TI)
and g € H-V2(T).

The next important question is how to construct a preconditioner for this system.
The motivation for the preconditioning operator are the inverse operators of the diag-
onal blocks derived in Corollary 4.4. With those we can set

DHI Kllﬁtl
- KH Vn
BMTF = ! ! D K/
RO KO
_KH() VH()

as the preconditioning operator for the multi trace formulation. Since the diagonal
blocks are not coupled, coercivity and injectivity has to be shown for both of them
individually. Each block corresponds to a single trace formulation where the interior
and exterior wave numbers are the same. Hence the two properties, namely coercivity
and injectivity, follow from the Lemmata 4.1 and 4.2. With this we have found a
feasible preconditioning operator.

4.6 Boundary element methods for the single
homogeneous scatterer

The next step in computing a solution of the model problem or at least an approximate
solution is to apply the boundary element method presented in Section 3.1. Since the
procedure is very similar for all four formulations, it is only done once for the single
trace formulation. For the other formulations we only give the resulting systems of
linear equations.
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All four formulations fit the Galerkin scheme for coercive operators and we have al-
ready established the necessary properties to apply Cea’s lemma (Lemma 3.1), namely
injectivity and coercivity. The only thing that is missing are suitable discrete spaces
for the appearing Sobolev spaces H'/2(I') and H~'/%(T"). In Section 3.2 we have already
presented approximating discrete spaces for both, i.e.

Sn(Tn) = span{pf}il, € HV2(0y) and  S;(Th) = span{ij}al, € HY2(T).

If we apply the procedure described in Section 3.1 to the single trace formulation
(4.10) we get the complex system of linear equations

(vm,wvﬁo, —(Km,h+Kﬁo,h)> <t1> _ ( Vi 1M, — Kﬁo,h> (g)
K, 1h+K;;r0h Dy, h + Degn Uy %MJ‘FKHM Dy S

The matrices K ,I p and M, hT denote the transpose matrices of K, and M; without
taking the conjugate of the elements. The unknown vectors u; € CM and t; € CV
correspond to discrete functions (¢4, u; ) € Sp(I') x SL(T) via the representations

M N
tin =Y tlle; and uyy =Y w (ke
=1 k=1

In the same manner the vectors f € CM and g € CV are the coefficients of the
functions f and g. If the given functions do not belong to the discrete spaces, then
the vectors contain the coefficients of approximations f, € S}(T') and g, € Si(T), see
the discussion at the end of Section 3.1. The matrices for ¢ € {0,1} are given by

Vin € CVV nll k] = <,§Lgok,g0€> k,t=1,...,N;
K., € CNXM . Kh[z K= ( Hz¢k,¢z> k=1,...,M;¢=1,...,N;
Dy €CMM D0 K] < Hzgpk,gpe> kl=1,...,M;
My € RVM o My[6 ] = (o, ) k=1,...,M;0=1,...,N.

With these matrix representations of the discrete boundary integral operators it is
easy to write down the systems of linear equation we get for the remaining formula-
tions. These are the Steklov—Poincaré operator formulation

Vi —(3My + Keon)\ (4 _ 0
M, + K, Dy n + S, Uy g+ S f

with the discretization of the Steklov—Poincaré operator as discussed in Section 3.3,
the interior Steklov—Poincaré operator formulation

(St + St uy = g+ Sgit f
and the local multi trace formulation
Vm,h —Kyn —IMp\ (4
Kl Den  —35M, w | 1
: %Mh Vo  —Keon | | Lo 2
thT KT Dy Uy

/{07

[~ | [—
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Remark 4.13. In [19] convergence results were derived for Dirichlet and Neumann
boundary value problems under some regularity assumptions for the boundary integral
operators. Here we give a short summary what order of convergence can be expected
by combining these result.

For a globally quasi—uniform (5.3) mesh let t, € H,,(I') and uy € HP(T') be the
unique solutions of the model problem (4.1)-(4.5) with s € [0,1] and p € [s + 1,2].
Let (uyp,t1n) € SL(T) x SP(T) be the unique discrete solution of either the Steklov—
Poincaré operator formulation, the single trace formulation or the local multi trace
formulation. If the boundary integral operators fulfil some regularity condition, see
[19, Lemma 12.2] and [19, Theorem 12.8], then there hold the error estimates

s = wanl ey < b {Jurlrory + 2l sy
ltr = tuall ey < b {lalzoey + It

H3, )}

We have already introduced suitable preconditioning operators to apply the precon-
ditioning strategy presented in Section 3.4. To do so the spaces have to satisfy the
stability condition (3.7)

wp Lty |

> Ci\/luvh”ﬂlﬂ(r) Yoy, € X,
0#wy, €1y, Hwh||H—1/2(r)

with discrete spaces II;, € H"/?(I'y) and X;, ¢ H'/?(T'y). Unfortunately, this condi-
tion is not satisfied if we choose the discrete spaces as above. At the end of Section 3.4
we have presented two possible choices to solve this problem, the use of a dual mesh
and the approximation of H~'/2(I") by piecewise linear, globally continuous functions.

To summarize we have shown that all four formulations have unique solutions, in
the continuous as well as the discrete setting, and are compatible with operator pre-
conditioning. For an application of these results we refer to Chapter 6 on numerical
results.



5 Composite scatterer

In Chapter 4 we considered scattering at a homogeneous structure, that means the
wave number x was constant inside of {2. This chapter discusses the first step towards
a more general problem by allowing piecewise constant wave numbers. An equivalent
formulation of this model is to consider a domain 2 that is composed of disjoint
subdomains €); such that k is equal to a constant x; in each subdomain.

Section 5.1 presents the model problem as well as notations that are used throughout
this chapter. In the Sections 5.2-5.5 we present and discuss the same formulations as
in Chapter 4. Those are the single trace formulation [12, 21], the interior Steklov—
Poincaré operator formulation [20, 22], the Steklov—Poincaré operator formulation [20]
and the local multi trace formulation [5, 12]. Section 5.6 gives remarks at how to apply
the boundary element method presented in Chapter 3.

5.1 Model problem

As a model problem we consider the case that €2 is composed of two subdomains. This
model suffices to show the differences to the problem considered in Chapter 4 and keeps
the notation as simple as possible. Before going into detail of the model problem, we
establish the notations for this chapter. Let @ C R3 be a bounded Lipschitz domain
that admits the decomposition

ﬁzﬁlLJﬁg, leQQIQ)

with two Lipschitz domziins )y and €25 as shown in Figure 5.1. The exterior domain
is defined as €y := R3\ Q. The boundaries, the intersections thereof and the skeleton

n

r
0 no

Qo

Figure 5.1: Sketch of the model geometry Q = Q; U Q.

95
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boundary are denoted as

Fi = 8QZ i:0,1,2,
2

PS = U Fz
=0

Note that there is a symmetry regarding the interfaces between two domains, that is
I';; = IT'ji. Next we consider a triple of functions (i, ts, @) € H' (A, Q1) x HY (A, Q) x
H'(A, Q) and define

wi(x) =g wi(x)  ti(e) =) el ie{1,2}
ug() = ’Ym o(z)  to(x) :==1i"uo(xr)  x €Ty,
wij () = Ujr,,; (v x) rely,i,jed{0,1,2}, i #j,
tij(z) = tyr,, () rely,i,jeq{0,1,2}, i #j.

With these notations we are able to describe the Helmholtz transmission problem. As
in Chapter 4 we assume that all wave numbers kg, k1 and k5 are real and non negative.
Let (f,g) € HY/*(Ty) x H-Y/2(I'y) be given jumps conditions on the exterior boundary
['g. On the boundary between the two scatterers we enforce homogeneous transmission
conditions. Then the problem is to find (uy, tg, %) € H'(Q1) X H'(Qa) x HL () as
the solution of

— At (x) — kg (x) = 0 reQ,i=0,1,2 (5.1)
u2(x) — ugi(z) =0 x € I, (5.2)
uio(r) — ugr(x) = f(z) = €Ty, (5.3)
ugo () — uge(x) = f(x) x € Ty, (5.4)

tia(x) +to1(z) =0 x € 'y, (5.5)
tio(x) — tor(x) = g(x) x € Ty, (5.6)
tog(x) — toa(x) = g(x) x € Tyy. (5.7)

The plus sign in (5.5) compensates for the fact that the two interior Neumann traces
point in opposite directions. To ensure uniqueness of the solution, g has to satisfy
the Sommerfeld radiation condition

0 NG
o to(x) — ikolo(x)| ds, = 0. (5.8)

lim
700 J|g|=r

With this it follows from [21, Lemma 2.2] that the model problem is uniquely solvable.

5.2 Single trace formulation

In this section we present a more general case of the single trace formulation [21] from
Section 4.2. Recall that in Section 4.2 we expressed the exterior traces by using the
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interior traces and the transmission conditions. This way, we only had to consider
one pair of Dirichlet and Neumann traces on the boundary, thus the name single trace
formulation.

