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ABSTRACT

This thesis is concerned with a parameter-nonlinear Helmholtz-type spectral
problem on IR?, which describes light propagation in certain two-dimensional,
dispersive photonic crystals. The overall aim of the work is to enhance the
basic understanding of the problem, given that it has not yet received much
attention in the mathematical literature. A realization of the equation in a suitably
weighted variant of L?(IR?) leads to the analysis of an operator pencil with a
periodic coefficient depending on the spectral variable. It is readily shown
that the corresponding spectrum is related to a family of eigenvalue equations
posed on a bounded periodicity cell (). This generalizes a well-known result
of the classical Floquet-Bloch theory. Under a monotonicity assumption on
the parameter-nonlinearity, the spectra of the problems on () are shown to be
purely discrete. Further, the associated eigenfunctions are analyzed in detail.
The main theorems proved in this dissertation establish their Riesz basicity and
completeness, respectively, in the underlying function space L?(Q)). At this, the
specific form of the result depends on additional assumptions on the parameter-
dependence of the coefficient of the problem.
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CHAPTER 1

INTRODUCTION

In recent years, mathematicians and physicists alike became evermore interested
in the study of problems related to light propagation in photonic crystals (see
[Dorl1], [Joa08], and [Kuc01]). This is due to the promising features concerning
applications which these artificial materials have shown in experiments. For
instance, the guiding of light around sharp corners in a waveguide, the localiza-
tion of light within a photonic crystal, and the frequency-dependent reflection
or transmission of light impinging on such a structure, i.e., the fabrication of an
optical filter, have been demonstrated (see [Joa08, Chapt. 10] and [Mek96]).

The distinguishing feature of a photonic crystal is its spatially periodic struc-
ture in up to three dimensions, with the repeating units consisting of two or more
different materials. Commonly, the underlying pattern repeats itself every few
hundred nanometers, where the precise length depends on the specific applica-
tion. Experiments have shown that it should approximately correspond to the
wavelength of the light that is intended to be affected. In any case, the scale is
large enough to be considered “classical” in the sense that effects on the atomic
level may be neglected when problems of light propagation in photonic crystals
are analyzed mathematically.

In view of this, the natural starting point when setting up a model to de-
scribe the related physics are Maxwell’s equations. With their help—specializing
to nanostructures periodic in only two dimensions and under certain assump-
tions on the involved electromagnetic fields and the materials themselves—an
eigenvalue problem of the form

2

—Au = c;]%esru in R? (1.1)

can be deduced (see Section 3.2). Here, the spectral variable «*/c incorporates
the non-negative frequency w of the electromagnetic field of a propagating

1



INTRODUCTION

light wave and ¢y denotes the vacuum speed of light. Further, the function u
corresponds to one component of the associated electric field and is spatially-
but not time-dependent. The latter holds likewise for the coefficient function
g; of the problem, which is a material-dependent quantity called the photonic
crystal’s relative permittivity and constitutes the input data. It is in terms of &,
that the periodicity of the studied structure enters the mathematical model. More
precisely, this function is periodic with respect to a bounded so-called primitive
cell in R?. Knowing the relative permittivity on this set is sufficient to determine
the relevant properties of the material at any point in space. Naturally, this leads
to the question whether the spectral problem (1.1) can be reduced to one posed
just on the primitive cell.

An answer thereto is provided by the spectral theory of periodic partial
differential equations—often condensed under the name Floquet-Bloch theory
(see [Kuc93]). Referring to Subsection 4.1.2 below for details, we indicate that
a reduction of the problem is indeed possible, albeit this does not result in a
single equation but rather in a family of eigenvalue problems with parameter-
dependent quasi-periodic boundary conditions. Through the main result of the
Floquet-Bloch theory, these problems are related to the spectrum of a self-adjoint
operator realizing equation (1.1) in a suitably chosen L2-space.

Besides being mathematically interesting, knowing said spectrum is highly
relevant in applications. That is because a light wave with a frequency w such
that «?/ is an element of the respective resolvent set cannot propagate inside
the considered material. By way of example, if there even exists a whole interval
of such “forbidden” frequencies, called a band-gap, then the above-mentioned
wave guide can be constructed. This is done by altering the periodic structure of
the photonic crystal along a predefined path in such a way that wave propagation
for a frequency in a band-gap is there again possible. The light is then confined
to the modified region and can in this way be guided (see [AS04]).

As was already said, several simplifying assumptions led to the spectral
problem (1.1) in the first place. In this work we forgo just one of them, but
nevertheless obtain an equation with an entirely different structure and one
which is, to this date, nearly unaccounted for in the mathematical literature (see
our related review in Section 5.5): The subject of our interest is the eigenvalue
problem

>
—Au = C—zsr(~,w)u in R?, (1.2)
0
which, contrary to before, features a frequency-dependent relative permittivity.
This equation thereby allows for the study of light wave propagation in photonic
crystals having properties varying with the respective wave’s frequency. Such
nanostructures are referred to as being dispersive. In contrast, the first-mentioned
eigenvalue problem in this introduction governs only nondispersive media. Since
nearly all materials used in the manufacturing of photonic crystals exhibit dis-
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persiveness (see Subsection 3.2.2), we are motivated to study equation (1.2) as an
enhanced, more realistic model than what is given by equation (1.1).

Mathematically, the differences between the two introduced eigenvalue prob-
lems are far greater than they might at first appear. While equation (1.1) is linear
in the parameter w, we observe that the assumption of a dispersive material leads
to what is called a parameter-nonlinear problem. As such, no single correspond-
ing operator whose spectrum can be analyzed exists and it is in fact not obvious
what concept of “spectrum” is actually appropriate here. Moreover—assuming
that term has been given a proper meaning—the classical Floquet-Bloch theory;,
valid only for parameter-linear problems, is not applicable anymore. In particular,
a connection with eigenvalue equations posed on a primitive cell is a priori not
at hand and, if at all applicable, well-known properties of said “cell-problems”
in the nondispersive setting have to be reestablished under the more relaxed
assumptions.

Of course, by virtue of this being a doctoral thesis, the already mentioned fact
that the spectral problem for dispersive photonic crystals in the form (1.2) has
not yet received considerable attention also has some merit. As a result, we are
able to concern ourselves with the related fundamental issues and can pursue
our search for mathematical insight in a free and unbiased way. To be exact,
what we intend to contribute with our work are answers regarding the following
questions, which we were guided by during the course of our research:

» How can equation (1.2) be realized operator-theoretically and what notion
of “spectrum” applies?

» In what way does the spectrum of the dispersive problem, once defined,
differ from that of its well-studied nondispersive counterpart?

» Can a connection with spectral problems posed on a primitive cell be
established?

» If 50, is the spectral structure of some specific form, e.g., purely discrete?

» If so, are the corresponding eigenfunctions in some sense complete or do
they even form a basis of the underlying function space?

A reader with prior knowledge in the field surely realizes that having positive
answers to the last three questions in this list would imply that the essential
characteristics of the spectral problem for nondispersive photonic crystals carry
over to the dispersive case. To come straight to the point, we shall see that
there are physically reasonable assumptions on the data, i.e., on the relative
permittivity e, and its frequency-dependence, such that this resemblance indeed
holds. However, demanding too little of the coefficient function can also result in
noticeable distinctions. Making this precise is the overall aim of the remainder of
this work, which we now outline to close this introduction.
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Each of the following chapters starts with a brief overview of what material is
covered therein. It is either there or at the beginning of sections that we provide
the reader with references and further readings. In particular, additional literature
covering all topics we merely sketched so far will be mentioned in later parts of
this work, wherein we revisit these issues again in great detail.

Subsequent to this introduction, we present in Chapter 2 the mathematical
tools and concepts that we rely on in the main part of our work. In addition, stan-
dard notation is reviewed and fixed therein. Chapter 3 is then devoted to further
physical, and some historical, information regarding photonic crystals. In addi-
tion, it introduces the reader to related terms and the way that these structures
are abstractly modeled. Furthermore, an extensive deduction of the eigenvalue
problems (1.1) and (1.2), starting from the full system of Maxwell’s equations, is
included. Thereafter, in Chapter 4, the mathematically in-depth part of this work
commences. The chapter is exclusively concerned with the spectral problem for
nondispersive photonic crystals and as such assembles known facts. The final
section therein is a literature review on related work and more general problems
in periodic partial differential equations. It summarizes the state-of-the-art in
this field and mentions important open questions. Finally, Chapter 5 contains
the outcomes of our research project. Therein, we successfully answer the ques-
tions stated before by proving our main theorems on the spectral structure of
the problem (1.2) and on the completeness and basicity of the eigenfunctions of
associated problems on a primitive cell. The chapter is once more finished with
a related literature review, but, as was indicated before, this can only be brief.
The bibliography, a list of symbols we introduce, and the curriculum vitae of the
author constitute the back matter of this dissertation.



CHAPTER 2

SELECTED PRELIMINARIES

In this chapter, we introduce our notation and review certain mathematical
concepts that are of relevance later on. At this, we assume that the reader is
familiar with the most important results and notions of functional analysis. If
needed, however, the material we presuppose can be looked up in [RS80] or
[Kat95] and, regarding function spaces, in [AF03]. The preliminaries we do
present below are chosen by their relevance to the body of the text and such that
a reasonably self-contained dissertation emerges. Literature for further reading,
and so as to look up the omitted proofs, is cited individually in each section.

The structure of this chapter is as follows: We start in Section 2.1 with some
remarks about the conventions we adhere to. Thereafter, in Section 2.2, we
introduce and compare several types of bases in Banach and Hilbert spaces.
The subsequent paragraph, Section 2.3, is concerned with important theorems
concerning holomorphic operator-valued functions. Finally, Section 2.4 deals
with various basic topics in spectral theory.

2.1 NOTATION AND CONVENTIONS

We adopt a notation that is standard in the mathematical literature and is as
such easily accessible to the reader. The table hereafter provides symbols and
abbreviations that are widely-known and only require very little explanation.
Besides, an index of symbols that are specific to our work, e.g., the spaces and
operators we define, is included at the very end of this document for added
convenience (see p. 159).

IN  The set of natural numbers
INp The set of non-negative integers, i.e., No = N U {0}
Z.  The set of integers
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Rez, Imz
Reu, Imu
7, R4, C4
zZ-w

2]

Ajj

AT

|y

dx

do

a.a.

a.e.

T*

Tlu
Vx,V-,V,A
0,0

XM

M x N
dist(M,N)

vol(M)
U (p), Ur(p)

The field of real numbers (the real axis)

The set of non-negative real numbers

The field of complex numbers (the complex plane)

The upper complex half-plane

The complex conjugate of z € C

The real and imaginary part of z € C

The real and imaginary part of a complex-valued function u
The d-tuples of elements of Z, R, and C, where d € N

The dot product on €4, i.e., z - w = Y4, z;w; for z,w € C*
The Euclidean norm on C%, i.e., |z| = v/z - Z for z € C*

The entry in the ith row and the jth column of a matrix A
The transpose of a matrix A

The restriction of a function u to a subset U of its domain
The Lebesgue measure of appropriate dimension

The Lebesgue surface measure of appropriate dimension
(Lebesgue-) “almost all”

(Lebesgue-) “almost every(where)”

The adjoint of an operator T on a Hilbert space

The restriction of an operator T to a subset U of its domain
The curl, divergence, gradient, and Laplace operator

The Landau symbols

The Kronecker delta, i.e., 6;; =1, if i = j, §;; = 0, otherwise
The characteristic function of a set M, i.e., xm(x) =1,if x € M,
xm(x) =0, otherwise

The cartesian product of two sets M and N

The distance between two subsets M and N of a metric space,
ie., dist(M,N) =inf{d(x,y) | x € M,y € N}

The volume of a Lebesgue measurable set M C R¥

The open and punctured open r-neighborhood of a point p in a
metric space

The closure of a subset M of a topological space
The boundary of a subset M of a topological space

The direct sum of two subspaces V and W of a vector space, i.e.,
VeW={v+w|veVweW}landVNW =0

The orthogonal complement of a closed subspace V of a Hilbert
space

A constant which may change its value at successive appearances

“if and only if”



2.1. NOTATION AND CONVENTIONS

An important role in the study of problems of mathematical physics is played
by operators and function spaces. In their regard we stipulate the following
principles: All vector spaces we will be concerned with are assumed to be complex
and nontrivial; we denote them by capital Latin letters. For a normed space X
we write |||y for its norm and sometimes, when no confusion can arise, also
||-||. The same rule applies if X is a (pre-)Hilbert space, i.e., the respective inner
product is denoted by (-,-)x or (-, ).

If X and Y are normed spaces and A : X — Y is a linear operator, then we
denote by D(A) C X the domain of definition of A and we write Ker A and
Ran A for the kernel and the range of A, respectively. Moreover, B(X,Y) is the
space of all bounded linear operators from X to Y and, if X =Y, we abbreviate
B(X) := B(X, X). These spaces shall always be equipped with the usual operator
norm given by

A
[Allgxy) = sup I Ax]ly forall A € B(X,Y).

xex\{0} [x

Here, as with the norm of functions, we sometimes omit the subscript and write
| A|| for the norm of A € B(X,Y).

Although bounded operators occur many times in what follows, our main
objects of study will be densely-defined, closed linear operators between normed
spaces X and Y. The set of all such operators is written as C(X,Y), where we
write C(X) := C(X, X) in the important special case X =Y.

The function spaces that are of importance to this work are well-known
Lebesgue and Sobolev spaces or certain subspaces thereof. Given a domain
U C RY, where d € N, they are denoted in the usual manner as, e.g., LZ(U),
L*(U), H*(U), and H}(U), respectively, where only s € {1,2} occurs in this work.
The functions in these spaces are understood to have values in C. Otherwise we
explicitly specify the target space, Y say, and write L?(U;Y) and so forth.

If nothing else is said, we consider the canonical inner products in the afore-
mentioned Hilbert spaces. Quite often, though, our analysis benefits from using a
weighted, and thus equivalent, variant of such a space. Then, for a weight function
w € L®(U;R) that is bounded below by some positive constant, we write, e.g.,
L2 (U) if the space L?(U) is endowed with the inner product

(0, 0) 12y = /uw(x)u(x)v(x) dx  forall u,v € L*(U). (2.1)

In accordance with what we wrote above, the norm induced by this inner product
is generally denoted by ||-{| 2 ;). However, we also write |||, when we can avoid
a bulky notation by doing so. It will then always be clear from the context what
underlying space is weighted.
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2.2 BASES IN BANACH AND HILBERT SPACES

The main theorems we establish in this thesis concern the question of whether
the eigenfunctions of the spectral problem we study exhibit some sort of com-
pleteness or basis property. Thus, in the current section, we aim to provide an
introduction to these concepts in infinite-dimensional spaces. Our presentation
follows [Chr03, Chapt. 3], [Heill, Chapts. 1, 4, and 7], and [GK69, Chapt. VI].
Besides the mentioned references, the monographs [Sin70] and [Sin81] are partic-
ularly suitable to find further details.

2.2.1 SCHAUDER BASES

In this subsection, let X be a separable Banach space. We begin by reviewing
definitions related to sequences in X.

Definition 2.2.1. Let {x, },en be a sequence in X and let span{x, },en denote
the set of all finite linear combinations of elements of the sequence. We say that

(@) {xn}nen is linearly independent if every finite subset of {x, },cn is linearly
independent in the sense of linear algebra.

(b) {xn}uen is w-independent if {c, }nen C C and Y5> ¢px,, = 0 imply ¢, = O for
alln € N.

(c) {xn}nen is complete in X if span{x, }nen is dense in X.

(d) {xn}nen is a Schauder basis (or simply basis) of X if for all x € X there exists a
unique sequence of coefficients {c,(x) }nen C C such that

X = i cn(x)xp, (2.2)
n=1

where the series converges in the norm of X. We refer to (2.2) as the expansion
of x in the basis {x,},en and call the mappings X 5 x — ¢,(x) € C the
coefficient functionals of the basis.

Note that the equality (2.2) holds with respect to the chosen order of the
summands. Upon reordering them, the series may become divergent, which
motivates part (i) of the next definition.

Definition 2.2.2. Let {x, },en be a basis of X. We say that

(@) {xn}nen is unconditional if the convergence of the series (2.2) is unconditional
for each x € X.

(b) {xn}nen is bounded if 0 < inf ||x,|| < sup ||x,|| < oo.
nelN nelN



2.2. BASES IN BANACH AND HILBERT SPACES

A basis of X is obviously w-independent and complete in X. The converse
statement, however, is not true (see [Heill, Expl. 1.29]) and it is very unfortunate
that “completeness” and “basis property” are rather often incorrectly used inter-
changeably in the literature. The crucial difference between these concepts lies
therein that a sequence {x, },cN is complete in X if and only if for all x € X there
exist coefficients cif) (x) € C,wheren =1,...,Ns; and s € IN, such that there holds

N;
Y e (x)xy —x ass— oo,
n=1

while, on the other hand, {x,},cn being a basis of X requires definite coeffi-
cients (and not sequences thereof) as in (2.2). Another characterization of this
relationship is given through the next result.

Theorem 2.2.3 ([Chr03, Thm. 3.1.4]). A sequence of nonzero vectors {x, }nen in X is
a basis of X if and only if the sequence is complete and there exists a constant K such that
forall M,N € N with M <N,

<K for all sequences {c, }nen C C.

M
Y cnxn
n=1

N
Y cnxy
n=1

Remark. Requiring the sequence in the statement of this theorem to consist of
nonzero vectors is necessary, since otherwise expansions in it cannot be unique.

Theorem 2.2.3 allows for an easy proof of the next result which is often the

starting point when proving properties of bases in Banach spaces.

Theorem 2.2.4 ([Heill, Thm. 4.13]). The coefficient functionals {c, () }nen of a basis
of X are linear and continuous and thus elements of the dual space of X.

Finally in this paragraph, we mention a relatively easy way to gain new bases
from existing ones. Hereto, let Y be another separable Banach space.

Theorem 2.2.5 ([Heill, Lem. 4.18]). Let {x, }nen bea basisof X. If T: X — Y is an
isomorphism, i.e., a bounded and bijective linear operator, then {Txy, }neN is a basis of Y.

This connection suggests the next definition.

Definition 2.2.6. A basis {x, },en of X is said to be equivalent to a basis {y, }nen
of Y if there exists an isomorphism T : X — Y such that Tx, =y, for all n € N.

Remark. In the special case X =Y we can define an equivalence relation on the set
of all bases of X, where {x, }neNn ~ {¥n }nen if and only if {x, }en and {y, fren
are equivalent in the sense of the last definition.
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2.2.2 BESSEL SEQUENCES, ORTHONORMAL AND RIESZ BASES

Let us now consider bases in a separable Hilbert space H. Due to the additional
structure, there hold many results for these bases that are not true for their
counterparts in general Banach spaces. This applies, in particular, to orthonormal
bases, which are widely known and used. For the sake of completeness, we recall
their definition.

Definition 2.2.7. Let {x, },en be a sequence in H. We say that

(@) {xn}nen is a Bessel sequence if there exists a constant B > 0 such that

Y [, xn) 2 < B|x||>  forallx € H.
n=1

(b) {xn}nen is orthonormal if (x,, Xy ) = Oy for all n,m € IN.
(c) {xn}nen is an orthonormal basis of H if it is orthonormal and a basis of H.

While a Bessel sequence certainly need not have the basis property, expansions
in it can be unconditionally convergent for suitable coefficient sequences:

Theorem 2.2.8 ([Chr03, Cor. 3.2.5]). Let {x, },en be a Bessel sequence in H. Then
Yo 4 cuXy converges unconditionally for all {c, },en € I2(IN).

Regarding orthonormal bases we only mention the following two noteworthy
theorems, since we assume that the reader is familiar with the matter.

Theorem 2.2.9 ([Heill, Thm. 1.50] and [Chr03, Cor. 3.4.3]). Let {x,},eN be an
orthonormal sequence in H. Then {xy }neN is an orthonormal basis of H if and only if
{xn }neN is complete in H.

Remark. The equivalence stated in the last result follows from the orthogonality of
the involved vectors and does not need to hold for an arbitrary complete sequence
in H (see [Heill, Expl. 1.46 (b)]). Hence, also in Hilbert spaces “completeness”
and “basis property” are different notions.

Given one orthonormal basis, the next result characterizes all other orthonor-
mal bases of the same Hilbert space.

Theorem 2.2.10 ([Chr03, Thm. 3.4.7]). Let {x,}n,eN be an orthonormal basis of H.
Then {yn }nen is likewise an orthonormal basis of H if and only if y, = Ux, for all
n € N where U : H — H is a unitary operator.

Of course, the application of a non-unitary isomorphism to an orthonormal
basis of H still yields a basis of that space due to Theorem 2.2.5. Such bases are
given a special name.
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Definition 2.2.11. A basis {x, },en of H that is equivalent to an orthonormal
basis {yn }nen of H is called a Riesz basis. The isomorphism T : H — H such that
Tx, =y, for all n € N is called an orthogonalizer of {x, }nen.

Remark. Due to Theorem 2.2.10 a Riesz basis {x, },en of H is equivalent to all
orthonormal bases of H and the corresponding orthogonalizers only differ by
a unitary transformation. For that reason max {||T||,||T!||}, where T is any
orthogonalizer of {x, },eN, is a unique constant which can be seen as a measure
of the non-orthogonality of the Riesz basis.

Several equivalent characterizations of Riesz bases are known. We mention
some of them below.

Theorem 2.2.12 ([Heill, Thm. 7.13] and [Chr03, Prop. 3.6.4]). Let {x, }nen be a
sequence in H. Then the following statements are equivalent:

(a) {xn}nenN is a Riesz basis of H.
(b) {xy}nen is a bounded and unconditional basis of H.
(c) {xn}nen is a basis of H and Y- c,x, converges if and only if {c, }nen € I2(IN).

(d) {xn}nen is complete in H and there exist positive constants b and B such that

N 2 N
b2|cn]2§ §B2|cn|2 forallcy,...,cy € Candall N € N.
n=1 n=1

N
Y cnxn
n=1

(e) There exists an equivalent inner product (-,-) on H such that {x, },eN is an or-
thonormal basis of H with respect to (-,-).

Remark. 1f {x, },cN is a Riesz basis of H which turns into the orthonormal basis
{Yn }nen of H after an application of the orthogonalizer T, then we can supple-
ment the last result as follows:

(a) We have HT‘lH_1 < ||xn|| < ||T]| for all n € N.

(b) The (unconditionally convergent) expansion of an element x € H in the basis
Yy & p
{xn }nen has the form

x=Y (%, TYn) xn,
n=1

where T* denotes the adjoint of the operator T.

(c) The constants b and B mentioned in part (d) are optimal for the choice
b= 7| *and B= [T

(d) The inner product (-,-) introduced in part (e) is given by (x,y) := (Tx, Ty) for
all x,y € H.
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To finish this brief treatise, we note that it is a hard problem to find a bounded
basis of a Hilbert space that is not a Riesz basis. A difficult example showing that
this is indeed possible can be found in [Bab48].

2.3 HOLOMORPHIC OPERATOR-VALUED FUNCTIONS

This section is devoted to the analogs for operator-valued functions of some well-
known theorems from complex function theory. By a consequence of the Hahn-
Banach theorem, most of the classical scalar results can be easily generalized to
the operator-valued setting. Sometimes, though, a direct imitation of a proof that
is valid in the complex-valued case is not possible. This is rigorously elaborated
in [GL09, Chapt. 1], which is also our main reference for this section. Besides, we
occasionally rely on [Loc00, Sect. 1.3] and, for some results on Riemann integrals
for operator-valued functions, on [HP57, Sect. 3.3].

In the whole section, X denotes a Banach space and F : U — B(X), where U
is an open set in C, is an operator-valued function.! Here, the Banach space B(X)
is always considered under the uniform operator topology.

2.3.1 DEFINITIONS AND PREPARATORY MATERIAL

Origin of our considerations is, of course, the notion of holomorphicity. Its
definition in the operator-valued case does not differ from the scalar version.

Definition 2.3.1. A function F : U — B(X) is called differentiable at a point w € U
if the limit

F'(w) := lim Fz) — F(w)

zZ—w z— W

exists. If F is differentiable at every point in U, we say that F is holomorphic in U
and call the function F’ : U — B(X) the derivative of F.

Remarks.
(a) Clearly, a holomorphic operator-valued function is also continuous.

(b) Although, as was already said, the limit occurring in the last definition is
understood with respect to the operator norm, we note that strong and even
weak limit processes yield equivalent notions of holomorphicity (see [GL09,
Thms. 1.6.1 and 1.7.1]).

(c) Even for unbounded-operator-valued functions there exist concepts of holo-
morphicity (see [Kat95, Chapt. 7] and [RS78, p. 14ff.]). In the language
of the cited authors, what we have just defined is the property of being
bounded-holomorphic.

INote that all definitions and results can be transferred to functions f:U— X by means of
only slight refinements.
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Several important theorems in complex analysis are concerned with the eval-
uation of contour integrals in the complex plane. We briefly remind the reader of
a related definition.

Definition 2.3.2. A set I' C C is said to be a connected contour if there exist real
numbers 4 < b and a continuous function v : [a,b] — C such that y([a,b]) =T.
The mapping 7y is called a parametrization of I'. Lastly, a union of a finite number
of pairwise disjoint connected contours is called a (non-connected) contour.

In order for integration along a contour to make sense, its parametrization
needs to be suitably smooth. We clarify this as a part of the next definition.

Definition 2.3.3. Let I' be a connected contour with parametrization y. We say
that

(a) T is closed if y(a) = y(b).
(b) T issimpleif y(s) # y(t) foralla <s <t < bsuch that (s,t) # (a,b).
(c) T is smooth if <y is continuously differentiable.

(d) T is piecewise smooth if there is a finite partitiona =a; <a, <--- <ay41 =0b
of the interval [a,b] such that the restrictions v, :=7],, 4,,,] are smooth for
1<n<m. Wewrite y =1 + 72+ - + vy in this case.

A non-connected contour I' = U;\’:ll“n is called closed, simple, smooth or piecewise
smooth if each of its components has the respective property.

With this at hand, we can now proceed to define a contour integral for
operator-valued functions. There, and in the rest of this subsection, we are
concerned with a simple piecewise smooth contour T' = UN_, T',. Without further
mentioning, the parametrization of the component I',, where 1 <n < N, shall be
given by v,1+ yn2 + - 4+ Yum, : [an,bn] — C and with respect to the partition
Ay =ap1 < app <+ <dyy, +1 = Dby of the interval [a,,b,].

Definition 2.3.4. Let F : U — B(X) be a continuous function and let I = UN_, T,
be a simple piecewise smooth contour with I' C U. We define the contour integral
of F along I by

N Mn ra,
JF@dz= Y 3 [ a0 Fu) d, 2.3)

n=11=1 "7,

where the right-hand side is a sum of Riemann integrals.!

1 As in the scalar case, this definition is seen to be independent of both the chosen parametriza-
tion (as long as the orientation is kept the same) and the chosen partition.
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Remarks.

(a) Note that we write 1, ,(t) to the left of the operator F(7,,()) in (2.3) so as to
highlight that the first-mentioned quantity is just a complex number.

(b) There is no difficulty in considering a Riemann integral for operator-valued
functions as it occurs above. Similar to the case of a scalar-valued function
it is defined as the limit of suitable Riemann sums. Of course, convergence
has to be understood with respect to the operator norm, so that, if existent,
the integral of a function with values in B(X) is itself an element of that
space. We refer to [HP57, Sect. 3.3] for details, which also contains a proof of
the existence of the integrals on the right-hand side of (2.3) under the given
assumptions on F and I' (see [ibid., Thm. 3.3.4]). Further, the cited theorem
gives that

/F(z)dzx:/F(z)xdz forall x € X,
r r

where the integral on the right-hand side is a Riemann integral for vector-
valued functions.

The usual characteristics of the scalar contour integral carry over to the
operator-valued case. Two properties that are of particular importance to us are
stated as the proposition that finishes this paragraph. First, though, we need a
definition.

Definition 2.3.5. Let = UnNzlf » be a simple piecewise smooth contour. Then

N my Anl+1
=L L[ ol
=11=1

n,l
is called the length of T'.!

Proposition 2.3.6 ((HP57, Thm. 3.3.2]%). Let F : U — B(X) be a continuous function
and let T = UN_ T, be a simple piecewise smooth contour with T C U.

(a) There holds the estimate

H/I_F(Z) dz

(b) If Ais a closed operator on X such that D(A) 2 RanF(z) for all z € T and if the
mapping z — A[F(z)] is continuous on T, then

A [/FF(Z) dz] — ./I_A[F(z)] dz

I The first footnote on the previous page likewise applies here.
2The cited reference only contains a proof of the assertion in part (b). However, the estimate
stated in part (a) is clear from the definition of the contour integral as a limit of Riemann sums.

/a,,1+1 IE (s (8))]] |’)’nl( )| dt <I(T )maXHF( |-

nlll n,l
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2.3.2 ANALOGS OF THEOREMS FROM COMPLEX ANALYSIS

For later reference, we now provide the operator-valued versions of several well-
known results from complex function theory. They will be very important to our
reasoning in Subsection 5.4.2 in which we prove our main theorem.

First, we make precise what type of contours we are concerned with here.

Definition 2.3.7. Let D C C be a bounded open set with boundary dD that is
given by a simple, closed, and piecewise smooth contour, i.e., 9D = U)_ T, for
some N € IN. If the parametrization of each component I';; is chosen clockwise
whenever the region bounded by I', does not contain points in D which are
arbitrarily close to I', and counter-clockwise otherwise!, then D is called an
(oriented) Cauchy domain and 9D is said to be a Cauchy contour.

With this we can state the operator-valued versions of Cauchy’s integral
theorem and formula.

Theorem 2.3.8 ([GL09, Thms. 1.4.2 and 1.5.1]). Let F : U — B(X) be a holomorphic
function. If D is a Cauchy domain with D C U, then

B 1 F(z)
/aDF(z)dZ—O and F(w)_ﬁ/aoz—wdz forallw € D.
Inductively—and with the help of the corresponding result for a complex-
valued holomorphic function—we also obtain Cauchy’s integral formula for
derivatives.

Theorem 2.3.9 ([GL09, Cor. 1.5.3]). Let F : U — B(X) be a holomorphic function.
Then F is arbitrarily often complex differentiable on U. If D is a Cauchy domain with
D C U, and if we denote by F") the nth complex derivative of F, where n € Ny, then

! F(z)
Fn) :L/ By llweD.
(w) 271 Jop (2 — ) z  forallw e

Not only are holomorphic operator-valued functions of class C*, but also
locally expandable in a power series (or analytic). This is formulated in the next
theorem.

Theorem 2.3.10 ([GL09, Thm. 1.8.5]). Let F : U — B(X) be a holomorphic function
and let zy € U and r > 0 be such that U,(z9) C U. Then

F(n) (ZO)
n!

F(z)=)Y (z—z0)"F, forallz € Uy (z), whereF,=
n=0

forall n € INy.

I This orientation is also known as the orientation defined by D in the literature. Some authors
just say that D shall be “on the left” of I'.
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Remark. Due to Theorem 2.3.9, the coefficient operators of the above power series
expansion have the integral representation

1 F(z)
" 2mi /aD (z — zo)”+1 dz ra 0s

where D is any Cauchy domain with zg € D and D C U.

The next definition is well-known and unchanged from the scalar case.
Definition 2.3.11. Let F : U — B(X) be a holomorphic function.

(a) A point zg € C is called an isolated singularity of F if zg ¢ U and for some
sufficiently small r > 0 the punctured disc U, (zo) is contained in U.

(b) Anisolated singularity zg of F is called removable if there exists a holomorphic
function F : U U {z9} — C such thatF|;; = F. The function F is referred to as
the holomorphic extension of F to U U {zg}.

Remark. 1f it exists, the holomorphic extension in part (b) of this definition is
unique (see [GL09, Thm. 1.1.3]).

The result hereafter is known as Riemann’s theorem on removable singulari-
ties. It provides a helpful criterion for checking whether an isolated singularity
of some operator-valued function is removable.

Theorem 2.3.12 ((GL09, Thm. 1.10.3]'). Let F: U — B(X) be a holomorphic function.
An isolated singularity zo of F is removable if and only if there exists a punctured disc
U, (z0) C U in which F is bounded.

Finally, we present the generalization of the residue theorem and a corollary.
To state these results, we need a definition.

