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Summary

The Laplace-Beltrami operator on a sphere with a cut arises when considering
the problem of wave scattering by a quarter-plane. Recent methods developed
for sound-soft (Dirichlet) and sound-hard (Neumann) quarter-planes rely on an a
priori knowledge of the spectrum of the Laplace-Beltrami operator. In this paper
we consider this spectral problem for more general boundary conditions, including
Dirichlet, Neumann, real and complex impedance, where the value of the impedance
varies like /7, r being the distance from the vertex of the quarter-plane and a being
constant, and any combination of these. We analyse the corresponding eigenvalues
of the Laplace-Beltrami operator, both theoretically and numerically. We show
in particular that when the operator stops being self-adjoint, its eigenvalues are
complex and are contained within a sector of the complex plane, for which we provide
analytical bounds. Moreover, for impedance of small enough modulus ||, the complex
eigenvalues approach the real eigenvalues of the Neumann case.

1. Introduction

Scattering (or diffraction) problems involve studying the field resulting from a wave incident
upon an obstacle. This can for example be an acoustic or an electromagnetic wave. In
general, these are complicated time-dependent problems, but often a hypothesis of time
harmonicity can be made, i.e the time dependency is simply a factor e**, where Q is the
frequency of the incident wave, and the wave equation reduces to the Helmholtz equation.
A class of scattering problems, the canonical scattering problems, is particularly important.
It derives from studying scattering by simple obstacles with particular characteristics such
as sharp edges or corners, often of infinite size. Although “simple”, these geometries can be
used to evaluate the scattered field from more complicated geometries with high frequency
incident waves. The understanding of such canonical geometries represents the building
blocks for Keller’'s Geometrical Theory of Diffraction (GTD) (1). There is a long history
of mathematicians working on such canonical problems; one of the first was Sommerfeld,
leading to his famous solution to the half-plane problem (2) and to the creation of the
field of Mathematical Theory of Diffraction. Since then, some very ingenious mathematical
methods have been developed to tackle such problems, the most famous being the Wiener-
Hopf (3) and the Sommerfeld-Malyuzhinets (4) techniques. However, despite tremendous
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efforts in this field, some canonical problems remain open, in the sense that they have no
clear analytical solution or rapidly convergent fast hybrid numerical-analytical scheme. In
particular, this is the case for the canonical problem of scattering by a quarter-plane (see
Figure 2.1).

In the last 50 years, the quarter-plane problem has attracted a lot of attention, and
different approaches have been used. By considering the quarter-plane as a degenerated
elliptic cone, the field can be expressed as a spherical-wave multipole series ((5), (6), (7)),
but these series are poorly convergent in the far-field. A review of this approach and
attempts to accelerate the series convergence are described in (8). Another approach ((9),
(10)), elegantly based on the Wiener-Hopf technique in two complex variables, has been
used, however it led to a solution that has proved to be erroneous ((11), (12)). It is also
worth mentioning an unusual and interesting approach in (13), where diffraction theory
and statistical analysis are used in order to obtain the corner diffraction coefficient for a
restricted set of incidence and observation direction.

A different way of considering this problem (in fact the more general problem of arbitrarily
shaped cones), based on the use of spherical Green’s functions has been introduced in ((14),
(15)) and led to an integral formula for the spherical diffraction coefficient. However,
this solution is not valid for all incidence-observation directions and requires a numerical
treatment and some regularisation of Abel-Poisson type in order to be evaluated (16).
Building on this type of approach, a hybrid numerical-analytical method, which partially
solves the acoustic quarter-plane problem in the Dirichlet case has been introduced in (17)
and (18). The main advantage of this method compared to the one mentioned previously
is that in this case the formulae giving the diffraction coefficient, the Modified Smyshlyaev
Formulae (MSF) are “naturally convergent” in the sense that they do not require special
treatment to regularise or accelerate their convergence. The method is based on edge and
spherical edge Green’s functions and on the theory of embedding formulae, introduced
in (19) and further developed in (20) for example. This method has been extensively
described, adapted to the Neumann case and implemented in (21). The solution obtained,
though valid for all observer directions over a wide range of incidence directions, remain
partial in general, since for a range of incidence directions, there exists observation points
for which the MSF are not valid. However, the range of validity of the MSF is bigger than
that of any other method, going beyond the first singularity regions caused by the primary
edge diffracted waves. A reason behind the limits of the MSF validity is the existence of
secondary edge diffracted waves in the quarter-plane problem. In (22), a rigorous definition
of the notion of the diffraction coefficient for the quarter-plane problem was given and the
first analytical expression for these secondary edge waves generated during the diffraction
process was derived. More recently, the Sommerfeld-Malyuzhinets technique was applied to
the quarter-plane problem in the acoustic (23) and the electromagnetic (24) case, giving
the overall structure of the diffracted field and recovering the results of (22) regarding the
secondary diffracted waves.

The motivation of the present work is two-fold. On one hand, it has been shown for
example in (21) that the derivation and the numerical evaluation of the MSF relies strongly
on a detailed knowledge of the spectrum of the Laplace-Beltrami operator on the unit sphere
with a cut. On the other hand, it seems that most of the work regarding the quarter-plane
problem has been carried out for Dirichlet or Neumann boundary conditions and that more
general boundary conditions should now be considered. The case of constant impedance



LAPLACE-BELTRAMI & QUARTER-PLANE 3

conditions on the surface of the quarter-plane cannot be treated in a similar way as the more
usual Neumann and Dirichlet conditions. The reason behind this difference, is that the
usual approach relies on the fact that such problems are separable in spherical coordinates.
However, as shall be seen later, the problem of constant impedance on the face of the
quarter-plane is not separable anymore. Important work regarding constant impedance
for the diffraction by an arbitrary shaped cone has been carried out in (25, 26, 27), and
alternative formulations have been provided. However, the problem becomes separable if
one assumes that the value of the impedance depends on the radial variable r and can be
written as a/r for some constant . Therefore, it is reasonable to believe that in that case,
an embedding (or MSF) approach should work. Once separated, the problem reduces to
that of finding the eigenvalues of the Laplace-Beltrami operator on the unit sphere, with
constant impedance boundary imposed on a cut. Hence, in order to make progress in this
direction, it is first important to shed some light on the eigenvalues of the Laplace-Beltrami
operator with impedance conditions imposed on a cut. Impedance boundary conditions in
canonical scattering problems have led to some very interesting developments, such has the
Malyuzhinets technique in the case of the impedance wedge and impedance half-plane ((28),
(29)) or the Wiener-Hopf-Hilbert method for the impedance half-plane ((30)). There has
also been some work on the spectrum of the Laplace-Beltrami operator on a sphere with a
cut, such as (31), (32), (33), (34) and (21), but again, to the authors’ knowledge, solely
in the Dirichlet and Neumann cases.

In the present work, the Laplace-Beltrami eigenvalue problem on a sphere with a cut will
be approached both theoretically and numerically for a wide range of boundary conditions
including Dirichlet, Neumann, real and complex impedance, and any combination of these.
One of the most interesting features comes from the fact that a change in boundary
conditions can lead to a big theoretical change. Indeed, the Laplace-Beltrami operator with
Dirichlet or Neumann boundary condition is a self-adjoint operator, for which the spectral
theory is well understood and developed (see e.g. (35)), while for complex impedance
boundary conditions this ceases to be the case and the operator becomes non-self-adjoint,
resulting in a rich behaviour of the eigenvalues and necessitating a different theoretical
approach (see e.g. (36) and (37)).

The rest of this paper is structured as follows. The problem is presented in Section 2. To
this end, the problem of scattering by a quarter-plane is formulated in Subsection 2.1 and
its link with the Laplace-Beltrami operator eigenvalue problem is explained in Subsection
2.2. In Subsection 2.3, we provide a short description of the impedance boundary conditions
and their implementation.

In Section 3, we focus our attention on a set of boundary conditions, said to be of type
I, corresponding to the Laplace-Beltrami operator being self-adjoint. In Subsection 3.1, we
briefly summarise the relevant theoretical results in spectral theory of self-adjoint differential
operators and, after having described important function sets in Subsection 3.2, we apply
them to the case of the Laplace-Beltrami operator in Subsection 3.3, showing that in this
case, as expected, there is an infinite set of real positive discrete eigenvalues. Moreover,
the relative position of the eigenvalues on the real line is investigated for different sets of
boundary conditions of type I.

In Section 4, we focus our attention on a set of boundary conditions, said to be of type
I1, corresponding to the Laplace-Beltrami operator being non-self-adjoint. The breakdown
of self-adjointness is explained in Subsection 4.1. The appropriate theoretical framework
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for non-self-adjoint operators is presented in Subsection 4.2 and applied to the Laplace-
Beltrami operator in Subsection 4.3, showing that in this case there is an infinite discrete
set of complex eigenvalues that are contained within a sector of the complex plane. In
Subsection 4.4, we show how to find an estimate of such sector.

Section 5 is dedicated to the numerical evaluation of the eigenvalues of the Laplace-
Beltrami operator. The numerical method used (surface finite elements) is briefly described
in Subsection 5.1 and the results are presented, starting with the self-adjoint case (boundary
conditions of type I) in Subsection 5.2 and following with the non-self-adjoint case (boundary
conditions of type IT) in Subsection 5.3. We show that in this case, the complex eigenvalues
are indeed contained within a sector of the complex plane, and that for small or large enough
impedance, we may recover the self-adjoint eigenvalues. An explanation as why this is true
on a theoretical level is provided in Appendix B.