To apply the same idea for the composite scatterer the trace spaces have to be
considered not on a closed surface but on the skeleton boundary I'g, those spaces were
presented in Section 1.5. The Dirichlet trace belongs to H'/?(I's), the space of all
functions whose restriction to I'; is in H/2(T;) for i € {0,1,2}. Since we can only
keep one of the two traces, we have to dismiss one on each interface. In this thesis
we keep the traces coming form €2; on I'; and the traces coming from 25 on I'gs. The
space H™'/2(I'y) for Neumann traces is a bit more involved since we have to take care
of the orientation on I'j5 but follows the same ideas, for details see Section 1.5.

Let (ay, @9, U0) € HY(Qy) x HY(Q) x HL () be a weak solution for the model
problem (5.1)—(5.8). The transmission conditions (5.2)—(5.7) tell us that there exists
a pair (u,t) € H'?(I's) x H=Y/?(I'g) such that

U\Fi = Uy, th:tl, on Fz,l € {1,2},

Ur, = Uo + f, Lot = to +g, on Fo-
where the operator L; is the restriction of ¢ to the local Neumann trace and takes care
of the orientation, see Section 1.5. The goal is to use these relations to replace the
traces of @ with (u,t). Since the triple (@, U, @) solves the local partial differential

equations, its Cauchy data can be plugged into the Calderén projections (2.2) and
(2.5). Let ¢ € {1,2}, then this reads

Ve, -3l = K\ () _
_%I—f—K;Z D,ii U; -
while for the exterior domain we get
< Vo él—K,m) <t0> 0
%I + K, D,, U -
We can rewrite this in terms of (u,t) € H/?(I's) x H™Y/?(I's) as
Vio %] — K.\ (Lot _ Vio %I — K.\ (f
%] + K7, D,, U, %I—f— K, Dy, g)’
Vi —%] — K.\ (Lt 0
_%]+ K//ﬂ fol Ury -
Vies —%I — K., \ (Lat\ 0
_%[ —+ K;Q l),.{2 U‘F2 o

Each of these equations is satisfied in the sense of H'/2(I';) or H~'/%(T';) on the re-
spective boundary. Let (v,7) € H'/?(I's) x H~'/?(T'g), then we can test those three
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systems with the appropriate restriction of (v, 7). First, we only consider the identity
operators, here summing up yields

o) (00, o {2 (), a0 (D),

To see that this equality holds we have to split the duality pairings up and use the
definition of Hﬁl/Q(FS). Of particular importance is the relation Lot = —IL;t on I'ys.
If we sum up the three Calderén projections and use this equality we get the single
trace formulation to find (u,t) € HY/?(I's) x H~/?(I'g) such that

G ) G- G~ (e, o) () ()
K| D, ur,) "\ ) /s S\ + K], D, g9) " \vre) /1,

(5.9)
holds for all (v,7) € H/?(I's) x H~'/?(T'y). Another way to derive this formulation
would be to start form the local multi trace formulation (5.18) and use functions in
HY2(I'y) x HY/2(I'g) as test and trial functions. Then all off diagonal blocks cancel
one another out, for details see [12].

The proof of injectivity is more complicated than for the case of a single homo-
geneous scatterer. We can no longer interchange the wave numbers to create a new
Helmholtz transmission problem in R? since the complementary domains overlap if
we consider more than two domains. Hence we need a different tool to show that the
solutions of the local partial differential equations are equal to zero which is given by
Rellich’s lemma.

Lemma 5.1 (Rellich). /6, Lemma 2.11] Let Q C R® be a bounded open set. If a
solution w € HJ (Q°) of the exterior Helmholtz equation further satisfies

N

7

I
=)

lim lu(z)|* dz = 0

7=00 J|z|=r
then it holds uw = 0 in Q°.

With this we can show injectivity for the single trace formulation and Steklov—
Poincaré operator formulation.

Lemma 5.2. [5, Lemma 2.28] The single trace operator induced by (5.9) is injective.
Proof. Let (u,t) € H'Y/?(I's) x H~'/?(T's) be a solution of the homogeneous problem

2
Vfii _Kﬁi ]th LZ'T . 1/2 _1/2
;) <<Kf,% Dy, ) (ur) ’ <U|Fi>>p =0 V(Uﬂ—) € (FS) x H (FS),

then we have to show that u and t are equal to zero.
First we define solutions of the local partial differential equations that fulfil the
Sommerfeld radiation condition by

Us(x) = (V.. Lit)(x) — (Weur,) () for x € Q;,1 € {1,2},
Up(z) 1= — (Vi Lot) () + (Wi, ) () for z € Q.
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Taking the Dirichlet and Neumann traces for one of the interior solution yields on T’
YU = (Vi Lit) + <;f — Km-) ur,,
it — @1 + K,’%> Lit + (D uyr,).
In the same way we get on I’y
V5" Uy = — (Vi Lot) + (;[ + Km)) Urg,

1
’fotUQ = <21 — K;()) Lot — (DNOUWO)‘

As always we want to show that these three function satisfy homogeneous transmission
conditions. For this let (v,7) € H/?(I's) x H~'/?(I's) be test functions that vanish
on all interfaces except I'y; for ¢ € {1,2}. Then we get

<,>/[Z)m§U'z . ,}/(e)fbt[]o7 L0T>Fg- = <V51L1t — KﬁiU|Fi + VHO}Lot — KRQU|F07 LOT>F = 0.

01

For the first equality we used that, since u € HY?(I'g), the identities cancel one
another out. Note that by definition on I'y; it holds IL;7 = Ly7. Thus, we can use that
(u,t) solves the homogeneous system (5.9) which gives us the second equality. Similar
arguments for the Neumann trace yield

<’yintUi — "}/fztUo, U|FO>FOi = <K,I€Z]th + D,{Z.UH"Z. + K;O]Lot + DKOUFO, UI‘0> = 0.

LCo;

Next we consider the remaining interface I';5 with appropriate test functions. Keep
in mind that on I'j5 it holds ;7 = —ILy7 as well as vir, = vr, and hence

(" U1 =" U, L) = (Vi Lt = Keyury, Lam) -+ (ViLot = Kyupry, Lot)
=0,
<’yf”tU1 + YiM U, v|p1>F12 = <K;1L1t + Dy ur, + K] Lot + Dy, upr,, v|p1> = 0.

IRD)

IRD)

We see that (Uy, Uy, Us) solves the model problem (5.1)—(5.8) for homogeneous trans-
mission data. Therefore, all three functions must be zero and, by taking the Cauchy
traces, we can conclude for i € {1,2}

| |
0=~ (VaLat) + (51 + Ko )y 0= (ViLit) + (51 = Ko )u, (5100

1 1
0= (21 — K,;O) Lot — (Dyotiiry), 0= (21 + K;i) Lit + (Dyur,).  (5.10b)

For the second part of the proof, we define solutions of the Helmholtz equation for
ki in Qf for i € {0,1,2}. Similar to before, these functions are defined as
Ui(z) == —(Vi,Lit)(z) + Wyur,)(x) for o € Qf,i € {1,2},
Up(x) := (Vi Lot)(z) — (Wi, )(z)  for x € Q.
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With the same reasoning as in the first step we can conduct

et U, = iU, and ~e Ty = 4T, on I'yg, (5.11a)
et U, = 4ty and AU, = AT, on Ty, (5.11b)
’ngtUl = ’}/(e)thQ and ’Yleﬂﬁl = —’yfxtﬁg on P12. (511(3)

Our goal is to apply Lemma 5.1 (Rellich) for U, and U, so we have to show that
their Ly norm taken on the surface of a sphere vanishes as the radius goes to infinity.
Let r > 0 large enough so that Q@ C B,(0), then we consider Greens first formula [15,
Section 2.7] in Q¢ N B,.(0). For Qf with ¢ € {1,2} and Qf this gives us

A0 A
<ot (), {,ds, = /
/x|:r o on, -(0)NQE
= / VUO‘ — Ky ’UO‘ dx —/ yth %”tffods,;.
Since by definition all considered functions solve the local partial differential equations,

the integrals in the domain are equal to zero. Summing up and taking the imaginary
part yields

- 2
- (Z/ extUl Ud836> =& <_/ ,yéntUO,ﬁ'ntUodsz +Z/ ")/SxtUi’fotUidsx) ]
To =17l

The right hand side of this equation vanishes due to the relations (5.11) we derived
earlier. Hence, we finally get

e <Z / e O ZUdsx> — 0.

Recall that the exterior solutions Ul and (72 satisfy the Sommerfeld radiation condition
(5.8), summing those up gives us

- / ’YSxtUi’Yfthidsm

2
0= rlgrolo Z/ anx mJU dsg
= lim Z / iU ds, + K / (}’ ds, — 2k, / eztU extU
rree |z|=r an |z|=r J J |z|=r i J

We have already shown that the last integral vanishes. Since all other integrals are
positive, we can conclude

lim O ds, =0  fori=1.2
r—00

|z|=r

which allows us to apply Lemma 5.1 for U, and Us,. This gives us ((71, Ug) = (0,0)
and from the relations (5.11) it follows Uy = 0. So the Dirichlet and Neumann traces
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of (UO, Ul, UQ) are zero as well, on the other hand they have the representation

1 1
0= (VKOLot) —+ (2[ — K,m) /LL‘FO, 0= _(Vﬁlet> -+ (2I + K’%) ’LL|1"2.,

1 1
0= (21 + K;O) Lot + (Deoupr,), 0= (2[ - K,’%) Lit — (Dy,uyr, ).

