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Abstract

In this thesis we study four problems in the area of scattering of time harmonic
acoustic or electromagnetic waves by unbounded rough surfaces/unbounded in-
homogeneous layers. Specifically the four problems we study are:

i) A boundary value problem for the Helmholtz equation, in both 2 and 3 di-
mensions, modelling scattering of time harmonic waves due to a source that lies
within a finite distance of the boundary and which decays along the boundary,
by a layer of spatially varying refractive index above an unbounded rough surface
on which the field vanishes. In particular, in the 2D case, the boundary value
problem models the scattering of time harmonic electromagnetic waves by an
inhomogeneous conducting or dielectric layer above a perfectly conducting un-
bounded rough surface, with the magnetic permeability a fixed positive constant
in the media, in the transverse electric polarization case;

ii) a boundary value problem for the Helmholtz equation with an impedance
boundary condition, in 2 and 3 dimensions, modelling the scattering of time
harmonic acoustic waves due to a source that lies within a finite distance of
the boundary and which decays along the boundary, by an unbounded rough
impedance surface;

iii) a problem of scattering of time harmonic waves by a layer of spatially varying
refractive index at the interface between semi-infinite half-spaces of fixed positive
refractive index (the waves arising due to a source that lies within a finite distance
of the layer and which decays along the layer). In the 2D case this models the
scattering of time harmonic electromagnetic waves by an infinite inhomogeneous
dielectric layer at the interface between semi-infinite homogeneous dielectric half-
spaces, with the magnetic permeability a fixed positive constant in the media, in
the transverse electric polarization case;

iv) a boundary value problem for the Helmholtz equation with a Dirichlet bound-
ary condition, in 3 dimensions, modelling the scattering of time harmonic acoustic
waves due to a point source, by an unbounded, rough, sound soft surface.

We study problems i), ii) and iiii) by variational methods; via analysis of
equivalent variational formulations we prove these problems to be well-posed in
the following cases: For i) we show that the problem is well-posed for arbitrary
rough surfaces that are a finite perturbation of an infinite plane, in the case
that the frequency is small or when the medium in the layer has some energy
absorption; and when the rough surface is such that the resulting domain has the
property that if x is in the domain then so to is every point above x, we show the
problem to be well-posed for arbitrary large frequency with certain restrictions
on the rate of change of the refractive index; for ii) we show that the problem
is well-posed for arbitrary rough Lipschitz surfaces that are a finite perturbation



of an infinite plane, in the case that the frequency is small; and when the rough
surface is the graph of a bounded Lipschitz function, we show the problem to
be well-posed for arbitrary frequency; for iii) we establish that the problem is
well-posed under certain restrictions on the variation of the index of refraction.

We study problem iv) via a Brakhage-Werner type integral equation formula-
tion, based on an ansatz for the solution as a combined single- and double-layer
potential, but replacing the usual fundamental solution of the Helmholtz equa-
tion with an appropriate half-space Green’s function. We establish, in the case
that the rough surface is the graph of a bounded Lipschitz function, that the
problem is well-posed for arbitrary frequency.

An attractive feature of our results is that the bounds we derive, on the inf-sup
constants of the sesquilinear forms in problems i), ii) and iii), and on the inverse
operator associated with the single- and double-layer potentials in problem iv),
are explicit in terms of the index of refraction, the geometry of the scatterer and
the other parameters of the respective problems.
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Chapter 1

Introduction

1.1 Preamble

Consider, if you will, the following problem: An aeroplane flying above the surface
of the earth, generates some noise. This noise travels through the air striking the
rough surface of the earth beneath it. The noise bounces off or scatters from
the surface. Given that we know the exact nature of the noise produced by the
aeroplane, and given that we know the exact shape of the earth’s surface beneath
it, can we predict the resultant propagation of noise as it strikes the earth’s
surface and scatters?

The above problem is a typical example of what are known as rough surface
scattering problems. Rough surface scattering problems arise frequently in the
natural world and the study of these problems has been borne out of research
in many diverse areas of science. The above example shows their importance to
the science of sound propagation and noise control; on a much smaller scale, in
the field of nano-technology, they are relevant in the study of the scattering of
light from the surface of materials; and in the technology of solar heating, their
understanding is important for the correct choice of solar paneling; in addition
these problems crop up in medical imaging and seismic exploration.

It is the overall aim then, of the mathematical and engineering community,
to resolve these problems. This thesis is intended as a contribution to this sub-
ject. We are concerned primarily with the initial, mathematical and theoretical
questions that should — to a mathematician at least — be answered, in this field,
prior to the implementation of numerical and computational techniques that will
simulate the process of rough surface scattering, and ultimately give answers to
the problems stated above.

Thus, in what follows, we are concerned with the mathematical aspects of



rough surface scattering problems. In particular we are interested in the correct
mathematical formulation of these problems and we intend to analyze under
which conditions they are well-posed. Specifically we study four rough surface
scattering problems. Three of these we study by variational methods — these
are acoustic scattering by an impedance surface; electromagnetic scattering by
inhomogeneous layers above a perfectly conducting rough surface (the Transverse
electric polarization case); and the transmission problem — and one by integral
equation methods: acoustic scattering by a sound soft surface. We will shortly
take a more precise look at what these problems are and look at the mathematical
models that govern acoustic and electromagnetic propagation.

We wish to end this first section by introducing some nomenclature and no-
tation used throughout and by setting the scene of our scattering problems. In
accordance with the terminology of the engineering literature, we use the phrase
rough surface to denote a surface which is a (usually non-local) perturbation of
an infinite plane surface, such that the whole surface lies within a finite distance
of the original plane.

Let x = (x1,...,2,) denote a point in R", (n = 2,3), and let & = (x1,..., 2, 1)
so that « = (Z,z,). Further, for H € R let Uy = {z : z, > H} and
I'y = {x:x, = H}. We will denote the region of space in which the acous-
tic or electromagnetic waves propagate, i.e. the air above the earth’s surface in
the aeroplane problem we described above, as D. Thus D C R”, and D will
be assumed to be a connected open set or domain. Moreover we’ll assume there
exist constants f_ < f, such that

Uf+ cDcC Uff.

We let I' denote the boundary of D, i.e. the rough surface. The unit outward
normal to D will be denoted v. Finally, we define Sy := D\U_H
This definition of D is rather complicated — see the picture below. It may
help the reader, in coming to terms with this abstract description to keep in
mind the following case, included in our definition of D. This is the case where
the scattering surface I' is the graph of some bounded continuous function. For
example in the 3D case, we have that for a bounded and continuous function
f:R? - R,
[i= {2 = (21,79,73) €R®: 23 = f(21,29)}, (1.1)

after which the domain D is given by
D ={z = (21,29, 23) € R : 23 > f(z1,22)}.

Of course, in general one wishes to consider rough surfaces that are not simply
the graphs of functions, but of more complex geometry that one encounters in
reality. It is a major point of this thesis that we establish well-posedness results
for wave scattering by rough surfaces that are not the graphs of functions, under



Figure 1.1: Sketch of the geometry.

certain other restrictions (low frequency of the waves, for example). Nevertheless
a great deal of the well-posedness results we establish in this thesis are restricted
to this setting, where the rough surface is the graph of a bounded continuous
function.

We aim in the next sections to turn our attention to the mathematical mod-
elling of these problems. We'll begin by looking at acoustics; then we’ll take a
look at electromagnetics.

1.2 The mathematical description of the scat-

tering problems

1.2.1 Acoustics

The wave equation is the classical model that describes acoustic propagation. Let
U(z,t) : D x R — C denote the perturbation of pressure at a point x in D and
at a time t > 0. It is this that we seek to find. In other words, for example,
it represents the resultant sound distribution that we desired to predict in the
aeroplane example earlier. Let G(xz,t) : D xR — C denote the source of acoustic
disturbance, i.e. the noise produced by the aeroplane, which we suppose we know



or are given. Then the inhomogeneous wave equation relates the two via,

1 0°U

o
Here c is the speed of sound in the medium. We may wish to assume that c is a
constant, which is appropriate if the region D is occupied by one medium, such
as air which is at rest; but also we will consider the case when the medium in D
varies throughout D, in which case ¢ depends on position. We note also at this
point that the density perturbation p of the air, also satisfies , though with a
different function GG, and, provided the wave motion is initially irrotational, then,
the velocity, v, of the air is the gradient of a scalar field ¥ the wvelocity potential,
which also satisfies the wave equation, with a yet different function GG. Further,
the relationships between these three quantities are given by

— AU = -G, in D x R. (1.2)

v=VV, U=—pV,, U=_c?p, (1.3)

where py denotes the density of the unperturbed state. We will suppose that our
waves are time harmonic. This means we will assume that G(x, t) = Re(g(z)e ")
for a function g : D — C and then look for solutions to the wave equation in the
form U(x,t) = Re(u(z)e ™) for some function u : D — C. Here w > 0 denotes
the angular frequency of the waves. On making this assumption one sees that

equation (|1.2)) reduces to
Au+ k*u =g, in D, (1.4)

where k := w/c, is the wavenumber. Equation is known as the inhomo-
geneous Helmholtz equation. We should mention at this stage that a slightly
different model for acoustical scattering that takes into account the effect of
dampening in the region D, and which takes as it’s starting point the dissipative
wave equation, leads once again, with similar manipulations to those above, to
the inhomogeneous Helmholtz equation , but this time with k being a com-
plex valued function (see [32] pages 66-67). Thus the case when k is complex
valued in is also of interest in acoustics.

Thus given D C R™ and given g : D — C our aim will be to find u: D — C
satisfying . That be satisfied in a classical sense, requires that we should
find v belonging to the space C?(D). Alternatively we may, to get a handle on
solving the problem, seek to find a solution wu satisfying in a weaker sense,
for example a distributional sense, in which case it would be more appropriate to
look for a solution u in C'(D) perhaps. When we precisely pose our problems,
later on, it will be important to know in what exact function space to look for u.
This will depend on the function space setting of g. For the meantime though we
wish to brush over such issues and set up the basic problem. However we should
mention here something about the nature of g. In our motivating problem of the
aeroplane it is appropriate to view g as a function of compact support. In fact,
in our variational formulations of the problem, g will be given more generally as



a function in L?*(D) although its support will lie at a finite distance from the
boundary I'. This means that the support of ¢ will lie in Sy for some H > f,.

Another source of acoustic excitation that we will consider in this thesis, is
that due to a point source. Here g = d, — a delta function situated at y € D.
The interest in this sort of excitation again stems from the wish to study wave
sources of compact support: any such source can be represented as superpositions
of point sources located in the compact support.

Finally we should mention one important type of acoustic incidence, not cov-
ered in the work of this thesis. This is plane wave incidence. Generally the
analysis that we apply in this thesis requires that sources should decay along the
boundary; as such none of our results apply to scattering of plane waves.

Boundary conditions.

Finding a unique solution to equation will not be possible without requiring
the solution u to satisfy an appropriate boundary condition. We will look at two
such boundary conditions: the Dirichlet boundary condition and the impedance
boundary condition.

Dirichlet boundary condition.

Here we require that « = 0 on the boundary I'. In this case I' is said to be a
sound soft surface. Physically it corresponds to there being no pressure on the
surface. It is appropriate to assume this when there is a huge jump in pressure
across a surface. An example of this arises in underwater acoustics: If we imagine
a submarine beneath the sea emitting sound and if we wish to know just how this
sound propagates, then, the problem domain D would be the region occupied by
the sea and the rough surface I' would be the surface of the sea. Given the large
drop in pressure as one moves from the sea to the air above it, then, it would be
appropriate in this case to assume that the pressure is zero on this rough surface
.

Impedance boundary condition.

In order to motivate this boundary condition let us just note that the relation
between pressure U and velocity potential ¥ given in (1.3), can be simplified, on
making our time harmonic assumptions that

U = Re(u(z)e”™") and ¥ = Re(¢)(z)e™ ™)
for u,v : D — C. The new relation between u and 9 is then
u = iwpp. (1.5)

7



Now, the classical Neumann boundary condition, that
o
ov

on the boundary I', assumes that the component of fluid velocity normal to the

surface vanishes. This makes sense for a rigid surface. But for more general
surfaces, the normal velocity is non-zero and the quantity Z, defined by

0

u

Zs = oY /o

(1.6)

is finite on the boundary. Z; is called the surface impedance (e.g. [58]). In
general Z, depends on the variation of the acoustic field throughout the medium
of propagation. Often however Z, depends only on the properties of the boundary
surface (and on the angular frequency w, but we will assume that this is constant
in our study of the impedance problem): specifically, for a given stretch of surface,
for example a concrete road surface, the ratio u/(0v/0v) is constant; and then
for a different stretch of surface, for example that covered by a field, it assumes
yet a different constant value. In this thesis we will always assume that Z, is
independent of the distribution of the acoustic field, in which case we say that

the boundary is locally reacting.
Thus defining 3 as

_ Poc€
b= (1.7)

we see that, from the above discussion, 3 is a function of the boundary I', and

we will suppose that 5 € L>®(I"). Using (1.7)) and (1.5]), equation (1.6) can be

rewritten as,
8_@/} = ik[ or @ =1kfu, on I,
v v
and we have arrived at the impedance boundary condition, also known as the
Robin boundary condition or the third boundary condition.
It can be shown — see for example [28] page 24 — that if the ground /boundary
is not to be a source of energy then a necessary condition on [ is that

Res > 0.

In chapter 3 we’ll make — and to some extent justify — some extra assumptions

on .

The Radiation condition

The solution to ((1.4) will still not be unique even when we impose one of the
boundary conditions. A radiation condition is also required, many authors refer-
ring to this as an extra boundary condition at infinity. The role of the radiation
condition is to pick out the physically realistic solution.



In this thesis we make use of a radiation condition called the upward propa-
gating radiation condition, (UPRC). To state this we introduce the fundamental
solutions to the Helmholtz equation in the case when the wavenumber £ is
a positive constant i.e. k =k, > 0. This is &, given by

i
“H (ki |z —y)), n=2,
C(w,y) = expliky |z —yl)
4m|x — y|

Y n:37

for x,y € R", x # y, where Hél) is the Hankel function of the first kind of order
zero. ®(z,y) is a solution to the Helmholtz equation (1.4) with & = k. in the
special case when D = R" and g = ¢,, a point source located at y € R". The

(UPRC) then states that

u(z) = /F OP(x.9) (N ds(y),  x € U, (1.8)

for all H such that the support of g is contained in Spg.

The (UPRC) was proposed in [I4]. In the case that the wavenumber k
has imaginary part, one can derive this representation for the solution of the
Helmholtz equation in Uy, under mild assumptions on the growth of the solution
at infinity: see [13].

In the case that u|r, € L*(T'y) we can rewrite in terms of the Fourier
transform of u|r,,. For ¢ € L*(T'y), which we identify with L*(R"™!), we denote
by gg = F¢ the Fourier transform of ¢ which we define by

Foe) =m0V [ exp(-izQo@)dn, ceRTL (1)

Our choice of normalization of the Fourier transform ensures that F is a unitary
operator on L?(R"™!), so that, for ¢,¢ € L*(R"1),

oPdE = dide. (1.10)
Rn—l Rnfl

If Fy == ulr, € L*(Tx) then (see [16,[7] in the case n = 2), ([1.8) can be rewritten
as

) = i [ e — M\ — €+ 56 Fu(e) de, @ € Un,
(1.11)

In this equation \/k% — &2 =1\/&% — k%, when [¢] > k.
Equation ((1.11)) is a representation for u, in the upper half-plane Uy, as
a superposition of upward propagating homogeneous and inhomogeneous plane

9



waves. A requirement that holds is commonly used (e.g. [34]) as a formal
radiation condition in the physics and engineering literature on rough surface
scattering. The meaning of (1.11) is clear when Fy € L*(R™ ') so that Fiy €
L*(R™'); indeed the integral ((1.11]) exists in the Lebesgue sense for all x €
Up. Recently Arens and Hohage [7] have explained, in the case n = 2, in what
precise sense can be understood when Fy € BC(I'y) so that F ' must
be interpreted as a tempered distribution. Arens and Hohage also show the
equivalence of this radiation condition with another known as the Pole Condition.

In summary, our acoustic problems will be to look for a solution to the
Helmholtz equation , satisfying the radiation condition , and satisfying
one of the boundary conditions: if it is the Dirichlet boundary condition, then
we will refer to this problem as the Dirichlet problem for the Helmholtz equa-
tion, or simply the Dirichlet problem; in the case where we use an impedance
boundary condition, we will refer to the problem as the impedance problem for
the Helmholtz equation or simply the impedance problem.

1.2.2 Electromagnetics

In classical electromagnetics, Maxwell’s equations relate the electric field intensity
E(z,t) : D x R — C", the magnetic field intensity H(z,t) : D x R — C",
the electric displacement D(z,t) : D x R — C™ and the magnetic induction
B: D xR — C" to the cause of electromagnetic excitation, namely the charge
density function p : D xR — C and the current density function J : D xR — C™.
Maxwell’s equations are (see [65] pages 1-9):

0B

E—FVXE:OinD, (1.12)
VD=pin D, (1.13)
D
D GuH—_JmD (1.14)
ot
V.B =0in D. (1.15)
Note that equations ((1.13) and (1.14]) can be combined to give
dp
VJ+ —=0. 1.16

Making the assumption that the current density and charge density are time

harmonic, i.e. that A
J(z,t) = Re(exp(—iwt)J(x))

and that
p(,1) = Re(exp(—iwt)(x))

10



for known J : D — C™ and p: D — C, and that also

E(z,t) = Re(exp(—iwt)E(z))
D(z,t) = Re(exp(—iwt)D(x))
H(z,t) = Re(exp(—iwt)H(x))
B(z,t) = Re(exp (—zwt)B( )

for unknown functions E : D — cn, D:D— Cr, H:D— C", and B:D— Cn,
we obtain the time harmonic Maxwell’s equations:

—iwB+VxE=0inD, (1.17)
V.D =jin D, (1.18)
—iwD -V xH=-Jin D, (1.19)
V.B=0inD. (1.20)

We now reduce these 4 equations down to 2, eliminating the quantities D and B
by supposing there hold two constitutive laws that relate E and H to D and B,
respectively. These laws depend on the matter in the domain D occupied by the
electromagnetic field. In this thesis we suppose that the material occupying D is
inhomogeneous, that is, it is a composition of different materials (e.g copper, air
etc.); that the material is isotropic, in other words the material properties do not
depend on the direction of the field; and also we assume the material is linear. It
then follows that the constitutive equations are ([65] page 5)

~

D =cE (1.21)

and ) R
B = uH, (1.22)

where € : D — R is positive and bounded and is known as the electric permittivity;
whilst p > 0 is the magnetic permeability, and is assumed to be a constant. One
further constitutive equation is that

J=0E+1J,, inD (1.23)

where o : D — R is non-negative and is called the conductivity and the vector
function J,, is the applied current density. Regions of D where o is strictly positive
are termed conducting. Where ¢ = 0 the material in D is termed dielectric.

Now using the constitutive relations ((1.21)), (1.22)), (1.23) and also using equa-
tion ([1.16]) in its time harmonic form,

V.J —iwp=0in D,

11



in the time harmonic Maxwell’s equations (1.17)), (1.18)), (1.19)), (1.20)), we derive
that

—iwpH+V xE=01n D, (1.24)
. 1 A
V.(E)= —V.(cE+J,) in D, (1.25)
1w
—iweE+0E -V xH=-J,in D, (1.26)
V.(uH) =0 in D. (1.27)

We remark that by supposing the constitutive relations to hold, equations
(1.25)) and ((1.27)) are now redundant; they can be derived by taking the divergence
of (|1.26b and (|1.24|) respectively. Moreover we can eliminate the variable H by
substituting M into @, to arrive at one equation for E:

V x (V x E) — w?ue [1 + E] E = iwpd, in D, (1.28)
we

recalling that p is assumed to be constant. Letting G = z'wuja, and letting

k? = w2pe {1 + E] (1.29)
we
we see that ((1.28)) becomes
V x (VxE)—kE=G. (1.30)

In this thesis we assume that the problem is two dimensional: precisely we sup-
pose that the electric permittivity €, the magnetic permeability u and the conduc-
tivity o are invariant in the x3 direction. Moreover we only study the Transverse
Electric (T.E.) case. In the T.E. case we seek the electric field intensity in the
form E = (0,0, E') where E' is supposed to be independent of the 3 variable and
also we assume that G = (0,0, —¢g). On making these assumptions we see that

(1.30) becomes
AE + K*E =gin D. (1.31)

It is the solution E to this equation that we will seek to find when we are given
g. We see that we have once more arrived at the inhomogeneous Helmholtz
equation. As in the last section it must be supplemented by boundary and
radiation conditions.

Boundary and radiation conditions.

We will look at two, two-dimensional problems involving the scattering of elec-
tromagnetic waves. The first involves scattering by a perfectly conducting rough
surface. In this case the appropriate boundary condition is that

vE=0onT.
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Since we are assuming that E = (0,0, E), this means we should require that
E =0 onI'. In addition we then impose the radiation condition (1.11]); for
this it’s necessary to assume that outside a neighbourhood of the boundary I"
the quantity & in takes on a constant positive value k.. We will call this
problem, that of scattering by an unbounded rough inhomogeneous layer.

The second electromagnetic problem we wish to study will be known as the
transmission problem. Here the domain D of electromagnetic propagation is
assumed to be the whole of R”. As such no boundary conditions are required,
but rather we impose the radiation condition both in the upward and downward
directions, assuming that the function k in assumes positive constant values
k, and k_ above and below a strip of finite height within which & may vary.
We will return to to this idea and elaborate on it when we come to study the
transmission problem in chapter 4.

1.3 Hadamard’s criterion and numerical imple-

mentation

It is our general aim to solve the problems that we posed in the last section. It
is instructive to consider a little why we cannot find explicit solutions to these
problems,; via mathematical techniques. There are essentially two answers to this
question. One is that, put simply, these problems are too difficult. Another in-
volves the complex nature of the problem: for if, in the earlier aeroplane example,
we consider the scattering surface to possess a complicated, that is realistic, ge-
ometry, and if the source of acoustic waves is similarly of a complex and realistic
nature, then one can hardly expect that the scattered acoustic field will have
such a simple form as to be able to be described by an explicit mathematical
function. Indeed, such complicated scattered fields are best described by pictures
generated on a computer.

Thus to solve such problems numerical and computational techniques are es-
sential. On the theoretical side we should ensure that the mathematical problems
we set are well-posed, in that they satisfy Hadamard’s criterion. This states that
for a given mathematical model:
1)there should exist a solution;
2)the solution should be unique;
3)the solution should depend continuously on the data. For example any solution
u to equation should satisfy an inequality

lullx < Cliglly,

where C' > 0 is a constant and X and Y are normed spaces to which u and g
respectively belong.
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In this thesis we are primarily concerned with showing that the problems we
state are well-posed and not with the approximate solution to these problems
using numerical techniques. However, our approach to our problems is geared
toward the ultimate goal of numerical computation of the solution: specifically,
the variational formulations that we derive from our problems in chapters 2, 3 and
4 should be suitable for finite element implementation; similarly the boundary
integral equation that we derive from our problem in chapter 5 should be suitable
for solution via boundary element methods. In particular the explicit bounds we
establish, on the sesquilinear form, in chapters 2, 3 and 4, and on the inverse
operator associated with the double- and single-layer potentials in chapter 5,
should prove helpful in the analysis of the numerical implementation.

1.4 Literature review: Overview

We conclude this introduction with a broad review of the literature.

The problem of rough surface scattering has long been studied and there have
been many contributors to the subject. Principally research has focused on the
use of numerical methods to solve these problems. The review of Warnick and
Chew [77], summarises numerical strategies, implemented over the past 30 years
or so, that seek to simulate the scattering of electromagnetic (and also acous-
tic) waves by rough surfaces. Warnick and Chew roughly group these numerical
strategies into three categories: differential equation methods, boundary integral
equation methods and numerical methods based on analytical scattering approx-
imations. A critical survey of scattering approximations is carried out in the
review of Elfouhaily and Guerin [40)].

In the review [71], Saillard and Sentenac are interested in formulating rough
surface scattering problems from a statistical point of view. Here, the rough
surface is not a known quantity in the problem, but rather, one only has infor-
mation on certain statistical properties of the surface, so that the shape of the
rough surface is described by a random function of space coordinates and time.
The problem is then to determine the statistical properties of the scattered field,
such as it’s mean value and mean intensity, as functions of the statistical prop-
erties of the surface. Obviously such a problem is of interest, since in reality, one
often will not know the precise shape of the rough surface. In this thesis how-
ever, we always assume that the rough surface is known. Saillard and Sentenac
then proceed to describe approximate methods for solving these problems numer-
ically. They point out, however, that few authors have undertaken a rigourous
mathematical study of the problem.

In [61] Ogilvy reviews research in this area, again with an emphasis on random
rough surfaces and on numerical techniques. See also the books by Voronovich
[76], Petit [63] and Wilcox [78] and the review of DeSanto [34].
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Finally we should make mention of the closely related field of scattering by
bounded obstacles. A very complete theory of this class of problems has been de-
veloped, especially by use of boundary integral equation methods, see for example
[32].

We will return to the literature review, with a much closer scrutiny of the
papers that are related to the work in this thesis, as we tackle the various problems
in chapters 2, 3, 4 and 5.
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Part 1

Variational Methods
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In the next three chapters we apply variational methods to three of our scat-
tering problems. An excellent introduction to the theory of variational methods
can be found in Lawrence C. Evans’s book ‘Partial Differential Equations’ [43]
chapters 5 and 6.

There are two main theorems that we will require:

Theorem 1.1. Laz-Milgram. [e.g. [65] Lemma 2.21.] Let H be a Hilbert
space, with norm and inner product given by || - ||, ( , ) respectively. Suppose
that b : H x H — C is a bounded sesquilinear form such that for some a > 0 it
holds that

b(u,w)| > al|ul|?, we H.
Then for each G € H* there exists a unique u € H such that

b(u,v) =G(v) ve€H,

and

lull < a7HG]

H*,

where || - || g+ denotes the norm of H*.

Theorem 1.2. Generalized Lax-Milgram Theorem. [e.g. [[7] Theorem

2.15.] Let H be a Hilbert space, with norm and inner product given by || - ||

)

(, ) respectively. Suppose thatb: H x H — C is a bounded sesquilinear form

such that for some o > 0 the inf-sup condition holds:

b
o inf sup [b(u, )| - 0. (1.32)
0AueH ospep ||ull||v]|

and the transposed inf-sup condition holds:

> 0. (1.33)

04ueH ]|
Then for each G € H* there exists a unique uw € H such that
b(u,v) =G(v) veH,
and

lull < a7HG]

H*
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Chapter 2

Scattering by unbounded, rough,

inhomogeneous layers

2.1 Literature review

In this chapter we study, via variational methods, a boundary value problem for
the Helmholtz equation modelling scattering of time harmonic waves by a layer
of spatially-varying refractive index above a rough surface on which the field
vanishes (we called this the problem of scattering by unbounded, rough, inhomo-
geneous layers in chapter 1 — see the electromagnetics section). We recall from
chapter 1 that in the 2D case this problem models the scattering of time har-
monic electromagnetic waves by an inhomogeneous conducting or dielectric layer
above a perfectly conducting rough surface in the transverse electric polarization
case. Moreover it is a model, in 2 and 3 dimensions, of time harmonic acoustic
scattering by a rough surface in a medium in which the wavespeed varies with
position or in which there is dissipation.

We commence with a thorough survey of the literature on this problem. In
fact this problem, in which we study the Helmholtz equation (1.4) with & a
function of position, seems to have received little attention with the exception of
[20]. Mainly this problem has been studied in the special case when k is constant
throughout the region D, (in which case the problem reduces to what we have
called the Dirichlet problem for the Helmholtz equation in chapter 1.) Thus,
let us begin this survey by looking at contributions to this problem when k is
assumed constant.

The pioneering paper on this subject seem to be the uniqueness proof of
Rellich [67]. Here Rellich assumed that the rough surface roughly resembled a
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paraboloid. In [60] Odeh proves uniqueness of solution in the case that the rough
surface is smooth and is either a cone or approaches a flat boundary at infinity.
Willers proves the existence of a unique solution to this problem, in [79], making
the assumption that the boundary is C? and is flat outside a compact set.

In another, somewhat related body of work existence of solution to the Dirich-
let problem is established by the limiting absorption method, via a priori esti-
mates in weighted Sobolev spaces (see Eidus and Vinnik [39], Vogelsang [75],
Minskii [57] and the references therein.) The results obtained are still however
limited in that one must assume that the rough surface approaches a flat bound-
ary sufficiently rapidly at infinity and/or that the sign of z.v(z) is constant on
0D outside a large sphere, where v(z) denotes the unit normal at x € dD.

The most recent, and indeed most complete results in this field, have been
developed by Chandler-Wilde and his collaborators. Principally Chandler-Wilde
et al have concentrated on employing boundary integral equation (BIE) tech-
niques to settle the question of unique existence of solution to these problems.
However, the loss of compactness of the associated boundary integral operators
in the case when the boundary is infinite, meant that the theory of boundary
integral equations for scattering by bounded obstacles did not translate easily to
the problem of rough surface scattering (c.f. the literature review in chapter 5).
As such generalizations of part of the Riesz theory of compact operators have
been developed - see the work of Arens, Chandler-Wilde and Haseloh, [4], [5] -
requiring only that the associated boundary integral operators be locally com-
pact, and ensuring that existence of solution to the boundary integral equation
follows from uniqueness.