2. Presentation of the problem
2.1 The quarter-plane problem

Throughout the paper we assume that the problem is harmonic in time with frequency
Q and a time dependency proportional to e~**. As illustrated in Figure 2.1, consider an
incident acoustic plane wave u;, on a quarter-plane P. Let us call P™ and P~ the upper and
lower surfaces of the plane sector respectively. The problem of scattering can be summarised
as follows. We can write u = uip + uge + Ure, where the four quantities u (total field), iy,
(incident field), uye (reflected field) and ug. (scattered field) satisfy the Helmholtz equation

Au+Kku = 0, (2.1)
and k is the wavenumber of the homogeneous media surrounding the quarter-plane.
Uin
Xg& Uin

Fig. 2.1: (Colour online) The scattering problem by a quarter-plane

In order for the problem to be well-posed, some conditions need to be satisfied.

e v should satisfy the edge conditions, that is the energy of the system should remain
bounded as we approach the edge. This can be expressed mathematically as u ~
const —&—O(p” %) near the edges, where p represents the distance to the edge. Physically,
this also means that no sources should be located at the edges.
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e v should satisfy the vertex condition, that is the energy of the system should remain
bounded as we approach the vertex. This can be expressed mathematically by Vu =
o(r=3/2) as r — 0, where 7 represents the distance to the vertex.

e The scattered field ug. should satisfy a radiation condition. In other word, it should
not exhibit any sources at infinity and us. should only consist of outgoing waves in the
far-field. This radiation condition is an extension of the original Sommerfeld radiation
condition (38), that is valid for infinite domains exhibiting edges or vertices. This
extension follows the work by Rellich (89) and later Levine (40), as well as some
uniqueness proof by Jones (41). For a comprehensive history of the evolution of the
radiation condition, see (42).

e Finally, and most importantly, u has to satisfy some boundary conditions on P* and
P~. These conditions can for example be the Dirichlet boundary conditions (u = 0),
the Neumann boundary conditions (n-Vu = 0, where n is a unit normal vector to P¥)

@
or varying Robin boundary conditions (n - Vu+ —u = 0, « being a specified constant).
r

Using the geometric theory of diffraction (22) or the Sommerfeld integrals (23), it has
been shown in the case of Dirichlet and Neumann boundary conditions that the far-field
behaviour of the scattered field could be written as

Usc + Ure = Usph + Uco1 + Uco2 + Uco12 + Uco22 + Ure, (22)

the subscript ¢pn refers to the spherical wave emanating from the vertex, the subscript ¢,
refers to the different (primary and secondary) conical waves emanating from the edges and
the subscript .. refers to the wave reflected by the illuminated surface of the quarter plane
as explained in details in (21) and (22).

The structure of the conical waves is well understood (at least in the case of Dirichlet or
Neumann boundary conditions), and some analytical expressions of their far-field structures
are given in (22) and (23). The spherical wave is less understood. In order to reduce the
problem, it is useful to introduce the diffraction coefficient f(w,wy), where w represents the
direction of observation and wqg the direction of incidence of u;,. The far-field behaviour of
Usph can be represented by

eik:r e

Usph (W, wo, T) = 27rﬁf(w,wo) +0 ((k?“)2

The evaluation of the diffraction coefficient f(w,wq) has been the subject of many studies.
A recent way of approaching the problem, leading to a partial resolution of the problem in
the case of Dirichlet (17) and Neumann (21), is to use the theory of embedding formulae to
obtain an integral expression of f(w,wp). A spherical version of the embedded formulae, the
so-called Modified Smyshlyaev formulae (MSF), are somehow easier to evaluate numerically,
using the so-called coordinate equation ((18), (21)). Thanks to this method, the diffraction
coefficient is now easily computable for many pairs (w,wg). However, as emphasised in (21),
because of the secondary diffracted waves there are still some regions where it is complicated
to evaluate f(w,wp), and for this reason the problem of scattering by a quarter-plane is still
considered as an open mathematical problem. In both cases (Dirichlet and Neumann),
the definition and the numerical evaluation of the MSF relies heavily on knowledge of
the eigenvalues of a certain linear differential operator: the Laplace-Beltrami operator

ikr

) as kr — oo .
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(LBO). Hence if one envisages the evaluation of the diffraction coefficient f(w,wq) for
boundary conditions different from the pure Dirichlet or Neumann boundary conditions,
it is important to be able to compute a priori the eigenvalues of the LBO associated to
these boundary conditions. In the next subsection, we shall introduce the LBO in more
detail.

2.2 The Laplace Beltrami operator (LBO)

Seeking a spherically separable solution to the Helmholtz equation (2.1) of the form
u(r,0,¢) = R(r)U(0,¢), where (r,0,p) are the usual spherical coordinates (see Figure
2.2a) leads to an equation for R(r)

r?R" +2rR + ((kr)> = M)R = 0,
with solution

T 51) T
Ry cuk)jgff (kr)

where C and D are constants, .J, and H, ,Sl) are the Bessel function and the Hankel function
of type 1 of order v respectively, and v is defined by

v o= (A+1/4)Y2 (2.3)
The separation of variables also leads to an equation for U (6, ¢):
AU = (2.4)

where A is the LBO defined by

X 1 0 (. o) 1 92
A = Sln(ﬂ) % (Sln(e)a@> + Sin2(0) TQDZ (25)

This can be interpreted as the restriction of the spherical Laplace operator to the surface
of the unit sphere. It is also useful to introduce V and V- that represents the restriction of
the spherical gradient operator and the spherical divergence operator to the surface of the
sphere. More precisely, for a scalar function U(6, ¢) and a vector field A = (Ag, A,), we
have

oU
S0 — 90 N 1 94,
VU = 1o and V-A= Sn(0) 90 (sin(6)Ay) + (@) 0y (2.6)
sin(f) Oy

so that we have AU = V-VU. In fact, because of the geometry of the quarter plane, (2.4) is
actually defined on the surface of a sphere with a slit (or cut) of length 7/2 corresponding
to the intersection between the unit sphere and the quarter-plane. As shall be seen in
the next subsection, for the boundary conditions considered in this paper, the boundary
condition equation is also separable. Hence, solving the problem on the unit sphere with a
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(2) < (b) <

Fig. 2.2: (Colour online) (a) Spherical coordinates and (b) definition of $, ST and S~

cut is enough. Let us call $ the corresponding domain (see Figure 2.2b) and ST and S~
the upper and lower part of the slit such that 0% = ST U S™.

The aim of this work is the rigorous study of the eigenvalue problem (2.4), and that can
be reformulated as

—~AU =XUon$
Find all eigenvalues A such that U # 0 satisfying Boundary conditions on ST (2.7)
Boundary conditions on S™

As already emphasised at the end of the previous subsection and shown in detail in (21),
knowledge of the eigenvalues is crucial to the definition and evaluation of the MSF that
involve complicated contours surrounding the said eigenvalues. Remember that v and \ are
linked by (2.3), and even if they are different, we may refer to both of them as eigenvalues
of the problem (2.7). Moreover, the first eigenvalue is also useful in order to understand the
behaviour of the total field at the vertex of the quarter-plane. Indeed, it can be shown (see
(34)) that u = O(r**~%/2) as r tends to zero, where vy, corresponding to the first eigenvalue
of the Laplace-Beltrami operator, takes different values for different boundary conditions.
Many authors ((33), (31), (32), (21), (34)) have successfully considered this problem
with different techniques (e.g., WKB or shooting methods) for the case of pure Dirichlet
boundary conditions (i.e. Dirichlet on ST and Dirichlet on S~) and pure Neumann
boundary conditions (i.e. Neumann on St and Neumann on S™). In this paper, we would
like to extend this knowledge to a broader range of boundary conditions. As we shall see
in the following sections, the choice of boundary conditions may have a significant impact
on the theory and the numerical methods necessary for the evaluation of the eigenvalues.

2.3 On the Robin boundary condition

Let us briefly summarise the definition and physical relevance of the Robin boundary
conditions. Consider a locally reacting surface boundary surrounded by a homogeneous
two- or three-dimensional space of density p, speed of sound ¢ and wavenumber k. We can
define the acoustic field by the pressure p and the acoustic velocity v. Then the acoustic
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impedance or normal acoustic impedance z is defined as the ratio between the pressure and
the normal fluid velocity at a point on the surface:

z = —— on the surface, (2.8)
v-n

where we consider n as the normal pointing into the surface. Let us now consider the
potential ¥ such that

p= —paa—qf and v=Wy. (2.9)

Assuming that the acoustic field is harmonic with frequency 2, we have Q2 = k¢ and we can
write

O(z,y,2,t) = ¢(z,y,2)e . (2.10)

Now using (2.10) and (2.9) into (2.8), we obtain
Vo -n= ikgqb on the surface . (2.11)
z

Let us now introduce some notations/vocabulary. It is common to introduce the
characteristic acoustic impedance zy of a medium defined by zp = pc. Note that this
is totally independent of the boundary of the domain. One can then define the specific
acoustic impedance ¢ by ¢ = z/zy. Looking at equation (2.11), it is also useful to define the
specific acoustic admittance B by = z9/z = 1/¢. In general, 8 and ¢ can be complex. It
is quite useful to rewrite (2.11) in terms of 3, which gives:

o _ .

—— =ikfB¢ on the surface, (2.12)

on
where we have used the notation d¢/dn = V¢ - n. Physical boundaries have to be either
passive or absorbent, that is that the energy flux which flows across a surface element ds of
the boundary over an acoustic period T, = 27/ has to be positive. As emphasised in (4),
using the energy flux density vector (or acoustic Poynting vector), it can be shown that for
a surface to be either passive or absorbent, we need to have R(8) > 0. As it turns out, this
condition is often required to prove uniqueness results of scattering problem on a surface
with boundary conditions (2.12) see for example ((4), (43)).

In order to simplify the argument in the following sections, we shall introduce the quantity

A defined by A = —ikf, so that the impedance boundary condition on a surface can be
rewritten as

Vé¢-n+Ap = 0.

Note that the absorbent condition (i.e. $(5) > 0) translates in a condition on A that is
3(A) < 0. In the rest of this paper, we shall refer to A as the impedance of our surface.

Now, writing ¢(r, 0, ¢) = R(r)U (0, ¢), this condition reduces to

1 B
VU AU = 0,
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where m is now considered as a two-dimensional vector in the (eg, e,) basis. Hence, despite
the fact that the Helmholtz equation is separable, this is not the case for the boundary
equation if A is constant. However, if one considers the case when

@

A = A(T) =

r

for some constant «, then the boundary equation becomes separable and reduces to
n-VU+aU = 0.

Choosing such a varying impedance implies that the surface of the quarter-plane in that
case is sound-soft at the vertex, and gradually becomes harder a we move away from the
vertex. Note that uniqueness theorems for this type of boundary condition are studied
in (41) and mentioned in (40). In what follows, when referring to impedance or Robin
boundary conditions, we will refer to that situation.