This in combination with the result of the first part (5.10) finally gives us (u,t) = (0,0)

and thus the injectivity of the single trace operator.

]
Lemma 5.3. /5, Theorem 2.26] The single trace operator induced by (5.9) is coercive.

Proof. First we define a compact operator for each subdomain i € {0, 1,2} by

(VY “E+E,
" \K'-K, D-D, )’

the compactness follows from Lemma 2.6. Let the diagonal blocks of the single trace
operator be denoted by A;, then the same procedure as in the proof of Lemma 4.2
gives us for (u,t) € H/*(T'g) x H Y/%(T')

2 L;t L;t 2
A+ T, 1, ! > .
=0 <( +T) (“IF) <”F> >ri C;J (HUF

. 2 2
> C(HUHH1/2(1‘S) + HtHH—l/Q(FS))'

2 2
HI/Q(Fi) + HLZtHHl/Q(FZ)>

The last thing we have to show is the compactness of the combined operator. This
follows from the compactness of T;, the boundedness of the localization operators and
the fact that the space of compact operator is a two—sided operator ideal in the space
of bounded operators [3]. O

Lemmata 5.2 and 5.3 provide everything we need to apply Lemma 1.2 (the Fredholm
alternative) which gives us unique solvability.

Theorem 5.4. The single trace formulation (5.9) has a unique solution for all given
right hand sides (f,g) € HY?(To)x H~'/%(Ty) and wave numbers r; € R, i € {0,1,2}.

In Section 1.5 we discussed that it is not obvious if and how the duality pairing
between H'/2(T's) and H~'/?(I'g) can be expressed for arbitrary functions. Hence we
are not able to compute the mass matrix which prevents us from applying operator
preconditioning as presented in Section 3.4. Therefore we do not derive an operator
Bgstr as we did for the homogeneous scatterer in Section 4.2.
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5.3 Interior Steklov—Poincaré operator formulation

Here we first present the interior Steklov-Poincaré operator formulation [22] in the
case that none of the wave numbers k; corresponds to a eigenvalue of the Laplace
operator. Then, as shown in Section 2.4, all Steklov—Poincaré operators, interior as
well as exterior, are well defined which facilitates the formulation considerably. As for
the single trace formulation we make use of skeleton trace spaces and refer to Section
1.5 for details.

Let (@, 1s, 1) € HY(Q) x H' () x HL () be a weak solution of the model
problem (5.1)—(5.8). The local problem, for example for €2y, reads

— Al — K31 =0 in Q,
Uy = Uy on I'ja,
up =uo+ f on 'y,
tl = _tQ on Plg,

tl = to +g on FlO-

Now we express the normal derivatives ¢t by means of the Dirichlet datum and the
Dirichlet to Neumann mappings, i.e S,i:‘tui =t; and —Szg”tuo = to. Then by definition
of the Steklov—Poincaré operator the traces belong to a solution of the local partial
differential equation and it can thus be omitted. At this point we need do find u; €
HY?(Ty),i € {0,1,2} that solve on T

Uy = Uy on I'yp,
up = ug + f on I'yg,
Simul = —S;ntUQ on F12,
S{"tul = —ngtuo +g on F10~

Next we enforce continuity across the boundaries, that is find u € H'?(I'g) instead
of local traces wu;. For the interior boundary I'j5, this fits the given transmission
conditions. On the boundary I'y we have to decide if the restriction of u should be
the interior or exterior trace. The other can be expressed by means of the given
transmission conditions. We consider the restriction of u to I'y to be the interior
Dirichlet trace. The original Dirichlet datum can then be obtained by

uy = ur,, Uy =up, and wuy=up, — f.
With this the problem is to find u € H/?(T'g) such that

int int

Sl U, + 52 Ury = 0 on Flg,
int ext ext
int ext ext

ST upr, + S ur, = SgT'f +g  on I'y.
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By multiplying this with a test function v € H/?(I'g), integrating and summing up, we
get the interior Steklov-Poincaré operator variational formulation. Find v € H'/ 2(Ts)
as the solution of

2

(S5 wros viro )y, + 30 (S i vy, = (S5 + 9,0 )y, W0 € HYA(Ts). (5.12)

i=1 v

Under the assumption that the interior wave numbers do not belong to eigenvalues of
the Laplace operator, this formulation is uniquely solvable as is stated in the following
theorem.

Theorem 5.5. [22, Section 7.2] Let (ko, k1, k2) € R3 be given wave numbers such
that neither k¥ nor k3 are Dirichlet or Neumann eigenvalues. Then there erists a
unique solution u € HY?(I's) of the interior Steklov-Poincaré formulation (5.12) for

any (f,g) € HY/?(Ty) x H~Y2(Ty).

Proof. In order to apply Lemma 1.2, we have to show injectivity and coercivity of
the operator induced by (5.12). Coercivity is a direct consequence of the assumption
concerning the wave numbers. Lemma 2.12 and Lemma 2.9 tell us all three appearing
Dirichlet to Neumann mappings are coercive with compact operators Ts,, ¢ € {0,1,2}.
With these compact operators it holds for any v € H/2(I')

2

R <(Sga:t + TS())U|F07 ,U‘F0>F0 + Z R <(Szmt + TSi)U|Fi7 ,U‘Fi>1‘i

i=1
2
H/2(Ty)

2
2
ZCOHUWO H/2(To) + Zci Yr;
=1

2
Zcl|vllzz gy

This concludes the proof of coercivity.
To show injectivity let u € H'/?(T's) be a solution of the homogeneous problem
(5.12), this is equivalent to

int int

ST ur, + 85" ur, =0 on I'yy,
int ext

Sl U,|1‘*1 + SO U,|1‘*O = 0 on Flo,
int ext

S5 ur, + So ur, =0 on Iy,

we now have to show that u = 0. We start by defining Neumann traces for each
domain

R ext . qQint . qQint
to = —SHO ’LL|F0, tl = Sfﬂ ’LL|[‘1, t2 = SHQ ’LL|[‘2.

Since u solves the homogeneous problem (5.12) we immediately get the relations

to = tl on F107 to = tg on FQ(), tl = —tQ on F12-
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With those traces solutions of the local Helmholtz equations are given by
Up = —(Viyto) + (Wioupr,)  in Qo,
Uy i= (Vo ty) — (W ur,) in Q,
Uy i= (Vota) — (Weouyr,) in €.

We see that the triple (Uy, Us, Uy) solves the model problem (5.1)—(5.8) for homo-
geneous transmission conditions, for more details see the first part of the proof of
Lemma 5.2. Since the model problem is uniquely solvable, it follows U; = 0 in 2; for
i € {0,1,2}. By applying the Dirichlet trace operator we get u = 0 on I's and hence
injectivity.

This provides us with everything we need to apply Lemma 1.2 which concludes the
proof. O

5.4 Steklov—Poincaré operator formulation

In this section we present the Steklov—Poincaré operator formulation [20] without
restrictions to the wave numbers k; € R,. Then it follows from Section 2.4 that only
the exterior Steklov—Poincaré operator is well defined, coercive and injective.

As for the single trace formulation we use the skeleton trace spaces from Section 1.5
and restrict our considerations to one Dirichlet and Neumann trace on each interface.
This means for a solution (i, @, g) € H* (1) x H'(Qg) x HE.(Q) of (5.1)-(5.8) we
consider (u,t) € HY?(I's) x H~'/2(I'g) satisfying

U|p

i = Uy, th:tz, Z - {172},
U|F0 = Ug + f, Lot = to + g.
The transmission conditions (5.2)—(5.7) ensure that such functions exist. Let i €

{1, 2}, then the Neumann transmission condition on the interface I';y can be rewritten
as

g=1ti—to
1
_ (2[ 4 Kéi) ti + Dyyui + SE%uq

1

While the first equality is the given transmission condition (5.6)—(5.7), the second
equality follows from the interior Calderén projection (2.2) on I'; and the definition of
the exterior Steklov—Poincaré operator. For the last step we replaced the local traces
(us, t;) by the skeleton traces using the relations described earlier. This holds true
for the interfaces I'yg and I'yg, now consider the remaining boundary part I';5. The
second line of the interior Calderén projection allows us to reformulate the Neumann
transmission condition as

1 1
<2] + K:ﬂ) th + D“1U|F1 = th = —Lgt = — <21 + K;Q) ]Lgt — D52U|F2.
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Testing these three equations with the appropriate restriction of v € HY?(T s) yields

<S:§tu|Fo7v\Fo>F + Z <( I+ K, )Lit,’Upi>F = < Sextf ur, > , (513)

i

which is the first equation of the Steklov—Poincaré operator formulation.
For the second equation we consider the interior Calderén operator (2.2) on I'; for
i € {1,2}, in particular the first line

1

where we already switched to skeleton traces (u,t). This equation is satisfied in the
sense of H'Y/2(I';). Testing with 7 € H'/?(I'y) and adding up yields

2

1

i=1 I

Together with (5.13) this is the Steklov—Poincaré operator formulation to find (u,t) €
HY2(I'g) x HY/2(I's) such that

— (1 . ,
(55w o). +Z<( G G +K)> <5t><L>> ~ o+ st

i (5.14)
is satisfied for all (v,7) € HY/?(T's) x H Y/%(T's).