In [I1] Chandler-Wilde and Ross prove a uniqueness theorem for the Dirichlet
problem, in an arbitrary domain D with the assumption that Imk > 0. The same
authors in [12], then derive some existence results in 2D for mildly rough surfaces,
using BIE techniques.

In [16], Chandler-Wilde and Zhang show uniqueness to the Dirichlet problem
in a non-locally perturbed half-plane with piecewise Lyapunov boundary. This
time the wavenumber k is assumed real and the problem is formulated with a
radiation condition. Moreover an integral equation formulation is proposed and
existence of solution is established, for mildly rough surfaces, in 2 dimensions,
by using the results of [12]. Finally, in [14], Chandler-Wilde, Ross and Zhang
show existence of solution for domains with Lyapunov boundary, in 2D, but this
time with no limit on the surface slope or amplitude. They do this by employing
novel solvability results on integral equations, contained in the paper. See also
[83], where similar results are obtained but with an alternative integral equation
formulation.

Recently Chandler-Wilde, Heinemeyer and Potthast looked at the Dirichlet
problem in 3 dimensions, again by an integral equation approach, and were able
in [22], [23], to establish that the problem was well-posed in the case that the
boundary is the graph of a Lyapunov function. We will in fact extend these
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results, to the case when the boundary is the graph of a Lipschitz function in
chapter 5. Indeed, see the literature review in chapter 5 for further details on the
use of BIE techniques.

In other recent work [25] Chandler-Wilde and Monk adopted a different ap-
proach to this problem. Using variational methods they were able to establish
the well-posedness of the Dirichlet problem, in both 2 and 3 dimensions, for much
more general boundaries: specifically, for small wavenumber k they showed the
problem to be well-posed for totally general boundaries, that were not the graphs
of functions and requiring no regularity; and for arbitrary wavenumber k they
established the same for those domains D having the property that if x € D then
so too is every point above x. To prove their results they first reformulated their
boundary value problem as an equivalent variational problem on a strip; they
then analyzed the variational problem and made use of the Lax-Milgram and
generalised Lax-Milgram theorem of Babuska, to prove well-posedness. A key
ingredient in their proofs was the derivation of an a priori bound on the solution.

The purpose then of this first chapter is to extend these results to the problem
of scattering by rough inhomogeneous layers; indeed we will make use of a lot of
the results contained in [25] and mimic their methods throughout.

We should mention some papers, that are related, in terms of the methods they
employ, to the paper of Chandler-Wilde and Monk. These are [49] by Kirsch, and
[41] by Elschner and Yamamoto, who study the Dirichlet problem; and the papers
[8] of Bonnet-Bendhia and Starling and [72] of Szemberg-Strycharz who study the
diffraction grating or transmission problem as we’ve called it here. In all of these
papers a variational approach is used. All of the authors begin by reducing their
problems to a variational problem on a strip; however the assumption made in
all of these papers, that the scattering surface/diffraction grating is periodic and
that the source g is quasi-periodic, leads to a variational problem over a bounded
region, so that compact embedding arguments can be applied and the sesquilinear
form that arises satisfies a Garding inequality which simplifies the mathematical
arguments. However we should say that the approach adopted in [25] — and the
one that we adopt here — is very similar to the one adopted in [49], [41], [8] and
[72]; in particular the use of the Dirichlet to Neumann map (see and
below) and the exploitation of its properties was done in [49], [41], [8] and [72].

An attractive feature of our results and indeed of those in [25] is the explicit
bounds we obtain on the solution in terms of the data g, which exhibit explicitly
dependence of constants on the wave number and on the geometry of the domain.
Our methods of argument to obtain these bounds are inspired in part by the work
of Melenk [54], Cummings and Feng [33], Feng and Sheen [45] and Chandler-Wilde
and Monk [25].

Finally we should also discuss the paper [20] of Chandler-Wilde and Zhang;
the authors here deal with the same problem as we deal with here, (i.e. the
wavenumber k varies throughout the domain) and employ an integral equation
approach to establish well-posedness in 2D when the surface is flat so that the

20



domain is a half-space. This paper would appear to present the best results
on this problem to date. We should point out in what ways our results are an
improvement on these:
1) Our results work in both 2 and 3 dimensions;
2) our rough surfaces are much more general: Specifically, when the maximal
value of k is small or k£ has strictly positive imaginary part we show the problem
to be well-posed for totally general boundaries, that are constrained to lie in a
strip and which require no regularity; and for arbitrary k& € L°°(D) subject to
assumption 1 (see below) we establish well-posedness for those domains D having
the property that if € D then so too is every point above x;
3) the assumption (see assumption 1 below) that we make in order to prove
theorem is slightly more general than the assumption 2.4 that is used in [20].
Finally we should mention some other spin-off papers of [25]: these are [27] in
which the same authors apply similar methods to scattering by bounded obstacles;
and [30] in which Claeys and Haddar use the same approach to tackle the problem
of scattering from infinite rough tubular surfaces.
Note that the results contained in the section ‘Vp-ellipticity of the sesqulinear
form’ were presented at the Waves 2005 Conference.

2.2 The boundary value problem and variational

formulation

In this section we introduce the boundary value problem and its equivalent varia-
tional formulation that will be analyzed in later sections. For = = (z1,...,z,) €
R™ (n = 2,3) let & = (1,...,2,-1) so that z = (Z,z,). For H € R let
Ugp ={2 : 2, >H} and 'y = {z : , = H}. Let D C R" be a connected
open set such that for some constants f_ < f, it holds that

Uf+CDCUf7, (21)

and let I' = 0D denote the boundary of dD. The variational problem will be
posed on the open set Sy := D\ Uy, for some H > f,, and we denote the unit
outward normal to Sy by v.

Let H}(D) denote the standard Sobolev space, the completion of C§°(D) in
the norm || - || g1(py defined by

1/2
o) = { [ v+ \uP)dw} .

The main function space in which we set our problem will be the Hilbert space
Vi, defined, for H > fy, by Vi :={¢|s,, : ¢ € Hi(D)}, on which we will impose
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a wave number dependent scalar product (u,v)y, = /. S (Vu-Vu+k2up) de and
norm, [[ullvy = { [, ([Vul? + K Ju?)dz}1/2.

Recalling the basic model from chapter 1, we will make the assumption that
the variation in £ is confined to a neighbourhood of the boundary. The following
then is our exact formulation:

THE BOUNDARY VALUE PROBLEM. Given g € L*(D), and k € L>*(D)
such that for some H > f., it holds that the support of g lies in Sy, and that
k(r) = ky, v € Uy, for some ky > 0, find u : D — C such that u|s, € V, for
every a > f.,

Au+FK*u=ginD

m a distributional sense, and the radiation condition holds, with Fy =
ulry, -

Remark 2.1. We note that, as one would hope, the solutions of the above problem
do not depend on the choice of H. Precisely, if u is a solution to the above problem
for one value of H > f, for which suppg C Sy and k(x) = k., v € Uy then u is
a solution for all H > f, with this property. To see that this is true is a matter of
showing that, if holds for one H with suppg C Sy and k(z) = ky, v € Uy
then holds for all H with this property. It is shown in Lemma below
that if holds, with Fg = ulr,,, for some H > f,, then it holds for all larger
values of H. One way to show that holds also for every smaller value of
H, H say, for which H > f, and suppg C Sy and k(z) = ky, x € Ug, is to

consider the function

1 = A
(2r) (=172 /Rnl exp(if(zn — H)\/ k3 —&24+1-&)Fu(6)de, xeUg,

with Fg = 'U,|1‘I.{, and show that v is identically zero. To see this we note that,
by Lemma v satisfies the above boundary value problem with D = Up and
g=0. That v =0 then follows from Theorem below.
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We should give some motivation for looking for a solution u such that u|s, € V,
for every a > fy. In the special case when the boundary is flat, so that D is a
half-space, D = Uy say, k is constant and ¢ is smooth and has compact support
we can explicitly construct the solution. Suppose n = 3. Then if J, denotes a
point source located at y = (9,y3) € D, with y3 > 0, then a solution to the
problem, find v : D — C, such that

Au+ Ku = 0y in D,
and v =0 on I, is given by
U(SL’) = G(;U,y) = (I)(QZ,y) - (I)('Tvyl)a

where ¥ = (y1,y2, —y3) is the reflection of y in the boundary T' := {(z € R? :
x3 = 0}, and G is the Green’s function for Uy. Note that

(2.2)

for some C' > 0, (see for example chapter 5, (5.35))).
Moreover, a solution to the problem, find u : D — C such that

Au+EKk*u=gin D,

and
u=0onT,

is, for compactly supported and smooth g € L?(D), given by

U(x)Z/DG(:E,y)g(y)dy, reD.

It follows from the bound that u € L*(Sy) for every H > 0, where Sy :=
D\ Uy (one can deduce this by using the techniques of section 5.4 of chapter 5,
for example). Further, by an application of Green’s theorem it follows also that
u € H'(Sy), for every H > f,. This motivates, that in the general case, we seek
a solution such that ulg, € V,, for all a > f.

We now derive a variational formulation of the boundary value problem above.
To derive this alternative formulation we require a preliminary lemma. In this
lemma and subsequently throughout the thesis, we use standard fractional Sobolev
space notation, except that we adopt a wave number dependent norm, equivalent
to the usual norm, and reducing to the usual norm if the unit of length measure-
ment is chosen so that k, = 1. Thus, identifying 'y := {x : x, = H} with R*" 1,
H*(I'y), for s € R, denotes the completion of C3°(I'yr) in the norm || - || s (ry)
defined by

1/2
lolla-eyy = ([ 02+ @riFooPas)
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We recall [2] that, for all a > H > f,, there exist continuous embeddings 7, :
HY Uy \U,) — HY*(T'y) and v_ : Viy — HY%(T'y) (the trace operators) such
that v.¢ coincides with the restriction of ¢ to I'y when ¢ is C**°. In the case when
H = f., when I'y may not be the boundary of Sy (if part of 0D coincides with
I's7) we understand this trace by first extending ¢ € Vi by zero to Uy \Uy,. We
recall also that, if uy € H'(Ug \ U,), u_ € Vg, and v u; = v_u_, then v € V,
where v(z) := uy (), x € Ug \ Uy, := u_(z), x € Sy. Conversely, if v € V,, and
Uy = V|y,\v.s U— = vlg,, then v uy = y_u_. We introduce the operator T,
which will prove to be a Dirichlet to Neumann map on I'y, (see below),
defined by

T :=F 'M,F, (2.3)

where M, is the operation of multiplying by

TV VESRE for e > ke

We shall prove shortly in Lemma that 7 : H'Y?(T'y) — H~Y?(I'y) and is
bounded. We now state lemma 2.2 from [25]. For completeness we include the
proof.

Lemma 2.1. If holds, with Fyz € HY?(Ty), then u € H*(Uyz \ U,) N
C?*(Ug), for every a > H,

Au—i—kiu:o m Uy,
vyiu = Fy, and
/ Ty uds + ki/ uv dr — Vu-Vodr =0, veC(D). (2.4)
T

Ur Un

Further, the restrictions of u and Vu to T, are in L*(Ty), for all a > H, and

/]

Moreover, for all a > H, where F, € H'?(T,) denotes the restriction of u to T,

holds with H replaced by a.

ou

Oz,

ou
oz,

2
— |Vzul” + /{:i]u|2] ds < 2k+1m/ u—=—— ds. (2.5)
Ty

Proof. If Fy € L*(T'y) then, as a function of &, exp(i[(z, — H)\/k% — &2 +i -
&) Eg(€)(1+2)5 € LYR™) for every 2 € Uy and s > 0. Tt follows that (1.11)) is
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well-defined for every x € Uy, and that u € C*(Ug), with all partial derivatives
computed by differentiating under the integral sign, so that Au+k3u = 0in Uy.

Thus, for a > H and almost all £ € R*1,

Flulr,)€) = exp(ila— H)\/k2 =€) Fu((), (2.6)
F (s—ai Fa) € = i\/k:i —&2exp(i(a — H)y /k;i — g2 )FH(Q, (2.7)

F(Vaulr,)(€) = ifexp(i(a — H)\/ k3 — €)Fy(€).

Therefore, by the Plancherel identity (1.10)), u|r,, Vulr, € L*(T',) with

[utas= [ Jep(ita — H) R - )] @R de < [ |Fultds

Ty

and

[ Ivuas < [ - ellenia /i - )] @R s, @)

while
/ ou
T, 8xn
ou R
Im/ﬂ ds-/ k2 —&2|F 2 qe.
- o o, VL — & [Fu()]” dg

Thus ([2.5)) holds and

2

— |Vzul® + kiIUIQI ds = 2/|€ (K3 — &) Fu(€)]” dg

|<kt

and

/ 2 dz < (a— H)/ Fylds. (2.9)
UH\UCL

Iy

Further, from (2.8)) it follows that

/ VuPde < (a— H)R / Eu ()P de +
Up\Ua |€| <k

/ 521 — exp(—2[a — H]\/€2 — k%)
|€]>F4 m
/Rnl(z(a — H)K + V20D Fu(€)] de,

|[Fu (€)1 dé

IN
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since 1 —e™* < z for z > 0 and m > [£]/V/2 for €2 > 2k2. Thus
u € HY(Uy\U,) if Fy € HY?(T'y). That u|r, = Fy is clear when Fy € C°(T'y),
and y,u = Fy for all Fy € HY?(I'y) follows from the continuity of ., (2.9)
and (2.10)), and the density of C$°(I'y) in H'/?(I'y). Similarly, in the case that

Fy € C°(Ty) so that u € C°(Uy), it is easily seen that
Tyiu = —0u/0x,|r, (2.10)

and follows by Green’s theorem. The same equation for the general case fol-
lows from the density of C5°(T'y;) in HY/2(T'y), and and the continuity
of the operator T'.

That holds with H replaced by a, for all a > H, is clear from (2.6). O

Now suppose that u satisfies the boundary value problem. Then u|g, € V, for
every a > f, and, by definition, since Au + k?u = ¢ in a distributional sense,

/ 97 + V- Vo — Kudldzr = 0, v e (D). (2.11)
D
Applying Lemma , and defining w := ulg,,, it follows that
/ (g0 + Vw - Vi — E*wd] dx + / Ty_-wds =0, veCD).
SH FH

From the denseness of {¢|s,, : ¢ € Cg°(D)} in Vi and the continuity of v_, it
follows that this equation holds for all v € V.
Let || - |2 and (-,-) denote the norm and scalar product on L?(Sg), so that

|vlle = fSH |v]2dz and (u,v) = fSH wvdz, and define the sesquilinear form

b:Vy x Vg — C by

b(u,v) = (Vu, Vov) — (k*u,v) +/ y-0Ty_uds. (2.12)

Iy

Then we have shown that if u satisfies the boundary value problem then w := u|g,
is a solution of the following variational problem: find u € Vg such that

b(u,v) = —(g,v), v € Vy. (2.13)

Conversely, suppose that w is a solution to the variational problem and define
u(z) to be w(z) in Sy and to be the right hand side of (1.11)), with Fy := vy_w,
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in Ug. Then, by Lemma 2.1, u € H'(Uy \ U,) for every a > H, with v,u =
Fy = v w. Thus u|g, € V,, a > f,. Further, from (2.4) and ({2.13) it follows

that holds, so that Au + k?u = g in D in a distributional sense. Thus u
satisfies the boundary value problem.
We have thus proved the following theorem.

Theorem 2.1. Ifu is a solution of the boundary value problem then u|s,, satisfies
the variational problem. Conversely, if u satisfies the variational problem, Fy =
v—_u, and the definition of u is extended to D by setting u(x) equal to the right
hand side of , for x € Uy, then the extended function satisfies the boundary
value problem, with g extended by zero from Sy to D and k extended from Sy to
D by taking the value k. in Ug.

It remains to prove the mapping properties of T'.

Lemma 2.2. The Dirichlet-to-Neumann map T defined by 1s a bounded
linear map from HY?(Ty) to H=Y/?(Ty), with ||T|| = 1.

Proof. From the definitions of 7" and the Sobolev norms we see that, as a map

from HY/2(Ty) to H-Y/2(Ty),

/k,2 2
|IT|| = max Wk = &1 _ 1. (2.14)
cernt |\ /RE + €

]

2.3 Vyg-Ellipticity of the sesquilinear form

In this section we shall investigate under what conditions the sesquilinear form
b is Vy-elliptic (we shall give explicit restrictions on k € L>®(Sy) to guarantee
this). From the point of view of numerical solution by e.g. finite element methods,
the ellipticity we establish is of course highly desirable, guaranteeing, by Céa’s
lemma, unique existence and stability of the numerical solution method.

Let V}; denote the dual space of Vy, i.e. the space of continuous anti-linear
functionals on V. Then our analysis will also apply to the following slightly
more general problem: given G € V}; find u € Viy such that

b(u,v) =G(v), wve Vy. (2.15)
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It will be assumed in the remainder of this chapter that k € L>°(D) satisfies that
Re(k?) > 0, Im(k?) > 0, which is certainly the case in the electromagnetic case

where k? is given by (1.29), i.e.
k? = w?uell +io/(we)).

Under these assumptions there exist constants ko, > ko > 0 and 6 € [0, 7/2] such
that
ko < k(x)] < koo,  arg(k*(z)) > 6,

for almost all z € Sy. It is convenient to introduce the dimensionless parameters
Koo 1= koo(H — f-), Ko :=ko(H — f-), and ry :=k(H — [-).

We shall prove the following theorem.

Theorem 2.2. Suppose that either koo < V2 or 0 > 0. Then, for some constant
a >0,

b, )| > alluly,,, eV,

so that the variational problem 1s uniquely solvable. Moreover, the solution
satisfies the estimate

lullv,; < 1G]

where C' = a~' satisfies C < (24 £2)/(2 — k%) if ko < V2, and satisfies
C < cscl(1 + k3 /max(2,k3)) if 0 > 0. In particular, the scattering problem
1s uniquely solvable and the solution satisfies the bound

Y
killullvy < 7+§C|!9||2- (2.17)

We begin by recalling some results from [25]; namely a trace theorem and a
Friedrich’s inequality, that are needed to prove Theorem [2.2]

Lemma 2.3. For all u € Vy,

ou
ox,,

H—-f_
-l sz < lullvy and ulls < ﬁf ‘

2
We next state another lemma from [25] whose proof we include for complete-
ness.
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Lemma 2.4. For all ¢, € H'Y?(T'y),
T pds = YT ¢ds.
Ty Ty
For all $ € HY?(Ty),
Re | ¢T¢ds>0, Im | ¢Tods<O0.

T T

Proof. Let ¢ = Fé, ¥ = Fp. Then F(T'¢) = z¢. Thus, using the Plancherel

identity (1.10) and since @Zi({) = 1&(—5) and z is even,

wThds = H(—€)z(€)d(€) d€ = D(6)2(E)d(—¢) dE = | ¢Tyds.

Ty Rn—1 R7—1
In particular, putting v = ¢,
6Tods = [ (Ol e
Rn-1
_ /m NG —k2|<5(€)|2d£—i/|§| V=@ de.

from which the second result follows. OJ

Iy

The above lemma implies that b(-,) has the following important symmetry
property.
Corollary 2.1. For all u,v € Vi, b(v,u) = b(u,v).

We are now in a position to show that the sesquilinear form is bounded,

establishing an explicit value for the bound.

Lemma 2.5. For all u,v € Vy,

k3o
ol < |52+ 1] Bl ol
+
so that the sesquilinear form b(.,.) is bounded.

Proof. From the definition of the sesquilinear form b(., .) and the Cauchy-Schwarz

inequality we have

2 1.2

k2 ke
b(w, 0)| < [IVulla[[Voll: + == lullalloll: + v-ull e I Tl 2w,
+

Using (22.14), and Lemma we obtain the desired estimate. ]
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Our last lemma of this section shows that the sesquilinear form b(.,.) is Vy-
elliptic provided that k., is not too large or arg(k?) is strictly positive.

Lemma 2.6. i) For all u € Vi,

2 _ 2
[blu w)l 2 5 P, S lull?,
it)If 0 > 0 then, for all u € Vg,

> sin 0
~ 14 k% /max(2, k2

[b(u, u) )|| [

Proof. i) By Lemma Reb(u,u) > ||ull},, — k3 ||ullz — k2 |lull3. The result
follows from Lemma [2.3 which implies that [|u||3, > k3 (2/k2 + 1)[ull3.
ii) Choose o > 0 and define g € (0, 0] by

tan sin 0
anfl= ———
o+ cosf’

so that asin § = sin(f — ) and

sin 6 sin 6
Va2 +2acosf+1  1+a

sin § =

Then, by Lemma and since 7/2 — € [0,7/2),

Re (ei(”/Q_ﬁ)/ ’y_uT’y_uds) >0
Iy

Hence
R = Re(ei(“/Qmb(u,u))ZsinB\|VU|\%+/ sin(arg(k?) — B)|k?| |ul*dz
Su
kG o kg
> sin B[ Vulls + sin(6 — B) K ||ulls = sin 3 ||VU||2+Oék2/f [Jull2
Jr

Thus, and by Lemma for 0 <~ <1,

) 2(1 —v) + ar?
R > sin (vuwn% L0205 g ||2).
+
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Choosing first v = 1 and a = £2 /k, we see that

sin 0
R > si 20> 2
> sin Blullt, 2 s Il

Alternatively, choosing v = 2/(2 + £2) and a = 0, so that 8 = 6, we see that
sin 0 9
= T"fi/? ||U||VH-
O

Theorem now follows from Lemmas and and the Lax-Milgram
lemma. The final bound (2.17) is a consequence of Lemma which implies, in
the particular case that G(v) := —(g, v), for some g € L?(Sy), that

(v, 9)] [vll=llglla _ H — f-
1G]lv;; = sup < < 1gl2-
o vevy vllve T eevi [0llvy V2

2.4 Analysis of the variational problem at arbi-

trary frequency

In this section we will consider the case where there is no restriction on k., and
where 6 may be identically zero. We do however impose some additional con-
straints on the vertical decay of k € L*>°(D), and also on the domain. Under these
assumptions we then prove that the boundary value problem and the equivalent
variational problem are uniquely solvable by using the generalized Lax-Milgram
theory of Babuska.

The domains D for which we will establish this result are those which, in
addition to our assumption throughout that Uy, C D C Uy_, satisfy the condition
that

re€D=x+se, D, forall s> 0, (2.18)

where e,, denotes the unit vector in the direction x,,. Condition ([2.18) is satisfied
if " is the graph of a continuous function, but certainly does not require that this
be the case. Nor does impose any regularity on 0D.

In what follows we always assume that ky > 0, and moreover that Re(k?) > k2.
Recall that H > f, is such that the support of ¢ lies in Sy and such that k = k..
in Uy. We now state the assumption we make on the vertical decay of k in
addition to the assumptions that & € L>(D), takes the value k, in Uy, and
satisfies Re(k?) > k2
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Assumption 1. There exist 0 < \; < 4/(H — f_)3, 0 < )y such that k € L>(D)
satisfies

Re(k*(z)) = 7(x) — Mz, — / AoIm (K?)(Z,t)dt  for almost all z € D,

—00

where 7 : D — R is monotonic non-decreasing, i.e. for all h > 0,

: B > 0.
ess ;Igg[ﬂ'(l‘ +eyh) —7m(z)] >0
Here Im(k?) is extended onto R" by taking the value zero on R™\ D.

Remark 2.2. If assumption 1 holds and k* € C*(D), then

ORe(k?)
ox,,

2 —)\1 — )\21H1(k2> m D.

Remark 2.3. Assumption 1 can be justified to some extent: Suppose the domain
D to be two dimensional and the boundary T to be flat. Let k* € C(D) be such
that Tm(k?) = 0, such that Ok? 0z, = 0 and Ok*/0xy = —\; where \; > a/(H —
f2)3, with —a ~ —1.987 being the largest negative zero of the Airy function
Ai(z) + Bi(2)/V/3 (so that assumption 1 is violated, and note also koo > V/2).
In this case, using separation of variables, one can show that the boundary value

problem is not well-posed.

Our main result in this section is then the following:

Theorem 2.3. If and Assumption 1 hold then the variational problem
has a unique solution w € Vi for every G € Vj; and

lullv, < 1G]

where
/{72
C = (1 + kot [k+ + ;"’] \/[(F& + k2)A"1B + 1];{314—13)
ky

where A =2 — M (H — f_)?/2 and B = 2k +1+2v2 4+ \o(H — f_) +2k2 A7,

In particular, the boundary value problem and the equivalent variational problem

have ezxactly one solution, and the solution satisfies the bound

Kollullvie < \/[(s23 + £2) A1 B + 1341 Bllg]l.
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To apply the generalized Lax-Milgram theorem we need to show that b is
bounded, which we have done in Lemma [2.5} to establish the inf-sup condition
that

a:= inf sup b, v)]

— = >0 (2.20)
0F#uEVH 0=£LyeVy HUHVH”UHVH

and to establish the “transposed” inf-sup condition. It follows easily from Corol-
larythat the transposed inf-sup condition follows automatically if (2.20)) holds.

Lemma 2.7. If holds then, for all non-zero v € Vg,

b
wp L0.0)

> 0.
0£ueVy HUHVH

Proof. If (2.20) holds and v € Vjy is non-zero then

b b(v
sup b(u, v)) = sup b0, w) > aljvl|v, > 0.
0AuUEVy HUHVH 0AueVy HU’HVH
This proves the lemma. O

The following result follows from [47, Theorem 2.15] and Lemmas [2.5]and [2.7]

Corollary 2.2. If holds then the variational problem has exactly

one solution uw € Vi for all G € V. Moreover

lullvi, < @ HIG v

To show ([2.20]) we will establish an a priori bound for solutions of (2.15)), from
which the inf-sup condition will follow by the following easily established lemma
(see [47, Remark 2.20]).

Lemma 2.8. Suppose that there exists C' > 0 such that, for all u € Vg and
G € V}; satisfying it holds that

[ullviy < ClIG v (2.21)

Then the inf-sup condition holds with o > C~1.

The following lemma reduces the problem of establishing (2.21]) to that of
establishing an a priori bound for solutions of the special case (2.13)).
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Lemma 2.9. Suppose there exists C > 0 such that, for allu € Vi and g € L*(Sy)
satisfying it holds that

lullv < kg 'C llgll- (2.22)

Then, for all uw € Vi and G € V}j satisfying (2.17), the bound holds with

- 2
C < (1+k;0—10 {k++kﬁD.
ke

Proof. Suppose u € Vj is a solution of

b(u,v) = G(v), wveE Vy, (2.23)
where G € V. Let by : Vg x Vg — C be defined by

bo(u,v) = (Vu, Vo) + k2 (u,v) +/F vy o Ty _uds, wu,veVy.
H
It follows from Lemma [2.4] that by is Vg-elliptic, in fact that
Reby(v,v) > HUH%/H, ve Vy.

Thus the problem of finding uy € Vg such that

bo(ug,v) = G(v), v € Vy, (2.24)

has a unique solution which satisfies

[uollvi < 1G]

V- (2.25)
Furthermore, defining w = u — uy and using (2.23]) and (2.24)), we see that
b(uw, v) = b(ut,v) —b(utp,v) = () — (G (v) K (o, v)— (K2ug,v) = (K2 -+, o),

for all v € V. Thus w satisfies (2.13) with g = —(k2 + k*)uo. It follows, using
(2.25) and (2.22), that

2

. ~ k
vy < K5O + Kl < 45°C [k + 32| 191 220
Jr
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The bound (2.21)), with

_ 2
C < (1+k010 {kmtkﬁ]),
ky

follows from (2.25) and ([2.26]). O

Following these preliminary lemmas we turn now to establishing the a priori
bound , at first just for the case when I' is the graph of a smooth function
so that

I ={(z f(&):2ecR"}, (2.27)

where f € C®°(R"!); and when k € C°°(D). We recall that v is the outward

unit normal to Sy and v, = v - e, is the nth (vertical) component of v.

Lemma 2.10. Suppose I' is given by with f € C®(R"1). Let H > f,,
g € L*(Sy) and suppose that k € C>=(D) is such that k = k, in Uy and such

that it satisfies assumption 1. Then, if w € Vg satisfies

b(w,¢) =—(9.9), ¢€ Vn, (2.28)

then

leollvi < Bt \J1(s% + 52)A1B + s A-1B]lg]l
where A =2 — X\ (H — f_)?/2 and B = 2ky +14+2v2+ Mo(H — f_) + 262 A7,

Proof. Let r = |Z|. For A > 1 let ¢4 € C§°(R) be such that 0 < ¢, < 1,
pa(r)=1ifr < Aand ¢4(r) =0if r > A+ 1 and finally such that ||¢/s||cc < M
for some fixed M independent of A.