3. Self-adjoint operators and boundary conditions of type I
Before presenting the spectral theory of linear operators, let us specify the boundary
conditions that will be considered in this section, the boundary conditions of type I.

DEFINITION 3.1. A suitably smooth function u on $ is said to satisfy boundary conditions
of type I if it satisfies any one of the following boundary conditions on S and S~ :

eDirichlet: ©w =0 _
eNeumann: n% .Vu=0onS*
eRobin: nt - Vu + atu =0 on S* with a* € R and ot > 0

The boundary conditions do not necessarily have to be the same on each side (ST or S7)
of the slit. The orientation of the normals n¥ is specified in Figure 3.1a.

(a) Tz (b) S_|_
S —— y
W e——
g

Fig. 3.1: (Colour online) Orientation of the normals n™ and n~ (a) and of the cut (b)

As we shall see in Subsection 3.3, the LBO is well behaved for these boundary conditions,
in the sense that it is self-adjoint. Let us start by summarising the theoretical framework
appropriate to the study of such operators.
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3.1 Theoretical framework

We first recall some key definitions and results from (35) and (36). A linear operator 1" on
a Hilbert space (H, (-,-)) consists of a pair (T, Dom(T")), where Dom(T) C H is a dense
linear subset of H for the Hilbert norm || - ||g. Dom(7) is the domain of definition of
the linear map T : Dom(T) — H and is called the domain of the linear operator 7. A
linear operator T on (H, (-,-)) is said to be symmetric if for any f,¢ in Dom(7T), we have
(T(f),g) = (f,T(9)). It is said to be non-negative if for any f € Dom(T), (T'(f), f) > 0.
If S and T are two linear operators on H such that Dom(S) C Dom(T") and T(f) = S(f)
for all f € Dom(S), we say that T is an extension of S and S is a restriction of T', and we
write S C T

Given a linear operator 7' on (H, (-, -)), we can define its adjoint operator T, with domain
Dom(7T™) defined by

Dom(T*) = {g€ H st. 3he€ H s.t. Vf € Dom(T),(T(f),9) = {(f,h)},

and with the condition that Vf € Dom(T"),Vg € Dom(T™),(T(f),g9) = {f,T"(g9)). We say
that a linear operator T' on H is self-adjoint if 7' is symmetric and Dom(7") = Dom(T™).

The resolvent set p(T) is defined as being the set of all { € C such that (I — T is
invertible (I being the identity operator) and the resolvent operator R(¢,T) = ((I —T)~*
is bounded. A complex number A is said to be an eigenvalue of T if there exists a non-zero
f in Dom(T") such that T'(f) = Af. The spectrum of T', o(T'), is defined by o(T") = C\p(T).
In the finite dimensional case, o(T) consists purely of eigenvalues. However, in the infinite
dimensional case (of interest here), this is not necessarily the case. The spectrum of T can
be decomposed into the discrete spectrum of T', o4(T") (the set of all isolated eigenvalues
of finite multiplicity) and the essential spectrum of T, 0oss(T) (the non-discrete part of the
spectrum).

The main theoretical result that will be used in this section is the following spectral
theorem.

THEOREM 3.2. Spectral theorem [Cor. 4.2.3 in (35)] Let T be an unbounded self-adjoint
non-negative linear operator on H. The following are equivalent:

1. (Compact resolvent) The resolvent operator R(1,—~T) = (T + I)~! is compact.
2. The operator T has empty essential spectrum.

3. There exists a complete orthonormal set of eigenvectors {¢, } oo ; of T with corresponding
eigenvalues A, > 0 satisfying A\, — co as n tends to infinity.

In order to make some mathematical progress, it is very useful to think in terms of
sesquilinear forms. In this paragraph, we shall recall a few facts and definitions about
these. A sesquilinear form t defined on a subspace D(t) of a Hilbert space H is a map
t: D(t) x D(t) — C that is linear in its first argument and conjugate-linear in its second,
which means that for any u,v,w € D(t), and any « € C, we have

tau 4+ v,w) = at(u,v) + t(v,w) and Hu,aw + w) = at(u,v) + t(u,w) ,

where  denotes the complex conjugate. Concepts similar to the linear operators apply to
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sesquilinear forms. In particular, we say that a sesquilinear form t is densely defined if D(t)
is dense in H. We say that a sesquilinear form t is non-negative if for any v in D(t), we
have t(u,u) > 0. A non-negative sesquilinear form t is said to be closed if the normed space
(D(t), ]l - |lt) is complete, where || - ||¢ is the norm associated to t defined for u € D(t) by

lulle = (tu,u) + [|ull 7).

If this is the case, (D(t),]| - ||¢) is called the Hilbert space associated to t. We can define
extensions of sesquilinear forms similarly to the operator case. If t; and t; are two non-
negative sesquilinear forms such that D(t;) C D(t3) and for any (u,v) in D(t;), we have
t1(u,v) = ta(u,v), we say that tp is an extension of t;. A sesquilinear form t is said to be
closable if it admits a closed extension. The smallest closed extension of a closable form
t is called the closure of t. For a closed sesquilinear form t, a finite dimensional subspace
L C D(t), we can introduce the functional A*(L) as follows:

AYL) = sup{t(u,u) st. we€l and |ullg =1}
This allows us to define a quantity A! defined for each integer n > 1 by

AL = inf{AYL) st. LCD() and dim(L)=n}
Note that when there is no ambiguity, we may just write A(L) and A,, instead of A*(L) and
A!. Let us now state some useful results that link linear operators and sesquilinear forms.

THEOREM 3.3. Representation theorem [Thm. VI.2.6 in (36), Thm. 4.4.2 in (35),
Thm. B.1.6. in (44)] A closed non-negative sesquilinear form t with domain D(t) acting in
a Hilbert space H gives rise to a non-negative self-adjoint operator T" with domain Dom(T")
defined by

Dom(T) = {ueD{) st. Ihe H st YveD{), tuv)=(hv)g}
and such that for any u,v € Dom(T), we have (T'(u), v) g = t(u,v).

THEOREM 3.4. [Direct corollary of Thm. 4.5.2 in (35)] Let t be a closed non-negative
sesquilinear form on a Hilbert space H, and T its associated self-adjoint operator (resulting
from Theorem 3.3). If A}, — co as n — oo, then T has empty essential spectrum. And so
by Theorem 3.2, T" also has compact resolvent and an ordered discrete set of eigenvalues A,
and these correspond exactly to A,,.

Finally, as a direct consequence of the definitions of A and A,,, it is possible to deduce
the following theorem that will prove very useful in Subsection 3.3.

THEOREM 3.5. Let (t;, D(t1)) and (t2, D(t2)) be two closed sesquilinear forms. Then
i. If D(t;) C D(t2) and to|p(y,) = t1, then for any integer n > 1, A}? < A}
ii. If D(t;) = D(t2) and Yu € D(t;) we have t; (u,u) < to(u,u), then A% < A%,

3.2 Important function sets on B

Let us start by defining different sets of smooth functions on $

C>*($) = ({infinitely smooth functions f on $}

C>($) = {fe€C™(3), all of whose partial derivatives can be extended continuously to $}
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Let us also define different sets of compactly supported functions, where Supp(f) refers to
the support of a function f.

D(®) = {fe€C>(9), s.t. 3 compact K C $, s.t. Supp(f) = K}
D*(8) = {feC>®(8), s.t. f vanishes in a neighbourhood of S*}
D (%) = {f € C*°(9), s.t. f vanishes in a neighbourhood of S_} ,

where what is meant by such a neighbourhood is described in Figure 3.2.

(a) z (b) A2

Fig. 3.2: (Colour online) Illustration of typical neighbourhood in the definition of (a) D (3$)
and (b) D™ (%)

Let us also define the space Lo($) as the Lebesgue space of square integrable functions
on $. Ly(9) is a Hilbert space for the inner product (-,-)r2 and its associated norm || - || 12
defined by

Yu,v € La(%), (u,v)pz = // uod$  and |jul3e = (u,u)r2 = // |u|?dS,
8 8

where d$ = sin(f)dfdy. It is a classic result that D($) is dense in L?*($) (for the norm
|l.lz2). Let us now introduce the classic Sobolev space H'($), also sometimes referred to
as WH2(9), as

HY($) = {f € L*$) whose partial derivatives of order 1 are in L*($)},

where here functions and derivatives are understood in the distributional sense. Note that
H'($) is a Hilbert space for the inner product (.,.) 1 and the associated norm |||.||| defined
by

Vu,v € HY($), (u,v)gr = (u,0)p2 + (Vu, Voy o and  llull| = (J|ul/2 + || Vul?2)2 .

It is clear that D(8), D" ($) and D~ ($) are all included in H*($). Hence, it is now possible
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to define the spaces Hg(8), Hy:($) and Hy_(8) as the closure in H' (for the norm [||.|||)
of the sets D(8), D" (8) and D~ (%) respectively. It is important to note that

(%)

H($) C { Z‘i*@) } c HY(3).
L

3.3 The LBO as a self-adjoint operator for boundary conditions of type I

Consider the linear operator T acting in the Hilbert space (L*(3$), (., )2, ||-|z2) and formally
defined by T'= —A as in (2.5) with boundary conditions of type I. Let T' be initially defined
on the domain Dom(7T") defined by

Dom(T) = {f € 0°(8), s.t. f satisfies the correct boundary conditions of type I} .

The appropriate notation for each possible combination of boundary condition is specified
in Table 3.1.

Boundary Condition on ST | Boundary Condition on S~ | Operator T'
Dirichlet Dirichlet Top
Neumann Neumann TNN
Dirichlet Neumann TN
Neumann Dirichlet T~ND
Real positive Robin Dirichlet TrD
Dirichlet Real positive Robin Tor
Real positive Robin Neumann TrN
Neumann Real positive Robin TNR
Real positive Robin Real positive Robin Trr

Table 3.1: The operator T for boundary conditions of type I

Because of the inclusion D($) € Dom(T) C L*($), and the fact that D($) is dense in
L*(8), it is automatic to see that Dom(7T) is dense in L*($), the Hilbert space T is acting
on. Hence (T, Dom(T)) is a well-defined linear operator on L*(3$).