Lemma 5.6. The Steklov—Poincaré operator induced by (5.14) is injective for all wave
numbers k; € Ry, i € {0,1,2}.

Proof. The proof of the statement follows the proof of injectivity for the single trace
formulation, Lemma 5.2. For this reason we skip some steps that are identical and
just give the results.

We have to show that if (u,t) € H'/?(I's) x H~'/?(T's) is a solution of the homoge-
neous Steklov—Poincaré operator formulation

» (14 K (Lt (L
<S’{0tu‘ro, U|1“O>F + Z < < ] n K/ (2 D )) <U/|F> , (Ull—“> > = Oa
K i i T,

it follows that u and ¢ are equal to zero.

For the first step we define functions and show that these solve the homogeneous
model problem. We introduce an exterior Neumann trace ty := —Sg*up, and with
this the functions

Ui(z) = (Vi Lit)(x) — (W) (x)  for x € Q4 € {1,2},
Up(2) 1= —(Vipto) () + (Wiupr, ) (z)  for x € Q.
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The idea is now to show that these functions satisfy homogeneous transmission con-
ditions. To do this we take the Cauchy traces and apply test functions that vanish
everywhere except on one interface I';;. With this we get the desired result that

’78th0 = thl and ’yfxtUg = ’)/intUl on Flo,
V" Uy = A" Us and YUy = iU, on Iy,
VU = A& U, and A = —inty, on I'ys.

For a more detailed description of the procedure please see the proof of Lemma 5.2.
Since the model problem only has one solution it follows that U; as well as their Cauchy
traces are zero for i € {0,1,2}. On the other hand we have a representation of these
Cauchy traces by means of (u,t), this gives us for i € {1, 2}

0= vao = u|r, on [y, (5.15a)
1
; 1
0:%”&:<é+KL>hﬁ+@%mm)<mFr (5.15¢)

For the second part we define functions on the complement of each subdomain. We
already know wp, = 0 and therefore ty = =S¢, = 0 so we set Up(x) = 0 for
x € 1. For the both interior domains we define

Ui(z) = — (Vi Lit)(z) + (W, )(z)  for x € Q%0 € {1,2}.
Taking the traces and applying the previous results (5.15) yields
V67 Uy = — (Vi Lat) + (;[ + Km) ur; = Uy,
Nt = (;I - K;Z) Lit — (Dyupr,) = Lit.

As in the proof of Lemma 5.2 we want to apply Lemma 5.1 (Rellich). To do this we
apply Greens formula [15, Section 2.7] to B,.(0) N Q¢ for r > 0 large enough and get

[ Oy G = |
\x|=r% “on, " N B,(0)nQ¢

The integral in the domain vanishes since U; solves the partial differential equation.
Summing up and taking the imaginary part gives us

(Z/ Net U Z Udsz> =-9 ( / yetUyset U dsz> =0.

The last equality holds because on I';y the Dirichlet trace of (A]l is equal to w, and
thus zero. On I'y5 the two Neumann traces have opposing signs so the integrals cancel

o A
k; |U;| dx

- / VU Usds,.
r;
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one another out. As in the proof of Lemma 5.2 we combine this with the Sommerfeld
radiation condition and can conclude

A

lim U;lds, =0 fori=1,2.
T—00

|z|=r

This allows us to apply Lemma 5.1 (Rellich) which gives us U; = 0 for i € {1,2}.
Together with the previous results 5™ U; = ujr, and 7{*'U; = LL;¢ this finally gives us
(u,t) = (0,0) which completes the proof. O

Lemma 5.7. The Steklov—Poincaré operator induced by (5.14) is coercive for all wave
numbers k; € Ry, 1 € {0,1,2}.

Proof. Since the exterior Steklov—Poincaré operator is coercive, see Lemma 2.12, there
exists a compact operator Ts : H'/?(I'g) — H~'/?(I'y) and a constant ¢ > 0 satisfying

R (St + Ts)v, U>FO > cllollyog, Yo € HYA(T).

With this we define for p = (t,u)" € HY?(Ts) x HY/?>(T's) and ¢ = (r,v)7 €

H=Y2(I'g) x HY?(T's) the sesquilinear form

2
t(f? y) = <TS U|F05 U|FO>F0 + ; <<K§21 — Kl/ﬁ DQ2 — DM u|Fi 5 /U‘F- . .

3

The boundary integral operators with a domain as subindex denote the Laplace bound-
ary integral operators in this domain, i.e Vg, is the Laplace single layer boundary inte-
gral operator in €2;. It follows from Lemma 2.6 and the compactness of Tg that ¢(-,-) is
a composition of compact and bounded operators and therefore compact itself. Denote
the Steklov—Poincaré operator (5.14) by M and let ¢ = (t,u)" € H~Y/?(Ts) x HY/*(Ts)
be arbitrary but fixed, then we get

3%[<va £> + t(f? f)] = 8% <(S/i§t + TS)ulFoa U|F0>FO
w0 G)
i=1 %[ + Kézl Daq, upr, )\, r,
exr 2 Ve th th
=R (575" + T, U|FO>F0 o < (5:% ) ’ <“F> >
=1 i i i Ty

2
21/2(1‘0) * 5; <HUF’

o 2 2
ZC(HUHHU?(FS) + HtHH*l/?(FS))'

2 2
2CHUH—‘O Hl/Q(Fi) + ||H"Zt”H1/2(Fz)>

For the second equality we used that Kg, is the adjoint of K and those terms cancel

each other out. The rest follows from the ellipticity of Vo, and D, and the coercivity
of S¢¥*. Note that for the Neumann datum we only have the norm on the interior
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boundaries. Lemma 1.5 tells us that we can estimate those by the norm on I'y to get
the norm on all boundaries and further on the skeleton trace.

Since this inequality holds for all p € H~1/?(I's) x H'/?(T's), we have shown coer-
civity. O]

These two lemmata enable us to apply the Fredholm alternative (Lemma 1.2) which
gives us unique solvability of the formulation.

Theorem 5.8. The Steklov-Poincaré operator formulation (5.14) has a unique so-
lution for all given right hand sides (f,g) € HY*(T'y) x HY2(Ty) and non negative
wave numbers k; € Ry, i € {0,1,2}.

Since the Steklov—Poincaré operator formulation uses the same skeleton trace spaces
as the single trace formulation, we encounter the same issues regarding the duality
pairing discussed at the end of Section 1.5. Since this means that this formulation
is not compatible with operator preconditioning, we do not consider and operator of
opposite order Bgp for this formulation.

5.5 Local multi trace formulation

The last formulation we discuss is the local multi trace formulation presented in [5, 12]
which considers local traces for each domain instead of global skeleton traces. That
way we have to consider two Dirichlet and Neumann traces on each interface, hence
the name multi trace formulation. One advantage of this formulation is that the
duality pairing is just the sum of local Ly type duality parings, therefore we can apply
operator preconditioning for this formulation.

Let (g, @, o) € H (1) x HY(Qy) x HL () be a solution of (5.1)—(5.8), then their
Cauchy traces fulfil the Calderén projections, for example for the exterior domain

. Vno _Kno t() + 1 U
- Kl{io D,{O U 2 to ’

The idea is to exchange the identity operator with the interior traces using the trans-
mission conditions. The main difference to the homogeneous scatterer in Chapter 4
is that €29 now has interfaces with two domains. Therefore, we first have to split the
traces into two parts, one for I';g and one for I'yg. Then we can use the local transmis-
sion conditions to get functions defined on the interfaces which can be extended by
zero such that we end up with functions defined on the whole of I'y. Unfortunately,
these functions are in general not in H'/?(Ty) or H~'/2(I'y) respectively. Here is where
we make us of the piecewise defined spaces presented in Section 1.4. The mapping
described above is summarized in the bounded operators

u;; on I';;
Xij: H'V2(Ty) — H)2(Ty),  Xyu = { 0 else ’

B _ tz on F’L
Yij - H 1/2(Fz) — Hpu}/2<rj)7 YZ]tl = { ()] elSe] )
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To describe the splitting we additionally need the indicator function y;; which is one
on the boundary I';; and zero everywhere else. With this we can come back to the
exterior Calderén projection and write

_ Vno _Kno to + 1 Ug
K,;O DKO Ug 2 to
V/‘io —K,.QO to 1 Uo 1 Uo
<K;O Dy, ) <u0> Xy, ) TaXe g

(i ) ()4 G )2 Gl

For the last equation we used the given transmission conditions. Bringing all known
data to one side and the rest to the other yields

Ve —Kio\ [to n 1 (Xyou n 1 (Xogug\ 1 (f
K|, Dy, Uo 2 \ Yyi0t4 2\ Yoota ) 2 \g)°
When we do the same computations for an interior domain €; with i € {1,2}, we have

to take care of the change in sign for the normal derivative on I'yo. Let i,7 € {1,2}
and ¢ # j, then it holds