Definition 2.3.13. Let F : U — B(X) be a holomorphic function. If z is an isolated
singularity of F, then for r > 0 so small that 9U,(zp) C U we call

1
Res., (F) i= 5 /a ey PO

the residue of F at the point z.

Remark. Cauchy’s integral theorem implies that the definition of the residue does
not depend on the radius of the circular contour integrated along. In fact, a
non-circular Cauchy contour enclosing the isolated singularity may likewise be
used, but for simplicity we chose the boundary of a circle here.

I The reference only contains a proof of the “if” part of the theorem. The “only if” part, however,
follows readily from the holomorphicity of F.
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Theorem 2.3.14 ([GL09, Thm. 1.10.5]). Let D C C be a Cauchy domain, and let
21,...,2N € D be finitely many distinct points. Further, let F: D\ {z1,...,zny} — B(X)
be a holomorphic function. Then

/aDF(z) dz =27ti IX\]: Res;, (F).

n=1

Since residues at removable singularities vanish due to the Cauchy integral
theorem, we obtain the following important consequence.

Corollary. If F and D are as in the last theorem, and if the isolated singularities z1,. ..,z
of F are removable, then

/BDF(Z) dz =0.

This finishes our compilation of results on holomorphic operator-valued
functions. The reader will find them used extensively later on in this work.

2.4 SOME CONCEPTS OF SPECTRAL THEORY

In this section, we are concerned with various aspects of spectral theory. Divided
in three subsections, our treatise is restricted to providing basic definitions and
some few results related to closed operators, Riesz projections, and operator
pencils.

2.4.1 SPECTRUM AND RESOLVENT OF CLOSED OPERATORS

The material covered below is clearly well-known. We nevertheless include it
here since there is some ambiguity surrounding spectral notions in the literature
(see [Kat95, fn. 2 on p. 517]). For further reading, classical books such as [RS80],
[GG81], and [Kat95] can be consulted.

We begin with a definition. There and throughout, X is a Banach space and A
denotes a closed operator on X with dense domain D(A).

Definition 2.4.1.
(a) The resolvent set of A is given by
p(A):={AeC|A—Al:D(A) — X is bijective},
and the spectrum of A is defined as 0(A) :=C \ p(A).
(b) For A € p(A) the bounded operator
Ra(A):=(A—-AI)"1:X = D(A) (2.4)

is called the resolvent of A (at the point A).
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Remark. It is standard in the mathematical literature to also refer to the mapping
A — R4 (M) as the resolvent of A. We adopt this convention as well.

If the space X is finite-dimensional, then o(A) is simply the set of all eigen-
values of (the matrix) A. In general, however, the situation is more sophisticated.
This gives rise to a finer subdivision of the set o(A).

Definition 2.4.2.

(@) The point spectrum of A is given by

0p(A) = {A € C| A — Al is not injective}
={AeC|Ker(A—-A)#{0}}.

A complex number A € 0;,(A) is called an eigenvalue of A and any nonzero
u € Ker(A — A) is a corresponding eigenvector. The null space Ker(A — A) is
referred to as the eigenspace of A corresponding to A and dim(Ker(A — A)) is
the (geometric) multiplicity of that eigenvalue.

(b) The continuous spectrum of A is the set

0.(A) :={A € C| A — Al is injective, Ran(A — AI) is dense in X,
but (A — AI)"!is unbounded}.

(c) The residual spectrum of A is defined as

0:(A) = {A € C| A — Al is injective, but Ran(A — AI) is not
dense in X}.

Remark. There holds 0(A) = 0, (A) Uoc(A) U oy (A) with pairwise disjoint sets
on the right-hand side of this equality. To realize this it is important to note that

{A € C| A — Al is injective, Ran(A — AI) is dense in X but not equal to X,
and (A — AI)~!is bounded}

is the empty set if A is a closed operator.

Whereas in linear algebra the multiplicity of an eigenvalue is always finite,
there might be infinitely many eigenvectors corresponding to some A € ¢;,(A)
if A acts on an infinite-dimensional space. This is accounted for in yet another
decomposition of the spectrum of A.

Definition 2.4.3. The discrete spectrum of A is the set
4(A) = {A € C| Ais an isolated eigenvalue of A that has finite multiplicity }.

Its complement 0ess(A) := C \ 04(A) is referred to as the essential spectrum of A.
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Remark. The term “isolated” in the definition of 04(A) is meant in the sense that
the respective eigenvalue is an isolated point of 0(A) and not just in the set of all
eigenvalues.

Several other decompositions of the spectrum that we did not cover as yet
are sometimes of interest. In our work, however, we will only be concerned with
subsets introduced so far. We thus refer the reader to the already mentioned
literature and [Dav96] for a broader treatment. What we do need, though, are
some basic results on the resolvent of a closed operator. We now recall them from
the literature.

Proposition 2.4.4 ([RS80, Thm. VIIL.2]).

(a) The resolvent set p(A) is open (thus the spectrum o (A) is closed) and the resolvent
is a holomorphic operator-valued function on p(A).

(b) For A,y € p(A) there holds the equality

Ra(A) = Ra(p) = (= MRa(A)Ra(p),
called the first resolvent identity. In particular, Ro(A) and R4 () commute.

Assertion (b) of this proposition establishes a relation between the resolvents
of a fixed operator evaluated at two points in its resolvent set. It is also possible
to compare the resolvents of two operators at a point for which they both exist:

Proposition 2.4.5 ([HS96, Prop. 1.9]). Let B be another closed operator on X such that
D(B) = D(A) and let A € p(A) N p(B). Then

Ra(A) = Rp(A) = =Ra(A)(A — B)Rp(A),
which is named the second resolvent identity.

In the main part of this work we will mostly be concerned with densely-
defined self-adjoint operators on Hilbert spaces. Our preceding definitions and
results apply, since operators with these properties are necessarily closed (see
[Yos95, Prop. VIL.3.2]). Due to the additional self-adjointness, more detailed
information about their spectra and resolvents can be deduced. Some are stated
in the next theorem, which, in particular, provides a norm equality that will be
used quite frequently in our work.

Theorem 2.4.6 ([HS96, Thm. 5.5] and [Kat95, Sect. V.3.5]). Let A be a self-adjoint
operator on a Hilbert space. Then 0(A) C R and 0,(A) = @. Moreover, for A € p(A),

1

IRAM = Gt ota))

With this we finish our short account on the spectral theory of closed operators.
More advanced results will be cited in the body of this work and for the specific
operators that are of interest to us.
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2.4.2 RIESZ PROJECTIONS

Above we introduced the decomposition of the spectrum of a closed operator
in its discrete and essential part. We shall now devote our attention to the first-
mentioned component, i.e., we are concerned with isolated eigenvalues that
have a finite multiplicity. For each such eigenvalue we define the so-called Riesz
projection, which is helpful in further studying the spectral properties of the
corresponding operator. Our presentation is based on [GGK93, Sect. 1.2] and
[HS96, Chapt. 6]. Moreover, the material is briefly discussed in [GK69, Sect. 1.1.3].

In all of this paragraph, let A be a closed operator on a Banach space X with
dense domain D(A). We suppose that c(A) is purely discrete, i.e., dess(A) = O,
as this is given later in the setting in which we intend to apply the material
discussed below. To begin with, we state a definition.

Definition 2.4.7. Let 0y be a set of finitely many eigenvalues of A. We call a
Cauchy contour I' (see Definition 2.3.7) admissible for A and 0y if T C p(A) and

n(T,2) = 1, ifz € oy, 2.5)
' 0, ifzea(A)\ oo, '

where n(T, z 2m I e

Remark. The second condition for a contour to be admissible requires two things:
First, that eigenvalues which lie in one of the regions bounded by the components
of I lie in no other such region, and second, that they are precisely the eigenvalues
in the set oyp.

Part (a) of Proposition 2.4.4 states that A — R4 (A) = (A —Al)"1 € B(X) isa
holomorphic operator-valued function on p(A). Clearly, under our assumption
that o(A) is purely discrete, the eigenvalues of A are isolated singularities of this
mapping. Since these singularities are not removable (see [HS96, Prop. 1.8]), the
contour integral introduced in the next definition does not vanish.

Definition 2.4.8. Let 0 be a set of finitely many eigenvalues of A, and let I be
an admissible contour for oy and A. Then the bounded operator

1
Pri= =5 /r Ra(A)dA:X = X, (2.6)

which is a Riemann integral in the sense of Definition 2.3.4, is called the Riesz
integral for A and oy.

Remark. A standard argument of complex function theory and the operator-
valued variant of the Cauchy integral theorem (Theorem 2.3.8) show that P is
independent of the chosen admissible contour (see [H596, Lem. 6.1]).

Usually Py, is introduced as the Riesz projection in the literature. This is justi-
fied by part (a) of the next result, which summarizes some important properties
of this operator.
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Proposition 2.4.9 ([GGK93, Lem. 2.1] for (a), [Kat95, Sect. II1.6.4] for the rest).

(a) There holds P2 = P,

o L.e., Py is a projection.

(b) We have Ran P,, C D(A) and the operators Py, and A commute on D(A).

(c) If oy C o(A) is another set of finitely many eigenvalues of A with op N oy = @, then
P;, and P,, are disjoint, i.e., Py, Py, = Py, Py, = 0.

(d) For Xo :=RanPy, and Ag := Alx, we have Ay € B(Xo) and o(Ag) = 0p.

Under certain assumptions, more details are known about the structure of the
range of the Riesz projection:

Theorem 2.4.10 ([GK69, Thm. 1.2.2]! for (a), [HS96, Prop. 6.3]* for (b)).
(a) If Ran Py, is finite-dimensional, then

RanP, = @ {u € X | u € Ker(A — AI)" for some n € N}.

AEgy

(b) If X is a Hilbert space and A is self-adjoint, then Py, is an orthogonal projection and

Ran P, = € Ker(A — AI),

A€oy
where the direct sum is an orthogonal one.

Remark. The subspaces which constitute the direct sum in part (a) are called
the generalized eigenspaces of A for the eigenvalues in 0p. If A has a compact
resolvent, then their dimension is finite (see [Kat95, Thm. I11.6.29]) and if A is
a self-adjoint operator on a Hilbert space, then they coincide with the “usual”
eigenspaces (see [ibid., Sect. V.5]). The existence of an infinite-dimensional ge-
neralized eigenspace—in the case of an eigenvalue of infinite multiplicity, for
instance—is one, but not the only reason for a likewise infinite-dimensional range
of a Riesz projection (see the characterization of Ran P,, < co provided by the
above-mentioned Theorem in [GK69]). Recall, however, that only eigenvalues of
finite multiplicity will be of interest in what follows.

n this reference a bounded operator on a Hilbert space is considered. However, the gener-
alization to our setting causes no difficulties since the crucial properties of the resolvent and the
Riesz projection are the same for a closed operator on a Banach space.

2The cited result only covers the simpler case wherein ¢y contains only one eigenvalue. How-
ever, if there are m > 1 isolated eigenvalues in 0y, we can choose a Cauchy contour consisting
of m disjoint circles, each enclosing precisely one eigenvalue. The corresponding operator Py, is
then just a sum of m Riesz projections which are pairwise disjoint by part (c) of Proposition 2.4.9.
Clearly, the range of such a sum of projections is given by the direct sum of the ranges of the
individual summands.
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To finish our treatise of Riesz projections, let us comment on the restriction
0(A) = 04(A) which we imposed on the considered operator A for simplicity.
It is by no means necessary to have this spectral structure so as to define the
Riesz integral. For instance, if A is a closed operator on a Banach space satisfying
0(A) = 09 U0y, where 0p N oy =@, 0p is compact, and oy is closed, then Py,
exists for any Cauchy contour satisfying a similar “winding condition” as above.
Moreover, the projection property of Py, is still valid in this setting. Details in this
direction can be found in any of the above-mentioned books.

2.4.3 OPERATOR PENCILS AND RELATED SPECTRAL NOTIONS

The spectral problem that we study in the body of this dissertation is nonlinear in
the spectral parameter (see also the introduction to our work). Problems of this
kind can be dealt with by studying suitable operator-valued functions, which,
in the spectral context, are also called operator pencils. For those we collect the
definitions of appropriate generalizations of the basic spectral theoretic notions
below. At this, X denotes a Banach space and « : U — C(X) is an operator
pelrlcil1 defined on some set U C C. Here, the domain of the closed operator <7 (\)
is allowed to vary with A € U.

Particularly well-studied variants of operator pencils are so-called operator
polynomials (or polynomial pencils) of the form

N
Us A (M) =Y A"A,,
n=0

where A, € B(X) and N € IN (see [Mar88] and [Rod89]). Coefficients A, € C(X)
are likewise possible here, but the large majority of results in the literature is
concerned with the bounded case. For that reason, a polynomial pencil with
coefficients that are merely closed is usually tried to be reduced to a certain
pencil with bounded coefficients (see [Mar88, Chapt. II, §20]).2 Note that in the
unbounded case the domain of any operator < () is given by the intersection of
the domains of all its coefficient operators.

Although we shall not be concerned with polynomial pencils in the main part
of our work, let us nevertheless briefly consider an easy example of this class
given by

CoA A (A)=A— Al

where A € C(X). Here, we readily see that A € 0(A) if and only if 0 € 0(27(A)).
This observation motivates the following two definitions in which & : U — C(X)
denotes an arbitrary operator pencil again.

ICapital letters in script font always denote operator pencils in this thesis.
2This is not possible for arbitrary closed coefficients but means that they need to fulfill further
assumptions (see ibid.).
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Definition 2.4.11.
(@) The resolvent set of o7 is given by
pl):={reU|0ep( (1))}
and the spectrum of </ is defined as

o()i=U\p(e) = {AeU|0ea(a(N))}.

(b) The operator pencil Z., : p(</) — B(X) given through
Roy(N) = (A) 2.7)
is called the resolvent of <7 .

Remark. Observe that p(«7) Uo(</) = U and thus a point A € C \ U is, reasonably,
neither in the resolvent set nor in the spectrum of .«7.

Similar to the case of a closed operator we now introduce important subsets
of the spectrum of an operator pencil and generalize some notions known from
linear algebra.

Definition 2.4.12.
(a) The point spectrum of </ is given by
op():={AelU|0ecop(a(A))}.

Following the very same pattern, we also define the spectral subsets o.(%),
0x(), 04(), and 0ess(7). They are called, as in the operator case, the
continuous, residual, discrete and essential spectrum of <7, respectively.

(b) A complex number A € 0, (.47) is called an eigenvalue of o7/ and any nonzero
u € Ker(7(A)) is a corresponding eigenvector. The null space Ker(«7 (1)) is
referred to as the eigenspace of </ corresponding to A and dim(Ker (o7 (A))) is
the (geometric) multiplicity of that eigenvalue.

Remarks.
(a) Note that we have
o(e)=0p(d)Uo(F)Uor(e) and 0() = 04() U Oess(),

where the sets on the right-hand side of these equalities are pairwise dis-
joint. This follows immediately from the last definition and the identical
decompositions that hold for each operator o7 (A) with A € U.
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(b) Based on the construction of an explicit example we shall see in Section 5.3
that A € 04(«) does not necessarily imply that A is isolated in o (<7). More
precisely,

0q(e) ={A € U| A is an eigenvalue of </ that has finite multiplicity},

which some authors actually use as the definition of the discrete spectrum
of an operator pencil. This clearly contrasts the case of a closed operator
discussed before (see Definition 2.4.3).

Given additional information about the A-dependence of a pencil 7, more
results similar to those known from the spectral theory of a closed operator
can be deduced. For instance, o() is closed in U if <7 is a polynomial pencil
or if it is a holomorphic function of A. In the latter case it can also be shown
that the resolvent %, is holomorphic on p(</). A resolvent identity resembling
that in part (b) of Proposition 2.4.4, however, is not to be expected unless the
A-dependence of the pencil is of a rather simple form. Further details can be
obtained in the literature mentioned above and, for the specific pencils that we
shall work with, in Chapter 5.



CHAPTER 3

PHYSICAL BACKGROUND AND
MATHEMATICAL MODELING

As mentioned in the introduction to this work, the eigenvalue problem we study
later on appears in the mathematical treatment of light propagation in photonic
crystals. The present chapter aims to elaborate on this connection by providing
additional information regarding physical as well as mathematical aspects.

Our presentation is organized in three sections: The first of these slightly com-
plements our discussion of photonic crystals in Chapter 1 with further physical
and some historical details. Mostly, however, it serves to familiarize the reader
with technical terms as well as aspects of the modeling of such structures in
theoretical studies and thereby allows for the comprehension of the subsequent
mathematical assumptions. Section 3.2 is then concerned with Maxwell’s equa-
tions, which govern the phenomena we intend to analyze. It is also here that we
rigorously deduce the above-mentioned eigenvalue problem. The differential
operator appearing therein has a coefficient function of physical relevance—the
relative permittivity known from the introduction—and thus, to obtain a reason-
able model, our assumptions on it are subject to certain limitations. This aspect is
finally discussed in Section 3.3, which closes the chapter.

3.1 AN INTRODUCTION TO PHOTONIC CRYSTALS

In this section, we are concerned with the physical properties of photonic crystals
and elaborate on how their periodic structure is usually modeled. Besides, the
concept of a “reciprocal lattice” is also specified here. As we shall see later, it
plays an important role in the spectral theory of photonic crystals.

Our treatment mostly follows [Joa08] and [Pra09] but we also provide addi-
tional references where it is beneficial.

25
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3.1.1 SEMICONDUCTORS OF LIGHT

Most of the important inventions in modern electronics, such as transistors and
integrated circuits, are based on the properties of semiconductors. Commonly
these materials are crystalline solids, i.e., their atomic arrangement is of a periodic
nature, and are characterized by having an (energy) band gap that is nonzero but
smaller than that of an insulator (see [Kit04, Chapts. 7 and 8]). An electron within
the semiconductor cannot have an energy that falls within the band gap so that
this energy region is often also called the forbidden band.

In 1987, two researchers, E. Yablonovitch and S. John, independently proposed
the creation of materials that allow for the manipulation of light similar to how
semiconductors can regulate electrical currents. Their publications [Yab87] and
[Joh87], respectively, originated from different motives! but both essentially
described the same structure: An “optical semiconductor”, which they decided
to name a photonic crystal. Nowadays this term refers to any material that is
composed of different dielectrics, i.e., insulating materials that can be polarized
by an applied electric field, in a periodic manner. Such a material need not be
periodic in all three spatial directions, but may also be a simple multilayer film
consisting of alternating dielectric materials.?

Although all photonic crystals are clearly three-dimensional objects, they are
commonly called one-, two-, or three-dimensional if they are periodic along just as
many spatial directions. This is illustrated in Figure 3.1 below. The leftmost cube
therein, for instance, depicts a portion of the mentioned multilayer film.

FIGURE 3.1 — Schematic examples of (portions of) one-, two-, and three-
dimensional photonic crystals. Each structure is periodic along one or more axes
and composed of two different dielectric materials which are distinctly colored.

Periodicity is a characterizing feature of both electrical semiconductors and
photonic crystals. However, whereas single atoms or molecules are arranged
periodically in silicon, say, the repeated portions of dielectric media in a photonic
crystal are usually of the size of several hundred nanometers. Both structures

IYablonovitch worked in industry at the time and wanted to improve telecommunication
lasers while John was a professor at Princeton and worked out of pure research interest (see [Yab01]
for further historical details).

2Qptical properties of such structures have already been studied by Lord Rayleigh in 1887 (see
[Str87] and [Str17]). However, he did (probably) not know that such an arrangement will allow for
the applications known at the present day.
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have in common, though, that it is their periodic nature which can prevent
the propagation of certain waves—electrons or light, respectively. This is due
to occurring diffractions and reflections within the material and, as a result,
destructive interference. Here, in analogy to the electrical case, a region of
“forbidden” frequencies of a photonic crystal is referred to as a (photonic) band gap.

Depending on whether an electromagnetic wave propagates parallel or nor-
mal to a direction along which a one- or two-dimensional photonic crystal is
homogeneous, it may be more or less affected by the periodic structure. There-
fore it can happen that a wave’s time frequency falls within a band gap for one
direction but not for another. If, however, propagation of waves is prohibited in
any case, i.e, regardless of polarization and direction of travel, then the respective
frequencies constitute a so-called complete (photonic) band gap. The existence of
such a complete forbidden region is, with some few exceptions, reserved for
materials that are periodic in all three space directions.

Besides the pattern with which the constituents of a photonic crystal are
repeated, its (periodically varying) electromagnetic properties have a bearing
on whether or not band gaps exist. Experimentalists and theorists alike found
out that a high contrast in the permittivity of the utilized components and low
absorptivity favor forbidden frequency regions (see also our literature review in
Section 4.2). Roughly speaking, these two quantities measure how resistant a
material is to electric fields and how much impinging electromagnetic energy it is
taking up, respectively. In view of this, many photonic crystals are manufactured
by enclosing air or vacuum in a non-absorptive background material with high
permittivity. The periodic arrangement and the air-to-background volume ratio
are then tuned to the particular application.

Further details on the physics of photonic crystals, information on their indus-
trial applications, their manufacturing, and the most well-functioning geometries
can be found in [Yab01] and our main references cited above.

3.1.2 CRYSTAL LATTICES

So as to mathematically analyze the band gap phenomena of photonic crystals,
it is initially necessary to formally describe their periodic geometry. Of course,
solid state physicists and material scientists working in crystallography faced
this task long before periodic nanostructures were known. We thus employ their
established framework here as in [Kit04, Chapt. 1] and [AM76, Chapts. 4-7].

An idealized photonic crystal, which is for simplicity thought of as being
infinite in extent, is characterized by its so-called Bravais lattice. This discrete set
of points in IR? reflects the crystal’s periodicity in that at each lattice point the rest
of the lattice has the same arrangement and orientation. Formally, given linearly
independent vectors {ay,a,,a3} C R3, a Bravais lattice is a discrete set of points
of the form

© = {z1a1 + 2202 + 2303 | 21,22,23 € Z}. 3.1)
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The vectors ay, a,, and as are referred to as the lattice vectors (or lattice translations)
of the photonic crystal and span the parallelepiped

Qe = {ray + raax +rzas | r,r2,r3 € [0,1]}. (3.2)

This volume constitutes an example of a so-called unit cell, i.e., a “building
block” of dielectric material that forms the photonic crystal by being translated
through all the vectors in the Bravais lattice ®. Regarding this, one distinguishes
unit cells that are primitive, meaning that they cannot be narrowed without loosing
the ability to recreate the periodic structure with their copies. Put otherwise,
the volume of primitive cells is minimal among all unit cells. In the schematic
examples depicted above, for instance, two (four, eight) adjacent layers (columns,
cubes) form a primitive cell. This is shown in Figure 3.2 hereunder. Note from
the illustration that a primitive cell is not uniquely determined, since non-cuboid
portions of the respective crystals generate the same structure by infinite periodic
repetition.

Wy

FIGURE 3.2 — Schematic examples of (portions of) one-, two-, and three-
dimensional photonic crystals. A possible primitive cell is highlighted in each
case.

Media that are only periodic in d € {1,2} dimensions can, without loss of
generality, be described with likewise one- or two-dimensional Bravais lattices,
which are defined analogously to ® above. This is possible by choosing lattice
vectors in R? such that they span the line or plane, respectively, of periodicity of
the photonic crystal. With this identification we can treat these structures as if
they were lower-dimensional. Once more, this motivates the notions of one- and
two-dimensional photonic crystals introduced at the outset of this section.

In Figure 3.3 below we clarify said reduction in dimensionality using the
second of the cubes depicted further up on this page as an example. The illus-
tration also shows that different sets of lattice vectors may result in the same
Bravais lattice—the one shown being referred to as the square lattice. In theoretical
considerations it is usually identified with aZ? for a > 0, i.e., the lattice vectors
are chosen as scalar multiples of the cartesian standard basis vectors in R2. The
primitive cell they span is a square with side length a, which is just the horizontal
(and vertical) distance between neighboring lattice points. In our mathematical
analysis that follows in later chapters we exclusively study structures with this
type of two-dimensional Bravais lattice. In fact, we even restrict ourselves to
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the special case a4 = 1, resulting in the square lattice Z? with a unit square as its
primitive cell. This choice is a matter of mathematical convenience and all of our
results can be transferred to more complicated periodic media with only minimal

R o
y
C. o

FIGURE 3.3 — From left to right: A portion of the Bravais lattice of a two-
dimensional photonic crystal, two possible pairs of lattice vectors and the primi-
tive cells they span, and the structure of the material with indicated lattice points.
Note that the rightmost figure arises from our identification of the physically
three-dimensional medium with its plane of periodicity.

Given a periodic structure, several lattice parameters can be assigned to its Bra-
vais lattice and allow for the definition of so-called lattice systems, which group
together materials having similar structural properties. As examples of such
parameters, we mention the length of the lattice vectors that span a primitive
cell, called lattice constants, and the lattice angles between them. Also, symmetries
besides the ever-present translational symmetry, e.g., rotational and reflectional
ones, are used as distinguishing features. Since altogether there exist four differ-
ent lattice systems in two and seven in three dimensions, we once again have to
point to the already mentioned books for a complete presentation. Moreover, the
connections between lattice systems and group theory are surely worth a look in
the corresponding literature, such as [Bor12], [DM07], and [Pow10].

FIGURE 3.4 — Schematic examples of (portions of) two-dimensional photonic
crystals with indicated lattice points (square and hexagonal), lattice vectors, and
possible primitive cells (highlighted).

As a final example of possible two-dimensional material structures and related
Bravais lattices, the figure right above ends this subsection. The photonic crystals
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schematically depicted therein are not of the checkerboard-type seen up to here,
but more similar to the materials manufactured in practice, where white parts
would correspond to air or vacuum for instance. Note moreover that the two
illustrated media exhibit different Bravais lattices—a square one on the left and
the so-called hexagonal one on the right—and different symmetry properties
beyond translational symmetry. They thus belong to distinct lattice systems.

3.1.3 RECIPROCAL LATTICES

For theoretical purposes, the introduction of a second type of lattice, which is not
directly determined by the photonic crystal’s geometry, is important. It arises in
the study of semiconductor crystal diffraction, i.e., scattering from an array of
atoms, and in the Fourier analysis of periodic functions. We present the latter
approach as per [Pra(9, Sect. 2.2.2] and name [Kit04, Chapt. 2] as a reference for
the first-mentioned connection.

Let us consider a function f : R? — C, where d € {1,2,3}, which models
some property of a d-dimensional photonic crystal that we are interested in. For
instance, the permittivity of the structure can often be modeled by such a scalar
function. Clearly, f is then periodic with respect to the underlying Bravais lattice
O (or O-periodic), i.e.,

f(x)=f(x+a) forallx ¢ R? and alla € ©, (3.3)

and is fully determined by its values on a primitive cell () of the lattice.
Being a periodic function we can (formally) expand f in a Fourier series as

f(x) =Y ce®™*  forallx € RY,
k

where ¢; denotes the Fourier coefficient corresponding to the plane wave with
wave vector k. The periodicity requirement (3.3) now yields a constraint on the
set of wave vectors that the last sum is taken over: Since

fx)=Y ce®* = f(x+a) =Y e forallx e R?and alla € O,
K K

nonvanishing Fourier coefficients exist at most for those k that fulfill e** = 1 for
all 2 € ®. These wave vectors constitute what is called the reciprocal lattice (or
dual lattice) of ®, which we denote by ®*. More precisely, and with the help of
Euler’s formula,

@ ={kcR|k-ac2nZforallac O} (3.4)

It can be shown that the reciprocal lattice is itself a Bravais lattice, i.e., there exist
linearly independent lattice vectors by, ...,b; such that

o :{Zlb1+...+zdbd‘Zl,...,ZdEZ},
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which readily implies that the relation between the lattice vectors of ® and ©* is
given by

Eli‘b]‘:27'((5ij for i,j:1,2,3.

Hence, the lattice vectors by, ..., b, are the columns of the matrix 27t( AT) ~1 where
A € R4 has the columns a, . . ., a,. For instance, for the two-dimensional square
lattice with side length 1, with which we shall always work in what follows, these
relations imply that the corresponding reciprocal lattice is itself square but has
side length 27.

Of course, the concepts introduced in the previous subsection, such as unit
and primitive cells, lattice parameters, and lattice systems, can again be used
to analyze and categorize reciprocal lattices. In contrast to the rather arbitrary
choice of a primitive cell of a photonic crystal’s geometric lattice, however, one
building block of the reciprocal lattice is of particular relevance. This so-called
(first) Brillouin zone Bg+ is defined as the closure of the set of all points in R? that
are closer to the origin than to any other reciprocal lattice point. That is,

Bo: :={x € R?| |x| < |x — k| for all k € ®* \ {0} }. (3.5)

The importance of this set lies in its connection to the solutions of partial dif-
ferential equations with ®-periodic coefficients as those we study ourselves in
Chapters 4 and 5 (see also Subsection 3.2.5 below).

3.2 MAXWELL’S EQUATIONS IN PERIODIC DIELECTRICS

As a problem of classical electromagnetism, the propagation of light in a photonic
crystal is governed by the well-known Maxwell equations. In the section at
hand, we shall recall this system of equations, whereby we start from a rather
general form. By gradually introducing reasonable simplifying assumptions,
we eventually arrive at two eigenvalue problems, one of which the reader will
recognize as equation (1.2) from the introduction. As a general rule, we neglect
questions concerning regularity and function spaces.

Our main references here are the classical treatises [Gri99, Chapts. 7 and 9]
and [Jac99, Chapts. 6 and 7]. Whereas the latter texts mainly examine physical
aspects, [Mon03] provides a more mathematical approach. With a focus on
photonic crystals, the material is given in [Joa08, Chapt. 2].

3.2.1 THE FUNDAMENTAL LAWS OF ELECTROMAGNETISM

Having the application to nanostructures in mind, we start from the macroscopic'
Maxwell’s equations in SI units?>. Under the assumption that an electromagnetic

IThe macroscopic system (3.6) can be seen as describing the average behavior of an electro-
magnetic field in a volume that is very large compared to the atomic scale. On the other hand,
the microscopic form of Maxwell’s equations rigorously takes phenomena on the atomic level into
account. The connection between both formulations is outlined in [Jac99, Sect. 6.6].

2Gee [Mon03, Table 1.1 on p-3l.
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field occupies the whole three-dimensional space (possibly containing dielectric
matter somewhere), they read

V X E+ %]f =0 inR*xR (Faraday’s law of induction),
V-B=0 inR*xR (Gauss’s law for magnetism), (3.6)
V x H-— aa—? =] inR® x R (Ampere’s circuital law),
V-D=p inR® x R (Gauss’s law).

This system of equations relates the vector fields E, B, D, H : R3 x R — RS,
referred to, in order, as the electric field, the magnetic induction, the electric displace-
ment field, and the magnetic field, to given free current density ] : R3> x R — R® and
free charge density p : R*> x R — RR. Here, all six quantities depend on position
x = (x1,x2,x3) € R and time ¢ € R. For details on their physical interpretation
we refer to the above-mentioned references.

The fields E and B together describe the electromagnetic field and in that sense
are the fundamental fields.! In contrast, the fields D and H are derived and
satisfy

1
D=¢E+P  and H:y—B—M, (3.7)
0

where P, M : R® x R — R? are, in general, spatially- and time-dependent vec-
tor fields called the electric and the magnetic polarization density. The occurring
constants gy and p are referred to as the vacuum permittivity and the vacuum
permeability, respectively.? With ¢y denoting the vacuum speed of light, there holds

1
EoMo = % (38)

The just introduced polarization densities are material-dependent and de-
scribe how dielectric matter responds—through induced electric and magnetic
dipole moments—to an external electromagnetic field. In all generality P and M
depend on both external fields E and B. For many materials used in applications,
though, the dependencies reduce to a pair of so-called constitutive relations®. We
emphasize that specifying these relations is necessary in order to even have a
chance of solving the otherwise underdetermined system of Maxwell’s equations.

IFor this reason B (instead of H) is sometimes called the magnetic field in the literature. Usually
H is then named the magnetizing field.

2In SI units, their values are given by g ~ 8.854 x 10~12 Fm ! and pg = 47 x 1077 VsA~'m~!
(see [Jac99, Appx. 4]).