Now, using Green’s identity on $ (See Appendix A), we can write

Yu,v € Dom(T), (T(u),v)p2 = <@u, @U>L2 — /S+ v (@u . n+) de — /7 v (@u . n_) de

(u, T(v)) g2 = <?u, @U>L2 - /S+ u (@U : n+) dl — /7 u (@v : n—) de.

When boundary conditions are applied, the right-hand side simplifies and the results are
presented in Table 3.2, where what is meant by the line integrals along ST and S~ is
specified in Appendix A by (A.6).

Since in this section, when considering Robin boundary conditions, we only consider real
impedances o, it is clear that a® = o, and that as such, using table 3.2 we have that

Yu,v € Dom(T), (T(uw),v)rz = (u,T(v))re,
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Operator T (T(u),v)p2 = (u, T(v)) g2 =
Top, T Tow, T, (Vu, Vo) e (Vu, Vo) e
Tap, TaN (Vu, Vo) 2 +a™ /S+u17 de (Vu, Vo) 2 +07/S+u17 de
Tor, TNR (Vu, Vv) 2 +a~ /7u17 de (Vu, V) 12 Jro?/im_) d¢
TRr (Vu, Vo) 2 +a't /ﬁuﬁdf—l—oﬁ/iu@df (Vu, Vo) » —&—aj/L%u@dﬁ—i-aT/iu@dﬁ

Table 3.2: Green’s identity applied to 71" for boundary conditions of type I

which means that (T, Dom(7)) is a symmetric linear operator. Now, using v = u in Table
3.2, and the fact that o™ > 0, it is easy to see that

Yu € Dom(T), (T(u),u)rz >0,

which means that (T, Dom(T)) is a non-negative linear operator. Note that the operator T
gives rise to a sesquilinear form t with D(t) = Dom(7") defined in Table 3.3 for each type
of boundary conditions.

Sesquilinear form t t(u, v) Associated norm ||.||¢
tpp, tnn, ton, tp (Vu, Vo) 2 Il
/2
tp, b (Vu, To)12 +a+/ s de <|. |||2+a+/ |u2de>
S+ S+
— /2
tor, Nk (Vu,Vv>Lz+a_/ s de (||.||2+a_/ |u|2dZ>
_ .
/2
- ~ + _ _ _ 2 + 2 — 2
tRR (Vu,Voyre2 + / wdl + / uv dl (|| II* +a / |u|*dl + « / ul d£>
S+ - St S

Table 3.3: Definition of the sesquilinear form t arising from 7" for boundary conditions of
type I

Now it is possible to define a closed sesquilinear form (t, D(t)) that is an extension of
(t, D(t)), i.e, the formal definition of t and its associated norm ||.||; is the same as that given
for t in Table 3.3, but its domain D(t) is bigger. The domain D(t) for different boundary
conditions is given in Table 3.4.

The fact that € is closed follows directly for boundary conditions of type I not involving
Robin conditions, since for these (see Table 3.3), we have ||.||; = |||.|| and by definition the
associated D(t) defined as a closure for |||.||| is complete for that norm. In order to show
that f is closed in the Robin case as well, we need to show that there exists a constant C
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Sesquilinear form t | Closed extension t | D(%)

tbp top, Hi(3)
tpN, tor ton, tor Hyi (%)
tND, tRD tNp, trRD Hy-(3)

tan, trN, tNR tRR | NN, RN, INR, tRR | HH(S)

Table 3.4: Domain of the closed extension t for boundary conditions of type I

such that ||.||; < C ||| .|||. This proof will be omitted at this point, but will be shown to be
a direct consequence of the analysis in Subsection 4.3, as will be explained in Remark 4.9.
This implies that the norms ||.|[; and ||.|| are equivalent and hence it is clear that t is the
closure of t. Now, by theorem 3.3, the closed sesquilinear form t gives rise to a non-negative
self-adjoint operator T with domain Dom(T') defined by

Dom(T) = {ue D(t) st. Ihe H st. YoeD®O), Huv)= (h,v)r2}

and such that for any u,v € Dom(T), we have (T'(u),v)r> = t(u,v). It is easy to see that
T is an extension of T. We shall refer to T as the Friedrich’s extension of T, and when
referring to the Laplace-Beltrami Operator with boundary conditions of type I, we will from
now on mean 7.

THEOREM 3.6. For boundary conditions of type I, the self-adjoint Laplace-Beltrami operator
T has an empty essential spectrum and a discrete set of real positive eigenvalues { A} nen=
enumerated in increasing order and repeated in accordance with multiplicity. In particular,
if {A\PPY cn+ and {ANN1, - are the corresponding eigenvalues for the pure Dirichlet and
pure Neumann operators TDD and TNN, then we have that

VYn e N*, ANV <A, <APD (3.1)

where IN* is the set of non-zero natural numbers.

Proof. Let T be the non-negative self-adjoint Laplace-Beltrami operator with some
boundary condition of type I and let { its associated closed sesquilinear form.

Let us start by using the fact that in (31) it has been shown that the pure Neumann
operator TNN has eigenvalues (and hence also the associated A,,, denoted ANN) that tend
to infinity and so by Theorem 3.4 Txy has compact resolvent and a discrete set of real
positive eigenvalues {)\SN}%N* enumerated in increasing order and repeated in accordance
with multiplicity.

Now let us remark that we have D(trx nr.RR) = D(tnn) (see table 3.4), and that for any
u € D(tyn) we have try N RR (U, u) > tan(u, u) (see table 3.3, and the fact that at > 0),
hence by Theorem 3.5 (ii) we have for any n > 1 that

ARNARRR s AN (3.2)

Note also that D(%DD,DN’ND) C D(txn) (see Table 3.4) and that zNN|D(EDD,DNTND)
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top.pN.ND (see Table 3.3). Hence, by Theorem 3.5 (i), we have for any n > 1 that
APDDNND 5 4NN (3.3)

The last two cases remaining are treated in a similar way by noting that D(tgp) = D(txp)
and D(tpr) = D(ipn) (see Table 3.4) and that for any u € D(tpx) and v € D(txp), we
have tpr(u,u) > tpx(u,u) and trp(v,v) > typ(v,v) (see Table 3.3). Hence, by Theorem
3.5 (ii), we have for any n > 1 that ARP > ANP and APR > APYN and so by using (3.3), we

have that
ARD S ANNand ADR S ANV (3.4)

All the different cases have been treated and so, using the fact that ANN — 0o as n —
oo and the inequalities (3.2),(3.3) and (3.4), we have that A,, — oo as n — oo and so
by Theorem 3.4, T has compact resolvent and a discrete set of real positive eigenvalues
{An}nen+ enumerated in increasing order and repeated in accordance with multiplicity
corresponding exactly to {A,}nen+. From the inequalities (3.2),(3.3) and (3.4), we also
know that for any n > 1

MY,

n

and that along the way we have proved that ARP > ANP and A\DR > ADN,

In order to conclude the proof, we just need to show the second part of the inequality (3.1),
and we shall proceed in a similar way. In order to do that, let us note that D(tpp) C D(t)
(see Table 3.4) and that moreover we have t D(ion) = tpp. This comes from the fact that

the line integrals that may occur in the definition of t (see Table 3.3) are always zero when
u,v € D(tpp) = H}($). Hence, by Theorem 3.5 (i), we have that

A <APP

which completes the proof. Note also that with the same reasoning, and realising that
D(tpn) C D(trn) and %RN|D({DN) = tpN, we can show that AXN < APV Similarly, we
have that AN® < MNP, Moreover, using the fact that D(tgr) = D(trn) and trg(u,u) >
trx(u, 1), we can conclude by Theorem 3.5 (ii) that AX® > AN Finally, using the fact
that D(tgrp) C D(tgr) and {RR|D(¥RD) = trp, we can conclude by Theorem 3.5 (i) that
AT AP,

And so we can summarise our findings by

RN DN DR RN DR
AN < An < An < An < APPand An < ARR < An
AR AP AP A AP
(3.5)

REMARK 3.7. Note of course that the eigenvalues related to the cases with Robin boundary
conditions do depend on o™ and a~, and with the exact same method as that used in the
proof of 3.6, using Theorem 3.5 (ii), we can show that ARN(a™) and ARP(a™) are strictly
increasing functions of a™, that A\N®(a ™) and AP®(a™) are strictly increasing functions of



LAPLACE-BELTRAMI & QUARTER-PLANE 17

”

o~ and that \BR(a™,a7) is a “strictly increasing function of a* and a~” in the sense
that if o] < of and a] < ay, then \R®(af,a7) < ABR(af,a5). Tt results from the
boundedness and the strict increasing character of these eigenvalues, that they converge to
a finite limit as a™ — 0 or a®™ — co. And that we have
lim ARN(a™) = AN dim ANR(@7) = AN Jim ABR(aT a7) = AN
at—0 a——0 at—0
as can be verified by assuming’ continuity of the eigenvalues as functions of a and setting
a® = 0. We can also infer that
lim AN ™) = AP Jim ANR(a7) = AP dim ARR(at a7) = APP,
at—oo a~ —o00 at—oo
in a similar way. For o # 0, divide the Robin boundary condition through by a® to get a
condition of the type n* - Vu/ a® + 4 = 0. The equality can then be verified by assuming
continuity of the eigenvalues as functions of 1/ o and setting 1 / ot =0.

4. Non-self-adjoint operators and boundary conditions of type I1
4.1 Breakdown of self-adjointness for boundary conditions of type II

Let us now consider the same problem as in the previous section, but with a different type
of boundary conditions.

DEFINITION 4.1. A suitably smooth function on $ is said to satisfy boundary conditions of
type II if it satisfies the complex Robin boundary condition on at least one of ST or S™:

nt . Vu+atu=0 st. oF € Cand S(at)#£0
The condition on the other face can either be of type I or type II.

REMARK 4.2. Note that to be physically relevant, as mentioned at the end of Subsection
2.3, we should have &(a) < 0. However, mathematically, the sign of I(«) is not relevant to
obtain the eigenvalues. In fact if (u1, A1) is solution to the eigenvalue problem associated

with o, then (ug, A2) = (@r, A1) is solution to the eigenvalue problem associated with

af = af. Hence we can restrict our study to S(a) > 0, the cases with negative imaginar
2 1 y g g Y

part can be directly obtained by symmetry.