= K " D,, U; 2 \u;
Vnz K\ () 1 fuw) 1 fu
K, Dm u; 2X'LO tz 2Xz] tz

- ( ) (5) - 5 (Teoe ) - L ()
)

(e}

So we have found that the traces of (1, 2, Ug) solve the system

Vo — Ky, X0 X0 lo /
K ,QO Dy, %Ylo %Ym Ug g
—Xon Vi, —K, —1Xo1 | | & _ U Xouf
—%Ym K D, %Ym 0 Uy 2 | Youg
—35X02 —3Xp Vi, —K,, lo Xoaf
—3Y0o TYis K, Dy, U Yo2g

From what we have seen earlier, we know that the first line is satisfied in the sense
of H;7L2(Fo), the second in the sense of Hquj/Q(Fo) and so forth. Therefore, when we
want to rewrite this as a variational formulation, we have to make use of the proper
dual spaces presented in Section 1.4. To facilitate further reading we define the proper
spaces as

H(D) := HY2(Iy) x HY*(I'y) x H-Y*(I'y) x HY*(Ty) x H Y2(Ty) x HY(Ty),
(5.16)

O(T) == H,, (L) x HY2(To) x HyW2(Ty) x HYA(T1) x H,Y*(T'y) x HY(T,).
(5.17)
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From the definition of these spaces in Section 1.4 it follows ®(I') C H(I"), Lemma 1.4
tells us that ®(I') is even a dense subspace of H(I'). With this the local multi trace
formulation is to find (to, u, t1, U1, to, uz) ' € H(T') such that

Vo — Ky, X0 1X20 to 7o / 7o

K ,;0 Dy, %Ylo %Yzo Ug Vo g Vo

< —3Xo1 Vi, —Ky —3Xo | | &1 T1 > _ <1 Xovf 71

—%Ym K, Dy %YQI 0 up [ v S \2 [ Yog | |n

—3X02 —Xi2 Vi, —K ta n| ' Koz f T2

—%Yoz %Yw K, ,22 D, U2 VU2 Yoa2g U2
(5.18)

holds for all (79, v, 71, v1, T2, v2) T € ®(T"). To show unique solvability of this formula-
tion we prove that all prerequisites for Theorem 1.3 are fulfilled.

Lemma 5.9. [12, Theorem 9] The local multi trace operator induced by (5.18) is
injective in the sense of Theorem 1.3.

Proof. Let M be the local multi trace operator induced by (5.18), then we have to
show for ¢ = (to, uo, t1,u1,t2, ug) € H(I') that from

(Mg, ) =0 Vi ed(I)

it follows ¢ = 0. The proof is split into two parts.
For the first step we use ¢ to define solutions of the Helmholtz equation by

Us(z) = (Vi t:)(x) — (Wi, u) (2) for x € Q;,1 € {1, 2},
Up(z) := —(Vigto) () + (W) (x)  for z € Q.
Our goal is to show that these functions solve the homogeneous model problem. Hence

we consider for ¢,j € {1,2} their Dirichlet and Neumann traces and exploit that ¢
solves the homogeneous multi trace formulation

- 1 1 1 1
’YéntUi = (thz) + <2[ — Km> Ui = =< U; + *XOZ'UO + *X]’iu]',

2 2 2
. 1 11 1
WU = (2[ + Ké) ti + (Dyui) = otit §Yoﬂfo — 5 Ljits,
» 1 11 1
Yo U(] = —<V,€Ot0) + (2[ -+ Km)) Uy = §U0 -+ §X10U1 + §X20U2,
ext 1 ! 1 1 1
Ty = (21 _ Kﬁo) to = (Duatto) = 5to + 5okt + 3 Vot

Note that we are only allowed to use these relations if the test function belongs to
®(T"). Thus we choose for a test function the trace of a smooth function ¢ € D(R3)

whose support is compactly embedded in one interface I';;, then the trace can be
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extended by zero to a function in ®(I"), Let ¢ be such a function for the interface I';,
i € {1,2}, then this yields

. 1

<75"tUi — 6" o, 90>F1_0 =5 (ui + Xosuo — uo — Xioui, p)p,, =0,
A 1

<%ntUi — 1" s, 80>Fi0 =5 (ti + Yoito — to — Yiots, o)p,, = 0.

For the interior interface 'y, we get

) ) 1
<76ntU1 — U, <P>F12 =3 (ur + Xorup — ug — Xyppuy, 0)p,, =0,

. . 1
<’71ntU1 + ’ﬁntUQ’ s0>F12 - 2 (ti = Yorly + o — Yooty 90)1“12 =0.

We see that the triple (U, Uy, Us) solves the homogeneous model problem (5.1)—(5.8)

and thus is equal to zero. Applying this to the Cauchy data of (U, Uy, Us) concludes

the first part of this proof and gives us

U; = —XQiUO — inuj ti == —YOitO + intj Za] € {L 2}77' 7é j> (519&)
Ug = —X10u1 — X20U2 to == _Ylotl - Ygotg. (519b)

For the second step we define solutions of the local partial differential equations on
the complementary domains

Ui(z) = =V t:)) (@) + (Wy,u) () for z € Qi e {1,2},
Up(x) = (Viey) — (Wieyio) (2) for z € Q.

Recall that for the case of a homogeneous scatterer, i.e Lemma 4.10, this procedure
gave us two functions that we combined to a function defined on R3. This is no longer
possible since the complements of €2; are overlapping if we consider more than two
domains. Hence we construct a multi-valued function defined on sheets of R3, one
sheet R? for each domain, that are connected via the skeleton boundary I's. We define
such a function U7 : R — C as

Ue .= {aiUi:QfCR?%(C,i:O,l,Q}

with signs o; € {£1} that can be chosen for each domain €)f individually. The idea
is to show that U = 0. To do this we apply the unique continuation principle for
solutions of the homogeneous Helmholtz equation [21, Section 2]. It states that a
solution of the Helmholtz equation is uniquely determined by its values on any open
ball inside its domain. This also holds for solutions on the complementary domains,
which multivalued solutions are.

In order to apply this principle we consider the Cauchy traces of Ui, as we did in
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the first step, and get

o 1 11 1
’}/OztUZ‘ = _(antz) + (2I + K’%) U; = §UZ — §X0Z‘U0 — §inuj;
e (1 11 1
VU = (21 - K;) ti — (Dyui) = iti - §Y0it0 + §sz‘tj;
i, = (V, ty+<1f K ) L Ly x
= (Vi I — Ky ) uo = zup — =Xgou1 — =Xyoue,
Y Yo ol0 5 o ) Yo B 0 5 10Ul 5 20U2
inty 1 / 1 1 1
’71 Uo = <21 + Kﬁo) t() + (DHOUO) = §t0 — §Y10t1 — §Y20t2.

With this we can consider the jump of U7 on an interface I';;. Let ¢ be a smooth test
function with compact support on I';y

<[70U0]rim%0> = <0'175M[7z' - 0073"t00790> _
Tio o

1 1
gi5 (ui — Xosuo, 90>pij — 005 (uo — Xious, 90>pij ’

2
<['71UU]F1-0: <P>Fm = <Uﬂf$t0z‘ — oty <,D>

Lio
1 1
= 0ig (ti — Yoito, ), — 05 (to — Yioti, @)p,, -
We see that these jumps are zero if the domains have opposite signs, i.e. 0; = —0y.

The same holds true on the interior interface I';5. Let og = 1, then it is obvious that
for a domain as sketched in Figure 5.1 we cannot choose the signs in such a way that
all neighbouring domains have opposing signs.

For a permutation of oy and oy we set U“172) as the corresponding function. Then,
since for all permutations U(@192) has a zero jump on two interfaces and all functions
U(@192) coincide on 2§, the unique continuation principle states that it holds

U =D =D in QU Qs U Qs

Then from the definition of U(1:72) it follows

A

U,=-U;, inQ¢

and hence U; = 0. With this the interior jump is always zero and U7 is a solution
of the homogeneous Helmholtz problem which gives us U (_’:) = (0 and in particular
Up =0 in Q. So it follows for the Cauchy traces of (Uy, Uy, Us) that

u; = Xojug + Xju; t; = Yoito — Yt i,j €{1,2},i # j,
uy = Xjou1 + Xogup to = Yiot1 + Yaoto.
Together with the previous results (5.19) we can conclude u; = —u; and t; = —t; on

I'; and thus (u;,t;) = (0,0) for ¢ € {0,1,2}. To summarize we have shown ¢ = 0, this
concludes the proof of injectivity for the local multi trace operator. ]
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Lemma 5.10. [12, Theorem 10] The local multi trace operator induced by (5.18) is
& (') —coercive in the sense of Theorem 1.5.

Proof. Let M : H(I') — ®(I")’ be the local multi trace operator induced by (5.18). We
have to show that there exists a compact operator T': H(I') — H(I") and a constant
¢ > 0 such that

R(O+T)0.0) > o]

Let ¢ = (70, v0, 71, V1, T2,02) | € ®(T'), then we get

oree) (i 52 (2): () o
() (@), 25 (GR) @), e

]:
1 —X1201 T 1 —Xo102 1
+ = , + = , . 5.20
2 << Yo7 v2) [, 2 Yo172 V1) [r, (5.20c)

First we consider the non diagonal part, that is (5.20b)—(5.20c). From the definition
of the switching operators we conclude

Vi € o(T).