Extending the definition of w to D by defining w in Uy by with Fy =
~v_w, it follows from Theorem that w satisfies the boundary value problem,
with g extended by zero from Sy to D and k extended from Sy to D by taking
the value k. in Uy. By standard local regularity results (e.g. [53] Theorem 4.18)
it holds, since g € L*(D), w =0 on T, k € C'(D) and the boundary is smooth,
that w € H?

loc

Lemma 2.1} w is given by the right hand side of (L.11)) in U, for all b > H if

(D). Further, w € H*(Uy \ U.) for ¢ > b > f,. Moreover, by
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H is replaced in (1.11) by b and F}, denotes the restriction of w to I',. Thus w

satisfies the boundary value problem with H replaced by b, for all b > H, and so,

by Theorem
/ (Vw - Vo — kK*wv) do = — / YTy _wds — / vgdux, (2.29)
St Ty St
forallb> H.
In view of this regularity and since w satisfies the boundary value problem,
we have, for all a > H,

ow

d
ox,, v

2Re | Ga(r)(xn — f-)g

= 2Re [ oa(r)(z, — f2)(Aw + k2w)@ dx
Sa &I:n

— / {2Re {v : (qﬁA(r)(:En - f)gZVw>} —2¢a(r)

oV , T ow
—2Re {(:L‘n — f2)oa(r) o .Vw} —2¢"4(r)(x, — f,)m -Re (waa—zﬂ)} dx
+2Re / Re(k?)(2n — f)6a(r) 2% w + itm(k) (n — 1 )6a(r) 2L wde
Sy 3xn al’n
Using the divergence theorem and integration by parts
2Re [ 640w~ £-)g s

ow |?
= (CL — f_)/F ¢A(T) {‘ax — |V§;w|2 + ki |w|2} ds
ow Jw

_ /F(g;n — [)6a(r) {Vn|Vw|2 —2Re (8%%) } -

<[ {¢A<r> <|Vw|2 - ReE)fuf? - 2| 7 )

264w, — S )Re (G 5 ) | o

83:,15
- [ o5 e ol
+ 2Re/ iIm(kQ)gbA(r)(xn—f)gf wdz.
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Using the fact that w =0 on I', so that Vw = (0w/dv)r and

ow ow ow
=e,-Vw=¢e, V— = Vp—,

ox,, ov ov

and rearranging terms we find that

ik ow |?
- [oatnn = fom |G| ds 2 [ oa)| S| e
2
+ [ oa T, = ol

- <a—f_)/ra¢,4(r>{§—2

i /a {QbA(T) (|VUJ|2 — Re(k‘2)|w|2) —2¢/4(r)(z — f-)Re (SZ (?9_17[“)) } e
ow
oy,

2
— |Vsw|* + k2 |w|2} ds

ow

oz, wdz.

—2Re | oa(r)(z, — f-)g dx + 2Re/ ilm(k?) (2, — f_)
Sa o

We now wish to let A — co. The only problem is the term involving ¢’y which

we estimate as follows. Let S° = {x € S, : || < b} for b > 1. Then

A {as0)000 — e (5250 ) } o

as A — oo, where the convergence follows from the fact that w € H*(Sy). In

< oM(a— f_)/ IVl dz — 0

SaHIEL

addition since w € H*(U, \ U,), for ¢ > a > b > f,, Vw|r, € H/*(',) and

so, by the Lebesgue dominated and monotone convergence theorems, (note that

ow

o,

ORe(k?)/0z, is bounded below by assumption 2),
ow

2 2 ORe(k?) )
_/F(xn—f_)yn o ds+2/sa dm—l—/sa (n — f)|w[2dz

3In
( _f)/ 9w2_| P |2 k2| ’2 d
= (a _ . - wa —+ + W S

+ /S (|w|2 — Re(k*)[w]* — 2Re ((f“" B f—)gg;» "

+2Re/ ilm(k?) (2, — f_) ow wdz.
S 8xn

a

(2.30)
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Now, since w satisfies the boundary value problem, including the radiation con-

dition (1.11]), applying Lemma it follows that

/ ow
Ty 8xn

Further, setting v = w in (2.29) we get

2
— |Vaw|* + k2 ]w]2} ds < —2k+Im/ y-wTvy_wds.(2.31)
Ia

/S ([Vw]* = k*|w]?) dz = —/F y_wT~y_wds _/s gw dz, (2.32)

for b > H, so that, by Lemma [2.4

/ [[Vw]* — Re(k?)|w|?] dz < —Re/ gw dx (2.33)
Sb Sb
and
- / Im(k*)|w|?dr +Im [ v 0Ty wds =—Im [ gwdz, (2.34)
Sh Iy Sh

which means, in view of Lemma and the fact that Im(k?) > 0, that
/ Im(k?)|w|?*dr < Im [ gwdu, (2.35)
Sh Sh
and that

=2k Im | vy Ty wds < 2kyIm | gwdz. (2.36)
T, Sy

Using (2.36]) in (2.31]) and then using the resulting equation, (2.35)) and (2.33)) in

(2.30), noting that suppg C Sy, and using Assumption 1 and the Cauchy-Schwarz
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inequality, we get that

_ /F@n—f_)% 8—w2d5+2/5a

v
_ _ ow
< 2(a— f_)kyIm gw dx — Re/ {gw + 2(z, — f)g—] dx
S Sy ox,

ow
oz,

2
dx — )\1/ (2 — f2)|w]Pdz
Sa

P
/ Im(k?)(z, — f_)a;:} wdx

+2

+ )\2/ Im(k?)(z, — f-)|w|*dx

a

<2(a— f_)kyIm gw dx — Re/ {gw + 2(x, — f_)ga—w} dx
Sy Sy (%Un

+2(a— f) (Im /SH gwdx) n (/S 2dx>%

+X(a— f)Im | gwdz.
Since this equation holds for all @ > H and v, < 0, on I', it follows by the

ow
oz,

Su

Cauchy-Schwarz inequality that

ow ||? ow
2| S| = vt = bl < (2l ol + 200 - £ | 2] ol
+ Xa(H = fo)llw]l2]lgll2
1 1 Qw
+ 2neollgllzllwllz |5 )
Now using lemma [2.3] to estimate ||w||; we obtain
MH = )] ]| Ow (H-f)
2 — <2 1+2vV2+ M\(H — fo)|———
[ . pu||, S [ L 2VEE N = I
1
(H=f), 3]0
2hine el
v [0l | 52|
Now, recalling the definition of the constant A, it holds for all 7 > 0, that
0 H-f_
(1— Al ;" SA‘1(2n++1+2\/§+/\2(H—f—)+m§07)—( ﬁf )||g||2-
nll2

Now choosing 7 = 2471, recalling the definition of B and using Lemma again
shows that
lwll, < (H = f-)*A7Bllg]>.
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Using the above inequality in (2.33]) shows that

lwlly,, < (B + E)lwll3 + lgll2llwll2

< R+ R = [PAT B g+ (H — f- A7 Blgl}

The required bound now follows. O
Combining lemmas[2.10] 2.9 and 2.8 with Corollary we have the following

result.

Lemma 2.11. If T and k € L*(D) satisfy the conditions of Lemma then

the variational problem has a unique solution u € Vi for every G € Vi

and the solution satisfies the estimate .

We now proceed to establish that lemmas [2.10] and [2.11] hold for arbitrary
k € L*>(D) satisfying assumption 1.

Lemma 2.12. Suppose I' is given by with f € C®(R"™1). Let H > f,,
g € L*(Sy) and suppose that k € L>(D) satisfies assumption 1. Then, if w € Vi
satisfies

b(w,¢) =—(9.9), ¢€ Vn, (2.37)

then

ol < ko '/ (53 + K2 A7 B + 13 A Bllg]
where A =2 — X\ (H — f_)3/2 and B = 2ky +14+2v2 4+ Xo(H — f_) + 262 A7,

Proof. Extending the definition of w to D by defining w in Uy by (1.11]) with
Fy := v_w and extending g by zero from Sy to D, it follows from Theorem
and lemma [2.1] (cf. the proof of lemma [2.10)) that Vb > H,

Vw.Vi — k*wodr + / y_vTy_wds = —(g,v), v € V. (2.38)
Sp I,
For x € R™\D let k(x) = ko, so that k is now a function on R". Note that

assumption 1 now holds for almost all z € R™.
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For 6 > 0, let 15 € C5°(R™) be such that 15 > 0, ¢s5(z) = 0 if |z| > §, such
that [, ¥s(x)de = 1 and such that s(x) = ¥s(—2) for © € R". Let k§ € C~(R")
be given by

k3 = k? x5 = Re(k?) * 5 + ilm(k?) * 1)s.

Since b > H, then for all € T, there exists p > 0 such that if z € B, ()
then k(z) = k. Thus it follows from the definitions of convolution and 5 that

ks = ki on I', provided we choose 0 < p. Also ||ks|z(p) < koo and

Re(k?) = / R = )y > K

Moreover, if s =t + y,,, then

Lot [ e - gojardy = [ wsto) [t - s - sy

= [ [ oot = g5 - )y
_ / Im(k2) * 5((7, 5))ds.
The symmetry property of 15 then ensures that

Re(k2)(2) = 7 * () — Mn — / " oI (K2) (7, £)dt,

—00

with 7 % 15 monotonic non-decreasing: for if h > 0 and x € R" then

7k s+ enh) — 7% s (x) = / m(x — y + enh) — 7(x — )s(y)dy > 0,

because 7 is assumed monotonic non-decreasing. Thus ks € C*°(D) satisfies
assumption 1 and so all of the hypotheses of lemma [2.10] with H replaced by b.
Now, fix € > 0, and choose w,, € C5°(D) such that |w — w,|y, < e. Thus

(2.38) can be rewritten as

/ Vw,. Vo — k3w, vdx + / y_vTw,ds = —(g,v) + by(w, — w,v)
Sp

'y

+ / (k* — k)w,odr, v € Vy,
Sh
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where by : Vj, x V, = C is defined by (2.12)) with H replaced by b. Now by lemma
there exist unique w’, w” € Vy such that

Vw’.Vv—k?w'vda:—l—/

Iy

y_ 0Ty _w'ds = —(g,v)+/ (K*—kHw,vdr, v € Vg,
Sb Sb
(2.39)

and

/ Vw" Vi — kjw"vdx + / v 0Ty w"ds = b(w, —w,v), veE V. (2.40)
Sp

'y
Evidently w, = w'+ w". Hence by lemmas and again and using lemma
2.0l

lwnllv, < llw'llv; + [y,

IN

B /(53 + #2) A1 B + 1m3A1B [lgllz + (2 — k2wl s,
+ Cllwn —wly,
where C' is independent of § > 0. Since k* € L?(suppw,) and since w,, € C§°(D)

and so is bounded, standard arguments show that if § > 0 is sufficiently small

then

1062 = uwnllsy = [ 18 = K Pluon e <.
b

Thus for all e > 0

[wllv, < llwn = wlly, + [[wallv;

< et kg ' [(82 + 52) A B + 1s3A1B [[lglla + €] + Ce,

which implies the result by arbitrariness of ¢ > 0 and b > H. m

Combining lemmas [2.12], 2.9 and 2.8 with Corollary we have the following
result.

Lemma 2.13. If " and k € L*™(D) satisfy the conditions of Lemma then
the variational problem has a unique solution u € Vi for every G € Vj
and the solution satisfies the estimate .
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We proceed now to establish that lemmas and hold for much more
general boundaries, namely those satisfying (2.18]). To establish this we first
recall the following technical lemma from [25].

Lemma 2.14. If holds then, for every ¢ € C§°(D), there exists f €
C>(R™1) such that

suppp C D' :={x € R" : 2, > f(¥), € R" '}

and Uy, C D' C D.

With this preliminary lemma we can proceed to show that Lemma holds

whenever ([2.18) holds.

Lemma 2.15. Suppose holds, H > f,, g € L*(Sy) k € L>(D) satisfies

assumption 1, and w € Vy satisfies

b(w,¢) = —(g9,9), ¢€Vq. (2.41)

Then

lollvie < Kt \J1(s% + 52)A1B + s A1 Blg]l2

Proof. Let V := {d|s, : & € C°(D)}. Then V is dense in V. Suppose w
satisfies and choose a sequence (w,,) C V such that |jw,, — wl|y, — 0
as m — oco. Then w, = ¢n|s,, with ¢, € C°(D), and, by Lemma [2.14]
there exists f,, € C*(R"!) such that supp¢,, C D, and Uy, C D,, C D,
where D, = {z € R" : 2, > fn(%), # € R"'}. Let V™ and b,, denote the
space and sesquilinear form corresponding to the domain D,,. That is, where
St = D\ Uy, V™ is defined by V™ = {0lgm : ¢ € HY(Dm)} and by, is
given by with Sy and Vj replaced by S}im) and Vlf]m), respectively. Then
S}im) C Sy and, if v,, € V}Sm) and v denotes v,, extended by zero from S}Im) to
Sy, it holds that v € V. Via this extension by zero, we can regard V}{m) as a

subspace of Vi and regard w,, as an element of Vlsm).
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For all v € V}{m) C Vi, we have
b (Wi, ©) = b(Wpn, v) = —(g,v) — bW — Wy, V).
By Lemma m there exist unique w,,, w) € VI({m) such that
(W, v) = —(g,v), ve Vi,

and

b (W) v) = —b(w — wy,,v), vE Vlsm).

m?

Clearly w,, = w!, + w! and, by Lemma [2.10]

llyem < kgt J1(53 + K2 A1B + 1A Blg]l

H

[w
while, by Lemmas and
[w o < Cllw = walv,
H

where C' is independent of m.

Thus

lellv, = Tim ffeonlly o < k5 y/[(52 + 52) A1 B + 13 A-1Bllgll

[]

Theorem [2.3| now follows by combining Lemmas [2.15] 2.9 and [2.§ with Corol-
lary [2.2]
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Chapter 3

The Impedance problem

3.1 Literature review

In this chapter we study a boundary value problem for the Helmholtz equation
with an impedance boundary condition (we called this the Impedance problem
in chapter 1). Our aim is once again to extend the methods and results of [25]
to this problem. Thus in terms of style and approach this work follows on from
[25], [49], [41], [8] and [72] (c.f. the literature review of chapter 2).

So let us turn to the issue of prior work that was specifically done on the
impedance problem. In [I3], Chandler-Wilde showed the impedance problem
to be well-posed in 2D when the boundary is flat, including, in the problem
formulation, the case of plane wave incidence. The method applied to obtain these
results was to reformulate the problem as an equivalent second kind boundary
integral equation on the real line; then to prove uniqueness of solution; and then
to infer existence of solution by utilizing the results of [I0], which established
some novel solvabiltity results for integral equations on the real line. In [83]
Chandler-Wilde and Zhang were able to show, again using boundary integral
equation techniques, that the problem was well-posed in 2D, this time with the
boundary being the graph of a bounded C*! function.

In [15], Chandler-Wilde and Peplow consider a 2D impedance problem when
the boundary is flat outside a compact set on which the relative admittance [ is
constant. They prove uniqueness of solution and reformulate the problem as an
equivalent boundary integral equation.

In [37] and [38] Durdn, Muga and Nédélec look at the impedance problem
(in 2D and 3D respectively) in the special case that the boundary is flat so that
the problem domain is a half plane or half space, obtaining unique existence of
solution to their problem. In relation to the paper [13] and also the work that
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we present here, their problem set-up differs in that they assume that Re(3) < 0,
whereas in [13] and again here we make the assumption that Re(f) > 0: Indeed
the problem of [13] and the one we study here are ill-posed if this condition is
violated. However the authors of [37] and [38] are able to get round this by
employing a different radiation condition to the one used here and in [13].

On the numerical side, Chandler-Wilde, Langdon and Ritter, in [I7] show
stability and convergence for a boundary element method for the impedance
problem in a half plane, with the admittance [ being piecewise constant.

Thus in our work there are two main novel aspects; in the first place the
results apply in both 2 and 3 dimensions; and in the second place the boundaries
to which our results apply are more general: Specifically we prove the problem
to be well-posed when the boundary is the graph of a Lipschitz function for all
wavenumber k; and also for small wavenumber k, we establish well-posedness in
the case when the boundary is simply Lipschitz (and confined to a strip as usual.)

3.2 The Boundary value problem and variational

formulation

In this section we shall define some notation related to the rough surface scat-
tering problem and write down the boundary value problem and equivalent vari-
ational formulation that will be analyzed in later sections. We recall the usual
notation: For z = (xy1,...,2,) € R" (n = 2,3) let £ = (xy,...,2,_1) so that
x = (Z,z,). Fr- HeRlet Uy ={zx:2, > H} and 'y = {x : v, = H}. Let
D C R™ be an open connected set, with boundary I', such that for some constants
f- < fy it holds that

Uf+ cDcC Ufi.

In order to make sense of boundary integrals, we will require that for some p > 0
and N € N, D be an (L, u, N) Lipschitz domain, in the sense of the following
definition.

Definition 3.1. Given L € R, p > 0 and N € N, the set 1 is said to be an
(L, p, N) Lipschitz domain if there exists a locally finite open cover {O;}jes of T,
such that

i)For each y € T', the open ball of radius j1 and centre y is a subset of O;, for

some 1 € J.

46



ii) For each j € J, O;NQ = 0; NQ;, where ; is, after a rotation, the epigraph

of a Lipschitz function f : R" 1 — R such that

f(@) = f@I <Lz -y, 2yeR (3.1)

iii) Every collection of N + 1 of the sets O; has empty intersection.

In fact we will mainly be concerned with the case when I' is the graph of a
Lipschitz function:

= {(%2z,): 2, = f(7),2 € R" 1}, (3.2)

where f : R — R satisfies (3.1]), in which case D is an (L, u,1) Lipschitz
domain, for all > 0.

Remark 3.1. It is shown in Adams [2] that definition is equivalent to €
having the ‘strong local Lipschitz property’ as defined in [2]. As Adams remarks,
in the case that ) is bounded, definition |3.1] reduces to the standard definition of
a Lipschitz domain.

We denote by v the outward unit normal to D, which exists almost everywhere
by Rademacher’s theorem. The variational problem will be posed on the open set
Sy := D\Ugy, for some H > f, + p, so that Sy will be an (L, j, N + 1) Lipschitz
domain.

We will refer to any function f : R"~! — R that satisfies as a Lipschitz
function with Lipschitz constant L. Moreover we introduce the notation

Jp(@) = V1 +|Vaf(@)? zeR"

and define L' = /1 + L2, so that Jy < L'.

Again, in this chapter it will be convenient to work with wavenumber de-
pendent norms; thus we will equip the standard Sobolev space H'(Sy) with the
k-dependent norm, equivalent to the usual norm, given by

2
ol sy = { k2N l3aqs + IV agsy | v € H(Sh),

Let D(Sy) = {v|s, : v € C(R™)}, so that D(Sg) is dense in H'(S). Let
v* : D(Sy) — L3(T') be defined by v*¢ = ¢|p for ¢ € D(Sy). Then with Sy
being an (L, pu, N + 1) Lipschitz domain, it’s possible to show (see lemma
below) that v* extends to a bounded linear operator v* : H'(Sg) — L*(T).
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Remark 3.2. Trace results on unbounded domains, appear to be not well written
up in the literature, so we prove the above statement in section 3. In fact we
expect that a stronger result holds, but stating this would require defining Sobolev
spaces on the boundary. The above result will be sufficient for our needs.

We are now in a position to state our boundary value problem.
THE BOUNDARY VALUE PROBLEM. Let D be an (L, u, N) Lipschitz domain for
some L > 0, > 0 and N € N. Given g € L*(D), whose support lies in Sy for
some H > f, +pu, and given 8 € L>(T"), find u : D — C such that u|s, € H'(S,)
for every a > f. + u,

Au+ k*u=gin D, % = ikfBu on T, (3.3)

in a distributional sense (see (3.5) below), and the radiation condition ([1.11)
holds with Fy = u|r,, (and with k, replaced by k).

Remark 3.3. Recall from the acoustics subsection in chapter 1 that 8 € L>=(I'),
known as the surface admittance, must satisfy that Re(8) > 0 if the surface is
not to be a source of energy. Additional assumptions on B will be added later on

to prove well-posedness of the boundary value problem.

Remark 3.4. We note that, as one would hope, the solutions of the above problem
do not depend on the choice of H. Precisely, if u is a solution to the above problem
for one value of H > f. + p for which suppg C Sy then u is a solution for all
H > f. + p with this property. To see that this is true is a matter of showing
that, if holds for one H with suppg C Sy, then holds for all H with
this property. It was shown in Lemma in chapter 2, that if holds, with
Fy = ulr,, for some H > f. + u, then it holds for all larger values of H. One
way to show that holds also for every smaller value of H, H say, for which

H > f+ + p and suppg C Sg, is to consider the function

(2m)@072 / exp(il(zn — H)V/F =& + 3 - ) F(€) de, = € Up,
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with Fg = u|pﬁ, and show that v is identically zero. To see this we note that,
by Lemma v satisfies the above boundary value problem with D = Upg and
g=0. That v =0 then follows from Theorem chapter 2.

We now derive a variational formulation of the boundary value problem above.
As in chapter 2 (but this time with k replacing k) we use standard fractional
Sobolev space notation, except that we adopt a wave number dependent norm,
equivalent to the usual norm, and reducing to the usual norm if the unit of length
measurement is chosen so that k& = 1. Thus, identifying I'y := {z : 2, = H}
with R*™! H*(Ty), for s € R, denotes the completion of C§°(I'y) in the norm
| - || &= (rpy) defined by

9|

1/2
won= ([ 02 veriFoera)

We recall [2] that, for all @ > H > f, + p, there exist continuous embeddings
vy HY(Ug\U,) — HY*(Ty) and v_ : HY(Sy) — HY?(T'y) (the trace operators)
such that v1¢ coincides with the restriction of ¢ to I'y when ¢ is C'*°. We recall
also that, ifu, € H'(Uy\U,), u_ € H(Sy), and v, uy = v_u_, thenv € H*(S,),
where v(z) := uy(z), v € Ug \ U,, := u_(z), * € Sy. Conversely, if v € H'(S,)
and uy = v|y,\v,, U— = v|g,, then y4u, = y_u_. We recall the operator T’
(see (2.3)) but this time with k replacing k) a Dirichlet to Neumann map on I'y,
(see (2.10) above), defined by

T:=F'M.F, (3.4)

where M, is the operation of multiplying by

(€ = —iVEk2 = &2 it ¢ <k,
TV VESR for e >k

We proved in Lemma [2.2| that T : HY/?(T'y;) — H~'/%(T'y) and is bounded.

We now derive a variational formulation of the boundary value problem mak-
ing use of lemma[2.1] Suppose that u satisfies the boundary value problem. Then
uls, € H'(S,) for every a > f, + p, and, by definition, since holds in a
distributional sense,

/ g0 + Vu.Vo — k*uvdzr — / ikpBy*uvds =0, ve Co(R"). (3.5)
D r

Defining w := ulg,,, and applying lemma it follows that

/ gU+Vw.Vo—k*wodr+ /
Su

r

@Tfywds—/ ikpy wods =0, v e D(Sy).
r
! (3.6)
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From the denseness of D(Sy) in H'(Sg), and the continuity of v_ and ~*, it
follows that this equation holds for all v € H'(Sy).
Again, we let || - ||, and (-, -) denote the norm and scalar product on L*(Sy)

so that [|v][, = 1/ [y, |v]*dz and

(u,v):/ uvdzx,
Su

and define the sesquilinear form ¢ : H'(Sy) x H'(Sg) — C by

c(u,v) = (Vu, Vv) — k*(u,v) +/

Iy

7_17T7_uds—/ikﬁv*u7*@ds. (3.7)
r

Then we have shown that if u satisfies the boundary value problem then w := u|g,,
is a solution of the following variational problem: find u € H'(Sy) such that

c(u,v) = —(g,v), ve€ H(Sy). (3.8)

Conversely, suppose that w is a solution to the variational problem and define
u(z) to be w(z) in Sy, and to be the right hand side of (L.11)), in Uy, with
Fy :=~_w (and with k replacing k. ). Then by lemma , u € HY (Uy\U,) for
every a > H, with v,u = Fg = v_w. Thus ul|s, € H*(S,) for all a > f, + p.

From ([2.4)) and (3.6)), it follows that (3.5]) holds, so u satisfies (3.3)).

We have thus proved the following theorem.

Theorem 3.1. Ifu is a solution of the boundary value problem then u|s,, satisfies
the variational problem. Conversely, if u satisfies the variational problem, Fy =
v—u, and the definition of u is extended to D by setting u(x) equal to the right
hand side of (1.11)), for x € Uy, then the extended function satisfies the boundary

value problem, with g extended by zero from Sy to D.

3.3 Analysis of the variational problem for low

frequency

Let H'(Sy)* denote the dual space of H'(Sg), i.e. the space of continuous anti-
linear functionals on H'(Sy). Then, again, our analysis of the variational problem
will also apply to the following slightly more general situation: given G € H'(Sy)*
find u € H'(Sg) such that

c(u,v) =G(v), ve H (Sy). (3.9)
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We define the dimensionless wave number
k= k(H - f.),
and the angle ® € [—7/2,0], by
¢ := min{0, ess inf argB(y)}.
yel’
In order to show the boundary value problem is well-posed we will make some
assumptions on 5 € L*°(T"). In the 2D case, when I is a straight line and (3 is a

constant it is well-known that the boundary value problem is ill-posed if g = —is,
for some s > 0. This motivates the following condition, that

dist[5(T"), {—is: s > 0}] > 0.
Together with the conditions that Re(5) > 0 and 8 € L*(I") we have assumption

2:
Assumption 2 (A2). For some «; € [0,7/2),n > 0, it holds that

Im[e™ ] > 1.

We then let 1, = nseca;.
A different assumption that we will make is:
Assumption 3 (A3). For some n > 0,

Re(B) > n.

Remark 3.5. Our analysis of the variational problem under assumption (A2),
will not be applicable to the limiting case when oy = w/2, so a different study of
the variational problem will be made under (A3). Note that if 5 satisfies (AS3),
then it satisfies (A2), but results with less restriction on k are obtained under

(A3).

Remark 3.6. The assumption that Re(8) > 0 corresponds, in physical terms, to
the boundary absorbing some energy, which in practice is true. Assumption (A3)
15 a slightly coarser condition.

Our main theorem of this section is then the following:
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Theorem 3.2. i)Suppose (A2) holds and that

2,

1+ /14292

K<
Then for some constant C7 > 0
le(u, )] = O H|ullFps,),  w€ H'(Sn),

so that the variational problem 15 uniquely solvable, and the solution satisfies

the estimate

ull 71 sy < CLllG N (s)% (3.10)

where

20 + Nak? + 4k + /N0 (2 + K2) — 4K]% + 16531,
670 — Nak® — 4k — /[1a(2 + K?) — 4K]? + 16314

Ch <secay

In particular, the scattering problem (@ 15 uniquely solvable and the solution
satisfies the bound

Ellull g1 sy < Cillgll2- (3.11)

i) Suppose (A3) holds and that k < \/2. Then for some constant Cy > 0
le(u, w)] > C3 Hlulli s,y w € H (Sh),

so that the variational problem 15 uniquely solvable, and the solution satisfies

the estimate

[ull sy < CollGllmr (s (3.12)
where )
6 + K 1 8k (2+r)\?|’
s < 1+ — tan(—®
2S5 +n2(77 an( )+6—|—/<;2(2—/<;2)

In particular the scattering problem @ 18 uniquely solvable, and the solution
satisfies the bound
Ellullzr(sy < Callgll2- (3.13)
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Theorem will be proved via a sequence of lemmas. Our first aim is to
show that the sesquilinear form c is bounded. For this we will need the following
trace results which are proved by combining standard methods of proof used for
trace theorems on bounded domains, together with the proof of ([25] lemma 3.4).
The proof can be found in the appendix.

Lemma 3.1. Let D be an (L,p, N) Lipschitz domain, and let Sy = D\Uy for

H> f, +p. Forue HY(Sy),

1
els ey < 4 (1 2 )l

and, the map v* : D(Sy) — L*(T) such that v*u is u restricted to T, for u €

D(Sy), extends to a bounded linear operator v* : H'(Sy) — L*(T') with

. 1
kmmmmgwy@+ajmmww

Let B := |[|B||p(r). Let us now show that the sesquilinear form c(.,.) is
bounded.

Lemma 3.2. Let D be an (L,u, N) Lipschitz domain and let Sy = D\Uy for
H > fi+p. Forallu,v e H(Sy),

1
etw )l < (1 (04 BNZ) [ 2|l ol s

Proof. This follows from the definition of ¢(.,.), the Cauchy-Schwarz inequality,
Lemma 3.1 and the mapping properties of T'. O

We now prove an important Friedrich’s type inequality.

Lemma 3.3. Let Sy be an (L,u, N + 1) Lipschitz domain. Then for all w €
H'(Sy) and for all ¢ > 0

(H—f-)
2

ow
oz,

2 1
loll? < (1+¢) +(L%JCH—ﬁMwﬁwy

5 ¢

Proof. For x = (Z,x,) € Sy, define 25 : Sy — R by zp = max{t : t <

x, and (Z,t) € T'}. Let us show that xp is Borel measurable: Any point on the
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graph of a Lipschitz function f is the vertex of a cone situated in the hypergraph
of f and with semi-major axis directed vertically. To see that this is true, consider
such a cone, with slope greater than L, the Lipschitz constant of f; If a point on
the graph of f were also in the cone, then, by the mean value theorem, f would
have to assume a gradient greater than L, at some point.