Consider the linear operator H acting in the Hilbert space (LA(8), (., )z, ||.||2) and
formally defined by H = —A as in (2.5) with boundary conditions of type II. Let H be
initially defined on the domain Dom(H) defined by

Dom(H) = {feC>(%), s.t. f satisfies the correct boundary conditions of type II}.
(4.1)

Note that once again Dom(H) is dense in L*($) and so H is a well defined linear operator.
The appropriate notation for each possible combination of boundary condition of type II is
specified in in Table 4.1.

As in Subsection 3.3, we can use Green’s identity on $ in order to obtain expressions for
(H(u),v)r2 and {u, H(v)) 2, a summary of which is displayed in Table 4.2.

1 Here, for brevity, we do not justify this assumption, however, in order to do so, one could use the same
arguments of perturpation theory as those developed in a more complicated case in Appendix B.
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Boundary Condition on ST | Boundary Condition on S~ | Operator H
Complex Robin Dirichlet Hgrp
Dirichlet Complex Robin Hpr
Complex Robin Neumann Hgrn
Neumann Complex Robin Hnr
Complex Robin Complex Robin Hgr
Table 4.1: The operator H for boundary conditions of type II
Operator H (H(u),v)p2 = (u, H(v)) 2 =
Hgp, Hrn (Vu, Vu) 2 + oﬁ/ uv df (Vu, V)12 —i—aj/ uv df
S+ S+
Hpgr, Hxr (Vau, Vo) 2 + of/ uv dl (Vu, Vo) +o?/ uv dl
Hgr (@u,@v)y—&—oﬁ'/ u@df—i—a‘/ wv dl | (Vu, V)2 —5—07‘/ uﬂdﬁ—&—ai—/ uvdl
S+ - S+ -

Table 4.2: Green’s identity applied to H for boundary conditions of type II

Note however that this time we have a® # aF and so, as such, we have (H(u),v)> #
(u, H(v)) 2 and the operator H is not symmetric, and hence it will not be possible to find
a self-adjoint extension of H. Note that we also lose the non-negative property here since
(H(u),u) 2 is not even real. Hence the theoretical framework of the previous section cannot
be used in this case and a new approach must be taken.

4.2 Theoretical framework

Let us consider again a densely defined linear operator H on a Hilbert space H.
The numerical range of H, ©(H), is defined by ©(H) = {(H(f),f)st. f €
Dom(H) and || f||g = 1}. We say that H is m-accretive if Re(©(H)) > 0 and 1 belongs to
p(—H). We say that H is quasi-m-accretive if there exists « € R such that H + « is m-
accretive. H is said to be sectorial with vertex v € R and semi-angle 9, if its numerical range
is included in a sector of the complex plane with vertex v € R and semi-angle ¥ € [0, 7/2],
as illustrated in Figure 4.1. Finally, we say that a linear operator H is m-sectorial if it is
sectorial and quasi-m-accretive.

In order to get some information about the spectrum of a non-self-adjoint linear operator,
it is, once again, very useful to think in terms of sesquilinear forms. The numerical range
of a sesquilinear form b is defined by ©(h) = {h(u,u) s.t. w € D(h)and ||u||g = 1}. We
say that b is accretive if Re(0O(h)) > 0 and sectorial with vertex v € R and semi-angle ¢
if its numerical range is included in a sector of the complex plane with vertex v € R and
semi-angle ¥ € [0, 7/2]. We say that a sectorial sesquilinear form b is closed if the normed
space (D(B), || - |ly,y) is complete, where || - |54 is the norm associated to h defined for
u € D(b) by

lully = (R(b(u,w) =5+ ullz)? .
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Fig. 4.1: Typical sector of the complex plane with vertex v and semi-angle 1

If this is the case, (D(h),] - |lp,y) is called the Hilbert space associated to . A sectorial
sesquilinear form b is said to be closable if it admits a closed extension. The smallest closed
extension of a closable form b is called the closure of b.

Let us now present three important results from (36), that we will use in this paper to
link m-sectorial linear operators and sectorial sesquilinear forms

THEOREM 4.3. [Thm. VI.2.1 in (36)] Let h be a densely defined, closed, sectorial
sesquilinear form in H. Then there exists an m-sectorial linear operator H such that

1. Dom(H) C D(h) and Yu € Dom(H), Vv € D(h), h(u,v) = (H(u), v)
2. The resulting operator H is uniquely determined by this construction

Theorem 4.3 is important in the sense that it allows us to associate an m-sectorial operator
to a given (closed and sectorial) sesquilinear form. The following theorem makes use of this
association and will prove extremely important when trying to describe the non-self-adjoint
operators arising in Subsection 4.3.

THEOREM 4.4. [Thm. VI.3.4 in (36)] Let h; be a densely defined, closed, accretive and
sectorial sesquilinear form. Let H; be the m-sectorial linear operator associated to h;. Let
b2 be a sesquilinear form bounded with respect to b in the sense that D(h1) C D(bh2) and
for u € D(h,), we have |ha(u, u)| < Allu||%; +BR(h1(u,u)), where A and B are non-negative
real numbers and B < 1.

Then the sesquilinear form b defined by h = b1 + b is also closed and sectorial. Let H be
the m-sectorial operator associated to . If H; has compact resolvent, then H has compact
resolvent too.

REMARK 4.5. At this stage, it is useful to remark that from the definitions it is clear that a
non-negative self-adjoint operator with compact resolvent is an m-sectorial operator and a
closed non-negative sesquilinear form is a closed, accretive and sectorial sesquilinear form.

THEOREM 4.6. [Thm. II1.6.29 in (36)] Let H be an m-sectorial operator with compact
resolvent. Then the spectrum of H, o(H), consists entirely of isolated eigenvalues with
finite multiplicities and is included in its numerical range, i.e. o(H) C ©(H). In order
to avoid confusion with the eigenvalues described in Subsection 3.3, we shall denote these
eigenvalues { i, }nen--

Proof. The last part of this theorem, i.e. o(H) C ©(H), is not directly included in Theorem
6.29 p187 in (36), however it is relatively straightforward. Indeed, let u € o(H), and u a
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corresponding eigenvector in Dom(H). We have H(u) = pu and so (H(u),u) s = ul|ul/%.
Now let v = u/||ul/gr. Tt is clear that v € Dom(H), that ||v]|g = 1 and that (H(v),v)g = p.
Hence, by definition of the numerical range, u € ©(H).

4.3 The LBO as m-sectorial operator for boundary conditions of type II

Note that the operator H defined in Subsection 4.1 for boundary conditions of type II gives
rise to a densely defined sesquilinear form b with D(h) = Dom(H) defined in table 4.3 for
each type of boundary conditions.

Sesquilinear form b h(u,v) Sesquilinear form by 62(11,, v)
brD, BRN (@u,@v)lp + a*/b; uv dl ?)ZDR, EQIR oﬁ/s. uv dl
bpR, HNR (@u, @71>Lz +a” /Lu’ﬁ de E~)§D, EEN a” /Lu@ de
bRR (@u, @7,')1‘2 +at /5.+7“7 dl+a” /Lu@ de GER at /s+“ﬂ dl+a~ /!mfr de

Table 4.3: Expression of the sesquilinear form b arising from H and the sesquilinear form
ho for boundary conditions of type II.

Let us now consider the extension 6 of b defined as h in Table 4.3, but with a bigger

domain D(h) that contains D(h) and given in Table 4.4.

Sesquilinear form b Extension b D(E)
bpr bor Hg, (9)
brD BrD Hj- ()

OrRN; DNR, DRR brN, byr, bre | H'($)

Table 4.4: Domain of the extension 6 for boundary conditions of type II

It is now possible to define two new sesquilinear forms h; and o with D(Gl) = D(bhs) =

D(h), such that

Yu,v € D(b), ﬁl(u,v) = (@u, @'U)Lz and ﬁ(u,v) = El(u,v) + Bz(u,v)

The exact expression of ﬁg(um) is given in table 4.3 for different boundary conditions
of type II. The crucial point at this stage is to realise that be, by its definition and its
domain D(61) corresponds exactly to one of the sesquilinear forms fpy, txp or tyy defined
in Subsection 3.3, as specified in Table 4.5. But we know from Subsection 3.3 that tpy,
txp and fyy are closed and non-negative sesquilinear forms, and so, by Remark 4.5, they
are also closed, accretive and sectorial forms and hence, so is 61. Hence we can conclude
that by is associated uniquely to an m-sectorial linear operator H; in the sense of Theorem
4.3. Moreover, we know from Subsection 3.3 that fpy, tnp and fyn are associated in the
same way to the non-negative self-adjoint operators with compact resolvent Tpy, Tnp and
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TNN. By Re{nark 4.5, we know that TDN, TND and TNN are also m-sectorial, and so, by
uniqueness, H; is exactly equal to one of these operators as specified in Table 4.5 and has
compact resolvent.

Sesq. Form b, Corresponding Sesq. Form t Operator H; Corresponding Operator T
hp™ ton HPR Tow
(i tNp )78 1R b Txp

HRN pNE, pRR N HEN fpNR-FRR TN

Table 4.5: Correspondence between 61 and t as well as between H; and T

We are now almost in a position to apply the Theorem 4.4 to f~) = by + bo. The last
remaining hypothesis that we need to verify is that ho is bounded with respect to h;.

LEMMA 4.7. 62 is bounded with respect to 61

Proof. We will focus on the most general case of Robin conditions on both sides of the cut
(the other boundary conditions of type II can be treated in exactly the same way), so in
this proof we shall focus only on EQRR and fﬁm and will drop the superscript for the duration
of the proof only. In order to prove that b is bounded with respect to b1, we need to show
that there exists two positive real constants A and B, with B < 1 such that

[b2(u,w)] < AllullZ> + BR(b1 (v, )
< Alulz + BlIVulZ.,

for u belonging to a dense subset of D(h;) = H*($). Here we shall choose u to be in the
dense subset Dom(H) defined in (4.1). Before embarking into the proof, let us state an
intermediate lemma deriving from ((36), Eqn. IV.(1.19)) and from the fact that for any
real 2 and y, we have (z + )% < 2(2? + y?).