3There is a certain ambiguity surrounding this term in the literature. Some authors refer to
the equations (3.7) as the constitutive relations, although they are actually the definitions of the
auxiliary fields D and H. We shall use the expression for any material-specific pair of relations of
either the form D = D(E, B) and H = H(E, B) or of the form P = P(E,B) and M = M(E, B).
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It is beyond the scope of our work, however, to discuss the existence and unique-
ness of solutions of the full Maxwell system, so that we refer to [Mon03] in this
respect.

Before we come to material assumptions reasonable in the context of pho-
tonic crystals below, let us mention that it is convenient for us to transform the
equations (3.6) into a simpler form by assuming that the time-dependence of all
occurring quantities is of a harmonic (or sinusoidal) manner. That is, for a fixed
frequency w € [0,00) there shall hold, e.g.,

E(x,t) =Re [Ew(x)e_"“’t} for all x € R®and all t € R (3.9)

with E, : R?> — C? being a complex-valued vector field. Analogously we in-
troduce the variables B, D, Ho, P, My : R® — C3. For consistency this re-
quires that the data J and p be time-harmonic with amplitudes ], : R* — C2 and
Pw : R® — C. This ansatz is justified in many applications, for instance, whenever
the considered field is generated by a sinusoidally varying source current, or as
an approximation when only a very narrow frequency region is of interest.

Substituting sinusoidal relations as in (3.9) for all unknowns and the two
density functions in (3.6) yields the time-harmonic Maxwell equations

V X Eu —iwByw =0 in R®,
V- By, =0 in R®,
V x H, +iwDy =],  inR3
V-Dy=p, inR.

(3.10)

Note that formally these equations can also be obtained by a Fourier transform
in time of all fields and densities occurring in the system (3.6).

The most important feature of Maxwell’s equations in their time-harmonic
formulation is the absence of any dependence on time. This has benefits for
numerical computations and also simplifies a rigorous analytical treatment. It
is, however, important to remark that the physically meaningful components
of the electromagnetic field need to be recovered by multiplying a solution
(Ew, Bw, Dw, Hy) of the system (3.10) by e~ ! and taking the real part thereafter
(compare to (3.9)).

3.2.2 MATERIAL ASSUMPTIONS AND CONSTITUTIVE RELATIONS

Recall from the initial section of this chapter that the nanostructures we are
interested in are comprised of finitely many different dielectric materials. The
current subsection discusses assumptions on the properties of these constituents
and the respective consequences for Maxwell’s equations. The periodic nature of
a photonic crystal, however, is not yet incorporated here (see Subsection 3.2.5 in
that respect), so that the equations we derive are likewise valid for appropriate
media with less spatial structure. Besides the main references for this section we
rely on [Joa08, Chapt. 2] and [ST07, Chapt. 5] in our presentation.
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Any medium that we study in this thesis shall always be infinite in extent,
whereby we neglect boundary effects' and can work with Maxwell’s equations
in all of R® as in (3.6) and (3.10) above. This idealization is justified, since the
structures that are fabricated are very large compared to the volume of material
that constitutes their boundaries. Further, we suppose that there are no free
currents or charges present, giving | = 0 and p = 0, and that the structure of the
considered medium does not vary with time.

With respect to the magnetic and electric properties of the treated materials
we always suppose that there hold constitutive relations of the form

D(x,t) =¢eoE(x,t) (3.11)
+ 80/ G(x,T)E(x,t —T)dt forallx € R¥*andallt € R,

—00

1
H(x,t) = y—B(x,t) forallx e R®and allt € R, (3.12)
0

where G : R3 x R — R is the so-called susceptibility kernel (or dielectric response
function) satistfying the physically motivated conditions

G(x,5) =0 for all x € R® and all s € (—o0,0), (3.13)
lim G(x,s) =0 for all x € R®. (3.14)

§— 00
Note here that the existence of the last-mentioned integral is an additional as-
sumption on the function G.

Dependencies as in (3.11) and (3.12) are generally used to model an in-
finitely extended, linear, isotropic, inhomogeneous, dispersive, and non-magnetic
medium.? Clearly, the last-mentioned property implies a vanishing magnetic po-
larization, resulting, by the second equality in (3.7), in the simple proportionality
(3.12) between H and B. The remaining material characteristics mentioned refer
to the structure of the relation between the electric polarization and the applied
electric field. First, for a linear material, the dependence of P on E is linear in the
mathematical sense. Next, a medium is inhomogeneous if the P-E relation varies
spatially and isotropic if this relation is independent of the direction of the E-field.?
Finally, a medium is said to be dispersive if it does not respond instantaneously to
the applied electric field.* Its electric polarization is then given by a convolution
as on the right-hand side of equation (3.11) and as such depends on the past

INote that there are still interior boundary effects, such as continuity and jump conditions on
the propagating fields, at interfaces between the different materials which constitute the infinite
medium. These relationships can be deduced from integral equivalents of Maxwell’s equations as
it is done in [Jac99, Sect. 1.5].

2What sounds like a multitude of material restrictions are actually common properties of
photonic crystals that are built and experimented upon in practice (see [Joa08, Chapt. 2]).

3The latter implies that P and E are parallel at all times and all positions.

4Since some delay is always present in physical systems, an instantaneous reaction can only be
an idealization. Nevertheless, it can still be modeled with a constitutive relation of the form (3.11)
with a susceptibility kernel G(x,t) = ¢(x)d(7) where § denotes the Dirac delta.
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time behavior of E. At this, the requirements (3.13) and (3.14) guarantee causality,
i.e., the polarization at some fixed time can neither be determined by the electric
tield at future time points nor—at least not considerably—by those that are long
bygone.

Having all of the above material assumptions in mind, we turn to the con-
sideration of time-harmonic fields again. With the complex-valued amplitudes
introduced in the first part of this section (carrying the fixed non-negative fre-
quency w as a subscript) the constitutive relations (3.11) and (3.12) become

D, (x) =€ (1 + / G(x,t)e“! dt) E,(x)  forallx € R®, (3.15)
H,(x) = ;Bw(x) for all x € R®, (3.16)
0

which can also be obtained formally by a Fourier transform in time and the con-
volution theorem.! The first of these two relations is usually written differently,
namely as

Dy(x) =¢0(1+ xw(x))Ey(x) for all x € R3, (3.17)

where we introduced the electric susceptibility x : R? x [0,00) — C and defined
Xw = X(-,w) for w € [0,00). This notation shall highlight once more that we
consider a fixed frequency of the time-harmonic field.

Note from the relation (3.17) that yx is the inverse Fourier transform in time
of the susceptibility kernel G, which also explains the name of the latter func-
tion.2 The assumed dispersiveness of the modeled medium is responsible for
the frequency-dependence of x and thus also for that of the so-called permittivity
g:R3 x [0,00) — C given by

e:=¢eoer = eo(1 4+ x), (3.18)

which is the proportionality function between the fields D and E.> We remark
that the dimensionless relative permittivity (or dielectric function) e, =¢/eg =1+ x
appearing in (3.18) is sometimes also denoted by ¢ in the literature. To avoid
confusion, we keep the subscript “r” for the relative quantity in this work. Besides,
we put &, =1+ x(+,w) for w € [0, 00) with the same motivation as for ., above.

We shall not go into details on the mathematical properties of permittivity
functions here, but refer to Section 3.3 for their discussion. Instead, to close this

For equation (3.15) to be correct we obviously have to require G(x,-) € L' (R) for all x € R3.

2At least qualitatively. Of course, whether the occurring integral is regarded as a Fourier
transform, its inverse, or a quantity proportional to either of them is just a matter of convention.

3For some authors the frequency-dependence of ¢ is the very definition of the notion “dis-
persiveness”, e.g., for J. D. Jackson in [Jac99]. This author deduces, in a procedure inverse to
ours, that dispersive media (in his sense) respond non-instantaneously to applied electric fields
(see [ibid., Sect. 7.10]). Thus, our above definition of a dispersive medium and that through a
frequency-dependent permittivity are equivalent.
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paragraph on consequences of certain material properties, let us exploit the con-
stitutive relations (3.16) and (3.17), the equality (3.8) for the occurring constants,
and the definition of the permittivity (3.18) so as to rewrite Maxwell’s equations
(3.10) once again. In their time-harmonic formulation for an infinitely extended,
linear, isotropic, inhomogeneous, dispersive, and non-magnetic medium they
read

V x Ey, —iwBy=0 inR3

V-By=0 inRR?
: (3.19)
V X By+ werwEe=0 inR?
o
V- (erwEw) =0 inRR3,

where we stress again that the frequency w is fixed and the complex-valued
amplitudes E,, and B, have real parts corresponding to the physical fields.

From now on, whenever we refer to Maxwell’s equations in this thesis, we
mean the last-mentioned system. It constitutes the appropriate model for wave
propagation in dielectric media having the features assumed above and can
thus be applied when we specialize our considerations to photonic crystals in
what follows. To do so, we will only have to impose further restrictions on the
permittivity, which will, in particular, reflect the periodic structure of the studied
materials.

3.2.3 TIME-HARMONIC MAXWELL EIGENVALUE PROBLEMS

The attentive reader has surely noticed that Maxwell’s equations in the form
(3.19) only relate two, instead of formerly four, vector fields. This allows us to
decouple them as follows: Assuming that the dielectric function &, ., is nonzero
everywhere (see our discussion in Section 3.3), we deduce, by applying the curl

operator to the first equation of (3.19) and dividing it by &,
; 2
! V x(VxEy,)= lewa:w—z

gr/w er,w CO

E, in R3,

where the last equality follows from the third equation of the system. Comple-
mented with the corresponding divergence constraint in Maxwell’s equations we
arrive at the spectral problem

1 w?
Vx(VxE,)=—E, inR’
€r,w o (3.20)
V- (e, wEw) =0 in R,

which we call the (constrained) Maxwell eigenvalue problem for the electric field.
To obtain similar equations for the magnetic induction, we exchange the roles
of the two Maxwell equations used in our derivation. That is, we divide the third



3.2. MAXWELL'S EQUATIONS IN PERIODIC DIELECTRICS

37

equation of (3.19) by ¢, ,, apply the curl operator, and finally employ the first
equation of the system to obtain

1 ' 2
V><< VXBw):—“;’Vwa:“’ZBw in R?.
rw €0 o

Together with the restriction on the divergence of B, this equation constitutes
the (constrained) Maxwell eigenvalue problem for the magnetic induction!

1 w?
V x < Vwa> =B, inR’
€0 c2 (3.21)

VB, = in R3.

For the physically interesting positive frequencies both spectral problems we
derived share the characteristic that the occurring divergence constraint is, at
least formally, automatically fulfilled for any eigensolution.? This is due to the
respective first equations in (3.20) and (3.21), giving that B,, and &, E,, are curl
fields. Furthermore, likewise only for positive frequencies, we remark that the
first and third Maxwell equation in (3.19) can be solved for the amplitudes E,
and B, as

1
E, = V x B, inR® and B, = Ev x E, inR%® (322

so that an eigensolution of either spectral problem determines the respective other
one. In particular, if one of the eigenvalue problems has only the trivial solution,
then so does the other, which gives information about the (non-)propagation
of electromagnetic waves inside the considered material. The latter is further
explained in Subsection 3.2.5 as well as in Chapters 4 and 5.

3.2.4 TwWO-DIMENSIONAL MEDIA AND POLARIZED FIELDS

To further simplify the Maxwell eigenvalue problems, let us assume that the
properties of the medium we study wave propagation in are independent of
one spatial coordinate. As the material data in the setting of the preceding
paragraph are given by the relative permittivity, this means &, (x,w) = &:(x1, X2, w)
for all (x,w) € R® x [0,00). In what follows we refer to such dielectrics as two-
dimensional 3

Due to the homogeneity of the medium in the x3-direction, it is reasonable
to assume that the electromagnetic field is likewise only (x1,x;)-dependent. We

Due to the simple relation By, = pgHw (see (3.16)), this can also be seen as a constrained
eigenvalue problem for the magnetic field H (or, strictly speaking, for its amplitude).

2For w = 0 in either problem the respective kernel is enlarged by neglecting the divergence con-
straint. It consists of longitudinal waves, i.e., gradients of scalar functions (see [Kuc01, Sect. 7.2.2]).

31f we are concerned with a photonic crystal, then this notion of “two-dimensionality” and
that introduced in the first section of this chapter (see p. 26) agree.
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model it with time-harmonic fields having amplitudes E, B, : R2 — C3 and
fixed frequency w € [0,0).

The reduction of dimensionality greatly simplifies the Maxwell eigenvalue
problems (3.20) and (3.21). To realize this, we first split E,, and B, as

Ew,l Ew,l 0
Ew=|Ewp2|=|Ew2|+| 0 | =EF+EM (3.23)
Ew,B 0 Ew,3
and
Bw,l Bw,l 0
Bo=|Buz|=|Bw2|+| 0 | =BM+B, (3.24)
Bw,3 0 Bw 3

4

where E, j, By, : R? — C for j = 1,2,3 denote the scalar components of the fields.
Here, the superscripts “TE” and “TM” abbreviate transverse electric and transverse
magnetic, respectively. These terms refer to the orientation of the oscillations of
the electromagnetic field, which is also known as its polarization.! In case of wave
propagation in two-dimensional media, we speak of a TE-field if it is of the form
above, i.e., its magnetic induction is parallel and its electric field is normal to
the axis that the medium is homogeneous in. Similarly, we are concerned with a
TM-field if its electric field is parallel and its magnetic induction is normal to the
direction of homogeneity.>

By calculating the action of the curl-curl operator on the fields E.F and EIM,
we see that the Maxwell eigenvalue problem (3.20) for an amplitude E, of the
form (3.23) turns into the pair of spectral problems

?Ewn 02E, 1

1 1 0x20X1 ax% C()Z
Vx (VXEF)=—|2Eu _ P [ =—EF inR?
gr/w w Sr,w axlaxz ax% C% “ (3.25)
0
V- (e, wEE) =0 in R?
and
0 2
Lo (vxeM =1 0 |=%E™ inR?
€ © € 2 3.26
Ir,w Ir,w —AEw,B 0 ( . )
V- (e EM) =0 in R?.

Regarding this, the linearity of the curl operator and the x3-independence of
all occurring quantities are important. A solution of the original problem (3.20)

I This shall not be confused with the polarizations P and M introduced before. We carefully
make sure that the context always clarifies what type of polarization is meant in this work.

2Note that this is the standard definition found in literature on wave propagation in photonic
crystals (see [Kuc01, Sect. 7.2.5]). However, in the context of wave guide problems “transverse
electric” and “tranverse magnetic” are sometimes used conversely.
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exists, and then has the form (3.23), whenever the reduced problems (3.25) and
(3.26) both have a solution corresponding to the same eigenvalue «*/2. Two
similar spectral problems—one governing the TM-polarized part and the other
the TE-polarized part of the amplitude B,—can be obtained from the Maxwell
eigenvalue problem (3.21), but we omit their explicit statement for brevity and
since the magnetic induction will not be of importance in this work.

What is relevant, though, is that for positive frequencies E., and B,, are related
to each other by the equations (3.22), i.e.,

ic3 ic3 )
Ew=—2VxBM4+ 0 v xBF in IR?,
WEy, WEer w
1 1
By=-—VXEF+—VxEM in R2,
1w 1w

The definition of the curl operator and the uniqueness of the splittings (3.23) and
(3.24) yield that there necessarily holds

2

EF— ' g yB™ inR2  and BM=_VxEM inR. (327)
WEr, @ iw

Hence, solving the eigenvalue problems for the polarized parts EJ and B'F is

sufficient to recover the “full” electromagnetic field amplitudes E,, and B, as

long as the case w = 0 is not of interest.

Thus far it is not obvious that the splitting of both fields into TM- and TE-
polarized part indeed reduced the complexity of our task, since after all we
still have two spectral problems to solve. However, the one for EM, i.e., (3.26),
which then determines B/M by means of the second equation in (3.27), is not
vector-valued, but “just” a scalar problem of Helmholtz type reading

1 2
AEys="E,; inR% (3.28)

€r w oy

Here it is important to note that

a(sr,wEw,C%)

= in R?
s 0 in R%,

V- (&r,wEy") =
i.e., the simple structure of the TM-polarized field and its independence of the
third coordinate permits the omission of the divergence constraint.! Similarly,
the scalar problem of divergence type

1 2
V- ( VBw,g) =% B,; inR2 (3.29)

€rw 3

can be deduced from the eigenvalue problem for B'F, where the corresponding
divergence constraint is again automatically satisfied.?

Due to the independence of EEM on x3 this is even true in the case w = 0.
2The first footnote on this page likewise applies here (with EOTM replaced by BEE).
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In what follows, we refer to the spectral problems (3.28) and (3.29) as the
Maxwell eigenvalue problem for TM-polarized waves and the Maxwell eigenvalue prob-
lem for TE-polarized waves, respectively. As we outlined in detail, together they gov-
ern the propagation of polarized electromagnetic waves in a two-dimensional, in-
finitely extended, linear, isotropic, inhomogeneous, dispersive, and non-magnetic
dielectric medium. It is crucial to observe here that the dispersiveness accounts
for a parameter-nonlinearity of the spectral problems. That is, the differential
operators on the left-hand sides of (3.28) and (3.29) depend, by means of their
coefficient function &, = &(-,w), on the spectral parameter w. We shall see
in Chapter 5 that it is this very frequency-dependence which complicates the
analysis of the problems.

To close, we remark that the rest of this dissertation is exclusively concerned
with the study of the Maxwell eigenvalue problem for TM-polarized waves,
which is, unsurprisingly, known from the introduction to our work. The TE-
polarized case shall not be covered here and remains, at least to date and for
dispersive materials, still largely untreated in the mathematical literature.

3.2.5 PERIODICITY AND BLOCH’S THEOREM

Recall that we did not require the considered material in our preceding derivation
of the Maxwell eigenvalue problems to have a periodic structure. On the one
hand our model is thus so far quite general and can, for instance, be of use to
study light propagation problems in wave guides or other media that exhibit
no or only partial periodicity.! On the other hand, however, any effects that the
spatial structure of a photonic crystal might have on the eigenvalue problems are
not yet taken into account. Changing this is the aim of the present paragraph.

Suppose, as always from now on, that the structure of interest is a two-
dimensional photonic crystal with corresponding Bravais lattice ® and primitive
cell Og. Clearly, any function modeling material properties of such a medium
must be @-periodic. That is, for w € [0,00),

er(x,w) =¢er(x+a,w) forallx e R>and alla € ® (3.30)

and similarly for the susceptibility kernel G and thus the susceptibility x. More-
over, these functions are naturally discontinuous since the photonic crystal is
composed of different dielectric materials in a likewise non-smooth manner.

Due to the property (3.30) the Maxwell eigenvalue problem for TM polarized
waves (3.28) is, in the context of photonic crystals, a periodic eigenvalue problem.
Thus, one may well ask whether the spectrum of this problem is somehow related
to that of a similar eigenvalue equation posed on a primitive cell of the underlying
Bravais lattice. After all, the periodic coefficient function &, of the problem is
fully specified once its values on, e.g., ()g are known.

An indication as to why one can hope for a positive answer is found in
F. Bloch’s 1929 Article [Blo29]. He studied electron wave propagation in crystal

1 As long as the assumptions on the involved materials and fields are still in place.
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lattices and showed that any solution of the respective equation of motion (the
Schrodinger equation with a periodic potential) is given by products of lattice
periodic functions and plane waves with wave vectors in the first Brillouin zone.
This result is nowadays known as Bloch’s theorem and of the form indicated above,
i.e., it provides a link between a spectral problem on the whole space and a
similar one on a primitive cell.

Assuming that we can proceed in a like fashion to Bloch—and leaving all
mathematical rigor aside for the rest of this paragraph—we make a product form
ansatz for an eigensolution of the Maxwell eigenvalue problem (3.28). More
precisely, we suppose that the TM-polarized wave has a time-harmonic electric
tield amplitude with third component given by

Ews(x) = Eui(x)e®  forall x € R%. (3.31)

Here, E,, x is a complex-valued ®-periodic function and k € Bg- is a vector in the
associated first Brillouin zone (see Subsection 3.1.3) called quasimomentum vector
(or crystal momentum vector). For this so-called Bloch wave the spectral problem
(3.28) takes the form

1 . . w2 . 2
_ (V + 1k) . (V -+ lk)Ew,k = TEw,k in R
Er,w €

which is readily seen by a direct calculation. Since both the coefficient ¢, ,, and
the function E,, x are periodic with respect to O, it suffices to solve the equation
(3.32) on any primitive cell of the lattice. Choosing ()@ for instance, this results
in the periodic eigenvalue problem

1 . : 2 :
———(V+ik) - (V +iK)Eq = %Ew,k in Qo (3.32)
r,w 0

or rather in a family of such eigenproblems parametrized by k € Bg-.

Now suppose that an eigenpair («*/c, E,, ;) of the equation (3.32) exists. Then,
by the ansatz (3.31) and ©-periodic extension of E, x, we find the associated
TM-polarized electric field amplitude on the whole of R?. Together with the
corresponding TM-polarized magnetic field amplitude obtained by the second
equation in (3.27) this constitutes a time-harmonic TM-field which is able to
propagate inside the photonic crystal. On the other hand, a nontrivial TM-field
of the form (3.31) with prescribed frequency w can only exist inside the material
if @/ is an eigenvalue of (3.32) for some k € Bg-. If this is not the case, w lies, at
least for such TM-waves, in a band gap of the crystal.

Since the above probably raised several questions for the mathematically
acquainted reader, we remark that our treatment of an appropriate operator-
theoretical realization of the spectral problem (3.32) will surely answer them. We
refer to Chapters 4 and 5 in this respect.
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3.3 PERMITTIVITY FUNCTIONS

In the previous section we derived the Maxwell eigenvalue problems for the
electric field and the magnetic induction for a certain class of dielectric materials.
In both these spectral problems the only appearing coefficient function of the
respective operators is the relative permittivity and it is precisely this function by
which material properties enter the problems. In this sense the dielectric media
permissible under our model are fully described by ¢, and we therefore devote
the section at hand to examining its properties. Note that the treatise below
applies to any linear, isotropic, inhomogeneous, dispersive, and non-magnetic
medium modeled by the spectral problems (3.20) and (3.21). Specializing to
photonic crystals only results in additional periodicity of the relative permittivity.

The most important references for this section are [LLP84, Chapt. 9]' and
[Jac99, Chapt. 7]. Besides, the second subsection incorporates material that is
discussed in [ST07, Chapt. 5].

3.3.1 GENERAL CHARACTERISTICS

Recall from Section 3.2 that under our assumptions for any two-dimensional?
dispersive medium having the above-mentioned material properties, the relation
between the physical fields D and E is given by

D(x,t) =¢eoE(x,t) (3.33)
+ 80/ G(x,T)E(x,t —7)dr  forallx € R?and all f € R.

It shall be important to repeat that the second summand on the right-hand side of
this equation is the polarization density P (see (3.7)). It accounts for the induced
dipole moments within the considered dielectric due to the applied electric field E.
Besides, we remark that the susceptibility kernel G occurring under the integral
sign is subject to the causality requirements (3.13) and (3.14) and, after assuming
time-harmonic fields, related to the permittivity e through

e(x,w) =eo(1+x(x,w)) (3.34)
= ¢ (1 + / G(x,t)e' ! dt> for all x € R? and all w € [0,0).
0
Note that the last equality is a consequence of the validity of the relations (3.15)
and (3.17) at any non-negative frequency. This integral representation is a direct

result of the causality relation (3.33) and reveals several important properties of
the permittivity.

I This book uses CGS units whereas we present all formulae in the SI system. Jackson’s work
[Jac99] provides an “Appendix on units and Dimensions”, which also contains helpful tables that
allow for an easy conversion between these different systems.

2Knowing what is needed later on, we deliberately fix the dimension to 2 here. With the
obvious notational differences, the contents of this section are likewise valid for one- and three-
dimensional materials.
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Before we elaborate on this connection, we comment on the high-frequency
behavior of €. Since we impose certain mathematical restrictions in this respect
later on, knowing what is physically reasonable is of course important. To
begin with, a high frequency corresponds to a rapidly changing time-harmonic
electromagnetic field, which, in theory, results in a likewise rapid formation of
electric dipole moments within the material the field propagates in. The physical
processes that occur here, however, cannot go on infinitely fast, so the polarization
density P has to vanish in the limit w — co. With the frequency-dependent form
of the relation D = ¢oE + P = ¢E (see (3.15), (3.17), and (3.18)) this implies

lim e(x,w) = ¢ for all x € R?. (3.35)
w—0
Thus, by (3.34), the frequency components of the susceptibility kernel G also
have to vanish as w tends to infinity. Moreover, from physically more profound
discussions of the permittivity at high frequencies (see [Jac99, Sect. 7.10.C] and
[LLP84, §78]) we can deduce that there hold asymptotics of the form

Ree(x,w) =¢o + [(9 (;)} (x) asw — o for all x € R?, (3.36)
Ime(x,w) = [(’) <£3>] (x) as w — oo for all x € R?. (3.37)

Let us now revisit the equation (3.34). In order to see its implications for the
properties of the permittivity, we consider w as a complex variable and extend
the function in the second argument to the closed upper complex half-plane
Hp := HUR through

e(x,w) :=¢gg <1 + / G(x,t)e' ! dt) for all x € R? and all w € Hy. (3.38)
0

We remark that this extended function still has a physical interpretation but
refer the reader to [LLP84, §82] for details. In view of the discussion there, it is
appropriate that we keep using the symbol € and the name “permittivity” for the
function defined in (3.38).

Readily seen consequences of this extension are the following symmetry
properties of the permittivity: Writing ¢ = Ree 4- iIme, we obtain

Ree(x, —w) = Ree(x,w) for all x € R? and all w € R,

Ime(x, —w) = —Ime(x, w) forall x € R* and all w € R,

which show that & has a real part even and an imaginary part odd in real frequen-
cies. Knowing this is helpful if Ree(x, -)|r and Ime(x, -)|r are approximated by
power series expansions in applications. The former function must necessarily
be modeled with only even powers and the latter with only odd ones.

More sophisticated results on the real and imaginary part of the permittivity
can be deduced from the fact that, for any fixed x € R?, the relation (3.38) defines
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a holomorphic function of w in Hy. This is essentially a consequence of the
properties (3.13) and (3.14) of G and outlined in [Jac99, Sect. 7.10.D]. There, based
on Cauchy’s integral theorem, the so-called Kramers-Kronig relations'

2 o0 /I /
RGS(X,CU):E()—F’P[/ %W
7T 0 w

— dw’] for all x € R? and all w € Hy,

e} /
Ime(x,w) = — 220 p [/ Ree(x,w) — o dw’} forall x € R? and all w € Hy
T 0 w? —w

are derived, where the symbol P stands for the Cauchy principal value (see
[Hac95, Chapt. 7]). Note that these formulae relate real and imaginary part
of the permittivity at a point w € Hj to the values of these functions on the
physical frequencies in [0,00). In particular, the knowledge of either Re¢ or Ime
is sufficient to calculate the respective other function. Most importantly, though,
the Kramers-Kronig relations show that a purely real permittivity can only be an
approximation, as they imply that such a function must be identically equal to
the vacuum permittivity eo.

As a final remark, we note that physically the necessary existence of a non-
vanishing imaginary part of the permittivity accounts for the ever-present ab-
sorption effects (see [Jac99, Sect. 7.10.B] and, in particular, [LLP84, §80]). That is,
as we recall, while an electromagnetic wave propagates inside a medium, part of
its energy is taken up by the matter and the wave is eventually damped.

3.3.2 TRANSPARENT MEDIA

Real life experiences teach us that there exist so-called transparent (or lossless)
media, which allow certain electromagnetic waves to propagate through them
almost unimpeded. For frequencies in the visible spectrum, glass is an example of
such a material, but also most dielectrics used in the manufacturing of photonic
crystals are approximately only slightly absorbing (see [Joa08, Chapt. 2]).

When modeling a transparent medium, its permittivity is assumed to be real
for frequencies in a transparency range I, C [0,00), usually taken to be an interval,
within which absorption, and thus Ime, can be neglected (see [LLP84, §84]). To
be precise, by the Kramers-Kronig relation for the real part of the permittivity,
we obtain

e(x,w) =Ree(x,w) (3.39)
2 w'Ime(x,w')
=& + — - 7 7

T I\l W? —w? dw' forall x € R* and all w € I
0,00)\ Itr -

Note that the integrand has no singularity within the domain of integration so that
there is no need to take the Cauchy principal value. In the special case Iy = [0,wp)
for some wy > 0, the integrand on the right-hand side of the last equality is even

INamed after the authors of the independent articles [Kra27] and [Kro26] in which these
integral representations were first mentioned.
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known to be a strictly positive function, since the law of increasing entropy
implies that Ime is positive at all positive frequencies (and even for all substances;
see [LLP84, §80]). Therefore,

e(x,w)>¢ and é&(x,w)>1 forallxe R?and all w € [, = [0,wyp), (3.40)

which particularly holds if, as an approximation, a medium is considered to be
transparent for all frequencies.!

Another (formal) consequence of this integral representation is of importance
to us and motivates our mathematical assumptions later on: Upon assuming that
the right-hand side of (3.39) can be differentiated with respect to w under the
integral sign, we find

de _ 4w w'Ime(x,w’)

Ye — w A\ L / 2
5w (x,w) 7 Joms, (@2 — a2 dw' forallx € R°and all w € I,

where the transparency range I is an arbitrary interval again. Similar to above,
the positivity of Ime implies that the occurring integrand is non-negative through-
out the domain of in’cegration.2 From this it follows that for fixed x € R?, and if
no absorption is present, the permittivity is a monotonically increasing function
in the frequency as long as € and I, are such that our differentiation above is
justified.

Of course, as was the case in the previous subsection, the formulae we just
derived can only be seen as approximations. Nevertheless, they allow us to judge
the physical reasonability of our technical assumptions on the permittivity in
Chapter 5. We remark, however, that a medium having a permittivity with a
real part that is an increasing function of the frequency is said to be normally
dispersive with good reason: Physical experiments show that away from certain
isolated reasonance frequencies this behavior of ¢ is to be expected (see [Jac99,
Sect. 7.10.B] and, in particular, Figure 7.8 therein).

3.3.3 THE LORENTZ MODEL

In the mathematical chapters of our work we will nowhere make use of a specific
model for the frequency-dependence of the permittivity, but rather impose some
abstract assumptions on its properties. In particular, we will only study approxi-
mately everywhere transparent materials modeled by a real-valued function e.
Nevertheless, for the sake of completeness, we briefly mention below the most
common model for a complex-valued and frequency-dependent permittivity of a
dielectric. At this, any spatial dependence of this function is left out for brevity.
Based on the equation of motion for an electron inside a dielectric material
acted on by an electric field, the Lorentz model (or classical electron oscillator model)

1See also the last page of [LLP84, §84] where the authors explain that “[...] a literally transparent
medium is one in which e(w) is not only real but also positive; if ¢ is negative, the wave is damped
inside the medium, even though no true dissipation of energy occurs.”

%In fact, even positive for positive frequencies.
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proposes a permittivity of the form

e(w) =¢p+ Ne? % Ju for w € [0,00) (3.41)
- e 2wk —w? —iwyy T ‘

Here, e denotes the elementary charge, m. the electron mass, and N the number
of molecules per unit volume. Out of the Z electrons per molecule, f,;, underly a
harmonic force with reasonance frequency w, > 0 and damping constant 7y, > 0.
In total, M different reasonance frequencies of the material are considered but
most related mathematical as well as physical publications limit M to be 1 or 2
for simplicity (see our literature review in Section 5.5).

The real and imaginary part of the permittivity in this model read

Ree(w) =¢9 + E _ for w € [0,00),
(w) me = (w? — w?)? + w2y 0,0
Ne2 M fnynw
Ime(w) = for w € (0,00
(w) Me ; (W2 — w?)? 4 w22 0,00)

and exhibit, when considered as being extended to frequencies in R, the sym-
metry properties we deduced in the previous subsection. Furthermore, since
the damping constants 7, can often be assumed very small, € is approximately
real away from the reasonance frequencies w;. There, a medium described by
this model is seen to be normally dispersive. However, entirely neglecting ab-
sorption effects by setting 7, =0 for j = 1,..., M results in a permittivity that
has singularities at the reasonance frequencies and besides locally violates the
boundedness from below as in (3.40). For this reason this simplistic ansatz is
usually only applied in a narrow frequency region free of reasonance frequencies
(for instance, this is done and commented on in [ER09] and [Eng10]).