Now fix a € R, and suppose = = (¥, z,) € 15" (o, o0). Let B; be an open ball
with centre (Z,zp) such that if (g,t) € By then t > a. Let By be an open ball,
with centre (7, z,) such that By N By = (.

Now denote by C; the cone with vertex (Z,zp) as described above and note
that C; N By is also a cone with vertex (Z,zp). Let P : R" — R""! be the
projection, P(y,y,) = y. Then its not difficult to show that P(Cy; N By) must
contain either a ball with centre  or a ball with centre § # Z, but with ¥
contained in this ball, or a cone with vertex Z. Denote by D one of these sets
which P(Cy N By) contains.

Now, if y € D x RN By, then xz5(y) > «. This is enough to show that z €
25" (o, 00) is the limit of a sequence of points g, € Q™ such that ¢, € 25" (e, 00)
for all k.

Now let ¢ € 23" (a, 00) N Q™. Define the open set
0, = U{open balls with centre ¢ contained in Sy }.

For n € N define the closed set F,, = I' N {(¢,y,) € R" : y, > o+ 1/n}.
Then define the Borel set O,,, = P(F,) x RN O, and see that if y € O,,, then
zp(y) > o+ 1/n. We claim that

25 (a,00) = U U Ogns

qGQ"ﬂxgl (a,00) nEN

so that xp is Borel measurable.
To verify this let y € 25" (@, 00) and fix an open ball B with centre y in Sy.

Then find ¢ € Q" such that q € xgl(a, o0) and such that there exists an open ball
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with centre ¢ containing y and contained within B. It now follows that y € O, ,,
for some n € N.
Then for w € D(Sy),

L 0@ 0n) g+ w(z, o)

w(@)” =

Yn
o a ~7 n ~ ?
< (7P o+ o)
™ | Qw(E, yn) |
< (xn—xB)/ % dy,

+ 2|w(j7x3)|/$n M dyn+|w(57’x3)|2
@ ~ 2
< (1+¢)(xn —2xp) /xB %y’nyn) dy, + (14—%) lw(z, z5)|°
ow(E, yp) |?
< @+ 00— 1) [ 15,0 |2 gy,

+ (1 + %) \w(E, z5)]” .

So that, since [, g, (2, — f-)dx, < (H — f-)?/2, we have, using Fubini’s Theo-

rem,

/ (o) e

< (1 + C) /Rnl = 1SH(j’xn)(xn - f—)dxn (/R 1SH(j>yn)

4 (1+% /R /R L, (5w, o) P,
el I RTCE'S

+< )Hf/|w )|*ds,

and the result follows for w € D(Sg). By the density of this space in H'(Sg),

OYn

2
dyn> dx

Ow(z,yn) |

dyy, d7
OYn Ynt

the result holds for all w € H*(Sy).
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Recalling Lemma[2.4] from chapter 2 it’s easy to verify the following important
symmetry property of ¢: for all u,v € H'(Sy)

c(v,u) = c(u,v). (3.14)
We now introduce ay € (—®,7/2] such that

N 8k (2+ K?)
6+ k2 (2 — K?)

1
tan g = — |ntan(—P) (3.15)
Ui

We then define the sesquilinear forms ¢y, ¢y : H'(Sg) x H'(Sg) — C via
c1(u,v) = ee(u,v),  co(u,v) = e2c(u,v) u,v € H'(Sy).
(Note that the definition of as was motivated in trying to show ellipticity of ¢y

and recall that oy was defined when we wrote down (A2).) We now show that
the sesquilinear forms c1, o are elliptic for small .

Lemma 3.4. i)If (A1) holds then for all w € H*(Sy)
Reler(w, w)] = Cllwl sy,

where

610 — Nak? — 4k — \/[Na(2 + K2) — 4k]2 + 16K31,
C = cos '
2o + Nk + 4k + /[0 (2 + K2) — 4K]2 + 16K37,

ii) If (A2) holds then for all w € H'(Sy)
Re[ea(w, w)] = Cllwl sy,
where

_2—/12

6+ K2

8k (2+ ,f?))?]

1
1+ - (ntan(—@) + 6112 (2= 2)

U]

Proof. i)For w € H*(Sg)

Rele;(w,w)] = cosay[[|Vw||5 — k*||w||3] + Re {ewl / v_wTy_wds]
r

H

+ k/lm[emlﬁ]|w|2ds.
r
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By lemma arg{ [, v-wTy-wds} € [~7/2,0], so that
Re [eml/ v_u_)Ty_wds} >0,
Iy

because a; € [0,7/2). Hence, using lemma [3.3) with ¢ > 0, noting Im[e’®1 3] > 1,

and, where # > 0, we have
2
Relci(w,w)] > cosay (1 —(1+ C)%(l + 9)) |Vwl|3
+ k(n—cosai(1+¢ 1) (1+0)k) / lw|?ds
r
+  cosar0k*||wlf3.

If we now choose
g 2 — k21 + (]
2+ k2[1+ (]

and

1
k2

¢ (= Do (2o #2) =) (2 0) = 20 16680,

then n — cosa; (1 + (1) (1 + )k = 0, and one obtains the (optimal) ellipticity
bound.

ii) As in part i) we have, for w € H'(Sg), and § > 0, > 0
2

Relco(w,w)] > cosay (1 —(1+ C)%(l + 9)> |Vwl|3

- kcosa2(1+C1)(1+9)/€/]w]2ds

r

+ k/lm[eia26]|w|2ds+Cosa29k2|]w||§. (3.16)
r

Now, if n(az) := essinf,er Im[e”2 5], it’s evident, since ag > —®, that

n } _ msin(ay + @)

n(ag) > Im |e'@2F®) = 7n[sin oy + cos a tan PJ.

cos ® cos ®
So making the (optimal) choices
1 1 2 — K2
=——- d 0=
¢ 2 2 6 + K2



2

(3.16)) becomes
—K

2
Re[ca(w,w)] > cosag {6—1—@2] | (550

+ Kk [n(sin ay + cos ay tan @)

_ COSQQE;f“ (6+,€2)}/|w| ds,

so that the desired bound holds because (3.15)) implies that

2 2 8
n(sin ag + cos as tan @) — cos o EQ i_ :2; (6 +12)} =0,

and because
1

V1+tan2ay

COS (vg =

Using Lemmas [3.2) and [3.4] we can now prove Theorem [3.2]

Proof. By Lemma and under the assumption that k£ < 21,/(1 4+ /1 + 212)
(respectively x < v/2), one can verify that ci, (resp. c;) is elliptic, which in turn
implies the ellipticity of ¢. Lemma implies that ¢ is bounded and hence by
the Lax-Milgram lemma the existence of a unique solution u to (3.9)) is assured
assuming (A2), (resp. (A3)). The estimates (3.10)), also follow from the
Lax-Milgram lemma. In the particular case G(v) = —(g,v), for some g € L?(Sg)

we have

9,9 é
Gl = s 9O por g Ml
dcH (SH) ||¢||H1(SH GEH(Sp) ||¢HH 1(Sy)

so that (3.11)) and (3.13]) hold. O

< Lial
k927

3.4 Analysis of the variational problem at arbi-

trary frequency

The sesquilinear form c is not elliptic if the wavenumber k is large. In this section,
we will assume that I is the graph of a Lipschitz function. Under this restriction,
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and assuming (A3), but for arbitrary wave number k, we will employ Babuska’s
generalised Lax-Milgram theorem to show that the boundary value problem is
well-posed.

Our main result is:

Theorem 3.3. If I' is given by with f satisfying (3.1), and (A2) holds
then the variational problem has a unique solution w € H'(Sg) for every G
€ HY(Sy)" and

[l sy < sec B(1 +2E)|G] 1 (s, (3.17)

where

E = (2\/5143 [2 alat +7782(1 + 1) + K[V2 + sec @]} + ze\c/%b) . (3.18)

In particular the boundary value problem and the equivalent variational problem

have exactly one solution, and the solution satisfies the bound

kllullr(syy < Ellglla-

To apply the generalised Lax-Milgram theorem we need to show that c is
bounded, which we have done in lemma to establish the inf-sup condition

that
a:= inf sup lefw, v)| > 0; (3.19)
0#uH (Sn1) 02verr () ||l 11 (s l[0] 11 (1)

and to establish the “transposed” inf-sup condition. It follows easily from (|3.14)
that this transposed inf-sup condition follows automatically if (3.19) holds.

Lemma 3.5. If holds then, for all non-zero v € H*(Sy),

il
ozuet (sg) W/l E1(s4)

Proof. 1f (3.19) holds and v € H'(Sy) is non-zero then

wp dewol e

= > al[vl[m1(sy) > 0.
0£ucH (Sy) ||U||H1(SH) 0£ueH(Sy) HUHHl(SH)

This proves the lemma. O]

The following result follows from [47, Theorem 2.15] and Lemmas 3.2 and [3.5]
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Corollary 3.1. If holds then the variational problem (@) has ezactly one
solution u € H'(Sy) for all G € H'(Sy)*. Moreover

ull sy < @ MG sy«

To show ([3.19)) we will establish an apriori bound for solutions of (3.9)), from
which the inf-sup condition will follow by the following easily established lemma
(see [47, Remark 2.20]).

Lemma 3.6. Suppose that there exists C' > 0 such that, for all u € H'(Sy) and
G € H'(Sy)* satisfying it holds that

ull s,y < CNGN a4+ (3.20)

Then the inf-sup condition holds with o > C~1.

The following lemma reduces the problem of establishing (3.20) to that of
establishing an a priori bound for solutions of the special case (3.8)).

Lemma 3.7. Suppose there exists C* > 0 such that, for all v € H'(Sy) and
g € L*(Sy) satisfying (5.8) it holds that

lullm sy < E7C [lglle. (3.21)

Then, for all w € H'(Sy) and G € HY(Sy)* satisfying (3.9), the bound
holds with
C <sec®(1+2C%).

Proof. Let ¢: H'(Sy) x H'(Sy) — C be defined by

é(u,v): = e e(u,v) + 2k (u, v)]

= e |(Vu, Vo) + k*(u,v) —l—/

vy Ty uds — /ikﬁ’y*uv*vds] ,
Ty r

for u,v € H'(Sy). For u € H'(Sy) we see that

Re[é(u, u)] > Re(e™ Jullf1(s,,)) = cos @[lullfns,)-
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This follows because by lemma , arg {fFH 7_ET7_udS} € [—7/2,0], whilst
¢ € (—n/2,0], so that, noting the definition of @, it holds that

Re (e_iq)/ 'y_uT'y_uds) >0, Re (—6_i¢/ikﬂ|u|2d5) > 0.
Ty r

Thus given G € H'(Sy)*, it follows, by the Lax-Milgram lemma, that there exists

unique ug € H'(Sy) satisfying

é(ug,v) = G(v), v e H(Sy), (3.22)
and moreover ug satisfies the estimate

ol e (sp) < sec @||G || i1 50y (3.23)
Now suppose u € H'(Sy) and G € H'(Sy)* satisfy

c(u,v) = G(v), ve H (Sy), (3.24)

and denote by ug € H'(Sy) the unique solution of (3.22). Then, defining w =

u — e "y, we see that

clw,v) = c(u,v) — é(up,v) + e “*2k*(ug, v)
= G(v) —G(v) + e "2k (ug,v) = e " 2k*(ug, v),
for all v € H(Sy). Thus w satisfies (3.8) with g = —e~"*2k?uq. It follows, using
(3-21) and (3.23), that
HwHHl(SH) S kilc*H2k2uOH2 S 20* SecC CDHQHHl(SH)* (325)

The bound (3.20)), with C' < sec ®(1 + 2C*), follows from (3.23)) and (3.25). O

We now turn to establishing the a priori bound (3.21)), at first just for the
case when I is the graph of a smooth Lipschitz function and g € C*(I').

Remark 3.7. If v € H'(Sy), then vv € L*(T) by lemma[3.4 For lemma [3.§
it will be necessary to know that v*v € H? ('), as defined in [53]. This follows
from [53] theorem 3.37.
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We recall that v is the outward unit normal to Sy and v, = v - ¢, is the nth
(vertical) component of v.

Lemma 3.8. Suppose I' is given by with [ satisfying and with f €
C>(R"™). Let H> fy +p, g € L*(Sy) and let B € C>*(T) be such that (A2)

holds. Suppose w € H'(Sg) satisfies

b, 6) = ~(0.6), &< H'(Sh). (320
Then
bl < (2va [ 2O EEEE) 4 g scal] + 592 ol

Proof. Setting ¢ = w in (3.26)) and, multiplying through by e~*®, and taking real
parts (c.f. the proof of lemma we derive the estimate

Vw3 < k*||w]]3 + sec @[|g]l2[w]2- (3.27)
Setting ¢ = w in (3.26) and taking imaginary parts, and writing v*w as w, gives
Im [ y_wTvy_wds — / kRe(B)|w|*ds = —Im(g, w),
r

Ty

so that from lemma and assuming (A2) we get

. / Klwl?ds < |lgllllw]la (3.28)
N

From lemma [3.3| with ( = 1, we have

2
—|—2k/<a/|w|2ds. (3.29)
r

2

K lwll; < &

ox,
Extending the definition of w to D by defining w in Uy by (1.11)) with Fy :=
~v_w, it follows from Theorem that w satisfies the boundary value problem,

with g extended by zero from Sy to D.
With 8 € C®(I') and w|r € HZ.(T') it follows (e.g. [53], Theorem 3.20)

1
that fw € HZ (T'). Together with the assumptions that g € L*(D), and that
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the boundary is smooth, regularity theory implies that w € H{ (D) (e.g. [53]
Theorem 4.18).

Let r = |Z]. For A > 11let ¢4 € C{°(R) be such that 0 < ¢4 < 1, pa(r) =1
if r<Aand ¢a(r) =0if r > A+ 1 and finally such that ||¢/4||cc < M for some
fixed M independent of A.

In view of this regularity and since w satisfies the boundary value problem,

we have

ow
2Re . da(r)(z, — H)gax

dx

n

— 9Re [ oulr)en — H)(Aw + Kw) 2"

. 0z, dx
- [ {2Re {v - (mm(:cn —m) g;”nw) } - 260 | 2 2
_9Re {(In - H)qu(r)%Z:’ - Vw}

) S
28, (1) (2 — H)% ‘Re (Viw%)

Using the divergence theorem and integration by parts

ow

e | oalr)en ~ Hgg - da

n

_ / (0 — H)ba(r) {anw — Fwf) - 2Re (gw g—w>} “

o) {mm <\vw,2 -2 )

0w 0
—2¢"4(r)(z, — H)Re (8;11 8—1:) } dr.

Now, on I N suppoa(r)

ow
ox,,

=e,.Vw = e¢,. (er + a—wy) ,
ov
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where Vrw, the tangential part of Vw, is given by

V¢iw :=Vw — 8—w1/
ov
So
ow Ow ow|? _Ow
Re (&Un 81/) 5| + Re ((en.VFw)E) :
Also
Vel = [Vruf* + ?f; ,
so that
ow Ow ow |’ ow
2_9 ) = 2 _ - VD) .
Un|Vwl Re (axn 81/) Un|Vrwl|* — vy, 5 2Re ((en Vrw) 81/)

Rearranging terms and noting that dw/0dv = ikfw on supppa(r) N[, we find

that
2| oalr) a—w dx—/qu H — 2,)v,|Viw|2ds (3.30)
8w O
_ /SH {gbA(r) (V]2 — K2w]?) — 26, (r) (2 — H)Re (a;‘; a?:)} da
—2Re oa(r)(x, — H)g 0w

Sy ox,, *
- /(H — 20)Pa(r)vnk?(1 + | 8))|w|*ds
r

—2]{:/F(H — ) 0a(r)Re((e,.Vrw)ifw)ds

Now, where L' = /1 + L2,

1
—epV=—U, > 7 (3.31)
and
L
len.Viw| < E]pr\, (3.32)
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SO

‘% /F (H — )b (r)Re( (6. V)i fw)ds

2kL
L/

%/Fm(r)wrwm{ ~a)ds

kE2L?
7 /¢A(T)(H—xn)32|w|2ds,
r

IN

/F () [Vrw| Bluw| (H — 2,)ds (3.33)

IN

while

2

ow e

ox,,

ow
2 H — —_—
‘ Re . da(r)( xn)gaxndx

< pa(r)
Su

+ s oa(r)(H — x,)?|g*dz.  (3.34)

Combining (3.30)), (3.33)), (3.34) and noting (3.31]) we have

2

Ow|” g (3.35)

ox,,
[ {6409 (9 10 2000 — e (2220}

.y Ga(r)(H — z,)*|g|*dx

. ¢a(r)

IN

K212
LI

— /r(H — 2,)0A(r)vp k(1 + B |w|*ds + /r(H — )04 (r)B?|w|?ds.

We now wish to let A — oo. The only problem is the term involving ¢’y which

we estimate as follows. Let S% = {z € Sy : || < b} for b > 1. Then

/SH {2¢f4(r)(xn — H)Re (g—iaa—‘:) } da

§2M(H—f)/  |Vwldz = 0

SATNER

as A — 0o, where the convergence follows from the fact that w € H'(Sg). Now
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letting A — oo and using Lebesgue’s dominated convergence theorem gives,

Js

2

ow d

oz,

IN

|9l =) + [ =)o

Su
— /(H — 2,k (1 + B?)|wl|?ds
r

K22
DLﬂH—%B%ﬁw. (3.36)
T

Use of ([3.27)) leads to

2
/.

ow
ox,,

2
K
de < sec®|gllawllz + 759l

2 2 krL? 20,12
+ ki [ |vn](1+ B%)|w|“ds + 7 B*|lw|“ds (3.37)
r r

!/

IN

K2 2 L 2
sec<I>HgH2Hw||2+ﬁHgﬂg—i-lm 1+ B 1—1—? lw|*ds
r
2
< sec®|gllafwll2 + ﬁHgllg +ku[l + B*(1+ L)] / |w|*ds.
r
Combining (3.29) and (3.37)) gives

/€4
w3 < #*sec @lgllllwlls + 5llglls + kr[2 + £*(1+ B*(1 + L))] / [wl*ds.
r

Using ((3.28) we get
26+ r*(14+ B*(1+ L)) K1
Elul} < [t . lolllwll + o]
Loy 12
< §k’ [wl]3
K> 1 2+ k2(1+ B2(1+L))]*
+ g [K g [rsec® + ( DD g,
k2 2
so that, using va? + b2 < a+ b, for a,b > 0,
1
K 2+ k2(1+ B2(1+ L)]*|°
Elw|s < T 2K% + [msec@—i— ( p ( ))} gll2
<

> =

[\/ﬁﬁ N [m s d 1 2+ k(1 +7]BQ(1 + L))” gl
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Defining
2+ r*(1+ B*1+ L))

Fi=x [n [x/§+sec<1>] +

and using (3.27)) we get

n

Flwlli s,y < 2k w3+ sec @& [|glla[lwll2

< [2F2 + sec (IDF]||g||§

so that

sec @
Ellw| sy < [ 2V2F + .
sy < (2V2F + 52 Lol

bl

O

Combining lemmas [3.8] and [3.6] with Corollary we have the following

result.

Lemma 3.9. IfT is given by with f satisfying and with f € C=(R"1)
and B € C(I') such that (A2) holds, then the variational problem has a

unique solution u € H'(Sy) for every G € H'(Sy)* and the solution satisfies the

estimate .

Before we extend Lemma to non-smooth surfaces we will need two pre-
liminary and standard lemmas. The first concerns approximation of a Lipschitz

function by smooth Lipschitz functions.

Lemma 3.10. Let f : R"' — R be a Lipschitz function with Lipschitz constant

L. Then for all € > 0, there exists f. : R"! — R such that
i) fo€ C®(R™1),

ii) fe is Lipschitz and |f(Z) — f(@)| < LIz —gl, &, € R,

ii) fe > f+¢€/6,

v) Forie{l,....,n—1}, € >0, and compact K C R"1,

of  af.

LP(K)
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for 1 < p < oo, provided € is sufficiently small.
vi) Vi fe is uniformly Holder continuous for any index o € (0,1) i.e.

Vel (E) = Vi (G)

Z,Z2€RM—1 342 ’j - 2‘04

< 00,

so that f. is a Lyapunov function.

Proof. Let § = €/(3L). Let ¢5 € C°(R"™™!) be such that s > 0, 1s(x) = 0
if 2| > 0 and such that [, ¢s(x)de = 1. Then o5 * f € C®(R"') (e.g.[53]

Theorem 3.3). For 7 € R™!

Vs + f(T) = f(2)] =

[ =)= i

< [ alvsaag < L5 =5,
|g]<d

Defining f. : R"™' — R by fe = ¢s* f + 5, we see that f. > f + ¢/6 and that

er - fHL‘X’(R”—l) < €.

For 7,7 € R™ 1,

Vs * f(Z) — s * f(2)] =

< / LIE — 3us(§)dj < LIF — 3.
Rn—l

For v), we note that df./0x; = 15 x Of/0x; (e.g. [44] page 347), and that

Of/0x; € LP(K) for 1 < p < oo. Hence for ¢ € LI(K), where p~! + ¢! =

[ (55 )ous
- / A,Q; (gf 2 (Z( >> V5(§)dgo ()
- /|g|<5 /K%@ (0331- (@) - Sj (@ - ﬂ)) gb(j)djdg‘

< [t ([ |52 - g
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using Holders inequality. It follows that

N
‘ of - Ofe < sup (/ of di) < €,
Lr(K)  lgl<é \JK

provided 6 > 0 and hence ¢ > 0 is sufficiently small. This latter fact is easily

0
- La-p)

(7)

shown in the case when 0f/0x; € C°°(K), and holds in general by the density of
C>*(K) in LP(K).
Finally for vi) we see that for o € (0,1) and 7,2 € R"1,

Vaf(@) = Vaf(R) | fgnos Vats(@)f(E =) — f(Z = §)]dd|
| — 2| 7 — 3|
< C.L|z—z|'"

where
a=/ V3465713
Rnfl

Part vi) now follows by noting that if |Z — Z| > 1 say, the result is trivial. O

In the next lemma we extend, by reflection, a test function onto a larger
domain. We will not make use of standard extension theorems because we need
to know explicit bounds.

Lemma 3.11. Let H > f, + u and suppose ' is given by with f Lipschitz

with Lipschitz constant L. Let f* € C*(R"') be such that, for T, € R"1,
|f7(@) = [ < Llz — g1,
(@) = f(7)
and such that
@)+ (f (@) = f(2)) < H. (3.38)
Let Si; = D*\Uy, where D* is the epigraph of f*. Then, for all v € D(S}), we

can extend v to a function on Sy such that v € H'(Sg), v|s,\s:, € D(Su\S%)

and
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Proof. For v € D(S}) € D(D*) and for (%,z,) € R"\ D* define vg(%,x,) :=
v(Z,2f*(Z) — x,), so that

6vE ~ 8
9, (Brn) = = 8xn< ,2f7(2) — wn), (3.40)

and for i € {1,...,n— 1},

0 5, 9 Py
0 ) = 2203370 )+ 2y () an 2, (o

Hence dug/dz; € D(Sy\S};) C L*(Sy\Sy), for i € {1,...,n}. Now, if 9(z) :=
v(xz) on D* and 0(x) := vg(x) on R™\ D*, then, fixing ¢ € C°(R™),i € {1,...,n},

and where i denotes the unit vector in the direction x;, we have

a¢ = / vi-ng_de+/ vgpi - Vodr
3951 D* R\ D*
(%E
N 8@ ¢d B /Rn\D* ox; pde = gb@xz

using the divergence theorem and the fact that vg = v on the graph of f*. This

shows that o € H'(R"), so that v := ?|g,, € H'(Sg). The estimates

ol < ol || 222 <o

VE|L2(Sg\S%) = |IV|L2(S%)> )
o Ozl 2y~ 1190 llrasy,)

) )

' B <2 ‘ +2L‘ ! . oie{l,...,n—1},

ox; L2(Su\S%,) ox; L2(s1) oz, L2(s3)

follow from ([3.40)), (3.41)), (3.38) and the fact that ||0f*/0x;||pec@n-1) < L, and
combine to give (3.39). O

We next show that lemmas 3.8 and [3.9 hold for domains with boundaries
given by arbitrary Lipschitz graphs.

Lemma 3.12. Suppose I' is given by with f Lipschitz with Lipschitz con-
stant L, H > fi +p, g € L*(Sy), and 8 € C(T') is such that 3 is the restriction
to ' of

op*

pg* e C*(R™) N L*®(R"™) such that 3
T

=0, and such that Re(*) > n > 0.
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Suppose that w € H'(Sy) satisfies
c(w,v) = —(g,v), ve& H' (Sy). (3.42)
Then

kllwllasq) < Ellgllz,

where E 1s given by .

Proof. Fix a sequence €,, — 0 such that €,.1 < €,,/6, for m € N. By Lemma
, there exists a sequence of Lipschitz functions f. € C*°(R"!), with Lips-
chitz constant L, such that ||f — fc,.|[ze@n-1) < €n, such that f, > f + €,/6,
and we may assume that 2f., — f < H for all m € N. Note that the f. are
decreasing. For each m € N, let D,, C R", denote the epigraph of f. , let
Sm = D, \Upy and let T',,, = D,,,.

Let ¢, : HY(SP) x HY(S?) — C, be defined by with Sy, T replaced by
S, Iy, and B replaced by g*.

Fix m € N. Every v € D(S%) can be extended to an element of H'(Sg) by
lemma [3.11] such that

loll (s < 2¢/ (1 +4(n = 1) L) o]l sipy. (3.43)
H

Now, let v € D(S}}), fix 6 > 0 and choose wy, € D(Sy) such that
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Hw — wkHHl(sH) < 0. Then
Cm(wy,v) = / Vw,. Vo — k*w,odx ~|—/ 0Ty _wyds — / 1k 3w vds
H Iy T
= c(wg,v) —/ Vw,. Vo — kzwkvd:ﬂ—i—/ikﬂwkvds
Su\S7 r
- / ik wivds (3.44)
= c(w,v) + c(wg, —w,v) — / V. Vo — Ewpodz + / ikpwyvds
Se\S™ r

- / ik B wyvds (3.45)

m

= —/ gudx + c(wy, — w,v) — / Vw,. Vo — k*w,v + godx
m Su\S7

+ /ikﬁwkvds—/ 1k wyvds.
r m
(3.46)

Now define H,, : D(S}}) — C by

Hon(v) = —/S \Smek.VT)—kak@ng@dx—l—/

r

ikﬂwk@ds—/ 1k wyvds.
I

(3.47)
To show that H,, defines a continuous anti-linear functional on H'(S%), we first

of all note that

/ g0 + V. Vo — kK*wvdx (3.48)
SH\ST

< (K9 + 1Vl s

bl s, ) 23/ 30 DI ollsy

using (3.43).

To estimate the second term on the right hand side of m, define

h:Su\Sf — R by hZ,z,) = Ji (%) = \/1+|Vf(Z)|? for all T at which f is
differentiable. In addition let K = suppwy, let || - || denote || - || Lo (®n), and let

&= ([ - J,«<a:~)|2)é
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Then,

/ ikﬁ*wk@ds—/ikﬁwkﬁds
m F

= /R b (@)K 0D, o, (2))dT — /R @)k Bu(F, £(7))ds

IA

ﬂm(@ a
/ J4(2) / (ik B wid) (z)dz 7
Rn-1 (&) 8In

T / (Jy.,, (@) — Jp(7)) ik weo(Z, fe,, (2))dz
Rr—INK
2 2| %2 2 ’
< e (L) (£,

2 3 3
+ / 6% dx / K |v|*dx
Su\S§ Su\Sy

+ o) ( /R kB, ﬁm(az=))|2da~:>é

1
2

ov
or,

1
2 2
dx)

8wk
ox,,

< V14 L2 K|S / lwy |2dx
Su\St

HF ( /.

. 1 2
U@ e \/ VIT D (1 ; E) el s, (3.49)

1

2 2
da;) V2(1+4(n = 1) L2) [0 sp)

8wk

o,

using lemma and assuming that S} is an (L, /2, 1) Lipschitz domain, which
it is, provided €, < u/2.
We may now write (3.46) as
Cm(Wg,v) = —/ gudz + c(wy, — w,v) + Hp(v), v e D(SEH). (3.50)
sy
By the density of D(S%) in H'(S%), and the continuity of ¢,,,c and H,,, (3.50))
must hold for all v € H*(S%}). Since T, € C*°(R"!) and 8* € C=(T',,) then by
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lemma, there exist unique w’, w” such that

(W', v) = —/ godx, cp(w”,v) = c(wy —w,v) + Hp(v)
s

m
H

and by lemmas [3.8 and

|| sy < k7 Elgll 2sp),

" saqsp) < sec @(1+2E) { [Honll sy + lelleon = wllmsn }-

By lemma and the fact that 08*/0x, = 0, E and sec ® are independent of

m. Clearly w, = w' + w”. So

lwkllmsy < K Ellgllzsy)
+ sec@(1+2B) { Ml sy + llelllwn — wllmes | -

(3.51)

Now let m — oo, using (3.49) to estimate ||H, | z1(sm)-, using Lebesgue’s mono-
tone convergence theorem to show that the terms || - || r2(sy\s) — 0, and using

lemma [3.10] part v) we see that
willm sy < k7 E|gll2 + sec ®(1 4 2E) | c||é.