H(T)

(Xijvis Ti)p, = (i, Yjims)p, = (YjiTj, vi)p,-

() (), =G ) (),
() (), = (G (),

When we use this relation in (5.20b) and (5.20c), we see that everything but (5.20a)
is purely imaginary. Hence, it holds

2 V/{i _Kliz‘ Ti Ti
§R<M£’y> B §§R<<K;Z Dy, ) (UZ> , (U’> >I‘-'

The remaining operator is the same operator we already considered for the single trace
formulation. Therefore coercivity follows as in the proof of Lemma 5.3. O

Thus, we can write

Theorem 5.11. [12, Theorem 11] The local multi trace formulation (5.18) has a
unique slution w € H(T') for any given right hand side (f,g) € HY/?(Ty) x H~Y/2(Iy)
and non negative wave numbers rk; € Ry, i € {0,1,2}.

Proof. The statement of the theorem follows from Theorem 1.3 if we can ensure all
required properties. We start by setting X := H(I'), Lemma 1.4 shows that II := &(I")
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is a feasible choice for a dense subset. The sesquilinear form a(-, -) is of course induced
by the multi trace operator (5.18) for which Lemmata 5.9 and 5.10 show injectivity
and coercivity. Continuity follows from the continuity of all individual operators in
the appropriate space H(I') x ®(I"). Thus the multi trace formulation has a unique
solution satisfying the stability estimate

2
2 2 2 2

(HUZ'HHU?(Fi) + ”ti||H*1/2(Fi)) <c (||f||H1/2(F0) + HgHH*l/?(Fo)) '

i=0

[

In contrast to the formulations using skeleton trace spaces the local multi trace
formulation suits the preconditioning strategy outlined in Section 3.4. In fact, finding
formulations for an arbitrary number of subdomains that can be easily preconditioned
was one of the main motivations for deriving the local multi trace formulation [12].
The major difference is that the appearing duality pairings are simply the local Lo
type duality pairing on the closed boundaries I'; for i € {0,1,2}. The preconditioning
operator can be derived using the same procedure as in Section 4.5 which yields

Z)’fO Kllﬁ()
_Kﬂo VK/O
D, K
Burr = B Kl V'”
K1 K1
D"f2 Klliz
_KHQ V/-CQ

5.6 Boundary element method for the composite
scatterer

This section discusses how the boundary element method presented in Chapter 3
can be applied in the case of a composite scatterer. Since the formulations make
use of different spaces, this section is split into two parts. First we explain how
to handle skeleton trace spaces which corresponds to the Steklov—Poincaré operator
formulation and the single trace formulation. The second part addresses the multi
trace formulation and its discretization.

For the first part we discuss all formulations that make use of the skeleton trace
spaces H'/%(I's) and H~'/2(I's). Let I';, be a mesh of the skeleton boundary I's that
resolves the splitting into different domains. The space of piecewise linear, globally
continuous functions S}(T's) is then the same as for a single domain

1 T = T
S}(Tg) :=span{p} 1L, with op(z) = 0 z=ux,l#k.
linear else
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For the space of piecewise constant functions we follow the definition of H~/2(I's)
and define a product space

Sp(T's) = H)S}?(Fi)'

Recall that functions in H~'/2(I's) match up to the sign on each interface I';; in
the sense of H~1/2(I';;). In the case of piecewise constant discontinuous functions
we can enforce this equality even pointwise. Let ¢, € S%(I's) be composed of ¢, =
(thosth1,tn2), then we define

S)(Ts) := {t, € S%(FS)\th@ =tp; on Ly for i € {1,2};¢51 = —tpo on I'ip}

With these two discrete spaces one can show the same approximation properties as in
the case of one domain, i.e. S}(I's) approximates H/2(I's) and S9(I's) approximates
H=2(I's). Hence we can apply the standard Galerkin scheme described in Section
4.6 which again leads to systems of linear equations and the same convergence results
as for the case of a single scatterer. For the reasons discussed in Section 1.5 it is not
clear how to interpret the duality pairing (-,-), for arbitrary functions in Sj(T's) x
S9(T's). This prevents us from computing the global mass matrix we would need for
operator preconditioning. Thus we do not discuss preconditioning strategies for these
formulations.

The second part of this section considers the local multi trace formulation for the
case that we have a family of meshes I';, that resolve the decomposition of {2. From the
definition of the space H(I") (5.16) it is clear that its discrete space has to be defined
as

Su T (Tn) = S3(To) x S4(To) x Sp(T'1) x S (T1) x Sj(T) x Sy(Ta).

Note that SM™Y is not a subspace of ®(T") as can be seen if we consider a basis function
or € SHT;) belonging to a junction point of all three domains. If ¢} should belong
to H%Q(Fi) then it has to be zero in the junction point and thus everywhere. Such
problems do not occur for the Neumann spaces, i.e. SY(T;) C HI;&/ 2(T;). Nonetheless
we use SMTF as the discrete test and trial space for ®(T") and see that every expression
in the local multi trace formulation (5.18) stays well defined. With these discrete
spaces we can derive a system of linear equations and hence a discrete solution.

Unfortunately, unique solvability and approximating properties of the solution do
not follow as for the other formulations since the local multi trace formulation does
not fit the standard Fredholm theory. In particular the BBL condition (3.2) has to be
shown. The critical part in order to prove this, see [12, Remark 12], is to show that
an inequality of the form

HThHﬁ;wl/?(Fi) < (1 +1ogh)|[7all gr-1/2ry)
holds for all 7, € Sp(T;). In [12] the unique solvability of the discrete system was

proven for the two dimensional case but there are no results yet for three dimensional
domains.
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Theorem 5.12. [12, Theorem 13] Let Q C R? be a bounded Lipschitz domain and the
discrete space SHMTF(T},) be given as above. Assume that the inverse of the local multi
trace operator (5.18) maps H'(Ty) x - -+ x Lo(Ty) into itself continuously, then there
exists a ng such that the discrete inf-sup condition (3.2) is satisfied for all n > ny.

This concludes the part regarding unique solvability of the discrete problem. Re-
garding preconditioning everything discussed for the single scatterer in Section 4.6
holds true since the duality is only between the spaces H'/?(I';) and H~'/?(T;) for
{0,1,2}. Hence piecewise linear, globally continuous functions for all spaces or piece-
wise linear, globally continuous functions on a primal mesh and piecewise constant
functions on a dual mesh provide stable pairings.



6 Numerical examples

In this chapter we use numerical examples to test and compare the three presented
formulations. To improve readability, in particular of the tables and graphs, we in-
troduce the abbreviations Sp for the Steklov-Poincaré operator formulation, STF for
the single trace formulation and MTF for the local multi trace formulation. The im-
plementation was done using BEM++!, a C++/Python boundary element library
primarily developed by the University College London [23]. Since the boundary ele-
ment method results in dense matrices we used an adaptive cross approximation [1]
library to reduce computation time and memory usage. The meshes were created
using the mesh generator Gmsh?.

The first two sections of this chapter check correctness of the implementation by
showing that the orders of convergence match with those given in Remark 4.13. Sec-
tions 6.3 and 6.4 discuss how the number of iteration steps required to compute the
solution depends on the degrees of freedom, the wave numbers and preconditioning.
In Section 6.5 we consider thin domains and their influence on the iterative solver.

6.1 Convergence study - Sphere

The first and most important task is to ensure that the computed solutions approxi-
mate the analytical solution independent of the considered wave numbers. To do this
we consider a case where we know solutions for the local Helmholtz equations and use
these to construct transmission data f and g.

Of particular interest are wave numbers that correspond to Dirichlet or Neumann
eigenvalues, so—called spurious modes. For the unit sphere ; = B;(0) C R3 these
eigenvalues are well known [10, Section 3.3] and are given by the roots of certain Bessel
functions Jy(z).

i? is a Dirichlet eigenvalue for €2; < & is a positive root of Jy 1 /2(k) for £ € N.
2

k* is a Neumann eigenvalue for {; < & is a positive root of J2+1/2(Ii) for ¢ € N.

The first couple of wave numbers kp and Ay, which belong to Dirichlet or Neumann

Lwww.bempp.org

http://geuz.org/gmsh

7
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eigenvalues, are:

Fpi~3.14159... Ry~ 1.16556. ..
Rps 449341 ... Ry A 246054 ...
fips~5.76369... Ay~ 3.63280. ..
Rpa~6.28319... Ry~ 4.60422. ..
ps~6.98793... Ay~ 6.02929. .

The next step is to compute analytical solutions, which we can use as a reference
for the computed discrete solutions. Let €; = B;(0) C R? be the unit sphere, then,
for any (k1, ko) € R2, solutions of the Helmholtz equation are given by

ui(x) := cos(kizy) for x € Oy,

emo\x|
up(zx) := 7 for x € Q.