LEMMA 4.8. Let (a,b) be an open segment of R with b > a. Then for any n > 0, any ¢ in
the closed segment [a,b] and any f € C*°((a,b)), we have:

ror < 208 [irwpar s 20 [P

We are now well equipped to start the proof. Let us try to bound Eg(u, u) by first noting
/2

that
~ — /2 +
[h2(u,w)| - < |0<+\/ U(g AP) d90+|a_|/ u(g AP)
»=0 »=0
= |at|L +]a"|Iz, (4.2)

2 2

de

where
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Let us try to bound I first. Making use of the lemma 4.8, by choosing a = 7/2—L, b = 7/2
and ¢ = 7/2, for 0 < L < w/2, we can show that

(w ) 2L /”/2
uls e oW
2 (2n+3) Jo—r/2—1

Hence we can use (4.3) to show that

2 ou

2 2 /2
2(n+1
59 (0-0)| do+ 2n+ 1) / [u(6, ¢)|* d6.
0

L@t 1) Jomasss

(4.3)

/2 (n + 1) /2 pm/2
I, < / / 0,p) dodp + ———— / / u(8, ¢)|* dody
' 2”+3 o=r/a_1, |00 ) ( +1) 97r/2 Ll @0
/7r/2 /7r/2 I )|2 n /2 )‘2
Vu(8, )2 dfde + / / dfdep.
27’L+3 0=n/2—L 0=m/2— L
. sin(6)
Now noting that when 0 € [1/2 — L, 7 /2], we have cos(L) > 1, we can deduce that
I 2L " Vu( 0) dod
g - @ @ @00
LS DT [, [T ) s
n+ 1 71'/2
0)dod
D o / /em Jult. ) sin0) g
2L (n + 1)2
_—— Vul? d$ 248
cos(L)(2n + 3) //R+ [Vl t s Ln 1) cos(L)L(2n + 1) //R+ ful
2L S 2(n + 1) 9
_— _— 4.4
cos(L)(2n + 3) IVullze + cos(L)L(2n + 1) llz:, (44)

because the region R™ = {(8, ) : 0 € [7/2 — L,7/2] and ¢ € [0,7/2]} described in Figure
4.2a is a subset of $. It is useful to introduce the coefficient A,, and B,, defined by

2L 2(n+ 1)?
B,=B,(L)= ————— d A, =4,L)=———~—7"——. 4.5
(L) cos(L)(2n + 3) o (L) cos(L)L(2n + 1) (45)
Similarly, but  this time using an  intermediate region R~ =

{(0,¢) : 0 € [r/2,7/2+ L] and ¢ € [0,7/2]}, also described in Figure 4.2b, and choosing
a=m/2,b=m/2+ L and ¢ = 7/2, we can also show that

L < BaDIVuls + Au(L)]ul2s. (4.6)
Hence, using (4.4) and (4.6) in (4.2), we obtain
h2(uw,w)] < (la* |+ o NBa(L)[VullZe + (la*| + o NAn(L)lullZz,  (4.7)

and note that we can always have (|a*| 4+ |a~|)B,(L) < 1 upon choosing n big enough.
Hence by choosing

B=(la"[+]a")Bn(L) and A= (Ja’|+]a"[)An(L), (4.8)

we have proved that 62 is bounded with respect to 61.
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() < (b) v

Fig. 4.2: (Colour online) Illustration of the intermediate domains R* (a) and R~ (b)

REMARK 4.9. Note that if @™ and a~ are real and positive as in Subsection 3.3, the
inequality (4.7) implies that we have
lull < Nl +BIVulz: + Allullz: < (1 +max(A, B)) || ull®

and hence upon choosing C' = /1 + max(4, B), we have ||.[[z,. < C || .||, as requested in
Subsection 3.3.

To summarise, we now know that h = by + ho, with D(h) = D(h;) = D(h2), where b,
is a densely defined closed accretive and sectorial sesquilinear form associated to a linear
operator H, that is m-sectorial and has compact resolvent. Moreover the sesquilinear form
b2 is bounded with respect to h;. Hence, we can apply the Theorem 4.4 to conclude that
the sesquilinear form 6 is sectorial and closed and is associated with an m-sectorial operator
H that has compact resolvent!. From now on, when referring to the Laplace-Beltrami
Operator with boundary conditions of type II, we will mean H. This allows us to obtain
the main result of this subsection:

THEOREM 4.10. For boundary conditions of type II, the spectrum of the Laplace-Beltrami
operator H consists entirely of isolated eigenvalues with finite multiplicities denoted
{ltnnen+. Moreover, there exists v € R and ¢ € [0,7/2] such that the eigenvalues are

contained in the sector of the complex plane with vertex v and semi-angle ¢.

Proof. We know that H is m-sectorial, so its numerical range ©(H) is contained in a sector
of the complex plane with vertex v € R and semi-angle ¥ € [0,7/2]. Moreover, H has
compact resolvent and so by Theorem 4.6, its spectrum U(I:I ) consists entirely of isolated
eigenvalues with finite multiplicities, and we have o(H) C O(H).

4.4 Estimating an appropriate sector

So far, we know that the eigenvalues of the LBO lie within a sector of the complex plane,
but we do not have a constructive method of finding the characteristic of this sector. In

i In fact since we have shown in Subsection 3.3 that b1 is the closure of b1, the relatively boundedness
of h2 implies that b is the closure of h by Thm. VI.1.33 in (36).
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order to do so, let us start by noting that, following exactly the same technique as that
used in the proof of Lemma 4.7, we obtain

|9?(f:)2(u, u))| < AR(BnII?uII%Z + ApllullZ2) (4.9)
S(ha2(u,w)| < Ar(Bn||Vule + Anllul72), (4.10)

where
Ar = |R(@D)|+|R(a7)] and A = [S(ah)| +[S(a7)]. (4.11)

Finding a pair (v, d) such that ©(h) is included in the sector with vertex v and semi-angle
9 is equivalent to finding a pair (,®) such that we have
R(b(u,w) > Alul, (4.12)
S(b(w,w)| < tan(@)(R(b(w, ) —~ul,)- (4.13)
In order to obtain an inequality of the type (4.12), we need to work with the real part of 6
Let us proceed as follows:
R(b(uw,w) = R(hi(u,w)) + R(ha(u, w))

= B, w) + Ra(w,0)
32 + Rba(w,w)

> Vul: - R(ba(u,w)]
(4%9) IVullZ: — Ar(BalVulZs + Anllulli2)
> —ApAulluls + (1 - AB.)[Vuls. (4.14)
Hence, by choosing v to be
v = —24ARrA,, (4.15)

and noting that —ArA,, = v+ ArA,, (4.14) becomes
R(b(u,w)) > (v+Ardn)llulZs + (1 = ARBy)[|Vul e,
which implies that
R(b(w,w) = 7llulFz = ArAnlulZz + (1= ArBn)|Vul7.. (4.16)
Hence, provided that the following condition is satisfied
Condl : (1— AgB,) >0, (4.17)

we are sure that (4.12) holds. Let us now try to find an appropriate ¥ that will make (4.13)
hold. Note that from (4.16)we have

ArAnllullZ < R(B(w,w) = yllul® — (1 = ArBy)|IVulZ- - (4.18)
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Now, we shall assume that Ar # 0 and so we have

SO )] = [S(ha(u,w)
< ArBa|[Vulzz + Aullulz2) (4.19)
(4.10)
Ar = 2 2
< o (ARBa|[VulE: + Apdyullz:)
R
A ~ ~ -
< o (ARBy||VullZe + R(b(uu) = llulfe — (1= ARBy)|[Vul2)
(4.18) R

A B -
< 4 (@ArB. = 1) Vuli: +R(b(u,w) —lullZe) -

So by choosing 9 such that
Ap

the inequality (4.13) holds, provided that the following condition
Cond?2 : (2ArB, —1) <0 (4.21)

is satisfied. Note that if Cond?2 is satisfied, then Cond1 is automatically satisfied. Cond2
results in the following condition on the choice of n:

1 [ 4LAg
: > = — . 4.22
Cond3 nzg (cos(L) 3) (4.22)

It is always possible to find such n > 0. We therefore have a constructive way of finding
~ and ¥. For a given pair of impedances we can compute Ag and A; using (4.11). Pick n
such that Cond3 is satisfied and choose vy and ¥ according to (4.15) and (4.20). It is then
possible to look for the best possible 7, i.e v as close to zero as possible (remember that
with (4.15), 7 is always negative). This can be done by optimising the choice of n and L in
order to minimise the value of A, (L). In particular one may realise that A, (L) is strictly
increasing with n for a given L, and that for a given n, A, (L) is always minimum when
L is such that tan(L) = 1/L. Note that we do not claim here to have the smallest sector
possible, but this is not the focus of the present work.

5. Numerical method and results
5.1 Numerical method

In order to compute the eigenvalues we have used a numerical method based on surface
finite element (see for example (45)). In particular, we used the open-source C™* library
Deal.Il ((46)). This particular library has the capability of dealing with computation on
two dimensional surfaces embedded in a three dimensional space (Riemannian manifolds,
typical characteristic of $). For our purpose, we shall use a combination of step-38 and
step-36 of the tutorial problems. Once the mass and stiffness matrices are constructed (see
Appendix C), the eigenvalue problem is solved using the PETSc and SLEPc libraries. ((47),

(48)).
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One of the drawbacks of Deal Il is the fact that it can only deal with quadrilateral meshes
for such cases. In order to mesh the sphere with the slit, we have made used of the open
source meshing software Gmsh ((49)). Meshing the sphere with a slit is not a trivial issue,
and the procedure used here was first to mesh the sphere with a diamond hole, and then
to force the two extremities of the hole to be the same point. Hence, even if ST and S~
are at the same geometrical location, they do not have the same mesh points so that we
can prescribe different boundary conditions on S* and S~. We use the finite element space
of continuous, piecewise polynomials of degree 2 in each coordinate direction. It is worth
noting that other innovative methods such as (50), based on the properties of stereographic
projections and fast multipole methods, have been developed to solve the Laplace-Beltrami
equation on a sphere with “islands” subject to Dirichlet boundary conditions.