Finally arbitrariness of o > 0 gives the result. O
Combining lemmas[3.12] 3.7 and [3.6) with Corollary we have the following
result.
Lemma 3.13. If I' is given by with f Lipschitz with Lipschitz constant
L, and p € C(I'), satisfies the hypotheses of lemma then the wvariational
problem has a unique solution u € H'(Sy) for every G € H'(Sg)* and the
solution satisfies the estimate .
We now show that lemmas and hold for more general g € L>°(I).
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Lemma 3.14. Suppose I' is given by with f Lipschitz with Lipschitz con-
stant L. Let H > f.+u, g € L*(Sg), and 8 € L*>(T") be such that Re(B) > n > 0,

and suppose w € H*(Sy) satisfies
b(w,v) = —(g,v), v € H(Sy). (3.52)
Then
kllwllmsg) < Ellglla,
where E 1s given by .

Proof. For 0 > 0 let ¢5 € C§°(R™) be such that s > 0, ¥s(z) = 0 if |z| > §, and
such that [, ¢s(x)dz =1 Then define, 85 € C*(R"!) by
5o = [ B~ 5.5 - )Wal5)d,
R
and then extend f5 to a function 85 € C*°(R"™) via (5(Z, z,) = Bs(Z). It follows
that 85 € C(I') and that [3s is the restriction to I' of a function 55 € C*(R")
such that 98s/0z, = 0. Note that, for z € R"" !,

Re(Bs(7)) = Re B(x — g, f(Z — 9))vs(7)dZ

Rnfl
= - %(@Reﬂ(j - ga f(‘% - g))d:ﬁ > ,
and
|85(2)] < Vs(2)|B(T — g, f(Z — §))|dZ < B = ||Bs| oo (1) < B.

Rn-1
Further, since Re(e™(™/2+®)3) > 0, it follows, by arguing as above, that
Re(e™/2+®) 35) > (. This ensures that ®; := min{0, inf,cgn arg 35} > ®, which
in turn means that sec @5 < sec ®.

Fix ¢ > 0, and choose w,, € D(Sy) such that |w, — w| (s, < € Stan-

dard arguments (e.g. [53] Theorem 3.4) show that 85 — ( in the normed space
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L?(suppw,, NT'). Thus if we choose ¢ sufficiently small then

( [ kst - 5(8)\2lwm(s>l2ds> * o VRl 185 — Bll e < €
(3.53)
Now

c(Wm,v) = —(g,v) + c(wm —w,v), v H (Sy), (3.54)

so that, for v € H'(Sy),

Yw,,. Vo — k*w,,vdx + / vy_ 0T wy,ds — /ikﬁ(gwmy*vds

Sy 'y T
- —/ gudx + c(w,, —w,v) — /ik(ﬁ(g — Bwy,y vds.
Sy I

Since (s satisfies the hypotheses of lemma [3.12], then, by lemmas |3.13] and
, (cf proof of lemma [3.12)) we obtain

[wll#r1(si) < k7 Ellgll2 + sec @(1 + 2E)

)

1
llc|le + 6\/\/1 + L2 (1 + E)

and the result follows by arbitrariness of € > 0. m

Theorem [3.3 now follows by combining lemmas [3.14] 3.7 and [3.6] with Corol-
lary [3.1]
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Chapter 4

The Transmission problem

4.1 Literature review

In this chapter we study the transmission problem — or the problem of scattering
by an inhomogeneous layer — applying once again the methods and results of [25]
to this problem. Thus in terms of style and approach this work follows on from
[25], [49], [41], [8] and [72] (c.f. the literature review of chapter 2).

As outlined in the introduction, given a source g € L*(R"™) that is confined
to a strip, the transmission problem will be to find a solution u to the Helmholtz
equation

Au + k*u = g in R,

for n = 2,3, where the function k& € L°°(R"™) varies in a strip containing the
source g.

We point out that included in our problem set up — see our exact formulation
in the next section — is the related problem of ‘scattering by a rough interface’.
Here the problem is to study the scattering of electromagnetic or acoustic waves
by a rough interface above and below which k is assumed to take different constant
values.

We note that in this chapter we will assume that k is a real-valued function.
It then follows that, in the 2D case, we are modelling the scattering of time
harmonic electromagnetic waves by an infinite inhomogeneous dielectric layer at
the interface between semi-infinite homogeneous dielectric half-spaces, with the
magnetic permeability a fixed positive constant in the media, in the transverse
electric polarization case.

In [68] Roach and Zhang showed existence and uniqueness of solution to the
problem of scattering by a rough interface in the case n > 3, when the interface
was supposed to be the graph of a C! function that became a flat surface at infin-
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ity. In [81] (the 2D case) and [82] (the 3D case), Zhang considers the transmission
problem that we consider here and obtains existence and uniqueness results but
under assumptions on the behaviour of £ at infinity. The best results to date are
those obtained by Chandler-Wilde and Zhang in [26] which show, in the 2D case,
existence and uniqueness of solution to this problem for arbitrary k € L*°(R?)
satisfying certain other restrictions without which one can show the problem to
be ill-posed. Our results can be seen as an improvement on these in that they
hold in both 2 and 3 dimensions and moreover we slightly generalise the assump-
tions on k made in [26] — see assumptions 4 and 5 below. We should also point
out that in establishing an a priori bound on our solution (see lemma we
borrow some of the techniques used to derive an a priori bound in [26].

We should also mention the papers of Zhang and Roach [69]; Zhang [80]; and
of Anar and Torun [3]; all of whom consider the problem of scattering by a rough
interface but this time with transmission conditions across the interface requiring
that u and its normal derivative jump across said interface.

4.2 The Transmission problem and variational

formulation

In contrast to the problems studied in the the other chapters, the transmission
problem is a problem posed on the whole of R™. As such we will not impose
any boundary condition but rather, we shall impose two radiation conditions.
As usual, for x = (x1,...,2,) € R*" (n = 2,3) let # = (x1,...,2,-1) so that
r=(Z,x,). For He R, let Uy ={x : , >H}and 'y :=={z : x, = H}. For
a < blet S(a,b) = U, \ Uy. The variational problem will be posed on the strip
S :=S(h_,hy), for some hy > h_.

Given a source g € L*(R") and given k € L®(R"), a real valued function,
such that for some hy > h_, the support of g lies in S(h_,h,), and such that
k=ky>0in U_h+, and such that k = k_ > 0 in R™ \ Uj_, the problem we wish
to analyze is to find a function u such that

Au+ k*u = g in R", (4.1)

and such that u satisfies the upward and downward propagating radiation con-
ditions ((UPRC) and (DPRC) respectively) above and below the inhomogeneous
layer S. To state the DPRC precisely, recall from chapter 1, the fundamental
solution of the Helmholtz equation ®, for given wavenumber k, > 0:

1
CH (ke —yl), n=2,
exp(ik. |z — y))

drle —y|

O(z,y; ki) =

) n:3’
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for x,y € R", x # y, where Hél) is the Hankel function of the first kind of order
zero. Then the UPRC — see (|1.8)) — states that

0P (x,y; k.
u(z) = 2/ —(gf Vuly) ds(y) = Ri(z,ulr, k), €U, (42)
T n

hy

for “all hy such that the support of g is contained in R™\ Uy, and such that k = k,
in Up,, . Similarly the DPRC states that

u(z) = _2/r %ﬁ:k*)u(g/) ds(y) = Ro(z,ulr, ki), z€ R™"\U,_, (4.3)

for all h_ such that the support of ¢ is contained in U,  and such that k = k, in
R™\ Uy_.

Let us recall also from chapter 1 that if u|rh+ € L*(T';,) then we may rewrite
the UPRC in terms of the Fourier transform of u|r, , F(ulr,, ): we have that

we) = Gy ) eplle — b VR =€+ ) Ful, () ds.
= ﬁ(m,u|ph+,k*), x € Up,. (4.4)

For convenience let us take the origin in R" to be such that —h, = h_, and for
x = (Z,z,) € R" let 2/ = (&, —x,). Moreover for any function v : R"\U,_ — C
define v" : Uy, — C via v'(z) = v(2’). Let us now remark that the DPRC can be
expressed, through reflection, in terms of the UPRC.
Remark 4.1.

u(x) = Ro(z,ulr, ki) x€R™NU,

iof, and only if,
u'(x) =Rz, Wlr,, k) @ € Up,.

Thus it follows by remark [4.1| that if u|r, € L*(I',_) then u(z) satisfies the
DPRC (4.3) if, and only if,

~

u'(x) = Rz, d|p, k), x €U,

We now precisely state the transmission problem. Let H'(S) denote the
standard Sobolev space,

HY(S) := {v € L*(8)|Vv € L*(S)}

on which we will impose a wave number dependent scalar product (u,v)p1(g) =
Js(Vu - Vv + k2up) dv and norm, |ul|m sy = {[(|Vul® + k2 Ju|?)dz} /2.
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THE TRANSMISSION PROBLEM Given g € L*(R"™), and k € L>(R") such that
for some hy > h_, it holds that the support of g lies in Uj,_ \ Unh,, and that
k=ky, inU,, and k = k_ in R"\ U,_, for some ky, k- >0, findu:R* — C

such that u|s(p € H'(S(a,b)) for every a < h_ and b > h,
Au+ku=g inR" (4.5)

i a distributional sense, and such that the following radiation conditions hold:

A

u(x) = R(z,ulr, ki), @€ Ui, (4.6)

and

u'(z) = 7@(1’,1/|ph+, ko), xelU,,. (4.7)

Remark 4.2. Additional assumptions on k € L*(R") will be made from section
3 onwards in order to establish well-posedness of the boundary value problem. It

is well known that the problem is ill-posed for certain functions k € L*>(R").

Remark 4.3. We note that, as one would hope, the solutions of the above problem
do not depend on the choice of h_ and h.. Precisely, if u is a solution to the above
problem for a given pair hy,h_ for which suppg C m and k =k, in U_h+7
and k = k_ in R"\Uy_ then u is a solution for all pairs h_, h with this property.
To see that this is true is a matter of showing that, if @ and hold for
one pair hy, h_ such that suppg C m and k = ky in U_h+, and k = k_ in
R™\ Uy_ then @ and hold for all pairs hy, h_ with this property. It was
shown in Lemma that if holds, with .F(u\ph+) € H%(FM), for some h,
then it holds for all larger values of hy. One way to show that (@ holds also
for every smaller value of h., h say, for which suppg C R™\Uj, and k = k4 in

U;,, is to consider the function

1 7 A
<27r><—>// explil(en — B\ /K — €2+ 7 &) F(€) de, € U,

80



with Fj, = u]pﬁ, and show that v is identically zero. To see this we note that, by
Lemmal[2.1], v satisfies the boundary value problem of chapter[q with D = U; and
g = 0. That v = 0 then follows from Theorem[2.3. Similar arguments apply to
the other radiation condition .

We now derive a variational formulation of the transmission problem above.
We proceed exactly as in chapters 2| and [3| except that it’s necessary to introduce
more complicated notation. Again we will use standard fractional Sobolev space
notation, except that for convenience we adopt wave number dependent norms,
which are both equivalent to the usual norm. Thus, identifying I';,, with R"~!
H*(Tp,), for s € R, denotes the completion of C§°(I'y. ) in the norm || - ||#s(r,,)
defined by

1/2
ol = ([ 02+ @1Foterae)

We recall [2] that, for all @ > hy and b < h_, there exist continuous embeddings
(the trace operators)

v HY U, \U,) — HY2(Ty,), AL HYS) — HY*(Ty,),
v HYS) = HYX(D,), AL HY(U,\ Uy ) — HYX(T),),

such that each operator acting on ¢ coincides with the restriction of ¢ to I';,, when
¢ is C°°. We recall also the following fact that, if uy € H'(Up, \U,), u— € H'(S),
and ytu; = vlu_, then v € H'(S(h_,a)), where v(z) == u (z), = € Uy, \ U,,
:=u_(z), z € S. Conversely, if v € H'(S(h_,a)) and u, := Vv, Vs U = 0]s,

then q/im_ = yiu_.
For given wavenumber k, > 0 let T}, : R*! — C be defined by
Tk* = ]:_le(k’*)F7 (48)

where M. ,) is the operation of multiplying by

o [ SVE=E i<k
Y e for ¢ > k.

Specifically we are concerned with the maps 7% : Iy, - Cand T_ : I',_. — C
given by T} = T}, and T = T},_ which will prove to be Dirichlet to Neumann
maps on 'y, ,I',_ respectively (see below). Also, lemma shows that
Ty : HY*(Ty,,) — H™Y?(T},,) are bounded and that ||T%| = 1.

We now restate lemma [2.1] in the new notation we have introduced.
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Lemma 4.1. [fu(z) = R(x,ulr, , k) withulr, € HY3(Ty,), thenu € H'(Uy, \
U,) NC*(Uy,), for every a > hy,

Au+k2u=0in Uy,

yiu = ulr, , if ulr,, € C5°(T'n,) then

T yiu = —0u/dzylr, (4.9)
and
/ 0T,y uds + kf/ uv dr — / Vu-Vodr =0, veC;(R"). (4.10)
Fh+ Uth Uh+
Further, the restrictions of u and Vu to T, are in L*(Ty), for all a > hy, and
ou |? 2 2112 1= 1
| \Vzu|™ + k|ul*| ds < =2k Jm [ ~iaTg, viuds. (4.11)
o [19%n Ty

A~

Moreover, for all a > h., it holds that for x in U,, u(z) = R(x,ulr,, k.) with hy
replaced by a.

Now suppose that u satisfies the Transmission problem. Then u|gup €
H'(S(a,b)) for every a < h_,b > h, and, by definition, since Au + k*u = g
in a distributional sense,

/ (g0 + Vu - Vo — K*uvlde =0, v € C3°(R"). (4.12)
Applying Lemma [4.1] and defining w := ulg, it follows that

/ [g0+Vw-Vo—k*wv)] dz+ /
S

7Tyl w ds—i—/ T v wds =0, ve CP(RY).
r

hy Th_

From the denseness of {¢|s : ¢ € C°(R™)} in H'(S) and the continuity of v*
and 71, it follows that this equation holds for all v € H'(S).
Let || - |2 and (-,-) denote the norm and scalar product on L*(S), so that

[v]l2 = 1/ [g [v]? dz and
(u,v) —/uﬂdac,
s
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and define the sesquilinear form d : H'(S) x H*(S) — C by

d(u,’[)) - (Vu, VU) — (k‘Qu,U) + /

vTJmlwds—l—/ T~ wds.  (4.13)
r

hy Th_

Then we have shown that if u satisfies the boundary value problem then w := ulg
is a solution of the following variational problem: find u € H'(S) such that

d(u,v) = —(g,v), ve H(S). (4.14)

Conversely, suppose that w is a solution to the variational problem and define
u(z) to be w(x) in S, to be R(z,ylw, k) in Up, and to be I(x) in R"\U),_ where
I'(z), in Uy, , is given by R(z, v w, k_). Then, by Lemma , u€ HY(Up, \ Up)
and v € H' (U, \ U,_) for every b > hy and a < h_, with yiu = ~lw and

Yu =y w. Thus uls@s € H'(S(a,b)), b > a. Further, from and
it follows that holds, so that Au + k?>u = ¢ in R" in a distributional sense.
Thus u satisfies the transmission problem.

We have thus proved the following theorem.

Theorem 4.1. If u is a solution of the transmission problem then u|s satisfies
the variational problem. Conversely, if u satisfies the variational problem, and
the definition of u is extended to R™ by setting u(z) equal to 7@(3:, ’yiu, ky) forx in
Un, and to be I(z) in R"\U,,_ where I'(z), for x in Uy, , is given by Rz, v u, k_),
then the extended function satisfies the transmission problem, with g extended by
zero from S to R™ and k extended from S to R™ by taking the value ky in Uy,
and the value k_ in R™\U,,_.

We conclude this section by showing that the sesquilinear form d(.,.) is
bounded, establishing an explicit value for the bound.
Lemma 4.2. For all u,v € H'(9),

2 1

k 1
|d(u, v)| < [L; + (1 + —) + (1 + —)} [l sy l[vll i s)
ki ki (hy — h_) ko (hy —h-)

so that the sesquilinear form d(.,.) is bounded.

Proof. From the definition of the sesquilinear form d(.,.), the Cauchy-Schwarz

inequality and the mapping properties of T, and 7"_we have

2 1.2

|d(u, )] < [ Vull2[ Vo]l + OI:2+||U|I2HUH2+\|71U|!H1/2(rh+)|lT+|| ol )
+

+ I ull g, TNV 2, -
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To obtain the desired result we apply lemma 3.1| with g = (hy — h_). O

4.3 Analysis of the variational problem

In this section we shall establish, under assumptions 4 and 5 below, on the func-
tion k € L>®°(R"), that the transmission problem and the equivalent variational
problem are uniquely solvable by using the generalized Lax-Milgram theory of
Babuska.

As usual our analysis will also apply to the following slightly more general
problem: given G € H*(S)* find u € H'(S) such that

d(u,v) =G(v), ve HY(S). (4.15)

The assumptions we make are:
Assumption 4. For some 3 € [h_,h.], k* is monotonic non-increasing on
Un_ \ Us and monotonic non-decreasing on Ug \ Uy, .

We then set

k(v) = ki(z), z€Us\ U,
= ]{?_(ZE), x e U, \U/j,

so that assumption 4 implies that k2(z) — k2(z) > 0 for all z € S.
Assumption 5. For some € > 0, \3 > 0 it holds that k?(z) — k2(x) > \s, for all
x €C:={(z,x,)|zn € [f(Z) — €, f(T) + €]}, where f € L>°(R™) is Lipschitz with
Lipschitz constant L and such that C C S.

Remark 4.4. If k* € CY(R") and k* satisfies assumption 4 then we may write

this assumption succinctly as

Ok?
oz,

(xn_5> ZO-

In what follows we always assume that there exists ko > 0, such that k(z) > ko
x € R". We make the abbreviations rg := ko(hy — h_), ks = ky(hy — h_),
ko =k_(hy —h_) and Koo := ks(hy — h—). Our main result in this section is
then the following:

Theorem 4.2. If Assumptions 4 and 5 hold then the variational problem
has a unique solution u € HY(S) for every G € H'(S)" and

k2

ullgrsy) < [1+ k:o_olCl] [k+ + =
Jr

} 161 cs- (4.16)
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where

P2
012 = k’oo\/Q {W[2/€+ + 2k_ + 1]2 + P(h+ — h_)2:|

PZ
+ 4k2 [W[Qm +26_ + 1+ P(hy — h)ﬂ

(4.17)
and where
P = K2 + 4kiookoo V1 + L2{e + e 12051 (1 + 4x2 )}

In particular, the transmission problem and the equivalent variational problem

have exactly one solution, and the solution satisfies the bound

ksollwl sy < Chllgll2-

To apply the generalized Lax-Milgram theorem we need to show that d is
bounded which we have done in lemma 1.2} to establish the inf-sup condition

that y
a:= inf  sup dw ol o, (4.18)
0£ue H(S) overt(s) ||l mcs) [Vl s
and to establish the transposed inf-sup condition. Noting that from lemma d
satisfies the following symmetry property, that

d(v,u) = d(u,v) u,v € H'(S),

it follows easily that the transposed inf-sup condition follows automatically if

(4.18) holds.
Lemma 4.3. If holds then, for all non-zero v € H'(S),

d
wp L0

— > 0.
0£ueH1(S) HUHHl(S)
Proof. 1f (4.18) holds and v € H'(S) is non-zero then

|d(u,v)| |d(v, u)|
sup @ T+—7—— = Sup T
ozucH (s) |UllH1(8)  ozucH () |UllE1(S)

This proves the lemma. O]
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The following result follows from [47, Theorem 2.15] and Lemmas [4.2] and [4.3]

Corollary 4.1. If holds then the variational problem has exactly
one solution u € H*(S) for all G € HY(S)". Moreover

lullzs) < a1l sy

To show (4.18]) we will establish an a priori bound for solutions of (4.15)), from
which the inf-sup condition will follow by the following easily established lemma
(see [47, Remark 2.20]).

Lemma 4.4. Suppose that there exists C > 0 such that, for all u € H'(S) and
G € HY(S)" satisfying it holds that

ull sy < CNG | mresy (4.19)

Then the inf-sup condition holds with o > C~1.

The following lemma reduces the problem of establishing (4.19) to that of
establishing an a priori bound for solutions of the special case (4.14])).

Lemma 4.5. Suppose there exists C' > 0 such that, for all w € H'(S) and
g € L*(Sy) satisfying it holds that

[l sy < k' Cllgll. (4.20)

Then, for allu € H'(S) and G € H'(S)" satisfying (4.15)), the bound holds
with
~ k2
C< (1+k0010 {k++ ;"’D
ky

Proof. Suppose u € H'(S) is a solution of
d(u,v) =G(v), ve HYS), (4.21)
where G € HY(S)". Let dy : H'(S) x H*(S) — C be defined by

do(u,v) = (Vu, Vo) + k2 (u,v) + /

716 Tyyiu ds + / Vfi T_qu ds,
r

hy Th_
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for u,v € H'(S). It follows from Lemma [2.4] that dj satisfies
Redy(v,v) > ||1)||12H1(S)7 v e HY(S).

Thus the problem of finding ug € H'(.S) such that

do(ug,v) = G(v), v e HYS), (4.22)
has a unique solution which satisfies

[uoll(s) < NG m1es)e- (4.23)

Furthermore, defining w = u — ug and using and - we see that
d(w,v) = d(u,v)—d(uo, v) = G(v)~(G(v) =K% (uo, v) — (k*uo, v)) = (k3 +k*)uo, v),

for all v € HI(S). Thus w satisfies (4.14) with ¢ = —(k% + k*)uo. It follows,

using and - that
/{72
1wl sy < ki 1C’(l{:2 + k2 ) |Juol|2 < kZIC [k+ + —} 1G] sy (4.24)
The bound (4.19)), with

k2
C < (1+k ge; {k++—D
k.

follows from (4.23) and (4.24)). O

In lemma [4.7] below we will need to make use of the following result, a trace
lemma whose proof can be found in the appendix.
Lemma 4.6. Let f : R — R be a bounded Lipschitz function with Lipschitz
constant L and let C := {(z,z,)|z, € [f(Z) — €, f(Z) + €]}. Then for w € H'(C)
it holds that

e/ lw|*ds < V14 L2 {52
T axn

2
+ ||w”%2(6)}'
L2(C)
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Following these preliminary lemmas we turn now to establishing the a priori
bound ([4£.20), at first just for the case when k € C*°(R").
Lemma 4.7. Let hy > h_, g € L*(S) and suppose that k € C®(R™) (with
k=ky inU,, and k= k_ in R"\U,_) satisfies assumptions 4 and 5. Then, if
w € HY(S) satisfies
d(w,¢) = —(9,¢), ¢ € H'(S) (4.25)

then
ko llwllF s < Clglls

where C? is given by .

Proof. Let r = |Z|. For A > 1 let ¢4 € C(R) be such that 0 < ¢4 < 1,
pa(r)=11ifr < Aand ¢4(r) =0if r > A+ 1 and finally such that ||¢/y]|cc < M
for some fixed M independent of A.
Extending the definition of w to the whole of R™ by letting

w(r) = R(x,viw, k,) for x in Uy, and by letting w(x) = I(z) in R®\U,_ where
I'(x), for z in Uy, , is given by l'(x) = R(z, v w, k_), it follows from Theorem
that w satisfies the transmission problem, with g extended by zero from S to R".
By standard interior regularity results (e.g. [53] Theorem 4.16) it holds, since g €
L(S) and k € C2H(R™), that w € H2 (R™). Further, w € H*(Uy\U,) for ¢ > d >

loc
hy and for d < ¢ < h_. Moreover, by Lemma , w(z) = R(x,wr,, ki) (with

~

hy replaced by c) for = € U, for all ¢ > hy. Similarly w'(z) = R(z,w'|r_,, k_)
(with hy replaced by —d) for x € U_q4 for all —d > hy. Thus w satisfies the
transmission problem with Ay, h_ replaced by c,d, respectively, for all ¢ > hy
and d < h_ and so, by Theorem [£.1]

/ (Vw- Vo — E*wt) do = —/ ’yivTJr”ylwds—/ ’yfvT_’yfwds—/vgdaz,
S(dyc) r. Iy s

(4.26)
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forall ¢ > hy,d < h_.
In view of this regularity and since w satisfies the boundary value problem,
we have, for all a > h,,b < h_,

ow
ox,,

e [ 0a(r) (o~ gy da
S(b,a)

= 2Re/ o) (zn — B)(Aw + Kw )(911_) dx
S(b,a) Oy,
0w ow |?
— S(b ., {2Re oa(r)(x, — B) o1, Vw> } —2¢4(r) B
—2Re { 8Vw Vw}
dxy,

=29/, (1) (2n —5)£ Re (Vwaa;l))}dx

Using the divergence theorem and integration by parts

0w
2Re /S oA Bl da

2

- -9 [ mm{\ji

+H5 =) [ 6a0) {\ o

ow
—l—/ da(r Vw2—k2w2—2‘
Sw@){m(r P Rl - 2|5

ow Ow
—2¢(r)(z,, — B)Re (3xn e ) } dx.

ok ,
_ /S 5 O O

— |Vaw|* + k2 \w\2} ds

— |Vaw|® + k2 \w|2} ds

)

89



Now, rearranging terms we find that
ow

? k2
2/ r dx—l—/ ) — (z, — B)|w|*dz
[ oa) |5 o oaln) g Dl

- <a—ﬁ>Aa¢A<r>{\§Z

s-n [ mm{\g;i

2
— |Vsw|* + k2 |w|2} ds

2
— |Vzw|® + k2 |w|2} ds

RIS

ow Ow
—2¢’ — -
&'y (r)(x, — B)Re (396” o > } dx
ow
“2Re [ 6u(0) (o, - Blagyde
S(b,a) Tn
We now wish to let A — co. The only problem is the term involving ¢’y which

we estimate as follows. Let S(b,a)! = {z € S(b,a) : |Z| <t} for t > 1. Then

, ow Ow
/S(b’a) {2¢A<T>(xn — B)Re <8_a;n§)} dx‘

§2M(a—b)/ Vw|*dz — 0
S(b,a)A+t1\S(b,a)?

as A — oo, where the convergence follows from the fact that w € H'(S(b,a)).
In addition since w € H*(U; \ U.), for ¢ > d > hy, and for d < ¢ < h_
Vuwlr, € HY?(T,) and Vw|r, € H?(T}) and so, by the Lebesgue dominated and

monotone convergence theorems, (note that (0k?/0x,)(z,—3) > 0 by assumption
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2

Ok?
dr + / z, — f)|w|*dx
=)l

- <a—/a>/m{|§;”n
<ﬁ—b>/ﬁ{'§§l

2
— |Vw|* + k2 |w|2} ds

2
— |Vzw|* + k2 ]w|2} ds

+/ <|Vw|2—k:2|w|2—2Re ((xn—ﬁ)g 8w)) dx.
S(b,a) ox,,

(4.27)

Now, since w satisfies the boundary value problem, including the radiation con-

dition’s (4.6 and (4.7, applying Lemma it follows that

ox,,
and that

ox,,

Further, setting v = w in (4.26)) we get

/ (|Vw]* = B*|w|?) dz = —/ %TerJrvlwds—/
S(b,a)

a Ty

for a > h,, b < h_, so that, by Lemma [2.4

/ [Vl — K2[w]] dz < —Re/gw da
S(b,a) S
and

Im vlewIw ds +Im [ Yol vy wds = —Im/ gw dzx,
I Ty S
which means, in view of Lemma [2.4] that

—2kIm vlewJTrw ds < 2k‘+1m/gw dz,
T, s

—2k_Im vfwT,vfw ds < 2kIm/gu_) dx.
Ty S
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2
/ { Hw | Vawl K2 |w|2} ds < —2k+1m/ VEwT v w ds(4.28)
1 T
ow |° 2, 72 (02 t o A
—|Vaw]" + k2 Jw|” p ds < =2k Im [ ~ wT_ vy wds(4.29)
Ty r,

VT A w ds—/ gw dzx,

S
(4.30)

(4.31)

(4.32)

(4.33)

(4.34)



Using (4.33) in (4.28) and (4.34]) in (4.29)) then using the resulting equation and
(4.31)) in (4.27)), we get that

5 / ow
S(b,a) 0

Tn
2(a—6)k+lm/gwdx+2(ﬁ—b)k_lm/gwdx
s s
Ow
_ b4 Ax —
Re/s{guﬂ— (x, ﬁ)gaxn} dx
< 2(a = B)killglzllwllz +2(8 = b)klgllallwll2 + [lgll2/lw]]2
ow

[ @B do

Now, applying the Cauchy-Schwarz inequality to the last term in (4.35)) and then

2

Ok?

dx + / (2, — B)|w|*dx
S(b,a) O0xy

IA

+ 2 : (4.35)

using that 2ab < a? + b, for a,b > 0, we get that

ow |? k>
dx + / z, — B)|w|*dx
/S 8xn S(b,a) a$n( )| |

< [2(a = B)ks +2(8 — b)k— + 1]llgll2fwll2

+ (hy = ho)?llgll3: (4.36)

Making use of assumption 4, and since a > hy and b < h_ were arbitrary we get

that
2
' SZL = c (4.37)
and
) 251 (z, — B)|w|’dx < &, (4.38)
where
&= 264 + 26 + 1| gllalwllz + (hy — h-)?| g]l5.
Now
= Blulde = (e -9) [ Rl -5) [ Kpulds
g Oy, Th, T,

2 9 2
- [ ¥l — Bl
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Note also that

Bl = DuwPlds = (he = 6) [ Kfufds (o= 8) [ s
s Oz Th, Ty
so that
k? ~
[ e Blulds = [ (= 1)~ B) ol
In addition,
9, ) ) _Ow |wl|? , | ow |
- - 2y — >0 o, —p 2|22
ol = ol = uf + 26, — e (w3 ) = 1o 20— 2| 2
Thus we get that
k> ) -~ |w|? - ow |?
— dr > k* — k*)—d —/kQ—k‘QQh — h_)? dz.
[ = lude = [ (=)o — [ =200, =0 | ] o
Using this and assumption 5 and using (4.37)) and (4.38) we arrive at
ﬁ/|w|2dx§/(k2—k2)‘w—|dx < £+ /(kQ—kQ)Q(h+—h_)2 ol g
2 c S 2 S al'n
2
< 54—4/@2)0 Ow
0Ty, ||y
< [1+4k2)E.