Note that the exterior solution fulfils the Sommerfeld radiation condition (4.5), hence
(u1,ug) solves the model problem (4.1)—(4.5) with the transmission data

f(x) :=ui(z) —up(x) and g(x):=n(z)- - (Vui(z) — Vug(x)) forzel.

Now we are able to compute approximate solution for the problem described above
and study their behaviour as the mesh size decreases. This is described by the order
of convergence s that tells us if the mesh size h gets smaller, the error decreases like
h*. For the numerical examples we give the estimated order of convergence (eoc)

_ loglu—w, || —log[u — .,

e0ocC

)

log h,, — log h,, 11

which is compared to the theoretical results from Remark 4.13. Instead of the mesh
size h, we use the number of triangles N to describe the different levels of meshes.
Note that in the three—dimensional case these characteristics behave as

SUNES
N

We consider a mesh with NV triangles and M nodes that approximates the unit sphere
0, ~ B1(0) C R3. First we consider the wave numbers r¢ = 1 and k1 = 2.46054, which
means k? is close to a Neumann eigenvalue. The results for this scenario are given in
Tables 6.1-6.3. Tables 6.4-6.6 contain the results for ko = 1 and k; = 3.14159, which
corresponds to a Dirichlet eigenvalue.

In both cases all three formulations yield the results suggested by Remark 4.13, i.e.
quadratic convergence for the Dirichlet datum and linear convergence for the Neumann
datum. Moreover, the results of the three formulations are virtually identical, even
more so if we consider finer meshes. Although further results are not included, an
increase of the absolute error has been observed if the interior wave number increases.
This modification, however, does not affect the order of convergence.
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79

N M | flur = winll ) | €oc | ltn = tunll e | o€
48 26 1.858e-01 - 1.090e+00 -
192 98 5.358e-02 1.79 5.543e-01 0.98
768 | 386 1.293e-02 2.05 2.648e-01 1.07
3072 | 1538 3.196e-03 2.02 1.308e-01 1.02
12288 | 6146 7.952e-04 2.01 6.524e-02 1.00
theory 2 1
Table 6.1: Sp, sphere, kg = 1.0, k1 = 2.46054
N M| flur = winll ) | eoc | ltn = tunll e | eoc
48 26 1.862e-01 - 1.089e+00 -
192 98 5.390e-02 1.79 5.540e-01 0.98
768 | 386 1.298e-02 2.05 2.647e-01 1.07
3072 | 1538 3.200e-03 2.02 1.308e-01 1.02
12288 | 6146 7.957e-04 2.01 6.524e-02 1.00
theory 2 1
Table 6.2: STF, sphere, kg = 1.0, k1 = 2.46054
N M | flur = winll ) | eoc | ltn = tunll e | eoc
48 26 1.858e-01 - 1.090e+00 -
192 98 5.373e-02 1.79 5.545e-01 0.97
768 | 386 1.295e-02 2.05 2.648e-01 1.07
3072 | 1538 3.198e-03 2.02 1.308e-01 1.02
12288 | 6146 7.954e-04 2.01 6.524e-02 1.00
theory 2 1
Table 6.3: MTF, sphere, ko = 1.0, k1 = 2.46054
N M Hu1 - Ul,h”LQ(F) eoc ”tl — tl:hHLg(F) eoc
48 26 2.431e-01 - 1.223e+4-00 -
192 98 8.963e-02 1.44 7.404e-01 0.72
768 | 386 2.090e-02 2.10 3.396e-01 1.12
3072 | 1538 5.101e-03 2.03 1.658e-01 1.03
12288 | 6146 1.265e-03 2.01 8.243e-02 1.01
theory 2 1

Table 6.4: Sp, sphere, kg = 1.0, k1 = 3.14159
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N M | flur = winll oy | oc | [t = tanll ) | eoc
48 26 2.443e-01 - 1.223e+00 -
192 98 9.025e-02 1.44 7.403e-01 0.72

768 | 386 2.098e-02 2.10 3.395e-01 1.12
3072 | 1538 5.108e-03 2.04 1.658e-01 1.03
12288 | 6146 1.266e-03 2.01 8.243e-02 1.01
theory 2 1

Table 6.5: STF, sphere, kg = 1.0, k; = 3.14159

N M | flur = winll oy | eoc | 1t = tanll ) | eoc
48 26 2.442e-01 - 1.224e+00 -
192 98 9.026e-02 1.44 7.407e-01 0.72

768 | 386 2.098e-02 2.11 3.396e-01 1.13
3072 | 1538 5.107e-03 2.04 1.658e-01 1.03
12288 | 6146 1.266e-03 2.01 8.243e-02 1.01
theory 2 1

Table 6.6: MTF, sphere, ko = 1.0, k1 = 3.14159

6.2 Convergence study - Cube

For the second considered domain, the unit cube Q; = (0,1)3, we have to shift the
pole of the exterior solution from the origin to some point Z inside of €. Let & € ()4,
then solutions of the local partial differential equations are given by

ui(x) := cos(kyizry) for x € Oy,

6mg\x—z|

up(z) : for x € Q.

7]
For our computations we choose the pole of uy to be the center of the unit cube
z=1(0.5,0.5,0.5).

Similar to the unit sphere we can compute the eigenvalues for a cuboid explicitly
[10, Section 3.1]. Let (n1,n2,n3) € N\ {0}, then

ux(x) = sin(nymxy) sin(nemrs) sin(ngmrs)

is a Dirichlet eigenfunction with the eigenvalue A\ = 7%(n} + n2 + n2) and the corre-
sponding wave number s = v/A. For the same eigenvalue a Neumann eigenfunction is
given by

u,(x) 1= cos(nymay) cos(namas) cos(names).

Note that additional Neumann eigenfunctions and eigenvalues can be found if we allow
n; to be zero as long as at least one n; is greater than zero.

If a wave number belongs to a Dirichlet eigenvalue, it automatically also belongs
to a Neumann eigenvalues, thus we do not consider Neumann eigenvalues separately.
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The exterior wave number is set to be kg = 1.0 and the interior wave number is
chosen close to the smallest wave number that belongs to a Dirichlet and a Neumann
eigenvalue k1 = 5.4414 ~ /37. Preconditioning is of no concern in this section, hence
we can use boundary elements of lowest order, that are Si(T') for H'/2(T') and S)(T")
to approximate H~'/2(T).

The results for the unit cube are given in the tables 6.7-6.9. As for the sphere,
we get the maximal possible convergence rate we expect from Remark 4.13. The
discontinuity of the normal derivative across the edges has no effect on the order of
convergence since the regularity is only required piecewise, i.e. on the faces of the
cube. As opposed to the unit sphere we see slight differences in the errors between the
formulations, indicating that their accuracy could vary for more complex geometries,.

N M | flur = winll ) | €oc | ltn = tunll e | eoc
72 38 4.369e-01 - 2.154e+00 -
288 146 1.008e-01 2.12 1.315e+00 0.71
1152 | 578 2.067e-02 2.29 4.912e-01 1.42
4608 | 2306 4.735e-03 2.13 1.647e-01 1.58
18432 | 9218 1.133e-03 2.06 7.818e-02 1.07
theory 2 1

Table 6.7: Sp, cube, Ky = 1.0, k1 = 5.4414

N M | flur = winlly ) | eoc | ltn = tunll ) | eoc
72 38 3.889e-01 - 1.595e+-00 -
288 | 146 9.967e-02 1.96 9.499¢-01 0.75
1152 | 578 2.075e-02 2.26 3.759e-01 1.34
4608 | 2306 4.800e-03 2.11 1.474e-01 1.35
18432 | 9218 1.153e-03 2.06 6.856e-02 1.10
theory 2 1

Table 6.8: STF, cube, kg = 1.0, k1 = 5.4414

N M | ug — ulthh(F) eoc | [[t; — t1,hHL2(r) eoc
72 38 4.092e-01 - 2.222e+4-00 -
288 146 9.658e-02 2.08 1.372e+00 0.70
1152 | 578 2.040e-02 2.24 5.027e-01 1.45
4608 | 2306 4.707e-03 2.12 1.709e-01 1.56
18432 | 9218 1.129e-03 2.06 7.224e-02 1.24
theory 2 1

Table 6.9: MTF, cube, kg = 1.0, k; = 5.4414
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6.3 Preconditioning and iterations - Sphere

In this section we discuss how the number of elements and the wave numbers influence
the number of iteration steps required for a given accuracy. Additionally, we apply
the preconditioners derived in Chapter 4 to see how they perform in comparison to
the original system.

The transmission data (f,g) are provided by the analytical solutions presented in
Section 6.1. As discrete test and trial spaces we use piecewise linear, globally continu-
ous functions for H'/2(I") as well as H~'/%(T"). Lemma 3.6 tells us that this is a stable
pair, i.e. the stability condition (3.7) is satisfied, and we can apply the preconditioning
strategy presented in Section 3.4. All systems are solved using GMRES to a relative
accuracy of le-7.