A more detailed discussion and further information on other permittivity
models appropriate for metals, liquids, and conducting media can be found
in the literature cited at the beginning of this section. Moreover, in the above-
mentioned section of Chapter 5 we comment in more detail on the sparse existing
mathematical literature, in which, as of this writing, dispersive photonic crystals
have been almost exclusively modeled using the Lorentz model.



CHAPTER 4

A SPECTRAL PROBLEM FOR
NONDISPERSIVE PHOTONIC
CRYSTALS

The chapter at hand marks the beginning of our mathematical analysis of the
Maxwell eigenvalue problem for TM-polarized waves. Since we only cover non-
dispersive photonic crystals here, we can make use of preexisting results from
the literature. Proofs are therefore generally omitted but can be found in the cited
references.

In selecting the covered material, we have had the preparatory character of
this chapter in mind. It includes, in Section 4.1.3, just the mathematical results we
need to later present our own research outcomes on dispersive photonic crystals
in a self-contained manner. However, in order to provide for a more complete
picture, Section 4.2, which finishes the chapter, consists of a brief review of further
mathematical work on light propagation in nondispersive photonic crystals and
other periodic spectral problems.

4.1 OPERATOR-THEORETIC TREATMENT

The aim of this section is the rigorous mathematical analysis of the eigenvalue
problem (3.28) for a TM-polarized and time-harmonic wave propagating in a
two-dimensional photonic crystal. Our presentation is based on [D6r11, Chapt. 3],
which provides an easy access to some of the material originally covered in the
more abstract, but also more in-depth, book [Kuc93]. Moreover, we incorporate
parts of the survey article [Kuc01] and mention [RS78, Sect. XIII.16] as another
valuable reference.

47
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4.1.1 PROBLEM STATEMENT

In order to precisely formulate our spectral problem, we first have to specify
the photonic crystal we shall study. Just as was the case in the last chapter, we
suppose that the considered medium is infinitely extended and comprised of
linear, isotropic, inhomogeneous, and non-magnetic components. Besides, we
assume that the absorption of electromagnetic energy by the photonic crystal can
be neglected for waves with arbitrary frequencies, i.e., it is made of fully transpar-
ent materials. Finally, and crucial to the whole chapter, the nanostructure shall be
nondispersive. We discussed earlier that these material properties constitute an
approximate, but often reasonable model.

The supposed properties of the considered medium are mathematically re-
flected in assumptions on its relative permittivity (see Subsections 3.2.5 and 3.3.2
and recall that e = gge;). Most importantly, ¢; is taken to be independent of the
frequency of the applied electromagnetic field in view of the non-dispersiveness
of the photonic crystal (see Subsection 3.2.2 and particularly footnote 3 on p. 35).
For later reference, we group all necessary requirements right below.

Assumptions 4.1.1 (Basic assumptions on ¢, in the nondispersive case). We sup-
pose that e, € L®(IR?;R) is such that

(a) the function is Zz—periodic, 1e.,

er(x) =er(x+a)  foraa x cR*andalla € Z>. 4.1)

(b) there exists a positive constant &y min with

ermin < &r(X) < |ler[|o(re) =t Ermax  fora.a. x € R2. (4.2)

Remarks.

(a) Note that it is implicit in equation (4.1) that the photonic crystal’s underlying
Bravais lattice is chosen to be ® = Z2. Non-square two-dimensional geome-
tries are likewise covered by the theory that follows, as long as the respective
primitive cells are bounded.

(b) Of course, if Q) denotes a primitive cell of the Bravais lattice Z?2, then suppos-
ing ¢, € L*((};R) together with the above requirements (4.1) and (4.2) results
in exactly the same class of functions. In particular, there holds the equal-
ity [[er| o (r2) = [|€r[| (), which we will use frequently for the Z?-periodic
functions occurring in the remainder of this work.

With the assumed properties of its coefficient function in mind, we state the
spectral problem (3.28) in its nondispersive form. Adjusted to a notation common
in mathematics texts it reads

1
——Au= Au  inR% (4.3)
T
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Here, u stands for the component E,, 3 of the electric field amplitude E,, with
time-frequency w € [0,00) and A := «?/& denotes the eigenvalue parameter. It is
of crucial importance to note that the non-dispersiveness of the modeled medium
eliminates the parameter-nonlinearity of the spectral problem. That is, A or,
strictly speaking, w does not appear on the left-hand side of the eigenvalue
equation.

We study the Helmholtz type spectral problem (4.3) in the complex Hilbert
space L2 (R?) which, as we recall from the preliminaries, denotes L?(IR?) when
endowed with the weighted inner product given by

(,0)e, = (1,0) 12 (g2 = /]I;Z er(Xu(x)o(x)dx  forallu,v € L2(R?). (4.4)

Note that it is due to part (b) of Assumptions 4.1.1 that &, can be chosen as
an integration weight function here, giving that (-, -),, and the canonical inner
product on L?(IR?) are equivalent. Besides, it is readily seen that the mapping
u— e; /2u is a Hilbert space isometry between L?(IR?) and L2 (R?).

Now, the operator whose eigenvalue problem corresponds to (4.3) is given by
A:D(A) — L2 (R?) in L2 (R?), where

D(A):=H*R?), Au:= —SlAu. (4.5)

Clearly, A is densely-defined and, due to the boundedness assumption (4.2) on
gr, uniformly elliptic. Note moreover that this operator is associated with the
sesquilinear form a : D(a) x D(a) — C in L2 (IR?) given by

D(a) := H'(R?), afu,v] = /11{2 Vu(x) - Vo(x) dx, (4.6)

which is likewise densely-defined and furthermore positive and symmetric. From
these properties and the maximality of the domain D(a) it follows, by [Kat95,
Thms. VI.2.6 and VI.2.7] (two results on the Friedrichs extension), that A is a
positive and self-adjoint operator. Finally, as a consequence of its self-adjointness
we obtain that A is closed.!

In summary, the eigenvalue problem (4.3) which we intend to study is realized
as that of the elliptic, self-adjoint, and periodic operator A. Our subsequent
account of the so-called Floquet-Bloch theory provides the results we need to
analyze the spectrum of operators having these properties.

4.1.2 FLOQUET-BLOCH THEORY

In Subsection 3.2.5 we argued—far from being mathematically precise—that the
spectrum of the Maxwell eigenvalue problem (3.28) is determined by a family of

n fact, the closedness of A also follows directly as the operator is the product of the bounded
and invertible multiplication operator &I : L2 (R?) — L2 (R?) and the closed negative Laplacian
—A:H?*(R?) — L% (R?) in L2 (R?). Also, Green’s second identity applied to functions in a suitable
dense subset of H2(IR?), such as C3°(IR?), implies that A is symmetric and positive.
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spectra of related problems posed on a primitive cell. This relation is the most
important outcome of the Floquet-Bloch theory, which is, roughly speaking, the
spectral theory of periodic differential operators.!

An important tool towards our goal of determining the spectrum of the
periodic operator A is given by the Floquet transform. This analog of the Fourier
transform on the lattice of periodicity, here Z?, is given by

(Uu)(x,k) =) u(x— n)elkn for all u € CP(R?) and all x,k € R*> (4.7)

nez?

and can also be defined for functions in L?(IR?) by a standard density argument.
Note that Uu depends on the dual variable k but also—in contrast to a Fourier
transformed function—on x. Moreover, the Floquet transform has the properties

(Uu)(x +a,k) = e**(Uu)(x,k)  forall x,k € R? and all a € Z?, (4.8)
(Uu)(x,k+b) = (Uu)(x,k) forall x,k € R>and all b € 21Z%.  (4.9)

Hence, a Floquet transformed function is what is called k-quasi-periodic in the
variable x with respect to Z? and periodic in the variable k with respect to 271Z2.
We remark that it is no coincidence that the two involved lattices are reciprocal to
each other. If the sum in (4.7) extends over an arbitrary Bravais lattice ©, then
the resulting transform will have the properties (4.8) and (4.9) for all 2 € ® and
all b € ©F, respectively.

The just derived periodicity relations show that all information about the
function Uu is contained in its values on the Cartesian product of two primitive
cells—one each of the crystal’s geometric lattice and the corresponding reciprocal
one. We make the standard choices?

O:=0g = (0,1)? for ® = 72,

(4.10)
B:=Bg: = [-m,n]*  for ® =217Z2,

where we recall that B is the (first) Brillouin zone determined at the end of

Subsection 3.1.3. With this, we can consider Uu as being defined on () x B,

keeping in mind that (4.8) and (4.9) determine the function elsewhere.

As was already said, the domain of the Floquet transform can be extended
to all of L?(IR?) or, more suitable for our purposes, its weighted variant L2 (IR?).
In order to state the mapping properties of U on this space, we first have to
introduce the space L2 (Q0). Similar to the whole-space case discussed above, it

1G. Floquet worked on ordinary differential equations with periodic coefficients. His 1883
work [Flo83], together with the already cited article [Blo29] by F. Bloch, are the foundations of
what is nowadays named Floquet-Bloch theory.

ZNote that the primitive cell of the crystal lattice is here taken to be an open set. This is slightly
less in line with the definition as closed sets used in solid state physics (see (3.2)), but reasonable
since Sobolev spaces of functions defined on (2 play a role in our analysis. Of course, both choices
only differ by a set of zero two-dimensional Lebesgue measure.
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is defined to be the complex Hilbert space L?(()) endowed with the weighted
inner product given by

(,0), = (W,0)12 () = /er(x)u(x)@ dx  forallu,v € L?(Q).

Clearly, the existence of an isometry between the weighted and the unweighted
space and the equivalence of the associated inner products can be deduced just
as before. Note, however, that our notation (-, -),, is ambiguous, as we also use
it to denote the inner product of Lgr (R?). In what follows it will always be clear
from the context what mapping is meant.

Having defined the necessary spaces, we can now recall an important Plancherel

theorem for the Floquet transform.

Theorem 4.1.2 (A Plancherel theorem — [Dor11, Lem. 3.4.1]). The Floquet transform
U: L2 (R?*) — L*(B; Lgr(())) defined by

(Uu)(x,k) == Z u n)e*"  forallx € Qandallk € B (4.11)

V VOI neZZ

is an isometric isomorphism. Its inverse is given by

U=

1/v@mdk
\/vol(B) /B
where v(-,k) is extended k-quasi-periodically to the whole of R?. That is, for k € B,

o(x 4 a,k) :=e*%(x,k)  forall x € Qandall a € Z>.

Remark. Note that in the statement of the theorem we slightly changed the
definition of U. The multiplicative factor vol(B)fl/ 2— (27r) " is needed to obtain
the isometry property and will from now on always be taken into account.

As yet, the importance of the Floquet transform for periodic partial differential
equations has not been revealed. A first observation in this respect is that U
commutes with the corresponding periodic differential operators. Although this

and its consequences can be shown for a large class of operators (see, in particular,

[Kuc93, Chapt.2] and [Kuc01, Sect. 3.5]), we restrict our considerations to the
operator A as in (4.5) from now on. There holds, for all k € B,

U(Au)( k) = W L (Au)(- —me
v neZZ
:_ser vil(B)ngz”('—n)el’k'” (4.12)
— L Ajuw) 0 for all u € H2(R?),



52

A SPECTRAL PROBLEM FOR NONDISPERSIVE PHOTONIC CRYSTALS

where we used the Z2-periodicity of ¢, and the closedness of the operator A.
Observe that on the right-hand side of this equation the differential operator
acts on images under U, i.e., functions that satisfy k-quasi-periodic boundary
conditions on the primitive cell. Hence, the symbol of this operator is still given
by —&; A, but its domain changes with k € B. This will be made precise in the
statement of the next theorem.

Applying the inverse Floquet transform on both sides of (4.12), we expect,
in a sense to be determined, a relation of the form Au = U~ '[A;(Uu)(-,k)] to
hold. Here, by writing Ay on the right-hand side, we emphasize the outlined
k-dependence of the operator. Indeed, this equality can be made precise and
constitutes the main abstract result of the Floquet-Bloch theory. In a form common
in the related literature, and again specifically for the operator A, the associated
theorem reads as follows:

Theorem 4.1.3 ([RS78, Thm. XII1.97 pt. (b)]'). Let k € B and define the operator
Ay :D(Ax) — L?r(Q) in L?r(Q) by

D(Ay) = Hi per(Q) := {ul | u € Hiy (R?) and u(x + a) = ¢ "u(x)

foralla € Z* and a.a. x € Q}, (4.13)

1
Apu = ——Au.
er

Then the Floquet transform U expands the operator A in L2 (R?) into the direct integral
of the operators { Ay }rep in L2 (Q), ie.,

1 D
_1_
UAU = s /B Ay dk. (4.14)

Remarks.

(@) The space H,%_p o (Q)) introduced in the statement of the theorem is an example
of a Sobolev space of k-quasi-periodic functions. It is a closed subspace of H?(Q))
and thus a Hilbert space in its own right when equipped with the (restriction
of the) inner product (-, ) ;2()-

(b) Itis important to note that a function u € H, ,f
periodic boundary conditions

. o (Q) also satisfies the k-quasi-

Vu(x+a)-n(x) =e**Vu(x)-n(x) foralla € Z?anda.a. x €90,

where 1(x) denotes the outward unit normal at x € dQ2. In particular, recalling
that Q is the unit cell in IR2, we have

2 o0u
- = i1
(1,xy)=e P

e (0,x) fora.a. xp €[0,1] and all u € Hz.
1

ver(Q) (4.15)

IThe cited theorem is formulated for Schrodinger operators of the form —A 4 V where V' is
a periodic potential. Nevertheless, the there given proof can be transferred to our situation with
little effort (see also the more general discussions in [Kuc93, Chapt.2] and [Kuc01, Sect. 3.5]).
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and

aa;;(xl,l) = eikZaa;;(xLO) fora.a. x; €[0,1] and allu € H,%_per(ﬂ) (4.16)

where k = (k1,k).

An important consequence of these boundary conditions is the symmetry of
each operator A, with respect to the weighted inner product (-, -),. This can
be seen as follows: By Green’s second identity we find, for all k € B,

(Agu,v)e / Au(x

= —/Qu(x)Av(x) dx +

BQ[

1 0v ou
= (u, Ag0)e, — /O u(xl,O)a—xz(xl,O)—ka—xz(xl,O)v(xl,O) dxy

u -
+ / (e 1) (1) = 5 (31,1001, 1) di

8 0 —
—/ u(0, xz)ax (0,x2) + a—;(o,xz)v(o,xz) dx;

Py -
+/ u(1, xz 1 xz) 8;1 (1,x2)v(1,x72) dxz

= (U, Ag0)e, forall u,v € Hk_per(Q),

using the k-quasi-periodicity of u and v as well as (4.15) and (4.16). In short:
Boundary integrals over opposing parts of d() cancel.

(c) Itis beyond the scope of our work to discuss the direct integral notation in
the expansion (4.14). As it will not reappear in this thesis, we refer the reader
to [RS78, Sect. XIII.16] for details.

A reasoning similar to that employed in Subsection 4.1.1 above shows that
the operators defined in (4.13) share the properties of the operator A. In partic-
ular, each Ay is self-adjoint in L2 (Q) as a consequence of the properties of the
associated sesquilinear form ay : D(ag) x D(ax) — L2 (Q) given by

D(ay) == H,}_per(Q), aglu,v] == /QVu(x) -Vo(x) dx, (4.17)

where the space H]__ (Q) is defined in the obvious way analogous to H2

-per ( -per (Q)
and a Hilbert space with respect to the inner product (-, -) 1 () (compare to part
(a) of the last remark). A crucial difference between A and Ay, however, lies in the

fact that the latter operators are defined on functions on the bounded primitive

!Note in this respect that the boundary integral in Green’s first identity vanishes by the very
same arguments we employed right above when we showed the symmetry of the operator Ay.
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cell (). This allows us to deduce that the resolvent of any operator Ay is compact
by using [RS78, Thm. XIIIL.98] (which gives the compactness of the resolvent
of —A:L*(Q) D H,%_per(ﬂ) — L2(Q))) and the characterization (iii) of a compact
resolvent in [RS78, Thm. XIII.64]. Here, again, the norm equivalence of LZ(Q)
and L2 (Q)) is important.

In view of its just discussed properties self-adjointness, positivity, and com-
pactness of the resolvent, a standard argument shows that the spectrum of each
operator Ay is purely discrete. We elaborate on this in the next subsection, which
collects results on the spectral characteristics of A as well as Ay, for later reference.
Before, let us mention that it is sometimes preferable to work with the variant
V: L2 (R?) — L?(B; L2 (Q)) of the Floquet transform given by

(Vu)(x,k) == e~ ®*(Uu)(x,k)  forallx € Qand all k € B.

It is outlined in [Kuc01, Sect. 7.3] that a result similar to Theorem 4.1.3 can also
be established for V. Therein, for all k € B the place of Ay is taken by the operator
Ar: D(Ag) — L2 (Q) givenin L2 (Q)) by

D(Ay) == H2,.(Q) := {u|a | u € H (R?) and u(x 4 a) = u(x)

per loc

foralla € Z*and a.a. x € O}, (4.18)
A= _El(v +ik) - (V + ik,

and corresponds to the sesquilinear form @ : D(a) x D(a) — L2 (Q) defined
through

D(@) = H\er(Q),  @lu,0]:= /Q (V +ik)u(x) - (V + ik)o(x) dx,  (4.19)

where the space Hl},er(()) is defined in the evident manner analogous to Héer(ﬂ).
Both these spaces are Hilbert spaces with respect to the inner products (-,-) 1)
and (-,-) ;2(qy), respectively (arguments similar to those stated in part (a) of the
last remark apply). Clearly, for all k € B the operator A shares all the above-

mentioned properties of its counterpart Ag.

Remark. Studying the operator A by means of its expansion into the direct integral
of the operators Ay is particularly advantageous when one wants to apply results
from the theory of operator-valued functions to the mapping B > k — Ay. The
fact that the operators Ay all have the same domain is of great help here (see, e.g.,
the concept of a “holomorphic family of type (A)” defined in [Kat95, Chapt. 7]
and [ibid., Thm. VII.3.9]).

4.1.3 SOME SPECTRAL-THEORETIC RESULTS

Below we summarize the most important results on the spectra of the operators
A, Ay, and Ay. First, as a direct consequence of Theorem 4.1.3 we have the
following spectral equality.
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Theorem 4.1.4 ([Dorl1l, Thms. 3.6.1 and 3.6.2]). For the spectrum of the operator A
there holds

O'(A) = U O'(Ak).
keB

The importance of the last theorem lies in its consequence for the analytical
and numerical considerations of the spectrum of A. Instead of solving an eigen-
value problem on the whole of R?, we may study a family of related problems
on the bounded primitive cell () parametrized by k € B. As mentioned previ-
ously, the spectral structure of the latter problems is rather simple, namely purely
discrete. We retain this assertion as part of the next theorem.

Theorem 4.1.5 ([Dor11, Sect. 3.4] and [WS72, Thm. 2.2.1]). For all k € B the opera-
tors Ay and Ay have the same purely discrete spectrum { Ay, tnew and corresponding

eigenfunctions {\P , }neN and {Px , }nen, respectively, which each form an orthonormal
basis of LZ (QY). Further,

OS/\kllg)Lklzg---S/\k,n—)OO asn — oo, (420)

where the min-max principle characterizes these eigenvalues. That is, for all k € B there
holds

/ |Vu(x)|? dx

Akn =  min max 0
Sl (©) N} [ g () u(x)|2 dx
dimU=n Q
(4.21)
(V +ik)u(x)?dx
= mmin max 2 = An foralln € N,
UCH],,(0) ueU\{0} / e (x)|u(x)|2 dx
dimU=n QO

with T denoting the subspace relation. Finally, for all k € B the eigenfunctions of the
two operators are related via

ren(x) = e* P, (x) fora.a. x € Qandalln € N. (4.22)
Remarks.

(@) In case we want to stress the dependence of an eigenvalue or -function of
Ay or Ay on the parameter k, we write it as an argument later on, i.e., A, (k),
Py (-, k) and the like.

(b) Observe that the relation (4.22) is precisely of the form predicted by Bloch’s
theorem: The eigenfunction ¢ ,, of our periodic spectral problem—referred to
as a Bloch wave—is given by the product of a plane wave and the Z?-periodic
function ib\k,n (see also equation (3.31)). Most importantly, it is but now that we
made the contents of Subsection 3.2.5, at least for a nondispersive structure,
mathematically precise.
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The next lemma provides useful information about the dependence of the
eigenvalues and eigenfunctions of the operators Ay and Ay on k.

Lemma 4.1.6 ([Kuc93, Lem. 4.5.7] for (a), [Kat95, Sect. IV.3.5]! for (b)). Let n € IN.
(a) The eigenfunctions Wy (-, k) and ¥, (-,k) can be chosen measurably in k € B.

(b) The mapping B > k — A, (k) is continuous.

(c) The mapping B > k — Ay (k) is even, i.e., Ay(k) = Ay (—k).

Proof of assertion (c). Letk € B and n € IN be fixed. First, u € H',.(Q) if and only

per
if # € He, (Q)). Furthermore, for all x € O,

(V +ik)u(x)|* = (V +ik)u(x) - (V + ik)u(x)
(V —ik)u(x) - (V +ik)u(x)
(V —ik)u(x) - (V = ikyu(x) = |(V +i(=k)u(x)?,

since k is real. Moreover, trivially, |u(x)|? = |u(x)|? for all x € Q) and hence, by the
min-max principle (see the second line of (4.21)) it follows A, (k) = A, (—k). O

Remark. The evenness of the eigenvalues in k is particularly useful for numerical
approximations since it halves the set of relevant values of k. In fact, if a modeled
medium has more than just translational symmetry, then the significant part of
its Brillouin zone can be reduced even further. For instance, for most structures
with a square lattice this so-called irreducible Billouin zone is a triangle of only an
eighth of the volume of B.

In view of part (b) of the last theorem, and since the Brillouin zone is compact
and connected, we can reformulate Theorem 4.1.4 as follows:

Theorem 4.1.7. For the spectrum of the operator A there holds

A) = Ap) = A = minA, (k),maxA,(k)|. 4.23
7(4)= Uotag = Uod) = U [minh 0 maxa(i)]. @29

Remark. Since 0(A) is a closed set (see part (a) of Proposition 2.4.4), the equality
(4.23) can only hold if the union on its right-hand side likewise contains all its
limit points. This is indeed the case and a consequence of the compactness of the
intervals in this union and the fact that mingcg A, (k) — oo as n — co. The latter
can be shown by means of the min-max principle and a comparison argument
with appropriate Neumann eigenvalues (see the techniques used in the proof of
Lemma 5.4.10).

I The cited perturbation result is applicable since Ar depends continuously on k.
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Theorem 4.1.7 constitutes the main spectral statement of the Floquet-Bloch
theory for the operator A and shows that o(A) has a band-gap structure. That is to
say that there might be regions on the positive real axis not covered by the union
of the spectral bands

S, = {r]{gg)tn (k),fl?eaBX/\n(k)}'

which are the ranges of the band functions B > k — A, (k) for n € IN. The ordering
of the eigenvalues by magnitude implies that this can happen if and only if

(max An (k),min)\n+1(k)) #@  forsomen e N. (4.24)
keB keB

An interval of this sort is called a spectral gap (or band gap) of the operator A. We
comment on the existence of such gaps and on how likely they are to appear in
Section 4.2. Moreover, we provide a fictitious band diagram, i.e., a plot of some
band functions and the corresponding spectral bands, in Figure 4.1 below.

Az (k)
Az (k)

M (k)

0 T ¥

FIGURE 4.1 — A fictitious band diagram of a one-dimensional (for simplicity)
photonic crystal having a spectral gap between the third and the fourth spectral
band. Note that part (c) of Lemma 4.1.6 allows us to ignore negative values of k
in our illustration.

The terms we just introduced are, incidentally, perfectly consistent with those
we used in Section 3.1 when discussing the physics of photonic crystals. There,
a frequency w was said to be in a (photonic) band gap if the corresponding
electromagnetic wave cannot propagate inside the medium. On the other hand,
we found out in Section 3.2 that any "allowed" frequency corresponds via the
relation A = @/ to a complex number in the spectrum of the operator A and
hence, as we now know, to A, (k) for some n € N and some k € B. Therefore,
clearly, both definitions of a band gap coincide.
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Let us now briefly turn our attention to the spectral properties of the “whole-
space operator” A. As it is self-adjoint, it has no residual spectrum (see part (a)
of Theorem 2.4.6). Moreover, also the point spectrum of A is empty, which is the
assertion of the next result.

Theorem 4.1.8 ([Kuc01, Thm. 7.7]%). The operator A has no eigenvalues.
Remarks.

(a) Part of this theorem is easy to show, namely that A has no eigenvalues of
finite multiplicity. Thereto a simple proof of the same result for ordinary
periodic differential equations can be adapted (see [Dorl1, Thm. 3.6.3] and
the original source [Eas73, Thm. 5.3.1]).

(b) To be exact, the spectrum of the operator A is purely absolutely continuous.
This is stronger than the absence of eigenvalues, but requires knowledge of
a decomposition of the spectrum that we do not intend to use in this thesis.
We refer to [Kat95, Chapt. 10] in this regard.

Since an isolated point in the spectrum of a self-adjoint operator on a Hilbert
space is necessarily an eigenvalue (see [HS96, Prop. 6.4]), we obtain, together
with the spectral equality (4.23), a corollary to Theorem 4.1.8.

Corollary. The spectrum of A contains no isolated points. In particular, there is no
n € IN such that the band function B 3 k — A, (k) is constant.

The final result we present in this section addresses the Bloch waves. It turns
out that the Floquet transform U can be used to prove that they are, in a certain
sense, complete in L2 (IR?) when k runs through the Brillouin zone B.

Theorem 4.1.9 ("Completeness” of the Bloch waves — [Dor11, Thm. 3.5.1]). Let
u € L2 (IR?) and define, for N € N,

N
Uy (x) = Z/B((Llu)(-,k),tpn(-,k))grt/)n(x,k) dk  forallx € R?,
n=1

where the Bloch waves {y (-, k) }nen are k-quasi-periodically extended to the whole of
IR? as in (4.13). Then, uy — u in L2 (R?) as N — oo.

To close, we remark that several of the results presented in this section also
hold in an appropriate sense for certain classes of dispersive photonic crystals
and their parameter-nonlinear eigenvalue problems. Of course, the specific
frequency-dependence of a given relative permittivity plays a crucial role as to
whether a proof is successful. The reader finds this discussed in Chapter 5.

IThe cited result can be applied since x| € L?(Q) in view of the boundedness of Q (see
footnote 4 in the cited source).
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4.2 RELATED WORK IN THE LITERATURE

In our above considerations of the Floquet-Bloch theory we quickly specialized to
the operator A that realizes our Maxwell eigenvalue problem for TM-polarized
waves. Moreover, we only covered some of the many questions arising naturally
when an operator is known to have a spectrum with a band-gap structure. Both
of these shortcomings shall be briefly addressed in the section at hand.

First, we mention that a spectral decomposition similar to that in Theo-
rem 4.1.4 can be established for any elliptic linear differential operator A that
realizes an mth-order differential expression of the form

L(x,D)= ) cu(x)D*

la|<m

with smooth Z"-periodic! and complex-valued coefficients in R" (see [Kuc93,
Thm. 4.5.1]). If one further assumes that A is self-adjoint and even uniformly
strongly elliptic, then the band-gap structure of o(A) in the form given in The-
orem 4.1.7 can be proven (see [Dor11, Thms. 3.6.1 and 3.6.2]). Here, in view of
the physically very important Schrodinger operators —A 4V, it is important to
remark that the lowest order coefficient ¢ o), which then corresponds to the
periodic potential V, is allowed to be merely in L*(IR"). However, even this
can be weakened so that Schrodinger operators with periodic potentials having
certain types of singularities still have a spectrum with a band-gap structure (see
[Kuc93, Sect. 4.5]).

Another important contribution to the Floquet-Bloch theory of periodic op-
erators with non-smooth coefficients is the article [Brol1l]. The authors show
that a result similar to Theorem 4.1.4 holds for an elliptic differential operator in
divergence form with periodic coefficients (of all orders) in L*(IR"). In contrast
to the above-mentioned results, the problem is not studied in L?(IR") but in
H~™(R"), which, as is also a result of the article, does not change the spectrum.
Besides coping easily with discontinuous coefficients, this approach also handles
unbounded primitive cells, i.e., periodicity is not required in all spatial directions.

In case it is already known that the spectrum of a considered periodic operator
has a band-gap structure, further, more in-depth issues can be raised. Among the
first questions that come to mind—and which thus stimulated a vast amount of
mathematical research—are the following;:

Questions (concerning an operator that has a spectral band-gap structure).
(a) Do spectral gaps exist and, if so, are there finitely or infinitely many of them?

(b) Can certain assumptions on the coefficients of the operator guarantee the existence of
spectral gaps?

(c) Does the operator have eigenvalues?

1 As before, one can easily allow for more general Bravais lattices.
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Let us address these questions one by one.

Ad (a): The existence and number of spectral gaps is clearly a central issue of
problems motivated by applications. That is because only sufficiently wide gaps
at suitable positions on the spectral axis allow for the desired effects. Mathe-
matically, though, it is a hard task to provide the related results—at least for the
more important two- and three-dimensional problems. In one space-dimension,
on the other hand, it is known that spectral bands can only touch, but do not
overlap! and the existence of gaps is therefore to be expected. Moreover, for
one-dimensional Schrodinger operators, Borg’s theorem, established in 1946,
states that spectral gaps are absent if and only if the potential of the operator is
constant (see [Kuc93, Thm. 4.4.4] and the original source [Bor46]).

In dimensions greater than one the nowadays most important results were
conjectured by H. Bethe and A. Sommerfeld in 1933 (see [BS67]). They guessed
for certain Schrodinger operators the by now general belief that there can only
be a finite number of gaps in the spectrum of any self-adjoint periodic elliptic
operator if 1, the space dimension, is at least 2. The most general result in this
direction known to date is a proof of the Bethe-Sommerfeld conjecture for the
Schrodinger operator with periodic magnetic potential in arbitrary dimensions
(see [PS10]). Of course, this article was preceded by several significant results
for what are now special cases. We shall not go into details on the relevant
publications, but rather refer to the survey article [Sob07] and its references.

For the operator —1/¢, A occurring in the analysis of two-dimensional pho-
tonic crystals, a result similar to the Bethe-Sommerfeld conjecture has, to the
best of our knowledge, not yet been proven. Based on physical reasoning
it “should” hold true (see [Kuc01, Sect. 7.4]), but so far a rigorous proof ex-
ists only in the case of a separable and frequency-independent coefficient, i.e.,
&r = €r,1(X1) + €r2(x2), where both functions on the right-hand side are periodic,
bounded, and C2-smooth (see [Vor11]).

Ad (b): The question whether a relation between the coefficients of a differential
operator and the existence of its spectral gaps exists seems to be covered in the
literature only for cases relevant to applications. There, however, this is a key
issue because manufacturers are generally interested in knowing in advance, i.e.,
without actually producing a structure, what materials constituents will favor the
opening of spectral gaps. As regards photonic crystals, physical experiments sug-
gest that a high contrast in the relative permittivity of the dielectric components
is desirable (see [Joa08]). This has been verified mathematically by A. Figotin
and P. Kuchment for certain two-dimensional nondispersive media in their two
papers [FK96a] and [FK96b]. The nanostructures that the authors consider consist
of narrow strips of a dense dielectric with relative permittivity &, > 1 which

!Note that our illustration in Figure 4.1 is thus clearly inaccurate and should not be understood
as depicting the band structure of a realistic medium, but rather as a means to clarify the notions
surrounding photonic band structures.
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separate square “columns” of air as is depicted in Figure 4.2 right below.

FIGURE 4.2 — A schematic illustration of the two-dimensional photonic crystal
studied in the articles [FK96a] and [FK96b]. The white areas represent air, while
the colored strips indicate a dielectric with a high relative permittivity.