Now using this with the trace inequality, lemma [4.6] we get that
/ wlds < VI T L2 {e€ + 207 (1 + 462)E)
r

We next make use of the Friedrich’s inequality, lemma [3.3| with ( = 1 to get

2

ow

+ 4k koo 2d
el K /F|w| s

< REE +AkockooV1+ L2 {e€ + e 1201 (1 4+ 462))E}

Follwlls < kg,

= P&
where the dimensionless parameter P is defined as

P = K2, + 4kiookoo V1 + L2{e + e 12051 (1 + 4x2 )}
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Thus using ab < a?/2n + b*n/2 for a,b > 0, n > 0, we get that

koollwll3

IA

P {261 + 26 +1[lgll2llwllz + (hy — h-)?|lgll5}
P2
S [260 + 26 + 112|913

IN

2k2,
@ >+ P(hy —h_)?|gl2
+ Sllwlz + Py = h-) g,
so that
2 2 i 2 2 2
Bl < 2| o r2n 25 + 17 4+ Pl — )| gl
Thus using (4.31)) we have

kollwllins < kllgllallwllz + 265 [lwl3

P2
. km\/g [m[% +2n 1 4 P(hy - hﬂ ol

2

P

O

We now proceed to establish that lemma holds for arbitrary k € L>(D)
satisfying assumptions 4 and 5.

Lemma 4.8. Let hy > h_, g € L*(S) and suppose that k € L*(R") (with
k=kyinU, and k= k_ in R"\U, ) satisfies assumptions 4 and 5. Then, if
w € HY(S) satisfies

d(w,¢) = —(9,9), o€ H'(S), (4.39)
then

ksollw|| sy < Chllgll2

where C is given by .
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Proof. Extending the definition of w to the whole of R" by letting

w(r) = R(x,viw, ky) for z in Uy, and by letting w(x) = I(z) in R®\U,,_ where
U'(x), for z in Uy, , is given by l'(x) = R(z, v w, k_), it follows from Theorem
that w satisfies the transmission problem, with g extended by zero from S to R".

Hence by lemma (cf the proof of lemma it holds that Va > h,b < h_ ,

YVw.Vo—k*widx +/

7117T+71wd8+/ VT~ wds = —(g,v), (4.40)
Ta Iy

S(ba)
for v € H'(S(b, a)).

For 0 > 0, let ¢5 € C§°(R™) be such that 15 > 0, ¢5(z) = 0 if |z| > ¢ and
such that [p, ¢s(x)dx =1 for z € R™.

Next define k : R" — R by k() = ko for z € R x [3 — 4,3 + 0] and by
k(z) = k(x) otherwise. Then let k2 € C*°(R™) be given by

ffg = 1%2 * w(g.
Since a > hy, then for all # € I', there exists ;1 > 0 such that if z € B, (x)
then k(z) = ky. Thus it follows from the definitions of convolution and 15 that

ks = k, on I', provided we choose § < u. A similar argument shows that ks = k_

on I'y provided we choose § < i for some p’ > 0. Also ||lA€5||Loo(Rn) < ko and
= [Py >
ly|<d

Let us show that ks satisfies assumption 4. Note that k is monotonic non-
increasing on R™\Us,s and monotonic non-decreasing on Ug_s. Now for (Z,z,) €

Sand h >0
k2 (%, w0 + h) — k3(F, 2
- /|| 6[1%3(57 — Gy T — Yo+ h) — K2((F = §, 20 — y)|0s(y)dy. (4.41)
y|I<

Thus for |y| < 0, if z,, < S and z,,+h < S, then z, —y, < f+0 and z, —y,+h <
B+ 9, so that from |D ks is monotonic non-increasing on R™\Uz because k is

95



monotonic non-increasing on R™\Ujz . Similarly ks is monotonic non-decreasing
on Ug. Thus k; satisfies assumption 4.

We next show that ks satisfies assumption 5. We define, for § < €
Cos=1{(x, f(@)+1t): TR |t| <e—d}.
Then, for (Z,z,) € C._s, with z, > § and y € R™ with |y| <,
K (x) — Bz —y) > k2 — K (z — ). (4.42)

Note that, since z,, = f(&)+t for some ¢ such that |t| < e—0, |z, —y,— f(Z)] < €.

Thus z —y € C. Now if x,, — y, > [ then from (4.42)) we have that

~

() — EXz —y) > X3

On the other hand if z,, — ¥, < [, then, since x, — vy, > B — 0 it holds that
k2(x —y) = k2. Thus
2 (x) — Bz —y) > \s.

Arguing in a similar way, one can show that for (z,x,) € C._s with x,, < § and

for y € R™ with |y| < d, that also
2 (x) — Bz —y) > \s.
Finally then, for x € C._s

() - () = / B@ R iy = 5

Thus ks satisfies assumption 5 with e replaced by € — §.

Now, fix x > 0, and choose w,, € D(S(b,a)) such that

||w — wn||H1(5(b7a)) < X.
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Thus (4.40) can be rewritten as

V.V — kiwids +/ L oT A  wds +/ VT A wds
S(b,a) a ry

= —(g,v)+ / (k* — k2 wvdx + / (k? — k2 woda
Us—s\Up+s S(b,a)
= )+ [ Rt [ (2= Bywods
Us—s\Up+s S(b,a)
+ / (k? — k2 (w — wy)odz v e HY(S(b,a)).
S(b,a)

Thus by lemma [4.7| we have that

kollwllmsy < Ch {||9||2 + 1B = EDwll 2y s\Usss) + 1B = K wall22(5(0.0))

18 = ) (w = wa)z2(siea }

Note that (see [53] theorem 3.4) if we choose ¢ small enough then we can ensure

that
(k& = kD) wall 2 (seay) < X

whilst [|(k2 — k2)(w — w,)||lz2(spay < 2k x. In addition, by using Lebesque’s

monotone convergence theorem, one sees that we can arrange that

16 = Bl 2w, i) < X0

provided 0 is chosen small enough. The result now follows by arbitrariness of x.

]

Theorem [4.2] now follows by combining lemmas and [£.4) with Corollary
41
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Part 11

Integral Equation Methods
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Chapter 5

The Dirichlet problem for the

Helmholtz equation

5.1 Introduction and literature review

This section concerns Boundary integral equation (BIE) techniques for solving
an acoustic scattering problem, namely the Dirichlet problem for the Helmholtz
equation. An excellent introduction to BIE techniques can be found in Kress’s
Linear Integral equations [50], chapter 6. We wish to begin by informally looking
at how BIE techniques can be applied to resolve the problem of scattering by
smooth bounded obstacles. So, let Q@ C R", n = 2,3 be a smooth, bounded
domain (obstacle). The essential problem can be stated as follows: Given g €
BC(09) find u : R"\Q2 — C such that

Au+ Ku =0, in R"\(Q, (5.1)
and
u = g on JS. (5.2)

A solution to this problem can be constructed by making use of the funda-
mental solutions, (®(z,y) z,y € R") to the Helmholtz equations given in chapter
1. We suppose the solution u to be represented as

= 0%(z, y) s(y) —i x s
wa) = [ T Bomasy) —in [ o@pomas).  63)

for some, as yet unknown, ¢ € BC(0f2). Here n > 0 and the normal v(y) is
directed out of Q. Making this ansatz (5.3]), that u is a “combined single- and
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double-layer potential” leads to a Brakhage- Werner type integral equation formu-
lation of the problem. Indeed it was Brakhage and Werner [9] who first suggested
making this ansatz, although so too did Leis [52] and Panich [62] independently.

That u, given by satisfies then follows immediately provided one
can justify an interchange of order of differentiation and integration, which in
fact one can. Thus it remains to show our solution satisfies . It’s at this
point that we fix ¢. If u is given by then it may be continuously extended
to the boundary 02 with a limiting value given by (see for example [32] theorem
2.13)

. 1 0d(x,y)
Jim u(z,) = So(x)+ o Ouly)

6(y)ds(y)—in / O yol)ds(y). e o0
(5.4)

Since we must prescribe that lim,, ., u(z,) = g(z) for x € 09, it follows that

1 8@(:16,3;)
g(x) = §¢(x) - ., 81/(y) — 277/ (y)ds(y), =z € 09,
(5.5)
which we may write, in operator notation, as
29 =(I+ Kp —inSp)¢
where we define, for ¢ € BC(I),
(S50)(e) =2 [ @(w.0)o(idsly). o €00 (56)
o9
and 00(z. )
L T,y
(Kpo)(x) =2 o) o(y)ds(y), =€ 0Q. (5.7)

Supposing that Ag := I + Kp — inSp is an invertible operator on BC(0f2), it
holds that ¢ given by
¢ = (Ap)™"

will, when substituted into , yield a solution to —. Thus the problem
is solved once we have established the invertibility of Ag. Classically due to the
compactness and smoothness of the boundary 02, the operators Kp and Sp,
defined above, are compact so that I + K — inSg is a Fredholm operator of
index zero. Thus, in order to prove it is invertible, it is sufficient to show that it
is injective.

In studying scattering by rough surfaces, Chandler-Wilde et al ([19], [12], [16]
wished to apply precisely this same approach to their field. However problems
arise in doing this, the first of these being that, due to the slow decay at infinity
of the standard fundamental solution, ®(x,y), of the Helmholtz equation (like
|z — y|~™=1/2 in n dimensions), the standard boundary integral operators i.e.
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the analogue of Sp and Kp above, are not bounded on any of the standard
function spaces when the surface is unbounded. In order to get a faster decaying
kernel they replaced, in [83], and again in [22], ®(x,y) by an appropriate half-
space Green’s function for the Helmholtz equation. Specifically, they worked with
the function

G(IL’, y) = (I)(.I’,y) - qD(ZL’,y/), (58)
with ¥ = (9, —¥y,), which is the Dirichlet Green’s function for the half space
{z : &, > 0}. They then defined the single-layer potential operator by

(S¢)a) = 2 [ Gla)oty) ds(y), . (5.9
and the double-layer potential operator by
__ 9G(x,y)

(Ko)(z) = 2 ) ¢(y) ds(y), €T, (5.10)

where the normal v(y) is directed out of D.

Nevertheless, the boundedness, of the operators S and K on different function
spaces, for example L?(T") or BC(T') is not obvious or maybe even true. Indeed
the question is somewhat different in 2 and 3 dimensions, which is one of the
reasons why the integral equation approach has been applied, in contrast to the
variational approach seen in previous chapters, to the two dimensional case first:
[12], [16], [19], and [83] (c.f. the literature review at the start of chapter 2); and
then more recently [22] and [23], to the three dimensional case. Indeed, in three
dimensions, a major difficulty is to establish the boundededness of the operators
S and K on L*(T'). However in [22], by employing Fourier techniques, Chandler-
Wilde, Heinemeyer and Potthast were able to establish this, in the case that I' is
Lyapunov.

The second major problem concerns the invertibility of the operator A :=
I + K —inS. Due to the fact that the boundary I', the rough surface of the
domain, is infinite, K and S fail to be compact operators so that the classical
method of inversion of A can no longer be used. To establish the invertibility
in the 2D case generalisations of part of the Riesz theory of compact operators
have been developed [70] 24, 21] which require only local compactness rather
than compactness and enable existence of solution in BC(I") to be deduced from
uniqueness of solution. In fact, injectivity of the second kind BIE in BC(I")
implies well-posedness in BC(I") and in the space LP(I"), 1 < p < oo [4]. But this
theory does not seem relevant for 3D rough surface scattering problems given that
the corresponding boundary integral operators are not well-defined as operators
on BC(I'). In the absence of these tools existence of solution to the BIE was
shown in [22] and [23] by first proving the invertibility of the operator A in the
case when the underlying surface is flat; and then extending this result to the
general case by perturbation arguments, with the help of an a priori bound in a
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manner inspired by the somewhat similar arguments used to prove invertibility
for second kind boundary integral equations for potential problems in Lipschitz
domains (Verchota [74]; Jerison and Kenig [48]— see below).

In the case when the underlying surface is also Lipschitz, the case we con-
sider here, yet more problems arise. Indeed, even in the case of potential theo-
retic problems on a bounded domain, complications arise in the Lipschitz case:
the double-layer operator is not even well-defined and must be replaced by it’s
principal-value generalisation; the question of its boundedness was resolved — by
Coifman, Mcintosh and Meyer [56] — only by the use of such deep techniques as
the method of rotations; and the invertibilty of the boundary integral operator
is problematic, since even though the boundary is compact, the fact that it is
Lipschitz means that the double-layer operator fails to be compact. Nevertheless
Verchota was able to show that the boundary integral operator still remained
invertible [74] by making use of the Jerison and Kenig identities [48]. However it
should be pointed out that, even when all of these difficulties had been overcome,
the solution constructed via the BIE technique satisfied the Boundary value prob-
lem — the Dirichlet problem for Laplace’s equation on a bounded domain — in a
weaker sense than might have been hoped for. Similarly, our problem here — a
Dirichlet problem for the Helmholtz equation in a perturbed half plane — must be
posed in a slightly weaker sense than the one posed in [22] when the underlying
surface was Lyapunov, in order to be able to apply the BIE technique. See the
next section where we precisely state our boundary value problem.

Our intention in this chapter is simple: take up the advances made by Chandler-
Wilde, Heinemeyer and Potthast in [22] and [23], and try and extend their results
to the case when the rough surface I' is Lipschitz; and, in order to do this, make
use of the results obtained by Verchota et al as summarized in [55].

We should briefly pass some remarks on some other papers in this area: Re-
cently as part of [I§], Chandler-Wilde and Langdon were able to make use of the
results of Verchota [74] to apply the Brakhage-Werner approach to the problem
of scattering by a bounded Lipschitz obstacle.

Willers [79], and Kress and Tran [51], used BIE methods for three dimensional
rough surface scattering but only in the case that the rough surface is flat out-
side a compact set, allowing the authors to reduce their problem to a boundary
integral equation on a finite domain; and Nedelec and Starling [59] and Dobson
and Friedman [36] also considered the same problem but with assumptions of
periodicity on the surface, so that they too obtained an integral equation on a
bounded domain.

We once more point out that the results we obtain will not be applicable
to the case of plane wave scattering (we assume boundary data in L*(T").) For
a partial theoretical justification for BIE methods for three dimensional rough
surface scattering with plane wave incidence, namely a justification, with some
provisos, of Green’s representation formula, see DeSanto and Martin [35].
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5.2 The rough surface scattering problem

We begin this section by recalling the notation that we have used throughout.
Note that we are only concerned with a 3D setting in this chapter. Thus for
T = (11,29,73) € R3 let ¥ = (x1,22) so that x = (Z,23). For H € R let
Ugp:={z : x3>H}and 'y :={z : 23 =H}.

Throughout this chapter we assume that the rough surface is the graph of
a bounded and positive Lipschitz function: Let f : R?> — R be Lipschitz with
Lipschitz constant L > 0, i.e.

f(@) - f@)| <Lz -y 7.5€R:
We then define
I = {(z, f(7)) : ¥ € R?}, (5.11)
D =:{(%,x3) : T € R? a3 > f(3)}.

The assumption that f is bounded and positive means that for some constants
0 < f_ < fy it holds that

Uf+ CDCU]L. (5.12)
Further we set J;(Z) = /1 + |V:f(Z)]?, & € R? and we define L' = 1+ L? so

that J f S L. .
As usual we have Sy := D\ Uy, for any H > f,, and we denote the unit
outward normal to D by v.

In chapter 1 we made mention of the fact that we are interested in the scat-
tering of incident waves from a source of compact support. We wish therefore
to develop an analysis that is applicable whenever the incident wave is due to
sources of the acoustic field located in some compact set M C D. Since waves
with sources in a bounded set M C D can be represented as superpositions of
point sources located in the same set, we will concentrate on the case when the
incident field is that due to a point source located at some point z € D.

Thus we seek to find u € C?(D) satisfying the Helmholtz equation

Au+k*uw=6,, inD,
satisfying the Dirichlet boundary condition
u(z) =0, zel, (5.13)

and satisfying an appropriate radiation condition. More precisely, writing the
total field u as .
u = u' +u’, (5.14)

where u® is the scattered field and u' the incident acoustic wave due to the point
source so that u’ = ®(-, z), we see that we seek to find u* € C?(D) such that

Au® + E*u® =0,
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and such that .
u'(x) = —u'(x), zel. (5.15)

We will convert this scattering problem to a boundary value problem. To
do this we will seek the scattered field as the sum of a mirrored point-source
O'(-, z) := —P(-, 2’), where 2’ is the reflection of z in the flat plane Iy, plus some
unknown remainder v, i.e. u* = v+ ®’(+, z). Note that ®'(-, 2) is a solution to the
scattering problem in the special case that I' = I'y. Using the boundary condition
u* + ®(,2z) =0 on I' = 9D, we obtain the boundary condition on v that

v(z) = —{P(z,2) — ®(z,2)} = —=G(x,2) =: g(x), =z €eT. (5.16)

Clearly g € BC(I'); moreover it follows from the bound below that we
establish on G(x,y) in the next section that g € L*(T") as well. Thus u* satisfies
the above scattering problem if and only if v satisfies the following Dirichlet
problem with ¢ given by (5.16)):
Given g € L*(I') N BC(T), find v € C*(D) which satisfies the Helmholtz
equation
Av+k*v=0in D,

and the Dirichlet boundary condition v = g on T'.

We intend to take this problem and state it in a more precise fashion. As
stated earlier we will look for a solution to this boundary value problem as the
combined single- and double-layer potential

v(x) = us(x) —inui(z), =z €D, (5.17)
with some parameter 7 > 0, where for a given function ¢ € L*(T") we define the

single-layer potential

w(z) = / Glr,y)oly) ds(y), =€ R, (5.18)

and the double-layer potential

ug(z) = A %qﬁ(y) ds(y), = €R> (5.19)

Using the ansatz ((5.17)) we will covert the boundary value problem to an equiv-
alent BIE which will involve the operator S as defined by (5.9), and also the
principal-value generalisation of the operator K defined by ((5.10)), which is

o)) = 2PV [ o) ast) (5.20)
= 2lim Mgb(y} Je(y)dy, xe€l.

=0 Jr2\ B, () ov(y)
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From now on when we refer to the operator K we mean this principal-value
version; of course in the case when I' is merely Lyapunov ([5.20)) is the same as
(5.10)).

Using this approach we will however, in the Lipschitz case, run into problems.
The first problem arises because the operator K is not a bounded operator on
BC(I") when the underlying surface is Lipschitz; indeed one can show that even
if ¢ € L>®°(T"), K¢ may fail to be so. Thus there is little point in assuming that
g € BC(I); rather we will only assume that g € L*(T). It then follows that we
cannot expect v given by to be continuous up to the boundary. Moreover
the limiting values of v up to the boundary can only be computed in a non-
tangential sense: In this chapter we define ©(z) C D for x € I' to be the cone
of ‘non-tangential’ approach to the point = = (Z, f(Z)); precisely, we fix L* > L,
and then define

O(z) :={y € D such that y,, — f(Z) > L*|g — Z|}.

The geometrical significance of these ‘non-tangential approach cones’ is that there
exists a constant o > 0 such that for all x € T" and for all y € I and all z € ©(x)
it holds that
|z — x| < alz—y|. (5.21)
Writing n.t. lim,, _,, v(x,) to indicate the limit of v(z,) as x, € O(zx) ap-
proaches x € I', we’ll be able to show that

n.t. lim v(z,) = g(x) for almost all z € I'. (5.22)

Tn—T

Thus in order to apply the BIE technique to the scattering problem in the case
that the rough surface is Lipschitz, it’s necessary to weaken the problem: we
can’t expect the solution to be continuous up to the boundary and we will have
to impose the boundary condition in the weak sense of .

Thus we will pose our scattering problem with the boundary condition ([5.22])
and also we will impose a radiation condition on our solution — our usual radiation
condition, see the boundary value problem below. However it will be necessary
to impose a further boundedness condition on our solution, without which the
problem will have a non-unique solution; we require that it satisfy the following:

for v = (2, f(z)) e ' and T > f, define

vp(z) = sup |v(Z,1)].
T>t>f(Z)

We'll then impose that v}, € L?(T') for all T > f,. Thus the following is the
exact boundary value problem we wish to consider:

THE BONDARY VALUE PROBLEM. Given g € L*(T"), find v € C*(D) such
that
Av+EKkv=0, inD,
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vl € L*(T), for all T > f., the radiation condition holds with Fy = v|r,
(with k. replaced by k) for all H > f, and such that

n.t. limv(y) = g(z), for almost all z € T'.

Yy—x

Remark 5.1. Note that v|r,, € L*(Ty) for all H > f, by the restriction on v}

for T'> f.. This means that the radiation condition makes sense.

Remark 5.2. In his study of the similar problem, the Potential problem on a
bounded Lipschitz domain, in order to obtain a unique solution to his problem,

Verchota insisted that his solution v be such that v* € L*(T), where

v*(x) := sup |v(y)|, for almost all x € T.
y€O ()

In our work we opt to impose the weaker condition on v' — note ||vp||r2@y <
|v*|| L2y for all T > f, — as this will be sufficient to prove uniqueness and is
easier to show than a condition on v*; indeed it is not clear that v* € L*(T) in

our case.

We conclude this section by summarizing the results of Chandler-Wilde, Heine-
meyer and Potthast [22] and [23]; and also those of Verchota et al [55], that we
will make use of throughout this chapter.

We start by writing down the boundary value problem of [22]:

Given g € X := BC(I') N L*(T) and g, € X, for € > 0, with ||gc — g[|z2ry — 0
as € — 0, find v € C?(D) N C(D) which satisfies the Helmholtz equation in D,
the Dirichlet boundary condition v = g on I', the bound

lv(x)| < C, ze€D, (5.23)

for C' > 0 and the following limiting absorption principle: that for all sufficiently
small € > 0, there exists v, € C?(D)NC(D) satisfying v. = g. on I, the Helmholtz
equation in D with k replaced by k + ie and the bound , such that for all
x € D, v(r) > v(x) as e — 0.

We then have theorem 2.3 from [22]
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Theorem 5.1. If T is given by with f Lyapunov, then the boundary value

problem above has at most one solution.

Let A: L*(T)NBC(T) — L*T)NBC(T') be given by A = I+ K —inS. Note
that it is shown in [22] that K and S defined by (5.10) and (5.9)) are well-defined
and bounded operators on L?(T') N BC(T') in the case when I is Lyapunov. We

introduce the operator A’, the adjoint of A, with respect to the bilinear form (-, -)
on L*(T") x L*(T") defined by

00) = [ owwisty), 6.0 € (D).
r
We then have the following theorem concerning the invertibility of A and A”:

Theorem 5.2. Suppose ' is given by with f Lyapunov. Then A and A’
are invertible on L*(T') N BC(T') with

1A L2ys 22y = 1A 2y 20y < B,
where )
1 3k2L 2
B = 3 (1 + ( [5L +6L% + 6(L + 3L2)2) ) . (5.24)
n

In order to state the results of Verchota et al let us introduce the double-
layer operator for the Laplacian, T, defined for ¢ € L*(R?) and where z =

(@, f(2),y = (5, f(7)) by

(T¢)(x) = lim &=y v9) 4 (5.25)

=0 Jr2\ B, (2) |z —yl?

Then, see [55] page 262, chapter 15, Theorem 4 and Lemma 2, we have:
Theorem 5.3. Suppose I' is given by with f Lipschitz. For ¢ € L*(R?),
To(x) given by exists almost everywhere and T is a bounded operator on
L*(R?). Moreover in the case that ¢ € C§°(R?) then at every point v € T at

which f is differentiable we have

1z — 9|

where

AE) = —/Ot(—ds. (5.26)



For ¢ € L*(T') and z € D let

Foe - | G0 W) g as(y).

r |Z - y|3

Then we will also use the following results ([55] chapter 15, Theorem 1, pages
259, 264, 265) to establish the jump relations and the v/, boundedness condition.

Theorem 5.4. Suppose I is given by with f Lipschitz. For each ¢ € L*(T)

n.t. lim (Fg)(z) = (411 + T) 6(z)

Z—T 2

for almost all x € T. Further F* is a bounded operator on L*(T'), where, for
¢pe LX), zeTl,
(F¢)(x) :== sup [(Fo)(y)|-

y€O(z)

We now precisely state the main results of this chapter all of which hold of
course in the case when T is given by (5.11)) with f Lipschitz:

Theorem 5.5. The operators S and K are bounded on L*(T).

Theorem 5.6. The integral operator A is invertible on L*(T') with
A r2r)=12r) < B, (5.27)

with B given by .

Theorem 5.7. The Boundary value problem has a unique solution.

5.3 Properties of the three-dimensional funda-

mental solution

We start with an investigation of properties of the fundamental solution ®(x,y)
and its derivatives. The key results are the expansions (5.34) and (5.38|) needed
to prove mapping properties of the boundary integral operators S and K in the
next section. Note that this section has been copied verbatim from [22].
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For the first derivative of ®(x,y) with respect to y3 we calculate

aq)(xv y) ik (1’3 — y3) em|xfy| 1 (ZL’g — y3) em|x7y|

“od) — 5.28
Oys dr |o —y|? dr |z —yl? (5.2
The second derivative is given by
2 ik|w— 2 2
9 ‘I’(J; Y) _ i{zk eM y|2 g2 (23 — y33 oikle—yl _ 2z'k:<x3 - y32 ikl =yl
Y3 Ar [z =y |z =yl |z =yl
ik|lz—y| o 2 . 2
_ L s — ik (75 ygz etklz=y| +3—($3 yi? e”‘“'”ﬁ_yl}. (5.29)
|z —y| |z -y |z —y|
For the third derivative with respect to y3 we obtain
3P 3k? — , 1
(‘27 y) — o (ZE3 y3) ezk\mfy| + 0 ) (530>
Oy3 dr |z —yf? jz —y[*
This holds in the sense that, given ¢ > 0, there exists a constant C' > 0 such that
83(1)(1'7 y) . 3_532 ($3 - y3) eik\m—y\ c
93 Ar |z —y|? Tyt

for all z, y € R3, x # y, with z3, y3 € [0,¢]. The similar equations below, in
particular and , are to be understood in an analogous fashion.

We use Taylor’s expansion for the fundamental solution ®(z,y) with respect
to variations of z3 and ys. From Taylor’s theorem, if g € C3[0, 00), then

s

g(s) =g(0) + ¢'(0)s + %g@)(O)s2 +% i (s —t)%g® () dt, s>0. (531)

Applying (5.31) to g(s) := ®(z,7 + ses), where e3 is the unit vector in the x3
direction, with § = (y1,92,0) € Ty and s € [0, ¢] with some constant ¢, we obtain
1 etklz=dl ik x5 ekl
S — J— e — 8
Arle—ygl 4w |z —g)?
ik eFlz=il 52 1
+ == + 0| —— |-
m |z —g* 2 (W—MJ
To estimate the properties of single- and double-layer potentials on L?(T") we

need to use Taylor’s expansion also with respect to 3. We treat all the terms of
(5.32) separately and obtain, after some calculations,

O (x, 7+ ses) (5.32)

CI)(.% + heg,gj + 863) = — 7= = (533)




Altogether we obtain

3 N 1 ik el#=dl 1
G(I "‘ heg,y + 863) = —EW 2h8 + O <m> 5 (534)

in the sense that, given ¢ > 0, there exists a constant C' > 0 such that

C

17— g

ohs ik etkli=1l

G(T + hes, 7 + se3) + —

<
dr |2 —g|* |~

for all z,9 € R? with ¥ # ¢, and all h,s € [0,¢]. Arguing precisely as in [12] in
the case |z — y| > 1, we can also show the bound that (cf. [I2, equations (3.6),

(3.8)]) there exists a constant C' > 0 such that

e —y[* '

G(z,y)| <

for all 2,y € R® with o,y # 0 and z3,y3 > 0.
For the normal derivative of G, noting that 0®(x,y")/ov(y) = 0P(2',y)/Ov(y)

and introducing the notation v(y) := (v1(y), 2(y)), we derive

8G(5L‘, y) . ~ B { eik|x—y‘ eik|m—y/| }
dr —222 = —ikv(y)- (T — — 5.36
ov(y) (W) (@ —7) |z — y[? 1z — o2 (5.36)
~ ~ eik|$_y| eik\ax—y"
' V<y).($_y){|x—y|3 N |x—y/\3}

ik V3<y) (373 — y3) eik|a}—y| + V3(y> (333 — y3) eik|:c—y|

- |z —y[? [z —y?
ik v3(y)(x3 + y3) eikle=y'| v3(y) (w3 + y3) otkle—y'|
|z —y'[? |z —y'[?