1000 - .
n Formulation
c
.g - MTF
g —— MTF prec
:; 100 - - SP
o —A— SP prec
o] A A A A A
E py A 7y 7¢ Yy -= STF
>
=z 10- P e . 1 . —A— STF prec

| | |
100 1000 10000
Elements

Figure 6.1: Sphere, ko = 1.0, k1 = 2.0

First we compare the original formulations and the preconditioned systems for fixed
wave numbers. Note that we used a logarithmic scale for the number of iteration steps
and number of elements. Figure 6.1 shows the results for a small jump of the wave
numbers from kg = 1 to k1 = 2. As one would expect, the number of iteration steps
required increases with the number of elements in the mesh. The preconditioned sys-
tems do not show this behaviour as their iterations are virtually constant at (22, 16, 6)
for the local multi trace formulation, the Steklov—Poincaré operator formulation and
the single trace formulation.

When we look at Figure 6.2, which shows the results for a larger jump from xy =
1 to Ky = 6.5, two points are of interest. The first point is that the numbers of
required iteration steps are larger than in the previous example. The single and multi
trace formulation without preconditioning even abort because the maximum of 1000
iteration steps is reached. The second noticeable point is that the preconditioning
strategy seems to be more efficient for finer meshes, giving us decreasing iteration
numbers if the number of elements increase.

The reason for this could be that the theory only allows statements concerning
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1000 -
n Formulation
c
-8 - MTF
@©
ST_.-’ —— MTF prec
= = SP

100 -
g —4— SP prec
t NN =T
=2 —A— STF prec
I I I
100 1000 10000
Elements

Figure 6.2: Sphere, ko = 1.0, kK = 6.5

asymptotic behaviours. This means that the results, like the boundedness of the
condition numbers of the preconditioned systems, are only guaranteed if the mesh size
h is small enough. What qualifies as small enough can generally not be determined in
advance and does of course depend on the parameters such as the wave numbers.

100 -

Neumann
Dirichlet eigenvalue

2 eigenvalue —
S 75-
© N Formulation
2 —— MTF prec
HE 0 —— SP prec
8 —— STF prec

'_"‘_/N

I I I I I

2 3 4 5 6

Exterior wavenumber
Figure 6.3: Sphere, 3072 elements, k1 = 1.0

Since preconditioning proved useful, we only consider the preconditioned formula-
tions further and study how the number of required iteration steps depends on the
wave numbers. We consider a mesh with 3072 elements and one variable wave num-
ber whereas the second wave number is set to 1.0. Figure 6.3 shows the results for
a variable exterior wave number and Figure 6.4 for a variable interior wave number.
Additionally, we mark wave numbers that are close to critical wave numbers with
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vertical lines.

100 -
Neumann L
Dirichlet eigenvalue 7Z
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£
> 25- L~
r—/ —v—//
-—',"——/_
I I I I I
2 3 4 5 6

Interior wavenumber

Figure 6.4: Sphere, 3072 elements, kg = 1.0

We see that the required iteration steps increase with the wave numbers. This
could possibly be counteracted if we consider a finer mesh since preconditioning seems
to be more efficient in that case. Furthermore, eigenvalues of the Laplace operator
apparently have some influence on the convergence of the GMRES algorithm. This
behaviour is most apparent for the Steklov—Poincaré operator formulation in Figure
6.4. These spikes in iterations seem to be more distinctive for higher wave numbers,
which indicates that the mesh is not fine enough for the preconditioners to perform
optimally.

6.4 Preconditioning and iterations - Cube

This section is a continuation of Section 6.3, with the difference being that the con-
sidered domain is the unit sphere €; = (0,1)3. Once more we discuss how the number
of degrees of freedom, the wave numbers and the use of preconditioners influence the
required iteration steps.

The analytical solution is the same function we used in Section 6.2 to study the order
of convergence. As discrete test and trial spaces we use piecewise linear, globally
continuous functions S} (I',) for HY/?(I'). To discretize H~'/*(I';) we use piecewise
constant functions defined on the dual grid S (T';,) as presented at the end of Section
3.4. This is a stable pair, i.e. the stability condition (3.7) is satisfied, and we can
apply the preconditioning strategy presented in Section 3.4. All systems are solved
using GMRES with a relative accuracy of 1e-7.

Figure 6.5 shows the results comparing the number of triangles N and the required
iteration steps. Similar to the results in Section 6.3, all three formulations are ill con-
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Figure 6.5: Cube, kg = 1.0, k1 = 2.0

ditioned which leads to an increase in iterations. No such behaviour can be observed
for the preconditioned formulation as they have virtually constant iteration steps for
all meshes.

The second numerical experiment, shown in Figure 6.6, shows the influence of the
interior wave number on the required iteration steps. Since preconditioning proved
useful, only preconditioned formulations are considered for this example. The be-
haviour mimics the one observed for the sphere, meaning the number of iterations
increases with the interior wave number ;. An additional effect of wave numbers
corresponding to eigenvalues can not be observed, possibly because the values of x;
are too small.

120 - .
Neumann| pirichlet &
eigenvalue| Neumann
0 eigenvalue
o 90-
= Formulation
o —— —— MTF prec
B 60~ /\"' — SP prec
8 —— STF prec
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Z 30 m / —
/ //\1
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Figure 6.6: Cube, 4608 elements, ko = 1.0
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6.5 Thin geometries - Cuboid

The last example we consider is a cuboid with a variable height ¢, i.e Q; = (0,1) X
(0,1) x (0,€). We are interested if the thickness of the geometry affects the number of
required iteration steps.

For the analytical solution we consider

uy(z) := cos(kixy) for x € Qy,
up(x) :=0 for x € Q

with the wave numbers k1 = 2 and ko = 1. Since the geometry is different for every
¢, we fix the mesh size h = 0.04 and generate an according mesh for each ¢. The
remaining set-up is the same as in Section 6.4.

Table 6.10 shows the results for £ € [0.04, 0.4] with step size 0.04. We see that for the
preconditioned systems the number of required iterations steps stay virtually constant.
When we consider the original systems, we notice a slight increase for (STF,MTF) or
decrease (SP) of iterations from the thickest to the thinnest cuboid.

Recall from Sections 6.3-6.4 that more degrees of freedom lead to an increase in
required iteration steps. This means that, if we would compute the thinnest geometry
with the same amount of element as the thickest geometry (5988), the iterations would
increase significantly for the formulations without preconditioning. Hence, it seams
that at least the single trace formulation and the multi trace formulation are affected
by the thinness of the geometry. To summarize, this numerical example indicates that
the preconditioned formulations are not affected by thin geometries whereas for the
original systems the required iteration steps increase.

l N M | MTF | MTF prec | SP | SP prec | STF | STF prec
0.04 | 3784 | 1894 | 771 25 307 16 762 10
0.08 | 3808 | 1906 | 689 25 298 16 542 10
0.12 | 4134 | 2069 | 669 26 309 17 513 10
0.16 | 4408 | 2206 | 651 26 328 17 508 10
0.20 | 4692 | 2348 | 655 24 338 16 509 9
0.24 | 4942 | 2473 | 626 28 349 18 507 11
0.28 | 5326 | 2665 | 636 24 360 17 513 9
0.32 | 5488 | 2746 | 646 25 371 17 522 9
0.36 | 5862 | 2933 | 674 25 383 17 532 9
0.40 | 5988 | 2996 | 677 25 393 17 537 9

Table 6.10: ©; = (0,1) x (0,1) x (0,£), h = 0.04, ko = 1.0, &, = 2.0



Conclusion

This thesis presented four direct formulations to solve the Helmholtz transmission
problem. For three formulations unique solvability was shown independent of the
wave numbers whereas we had to exclude spurious modes for the interior Steklov—
Poincaré operator formulation. This formulation was therefore neglected in further
considerations. A Galerkin scheme was presented for discretization, which resulted in
optimal orders of convergence for all formulations. Since the systems of linear equa-
tions were ill conditioned, the formulations were studied regarding their compatibility
with operator preconditioning. Only the local multi trace formulation proved compat-
ible for composite structures whereas we had to restrict ourself to single scatterers for
the other formulations. Finally, we confirmed the theoretical results with numerical
examples. The next paragraphs give some topics for subsequent studies.

Operator preconditioning for the single trace formulation and the Steklov—Poincaré
operator formulation is only applicable in the special case of a homogeneous scatterer.
The local multi trace formulation is compatible with operator preconditioning for
arbitrary number of domains. It is still an open question if this restriction can be
eliminated, which would give us preconditioners for all formulations and composite
structures.

The influence of wave numbers on the number of required iterations was only con-
sidered briefly and large wave number were excluded completely. From our numerical
experiments we can already detect a common weakness of all three formulations, which
is that larger wave numbers lead to ill conditioned systems. Operator preconditioning
can help with this problem but needs a fine enough mesh to reach its full potential.
The larger the wave numbers are, the smaller the mesh size h has to be.

This and the consideration of more complex geometries, for example from real life
applications, demand larger meshes with more elements. In order to keep computa-
tion time within reasonable bounds, parallel computation and fast boundary element
method techniques should be considered more thoroughly.

The last proposed topic is to consider other partial differential equations. Of partic-
ular interest are the Maxwell equations, which can be used to model electromagnetic
scattering. Research regarding this topic has been conducted in [5, 22|, where all
formulations except the Steklov-Poincaré operator formulation are discussed for the
Maxwell case.
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