The essential result in the cited publications is that there exist combinations of
material parameters—being the width, the distance, and the relative permittivity
of the dielectrically dense strips—such that both the operator —1/e. A and the
operator —V - (1/¢,V), which models TE-polarized waves (see 3.29), have a finite
number of spectral gaps. Building up on their results, Figotin and Kuchment also
published an asymptotic analysis (the contrast in the permittivity going to infin-
ity) of a wide range of two-dimensional non-square photonic crystals in [FK98]
(see also [Fig99]). Similar studies for three-dimensional periodic media still need
to be carried out, but seem very challenging. The only result in this direction
available as of this writing is [Fil03]. Therein, the existence of gaps is established
under the assumption that the contrast in both the relative permittivity and the
relative permeability of the material is suitably high. However, as we said before,
practically all photonic crystals manufactured in practice are non-magnetic, so
that the result is for now “only” of mathematical interest.

Ad (c): The third and last question we raised above, on the absence of eigenvalues,
is just as the Bethe-Sommerfeld conjecture a key problem in the spectral theory
of periodic operators.! It is believed by physicists and mathematicians alike that
no periodic elliptic differential operator of second order has eigenvalues, but
a full proof of this statement is yet to be found (see the discussion in [KL02]).
Important contributions for certain special cases are L. E. Thomas” well-known
paper [Tho73] and the article [Mor00] by A. Morame. In the first-mentioned
publication the absence of eigenvalues is proven for a class of Schrodinger opera-
tors in up to three dimensions, and the second paper establishes the result for
the three-dimensional Maxwell problem in case of a sufficiently smooth relative

1We remark that a periodic and self-adjoint elliptic differential operator of arbitrary order with
sufficiently regular coefficients has empty singular continuous spectrum (see the note on [KL02,
p- 538] regarding [Kuc93, Thm. 4.5.9] and [Kuc01, Sect. 7.4]). Thus, the absence of eigenvalues of
such an operator is equivalent to the absolute continuity of its spectrum.
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permittivity e;. Of course, the latter requirement is not fulfilled for a photonic
crystal since there ¢, is discontinuous by the nature of the structure. In the two-
dimensional TM-polarized case, however, the absence of eigenvalues is again
known to be true, which is the statement of Theorem 4.1.8 given in the last section.
This is due to the relation between the eigenvalue problem for the associated
operator —1/¢, A and the kernel of a suitable Schrodinger operator governed
by Thomas’ result. Finally, the two-dimensional TE-polarized case, realized by
the operator —V - (1/¢, V) with discontinuous ¢, still needs to be examined for
the absence of eigenvalues. For further details on any of the addressed special
cases and a broader overview, we refer to the surveys [Sus00], [Kuc04], and their
references as well as to the papers [KL99] and [KLO02].

By now, the reader has some intuition as to what is (not) known regarding
the questions we asked further up in this section. Clearly, though, many other in-
teresting aspects have not even been mentioned by us. For instance, this refers to
(locally) perturbed photonic crystals (see [Kuc01, Sect. 7.6]) as well as the thriving
field of photonic crystal waveguides (see the references in [Kuc04, Sect. 3], the
articles [SWO02], [Fri03], [AS04], and the very recent publications [Bro09], [KO10],
[HR11], and [Bro12]). Moreover, we also refer to the literature for information on
any related numerical approaches. This concerns the approximation, verification,
and optimization of photonic band gaps, but also computer-assisted proofs of
their existence in certain special cases (see [Kuc01, Sect. 7.7], [HPW09], [Dor11,
Chapt. 2], and [Ric10]).

Summarizing, we hope to have made clear that the periodic operators govern-
ing light propagation in photonic crystals still deserve a large amount of attention
due to many open problems. In particular, dispersive photonic crystals are not
covered by any of the references mentioned in this section.



CHAPTER 5

A SPECTRAL PROBLEM FOR
DISPERSIVE PHOTONIC
CRYSTALS

Having discussed mathematical preliminaries, the physics of light propagation
in periodic dielectrics, and the Maxwell eigenvalue problem for a frequency-
independent relative permittivity, we are finally in a position to present our
research outcomes on a similar equation in the case of dispersive photonic crystals.
Because we are discussing new results, and naturally include all relevant proofs,
the present chapter is the mathematically most demanding, but also the most
elaborated in this dissertation.

Our findings are organized in five sections as follows: First of all, in Section 5.1,
we introduce the eigenvalue problem we are concerned with, discuss some of
its characteristics, and present first thoughts as to how it can be approached.
It is also here that we generalize the main result of the Floquet-Bloch theory
known from the previous chapter (see Theorem 4.1.4) and thereby relate our
spectral problem to similar equations posed on a primitive cell. Thereafter, we
present our results regarding the spectral structure of the problem in Section 5.2.
It follows Section 5.3, which reveals some spectral features that are unique to
the eigenproblem in the dispersive case and clearly absent in the nondispersive
setting of Chapter 4. Subsequently, in Section 5.4, we are concerned with the
eigenfunctions of the problems on a primitive cell and prove their basicity and
completeness, respectively, under certain assumptions on the underlying relative
permittivity. In one of these proofs we rely heavily on the properties of an
operator resembling the Riesz projection for our parameter-nonlinear eigenvalue
problem. Its construction is likewise provided herein. Finally, Section 5.5 briefly
covers the few related studies that exist in the mathematical literature to date.
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5.1 PROBLEM STATEMENT AND FIRST THOUGHTS

The properties of the photonic crystals we consider in this chapter differ from
those governed by the theory in Chapter 4 in one significant aspect: We now
allow for dispersive media and are thus, in case of time-harmonic problems,
concerned with a relative permittivity ¢, that depends on the frequency w of a
propagating electromagnetic wave (see Section 3.2). In order to avoid ambiguities
with respect to the remaining permissible material characteristics, we repeat that
we study an infinitely extended two-dimensional nanostructure comprised of lin-
ear, isotropic, inhomogeneous, non-magnetic, and fully transparent components.
These properties lead—as with nondispersive photonic crystals—to certain basic
assumptions on the function ¢, summarized hereinafter. From now on, they shall
hold without further mentioning.

Assumptions 5.1.1 (Basic assumptions on ¢, in the dispersive case). We suppose
that e, is a function of (x,w) € R? x [0,00) such that

(a) forall w € [0,00) we have &,(-,w) € L®(R%;R);
(b) forall w € [0,00) the function e, (-,w) is Z>-periodic, i.e.,

er(x,w) =¢er(x+4a,w) fora.a. x € R? and all a € Z2; (5.1)

(c) forall w € [0,00) and some positive constant &y min we have

€rmin < & (X, w) < Hsr(-,w)HLm(Rz) =! €r max (W) fora.a. x € R2. (5.2

Remarks.

(a) Asin Chapter 4, the periodicity requirement on ¢, implies that we model a
photonic crystal with underlying Bravais lattice ©® = Z?. Again, other two-
dimensional geometries with bounded primitive cells are also covered by the
results that follow. Furthermore, just as before, if () denotes a corresponding
primitive cell, then |[ex (-, @) || ;o (r2) = [|&x (-, W) [| 1o () fOT @ll w € [0, 00).

(b) Assuming the lower bound &, min in (5.2) to be frequency-dependent does
not cause difficulties in most of what follows. However, doing so does not
enlarge the scope of our model under physical aspects, since we saw in
Subsection 3.3.2 that the relative permittivity of a transparent medium is
uniformly bounded below by 1 (see (3.40)).

With our basic assumptions on &, in mind, we turn again to the Maxwell eigen-
value problem for TM-polarized waves (3.28). In the dispersive case considered
here it reads

1 w?

Au=-—u  inR2%
&r(-,w) c3
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This equation can equivalently be formulated as

1
e~ _Au=Au  inR?
er(-,coV/A)

where we introduce the spectral variable A := «*/& in the same way as in the
previous chapter, and thus with the same physical interpretation. Moreover,
also as before, u denotes the third component of an electric field amplitude with
time-frequency w € [0,00). Upon defining the coefficient function ¢ through

E(x,A) =er(x,c0V/A)  forallx e R?and all A € [0,00), (5.3)

we rewrite our spectral problem once again, in its final form, as

—g(_llA)Au =Au  inR% (5.4)
As was said before, the complicating feature of this equation is its nonlinearity
in the spectral parameter, which is commonly referred to as a A-nonlinearity.
Owing to this naming convention, equation (5.4) constitutes the A-nonlinear
Maxuwell eigenvalue problem for TM-polarized waves, but we shall often use shorter
terms when addressing it. Note that this eigenvalue problem is not one for a
single operator—as it were in the case of a nondispersive medium—since the
coefficient ¢ varies with A. As a consequence, we have to carefully think about
suitable generalizations of the usual spectral notions in this context. The rest of
this section is devoted to outlining our thought process concerning this issue.
As a first observation, we note that for any fixed y € [0,00) the function &(-, u)
is an element of L*(R%R) and Z2-periodic by its definition (5.3) as well as
Assumptions 5.1.1. The latter also imply;, still keeping u fixed, that

0 < €rmin = &min < C(%, 1) < Cmax (M) = €rmax(Co/1t) fora.a. x € R%. (5.5)

Hence, ¢(-, i) precisely fulfills Assumptions 4.1.1 so that the family of spectral
problems

—@Au =Au  inR? (5.6)
where p € [0,00), is governed by the Floquet-Bloch theory that we presented in
the previous chapter. To make use of this connection, we introduce, for y € [0,00),
the elliptic, self-adjoint, and periodic operator A, realizing the equation (5.6) in
L% (IR?). Thatis, A, : D(Ay) — L (R?) is given by

1z u

1
gom)

where we indicate by the subscript “Z,” that {(-,u) is the integration weight
function in the occurring L?-space (see (4.4) and the discussion on p. 49).

D(A,) :=H*(R?),  Auu:=-— Au, (5.7)
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Having defined the operators A;, we can reconsider our A-nonlinear problem
(5.4) again. When thinking about the term “spectrum” in the context of a suitable
L*-realization of this equation, it is quite canonical to demand that a complex
number y belongs to this set, = say, if and only if A, — uI is defined! and not
boundedly invertible. More precisely,

Yi={pcl0,0)|pco(Ay)}

seems to be the proper generalization of ¢(A) from the A-linear case (for the
operator A as in (4.5)) to the A-nonlinear one. This becomes even more convincing
in connection with the following arguments: Note that we have

L= {pel0,)0ca(Ay—pu},

which reminds us of the sets we introduced as spectra of certain operator pencils
in the preliminaries (see Subsection 2.4.3). Indeed, we obtain ¥ = o(./) for the
operator pencil & : [0,00) — C(L?(R?)) defined? by

pi o (p) = Ay —ul = —MA—;{L D(</ (1)) = H*(R?). (5.8)

Since we shall see below that a decomposition result for o (.«7) analog to that valid
in the nondispersive setting (see Theorem 4.1.4) can be proven, we are confident
that the operator pencil .27 is the right object to study. This is also why we refer to
o (<) as the spectrum of the A-nonlinear problem (5.4) (or the A-nonlinear spectrum
on the whole space) in what follows.

In order to establish said spectral decomposition for &/, we draw on the
results of the Floquet-Bloch theory for the operators A,, where y € [0,00). As is
outlined and proven in Section 4.1, we can characterize 0(A,) in terms of the
spectra of the operators A, x : D(A, ) — L%M (Q) given in L%ﬂ (Q) by

1
D(Alifk) = Hl%—per(ﬂ)/ Ay,ku = _WAM- (5.9)

Here, as before (see (4.10)), Q = (0,1)? is chosen as the primitive cell of the lattice
72, k is a vector in the Brillouin zone B = [—7,7t]%, and (-, 1) is the weight
function of the inner product in Lé,, (Q).

Recall that we only declared the function ¢ for second arguments in [0,0) as they correspond
to time frequencies.

ZNote closely that we introduce </ as a map into the closed operators on the unweighted space
L?(IR?). It is therefore not entirely correct to make use of the operators A, in (5.8). On the other
hand, if, for i € [0,00), we define an operator B, : D(A;) — L?(IR?) in L*(R?) by Bju := Ayu,
then the boundedness of the weight function &(-,u) as in (5.5) implies L?(IR?) = L%ﬂ (R?) and
therefore o(By) = 0(A},). This spectral equality made us decide that we should avoid unnecessary
complexity by being overly rigorous here. What we have to keep in mind, however, is that no
operator <7 () is self-adjoint (or even symmetric) unless we weight the space it acts in accordingly.
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With the operators Ay g at hand, let us reconsider the A-nonlinear spectrum
on the whole space. First, we have

o(#) ={ne€l0,00)|0€0(e (1))}
={nel0,00) | pea(Ay)} (5.10)
={p€[0,00) | p€c(Ayx) for somek € B},
where we used that

o(Ay)=Jo(A,r)  forallp € [0,00)
keB

due to Theorem 4.1.4. Now, upon introducing, for k € B, the operators pencils!
1 [0,00) = C(L3(Q) by

H = "(Z{k(;l’o = A}l,k - ]/lI = _C'(ly)A - VI/ D(ﬁfk(ﬂ)) = ng-per(0>l (511)

we can rewrite the equality (5.10) as
o(o)={pe0,00)|0€c(A,r— pul)for some k € B}

= U{pel0,0)0€ (A —pl)}
keB

= o(%).

keB
Owing to the last chain of equalities, we have just proved the following result:

Proposition 5.1.2. For the spectrum of the operator pencil </ there holds
o() = Jo(%).
keB

In retrospect—i.e., once it was clear to us that the operator pencils <7 and %
are the right mathematical objects to work with—the proof of the just stated result
was rather simple. Its implications, however, are far-reaching. Most importantly,
the A-nonlinear spectral problem (5.4) can be analyzed by studying a family of
appropriately realized A-nonlinear equations of the form

— C('l,)\)Au =Au in Q),

which are posed on the bounded primitive cell (2 and subject to k-quasi-periodic
boundary conditions, where k € B. In the course of this chapter we shall see that
this is not the only similarity between the, so to say, A-linear spectral problem
(4.3) and the A-nonlinear one (5.4). However, in most cases we have to impose
additional restrictions on the coefficient function ¢ (or rather ¢;) to be able to
recover further results from the setting of Chapter 4. This is addressed in detail
in the subsequent section.

IThe remarks concerning the inaccuracies in the definition of the map .« above (see footnote 2
on p. 66) apply in a similar manner also to the operator-valued functions .. Most noteworthy,
no operator 7 (j) is self-adjoint (or even symmetric) unless the appropriate integration weight is
paid attention to.
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5.2 THE STRUCTURE OF THE SPECTRUM

Knowing now that the main spectral result of the Floquet-Bloch theory can be
generalized to our A-nonlinear problem, we are naturally interested in more
detailed information about the spectra of the occurring operator pencils <7 and
<. Similar to our arguments in the previous section, we shall see that results
for the related operators A, and A, x are of great help here. Thus, in the lemma
below, we summarize important outcomes of our treatment of the A-linear theory
from Section 4.1. They apply to A, and A, due to our basic Assumptions 5.1.1
on ¢, and the definition of ¢ (see (5.3)).

Lemma 5.2.1 ([Sect. 4.1, Thms. 4.1.5,4.1.7, 4.1.8 (w. Cor.), and Lem. 4.1.6]). Let
p € [0,00).

(a) Forall k € B the operator A, x has purely discrete spectrum {Ay,k,n}nelN with corre-
sponding eigenfunctions {\,, x n fnew which form an orthonormal basis of Lé{ (Q).
Further,

0< Ay,k,l < Ay,k,Z <... < )\V/k/" — 00 asn — oo, (5.12)

where the min-max principle characterizes these eigenvalues. That is, for all k € B
there holds

|Vu(x)|? dx
Aukn = ~min max 0 foralln € IN.  (5.13)
UCHL,,, () wel\{0} / &(x, 1) |u(x)]? dx
dimU=n Q

Besides, the mapping B > k — Ay, (k) is non-constant and continuous for all n € IN.

(b) The spectrum of the operator A, has a band-gap structure, i.e.,

U'(Ay) = U O'(A;,,k> = U min)\},,n(k),max)x%n (k)
keB nelN { keB keB }

and contains no eigenvalues.
Remarks.

(@) As in the nondispersive case we will at times write Ay, (1), Ayu(k), and
Auk(n), when we want to stress the dependence of the eigenvalues and
eigenfunctions on y, k, or n. With respect to the eigenfunctions ¥, x, we
proceed in a similar fashion.

(b) Recall from Theorem 4.1.7 that the spectrum of the operator A as in (4.5) can
be obtained through the operators Ay that have a k-independent domain but
a k-dependent symbol. In the above context, defining operators ﬁ%k in the
obvious way is easily possible and yields a result similar to Lemma 5.2.1. We
shall, however, only work with Ay,k in what follows.
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As a first simple consequence of part (a) Lemma 5.2.1 we notice that there
holds, for all i € [0,00) and all k € B,

peo(a) < 0¢€ U(A;t,k —ul) <= pe O'(Ay,k) = {)‘;t,k,n |ne N}
or, in other words,
ueo() <= pu=>M,(n)for somen € IN. (5.14)

Hence, determining the spectra of the operator pencils .2 is equivalent to finding
fixed points of the mappings [0,00) > py — Ay, () and the spectral equality of
Proposition 5.1.2 can be restated as

o(o)=Jo() = J{ne(0,00)|pu=Agu(y)forsomenecN}.  (5.15)
keB keB

Note that it is a priori not clear whether these fixed points exist at all and, if
so, whether they are unique. As a consequence, the spectrum of 7 and of any
operator pencil <7 can in general be empty, which is impossible for their A-linear
counterparts A and Ay (see Thms. 4.1.5 and 4.1.7). We shall see below that an
additional assumption on the coefficient function ¢ guarantees the non-emptiness
of o(<#) for all k € B and thus, by (5.15), also of o(<). Before we address this,
however, we provide in the next proposition more details on the spectral structure
of these pencils. They are deduced solely based on Lemma 5.2.1, i.e., no other
than our basic assumptions on ¢ need to be made. We remark that the spectral
notions used below can be recalled from Subsection 2.4.3 of the preliminaries.

Proposition 5.2.2.
(a) Forall k € B the operator pencil < has purely discrete spectrum.
(b) The operator pencil </ has no eigenvalues.

Proof.
Ad (a): Let k € B be fixed and p € [0,00). Then

peo(a) <= 0€a(Aur—pl)
> p€o(Auk) =0a(Aux)
= 0€04(Ayx — pl) <= p € 0a(),

where the set equality on the right-hand side of the second line follows from part
(a) of Lemma 5.2.1. This proves the claim.

Ad (b): Let p € [0,00). Then
peoy() <= 0coy(Ay—pl) <= peoy(A)) =9,

where the set equality on the right-hand side follows from part (b) of Lemma 5.2.1.
Hence, p cannot be an eigenvalue of <7 O
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Remark. Part (a) of the just proved proposition and part (a) of Lemma 5.2.1 show
that any eigenvalue p of %, which is then also an eigenvalue of A, t, has finite
multiplicity. What we cannot conclude, however, is that the eigenvalues of .27 are
necessarily isolated. If, for instance, for some n € N there holds y = Ay ,(u) for
all i € [po, u1], where po < p1, then this whole interval consists of fixed points of
the mapping y — Ay, (1) an thus of uncountably many eigenvalues, each having
finite multiplicity, of %.! In this respect the discrete spectrum of an operator and
that of an operator pencil are fundamentally different (see also part (b) of the
remark following Definition 2.4.12).

Although it is clearly satisfying that several characteristics of the nondisper-
sive problem are reappearing for the operator pencils ./ and .##, it is still possible
that their spectra are empty. To guarantee that this is not the case, assuming that

[0,00) D &(-, 1) = &+, co/H) € L°(R%R) is continuous (5.16)

will be seen to be sufficient. The resulting continuity of the relative permittivity
g; in the frequency variable is physically reasonable in our context: It means,
roughly speaking, that small changes in a propagating wave’s frequency re-
sult in likewise small changes in a studied photonic crystal’s material response.
Moreover, the condition demands that the partition of the studied medium into
different dielectric materials is frequency-independent. This continuity is particu-
larly given within transparency regions of the material (see (3.39)) and, for certain
choices of the parameters, also in the widely used Lorentz model discussed in
Subsection 3.3.3. We write the requirement (5.16) as ¢ € C([0,00); L*(IR?)), mean-
ing that for all u € [0,00) we use the notation (-, #) instead of the formally more
correct [&(u)](+), which will be the case in all of this work.? Further, we remark
that the Assumptions 5.1.1 are, of course, still implicitly in place. An important
outcome of these stronger conditions is formulated in the next lemma.

Lemma 5.2.3. Let & € C([0,00); L®(R?;IR)). Then, for all k € B and all n € N, the
mapping [0,00) 3 u — Ay, (u) is continuous.

Proof. Letk € Band u € [0,00) be fixed. First, for all nonzero u € H]}_per(Q) and
allv € [0,00) \ {1} we have
/|Vux\2dx /|Vux|2dx
/éxv x)|? dx /ny\u( de
(5.17)

/]Vu x)|? dx -/C x,v) ’”g —1) lu(x)|? dx
N /(;"xv|u x)|?dx - /@’xy x)|?% dx .

LA coefficient function ¢ for which '(.7,) shows this phenomenon is explicitly constructed
and discussed in Section 5.3.

2This also means that when we refer to the “second variable” of ¢ or ¢ later on, then we always
mean the non-spatial argument.
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Now let § > 0. By the continuity assumption on ¢ there exists some 7 = #(5) >0
such that for allv € U, := {T € [0,00) |0 < |y — 7| < 77} we have

—6< (gg’j? —1) <é fora.a. x € Q.

From the equality (5.17) we now deduce that

/|Vu x)|? dx /|Vu x)|? dx
/cfxy]u )|? dx /Cxl/|u (x)|? dx

/ |Vu(x)|? dx
J)

/Cw x)[? dx

(1-

(1+

forallv e uy.

Hence, since u was arbitrary, we obtain by the min-max principle (see (5.13)) the
inequalities

(1 —=0)Men(p) < Apn(v) < (146) Apu(pe) forallv € U, and alln € N,
which can be equivalently rewritten as
[Akn() = A (V)| <Ak, (1) forallv € U, and all n € IN.
This finishes the proof. O
Remark. The continuous dependence of the eigenvalues A, , on p also follows
from the continuity of the operator pencils .27 in the norm-resolvent topology,

(H(p) —il) =t — (i (v) —il) 7! HB(LZ(Q)) — 0as v — y, and several abstract
arguments (see [Kat95, Thm. IV.2.25 and Sect. IV.3.5]).

Next, let us proceed with our analysis of the spectra of the pencils <%, which,
as we recall, consist of all fixed points of the mappings [0,00) > pt — A, (1) (see
(5.15)). Based on Lemma 5.2.3, our next result extends part (a) of Proposition 5.2.2.

Proposition 5.2.4. Let & € C([0,00);L*(R%;R)). Then for all k € B the spectrum
of the operator pencil <) contains infinitely many points, but it does not need to be
countable. If, furthermore, the upper bound {max(u) in (5.5) is uniform, i.e.,

Cmax(1) < Cmax < oo forall y € [0,00) (5.18)
and some constant {yax, then these spectra are unbounded above.

Proof. Let k € B be fixed. To show the assertions, we make use of a comparison
argument for eigenvalues which we revisit again later in this thesis: For all
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nonzero u € H,}_p or(Q)) and all i € [0,00) we have, by the boundedness of (-, u)
(see (5.5)),

/|Vu x)|? dx /|Vu x)|? dx 1 /|Vu x)|? dx
<
gmax /‘u |2 dx /é’ X, 1 |u )’2 dx ‘jmm /|u |2 dx

This implies, by the min-max pr1nc1ple (see (5.13)), the inequalities

1 1
0= Cmax (1) Ak'n = /\k'n( = gmm /\kn
where we denote by A} the nth eigenvalue of the negative Laplace operator
—A:H? per () = Lz(Q) in L2(Q)). Hence, for all n € IN the graph of the function
[0,00) 3 = Ay (i) lies within [0,00) X [0,1/gminAf,], which is a semi-infinite
strip of finite height, and must therefore cross the angle bisector in the pA-plane
at least once due to the continuity of this mapping (see Lemma 5.2.3). For all
n € N the corresponding fixed point is then an element of (%), where only
finitely many of them are equal due to part (a) of Proposition 5.2.2. As a conse-
quence, (%) contains infinitely many points. That this spectrum may indeed
be uncountable is shown in Section 5.3 by means of an explicitly constructed
example. We refer to part (a) of Theorem 5.3.1 in this respect.
Finally, under the additional uniform boundedness assumption (5.18) on ¢,
we obtain from the second inequality in (5.19) that

1
—— My < Agu(u)  forall p€[0,00) and all n € IN.

MAX

forall u € [0,00) and alln € N, (5.19)

Therefore, since for all k € B there holds Ak , — 00 as n — oo (see the proof of
[RS78, Thm. XIIL.98]), the lower bound on any eigenvalue Ay, (1), and thus on
any fixed point, increases with n. This implies that o (%) is unbounded above
and closes the proof. O

Remark. Explicit formulae stated in the proof of [RS78, Thm. XIII.98] show that
)\1 = 0if and only if k = 0 and n = 1. Hence, we readily obtain from (5.19) that
)Lg 1 ( 1) =0for all u € [0,00) and therefore 0 € o (.2%) even without continuity of ¢.
Moreover, this implies that our basic Assumptions 5.1.1 are sufficient to deduce
the non-emptiness of o(<).

The spectral equality (5.15) allows us to state a corollary to Proposition 5.2.4.

Corollary. Let ¢ € C([0,00); L*(R?R)). Then o (<) contains infinitely many points.
If moreover the uniform boundedness as in (5.18) is assumed, o (<) is unbounded above.

Another property of the spectrum of the operator pencil ./ that we can deduce
from the continuity of ¢ is its closedness. Note that this similarly holds true in
the A-linear setting (see part (a) of Proposition 2.4.4 for the operator A). There, of
course, closedness is understood with respect to the topology of C, whereas we
have to take into account that the domain of ¢/ is [0, 0).
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Proposition 5.2.5. Let ¢ € C([0,00); L*(R%;R)). Then p(</) is open in [0,00). Be-
sides, as a consequence, o(</) is closed in [0,00).

Proof. Let u € p(«/). First, note that the resolvent of <7 at y can be written as

1

1 -1 _
%%(V):<_C(‘,V)A_VI> =(=A-pc(wI) ¢(,ml (5.20)

Now, for all v € [0,00) we have
— A —vE( ) (5.21)
=—A—pg(,m)I = (vi(,v) = ug(- )l
= (=8 —p() [I= (= 8= pe(mD) ™ (v(v) = e m)1]

1
= (=8 —u( W) [I — R (W) (VS () = yé(-,u))f} :
By the standard Neumann series argument the operator in square brackets, which
we denote by I — B, (v), is bijective if ||B,(v) HB(LZ(]RZ)) < 1. This inequality is
valid, in particular, if

-1
, 5.22
¢(om) L°°(Q)> 622

where we used that the norm of a multiplication operator equals the essential
supremum of its multiplier function.

The continuity assumption on ¢ now gives that there is some J > 0 such
that the inequality (5.22) holds for v € Us(p) = {t € [0,00) | 0 < |y — 7| < J}.
Hence, for these v, the operator I — B, (v) : L*(R?) — L?(R?) is a bijection. Thus,
clearly, the restriction (I — B, (v)) |p2(re) : H*(R?) — H?(IR?) is injective and, in
fact, even bijective since for all u € H?(IR?) there is some v € L?(IR?) such that
(I — Bu(v))v = u, giving v = B, (v)v + u, which is a sum of elements of H*(IR?).
Finally, (5.21) yields that the resolvent (—A — v&(-,v)I)~! : L2(R?) — H?(RR?)
exists for all v € Us;(u) and is bounded as a closed and everywhere-defined
operator. Since the multiplication operator &(-,v)I : L>(R?) — L?(IR?) is likewise
bounded for these v, we obtain from an identity analogous to (5.20) the inclusion
Us(p) C p(«7). Thus, p(«7) is open in [0,00). This, of course, allows us to
conclude that o () is closed in [0,0), whereby the proof is complete. O

e v) = pS ()l ) < (II«%’w(H)IB(Lz(RZ))

’ 1

The results we established up to now show that under continuous dependence
of ¢ on the spectral variable the A-nonlinear problem (5.4) shares some of the
characteristics of its A-linear counterpart (4.3). However, 0(<) need not have a
proper band-gap structure, i.e., consist of a union of non-degenerate intervals,
and o (%) can be uncountable for some k € B under our assumptions so far
(see the examples and the related discussion in Section 5.3). Clearly, studying
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the eigenfunctions of an operator pencil <% is problematic if countability of its
spectrum cannot be guaranteed. It turns out that we can cope with this issue,
and also obtain the band-gap structure of ¢(.<), by assuming, in addition to the
continuity of ¢ as in (5.16), that

(0,00) 3 p = ug(x, u) = per(x,co/H)

5.23
is strictly monotonically increasing for almost all x € Q). (6-23)

Before we formulate the respective theorem, let us briefly reflect about the
consequences which the latter assumption has on the media that our model
applies to. At last, we should not impose a restriction on ¢, that disagrees with
the properties of this function known from physical experiments. To see the
connection, recall that we introduced the spectral variable A = «*/c at the outset
of this chapter and immediately renamed it to y. Hence, since for wq,w; € (0,00)
we have w; > wy < w% > w%, our requirement (5.23) can be rewritten as

(0,00) 3 w — w?er(x,w)

is strictly monotonically increasing for almost all x € Q).

Now, in Subsection 3.3.2 we deduced that it is reasonable to assume that the
relative permittivity is a monotonically increasing function of the frequency w in
any transparency intervall. On the other hand, fully transparent media, as we
model them here, can only be seen as approximations and it is to be expected
that the relative permittivity of a realistic material is also decreasing for certain
frequencies. It is therefore reassuring that even though an everywhere monotoni-
cally increasing function ¢, clearly fulfills assumption (5.23), this requirement is
actually weaker.

With this in mind, we state our theorem governing the spectral properties of
the operator pencils &/ and <7 under our so far strongest assumptions on the
coefficient function ¢. For later reference, we also include details which stem
from already proved assertions of this chapter.

Theorem 5.2.6. Let ¢ € C([0,00); L®(IR%;R)) satisfy the strict monotonicity require-
ment (5.23). Then for all k € B the operator pencil <4 has purely discrete spectrum
consisting of a sequence {jiy. , }neN f isolated eigenvalues which satisfy

0<jiy <pigp < -+ <figy =00 asn— oo (5.24)

and are the unique fixed points of the mappings [0,00) > u +— Ay, (u). Further, the
dependence of iy, , on k is continuous for all n € IN. Finally, the spectrum of the operator
pencil o is unbounded above, closed in [0,00), and has a band-gap structure, i.e.,

o) = kLE_JB () = ng\] [r]?eigﬂk,n/r&agﬂk,n]f (5.25)

where the intervals on the right-hand side are non-degenerate for all n € IN.

IRecall that this is a range of frequencies for which Ime, can be neglected.
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Proof. The first equality in (5.25) follows from Proposition 5.1.2. Note that this
also implies that 0(.<7) is unbounded above once we have established that all
spectra o () consist of a sequence tending to infinity. Further, the discreteness
of the latter spectra for all k € B has been proven as part (a) of Proposition 5.2.2
and in our discussion in between the two mentioned results we established in
(5.14) the fixed point character of the spectral points of any operator pencil 7.
Finally, the closedness of 0(.«7) in [0,00) is the statement of Proposition 5.2.5.

For a better readability of our proof, we divide the remaining assertions in
the following parts, each, as we will show, valid for all k € B and all n € IN:

(a) The mapping [0,00) 3 u — Ay, () has a unique fixed point piy ;.

(b) The sequence {ﬁk,n}neN is monotonically increasing and tends to infinity.
(c) The eigenvalue fi , is isolated in o(#4).!

(d) The mapping B > k + i, is continuous.

(e) Theset S, = {ﬁk,n |keB } is a non-degenerate compact interval.

Ad (a): First, from our remark immediately below the proof of Proposition 5.2.4
we deduce that Ay ,(0) = 0 if and only if k = 0 and n = 1. Hence, ji9; = 0 and
this fixed point is also unique since said remark even gives Ay (y) = 0 for all
# € [0,00). Furthermore, for all k € B and all n € IN with (k,n) # (0,1) the strict
monotonicity assumption (5.23) yields, by the min-max principle (see (5.13)), that

(0,00) 3 ju > Ak”;l(y :

is strictly monotonically decreasing. (5.26)

Note here that both the minimum and the maximum in the min-max formula
are attained (see [WS72, Chapts. 1-3]), so that the strict monotonicity is really
preserved. Now, by the continuity of the functions [0,00) 3 p +— Ay, (i) (see
Lemma 5.2.3), and since k and #n are such that A, (0) > 0, we find Ay, (4) > p
or, equivalently, %)\k,n( i) > 1 for sufficiently small pz > 0. On the other hand,

we have %)\k,n (u) <1 for sufficiently large u (note the uniform upper bound for

Aku(p) in (5.19)). Thus, the remaining fixed points exist and their uniqueness is a
consequence of (5.26).