We proceed as in (5.33]) and calculate
ik|lx—y| ik|Z—7| ik ik|Z—7| _ 2 1
e e ke (z3 — y3) + 0 (W) . (5.37)
r—=Yy

J— — — + — —
|z —y? z—gP = lz—gP 2
We use this to transform (5.36)) into

8G(:% + he37 g + 863) 2 (fi' - g) e“ﬂi_y'

4 = —kv(y) - ——= —— 2hs 5.38

O (y) ) [z =gl |z —gl? (538)
ezkz]ﬁ:—gﬂ 1
— Zk’l/g(y) ’jf — g’Q 2h + O (’j} — ~’3) s

this equation holding in the same sense as (5.34)).
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5.4 Boundedness of the single- and double-layer

potential operators

In this section we shall establish that S and K are bounded operators on L*(T).
In order to do this, we split the operators into a local and a global part, with the
help of an appropriate cut-off function. To this end let x : [0,00) — R be the
indicator function such that
0, t<1
x(t) == { (5.39)

1, t>1.

Let A with kernel a denote one of the operators S or K, respectively. We define
the global part

(Arp)(z) = / V(= §)alz, 9)é(y) ds(y), = €T, (5.40)

and the local part

(Aep)(o) = [ (1=x(7=3D)ale.)o(w) dsty). v €T (5.4)

This yields the decomposition A = A; + As and we can study the mapping
properties of A; and A, as operators on L?*(T") separately. We denote by a;
the kernel of A; and by ao the kernel of A,. Before however looking at the
boundedness of S and K let us first make sure that they are well defined operators.

We first of all remark that the global operators are well-defined for ¢ € L*(T")
and for all z € I" as can be seen by applying the Cauchy-Schwarz inequality and
using the expansions ([5.34)) and . For the local part of the operator things
are a bit more subtle. For the single layer operator we note that

ay(z,y) < s(T —9),

s(y) = {0’ il =1 (5.42)

where

C/lgl, gl <1,
for some C' > 0. Note that s € L'(R?). Now for ¢,1 € L?(R?)

[ ae s

IN

/Rg - s(@ = 9)|o(@)||v(2)|dEdy

IA

[ sa=alo@pasas [ st plo)asi)
R2 xR? R2 xRR2

1 1
S L LI L e
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It follows by Fubini’s theorem (see for example [46] Theorem 21.13) that as a
function of 7, as(z, y)d(7)y(Z) is in L'(R?) for almost all € R? so that the local
part of the single layer operator is well-defined for almost all 7 € R2.

We now turn to the local part of the double-layer operator. Making use of

(5.36)), we see that

IG(z,y) o) eklz=yl
RO T

where, the local part of r(z,y), [1 — x(|Z — 9|)]r(z,y) := r2(x,y) is such that

+r(z,y),

’7’2(1‘,3})‘ < S(j - g)a zyel, 7é ) (543)

where s is given by (5.42)). It follows as above, that the operator with kernel
ro(z,y) is defined for almost all x € I'. This means we may rewrite the operator
K as

(K)(z) = (K10)(x) + / rol, )95 (5)d

R2
where K is defined for ¢ € L*(T"), z € T by
. ~ ~ eiklz_y‘ ~ ~ ~
(K10)(z) :=lim [1—x(Z—9)v(y)-(x— y)—3¢(y)Jf(y)dy. (5.44)
eNO JR2\ B (%) lz —y

Let us show that K; is well-defined. Firstly we note that

el = 1 4 ik|x — y| +Wm2—7y’)2+.... (5.45)
We have that
(K19)(z) = (K20)(2) + (K3¢)(z), x €T, (5.46)
where
(Koo)a) =l [ (1@ = ) 0@ (547
N0 JRr2\ B, (2) x —y|
and
etkle—yl _
(Kso)o) =lim [ (=Gl (=) o 00 () (5.45)

O JR2\ B, (%) |

From (5.45) it follows that the kernel of K3 is bounded by s(Z — §), given by
(5.42), so that K3 is well-defined for almost all x € T
We rewrite K, as

(K29)(z) = (Ki¢)(x) — (K50)(), (5.49)
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where

= lim v —(x ~Y) i y)dy
(K4¢)(fv)—1\0 S (y) |x_y|3¢(y)Jf(y)dy7 (5.50)
and where
(Keo)a) = [ o=l = Ds@ i G

That K4 is well defined for almost all x € I' follows from Theorem Note that
K5 is well-defined for all x € I by a simple application of the Cauchy-Schwarz
inequality.

We now turn to the issue of boundedness of the operators. We shall need in
our arguments to make use of Young’s inequality. Suppose that [ : R? x R? — C
is such that [(Z, -) is measurable for all Z € R? and let L be the integral operator
with kernel [, so that for ¢ € L?(R?),

L)@ = [ @@ e R (5:52)
When
UE.5)] < (G~ 5), (5.59

with ¢ € LP(R?), for some p € [1,00), then from Young’s inequality [66], it follows
that for s > 1

|| L]
where 7' =1+s1t—p~L
We will use the bound particularly often in the case ¢ € L'(R?), in
which case it implies that

@) < || e@e) [0l @2), (5.54)

L L2 ®2) = r2®2) < |02 (m2)- (5.55)

We now show that the local operators are bounded on L*(T).
Lemma 5.1. A, is a bounded operator on L*(T).

Proof. In the single-layer case, the kernel ay of A; has compact support and is

weakly singular. Indeed, for some constant C' > 0,

|&2($,y>’ < C%(i. - g)v ryel, 7& Y, (556>
where
i g1~ gl <1,
0G) = (5.57)
0, [yl >1



Since ¢ € L'(R?), we see from ([5.55)) that A, is a bounded operator on L?(T') in
the single-layer case.

We now move on to the double layer case. Making use of ((5.36]), we see that

OG(z,y) etklz=yl

4m 8V(y) :V(y)'(x_y)‘x_y‘g

where, the local part of r(z,y), [1 — x(|Z — g|)]r(z,y) := r2(x,y) is such that, for

+r(z,y),

some constant C' > 0
[ro(z,y)| < CUZ —7), zyel,xz#y, (5.58)

where ¢ is given by (5.57). It follows as above, that the operator with kernel
ro(x,y) is bounded on L?(T).
We now focus on the operator K7, defined by (5.44]). Again, we have that

(K19)(z) = (K20)(x) + (K30)(2), (5.59)

where K, and K3 are given by (5.47) and (5.48) respectively. Since the kernel of
K3 is bounded by ¢(Z — g), with ¢ given by (5.57)), it follows again, that Kj is
bounded on L*(T).

We rewrite K, as
(K29)(z) = (K40)(x) — (K50)(v) (5.60)

where K, and K5 are given by and respectively. That Ky is a
bounded operator on L?*(T") follows from Theorem Thus, to complete the
proof we need to show that Kj is also a bounded operator on L?(T).

We begin by noting that K5 is bounded as an operator from L?(T") into L>(T).
Indeed, for all x € T', a simple application of the Cauchy-Schwarz inequality shows

that
[(K50)(2)| < Cllollr2r), (5.61)

114



with C given by

1 3
C:L/ /Td’v} y 562
{ G’m_y’4 Y ( )

G = R2\31@)7

where

so that C is finite and bounded independently of Z, as one sees by changing the
last integral to polar coordinates and evaluating it.

Now, for each n = (ny,ns) € Z* we let A,, be the indicator function such that
if # € R? is such that n; < 21 < ny + 1 and such that ny < 25 < ny + 1 then
A,(Z) = 1 and which is 0 otherwise. Then, letting ¢, := ¢A,, for ¢ € L*(T') we

have that

b= on

nez?

Now, for € R? we let N'(Z) be the set of those n € Z? such that

dist(z, supp(¢y)) < 1.

Note that N (#) contains no more than 9 elements, and also, that if z = (Z, (7)) €

I' is such that
dist(Z, supp(¢y,)) > 1

then

(K5¢m) (x) = (K4¢m) (ZL‘)
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Thus, for almost all x € T,

(Kso)(w) = ) (Kson)(@) + K5 | D oa (@)

neN (&) ngN (%)

= Y (Ko@) + K| D 6| (@)

neN (&) ngN(@)
- Z (Ks50,)(x) + (K40)(2)

neN (z)

neN (z)

We define, for m € Z?, T'(m) := {n € Z? : dist(suppA,,,suppA,) < 1}. In what

follows we use that for a; > 0,5 =1,...,n
(a1 + -+ an)’ <nlal+-- +ap),

and that Jy < L.
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So

| s @) s )

2

38 [ |3 aen@)| Sada+ [ (Koo I@)da

? neN (z)

IN

2

LY wie)@)| @

neN(z)

< [0 (e + Koy
meZ? supp(¢ém) neN(z)
+Z/ 92 (Kagn) ()2 Ty () di
mez2 ¥ supp(ém) neN (&

<30 [ 0?3 eI Kbl
supp(®m

meZ2 neT(m

i Z /supp(¢m)9 Z (Kage)le ’ Jf( %

meZ2 neT(m

< 3893 °C > oallfemy L + 1Kl Gy +9 D> Y 1 Kadnllom
meZ2  neT(m) meZ2 neT(m)
<3 {9QC2L' D ol + 1Koz +97 ) HK4H2H¢mH%2(F)}
meZ? meZ?

< 3[81C7L + | Kal* + 8K Pl 2

The proof is complete. O

We now turn to the global operators. To show that they are bounded on
L*(T') we simply use the proof employed in [22] to prove the same result but
in the case when I' was Lyapunov. The necessary changes are trivial, but for
completeness we’ll go over the argument again here. Looking back to , one
case of relevance to the argument is that in which

(E,9) = ma ()T — 5)ma(y), (5.63)

with my,my € BC(R?), ¢ € L*(R?), F¢ € L>=(R?). In this case, if ¢ € L?(R?),
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L is a bounded operator on L*(R?) with norm

||L||L2(R2)%L2(R2) S 27T‘|m1”Bc(R2) ||f€”Loo(]R2) ||m2||Bc(R2), (564)

see for example [66]. Examining and we see that large parts of the
kernels of the operators S and K have the form , where moreover ¢ has
certain symmetries that simplify the calculation of its Fourier transform. For
g € R? let r := |g| and g := ¢/|7|. The specific symmetries that arise are those
where ¢ has the form

Ug) = F(r)Y](®), (5.65)
where "
el T

F(T') = m, r Z O, (566)

for some 8 > 0 and with n =0 or 1, and j = 0,...,n, where the functions Y/ are
spherical harmonics of order n defined on the unit circle Q C R? by

YY) =1, Y(9) :=cosf, Y!(y):=sinf, ¢ = (cosh,sind)ec Q. (567)
We now recall a result from [22] needed for the proof.
Lemma 5.2. If { is given by and with B> 0 andn =75 =0 or
n=1andj=0 orl, then F{ € L>(R?). Further in the case that we replace k

by k + ie in the definition of ¢ to get a new function {. say, then the result still

holds and moreover || Fl — Flc| peomz) — 0 as € = 0.

With these preliminaries in place, we now prove a lemma on the mapping
properties of A;. Together, lemmas [5.1] and [5.3] provide a proof of Theorem

Lemma 5.3. A; is a bounded operator on L*(T).

Proof. From the decompositions ((5.34]) and (5.38]) it follows that the kernel a; of

Ay can be written, in both the cases A =S and A = K, in the form
ar(z,y) = 1"(2,9) + (2, 9), (5.68)

where [* is a sum of terms each of the form (5.63)), with m;, my € BC(R?) and ¢
given by ((5.65)) and (5.66)) with 5 = 1, and with n = 0 or 1. Further, {* can be

chosen so that [ satisfies the bound, for some constant C' > 0,
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where £(7) := (1+17])~%, so that £ € L'(R?). In detail, in the case A = S we see
from ([5.34)) that an appropriate choice is to take

Cikf(®)f(g) eM

"(z,y) = 5.70
while, in the case A = K we see from ([5.38)) that we can take
o E2f(2)f (5 F—g ekledl ikf(Z)vs(y)  ekla—dl
l($’y):_My(y).~ d - (@)vs(y) —
27 |z —g|1+ |z — 9| 27 14|z — g
(5.71)

It follows from (5.64) and Lemma [5.2applied to the integral operator with kernel
I*, and ((5.55)) applied to the integral operator with kernel [, that A; is a bounded
operator on L?(T). O

At this point we introduce some notation that will help us to emphasize the
underlying surface on which the operators S and K given by (5.9) and ({5.20)
respectively are defined: We will write S and K as S; and K respectively if the

integrals in (5.9)) and (5.20)) are defined over the surface I' given by (5.11)).

Remark 5.3. Ezamining the proofs of lemmas[5.3 and[5.1] and also the proof of
theorem we see that the norms of the operators S and K depend, in terms of
the underlying surface I", only on the constants L and L' and also on the maximum
height of the Lipschitz function. This means that, given constants 0 < Cy < Cy,

the operators Sy, and Kj, are uniformly bounded on L*(T) for all h € B where
B(C1,Cy) :={f:R* = R:C, < f<Cy and f is Lipschitz with constant L }.

We will make use of this fact in lemma[5.7 below.

5.5 Properties of the layer-potentials

As part of the proof of Theorem [5.7] we need to show that our modified single- and
double-layer potentials u; and usy, over the unbounded surface I', satisfy certain
properties that we wish our solution to have. We begin with the following lemma.
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Theorem 5.8. Let u; and uy denote the single- and double-layer potentials with
density ¢ € L*(T'), defined by and , respectively. It holds that:
(i) Forn =1,2, u, € C*(D) and Au, + k*u,, =0 in D;
(ii) Given constants Cy > Cy > 0 and € > 0, there exists a constant C. > 0
such that
un(@)] < Cellélliagy, m=1,2, (5.72)

for all x € D with |z3 — f(x1,29)| > €, all ¢ € L*(T), and all f € B(Cy,Cy).

(iii) For uy and us we have the non-tangential jump relations:

ntlmun() = [ G.)é) dsty), €T .13
and
H.t.ii_r}IiUQ<y> :PV/F%QS@) ds(y) + %qﬁ(m), rel, (5.74)

Proof. To prove (ii), we recall that G(z,y) satisfies the bound and point
out that, by interior elliptic regularity estimates for solutions of the Helmholtz
equation (e.g. [20, Lemma 2.7]), it follows that V,G(z, y) satisfies the same bound
with a different constant C'. Precisely, if a(z,y) denotes the kernel of u; or us,

then for every € > 0 there exists C¢ > 0 such that

1+ x3)(1+ y3)

e (5.75)

ae,y)| < G

for all z,y € R® with x3,93 > 0 and |x — y| > e. Applying Cauchy-Schwarz, we

see that it holds that
()] < Cull + G (@) gz m=1.2,

for all z € D with |23 — f(x1,22)| > € and all f € B(C},Csy), where
ds(y)

L+ [z —y[?)?

[[(x)]2 = (1+5U3) /F(
dy
< (I4a)’ /RQ L+ 12 =g + (23 — f()*)*
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Thus, for some constant ¢ > 0 it holds, for all z € {y : y3 > 0} and all f €
B(Cy,Cy), that [I(2)]? < cL'F(x3) where

rdr (14 23) /°° s ds
0

F(zs) =1+ 2/ = :
(23) = ( 3) o (1+a22+12)2 x3 (232 + 1+ 52)2

Clearly F is bounded on [0, c0). Thus the first term satisfies the bound (5.72).

We now establish (i). This is clear when ¢ is compactly supported. The
general case follows from the density in L*(T") of the set of those elements that
are compactly supported, from the bound , and from the fact that limits
of uniformly convergent sequences of solutions of the Helmholtz equation satisfy
the Helmholtz equation (e.g. [20, Remark 2.8]).

To prove (iii), we make use of the following continuous cut-off function. Let
Xe : [0,00) — R be a continuous function with

0, t<1/2
Xe(t) := and  0<x.(t) <1, Vt>0. (5.76)

1, t>1.

Let u denote one of u; and ug, and let a denote the kernel of u so that a(x,y) :=
G(z,y) and a(z,y) := 0G(z,y)/0v(y) in the respective cases. We have, for
x € D, that

u(z) = / vellz — ya(z, »)é(y) ds(y) + / (1 xellz — )] alz. )éy) ds(y).

r
The first term has a continuous kernel that is bounded at infinity by the estimate
or , and, since ¢ € L?(T'), is continuous in {z : 3 > 0}. Thus there
is no problem in computing its value on I'. To deal with the second term suppose
initially we are in the single-layer case. The kernel splits into two parts; since the

term
eik‘x_y/‘

[1 _Xc(x _y)]‘x_y,|
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is continuous and has compact support it follows that

: )
piklz—y/|

/F 1= el = W) T o)ds(o)

is continuous in {x : x3 > 0}. We are thus left to deal with

_—
piklzm—y|

nt. lim [ [1— xo(a" —y)] o(y)ds(y).

at—or fp |z — 9

In the case that ¢ is a smooth function with compact support, so that it belongs
to L>°(I"), the dominated convergence theorem implies that

etklz" —y|

elk‘x_yl

o(y)ds(y).
(5.77)

n.t. lim [ [1—x.(z"—y)]
et Jr |z =y

b(y)ds(y) = / 1 xe(e—y)]

r \x—y\

The dominated convergence theorem is applicable due to the bound, that follows
from and the triangle inequality, that for x € I" and for all " € ©(x), and
all y € I' that

[z =yl < (a+ D" —yl. (5.78)
To prove for general ¢ € L?(T") it is sufficient, that the maximal operator
H*(x) == sup,ce, | H (y)| is bounded on L*(I), where H(z), z € R? is given by

eik"|z_y|

|z =y

H(z) = / 1 xelz — )] p()ds(y).

But this is straightforward; as is seen by using again the bound ([5.78]) so that

the kernel of H, h(z,y) say, satisfies that

h(z,y)| < [a+1]0z —7), zyel, z#y, (5.79)
where
_ g~ gl < 1,
0g) = (5.80)
0, [g]>1.

Since ¢ € L'(R?), we see from (5.55) that H* is a bounded operator on L*(T).
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For the double-layer case we see from ([5.36) that the kernel is composed of
parts that are continuous with compact support and other singular parts. We
need only examine the singular parts. In the first place, for the layer potential

with kernel

. etklz—yl
—[1 = xelz — y)]ikv(y) - (x — y) P—
a similar argument as above shows that
etklz"—y|

nt. im [ [1—x.(a" —y)]ikv(y) - (2" —y) o(y)ds(y) (5.81)

=T fp |z — 9|

etklz—yl
= [ = el = ikvly) - (o = ) rot)dsto) (5.52)
We now examine
n.t. mlgglm(lClqb) (™)
where
K "= " " g d
(K16)a) = [ 1= xlla” = 9Dleto) - (" = ) —zdsto)
Firstly, since
G4l Z 1 4 ik — ol 4+ (ik!x’;!— W, |
we have that
(K1) (") = (K2op)(z") + (K3)(z"), (5.83)
where
20" = [ 1=l =) (=R G

and
etklz"—yl _ 1
(a)a™) = [ 1= xalla” = o) - (0" =) e 00T () (559

Since the kernel of IC5 is bounded by C¢(Z — g), given by (5.80)), for some C' > 0,
it follows again, that n.t.limgn_,,(KC3¢)(z") = (K3¢)(x).
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We rewrite Koy as

(Ka0)(a") = (Ka) (") — (K) (0 (5.56)
where
o)) = [ v = B ) (5.57)
and where
Kso)a) = [ el = ohot) 2= Do)y (559)
R2 |z yl
That

lim Ky (z") = %gb(m) + PV/ wcb(y)dsw)

o role—yP
is just the statement of theorem[5.4] Whereas (K5¢) is continuous on {z : z3 > 0}.
The proof is complete.

]

We next establish that the solution we construct via the combined layer po-

tential satisfies the ‘0" boundedness condition.

Lemma 5.4. For x € D, let v(x) = us(x) — inuy (x) where uy and ug denote the
single- and double-layer potentials with density ¢ € L*(T') defined by and
5.19) respectively. Then for all T > f, the function v, € L*(T).

Proof. We first of all consider the global part of the layer potentials (c.f. the
proof of lemma . Fix T" > f,. For the single-layer potential, we define, for
pel*)T),x=(z,f(Z) €T and T >t > f(7),

p@t): = [ 16~ AG(E 0. 0)owisty).
r
Using the expansion (5.34)), we may write p(Z,t) as

ikeikli—i
W) =t [ 5T @0t + [ 1 = Do)is)
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where [ satisfies the bound, for some constant C' > 0 independent of ¢,

where £(7) := (1 + |§])"®, so that £ € L'(R?). It now follows as in the proof
of lemma that pf. € L*(T): (5.64) and Lemma applied to the integral

operator

1 gke®Edl
] g T T o).

and ([5.55)) applied to the integral operator with kernel [, show this to be true.
We argue in a similar vain for the global part of the double-layer potential.

We define, for ¢ € L*(T'), v = (7, f(Z)) €T and T >t > f(),

@0 = [la =) g as)

and then again, using the expansion ([5.38)) we rewrite this as

~ _ Lo, (T —9) i ~
) =t [ | TS
ikvg(y) ekl
5 1+Ii—ﬂl2] o(y)ds(y)

where [ satisfies ((5.89)) for some constant C' > 0 independent of ¢. Again, it now
follows as in the proof of lemma |5.3| that ¢} € L*(T).

We now turn our attention to the local part of the layer potentials (c.f. the
proof of lemma . For the single layer potential we wish to consider, for
pel*)T),x=(z,f(2) €T and T >t > f(7),

s(@.0) 1= [[1=x( = FG(E. ) 9)ds(w)
r
For z € T', making use of the inequality (5.21]), a simple application of the triangle
inequality shows that for any z € ©(z) and for all y € T
[z =yl <[a+1][z -yl (5.90)
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It follows, exactly as in the proof of lemma 5.1 that we have that for some

constant C' > 0,

where
] _17 y S 17
U(y) = el (5.92)
0, |gl>1

Since ¢ € L*(R?), we see from (5.55)) that s, € L?(T).
For the local part of the double layer operator, we define for ¢ € L*(T),
r=(Z,f(Z)) el and T >t > f(7),

w(@,t) = / 11— x(z — g 22N Y)

Making use of (5.36]), we see that

OGUE.Y) _ o ey €HE0

4r CORTE +r((Z,1),y),
where, the local part of r((Z,%),y), [1 — x(|z — g|)]r((Z,1),y) = m((Z,t),y) is

Pt

such that, for some constant C' > 0
r2((2,8),9)| < CUE —§), zy€el, z#y, (5.93)

where /£ is given by . Here again we have made use of the inequality . It
follows as above, that if Ry(Z, t) denotes the layer potential with kernel 75((Z, 1), y)
then Ry is bounded on L?*(T).

We now focus on the quantity m(Z, t), defined for ¢ € L3(T"), z = (%, f(2)) € T
and T'>t > f(%) by

~ _ ~ ~ eZk‘(j}vt)_y‘
m(z,t) = /[1 —x(z =gDlv(y) - ((2,8) —y) 77 ——moWds(y).  (5.94)
r |(@,t) =y
We proceed as in the proof of lemma [5.1] Firstly recall that
s~ ) B ke ~,t _ 2
ezk\(x,t)—y\ _ 1+zk|(a:,t)—y|+ (Z |(1} 23 yD 4
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Then if

m(Z,t) = mo(Z,t) + ms(Z,1), (5.95)
where
ma@t) = [t = i oas), G0
and where
otz = (107 = D) (@0~ ) o). 697

then since the kernel of mj is bounded by C¢(Z — ), for some C' > 0 and with ¢
given by (5.92), it follows again, that ms/. is bounded on L?*(T).

We rewrite moy as

ma(Z,t) = my(Z,t) — ms(Z,t) (5.98)
where
- [rly) - ((3,1) —y) .
mi(a.) = [ AL o)), (5.99)
and where
o - ) (@) —y)
ms(a.0) = [ (=) M owasw). G100

That my is in L*(T") follows from theorem [5.4| which states that in fact mj is in
L?(T"). Thus, to complete the proof we need to show that ms} is also in L*(T).
To emphasize its dependence on ¢ we write (ms¢)(Z, t) instead of just ms(Z, t).
We begin by noting that ms’., viewed as an operator acting on ¢, is bounded from
L2(T) into L=(T). We use the bound (5.90), and then, just as in the proof of
lemma [5.1| we see that for all x € I', a simple application of the Cauchy-Schwarz

inequality yields that

imstp(z)] < [a+ 12Cllo | L2y, (5.101)
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with C given by

1 3
alt =gl ( )

G = R2\Bl (@)

where

so that C is finite and bounded independently of Z, as one sees by changing the
last integral to polar coordinates and evaluating it.

Now, for each n = (ny,ns) € Z* we let A,, be the indicator function such that
if # € R? is such that n; < 21 < ny + 1 and such that ny < 25 < ny + 1 then
A,(Z) = 1 and which is 0 otherwise. Then, letting ¢, := ¢A,, for ¢ € L*(T') we

have that

b= on

nez?

Now, for € R? we let N'(Z) be the set of those n € Z? such that

dist(z, supp(¢,)) < 1

Note that N(Z) contains no more than 9 elements, and also, that

ms Z b | (Z,1) my Z Om | (Z,1).
Thus, for 7 € R, T >t > f(7),

(ms0)(2,t) = Z (ms¢,)(2,t) + | ms Z On | (E,1)

neN (&) ngN (&)

= Z <m5¢n) ]Jt my Z P (jvt)

neN (@) ngN (@)
= > (msn)(@.1) + (mad) (i, 1)
neN (%)
— Z <m4¢n>(£7t)'
neN (%)
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In what follows we use that for a; > 0,7 =1,...,n
(a1 4+ a)? < n(a? +--- +a?),
and that J; < L', and we define for m € Z?,

T(m) := {n € Z* : dist(suppA,,, suppA,,) < 1}.
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So

| s @) 52

2

<3 / sup | 3 (madn)(@0)| Jy(@)di + [marolZa

2 T=t>f() neN (&)

2

[ s |3 (mion)@0)| @

2T2t>1@) | pen (z)

2

=30 [ s |3 mson)(@ 0| Ty il
mez2 Y supp(ém) T>0>1(2) |, 7
2

+ /Supp(¢m) sup | > (magn)(E,t)| Jp(2)di

meZ? T2t>f(z) neN (z)

<3{9}" / L s [msa) @ ORI il
Supp(®m

meZ>2 neT (m) T>t>f(z)

9% /Supp(%) ST sup [(masa) (D2 (3)d

meZ? neT (m) T=t>f(2)

<349 Z [+ 1]'C*L Z [6nll72ry + [IMardll72(r)

meZ? n€eT(m)

+9Z Z Imardnll 22y
)

meZ2 neT(m

<3 {81[@ FCL Y (gl + I P16l

meZ?

+ 9> Y malPllnll e

meZ2 neT(m)
< 3[81[a + 1*C*L + [[miyrl|* + 8Lmr P 01122 ry-

The proof is complete. O

Remark 5.4. In the above proof we showed that for all T > f., there exists

130



C > 0 such that

[vrll2@y < Clloll L2y, (5.103)

whenever v(z) is given by
v(x) = us(x) — inuy(x) (5.104)

where uy and uy denote the single- and double-layer potentials with density ¢ €
LA(T), defined by (5.18) and (5.19), respectively . In fact if v is given by (5.10/
but with k replaced by k + ie for e € [0,1] in and (5.19), then, ezamining

the proof of lemma we see that the same bound holds with the same constant

C > 0. We’'ll make use of this fact in the next lemma.

We next show, by mimicking part of the proof of lemma 3.3 of [23], that
the solution we construct via the combined layer-potential satisfies the radiation
condition.

Lemma 5.5. Let v(z) be given by (5.104}) with ui(x) defined by and ug(x)
defined by . Then for all H > f., v satisfies the radiation condition
with Fy = v|r,, (and with k. replaced by k).

Proof. Fix H > f,. Let v(z) be given by (5.104]) and define, for = € Uy

1
o

uw) = 5 [ explilles— IV =@+ iin(©de, (5105

where ¥ := v|r,, w}{ denotes the Fourier transform of ¢ and where \/1627—52 =
ir/€2 — k2 for €| > k. Note that, since v}, € L*(T') for any T > f, by lemma ,
it follows that ¢y € L?*(T'y) so that its Fourier transform is well-defined. We’'ll
show that u = v in Uy.