5.2 Results for boundary conditions of type I

The first thing to do is to consider the mixed Dirichlet-Neumann problem, that is Dirichlet
boundary condition on one face and Neumann boundary condition on the other. This is the
simplest example that could not be dealt with by the simple method proposed in (21) to
solve the pure Dirichlet and pure Neumann cases. These three cases, pure Dirichlet, pure
Neumann and mixed Dirichlet-Neumann, do not depend on any impedance parameter and
are represented by purple, green and red horizontal lines respectively in Figure 5.1. The
next step is to apply Robin boundary conditions with o real. For these conditions, the
LBO is also non—negative and self-adjoint, so we expect to obtain real positive eigenvalues.
Figure 5.1 shows the results with Robin boundary conditions on one face and Neumann
boundary conditions on the other in orange (ANR), Robin boundary condition on one face
and Dirichlet on the other in pink (AP®) and Robin boundary conditions on both faces in
blue (ARR). For plotting purposes, we have chosen o™ = a € [1072,10%], but cases when
a® # a” can also be dealt with in a similar way. The eigenvalues are plotted against log()
and presented in Figure 5.1, while some of the normalised eigenfunctions are plotted in
Figure 5.2. The results presented in Figure 5.1 illustrate the smooth transition from pure
Neumann to pure Dirichlet via Robin conditions, the smooth transition from pure Neumann
to mixed Dirichlet-Neumann via Robin-Neumann conditions and the smooth transition from
Dirichlet-Neumann to pure Dirichlet via Dirichlet-Robin boundary conditions. As predicted
in Subsection 3.3 and Remark 3.7, the eigenvalues are increasing functions of a and the
inequalities (3.5) are satisfied.

It is interesting to note that contrary to the pure Dirichlet and the pure Neumann
eigenfunctions, the mixed Neumann-Dirichlet eigenfunctions do not exhibit symmetry (or
antisymmetry) across the equatorial plane (see Figure 5.2). This breakdown in symmetry
can also be observed in the Robin case when different impedances are being used on each
side of the slit. This is an important observation since the symmetry properties of the pure
Neumann and pure Dirichlet eigenfunctions were essential for the method developed in (21)
to work.

In order to have an idea of the precision with which our eigenvalues were computed in the
Robin case, we performed a mesh sensitivity analysis by performing these computations for
successive mesh refinements. The usual exponential convergence from above is obtained, as
shown in Figure 5.3.
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Fig. 5.2: Four typical normalised eigenfunctions for different boundary conditions of type
I: 1st eigenfunction for pure Dirichlet (top left), 2nd eigenfunction for pure Neumann (top
right), 5th eigenfunction for mixed Neumann-Dirichlet (bottom left) and 2nd eigenfunction
for real Robin conditions on both faces with a® = 1.
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Fig. 5.3: Mesh sensitivity analysis for Robin boundary conditions on both faces, with
a = 1. The mesh has been refined three times and the logarithm (with base 10) of the

*

A*
number of refinements. The superscript * denotes the results of the third refinement. The
results were recorded with 6 significant digits, so when the point of the second refinement
is missing, this means that the exact same result (up to six digit accuracy) was obtained
for the second and the third refinement.

error relative to the results of the third refinement, log , is plotted against the

5.3 Results for boundary conditions of type I1

For these computations we use a very similar method to that presented in the previous
subsection, that is a surface finite element method using the libraries Deal.Il, PETSc and
SLEPc and a similar mesh. However, at the time of performing the computations the use of
complex numbers was not yet fully supported in Deal.II. Hence some work had to be carried
out in order to solve the problem with boundary conditions of type II, leading to a partial
implementation of complex numbers within the Deal.Il library. For plotting purposes, and
in order to match with Subsection 4.3, we are solving the problem for a™ = o~ = «
and (a™ = 0,a” = a), i.e. for Robin-Robin (u2R, blue line in Figures 5.4 and 5.5) and
Neumann-Robin (uY®, orange line) boundary conditions of type IT. We then rewrite a as
a = ¢(1+ i) and let ¢ vary between 1072 and 103. For completeness, we show that it is
possible to deal with the case o™ # o~ and compute the Robin-Robin eigenvalues (uSR,

1
pink line) when at = ¢(1 +i) and o~ = ¢ (2 + 3i> and let ¢ vary between 10™2 and

10%. The results for the location of the eigenvalues in € are presented in Figure 5.4.

The pure Neumann (ANY, green), Dirichlet-Neumann (AP®| red) and pure Dirichlet (APP,
purple) are represented as single points on these graphs. Once again, we observe a smooth
transition from pure Neumann to pure Dirichlet in the case of Robin-Robin conditions, and
a smooth transition from pure Neumann to Dirichlet-Neumann in the case of Neumann-
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Fig. 5.4: The first four eigenvalues of the LBO for different boundary conditions of type II,
when a = ¢(1+1) and ¢ € [1072,10?]. In the Robin-Robin case (blue) we have a® = a, and
in the Neumann-Robin case (orange), we have a™ = 0 and o~ = a. In the Robin-Robin
case (pink), we have a® = ¢(1+4) and o~ = ¢(1/2 + 3i)

Robin conditions. The main difference between these results and the results presented in
Subsection 5.2 is that this time the smooth transition occurs through the upper half of the
complex plane.

In particular, we observe that when c is small, the eigenvalues are very close to the pure
Neumann case. This can actually be predicted using the perturbation theory of linear
operators ((36)), as presented in Appendix B. In particular we can show that if A is a
pure Neumann eigenvalue of multiplicity m and is separated from the other pure Neumann

d
eigenvalues by a distance d, and B 4 (M) represents the ball of radius — around A, then if |«

is smaller than a certain value there are a finite number of a-Robin-Robin eigenvalues with
total multiplicity m that lie within By (A\). This is illustrated in Figure 5.5, where two cases
are considered. The case of Ao, which has a pure Neumann eigenvalue of multiplicity 1, and
the case of A3 and A4, that have the same pure Neumann eigenvalue (equal to 2) and hence
represent an eigenvalue of multiplicity 2. In both cases, we have d = )\3NE —MN x~0.518.
Moving towards the left on the blue and orange curves in Figure 5.5 corresponds to
reducing the absolute value of a. Hence we can see from Figure 5.5a that in the case of pure
Neumann eigenvalue of multiplicity 1, for |a| small enough, there is a single Robin-Robin
eigenvalue inside B/, while in the case of the eigenvalue of multiplicity 2 in Figure 5.5b,
for |a| small enough, we always have two Robin-Robin eigenvalues inside Bg/,, meaning
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Fig. 5.5: (Colour online) Hlustration of the proximity of the Robin and pure Neumann
eigenvalues in the case of a pure Neumann eigenvalue of multiplicity 1 (a) and a pure
Neumann eigenvalue of multiplicity 2 (b).

that the finite number of Robin-Robin eigenvalues inside B/, has a total multiplicity of 2,
as predicted by the theory in Appendix B.

6. Concluding remarks

The Laplace-Beltrami operator arising from the problem of diffraction by a quarter-plane
has been carefully studied, numerically and theoretically, from a spectral point of view.
Two types of boundary conditions have been considered, the boundary conditions of type I
for which the operator is self-adjoint, and the boundary conditions of type II for which the
operator ceases to be self-adjoint but remains m-sectorial. In the case of boundary conditions
of type I, we have shown that the spectrum of the operator is an infinite set of isolated real
positive eigenvalues with finite multiplicity. The relative position of these eigenvalues for
different boundary conditions of type I has been studied. In the case of boundary conditions
of type II, we have shown that the spectrum of the operator is an infinite set of isolated
complex eigenvalues with finite multiplicity, and that these eigenvalues are contained in
a sector of the complex plane. A constructive way of obtaining such a sector has been
described. Note that although the theory in Section 4 has been developed for any value of
the impedance parameters a™, most of the numerical results have been given for impedance
parameters a® with a positive real part. This is due to the fact that it becomes difficult
to order the eigenvalues for large negative values of this real part. However, our sector
estimate gives a good way of reducing the size of the region where we need to search.

Of course, the qualitative results obtained in this study are valid for any length of the cut
between 0 and 27, corresponding to the problem of diffraction by a plane sector of arbitrary
angle. These qualitative results should also hold for arbitrary holes on the sphere with
mixed boundary conditions, corresponding to the problem of a cone with arbitrary cross
section. This knowledge will prove useful when trying to evaluate the diffraction coefficient
of such scattering problems, when mixed boundary conditions are being used.
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APPENDIX A: GREEN’S IDENTITY FOR $

A.1 Green’s identity on a sphere with a hole

Consider the surface of a sphere with a hole that represents a certain curved surface o, such that
the boundary of the surface, do is oriented as described in Figure Ab. In order to apply Stokes’
theorem on o, it needs to be oriented, i.e., we need to make a choice of normal that is compatible
with the right hand rule and the orientation of do. For this to work, we need to choose the normal
n of o as in Figure Aa, i.e. by choosing n = e,. Let us now consider a vector field F. We can
apply Stokes’ theorem to o to get

//Uﬁ,-(VxF)dS = F-dr. (A.1)

do

Let us now consider another vector field G. In our case, it can be shown that the divergence of G
restricted to o, denoted V - G, can be expressed as

V-G = 7 (Vx(nAxQ)). (A.2)

Now, we can apply Stokes’ theorem to the vector field F' defined by F = n x G and so (A.1)
becomes

//oﬁ-(Vx(ﬁxG))dS = /aa(ﬁxG)dr. (A.3)
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Now, let us parametrise do by a parameter s say so that do is defined by
r(s) = (r(s),0(s),¢(s)) for s € [so,s1],

in the (er, eg, e,) basis. Note that because we are on the sphere, we have r(s) = 1. The left hand
side (LHS) of (A.3) can be rewritten as

s1
/(ﬁ,xG)-dr _ / ax@)- I qs .
do s0 ds

. d . .
Upon writing t = d—r (representing a vector field tangent to do), and using the vector calculus
s
identity (n X G) -t = G - (t X i), we obtain

/80(ﬁ><G)-dr - /:IG-(txﬁ)ds.

Note that the quantity (¢ x n) is tangent to o and perpendicular to 9o, so it represents the normal
to 9o within o, let us call this quantity n, so that we have n = t x i and the LHS of (A.3) becomes

s1
/(ﬁ,xG)-dr = / G- -nds.
do S0

Now using the definition of the divergence in (A.2), equation (A.3) becomes

~ S1
//V-GdS = G -nds = G- -nds.