Ad (b): To obtain a contradiction, we suppose that piy ;1 < jix , for some k € B
and some 1 € N. Since only the fixed point jio is zero (see part (a) of this proof),
we may assume 0 < ji , 1 and find, using (5.26),

Ak,n (ﬁk,n) 1= )Lk,n+.1 (]jlk,nJrl)

> Ak,n+1 (Ib*‘k,n)
Hin Hkn+1 Hin

7

I This is, of course, a trivial consequence of part (b) since (%) = { fikn | n € N}. We never-
theless included it here separately so has to highlight once more that the definition of the discrete
spectrum of an operator pencil does not guarantee that the points in this set are isolated (see the
remark following the proof of Proposition 5.2.2).
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giving Ay i1 (#kn) < Ak (#ikn), which contradicts the increasing ordering of the
eigenvalues of the A-linear problem for the operator A, ; with y = jii,. This
proves the claimed monotonicity of the sequence {iy , }ne for all k € B. If we
can also show that this sequence is unbounded above for all k € B, assertion (b)
readily follows.

To achieve this, we again assume the contrary;, i.e., that for some k € B and
some M > 0 we have ﬁk,n < M for all n € N. Then, however, (5.26) implies

_ Ak,n(ﬁk,n) > )‘k,n(M)

1 ;
Uk M

foralln € N,

giving A ,(M) < M for all n € N. Thus, the eigenvalues of the operator Ay are
bounded above, which contradicts part (a) of Lemma 5.2.1.

Ad (c): If for some k € B a point in o (%) were not isolated, then it were an
accumulation point of that set and thus also of the sequence {p , }nen. The
latter is monotonically increasing by part (b) of the theorem we just prove and
hence can have at most one accumulation point, which is then its limit. However,
Jixn — 00 as 1 — oo, giving assertion (c).

Ad (d): Let n € N be fixed, k € B, and é > 0. Then, there holds!

A (i + 6)
ﬁk,n +0

since otherwise the continuity of the mapping in (5.26) and the convergence
%Ak,n(,u) — 0 as y — oo (again, this follows from the uniform upper bound

<1, (5.27)

for Ag, () in (5.19)) would yield the existence of some y € [jix, + 6,00) with
Akn(pt) = pi, which contradicts part (a) of this proof. In addition, we deduce from
(5.26) and the fixed point character of p ,, that

/\k,n(.ﬁk,n - 5)
,ﬁk,n -9
Hence, due to the continuity of the mapping B > k +— Ay, (i) for all u € [0,00)
and all n € IN (see part (a) of Lemma 5.2.1) there exists some 77 = 17(6) > 0 such
that for all K’ € U, (k) := {k€ B |0 < |k — k| <7} we have
/\k/,n*(,ﬁk,n + 5) <1 and /\k’,n*(ﬁk,n — 5)
Wi +6 Ukn — 0

>1, if i, —6>0.

>1, iffyg, —6>0. (5.28)
Now, if iy, — 6 < 0 the first of these inequalities and, again, (5.26) (with k
replaced by k') yield

/\k’,n(ﬂ) < /\k’,n(ﬁk,n + 5)
‘u - ‘uk,n + 5

<1  forall u € [y, +6,00).

INote that the inequality (5.27) also follows from (5.26) as long as ﬁk,n is positive, i.e., as long
as (k,n) # (0,1) (see part (a) of this proof).
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Hence, jiy, & [jkn + 6,00), i.e., figy < Hrn + 6 and, trivially, pig, >0 > pig, — 6.
All in all, we find

\in — | <6 forall K € U, (k). (5.29)

It remains to consider the case ji;, —§ > 0. Then, however, the continu-
ity of the mapping in (5.26) (with k replaced by k') and the two inequalities in
(5.28) imply that for all k' € U, (k) there is some py € (jixy — 6, ixn + 6) such that
My (g ) = pyr. Due to part (a) of this proof, this fixed point equals jiy ,,, meaning
that (5.29) is again valid. Since k € B was arbitrary, the asserted continuity follows.

Ad (e): Suppose first that for some n € N the set S, = {ji, | k € B} were a
singleton, i.e., S, = {jtn}. Then the mapping B > k — Aﬁn,n(k) were constant,
which contradicts part (a) of Lemma 5.2.1. Further, since the Brillouin zone B is
compact and connected and since B 3 k — ji , has just been proven to be con-
tinuous for all n € N, we find S, = [mingep jik 4, maxep fix,.| as claimed. This
concludes the proof. O

Remarks.

(a) For k € B and n € N the notation i, (sometimes also ji,(k)) that we intro-
duced in the statement of the last theorem shall from now on always be
used to denote the nth eigenvalue of the operator pencil ... We also call it a
A-nonlinear eigenvalue and refer to o (%) = {ji,x | n € N} as the A-nonlinear
spectrum (on the primitive cell) in what follows.

(b) Note that contrary to Proposition 5.2.4 we obtain the unboundedness of
0 (), and thus of 0(.«7), in Theorem 5.2.6 without assuming uniform bound-
edness of ¢ as in (5.18). This is, of course, an outcome of the additional strict
monotonicity requirement (5.23).

(c) We referred to the spectral equality (5.25), particularly to its right-hand side,
as a band-gap structure of (<) although no proper definition of the term
“spectral gap” has been given for &7 so far. From now on, this notion shall
stand for any interval of the form

max i ,, min i %) for somen € N,
( rep Mo B i) #

which is the obvious A-nonlinear generalization of the definition given in
Chapter 4 (compare to (4.24)).

Besides, the physical interpretation of the band-gap structure of o (%) re-
mains unchanged from that in the nondispersive case: A real number A in
a spectral gap of & corresponds via A = ©*/& to a non-negative frequency
w for which time-harmonic TM-polarized wave propagation is prohibited
within the photonic crystal modeled by the (frequency-dependent) relative
permittivity e,.
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The just proved theorem constitutes our main and last result on the spectral
structure of our eigenvalue problem for dispersive photonic crystals. It shows
that relatively mild, and physically reasonable, assumptions on ¢ guarantee that
all spectral properties of the operators A and Ay mentioned in Chapter 4 also
hold for their A-nonlinear counterparts .7 and ..

In the discovery of Theorem 5.2.6 we were often guided by geometrical
arguments, which is hardly surprising in view of the fixed point nature of several
of our arguments. Since these graphs were so valuable to us, we find it important
to include them here. With their help, we analyze the spectral problem (5.4) for a
fictitious relative permittivity e, such that the associated coefficient function ¢
satisfies the assumptions of said theorem. For fixed k € B we find the A-nonlinear
eigenvalues as the fixed points of the mappings [0,00) > y — Ay, (1), which have
to be such that (0,00) 3 p +— 1A, , (1) is monotonically decreasing (see (5.26)).
Assuming k # 0, a possible sketch of these functions for 1 <7 <4 in a portion of
the pA-plane is given in Figure 5.1 below, wherein the A-nonlinear eigenvalues
ﬁﬁ,l’ oo ﬁ%, , are assumed to be simple.

AA

] i i i

1 1 1 1 =

*N *N *~ *~ #
Pea Fip Hiz  Mia

FIGURE 5.1 — A possible sketch of the mappings p + Ay, (1) for fixed k € B\ {0}
and 1 < n <4 under the assumptions of Theorem 5.2.6 on ¢;. The first four A-nonlinear
eigenvalues are given by the y-coordinates of the unique fixed-points (marked by colored
circles).

So as to graphically find the A-nonlinear spectrum on the whole space, or,
strictly speaking, only a subset thereof, we first fix u at ﬁm and highlight the
spectrum of the corresponding A-linear problem on R?, i.e., that of the operator
Ay, where p = ﬁfm. Note that this means that while y is kept fixed, we let k run
through all of B. The result is depicted in Figure 5.2 and, exemplarily, exhibits
two (A-linear) band gaps within the considered A-range. Proceeding similarly for
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//T\/‘\\A%,l (l’l)‘

%) K

FIGURE 5.2 — The continuation of Figure 5.1. Fixing y at ji; ,, the spectrum of the

related A-linear problem on R? is highlighted by varying k over B.

all remaining values of y, any point (y,A) in the first quadrant of the pA-plane
can be classified into one of two categories. Either there holds A € 0(A,,) (if
and only if (y,A) is highlighted) or A ¢ ¢(A,). The possible outcomes of this

Ak A=

/’\/\\/\gl(ﬂ)

Hks K
FIGURE 5.3 — The continuation of Figure 5.2. Upon highlighting the A-linear spectra

of the operators A, for all shown values of y, the considered quadrant gets two-colored.
Here, a point (u,A) is highlighted if and only if A € o'(Ay,).

procedure are subject to the following restrictions: Firstly, the sketch must be
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such that the spectrum ¢(A,) has a band-gap structure consisting of a union
of closed intervals for all u € [0,c0) (see part (b) of Lemma 5.2.1). Secondly, the
region { (y1,A) € R? | 0 < pt < 00,0 < maxep Ay (k) } has to be highlighted entirely,
since we know from our remark following the proof of Proposition 5.2.4 that
Aoa(pu) =0 for all p € [0,00). Figure 5.3 on the previous page shows what the
final result might look like in our example.

Note from the last illustration that the angle bisector in the yA-plane is partly
highlighted. These are precisely the points (y, ) for which y € ¢(A,) and
thus, by (5.10), 4 € o(«7). Hence, the A-nonlinear spectrum is finally found
by projecting the highlighted regions onto the A-axis. This is shown in Figure 5.4.

AA

0 1

FIGURE 5.4 — The continuation of Figure 5.3. Finally, the A-nonlinear spectrum on
R? within the shown quadrant is found by projecting the highlighted parts of the angle
bisector onto the A-axis.

Certainly, for a given photonic crystal, i.e., a relative permittivity ¢, the
information needed to explicitly compute the associated A-nonlinear spectrum
by means of the graphical method we just presented is not known. Nevertheless,
we think—and experienced it ourselves—that the thorough understanding of the
shown illustrations is helpful in determining spectral properties of the dispersive
eigenvalue problem. Moreover, the development of suitable numerical methods
might benefit from this way of seeing the problem.

5.3 SPECTRAL PHENOMENA ABSENT FOR THE
NONDISPERSIVE PROBLEM

The aim of this section is to show that even a rather simple A-nonlinearity of
the eigenvalue problem (5.4) can result in various spectral effects, referred to as
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spectral phenomena, that are known to be absent for the A-linear counterpart (4.3).
To be more precise, we study the spectra of the operator pencils .7 and .27, where
k € B, from the previous section (see (5.8) and (5.11)) for a coefficient function
& € C([0,00); L*(R%;R)) in product form. That is,

E(x,u) =E9(x)n(p)  forall x € R? and all u € [0,00), (5.30)

where the superscript “(s)” is attached to the only spatially-dependent factor of ¢.
Here, ¢ and ¢ shall satisfy the basic Assumptions 4.1.1 and 5.1.1 that we also
imposed on the relative permittivity in Section 4.1 and 5.1, respectively. Note
that this implies in particular that # is supposed to be a continuous function
bounded below by some positive constant #min. Naturally, we do not impose
the monotonicity requirement (5.23) on ¢, since otherwise Theorem 5.2.6 applies,
meaning that o (<) and o (%) do not reveal spectral phenomena.

With our assumptions for this section in place, we turn to the analysis of
the spectral consequences of the product form of ¢. First, note that the spectral
problems

L au=Au nR®  and S W R?, (5.31)
g ¢Cm)

where i € [0,00), are governed by the A-linear Floquet-Bloch theory. Consistent
with the notation used in Chapters 4 and (so far) 5, we denote by A and A,
the operators realizing the equations (5.31) in appropriately weighted L2-spaces.
Moreover, for k € B, we again introduce the operators Ay and A, x which govern
the corresponding k-quasi-periodic problems posed on the primitive cell. We are
brief here since this is virtually unchanged from our previous treatises.

Now, for k € B and n € N we write /\;(s)n for the nth eigenvalue of the operator
Ay and, as before, Ay, (1) for the nth eigenvalue of the operator A, ;. They are
related, due to the min-max principle (5.13) and the product form (5.30) of ¢, by
the simple equation

1
Men() = —AY for all u € [0,00). (5.32)
k, (V) 77(“14) kn M { )

This shows, in particular, that upper and lower bounds on 7 restrict the possible
eigenvalues of A, x. Furthermore, we find that the A-nonlinear eigenvalues ﬁk,n
of the operator pencil %7 satisfy

* 1 (s)
Hin = ——— AL, forall n € N, (5.33)
Ui (.uk,n) ’

owing to their fixed point nature (see (5.14)). In view of this equation it seems
plausible that specific functions 1 exist which unleash certain spectral phenomena.
Given that this section is a purely mathematical one, i.e., we are not interested
in physically relevant spectral problems per se!, we are very free in choosing

1Al’chough they might very well be some, since, after all, the necessary physically-motivated
assumptions are made in this section.
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this function, as long as it satisfies our above requirements. By means of three
different such choices, we eventually proof the subsequent result.

Theorem 5.3.1. There exist coefficient functions & = &%y € C([0,00); L(RR*;R))
satisfying the assumptions of this section such that the following occurs:

(a) The spectrum of the operator pencil <7 is uncountable for some k € B.
(b) The set Urcp{p € [0,0) | 4 = Ax (1)} is not an interval for some n € IN.
(c) The spectrum of the operator pencil </ contains an isolated point.

Moreover, if ¢ is only spatially-dependent, i.e., y = 1, or if ¢ additionally satisfies the
strict monotonicity requirement (5.23), then neither of (a), (b), or (c) arises.

Proof. Let us first address the last sentence in the statement of the theorem.
Its validity follows in the case 7 = 1 from Theorems 4.1.5 and 4.1.7 as well
as the corollary to Theorem 4.1.8. Besides, under the additional monotonicity
assumption (5.23) it holds on account of Theorem 5.2.6.

Before we individually construct the examples that generate the three listed
effects, we discuss their similarities. They all share a common structure in so far
as the A-nonlinearity of the problem (5.4) is only given locally as follows: We
assume that the function ¢ is such that for some N € IN, which is fixed for the
rest of the current proof, the A-linear problem on the left-hand side of (5.31) has a
spectral gap

Gy = (max)\(s) k), min A% (k ) Q. 5.34
vi= (maxAQ (0, min A, () # (5.34)
Here, the used notation follows our tradition of writing, e.g., Aﬁ; (k) instead of
)‘1(;)1\] Note that a function ¢ that causes the opening of a spectral gap does
indeed exist, as we discussed in our literature review (see Section 4.2). For a
better readability, we next introduce some notation to be used below. We set

Bmin := argmin)\fl)H (k), Bmax = argmax 7\(13) (k),
keB keB
Hmin == rll?eaBX/\(;]) (k), Hmax = r]fg?/\(;f)Jrl (k),

where we remark that Byyin and Bnax are, in general, sets containing more than
one element. By definition, there holds

A9(k) = pmin for all k € Bmax,

/\(S)

5.35
N1 (k) = pmax for all k € Bpin, (5.35)

and moreover we have Gy = (Mmin, #max). Finally, the above-mentioned local
A-nonlinearity is a consequence of the relation

77(#) =1 for all U % (Vminz,umax)/
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which our three constructions below all fulfill. Most importantly, this implies

/\k,n(‘ll) = A](cs,)n for all 2 ¢ (,umin/ ]/lmax)

by equation (5.32). Thus, in the indicated p-region the A-nonlinear eigenvalues
and the A-linear ones coincide (see also (5.33)), as is depicted in Figure 5.5 below.

AA

. . A=u
: : ,
. . /7
: : ’
1 L
GN 7/ .
e
T w
=
3]
<
—
@
. o
-
. e .
P
Do
7 s
— -
0
Hmin  Hmax H

FIGURE 5.5 — A visualisation in the style of Section 5.2 of a part of (<) (highlighted
on the angle bisector). The underlying coefficient function is of the product form given
by &(x,u) =& (x)n(u), where 57 # 1 at most for y € Gy, which is a spectral gap for the
A-linear problem corresponding to & (see (5.34)). By varying the values of 1 for it € G,
the illustration can change at most within the area confined by the two dotted lines.

Note that this implies 0(A) C 0(«7) and that these spectra can at most differ by
points in Gy = (Mmin, fimax)- That difference however, even if just locally present,
is sufficient to reveal the spectral phenomena mentioned in the statement of the
theorem, which we shall now finally approach.

Ad (a): For the purpose of showing that o(<%) can be uncountable for some
k € B in the given setting, we set piq := %( Hmin + Mmax) and define the function
N :[0,00) = R as

%/ if l’l S (l’lminl ,umid]/
U(ﬂ)(l’l) = ZH’;IEILV/ if 12 € (Vmidr,umax)/ (536)
1, otherwise.

A qualitative plot of this function and its reciprocal is provided in Figure 5.6.
Recall in this respect that it is the latter quantity that is most important to us due
to equation (5.32).
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0 T T T >
Hmin Hmid Hmax M
1 4
M(a)
14
; | | | -
Hmin Hmid Hmax M

FIGURE 5.6 — Qualitative plots of the functions 7, and 1/y,, defined in (5.36). For the
purpose of this illustration, we set pipin = 2 and pmax = 12.

It is readily seen that 7, is a continuous function and satisfies the estimates
0< ;:‘;—3 <Hw(pu) <1lforall u €[0,00). Thus, { =¥y, fulfills the assumptions
of the theorem and, due to equation (5.32), the eigenvalues of the associated
operators A, ; are given by

,u[nLi_n /\;(S/)n/ if U S (Vminr .umid]/ (537)
M (p) = § 2L AS i € (Hmia, pmax),  forall k € Band all n € N,
/\;(”n , otherwise,

In particular, by the first equation in (5.35),

U, if ne (,umin/ Vmid]/
/\k,N(.u) = 2Vmicl — W if U S (,umid/ ﬂmax)r forall k € Bmax; (538)
Hmin, otherwise,

giving that for all k € Biax the non-degenerate interval (pimin, fmid] C Gn consists
entirely of fixed points of the mapping [0,00) 3 u — Ay 5(1). Hence, for these k,
(,umin/ ,umid] g 0'(,5%](),

which shows that these spectra are uncountable.

To conclude this example, we mention that there exist no further A-nonlinear
eigenvalues in Gy, since for all k € B and all y# € (pimid, fimax) We have the chain
of inequalities

Aka(p) <o < Aen(p)
< 2pmid — # < Pmid < # < Pmax < ANoq (5.39)
< AN (i) < Apnga(p) < -,
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using the increasing ordering of the eigenvalues Ay ,, () in 1, the definition of the
sets Bmin and Bmax, as well as the equations (5.35), (5.37) (in particular, 7, (#) <1
for all u € [0,00)), and (5.38). Therefore, the spectral equality (5.15) gives

0'<M) = U<A> U (,umin/ Vmid]z

meaning that the A-nonlinearity generated by the function 7, results in a spectral
gap of the operator pencil ./ located below ymax Which is considerably smaller
than that of the operator A.

Ad (b): In this second part of the proof we construct an example such that

Su=J{nel0oo)| =21}
keB

is not an interval for some n € IN. We shall show this for the set Sy and, so as
to achieve this, introduce the function #, : [0,00) — R, using the notation from
part (a) above, by

y’[jim/ if U € (mer %me + iﬂmid] ’
%1 if ue (%,umin + %]flmid/ %,umin + %,umid] ’
1 HminT 7 Hmid
Honin " 1, ol o1 3
—1, . 3, . ;1 ,ue (zﬂmm“’_2,”m1d14,um1n+4]’lmld)/
Moy () o= { ~ AHmin ™ ihimia F20 1 . (5.40)
Vl;lun/ if |2 S [Z,umin + Il’lmid/ ,umid] ’
ZVZ;:EH_”/ if ue (.umid/ Vmax)/
1, otherwise.

Similar to the last example we complement this definition by a qualitative plot. It
is given in Figure 5.7 further below.

The continuity of the function 7, and the estimate 0 < ;:‘m“—i‘d‘ <Hw(p) <1for
all u € [0,00) are easily verified, so that { = {7, satisfies the assumptions stated
in the theorem. Besides, note that

Ny (1) =nw(p)  forall g & (3pimin + +imid, +Hmin + 3Hmid ),

which allows us to deduce from earlier arguments (see (5.38) and the reasoning
below that equation) that for all k € Bpax we have

Ak,N(V) =H for all JZ8S (,umin/ %,umin + %,umid] U [%,umin + %Vmid/ Hmid] .
In other words,
(,umin/ %,umin + %,umid} U [%,umin + %,umid/ ,umid] C Sn. (5-41)

Now, so as to find out whether there are any other elements of Sy, we have to

consider the Nth eigenvalue of each operator A, for the remaining values of .
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0 T T T T T T >
Hmin Hmid Hmax M
1 A
(b)
14
— | -
0 Hmin Hmid Hmax I

FIGURE 5.7 — Qualitative plots of the functions 7, and /1, defined in (5.40). For the
purpose of this illustration, we set piyin = 2 and pmax = 12. The tick marks between pyin
and g indicate the beginning and end of the subintervals of (Mmin, #miq) in which the
definitions of the plotted functions change from one subfunction to another.

First, for all k € Bmax We obtain from equation (5.32), the first equation in (5.35),
and the definition of the function 7, that

%Vmin + %#mid/ if p € (%Vmin + }Illmid,%]lmm + %ﬂmid] ,
Ao (i) = —  min — 3Mmid + 21, if 1 € (3pmin + 3Mmid, §Hmin + 3 Hmid) ,

2pimia — P if jt € (pmids Pmax),

Pimin, if 11 € [0, pmin] U [pmax, ).

Two consequences of this equation are the relations

Umin € SN and (%,umin =+ %]’lmid/ %,umin + %,umid] Z SN/ (5-42)

the latter of which holds true since for all y in that set we have A, n(pt) < . As
far as the remaining two y-regions are concerned, we can deduce that they are
not subsets of Sy from the equivalences

_%,umin - %]/‘mid +2V <HU <— u< %,umin + %.umid
and
2Umid = <P == Umid < Y-
It remains to show that the so far disregarded values of k, i.e., k € B\ Bmax, cannot

account for further elements of Sy. Regarding this, note that by definition of the
set Bmax we have

AY(KY <AY (k) forallk’ € B\ Bmax and all k € Biax.
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Hence, from equation (5.32) and our previous reasoning in this part of the proof
we obtain

Apn(p) <Aen(p) <p o forall k" € B\ Bmax, all k € Bmay, and all y € [pmin, ).

This allows us to finally conclude, by (5.41) and the relation on the left-hand side
of (5.42), that

Sn = [,umin/ %,umin + %,umid] u [%,umin + %,umid/ ,umid] 7

which is not an interval.

Ad (c): This third and final part of our proof is concerned with the existence of
an isolated point in the spectrum of the operator pencil 7. A A-nonlinearity
resulting in this phenomenon is given by that of the function 7, : [0,00) — R
defined by

)2 -1
[1 + %}’ if M € (Vmin;,umid]z

Neo(H) = 2;11'22”' if 14 € (Mmid, fhmax), (5.43)

1, otherwise,

where, as before, pimid = 3 (Mmin + #imax). Note that this function is continuous
and satisfies the estimate 0 < ;lrmn—i‘d‘ <1 (p) <1forall u € [0,00), meaning that
for ¢ = 91, the assumptions of the theorem are fulfilled. In the tradition of the
above, Figure 5.8 provides a qualitative plot of the functions 7, and /5.

e A
1_v
0 T T T >
Hmin Hmid Hmax I
1 A
M(e)
1-
; | | | -
Hmin Hmid Hmax M

FIGURE 5.8 — Qualitative plots of the functions 7, and 1/, defined in (5.43). For the
purpose of this illustration, we set pimin = 2 and pmax = 12.

As a first observation, we remark that an isolated point of o(</) cannot
lie in the region within which 7, equals 1, i.e., [0, #min] U [#max, o), since it
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were then also an isolated point of o(A), thereby contradicting the corollary to
Theorem 4.1.8. Furthermore, the equality

No(#) =nw(n)  forall p € (Hmid, Pmax), (5.44)

allows us to build upon the reasoning from the first part of this proof (see, in
particular, the inequalities (5.39) and their derivation) and implies that

(Mmid, Hmax) Z (%) Co(<) for all k € B. (5.45)

Thus, it only remains to consider the interval (}min, #mid] Or rather the eigenvalues
of the operators A, i for y in this region. They are given by

(# — pmin)? (s)
A =1+ A forallk€e Bandalln € N, (5.46
k,n(.u) ,umin(]’lmid - ,umin) ki ( )

due to equation (5.32). This implies, in particular, that

for all k € Bmax, (5.47)
Hmid — Hmin

AN (H) = Pmin +

using the first equation in (5.35). Here, the segment of the rescaled parabola

U % which is added to the constant ymin is precisely what is causing an
isolated point in o (.«/).

This can be seen as follows: First, for all k € Bmax we have Ay y (i) = p if and
only if i € {pimin, fmid }, s an easy consequence of solving the corresponding

quadratic equation or directly from (5.47). This relation implies
{Hmin, Pmia} Co(%)  forall k € Bmax
and thus, by the spectral equality (5.15),
{Hmia} U (A) Co() (5.48)

where we took into account that yimin is an element of o(A) by virtue of it being
the lower bound of the (open) spectral gap Gn.

Next, we show that the previous inclusion is in fact an equality and that
Hmid s an isolated point in o (7). To prove the former, in view of (5.45), we
may restrict ourselves to looking for further spectrum of the operator pencils %
within the interval (Mmin, #mid)- In this y-range, however, we have Ay y (1) < u
for all k € Bnax by equation (5.47) and parabolicity. Therefore, we obtain from
equation (5.46) for all k € B and all ¢ € (Mmin, #mia) the chain of inequalities

Ak () < < An(p) < p < prmax < )\zt)z\prl < ApN+1 (1) < AenNga(p) <o)

based on the very same reasoning that led to (5.39) in part (a) of this proof. Hence,
for no k € B and no n € IN does a mapping (pmin, mid) D } — Ak (i) possess a
fixed point and we can conclude the asserted equality in (5.48), i.e.,

o () = 0 (A) U {pmia}- (5.49)
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This also implies that the point ;4 is isolated in o (%) since, as it lies in the
open spectral gap of the operator A, for some § > 0 we have Us(pmiq) C p(A)
and thus, note the equality (5.49), Us(4mid) \ {#mia} Z 0(/). This finishes our
consideration of the third example, and thereby completes the proof of Theo-
rem 5.3.1. O

To close this section, we remark that more sophisticated examples than those
constructed above can also generate all three mentioned spectral phenomena
at once. Their exact configuration can be easily derived from the discussed
examples, but shall not be included here. Nevertheless, it surely became apparent
that a seemingly simple A-nonlinearity of our eigenvalue problem (5.4) can result
in noticeable spectral consequences.

5.4 BASICITY AND COMPLETENESS OF THE EIGENFUNC-
TIONS IN CERTAIN SETTINGS

Thus far in this chapter we focused on studying the spectrum of the operator
pencils .. Knowing by now that they are purely discrete under appropriate
assumptions, we move our focus towards the corresponding eigenfunctions.
Specifically, we are interested in the question under what conditions their com-
pleteness or basicity in L?(()) can be shown. We remark that this is not only of
mathematical interest, but also important in applications. For instance, it allows
to efficiently deduce certain (local) density of states functions for the studied
photonic crystals (see [McP04] and the references therein).

In the two subsections that follow, we present different sets of assumptions on
the properties of the considered material that allow us to prove a completeness
result in one and even a basicity theorem in the other case. At this, unsurpris-
ingly, the dispersiveness of the A-nonlinear Maxwell eigenvalue problem for
TM-polarized waves (5.4) generates difficulties. What both of these settings have
in common are the following basic assumptions which shall hold in the whole
of this section. We formulate them right below for the coefficient function ¢,
but remind the reader that the relation to the underlying physical quantity, the
relative permittivity ¢, is given by

Cx,pu) = ec(x,co/H) for all x € R? and all u € [0,00),

where y is the renamed spectral variable A = «*/3 and incorporates the frequency
of the studied time-harmonic wave.

Assumptions 5.4.1 (Basic assumptions on ¢ if eigenfunctions of .« are studied).
We suppose that & € C([0,00); L*(IR%;R)) is such that

(a) forall u € [0,00) the function &(-,u) is Z*-periodic, i.e.,

Ex,u)=C&(x+a,u) foraa xcR*andallac Z?
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(b) forall y € [0,00) and some positive constant &min we have
Gmin < 806 1) < N80, | o(re) = Gmax(w)  fora.a x €R%

(c) the function p — ug(x, ) is strictly monotonically increasing on (0,00) for almost
all x € Q).

Certainly, these are exactly the requirements of Theorem 5.2.6, so that, within
this section and for all k € B, the spectrum of the operator pencil . is purely
discrete and consists of a sequence {ji , }nen of non-negative and increasingly
ordered A-nonlinear eigenvalues tending to infinity. The corresponding sequence
{¥in}nen C H]%_per(Q) C H.(IR?) of eigenfunctions, from now on also referred
to as A-nonlinear Bloch waves, satisfies

0 = i (Jign) Pion = — Ay — i foralln€N.  (5.50)

_ 1
C(‘r?/*‘k,n)

Rephrasing the above, we are interested in finding out whether {{bk,n}ne]N is
complete in L?(Q)) or even a basis of that space. The only easily established result
in this direction is stated next.

Proposition 5.4.2. For all k € B eigenfunctions of the operator pencil <% which corre-
spond to different eigenvalues are pairwise linearly independent.

Proof. Let k € B be fixed and consider for n,m € IN the eigenvalues p*lk,n and ]jtk,m
of 2% with associated eigenfunctions l[*Jk,n and l[*Jk,m. Without loss of generality
let ﬁk,n < ‘L*lk,m. Now, if 0 = ay, tﬁk,n + o ¢k,m almost everywhere in () for some
&y, 0, € C, not both being zero, then an application of the Laplace operator yields

0=uay Ali’k,n + & Al/*]k,m
= —lp ﬁk,n g(/ ﬁk,n) li}k,n — Ky ﬁk,m C(/ ﬁk,m) llzk,m
= —y li’k,n [ﬁk,n ‘:('rﬁk,n) - ﬁk,m ‘:(r,ﬁkm)] a.e.in Q).

ay =0 or ﬁk,n g('/ﬁk,n> = .ﬁk,m é('/ﬁk,m) a.e.in{xeqQ| l/*Jk,n(x) #0}.

Note that the equality on the right-hand side is supposed to hold on a set of
positive measure since ll*)k,n is an eigenfunction. Therefore, it contradicts the
monotonicity requirement stated in part (c) of Assumptions 5.4.1 in view of the
inequality py , < fi - This implies a,, = 0, giving a,, = 0 and thus the claim. [

Pairwise linear independence of the A-nonlinear Bloch waves is, of course,
still a lot less than what we are aiming for in this section. To understand what
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exactly is so complicated about our task, we rewrite, for k € B and n € IN, the
eigenvalue equation (5.50) as

M=
7 BWkn = HinWPion-
CCopn) " T
This is clearly trivial, but reminds us that JJkln is an eigenfunction of the operator
Ay, where p = jii,, introduced in the beginning of this chapter (see (5.9)).
Therefore, by the A-linear theory (see Lemma 5.2.1) ¢, is an element of the
() o )-orthonormal basis

Mikn

{lPk,1(flk,n), W2 (Bin)s - Yen1(fkn), JJk,n, Wens1(Bicn), - }

of L?(Q)). The important consequence here is that any other A-nonlinear eigen-
function z/’}k,m, say, which corresponds to an eigenvalue i ,, # iy, is part of an
orthonormal basis with respect to a generally differently weighted inner product.
In particular,

lpk,n

%

(:('rﬂk,n)

Summing up, each A-nonlinear eigenfunction is uniquely assigned an in-
tegration weight function, which depends itself on the particular A-nonlinear
eigenvalue. Thus, in general, there is no a priori knowledge about terms such

=1 but, possibly, Hl[*Jk,n » # 1.