We note first that v restricted to Up satisfies the boundary value problem of
[22] — that we wrote down toward the end of section 2 of this chapter — in the
case that we set I' = 'y, ¢ = ¥y, and define g, to be the restriction of v to I'y

when v is defined by ([5.104)) but with k replaced by k + ie in the definition of
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the Dirichlet Green’s function G. (Note that g. — g in L?(T'y) as € — 0 because
it is easy to show that g. — ¢ pointwise and then we can apply the dominated
convergence theorem, both g and g. being dominated by v/, for any 7' > H, and
with v/ being bounded by (5.103).) Indeed, that g € L*(I'y) follows from lemma
.4l Also g is continuous. In addition using the bounds

(1 +23)(1+ y3)
|z —yl?

|Gz, )|, IVyGla,y)| < C

that follow from (5.35)) and interior elliptic regularity estimates (c.f. the proof of
lemma (ii)), and noting that since H — f, := 3 > 0, |z — y| > §, for v € Uy
and y € I', a simple application of the Cauchy-Schwarz inequality shows that g
is bounded, and so belongs to the space X := L*(T') N BC(T) of [22]. Moreover
v € C*(Upy) N C(Uy), satisfies the Helmholtz equation in Uy and the Dirichlet
boundary condition. That vl satisfies the bound follows from lemma
M(ii). Finally one can show that the limiting absorption principle holds; by
applying the dominated convergence theorem for example, with v. being given
by but with k replaced by k + i€ in the definition of the Dirichlet Green’s
function G.

We next show that u also satisfies this same boundary value problem. That
u € C*(Uy)NC(Uy) satisfies the Helmholtz equation and the Dirichlet boundary
condition can be seen by harking back to lemma [2.1l To show that u satisfies
the bound it is sufficient to show that ¢ € L'(R2). For this we note that
Yy € C*(T'y) and that by interior elliptic regularity estimates for solutions of
the Helmholtz equation (e.g. [20, Lemma 2.7]) (c.f. the proof of lemma [5.8[(ii))

the second order partial derivatives of v decay at least as rapidly as |z|~2. Thus
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Yy € H?(Ty), so that, by the Cauchy-Schwarz inequality
2
{ / \wh(&ﬂdf} < [ ey [ in©PQ+ e
R2 R2 R2
= | [+ e lvatie,,

Finally it’s easy to show that u satisfies the limiting absorption principle with wu,

being defined by ((5.105) but with ¥y = ve|r,,.
It follows now by theorem [5.1] that u = v in Ug. O

5.6 Uniqueness and existence results

In this section we prove uniqueness and existence for our integral equation for-
mulation and for the boundary value problem.
We begin by proving uniqueness of solution for the boundary value problem.

Lemma 5.6. The Boundary Value problem has at most one solution.

Proof. Let v satisfy the boundary value problem and let f : R? — R denote
the Lipschitz function with Lipschitz constant L that defines I' (see (5.11])). By
lemma, there exists a sequence of functions, f, : R? — R, such that each
fn is Lyapunov, such that each f, is Lipschitz with Lipschitz constant L, such
that the f, converge to f in the norm || - || o (r2), such that f, > f 4+ ¢, for some
€, > 0, and such that the f, are decreasing. Let T, := {(Z, f.(%)) : # € R?} and
let D, = {(&,23) : T € R*, 23 > f,(Z)} C D. Let v, := v|r,, so that v,, € L*(T,)

because

[ 1o h@) PV TF RGP < 1 [ i, @) T+ IV F@Pds

for any T' > f,,. Note that v, is also continuous and (c.f. the proof of lemma
is bounded. Since I', is a Lyapunov curve, it follows by theorem [5.2] that there
exists ¢, € L*(T",,) N BC(T,,) such that

¢n = (I + Ky, —inSy,) " on.
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Now, for x € D,, let

IG(z,y)
Iy ov(y)

Note that by theorem 5.5 of [22] u € C*(D,,) N C(D,)),

u(z) = @@de—mZ:mam@@maw

Au+k*u=0, inD,

and that u|r, = v,. Further, by lemma u satisfies the radiation condition
for H > || fo|l 1 (@) and by lemma 5.4 v}, € LA(T,) for all T > || fo| 1 w2).
We now show that v = v in D,,. To do this we’ll show that in D,,, w := u — v
satisfies the boundary value problem of chapter 2 in the case that g = 0 and £ is
constant; theorem [2.3| will then imply that w = 0 in D,,.

It’s clear that w € C%*(D,) N C(D,) satisfies the homogeneous Helmholtz
equation in D,,, that w = 0 on I',, and also that w satisfies the radiation condition
for H > || fo|| oo (m2). Moreover for T' > H > || f,|| Lo (r2) and where Sy, =

D, \Uy we have that

/ lv(2)|?dr = / / v(Z, z3)|Pdrsdi
SHn R2 fn

< | (H— fa@)0p(@))dE < (H = f) ).

R2
Thus v € L*(Sg,) for all H > || fu| p=(r2), and a similar calculation shows that
the same is true of u; thus it’s also true of w. We now show that since w = 0 on
I, it follows that w is in the space Vj, as defined in chapter 2.

We first of all observe that w € C'(D,) by adapting the proof of theorem
3.27. of [32]. We fix an arbitrary point z of the boundary I',,, and we let 2 C D,
be a small neighbourhood of the boundary about x such that it’s boundary, 02,
is smooth and coincides with I'), in such a way that x is an interior point of 0f2.

We now solve the problem find w* :  — C such that w* € C?(2)
Aw* 4+ E*w* =0, in Q,
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and such that w* = w on 02 by letting w* take the form

ey [ 0%(x,y) .
wie)= [ o). aen

where ¢ = (I+Kpg) 'w, where Kp is given by and where I+ K is invertible
as a map on C(09) because 0f) is smooth. Provided we choose {2 small enough
then it follows by the uniqueness lemma, lemma 3.26. of [32], for solutions of the
Helmholtz equation in domains with small diameter that w = w* in €. Further
we note that the boundary data w of the above problem can be decomposed as
the sum w = w; + wy where wy is smooth, where w; = w in a compact subset
of I';, N 0N that contains x and where w; vanishes outside a yet larger compact

subset of I',, N 9N containing x. If we then set
o1 = (I + Kg)'wy

and

¢ = (I + Kp) 'ws
then it follows by theorem 2.30 of [32] that ¢; € C*(9Q) for a € (0,1) and
that ¢ is zero in a compact neighbourhood of x. These facts are then enough to
conclude, with the help of theorem 2.23. of [32], that w € C1(Q).

We now show that w € H'(Sy,) for H > ||fullrom®z). For R > 0 we let
0r € C*(R?) be such that: 0r(z) = 1 if & € Bg(0), 0r(z) = 0if & ¢ Br.1(0)
and such that 0 < 0 < 1. We let @ € C*°(R) be such that for z3 € R, a(z3) = 1,
if x3 < H such that a(x3) = 0if x3 > H + 1 and such that 0 < o < 1. We also
choose 0p and « so that |VOga| < C, for some C' > 0 independent of R. We

then apply Green’s theorem to the functions w,frow € C'(D,,) to get that
/ OrawAw + V(Ogaw) - Vw dz = 0,
D \Uk+1

so that

/ —Orak?®|w]?* + Opa|Vw|* + WV (0ra) - Vw dx = 0.
D

n\UH+1
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Hence

/ Ora|Vw|? d < / Orak?|w|? dx +/ |w||Vw|Cdz,
Dn\Un 41 Dn\Up 41 Dn\Un 41

so that

V 2
/ Ora|Vw|? doz — / Vul dx
Dp\Up+1 D \Un +1 2

02
< / {«93(1/@2 + —} lw|? da.
Dn\Upn 11 2

Now let R — oo. Using the monotone convergence theorem we get that

1 2 2, C° 2
= |Vw|*dz < E* + — | |w|*dx.
2 Jpu\Um Da\Urr 11 2

Thus w € H'(Sy,) and since w = 0 on T',,, we see that w € Vy, .

Having shown that w is a solution of the boundary value problem of chapter
2 in the case that ¢ = 0 and k£ = 0 we conclude that w = 0, i.e. v = v in D,,.
Thus for x € D,, we have obtained the representation

o) = [ o ists) —in [ Glo.y)onn)ista).

Now fix x € D. There exists N € N such that for all n > N the above represen-
tation is valid and also |x3 — f,(%)| > ¢, for some € > 0. Thus applying theorem

[5.8(ii) and then theorem [5.2] we have that
[0(@)] < Cellgnllrac,y < Cell(T + Ky, —nSp,) ™ Mlvallza,) < CeBllvallzar,).

Since v, — 0 pointwise for almost all # € R? as n — oo and |v,(%, f,(Z))] <
[0 (Z, f(2))| for & € R* and T > || fn|porz) with v; € L*(I'), we use the
dominated convergence theorem to deduce that ||vy||z2r,) — 0 as n — oco. Thus
v(x) =0 for all x € D. O

Next we turn to establishing existence of solution. We will need the follow-
ing lemma whose proof is fairly routine but lengthy. To facilitate the proof we
introduce, for a given bounded Lipschitz function f, the isomorphism

Iy LAT) = LAR?),  (I;0)(7) = o((, f(9))), §€R™
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We then associate S; with the element §f =7 fofjil of the set of bounded

linear operators on L*(R?). Denoting the kernel of S; by s; we see that, where
x=(Z, f(Z)) and y = (7, f(7)), it holds that

s¢(2,9) = G(, )5 ().

An analogous statement is true of Kf = Ifolf_l.

Lemma 5.7. Let f : R? — R be a bounded Lipschitz function with Lipschitz
constant L and for n € N let f, : R> — R be a sequence of smooth Lipschitz
functions also with Lipschitz constant L, such that f, — f in L=(R?) and such
that Vzf, — Vaf in LP(K) for compact K C R?, with 1 < p < oo. Let
U, = {(Z, fu(Z)) : T € R?*}. Then for all ¢ € L*(R?)
i)

lim [ Ap, ¢ — Asollr2ge) = 0, (5.106)

and i)
IAF bl Loy = Jim 1A, 17 0l o).

Proof. To prove i) we first of all remark that, since the operators A f, and A ¢ are
uniformly bounded by a constant C' say, see remark it holds for ¢, € C5°(R?)
that

1A, 0 — Ardllizmey < [[(Af, — Ap)dnllzme) + |(Ag, — Ap) (6 — on) |l r2gre)

(s, = Ap)dullraee) + 2C16 = Prllzae).

This calculation shows that we need only establish in the case that ¢ is
a smooth function with compact support.

Similarly to how we proceeded when proving Theorem we decompose the
operator flf — flfn into a global and a local part, i.e. /le — flfn = A; + Ay with
Ay, Ay defined similarly to and except that here we will employ a
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smooth cut of function, x. : [0,00) — R defined by

0, t<1/2
Xe(t) == and  0<x.(t) <1, VE>0. (5.107)

1, t>1.

The global operator. The kernel of the global operator A; is given by

ar(7,9) = Xe(|T = 9)[as(Z,9) — ay, (2, 7)]. (5.108)

We look at the double-layer case only, the single-layer case is simpler. We let
xy = (T, f(2)), xs, = (T, fn(T)) and write v as vy or vy, to indicate its dependence

on f or f, respectively. We need to examine the integral operator with kernel

Xe(lZ = g) {vs (@) - VG (g, y5) 1 (0) = v (9) - VoG g y5,) T1, (9) )

= XellZ = 9w (9) = v, (9)) - Vy Gy, y7) T1(9)

X1 = 9wy (9) - [Vy Gy, yp) = VoG, v7.)] T (9)

X7 = 9D (9) - VoG gy )5 (9) = T, (9)]- (5.109)
To deal with the first term of (5.109) we note that from (5.38)) there exists C' > 0

such that

Xe(1Z = gDIVyGlas,yp)l < Cla — g

use that

) H of _ ol
L\(R?) dy; Oy

for Z,7 € R? and then we use (5.54) with s = 2, p = 2 and r = 1, and then finally
1750l 2r2),

af  If, n)
- Jro
H (83/2' Ay L2(suppg)

for i = 1,2. The third term of (5.109) is dealt with in a similar manner.

To bound the integral operator whose kernel is the second term of ((5.109)), we

construct, for every n € (0,1), a function £, € L*(R?) such that

Xe(@ = DIVyGlpyp) = ViyGlag,yp)ll < 6(E—§), TR (5.110)
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whenever ||f — f,||Le(r2) is sufficiently small, and such that ||¢,||r2@2) — 0 as
n — 0, and then we use the estimate (5.54)) with s =2, p=2and r = 1.

The construction of ¢, is as follows: we set
7 1/2 <yl <n,

0y(y) = 0 1] < 1/2,

2C |2 otherwise.

Clearly this satisfies that ||, || 2@2) — 0 as n — 0. Since, for every n € (0,1),
\V,G(xr,yr) — VyG(zy,,yr,)] = 0as || f — full L2y = 0, and uniformly so in Z
and g for 1/2 < |7 — g| < n~!, the bound ([5.110]) holds.

The local operator. The kernel of the local operator A, is given by

as(2,9) = (1= Xe(|Z = 9)las(7,9) — ay, (2, 9)]. (5.111)

In the single-layer case we see that

s zk|:z:f Yy zk’|:cfn Yl R
w(@g) = [1- basta

’xf vyl s —ys)

i {f

- -l -l T @) - )
1
4—{

|:Ef7L - yf’lL

zk|zf yf zk|zfn yfn|
J1(9)
vy — yf |5Efn - yfn)

zk|;vfn v

A } (5. (9) = J5(@)]. (5.112)

T ) W{

For the integral operator whose kernel is given by the first (and similarly third)
term of (5.112)) we construct for every n € (0,1) a function [, € L'(R?) such that
etklzr=yrl  gikle g, =Yg,

lzr —ysl g, —y5)

1=l — - { byt < -9,

(5.113)

whenever ||f — f,||L~®2) is sufficiently small and such that ||/,[[z1r2) — 0 as

n — 0, and then we use the estimate (5.55)).
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We define [,, by
0 1<y,
() == n n<lg <1,
2L'/|y| otherwise.
Clearly this satisfies that ||, ||;1r2) — 0 as n — 0. Since, for every n € (0, 1),
etklzr—ysl  gikle s, =y,

— — 0
lzr —yel  zg, —ygl

as ||f — fallze®2) — 0, and uniformly so in & and ¢ for n < |2 — 7| < 1, the

bound ([5.113)) holds.

For the integral operators whose kernels are the second and fourth terms of

(5.112]) we again review them as integral operators with kernels

-l - g {

4 | |zg, — Yy,
1= el — gy § (5.114)
F = yo(|F—gl)— 5.114
A | |zy, — v} |

acting on the function [Jy, (¥) — J¢(9)]¢(y). We then make use of (5.55) and the
inequality

115, — Jrléllc2@ey < (1T, — Tl Lasuppe) | Al L m2)-

We finally examine the local part of the double-layer operator. For z,y € R3,

x # y we define
(x — y)e*ie

T(x)y) = vyG(‘I? y) - ’x o y’3

Y

and note that T'(z,y) is uniformly continuous in = and y provided |z — y| > ¢,
for some € > 0, and also that |T'(xs,ys)| < Clz — g|™', for some C' > 0 and
7,9 € R% T # g, (this can be seen from ((5.36]) for example). We need to examine
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the integral operator with kernel

L= xel|Z = gDIH{ve(@) - VyG(@p,y5) 1 (§) — vr, (§) - VoG (2g,, Y1) 1 (9)}
=[1 = xel|Z = gDI{ve(@) - T(@p,yp) I (@) — v (9) - T, y5,) J1. () }

T — 6ik|2f yrl
H1 = = D] {or) - I )

o (xy, — oy, )eF®mm] 3
—vp, () - L ‘xff_yf g J5. (@) ¢ - (5.115)

We rewrite the first term on the right hand side of ([5.115)) as

(L= xe(|1Z = gD (s (@) — vs,(9) - T, y5) J4(9)
+v1, (§) - [T (g yr) — T2y, Y717 (9)

+v1, () - T(@ g, y7,) (T (§) — 1. (9)) } - (5.116)

To handle the terms in ([5.116)) we argue similarly to how we did in the single-
layer case above, noting that we may once again construct an analogous function
¢, € L'(R?) for € (0,1) by exploiting the properties of 7" described above.

Finally, from (5.115)), we need to look at the integral operator

_ Ay ve(9) - (zy — yy) oikle =yl o\ g~
e /RQ\B,“ xell? = 3D) = o)1 (5)di

e L
R? 5 = yrl?

= [ el - gy I s~ 1yo04) 1,5

[z = yyl?
vi(@) (g )
PV, Jr(g)d
+ O/RQ\Bm P— ¢(y)Jr(9)dy
_ (@) - (xp — yy) T Vde
JRECE CETCL
= [ el - gy ) e 1)), ()
R?2 = Yol
B v (9) - (@4, — Y. i
| ) o)1
an(y) (%5 — Ys.) "
+ [ xula DY) (4) 1, )
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For the integral operator

= et — gy LI ik 1yo).5)d5

oy =y
= [ = el gy e ) el 1)) 1, ()
. o7,y

we use the expansion

(iklz — y|)*

vl = 1 4+ ik|z — y| + 21

+...,

and then deal with this integral operator similarly to how we dealt with the
single-layer local operator.

For the integral operator given by

[ et = a2 o),y
R2 [z — yyl

- [ el - g™ @) @5 = Y0) g 1. (),
R2 |=’Ufn yfn|

we notice that both of the kernels are bounded by

) = i)

and that since ¢(g) € L*(R?), the integral operator with kernel ¢(Z, §) is bounded,
by Young’s inequality (5.54), from L?(R?) to L'(R?). We then make similar ar-
guments to those we made in the double-layer global case.

We turn to looking at

vi() - (x5 —yy) .
PV, / ! o(y)J(9)dy
—0 R\B. (3) ‘xf - yf,g ) f( )

an(ﬂ) : (inn — yfn) o
/Rz lzp, — g P o(y)Jr. (9)dy.

But, as usual we need only consider

vi(y) - (vp — yy) .
PV, / ! o(y) . (9)d
—0 R2\B. (3) ‘xf _ yf|3 ( ) f ( ) Y

Vi) (T = Yg) oy 5 oo
/Rz 25, — yp P o(y) Iy, (9)dy.
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Now since ¢(y)Jy, (§) € C5°(R?), we apply theorem [5.3| to get that

PVE_>0/ Vf(g) ' (xf - yf)gzﬁ(y)an(gj)dQ
R2\ B¢(Z)

vy —yyl?
S SR AU ELET AP
R? 1z — 7|2 |z — |

where \ is given by .
Thus we need to examine, for i = 1,2, and where z; denotes the unit vector
in the ith direction,
Li — Yi ~ r)— n\T)— Jn ~
L =i amtemm p(B5=52) -+ (BG=)|
= [ 007 055

We split this up into a local and global part and first of all examine

V(@)= [ (1= xullE = 9D)0(E. 5. f. 0,5
R
Noting that A is a uniformly continuous function we can construct for every
n € (0,1) a function [, € L'(R?) such that

(=l - ) P |y (HZL0) (M)H < 1(F - )

|z — g 1z — g 1z — g

whenever || f — f,||L2(2) is sufficiently small and such that ||[,||;1g2) — 0 as

n — 0. The construction of [, is as follows

7 n<lgl <1,
Cy(7) = q 2 My /1al 131 <,
0 otherwise.

Thus for the integral operator V' we have from ((5.54)) that

IV IL2m2)y < [y (m2)

0
‘8% (¢J1,)

L2(suppg)
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We next look at

W)= [ xelld = )00 5. f. o 73,)d5

Once again, we construct for every n € (0,1) a function [, € L*(R?) such that
~ ~ i'z_gz fj_fg fnf_fng ~ ~
Xe(|T — yl)g [A (M) — A <M < 1 (3 — 7)
|z — g ] | — g
whenever ||f — fu|| 122 is sufficiently small and such that ||/, || s®2) — 0 as

n — 0. The construction of [, is as follows:

7 1/2 <lgl <n7,
G(8) =9 2| oo rey /9] nt < |yl,
0 otherwise.

Thus for the integral operator W we have from ([5.54)) that

‘ 0

o, (9J4,)

HWHL2(R2) < “ln||L3(R2) )
LS/7 (suppg)

ii)We fix € > 0 and then fix ¢ € C§°(R?) such that

||Af¢ — 77D||L2(R2) < €.
Then for n € N we have that
1A Glleey = 1A/ il ame)
< 1(Ard — Ap, &)/ Tt lli2me) + 1| A, 00/ Ty, | 12r2)
Az 01V 1, — VIl 2@

<VLN(Ar¢ = Apd)lr2@e) + 1AL 7 B2,

+HI(An e = OV T = VI @) + 10N T = VIl @)
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Thus provided n is chosen large enough we use part i) to get that

IA I Gllraey < VIDe+ AT bl
+2VL | Af, ¢ — Yll2@) + 19l IV Tr, = VIl Lasups)
<VILe+ [P el T
+2V L App = Pl 2@z + 2V | Agd — Apdll 2z
+el[¢]| 2are)

<VIDe+ A I 0l 2w,y + 2V e+ 2V D e + €| ¥ pae).
From the arbitrariness of € > 0 we now conclude that
IAFI; @l 2y < lim 1A, 17 ol 2r,)-

The reverse inequality is proved analogously. The proof is complete.

We are now in a position to prove theorem on the invertibility of A.

Proof. We choose by lemma a sequence of Lipschitz functions f,, € C*(R?),
n € N, such that each f, has Lipschitz constant L, such that each f, is Lyapunov,
such that || f, — f||z®2) — 0 and such that V;f, — Vzf in LP(K) for compact
K C R?, with 1 < p < oco. For brevity we denote by A, the integral operator
Ay, and by A the integral operator Ay.

By lemma [5.7| we know that for ¢ € L?(R?)

AT ¢l 2y = Jim 1AW 9l 2,
Since by theorem we have that for all n € N
1A Nl 2w,y > BTG ¢l 2,y
it follows that for all ¢ € L?(R?),
IAT Ol 2y > BT |2y (5.117)
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This shows that A is bounded below. We now establish that the adjoint of A, A’
is also bounded below. Together, the two bounds along with theorem ensure
the invertibility of A, whilst the bound follows from ([5.117)).

Fix ¢ € L*(R?). We know that by theorem [5.2| each of the A, is invertible on

L3(T',,) and moreover that
1AL Gl 2oy < 1A T 02,y < BIIF dllraw,) < BVL |9 r2ee).

This shows that that sequence A;'¢ is bounded in L*(R?). Identifying L?(R?)
with it’s dual, which we may do by the Riesz representation theorem, we see that
by the Banach-Alaoglu theorem ([64] theorem 2.52), we may extract a w*-limit

t € L*(R?) from this sequence. Thus we have that

lim (A716,9)s = (t,9)2, o € L*(R?),

n—o0

where

(u,v)s —/ uv dx,
R2
and where ||t z2&2) < C||¢||z2@2) where C' = BV'L. Now,

1AL Glley 2 [A Gl 2ey = sup  [(A'¢,v)e
{velvl <1}
> (A6, tC M6l 3ze))ol
= Ol 3 ge (@, At)a|
= O8Il 2 ey lim [(¢, Ant)a|
= O8]l 2 ey lim (A7, 1)
= O MI9ll 2 ey lim lim |(A0, A, ')
= C7¢ll e lim lim (A A6, 0)s
= C Y0l 2w

-1
> VI |17l
The proof is complete. O
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We conclude this chapter by proving our main result, theorem concerning
existence and uniqueness of solution to the boundary value problem.

proof of theorem[5.7. By lemmal5.6lwe know that the boundary value problem
has at most one solution. We construct a solution v to the boundary value
problem by supposing that for = € D, v(z) is given by with u (z) defined
by and usy(x) defined by and with the density ¢ such that

p=Ag

possible by theorem . We then see that by theorem v € C%*(D), satisfies
the Helmholtz equation in D, and also the non-tangential boundary condition on
I'. Further by lemmas and v satisfies the radiation condition for all
H > f, and satisfies that v}, € L*(T') for all T > f,.
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Appendix A

Trace results

Lemma A.1. Let D be an (L, p, N) Lipschitz domain, and let Sir = D\Uy for
H> fi+p. Forue HY(Sy),

1
el < 4 (14 )l

and, the map v* : D(Sy) — L*(T') such that ~v*u is u restricted to T, for u €

D(Sg), extends to a bounded linear operator v* : H(Sg) — L*(T) with
. 1

Proof. For u € D(Sy), define, for =, € [H — p, H], w(&, z,) = (Ful(-,z,))(£).
Let S = R x [H — p,H], and let ¢ : S — R, be such that ¢(¢, z,) =
[(zn, — H) + p]/p. We have

G a 0
e 1P = [ S olite.an)Pdn, = 2Re [ GAE @5 (06 ) dr

H—p O, H—p Oy,
+ / W€, x,)|Pde,.
L 0l
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Thus,
ey = [ VRl B de
X J .
< 2 [ VEFRIal ) |iten)
S

n

T / VR (€, 20 deda,
s p

1/2
< 2{/SI£2+7€2|\fb(é,fcn)Pdédwn} {/S

n {# / |§2+k2||a<£7xn>|2d§dxn}.

Now, by Parseval’s theorem,

d¢ dz,,

2

3xnﬁ(£’ Tn)

9 1/2
dé dq:n}

/ € |a(e,x,)? dé dr,, = / F(Va () (- 20))(€)? de da
S S
= /|V56u(m)|2 dx.
S

Applying Parseval’s theorem again, and using 2ab < a* + b2, for a,b > 0,

ullbrer, < 2{/@{k2’u(x)|2+’vju(x)‘2} dx}é {/S 2 dx}lm

+ {ﬁ/gkﬂu(w)ﬁ%—|Vgu(:c)|2dx}

< ! 2

The first result now follows because of the density of D(Sg) in H'(Sg).

0
o)

For the second part, note that Sy is an (L,pu, N + 1) Lipschitz domain; let
Swj be the €Q; of definition . Define U; :={y € I' : B,(y) C O;, and B,(y) €
0, if j <1} C O;. Note that I is the disjoint union of the {U; };c;, and that, by

definition,

/F‘U(S)Fds = g/U lu(s)|*ds.

Fix j € J. Rotate Sy; into the epigraph, of a Lipschitz function f;, and let e,

denote the vertical unit vector, after this rotation. Fory € U;, y+te, € O;NSy =
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O; N Sgj, provided 0 <t < p. Let S := {(§,yn +ten) 1y € U;,0 <t < p}.
Denote by ¢ : S — R, the function such that ¢(7,y, + te,) == 1 — t/u, for
(7, yn + te,) € S. Note that, after a suitable change of coordinates, and where
K = {2 € suppf;|(2, f;(%)) € U;} SR,

[ wotas = [ 1ute @1 9@

Then

/ Klu(@, f;(2)2\/1+ [V f;(7)[2di
K

_ /K~/1+1ij(:z)|2/t: kain(mu(f:,fj(f)+ten)\2>dxnd;z

< m{/s%lu(xﬂ’agx(f) dx+/sg|u(x)\2dx}.

Use of the Cauchy-Schwarz inequality and 2ab < a® + b%, a,b > 0, gives

2

/k\u(s)PdS < Vit /k’2|u(a:)|2dx—|—/ Qulz) " 4,
U; s s| Oz,
1
+ Lk Sk2|u(x)|2dx} (A.1)
1
= V1+12 <1+E) ||u||§{1(oijH), (A.2)

since S C O; N Sy. Repeat this argument for all j € J. Note that property (iii)

of definition [3.1] implies that

D lullfro,ns,) < Nllullins,)-
jEJ

Then summing inequality (A.2)) over finite j and letting j — oo, implies
1
/k|u(s)|2ds < NvV1+ L2 (1 + E) ||u||§{1(5H).
r

The density of D(Sy) in H'(Sg) gives the bound in the general case. O

150



Lemma A.2. Let f : R ! — R be a bounded Lipschitz function with Lipschitz
constant L and let C := {(Z,z,)|x, € [f(Z) — €, f(Z) + €]}. Then for w € H(C)
it holds that

e/ lw*ds < V1 + L2 {52
r

2
+ Hszﬁ(C)}-
L2(C)

Proof. For w € D(C) = {v|c:v € CP(R™)} and z,, > f(Z)

ox,,

o ™ ow(T, yn -
waf@) == [Py, 4 i),
f(@) Yn
Thus
o Jw (T y 2
~ < n ~ 2
”LU(.Q?, ( = {‘/f ayn Yn —|—|lU(ZL‘,.Tn)| }
. A ow(xT, Y, 2 N
§2{[$n_f(x)]/ % dyn+|’LU(.T,.Tn)’2},
7 (@) Yn
so that

f(Z)+e
[ e e T g

\/7{ [
/Rnl/ xxn\dxnda:}

and finally so that
2
+ ||w||%2(c+)} ;

ow(z yn

3yn dynda:ndi”

an

L2(Cy)

/ lwl?ds < 2V1 + L2 {

where Cy = {(Z, x,)|x, € [f(Z), f(Z) + €]}
By arguing identically in the region below ', C_ := {(Z,z,)|z, € [f(Z) —
¢, f(Z)]}, one obtains the necessary bound, for all w € D(C): Since this space is

dense in H*(C) the result holds for all w in this space. O
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