50 def 9o

This is an equivalent of the divergence theorem for this curved surface o. Note that in this case,
n is oriented towards the centre of the hole as shown in the Figure Ab.

(a) zZ (b) n t

Fig. A: (Colour online) Choice of normal to o so that it is compatible with the orientation
of 9o in view of the application of Stokes’ theorem (a) and orientation of do normal and
tangent vectors n and t (b).

Note that even if n and t are three-dimensional vectors, they only depend on 6 and ¢ and their
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e, component is always zero. Hence they can also be considered as two-dimensional vectors in the
(eg, e,) basis, and so, for a function u(f, ¢) defined on o, the quantity Vu - n makes sense, and

using the vector identity V- ('D@u) = 3Au+ Vu - Vo for any u,v € C°(d) and the divergence
theorem derived above, we have the Green’s identity

—/LﬂAudS = //J%ﬁf;dS—/:l@(@wn) ds. (A4)

A.2 Application to $

Let us now consider the cut 93 as a degenerate hole, where the lower and upper boundaries of the
hole have collapsed onto each other. The normal n remains well defined on 9%, apart from the
end points. And in fact this normal is constant on ST, where it is denoted n™ and on S~ , where
it is denoted n~ as shown on Figure 3.1a. In fact, we clearly have nt =esand n™ = —ep. We
can now parametrise ST and S~ with the position vectors #* and 7~ and the parameter s™ and
- +

s” by rt(sT) = (1,% ,s+) for sT € [0,7/2] and ™ (s7) = (1,% ,gfsf) for s= € [0,7/2].
Hence for $, the Green’s identity becomes

—//ST)AudS - //Sb@u-%dS— S+1‘)(@u-n+) ds+—/7@<@u-n_> ds™, (A.5)

where the line integrals are defined by

/+ v (@u . n+) ds* = /i/Q v (gi,s+) (@u (gif’) -n+) dst
S sT=0
/2 _ ~ _
e LG e (G e) ) 0

and

[ G ) (G ) ) e

—s" /w:ﬂ/g@ <g+’“”) (w (;’9") '"7) (—de)
/2 - o .
/«p:() 17(§+’g0) (Vu (§+7Lp>.n ) dgo.

In particular, for any function u, here is what is meant by a line integral:

/;717<@u~n_) ds™

[EXS

(SE]

/2

/9+Ud€:/(pi/02u(g_,(p) dp and . udé:/y:o u<g+,<p) dep . (A.6)

APPENDIX B: PERTURBATION THEORY APPLIED TO THE LBO

The aim of this appendix is to show that for impedances of small enough modulus, the eigenvalues
of the LBO with boundary conditions of type II are close to the eigenvalues of a given LBO with
boundary conditions of type I. In particular, we will show that for small enough impedances,

NR NN RD . ND DR . DN
Wn s My and u,  are close to A\, u, is close to A, and p,, = is close to A, . However, here
we shall only focus on the most general case of ,uZ”R7 the other cases being very similar. In order to
do so, we shall apply the perturbation theory for linear operators. Let us start by defining a few
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important notions. Let consider Dy C €, and a family {h(z)}zep, of sesquilinear forms acting on
a Hilbert space H. We say that the family {f(z)}zecp, is a holomorphic family of forms if (i) h(z)
is sectorial, densely defined and closed with domain independent of x, i.e. D(h(x)) = D and (ii) for
each u € D, the function of = defined by h(z)(u) is a holomorphic function for z € Dg. Also, we
need to define the operator norm ||.||op as follows. Let T' be an operator acting on H with domain
Dom(T), then the operator norm of T is given by

1T]lop = sup  A[|T(w)lle/llulle} -

uw€Dom(T), u#0
The main result of this section will be a consequence of the following theorem:

THEOREM B.1. [Thm. VIL4.8 and Thm. VIL4.9 in (36)] Let {§™},en be a sequence of
sesquilinear forms defined on a Hilbert space H. Let h = h® be densely defined with D(h) = D,
sectorial and closable. Let h(") with n > 1 be relatively bounded with respect to § in the sense
that D C D(()(")), and there exists a, b, ¢ > 0 such that for v € D we have

0 (w,w)| <" allullF 4 DR(D(u, w))).

Then the forms h(x) with D(h(z)) = D, defined for u,v € D by
h(z)(u,v) = Z "™ (u,v) |
n=0

are well defined for |z| < 1/c and are sectorial and closable for |z| < 1/(b+c¢). Let h(z) denotes the
family of their closures. Then {E(m)} is a holomorphic family of forms and as such, this family is
associated to a family of m-sectorial operators {H(z)}. If we further assume that b is symmetric,
and hence associated to a self-adjoint operator H, then for any ¢ € p(ﬁI), the resolvent R((, fI(m))
exists and is a convergent power series of x for

el < @ll(a+bH)R(C, H)llop +¢) 7"

Let us consider the LBO with Robin boundary conditions of type II on both sides of the cut. Let
the two closed sesquilinear forms by and b2 with D(h1) = D(h2) = H'($) be defined as in Section
4.3 for u,v € H'($) by

b1(u,v) = (Vu, V)2 and  ba(u,v) zoﬁ/ uﬁdﬁ—&—of/ uvdl .
s+ -

Recall that b, is also symmetric and non-negative and associated to a self-adjoint operator H; =
Txn. Let us now define the family of forms {§(e)} for e € C by D(h(e)) = H'($) and

he) = bi+eha.

Note that for ¢ > 0, h(e) is associated with a LBO with boundary conditions of type II, ﬁ(&)
with impedances eat and ea” . Recall that we have proven in Subsection 4.3 that b2 is relatively
bounded with respect to h; with

[b2(u,w)] - < Allulze + BR(b1(u, w),

for A and B given in (4.8). Hence we can apply theorem B.1, with a = A, b = B, and ¢ = 0,
h= b(o) = 61, h<1> = 62 and h<") = 0 for n > 2 to conclude that the family ﬁ(s) forms a holomorphic
family of forms and is associated to a family of m-sectorial operators H(e) for || < 1/B (note from
(4.5) that B can be made as big as possible, so this is in fact true for all £). Moreover, since b
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is symmetric, we know that for any ¢ € p(ﬁl), the resolvent R(C, fl(s)) exists and is a convergent
power series for

el < QI(A+BH)R(G H)op) ™ - (B.1)

Now, let A € 0(1511) be an eigenvalue of ffl. As has been shown in Subsection 3.3, we know that A
is real, positive, isolated and has a finite multiplicity, say m. Let d > 0 be such that |\ — \'| > d
for all X € o(H;)\{\}. Let v be the circle of centre A and radius d/2 so that v C p(H;) and let
¢ € v, we shall note By/2(A) the resulting ball. According to ((36), V. Eqn. (4.9)), because H, is
self-adjoint, we know that

I(A+ BH)R(, Hi)llop = A sup [N —=¢'+B sup N[N —¢™
Neo(Hy) Nea(Hy)
< A(d/2) 4+ B(2+2)\/d),

where we have used the fact that for X' € o(H)),
VI =¢I70 = 1[GV =T ST+ = IV = ¢ T AN = (T <2+ 2)/d.

Hence, provided we have

d

el < ATaBa+ N

the bound (B.1) is satisfied, and R(¢, H(g)) is well defined for all ¢ € v, i.e. ¥ C p(H(e)). We can
then define the well studied spectral projection operator P(g) by

Pe) = i Rz, F(c))dz .

Note that since v C p(H(g)), v separates its spectrum, and we can write o(H(g)) = S(¢) UT(e),

with S(e) N T(e) = § where S(¢) = o(H(e)) N By/2(\) and T(e) = o(H(g))\S (). Moreover (see
(37), Thm. 11.1.5), we know that P(e) is idempotent and that the restriction of H(e) to the range
of P(e) (denoted P(g)(H)) has spectrum S(g). And hence, if rank(P(g)) = m, then S(¢) is made
of finitely many eigenvalues with total multiplicity m. But because the projections P(e) depend
analytically on 8, we have rank(P(e)) = rank(P(0)) = m by ((37), Lemma 1.5.5), and so we have
proved the following theorem:

THEOREM B.2. Suppose that A € p(H1) has multiplicity m and that d > 0 is such that [\ —\'| > d
for all A" € o(H1)\{\}. Denote the ball of radius d/2 around A by By/2(\). Then given 8 such that
B < d/(AA+4B(d+ X)), H(B) has finitely many eigenvalues in B/o(\) with total multiplicity m.

APPENDIX C: FINITE ELEMENT IMPLEMENTATION

In order to obtain the finite element formulation of our eigenvalue problem, we want to express
our solution u as a finite linear combination of shape functions ¥;(0,¢), 7 =0...N — 1, i.e., we
write

N-1

wo= Y uy, (C.1)

Jj=0

where u; are constant. Let us now consider one particular shape function ¢; and take the inner
product of it with equation (2.4), i.e

<—Au:¢i>L2 = >\<u:7/}i>L2~
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Using the Green’s identity (A.5) for 8, this becomes
(Vi) | +at (e +aT(wb) - = Muvi)e,
where

(u,v)+ = / uvdl .
S+

Now, using the sum decomposition (C.1) and the linearity of the inner products in their first
argument, we get

N-1 N-1
Z Uj <?wj> ?wi>L2 + a+’LLj <wj7¢l>+ + UjOé_ <wj,wl> = A Z Uj <¢j7wi>L2 ) (02)
j=0 Jj=

So if we define the N x N matrices A = (A;;) and M = (M;;) by

Ay = <W)J'7WM>L2+a+<¢j,¢i>++a7<%,¢i>—

M’L” = <wj7’(/}i>L2 ’
the expansion (C.2) can be rewritten as
N-1 N-1
Z Aijuj = A Z Mijuj7
j=0 Jj=0
which, upon defining the vector u = (ug,u1, ...,un—_1) becomes
Au = MMu,

which is a typical generalised eigenvalue problem. The matrix A is called the stiffness matriz,
while the matrix M is called the mass matriz. Note that o™ and o~ being complex in general,
the matrix A and hence the vector u and eigenvalues A can be complex.