‘:('/Vk,m

as <l[§k,n,l/;krm> &) OF ANY differently weighted variant thereof. In view of
this, unsurprisingly, the arguments that allow us to conclude the basis prop-
erty of the eigenfunctions in the A-linear setting!—heavily making use of their
orthonormality—are of no avail to us. For further restricted coefficient functions
¢, and by means of more advanced techniques, however, we shall be successful
in spite of these obstacles. This is presented next within this section.

5.4.1 THE HIGH-FREQUENCY NONDISPERSIVE CASE (BASICITY)

The first class of A-nonlinear problems whose eigenfunctions we shall analyze
model what we call high-frequency nondispersive media. This notion is motivated
by the underlying physics and expresses that the relative permittivity of the
studied dispersive photonic crystal has a frequency-dependence that is negligible
above a certain threshold. Hence, such a nanostructure can be considered as
nondispersive for high frequencies. Formally, i.e., translated into a requirement
on the coefficient function ¢, we thus demand the following:

Assumptions 5.4.3 (Entire assumptions on ¢ in the high-frequency nondispersive
case). Let Assumptions 5.4.1 hold and suppose further that for some yi > 0 we have

C(x,p) =C(x, i) =¢(x) fora.a. x € R* and all y € [fi, o). (5.51)

IWhich is then, but not in the A-nonlinear case, the same as their completeness (see the treatise
in the preliminaries; particularly Theorem 2.2.9).
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Remark. The above-mentioned threshold frequency is given by w = ¢4/, which
can be seen by recalling the definition of ¢ (see (5.3)).

To begin our analysis of the high-frequency nondispersive case, we note that
only finitely many eigenvalues of any operator pencil 7 can be smaller than .
That is because they are of finite multiplicity and tend to infinity by Theorem 5.2.6.
Thus, for all k € B there exists some N € IN such that

prn < - < on, S < N+ < ProNg2 < e (5.52)

Note that this implicitly requires that i is sufficiently large, so that at least the
first A-nonlinear eigenvalue is smaller than this threshold for all k € B.!

An important fact to note here is that the eigenvalues which are greater than
or equal to ji are, by our assumption (5.51), those of the A-linear spectral problem
for the operator Ay : D(A;) — L%(Q) defined in L%(Q), and for all k € B, by

D(Ay) = Hf e (Q),  Agu:= —éAu. (5.53)

If we denote the eigenvalues and -functions of A by {A;, }nen and { Wy, }nen,
respectively, we find

fn=Arn and Y, =Ur,  forallnm > Ni+1. (5.54)

Observe also that the set {fbk,n}ne]N of A-nonlinear eigenfunctions, for which we
aim to show the basis property, can be rewritten as

Wi = {n | 1 <n <N U{Gpp | n > Ne + 1},
where we know from Theorem 4.1.5 that
(P Prm)z = Oum  foralln,m € N. (5.55)

This orthonormality property shows that only finitely many elements of W,
namely those that are no eigenfunctions of Ay, are not orthonormal with respect
to the inner product (-, ) ¢ In other words, our assumption of a high-frequency
nondispersive behavior of the studied medium, i.e., (5.51), results in an only
finite-dimensional perturbation of the orthonormal basis {{ , } nen of L%(Q)

So as to obtain a shorter and more comprehensible proof of our basicity
theorem further below, we next provide three important lemmata. The first of
them gives a characterization of the basis property of W.

Lemma 5.4.4. For all k € B the A-nonlinear eigenfunctions Wy of the operator pencil
<t form an unconditional basis of L%(Q) if and only if the matrix

Ni

My = (B i)z ) (5.56)

nm=1

is invertible.

1 This assumption is justified, since otherwise the considered spectral problem is fully A-linear
for some k € B (see (5.54)) and not of interest to us.
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Proof. Let k € B be fixed. To begin with, we address the “only if” part of the
statement. Thereto, let us suppose that Wy is an unconditional basis of the space
L%(Q) Then, any function u in that space can be expanded as

u—ZCkn lpkﬂ + Z Ckn lpkn/

n=Ni+1

where the sequence of coefficients {ck , (1) }nen C C is unique and the conver-
gence of the series (in norm) is unconditional. An inner product multiplication
of this equation with the elements of the (-, -)z-orthonormal basis {{ }nen of

Lé(ﬂ) equivalently yields

(U, Pem)z chn <1i3k,n,$k,m> - Z Chn(4)8p  forallm e N

n=Ni+1

using the relation (5.55). In other words,

ZCkn <¢kn/¢km>~/ for1<m <N,
(i) = (5.57)

ZCk,n<u> <ll]kn/l/)km> +Ckm( ) formZNk_i_l‘

n=1

The equations for 1 < m < Ni can equivalently be written as

(u,r1)z (BraPende o Pendindg | [ cea(u)
: _ : : . 659)

<u’¢vk,Nk>§ <l}7vk,Nk,l/;k,1>g <¢Vk,Nk/1Z’k,Nk>g Ck,Nk(u)

Hence, the coefficients c 1 (1), ..., cx N, (#), and with them also the remaining ones
(see the second line of (5.57)), can only be uniquely determined if the matrix on
the right-hand side, which is precisely My, is invertible. This finishes the first
part of our proof.

Next, to show the “if” part of the assertion, we assume the invertibility of
M. and denote again by u an arbitrary element of L%(Q) Then, there holds the
estimate

Ni . Ne o, )

21 )zl Z (u, i)l < (1+ lelPk,nH%) lullz,
n=1 n=Ni+1 n=1

using the Cauchy-Schwarz and the Bessel inequality. Therefore, the elements of

Wi form a Bessel sequence (see part (a) of Definition 2.2.7) and expansions in
these functions are unconditionally convergent for all coefficient sequences in
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12 (N) by Theorem 2.2.8 in the preliminaries. Keeping this in mind, we set

[Mkl (<U/1;Ekm>~>:k_1:|nl for 1 STISN]{,
Ckn(U) = (5.59)

MlPkn <chm llem,lPkn> ,  forn>Nip+1,
4

where [v],, denotes the nth entry of the column vector v. Observe here that for
n > Ni + 1 we defined ¢, n( ) as the difference of the nth Fourier coefficients
of the functions u and Zm 1 Chom (U )q’}km with respect to the orthonormal basis
{4k n }nen- Therefore, by Parseval’s identity, we find {cx , (1) }uen € I?(IN). This
allows us to make use of the above-mentioned theorem, which gives the uncon-
ditional norm-convergence of the series

Eckn ) Prn + E Cen (1) Pi (5.60)

n=N+1

To see that this is really an expansion of u, call the limit of the series v. Then,
proceeding as in the first part of our proof we obtain equations for the Fourier
coefficients of v with respect to the orthonormal basis {{ , }nen- They, however,
are then equal to the right-hand sides of (5.57) and therefore, by our defini-
tion of the coefficient sequence {cy , (1) }nen, equal to the Fourier coefficients
{(u, e n> +}nen of u. The basis property of {{ , }nen then necessarily gives v = u.
Hence, (5 60) is an unconditionally convergent expansion of u and also unique,
which is again a consequence of the reasoning of the first part of our proof and
the invertibility of My (see (5.57) and (5.58)). O

Our second preliminary lemma concerns the eigenvalues of the operators
A,  defined earlier in this chapter (see (5.9)). To recall the employed notation,
see also Lemma 5.2.1, part (a) of the remark thereafter, and the line below (5.7).

Lemma 5.4.5 ([WS72, Thm. 1.3.1]). Let k € B and p € [0,00). Furthermore, define
Uyo(p) == H}. per () \ {0} and, forall n € N,

Ui (1) = {1 € HE per () \ O} | (1,10 ()), =0 for 1<m <n}.

Then the eigenvalues of the operator A,y can be characterized as

/ |Vu(x)|? dx
Akn(M) = min forall n € N. (5.61)

el ()| g (e p)lu() P dx

Remark. A similar characterization of eigenvalues holds for a wide class of opera-
tors that are of interest in mathematical physics. In particular, it is valid for any
operator acting on functions in L2(Q) (with arbitrary integration weight function)
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that we introduced so far. This is made precise in the first three chapters of the
cited source, which also contain interesting historical information. Note that
in contrast to the min-max principle presented as part of Theorem 4.1.5 (which
is, of course, also valid for the operators considered here), the equations (5.61)
characterize the nth eigenvalue explicitly in terms of the first n — 1 eigenfunctions.
This dependence can sometimes be disadvantageous, but we will benefit greatly
from it right below.

The third and final preparing lemma which we present in this subsection
links, in a sense, its two predecessors and provides us with an important integral
estimate to be used later on in our work. Besides, this result finds immediate
application in the proof of the main theorem of the high-frequency nondispersive
case presented thereafter.

Lemma 5.4.6. Let k € B and denote by yy, o, ..., Ur, Hr+1 all the different A-nonlinear
eigenvalues of the operator pencil < within the interval [y 1, fx N, +1), 1-€.,

Pir =1 < o < -+ < PR = HrN, < PkoNe+1 = HR41- (5.62)

Further, set So := 1 and, for 1 <r <R, let s, be the multiplicity of u, as well as

r - Sy
Spi=Y s, and My, = ( (WYion (Hr1), Yim)e,, )nm—1'
p=1 a
Then, for 1 <r < R the matrix My, is invertible and
SV dx < [ (o) P ax (5:63)
Q Jo

where Y is an arbitrary linear combination of the functions Py 1,..., Pk,

Proof. We will show both assertions of the lemma with a single proof by induc-
tion on r. First, though, let us note that the strict ordering of the A-nonlinear
eigenvalues in (5.62) and part (c) of Assumptions 5.4.1 imply

p1G( 1) <p2G(op2) <... <purC(,ur) < pr+18( pry1) a.e.onQ), (5.64)

which is crucial to this proof.

As for the induction basis, let » = 1 and suppose My ; were singular, i.e.,
M; 1c = 0 for some ¢ = (cy,...,cs,)T € C* \ {0}. Then, using the notation of
Lemma 5.4.5,

S
Y= Z lezbk,m € uk,51(]12)/ (565)
m=1

which can be seen as follows: Firstly, § ,, = P (p11) for 1 < m < S; and thus,
since the eigenfunctions ¢y 1(j11),..., ¥ s, (#11) are linearly independent, ¥ # 0.
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Secondly, My ;¢ = 0 implies (¥, ¢k, (y12))¢,, for 1 <n < Sy, giving, as claimed,
(5.65). Therefore, the just-mentioned lemma yields

o = f‘k,sl+1 (5.66)

= Mes,+1(Hk s +1)

/|Vux|2dx /|V‘Px|2dx
= Mes,+1(p2) = mln <

uclys, (42) /g x, ) |u(x)|? dx /C x, 12) ¥ (x) |2 dx

On the other hand, by the eigenvalue equations for the A-nonlinear eigenfunc-
tions we have

51 R S, . *
—AY = Y (D) = Y cuttemC (o fikm) Piom
m=1 m=1

s (5.67)
1 *
= m&( 1) Y et = w18 (-, 11)Y
m=1
giving, by means of partial integration (compare to footnote 1 on p. 53 and to part

(b) of the remarks following Theorem 4.1.3 regarding the vanishing boundary
terms),

/Q|V‘If(x)|2dx:/ﬂ[—A‘I’(x)]‘f’(x) dx

= [ meCe ) ¥ ()P dx < g2 [ &) ¥ ()P dx,

where the inequality is a consequence of (5.64) and ¥ # 0. This, however, contra-
dicts (5.66), meaning that My ; is invertible. In addition, note that (5.67) and the
equalities in (5 68) stlll hold if ¥ is taken to be an arbitrary linear combination of

(5.68)

the functions 1,bk Lyenny l[)k s, instead of one having a coefficient vector in the kernel
of My ;. Hence, the induction basis for the second claim we intend to prove, i.e.,
(5.63) in the case r = 1, is also shown.

To proceed, we assume that both assertions of the lemma hold for some
re{1,...,R —1} and first prove that

l[;k Lyeees 1/3;( s,., arelinearly independent. (5.69)

r+1

Thereto, suppose ) cmi,bk n = 0 for some cq, .. € C. Then, we have

r+1

Sr « Sr1 « Sr1
Z mek,m = - 2 mek,m = - 2 mek,m (,ur—s-l)- (5-70)
m=1 m=85,+1 m=S5,+1

Inner product multiplications of this equation with 1 (ptr41),..., Pis, (Hr41)
yield

S, .
Z Cm<l/)k,mrlpk,n(]4r+1)>§m+l =0 for 1 <n< Srr

m=1
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using that {{y , (#4y+1) }nen is an orthonormal system with respect to (-, '>§m+1'
In other words, M ,(cy, . ..,csr)T = 0 and hence, by our induction hypothesis,

c1 =...=cs, = 0. The right-hand side of (5.70)—which is a linear combination
of linearly independent eigenfunctions—therefore vanishes so that we also get
5,41 =...=Cs,,, = 0 and, as a consequence, (5.69).

In order to show that My, ; is invertible, we proceed similar to the case
r =1 and suppose that there were some ¢ = (cj,...,cs,,,)T € C>+1 \ {0} such that
M ,11¢ = 0. Together with (5.69) this allows us to conclude that

Sr+l

Y=Y ConWim € Us Son (Hr+2)- (5.71)

m=1

Hence, due to Lemma 5.4.5,
Pre2 = s, 01 = Aks, 01 (s, 1)

= Aks, . +1(Hri2)
/ |Vu(x)|? dx

= min

uEUkS,H Hri2) /C X, ,‘Mr+2>‘ ( )|2 dx
/|V‘F(x)|2 dx
9]

/Qg(x,yrﬂ)\‘l’(x)lz dx

Just as in the first part of this proof, the last inequality will eventually result in a
contradiction. To see this, we first note that, as before, integration by parts gives

/lekn VlPkm( ) dx
_/ Al/)kn lpkm( )
= i [ i) Pin () i ()

(5.72)

<

(5.73)

= i [ k) Pron () P (1) dx for L <mm <8,

Here, so as to arrive at the last equality, we used the symmetric structure of the
term on the left-hand side and the real-valuedness of both ¢ and the A-nonlinear
eigenvalues. Immediately utilizing (5.73), combined with the fact that i, = pr41
for S, +1<m < S,;1, we get

/QIV‘F( )| dx = rZ: C”cm/v¢kn Vl/ka() x

nm=1

Z cncm/ Vgl)kn th*Jk,m(x) dx

n,m=1
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r+]

+ Z cn@'/Q VIIJk,n(x)-Vl/t’krm(x) dx

n,m=1
n>S, or m>S,

S -
= Cncm/ Vl;bkn Vlpkm( ) (5.74)
m=1

n,

r+1

Y et [ S0t Yin(x) fon(x) dx

nm=1
n>S, or m>S,

Next, the so far unused part of our induction hypothesis, i.e., the validity
of (5.63), comes into play and allows us to estimate the first sum on the last
right-hand side as follows:

s, 2
cncm/ lekn lekm dx—/ ‘ <Zcmlpk1m(x)> dx (5.75)
nm=1 m=1
s 2
< Vr/QC(xr,ur) mglcmlpk,m(x) dx
s, 2
SP’rH/QC(szrH) m;lcmlpk’m(x) dx,

the last inequality being a consequence of (5.64). Together with (5.74) we therefore
find

JIVEER dx < g [ a(anp)

Sr *
21 CmWkm (x)

r+1

+ ¥ cnﬁﬂm/Qé(xzﬂrﬂ)l/?k,n(x)l/;k,m(x) dx

nm=1
n>S, or m>S,

)+l

Z Cm¢km

<o /Q E(x, 1) [¥ ()2 dx,

dx (5.76)

= Hr+1 /Q X, hrt1)

where, once more, (5.64) and ¥ # 0 have been used in the last step. This inequality
gives the desired contradiction to (5.72) and thus the invertibility of the matrix
My ;+1. Furthermore, similar to the case r = 1, from (5.73) onwards we nowhere
used the fact that the coefficient vector ¢ of ¥ (see (5.71)) lies in the kernel of
My ,+1. Hence, all but the last line of (5.76) also hold if ¥ is replaced by an
arbitrary linear combination of the functions l[;kll,. . ,1;;(,57 .,» which finally yields
the asserted integral estimate (5.63). This closes the proof. O

With the necessary auxiliary results at hand, we formulate our basicity theo-
rem for the A-nonlinear Maxwell eigenvalue problem for TM-polarized waves.
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Theorem 5.4.7 (Riesz basicity in the high-frequency nondispersive case). For all
k € B the A-nonlinear eigenfunctions Wy = {li)k,n [1<n< N U{¢en |n> N +1}
of the operator pencil <7, form a Riesz basis of L%(Q)

Proof. Let k € B be fixed. By Theorem 2.2.12 the assertion follows if we can prove
that Wy is bounded in the sense of part (b) of Definition 2.2.2 and an unconditional
basis of L%(Q) The former property is readily seen to hold since firstly

gmln

12}2)1(\] gmax (ﬂk n )

émaX( ) for1 <n < N;

0<
5 = Cmin

by part (b) of Assumptions 5.4.1, and secondly ||, | g = 1forn > Ny +1as the
latter functions are elements of an orthonormal basis with respect to (-, -) z Hence,
due to Lemma 5.4.4 it only remains to show that the matrix My is invertible. This,
however, is readily seen to be a consequence of Lemma 5.4.6. In its notation, and
by the definition of ¢ (see (5.51)), we find & = &(-, i) = E(ten+1) = C( HR11)
and therefore ¢y ,, = P, (#1) = P (#r11) for all n € N. Hence, since furthermore
Ni = Sg, it follows that

——\ M ¥ SR
( <1/’kn'1/’km> ) et ( (Win (HR+1) Prom) )n,m:1 =M
and, as was already suggested, this matrix is invertible on account of the last
lemma. Therewith, the proof is finished. O
Remarks.

(a) Of course, by the equivalence of L2(Q)) and L?(Q)) the A-nonlinear eigenfunc-
tions of any operator pencil % also form a Riesz basis of the latter space.

(b) By the just proved result and the remark following Theorem 2.2.12 there
exists for all k € B an isomorphism Tj : L%(Q) — L%(Q) such that

Tklﬁk,n = {ka,n forl1<n< N and Tkl;bvk,n = l;ka,n forn > Ny+1

as well as an inner product on L?(Q)), equivalent to (-, -)g, with respect to
which the A-nonlinear eigenfunctions W constitute an orthonormal basis.
Moreover, the unconditionally convergent and unique expansion of a func-
tionu € L%(Q) in the Riesz basis Wy has the form

N
U= Z<u/TIj¢kn ¢kn + Z u, Tklpkn Qbk,n-
n=1 n=Ni+1

On the other hand, by means of the expansion coefficients which we derived
in the second part of the proof of Lemma 5.4.4 (see (5.59)),

u—chn T,Ukn—f— Z Ckn ¢kn

n—= Nk+1
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Hence, ¢, (1) = (u, T{ Px, ) F= (Titt, Py ) ¢ for all n € N and therefore, by
Parseval’s identity,

oo 1/2 (e o] 1/2
||TkHB(L§(Q)): sup <Z|<Tk”/¢k,n>§|2> = sup <Z’Ck,n(u)|2> ,

uel2(0) \n=1 uel2(Q) \n=1
flullz=1 [

lz=1
meaning that the coefficient functionals u +— ¢y , (1), as expected, measure the
non-orthogonality of the Riesz basis {y,, | 1 <n < Ny} U {t, | n > Ny +1}.

Having established the basis property of the A-nonlinear Bloch waves in the
high-frequency nondispersive case, we close this subsection and move on to a
more general setting in which the last theorem shall play the role of an auxiliary
tool (see the proof of part (a) of Proposition 5.4.13).

5.4.2 THE ASYMPTOTICALLY NONDISPERSIVE CASE
(COMPLETENESS)

While the basicity result we have just proved is certainly of interest in its own
right, we are, of course, interested in obtaining similar results for more general
A-nonlinear spectral problems for dispersive photonic crystals. A quite canonical
idea here is to essentially consider the limit # — oo in (5.51). In other words,
instead of assuming that a modeled structure is behaving nondispersively for
frequencies greater than a finite threshold, we impose such a behavior only in
the limit as the frequency tends to infinity. Expressed in terms of the coefficient
function ¢ of the operator pencils % our precise requirements are stated right
below. If the relative permittivity of a given photonic crystal is such that these
assumptions are fulfilled, we call the medium asymptotically nondispersive.

Assumptions 5.4.8 (Basic assumptions on ¢ in the asymptotically nondispersive
case). Let Assumptions 5.4.1 hold and suppose further that for some ¢ € L®(R%;R),
which shall satisfy Assumptions 4.1.1, we have

Hl_ ()

— 0 as p — oo, (5.77)
Lo ()

¢

Remark. The requirement on ¢ simply means that the spectral problem (4.3)
with this function in place of the relative permittivity is governed by the theory
presented in Chapter 4. In particular, C is Zz—perlodlc and essentially bounded
below and above by positive constants Cmm and Cmax Hence, the requirement
(5.77) and || & — (-, #)|lLe() — 0 as p — co are equivalent, but we chose to
impose the stated cond1t10n as it appears more naturally in our analysis. Note
also that this is in line with the discussion presented in Section 3.3. Therein, we
argued on physical grounds that the relative permittivity e, thus also ¢, converges
to the constant vacuum permittivity ¢ as the frequency tends to infinity (see
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(3.35)). Since E is allowed to be a function of space, our model here is more
general, but clearly also more interesting mathematically.

As their name suggests, Assumptions 5.4.8 do not yet constitute the entire set
of restrictions which we impose on ¢ in the course of the current subsection. In
order to successfully prove a completeness result for the A-nonlinear eigenfunc-
tions of the operator pencils %, stronger assumptions, mostly on the rate of the
convergence in (5.77), will become necessary later on. Before we go into details,
we present in the subsequent paragraph important preliminary results.

5.4.2.1 AUXILIARIES AND AN ABSTRACT COMPLETENESS THEOREM

In properly asymptotically nondispersive cases no threshold y as in (5.51) exists.
Nevertheless, we shall reuse the corresponding “tilde-notation” introduced in
Subsection 5.4.1. This seems appropriate, since again all quantities that carry
such an accent mark stem from a A-linear eigenvalue problem, namely that for
the operator Ay : D(Ay) — L%(Q) in L%(Q) given for k € B by

~ ~ 1
D(Ay) = H,%_per(Q), Agu = —EAu.

Clearly, this is formally the same operator as the equally denoted one in the
high-frequency nondispersive case (see (5.53)). However, for the eigenvalues and
-functions of this operator, in relation to those of the operator pencil 2%, we now
generally obtain

Hin 7 7\k,n and l,l*Jk,n # ibvk,n foralln € N,

in contrast to the equalities (5.54). This is, of course, complicating our analysis
and we cannot expect to address the question of completeness of the A-nonlinear
Bloch waves {z,t*lk,n}ne]N by similar means as in the previous subsection.

What we intend to do instead is based on the reasonable assumption that if
is sufficiently large, and thus the norm-distance between &(-, 1) and ¢ is small in
view of (5.77), then the same is expected to be true for large enough eigenvalues
jir.n and Ay, and the corresponding eigenfunctions. We postpone specifying the
rather vague terms “small” and “closeness of eigenfunctions” to further below.
The part of our conjecture that concerns eigenvalues, on the other hand, shall be
clarified just yet:

Lemma 5.4.9. For all k € B the eigenvalues of < and Ay satisfy

1— g('/ék,n)
¢

|.ﬁk,n - Xk,n| < P*‘k,n
L>(Q))

for all sufficiently large n € IN in the sense that the norm on the right-hand side is less
than or equal to one.
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Proof. Let k € B be fixed and let j € [0, 00) be such that

-

¢

Note that such a number g exists due to Assumptions 5.4.8 (see (5.77)). Now,

for all 1 € [0,00) and all nonzero u € H}. - o (Q2) we have

JIvu@PRar [ [Vu(xP dx
/QC(x,}l)\u(x”z dx /Qg(x)|u(x)|2 dx

/|Vu x)|? dx /Ex 1—M)|u(x)\2dx

JREIMOEEES /c x)[? dx

<1  forall u € [ug,0). (5.78)
L=(Q)

(5.79)

< Hl_ cC.m)

L=(0 / 5 x, 1) |u(x)|? dx
Hence, for y and u unchanged,

[ IVutx) P dx (1_ Hl— )

[etemlutor

/|Vu )|? dx
) JE@utx)2 ax

Restricting our considerations to y € [po,0) from now on, the inequality (5.78)
implies that the term in round brackets on the left-hand side is non-negative.
Therefore, for these y and all n € IN the min-max-principles for the nth eigenval-
ues of the operators A, ; and Ay (see (5.13) and Theorem 4.1.5, recalling that 5
satisfies Assumptions 4.1.1) yield

Nonp) (1_ -2

) < Xk,n
L=(Q)

or, equivalently,

Mn () = A < A (1) H1 _ C(EP‘)

In fact, starting again from the negative of the left-hand side of (5.79) and essen-
tially repeating our arguments so far, we even obtain

Gom)

i (1) = Au| < A1) Hl -&,

L=(Q) '

7

L=(Q)
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which is, of course, only valid for u € [po,00). Finally, if n € IN is such that the
nth eigenvalue of the operator pencil <%, i.e., the unique fixed point iy , of the
mapping [0,00) 3 u — Ay, (1), satisfies pi, € [po,00), then the last inequality
reads

g('/ék,n)

|ﬁk,n - Xk,n| < .ﬁk,n 1-—

4

L=(Q)

which finishes the proof. O

Recalling that pi ,, — o0 as n — oo for all k € B we have the following corollary
to the last result:

Corollary. Suppose

Hl_ ()

€o <1> as p — oo. (5.80)
Loo(Q) Au

Then for all k € B we have jiy, — A — 0 as 1 — co.

Remark. The importance of the previous statement will become apparent later on
when we prove our completeness theorem for the asymptotically nondispersive
case. By assumption the condition (5.80) on the rate of the convergence (5.77) will
then be satisfied (see part (c.iv) of Assumptions 5.4.25) and we will therefore be
able to satisfy a certain closeness requirement between large enough eigenvalues
of o and Ay.

Whereas we were concerned with both the A-nonlinear and the A-linear eigen-
values simultaneously so far, we next provide additional information regarding
only the spectrum of the “limit problem” for the operator Ay. It will only be used
rather late in this thesis, but it seems appropriate to include it already here so
that our preliminaries on eigenvalues and -functions are kept separate.

Lemma 5.4.10. Forall k € B, all n € (0,47 &L, and all M > O there exists some
v > M such that [v,v + 1] C p(Ay), i.e., there repeatedly occur gaps of width at least
in the spectrum of any operator Ay.

Proof. Let k € B and 7 in the specified range be fixed. To perform an indirect
proof, we assume that there exists some M > 0 such that for all v > M we
have [v,v + 7] No(A) # @. Then, as 0(Ay) is purely discrete, we can find a
subsequence {Ak n; } jeN of the eigenvalues of Ak such that

M+jn < A <M+ (j+1)y  foralljeN.
This easily implies

M+17

Ain
Moy < ™ <
j j j

+n forallj€eIN and
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The stated convergence will give a contradiction. To see this, we denote
for n € IN the nth eigenvalue of the operator —A : Hi_per(ﬂ) — L2(Q) in L2(Q)
by A, and similarly write A}, for that of the operator —A : H*(Q) — L*(Q)
in L?(Q)) subject to vanishing Neumann boundary conditions.! The associated
forms act in exactly the same way as that corresponding to the operator A; and
have domains H, ;_per(ﬂ) and H'(Q), respectively (see [Dav96, Chapt. 7]). Hence,

we obtain from the min-max principle (see (4.21))

A Apn AL A
b Doy, 1 T 1 TNl e, (5.81)
] n] (:max n] (:max n]

using j < n; for all j € N and the inclusion H__.(Q2) C H'(Q). These inequalities,

however, cannot hold since on the one hand

per

Xk,?’lj 47T .
— =< =— asj]—
J max

by our reasoning above, but on the other hand

1 M, 4n .
= — = >N asj— o0
Cmax n] Cmax
as a consequence of the well-known Weyl asymptotics for Neumann eigenvalues
(see [CHO4, Sect. V1.4.1] and the classical article [Wey12]). This gives the desired
contradiction and thereby closes the proof. O

Remark. The lower bound on the eigenvalues of the operator A; used to derive
the inequalities (5.81) can be complemented by an upper one: Denote for n € IN
the nth eigenvalue of the operator —A : H2(Q)) — L?(Q)) in L2(Q) subject to
vanishing Dirichlet boundary conditions by All),n. Then, again as a consequence
of the min-max principle,

- 1
;A}W <Ajn < =—Ap, forallneN,

max min

since the form domain for the Dirichlet problem is H}(Q) C H,}_per(Q) (see
[Dav96, Chapt. 6]). For obvious reasons, two-sided inequalities of this type
are called Dirichlet-Neumann-bracketings. In order to obtain valuable information
about eigenvalues of periodic problems these estimates are usually too rough.
They have, however, proved helpful for an asymptotic spectral analysis of certain
periodic media (see [HLOO]).

Having discussed only eigenvalues so far, we now turn our attention to the
A-nonlinear Bloch waves { ¢y , }nen. The abstract theorem which we prove next

1 As before in this work, the superscript “1” reminds us that both operators have a coefficient
function identically equal to one.
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eventually allows us to show that they are complete in L2(Q)) and, in fact, even
in H ,}_p or(Q)). We state this result in a form detached from our specific problem,
for it is also of interest in its own right.

Theorem 5.4.11. Let H be a Hilbert space with orthonormal basis {y, }nen and let
{¢pn }nen be a sequence in H. For some N € N set V := span{¢, | 1 <n < N} as well
as U = span{¢,, | n > N + 1} and suppose that

$1,...,¢n are linearly independent and  VNU={0}. (5.82)

Further, let P™) : H — H be the orthogonal projection onto W :=span{, | n > N + 1}
and let Q™) : H — H be a linear operator such that

RanQ™M CU  and |P™ — QM| < 1. (5.83)
Then H =V & U. In particular, the sequence {¢n }neN is then complete in H.
Proof. We first show that
fut - RY
' { U (<”rlpn>)nN:1

Thereto, let u € U+ with (u,¢,) =0forn=1,...,N. So, u € W+ =W =RanP™
and therefore u = P™u, since P is a projection. Keeping this in mind, we
deduce U+ = (U) ©C (RanQ™)t =Ker (Q™)* from the assumption on Ran Q™)
and find (Q™)" u = 0. Together with the self-adjointness of P® (as an orthogonal
projection onto a closed subspace of H) this implies

} is injective. (5.84)

Jull = ([P = [ (P) | = | (P = @) | (585)

giving u = 0 by the inequality in (5.83) and thus, as claimed, (5.84). As a con-
sequence of this property, we readily obtain dim U+ < N so that U~ is a closed
subspace of H.

Next, let S denote the orthogonal projection onto U+. Then S|y : V — U™ is
likewise an injective mapping, since Sv = 0 for some v € V gives v € utt =1,
i.e, v € VN U, and therefore v = 0 due to the second statement in (5.82). As
before we now deduce dimV < dimU~+ < N, which yields dim ut=N by the
assumed linear independence of ¢, ...,¢n (see, again, (5.82)). In view of this,
S|y : V — U* is a bijection.

Finally, for an arbitrary w € H set v:= (S|y) ' Sw € V and u := w — v. Then
Su=Sw—Sv=0, givingu € U+ =U and w = v + u € V & U. This concludes
the proof. O
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Remarks.

(a)

(b)

The equality H=V @& U, which is the outcome of the last theorem, implies
that for all u € H there exist coefficients ¢, (u),...,cn(u) € C and ¢} (1) € C,
wheren =N +1,...,M; and s € N, such that

N M,
Y () + Y. Y (u)py —u ass— oo
n=1 n=N+1

Note that this is stronger than the completeness of {¢, } ,en in H because the
first N coefficients do not depend on s.

It is well-known that the projection P of Theorem 5.4.11 is given by

(e 0]

PMu= Y (u,pu)pn forall u € H.
n=N+1

On the other hand, if {]; }men is a partition! of the set {n € N | n > N + 1},
then

P™N =Y" P, with Pyu:=Y_ (u,pu)py forallue H. (5.86)

m=1 ne

Here, the sequence of operators { Py, } men consists of pairwise disjoint or-
thogonal projections with

RanP, =span{y, |n € J,}  forallm e NN.

Motivated by (5.86), we will later on choose the operator Q™ occurring in the
statement of Theorem 5.4.11 as a convergent series Q™) =Y _; Q,,, where
{Qm }men is a sequence of linear operators on H such that

Y (P — Q)

m=1

RanQ,, CU forallmeN and <1. (5.87)

Note that then RanQ™ = Ran (Y_5_; Qn) C U, as it is required by the result
we intend to apply (see (5.83)). The exact benefit of working with this form
of the operator Q™ in the context of our specific problem shall soon become
apparent.

To proceed, we outline how we intend to apply Theorem 5.4.11 to show

the completeness of the A-nonlinear eigenfunctions of the operator pencils .¢%.
Furthermore, we provide preparatory results concerning the requirements (5.82).

Keeping k € B fixed, the obvious choices for the sequences {¢,},en and

{¢n}nen introduced in the statement of the theorem are, in that order, the

1That is, pairwise disjoint, non-empty subsets of N such that Uyenm ={n € N|n >N+ 1}.
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A-nonlinear eigenfunctions {l[*Jk,n tnen and the (-, '>§ -orthonormal basis { P , }nen

of L2(Q)). However, in the topology of the latter space we did not succeed in
verifying the second of the requirements (5.82), i.e., that for some N € IN

span{t/;k,n |1<n<N}N span{l/?k,n |n>N+1} ={0}.

Fortunately, though, by applying Theorem 5.4.11 in a smaller space, namely
H,}_p o (Q2), we can hold on to the just-mentioned canonical choices of the necessary
sequences and eventually even gain a stronger theorem. In order to be able to
follow this approach, we first have to establish that the eigenfunctions of the
operator Ay actually form an orthonormal basis of H,}_p o (Q). This is assured by
our next result.

Proposition 5.4.12. For all k € B the renormalized eigenfunctions {1/ /14 A, Prn }uen
of the operator Ay form an orthonormal basis of H} __.(Q) with respect to the inner

product (-, '>H£,Ef given by

per

<u,v>H;,g~ = (Vu, Vo) 2q) + (u,0);  forallu,ve H,}_per(()). (5.88)
Proof. Let k € B be fixed and u € H,}_per(ﬂ). Then

<1;bvk,n/ u>H;,g = <V{karn,vu>L2(Q) + <1;ka,n,u>g~
= (=D, ) 2(00) + (P )z (5.89)
=(1+ Xk,n) <f/)vk,n,u>5 foralln € N,

using integration by parts and the eigenvalue equation for yj , € H,%_per(Q).
Hence,

- 1+/N\k,n

1 0 1 0
= k, — k, —
<\/1+)\,m1 Pins 14+ A ¥ m>H,1§ V1A

so that {1/1/1+4, {/Jvk,n}neN isa (-, -)H}}f—orthonormal sequence. By (5.89) it is

even a basis of H,}_per(ﬂ), because (P ,,, 1)

Onm = Oum forall n,m € N,

H) ¢ =0forall n € N implies u = 0 as
a consequence of the orthonormal basis property of { , } e With respect to
the inner product (-, -) ¢ and the non-negativity of the corresponding eigenvalues.

This proves the claim. O
Remarks.

(@) In view of the lower and upper boundedness of 5 (see Assumptions 5.4.8)
the inner product in (5.88) is equivalent to the canonical one on H,l_p o(Q). In
fact, for k # 0 the second summand in its definition could even be omitted,
whereas this is not possible if k = 0 since then (V+, V) 2y only induces a
seminorm.
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(b) Observe from (5.89) that forallk € Band allu € H} ___(Q)) we have

per(
1 15\
<u/ m 1pk,n>H]}’5 m lpk,n <ur¢k,n>§ 1Pk,n
Hence, given a finite index set ] C IN the (,-) H #-orthogonal projection onto
span{l/\/1+ A, Y, | n € J} in H]}_per(Q) and the restriction to H,%_per(Q) of
the (-,-) ¢ -orthogonal projection onto span{¢y, | n € J} in L>(Q) coincide.

for all n € IN.

While the last result allows us to choose H ,}_p o (Q2) as the Hilbert space H and

{1/ V1A, @k,n }n cn @s the orthonormal basis {4 }nen in Theorem 5.4.11, it still
remains to be shown that the requirements (5.82) can be fulfilled in the norm
|1l & We do so by means of the following proposition:

Proposition 5.4.13.

(a) Forallk € Bandall N € N the A-nonlinear eigenfunctions 1/3;{,1,. . .,1;;(,1\] are linearly
independent.

(b) Forallk € Band all N € N such that ﬁk,N < ﬁk,NH we have

span{t/*Jk,n |1<n<N}N span{liJk,n |n>N+1}={0},

the closure being taken in the norm ||-|| ;1 g of H]}_per(Q).
k’

Proof.
Ad (a): Letk € Band N € N be fixed. For some i > ji v set

oy Jetom), ifpelon),
G {C(-,ﬁ), if 1 € [fi,00).

Then Assumptions 5.4.1 on ¢ ensure that Z is a coefficient function falling within
the scope of the high-frequency nondispersive case (see Assumptions 5.4.3). The
eigenfunctions of the corresponding operator pencil .2 are therefore linearly
independent by Theorem 5.4.7 (giving that they even form a Riesz basis of L?(Q)).
However, owing to the choice of ji, the first N of these eigenfunctions are just

[1]

Yr1,-- -, Pr, N, Which gives the assertion.

Ad (b): Letk € Band N € IN with ﬁk,N < ﬁk,NH be fixed. Further, let

uec span{1/§k,n |1<n<N} ﬁspan{gzk,n |n>N+1}.

Then there exist coefficients ¢, ...,cy € Cand ¢ € C, where n = N +1,..., M,
and M; € N for all s € N, such that
M;

N
u=Y cathpy and  u¥:= Y Dy, —>u ass— oo,
n=1 n=N+1
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the convergence being in the norm ||-| 1l Therefore,

v

> llully  ass— oo, (5.90)

Next, we estimate the L2(Q))-norm of the gradients of u and u". Given that
both of these functions are finite linear combinations of A-nonlinear eigenfunc-
tions, we are reminded of the very same task we faced as part of the proof of
Lemma 5.4.6 (see (5.63)). By notationally adapting the arguments given there
(compare to (5.73)—(5.76)) we obtain

N -
IVulf0) = Y e | Tohua(x) - Vi (x) d

nm=1

N
= 2 CnCm ﬁk,max{n,m}/Qg(x/ﬁk,max{n,m}) qjk,n(x) ¢k,m (x) dx (591)

nm=1
< flk,N/QC(x,ﬁk,N)’“(x)’z dx

and, similarly,

M -
2 s s * *
ro)= L C%)Ci(ﬂ)/QVIPk,n(X) Vi m(x) dx
nm=N-+1
MS Ty % * * *
= Z CS)C;? ‘uk,min{n,m} /Qg(xl.uk,min{n,m}) lpk,n (x) lpk,m(x) dx

nm=N-+1

| vur

> ﬁk,N+1 /Q(:(x,ﬁk,NH)]u(s)(x)F dx.

In the limit s — oo the last inequality, (5.90), and the equivalence of the norms

Il ) and [-[ls on 2(Q2) give

V0l = st [ &G ) lu()? d

Hence, combining this with (5.91) we deduce that

/Q [+ &0 tN+1) — PN E( ) ] [u(x) |2 dx < 0.

The latter inequality now implies u = 0, since the expression in square brackets is
positive almost everywhere on () as a consequence of the inequality i x < ik N+1
and our monotonicity assumption on ¢ (see Assumptions 5.4.1). The proof is
finished. O

Our newly found knowledge, i.e., part (b) of the remarks following The-
orem 5.4.11, Proposition 5.4.12, part (b) of the remarks thereafter, and Propo-
sition 5.4.13, can now be incorporated into a restatement of Theorem 5.4.11.
Naturally, this is then a version specific to our problem.
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Theorem 5.4.14 (A problem-specific variant of Theorem 5.4.11). Let k € B and
and let N € N be such that py n < pix n+1. Further, let { ] }men be a partition of the
set {n € N |n > N+ 1}. For all m € IN denote by P,, the orthogonal projection in
Hy er (Q0), equipped with the norm ||HH; & onto the subspace! span{{y, | n € Jm}. If
{Qm }meN is a sequence of linear operators on H,}_per(ﬂ) such that

RanQ,, C span{ti?k,n |n>N+1}  forallmelN (5.92)

and

<1, (5.93)
B(H] e ()

il(Pm - Qm)

where, implicitly, the convergence of the series is demanded, then

H o (Q) = span{gy, | 1 <n < N} @ span{yp, | n > N+1}. (5.94)

In particular, the A-nonlinear eigenfunctions {¢k,n bnew are then complete in HY __ (Q).

per

Remark. Is is important to observe that the index N occurring in the statement of
the theorem can be chosen arbitrarily large, because the A-nonlinear eigenvalues
{4k n tnen are isolated and tend to infinity by Theorem 5.2.6. Clearly, this should
be of help in showing the inequality (5.93), since, intuitively, the A-nonlinear
eigenfunctions {li}kn | n > N + 1}—which are the only ones of interest here
(see (5.92))—become ever closer to {{;, | n > N + 1} as N increases (note our
assumption (5.77)).

The following corollary is an easy consequence of the embedding of H,l_per (Q)
into L2(Q)) and the denseness of the former in the latter space.

Corollary. Under the conditions of Theorem 5.4.14, the A-nonlinear eigenfunctions
{4 n tnen are complete in L*(Q).

Next, let us analyze Theorem 5.4.14 concerning what is left to work out so
as to establish the completeness of the A-nonlinear eigenfunctions as in (5.94).
Obviously, keeping k € B fixed, this amounts to finding the linear operators Q,,
and making sure that they are sufficiently close—in the sense that the estimate
(5.93) holds—to the orthogonal projections P,,. Since the latter operators map
onto subspaces spanned by eigenfunctions of Ay, we are reminded of their rep-
resentation as Riesz projections (see Subsection 2.4.2). Here, two observations
are crucial: First, by part (b) of the remarks following Proposition 5.4.12, each
of the orthogonal projections P, in H.____(Q)) equals the restriction to H,}_per(())

k-per
of the (-,-)z-orthogonal projection in L%(Q) onto the same subspace. Second,

10f course, span{lfk,n | n € Jm} = span{l//14+ A, {/Jvk,n | n € Jy} forallm € N.
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orthogonal projections are uniquely determined and thus, as anticipated, the op-
erators Py, can be represented by Riesz integrals for appropriately chosen Cauchy
contours.!'2 In view of this, the idea of choosing “A-nonlinear Riesz projections”
for the operators Q,, immediately comes to mind. However, a literature review
has shown that such a concept has not yet received any attention. Fortunately, we
are ourselves successful in contributing some results in this direction—at least for
our specific A-nonlinear problem. This material is presented below and requires
our assumptions on ¢ to be slightly strengthened.

5.4.2.2 A A-NONLINEAR RIESZ PROJECTION AND RELATED OPERATORS

As was just outlined, we aim to construct operators that map H, ,}_p or(Q), fork € B,
into the span of all but the first finitely many A-nonlinear eigenfunctions of the
operator pencil 2. Further, we require these mappings to be close to certain
Riesz projections for the operator A;. Motivated by the results presented in
Subsection 2.4.2, a natural candidate is of the form

. /r By (V) dv, (5.95)

where T’ is taken to be a suitable Cauchy contour in the complex plane that
encloses some of the (large) A-nonlinear eigenvalues { i, }nen. Obviously, in
order for this integral to be defined, requirements beyond those we so far imposed
on the coefficient function ¢ have to be met. Note, however, that the application
we have in mind for such an operator, i.e., Theorem 5.4.14, does not require it
to be a projection. As we shall see further below, this is crucial to our success in
proving a completeness theorem in the asymptotically nondispersive case.

Initially, without commenting on their precise application just yet, we list our
extended assumptions on {. They are referred to as “high-frequency assump-
tions”, for, as the term suggests, they only have to hold for second arguments of
¢ larger than some threshold.

Assumptions 5.4.15 (High-frequency assumptions on ¢ in the asymptotically
nondispersive case). Let Assumptions 5.4.8 hold and suppose further that there exist
il > 0 and x > 0 such that (ji,00) > u —¢(-,u)|a € L°(;R) has a holomorphic
extension, which we again call ¢, to the semi-infinite strip

S={p+iteC|u>ju|t| <k} (5.96)

with (-,v) € L*(Q;C) forall v € S. Moreover, we require that

INote that the operator Ay is not self-adjoint in H]%_p o (Q) so that we cannot simply employ a

() #-orthogonal Riesz projection.
k’
2This requires the partition { ], }men in Theorem 5.4.14 to be such that indices of any eigen-
value and, if any, its “copies” (accounting for a higher multiplicity) belong to the same set J;;.
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(a) for some q > 0 we have

1 9t 5
. <g<l1 orall u > 1; 5.97
ﬂHg(,w 5 Ut oy = forall > ji (5.97)
(b) for some C > 0 we have
21F(.
y' w(-,y—i—ir) <C forallu+itesS. (5.98)
ov L®(Q)

Remark. Note that part (a) of these assumptions demands the convergence in (5.77)
of ¢(-, 1) to ¢ as u — co to be sufficiently fast. It is equivalent to the requirement

<1
L=(Q)

By definition the holomorphic extension of ¢ to S in its second variable is
again a mapping into the essentially bounded functions on (). Off of the real axis,
though, it is not required to be nonzero anymore. Thus, we introduce for all k € B
the operator pencil .%; : [0,#] US — C(L2(Q)) by

| 1A,
imeup <’*H¢<-,y> v )

H—r00

D(%((v)) = H,%_Per(ﬂ) and % (v)=—-A—vi(-,v), (5.99)

which is well-defined also if ¢(+,v) vanishes (somewhere) on Q) for some (then
non-real) v € S. Obviously, we havel

Z(w) =¢(, )%  forall u € [0,00) (5.100)
and, in particular,
B () = A (W) gy ] forall g€ p(A) N 0,0) =p(ah) (G101
as well as
(%) N[0,00) =0 (at). (5.102)

Hence, the eigenvalues and -functions of the pencils .%; and <% corresponding to
real eigenvalues agree. However, we cannot a priori rule out that .} has complex
spectrum, which, if existent, might even contain points that are no eigenvalues.

To obtain further insights in this direction, we recall Taylor’s theorem for
continuously differentiable Banach space-valued mappings from the literature.
As to that, note that the function S 3 v — ¢(-,v) € L*(Q) and therewith the
operator-valued variant S > v — &(-,v)I € B(L?*(Q))) are arbitrarily often contin-
uously differentiable in S as a consequence of our holomorphicity assumption
(see [GLQ9, Cor. 1.5.3] and Theorem 2.3.9).

1For consistency with our notation so far, and in order to avoid confusion, y will always denote
a real number in [0,00) in what follows.
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Lemma 5.4.16 ([BT03, Thm. 3.3.1]%). Let X be a Banach space and let F € C"*1(S; X),
where n € No. Then, for any vy € S there holds

v—w) d[F()]

F(v)= Z(:) ( i v (vo) + RY (v,v9)  forallveS. (5.103)
]:

In addition, the convexity of S allows the remainder term to be bounded above as

a1 [F(v)]
o

’1/ —Ug’”'H

HR%F)(V’W)HX < W 0122(1

(1=t +tv)

X

Remark. 1f in the last lemma F is even a holomorphic function (as it will be in our
applications), then so is R\D (-,v) for all vy € S and all n € INy. This can be seen
from (5.103), whereby the remainder can then be written as a difference of two
holomorphic functions on S.

Let us get back to the question whether the operator pencil .%; can have
complex spectrum. The next theorem shows that sufficiently close to the real axis
this is not possible.

Lemma 5.4.17. There exists some ko € (0,x] (with 2k being the width of S as in (5.96))
such that for Sp .= {p+it€C|u>j,|t| <xo} C S we have

(So\o(e%)) Cp(&)  forallk € B. (5.104)

Further, for some C > 0 there holds the estimate

| %2 (v) HB(LZ(Q)) < w/Cmax(V)|S| for all non-real v =y +it € Sp and all k € B.

Proof. Letv=p+it € S. Since RN (S \ o(#)) C p(%) by (5.101), we may
restrict ourselves to the case T # 0 in the rest of this proof. For all k € B, since u
is real, the operator A, (see (5.9)) is self-adjoint on the weighted space Léﬂ (Q)).

Hence, its spectrum is real, v € p(A,, k), and
N S N |
Q) dist(v,0(Aux) ~ lv—pul 7]

|Ra ) forallk € B (5.105)

2
B(LZ,

by Theorem 2.4.6 in the preliminaries. With this at hand, we fix k € B and re-
arrange:

Z(v) = =D —vE(, )] — (vE(,v) —vE(-,p))I
= (=8 =vg( 1) [1= (=8 =v(-)D) " (vE () = vE ()1

s () - @(m))r} . (5100)

I The cited theorem is more general in that it covers functions acting between two Banach spaces.
However, the there occurring Fréchet derivative is equivalent to the complex norm-derivative
which we work with here so that the result is applicable (see [Muj85, Prop. 13.7]).

= (:(/V) (Ay,k — I/I) |:I — RAM (1/)
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Denoting the operator in square brackets by I — B, (v), we find, using (5.105) and
a Taylor expansion of the function S 3 v+ ¢(-,v) about y as in Lemma 5.4.16,

v [ ¢Cv) —S(m)
v— u’ H 4 C7

By (v) HB(L%V(O)) = L= ()

N VL!‘ HC(-%#) [(”—V)W("VHR;@(U’M L=(Q)
<1 gy " e t=(0)
+|V|2h€/m;1y| 0<ie1 W("O_t)ﬁw) 1=(0)
< (1+T>VHC(-1,;4) a[éé;llpﬂ)](,,y) L~(Q) o
o e ||

At this point both part (a) and (b) of our Assumptions 5.4.15 come into play.
With them and the inequality u > ji > 0 we get

7| 1 7|
HBV(V)HB(LEF(Q))§<1+ﬁ ‘7+2§mm|7| 1+7 C

q C < !TI)]
1 "[y 2min 7

for some positive constants g and C where g < 1. Here it is important to note that
the holomorphicity of ¢ in S implies the continuity of its second derivative. Thus,
the maximum on the right-hand side of (5.107) is attained on the compact line
segment connecting ¢ and v, i.e., at a point having real part equal to . Eventually,
(5.108) shows that there is some positive xy < x, which is independent of both
Rev = p and k, with

(5.108)

HBH(V)HB(%‘(Q)) <go<1l forallv=p+it € Ssuchthat0 < |7| < K.

Therefore, by the well-known theorem on the Neumann series,

I—By(v): L} (Q) — L% (Q) is bijective, || (I — By(v))—lH <1

B(Lz, () ~ 1 =40

forall v=p + it € S such that 0 < || < K. (5.109)

For the remainder of the proof we only consider v as in the second line of
(5.109), i.e., non-real v € Sy (see the definition in the statement of the theorem we
just prove). In order to obtain the invertibility of .%;(v), we first note that by defi-

nition By (v) is a mapping into D(A, x) = H,%_per(Q) = D(%(v)). Thus, we get
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from (5.109) that the restriction (I — By (v)) |p(#)) : D(Z(v)) = D(Z(v)) is

bijective (for more detailed arguments, compare to the proof of Proposition 5.2.5).

Finally, due to (5.105), (5.106), (5.109), and the lower bound on ¢, we find that
% (v): D(&L(v)) — L%P(Q) = L2(Q) is bijective and

1
¢(om)

1 1 1

H%fk(v)HB(L%y(Q)) H( ( )) A%’k( ) B(L% Q) —1- qo0 gmin |T‘
M

Together with the upper bound on (-, ) this allows us to similarly estimate the
unweighted operator norm of Z4 (v) as

\/ gmax 1 ]. ]_
H% ( )HB(LZ (Q)) < ‘:maX( ) 23/2 |’L’|

1% (W) 12(0) = = 77— 2 ~ 90 G i

whereby our proof is complete. O

The previous lemma provides an upper bound for the operator norm of the
resolvent of .Z; at non-real points in the semi-infinite strip Sp C S. A slightly
different such estimate, namely one that is valid in neighborhoods of the (real)
A-nonlinear eigenvalues of .7 (or .2 for that matter), is proved next.

Lemma 5.4.18. Forall k € B and all n € N such that ., > i there exists some 6 > 0
with Ug(pix) C p(Z). Moreover, for some C > 0 there holds the estimate
1.4 00) 02y < /Emon ) -~
A = Vet T, g
Proof. Let k € B and n € IN as specified in the statement be fixed. Then, in
particular, g, € S. To simplify our notation and reveal parallels with how
we showed Lemma 5.4.17, we omit sub- and superscript(s) of the A-nonlinear
eigenvalue and write y instead of yiy , in the current proof. By its definition, u is
an eigenvalue of the operator A, x, which is self-adjoint in the weighted space
L%V (Q)). Hence, similar to the previous proof we obtain

forallv € Up(pg).  (5.110)

1 1
B(L3, () ~ dist(v,0(Auk)) v —p

HRAM (v) H forall v € U, (i), (5.111)
where 1 > 0 is sufficiently small and particularly chosen less than y. Observe that
this is qualitatively and even notationally the same as (5.105) and therefore allows
us to repeat our proof of Lemma 5.4.17 word-for-word to a great extent. First, for
all v € Uy (i) we readily recover the equality (5.106) and, setting T := |v — p/, the
estimate (5.107), which reads

(1)l
HBy(V)HB(Lgﬂ(Q)) <1+ ) HC o (1) ) (5.112)
(Rl P, v)]

+ ,)](~,(1 —t)u+tv)

28min  0<t<1 ov'?

L=(Q)
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As before, the first summand on the right-hand side can be bounded above as

(1 i T) : H C(-lfpt) 8[6{(9-];/;/)] ooh) L2(0) : <1 " ’VT'> ! o

for some g < 1. However, in contrast to the situation in the proof of the last
lemma, we cannot conclude that the point at which the maximum in the second
summand on the right-hand side of (5.112) is attained has real part equal to y.
Nevertheless, given that this point lies on the line segment connecting y and
v € Uy, (), we know its real part to be in the interval (u — 7,1 + 17). Hence,
likewise as before, we find

(g ()]

aV/2

(p+ Il
20min  0<t<1

< tlrhit €
o) 26min BT

(,Q1=Hu+tv)

recalling that u — 7 is positive. Together with the inequalities (5.112), (5.113), and
T < 7 this yields

|T|) (p+lT)lt| C
B,(v <(1+—q+
1Bx )52, () —< W) 2w

q pt
< - — .
_qM[MJFZé’mmﬂ—n]

Note here that the right-hand side converges to g <1 as 7 — 0 (compare to
(5.108)). Continuing to follow our previous arguments, we therefore eventually
find some positive 6 < 17 such that Z.4, (v) exists for all v € Uy (p) = Up(jix ) and
satisfies the estimate (5.110). This closes the proof. O

Remark. The radius 6 appearing in the last lemma generally depends on the
considered A-nonlinear eigenvalue, i.e., on both k € B and n € IN, since 7 (see
(5.111)) does so. Furthermore, it is not necessarily less than or equal to xy (which
is independent of any parameters; see Lemma 5.4.17). Hence, locally an operator
pencil .Z; may be invertible in a region that even overlaps the complement of the
semi-infinite strip Sp in the imaginary direction.

As a consequence of Lemma 5.4.17 we are able to find Cauchy contours in
the complex plane that lie entirely in the resolvent set of an operator pencil
;. Calling such a path I, this is certainly a prerequisite for the existence of an
operator of the form

L /rggk (v) dv, (5.114)

which we similarly proposed before (see (5.95)).1 In addition, it is of course
important to verify that the appearing integrand is indeed holomorphic on

INote that compared with the referenced operator we replaced % o, With Z ¢_here. This is
due to the reasoning presented on p. 112.
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the chosen contour and also in its interior.! This issue shall be discussed next,
beginning with the proofs of an important identity and a series representation
for the resolvents we are concerned with. Therein and in the following we set

Sk="50\o(%) C p(%) forall k € B, (5.115)
where the inclusion holds on account of Lemma 5.4.17.

Proposition 5.4.19. Forall k € B and all v,vy € S there holds
Rz, (V) — Zz.(v0) = Bz,(v) (vE(-,v) —wG(,v0)) Zz.(vo), (5.116)
which we refer to as the first resolvent identity for the operator pencil -Z5. Moreover, if
W& v) = g (- v0)ll gy < 122, (v0) 512 (5.117)

then
Rz, (V) Z«@zk(l/o){l +) [(V§(°,V) - VOE(VVO))%X;((VO)} } (5.118)
n=1
Proof. First, the identity (5.116) follows readily from the equality

Z(w) — Z(v) = (vE(-,v) = wé(-,w))1

by applying the operators Z¢, (v) and Z.¢, (1) from the left and from the right,
respectively. Therefore,

R4, (vo) =Rz, (v) [I — (ve(-v) - VO‘?(‘IVO))%D%(VO)}-

If |v — vp| satisfies the smallness condition mentioned in the statement of the
proposition, the last equality can be rewritten as

R, (V) =Rz, () [1 — (v(-,v) — VO@('IVO))'@D%(VO)} _1,

giving (5.118) by a Neumann series expansion of the inverse on the right-hand
side. This finishes the proof. ]

Remark. Note that the last result does not allow us to conclude that the two
resolvents Z ¢, (v) and Z¢,(vy) commute. This is clearly different from the
A-linear case, in which the commutativity of two resolvents at different points in
the resolvent set is an immediate consequence of part (b) of Proposition 2.4.4.

With the just proved resolvent identity at hand, we are able to show the
desired holomorphicity of the associated resolvent mappings.

!n fact, the integral (5.114) exists if the mapping I' 3 v — Z.4, (v) is merely continuous, but
only the outlined holomorphicity allows us to establish the desired mapping properties of the
operator.
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Proposition 5.4.20. For all k € B the mapping Sk 2 v — Z4,(v) € B(L*(Q))) is
holomorphic with norm-derivative given by

(vo) = Z.4(v0) [ah/ga(];'v)](',vo)} Ry (vo)  forall vy € S.

AdZx z,
dv

Proof. Let k € B be fixed and let vy € S;. We first show the norm-continuity of
X, at vy. Thereto, let v € S be sufficiently close to vy in the sense that the
inequality (5.117) holds. Such v exist, since the mapping Sy > v — v{(-,v) is
continuous by our holomorphicity assumption on ¢. This also implies, using the
series representation (5.118),

12.2,(v) = Z.4,(v0) | (12 ()

- H%m@ i [0 = w2 (- v0)) 2.4, (v0) |

B(L*(Q))
1 B 1]
1— | (ve(-,v) — VOé('IV0>)%ﬁc(VO)HB(Lz(Q))

< 1 2.4,(v0) | 5 (12(qry) [
—0 asv—yp.

Hence, Z 4, is norm-continuous at vy and thus everywhere in Sj since that point
was arbitrary. To see that the resolvent mapping is even holomorphic, we use the
first resolvent identity (5.116) for %} and rearrange, for v € S,

%4 “’3 - fffk () _ R, (Vo) {W(-,w)] R, (Vo)
_ %«i’}(V)(VC('IV)V—_st('rVO))%ﬁ(VO) ~ B 0) [6[v€a<vv>1 (-,m] B (1)
- {%gk(v) {VC(»VL—_VV(;C(VV())] [ — %4, (v) [EW%(V"V)](.,VO)] I}Qﬂ (vo)
_ {%zk(v) {VC(»vz/—_ﬁé(vw)] I

- @) + 2 (0) = 25 0)) | L ) | 1 2 o)

Therefore, taking the operator norm yields

‘ Ry, (V) — By (v0) — By (v0) [a[véa(-,v)] (',Vo)] R, (V)
v —1p v B(L*(Q2))
- !Hr@gk(V)HB(Lz(Q)) v@'(.,vzl—_?og(.,l/o) _ a[l/éa(l;,V)] (- v0) o
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e (-, v)]
e

1)~ 60 |10

L2(Q)
—0 asv— .

Here, the convergence to zero of both summands follows from the holomorphicity
of ¢ in the second variable and the already established norm-continuity of Z .
Note in this respect that the latter property and the reverse triangle inequality
imply that also Sk 3 v = [[Z.4,(v) || g(12(q)) is continuous. Again, the considered
point was arbitrary so that the proof is complete. O

The results proved so far in this paragraph now finally allow us to address the
mapping properties of our candidate for a A-nonlinear Riesz projection specified
in (5.114). As a preliminary, we adapt the definitions known from the Riesz projec-
tion of a closed operator to our purpose (compare to Definitions 2.4.7 and 2.4.8).

Definition 5.4.21. Let k € B and let 0y be a set of finitely many A-nonlinear
eigenvalues of .Z; (and thus of .#; see (5.102)) each being greater than ji (with
as in Assumptions 5.4.15).

(a) We call a Cauchy contour I (see Definition 2.3.7) admissible for %} and oy if
I' C Sk and the winding number n(T,z) of T, for z € C \ T, satisfies

n(rz)_ 1, ifze€o,
o, ifzeo(H)\ o

(b) Given an admissible contour I' for .%; and ¢y and a holomorphic operator-
valued function F : Sy — B(L?(Q))) we call the bounded operator

QF) =~k /r By (VEW) dv:12(Q) 5 [X(Q)  (5.119)

a A-nonlinear Riesz integral for £ and oy.

(c) Given an admissible contour I' for .Z; and 0y, where the latter set only con-
tains a single A-nonlinear eigenvalue of %, i.e., 0p = {}ix, } for some piy,, > 1i,
we call the bounded operator

. =
Hin 2711 o’

1z 0

S [#40) [w(-,v)} Tdv:12(Q) = I2(Q) (5.120)
r

the A-nonlinear Riesz projection for % and piy .

Remarks.

(a) Similar to the Riesz projection for a closed operator, the integrals in both
part (b) and (c) of the last definition are understood as Riemann integrals in
the sense of Definition 2.3.4. By the holomorphicity of the respective inte-
grands (see Assumptions 5.4.15 and Proposition 5.4.20), the Cauchy integral
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theorem in the form of Theorem 2.3.8, and a standard argument of com-
plex function theory they are independent of the chosen admissible contour
(compare to [HS96, Lem. 6.1]).

(b) From part (b) of the remarks following Definition 2.3.4 we know that when
applied to a function in u € L2(Q) the operators Q;(i)fo and Pﬁk satisfy

Zm/%’gk viudv,

Pﬁk’nu = —zlm/r%gk(v) [W(,v)] udv.

That is, u may be taken under the integral sign.

(c) Note that our definition of a A-nonlinear Riesz projection really generalizes
the respective A-linear operator. For if ¢ is an only spatially-dependent
function satisfying Assumptions 4.1.1 of the nondispersive case, then

B (1) [W(.,V)] I= (-A—vé[)*lglz <—éA_1/I> -1

and thus P* is the A-linear Riesz projection for the operator Ay (as in (4.13)
with g, replaced by ¢) and its nth eigenvalue.

Our next theorem provides important information concerning the mapping
properties of the A-nonlinear Riesz integrals.

Theorem 5.4.22. Let k € B and let Q}Za be a A-nonlinear Riesz integral for £ and oy
as in part (b) of Definition 5.4.21.

(a) We have
Ran Q" C @D Ker(L(n)) = P Ker((p)).

neoy neoy

(b) If 0y consists of a single A-nonlinear eigenvalue, i.e., 09 = {}ix, } for some n € N
such that py. , > 7, and if the operator F(jiy. ,) is invertible, then the inclusion stated
in part (a) is an equality, i.e.,

RanQ;jzro = Ker (% (i) = Ker (o (px.n))-

Proof.

Ad (a): After a renumbering, thereby abusing our notation for the rest of this
proof, we may assume that 0y contains the A-nonlinear eigenvalues i 1, ..., Hi N-
By Lemma 5.4.18 there exist corresponding radii 6y1,...,0rn and constants
Ck1,---Cin, all being positive, such that

Ck,n

122,V 312 () < 1V = Jiknl

forallv e ng/n(ﬁk/n) and1<n <N. (5.121)
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Now let r < min{6y, | 1 <n < N} be so small thatT":= UnNzll”n, where I, is
a circular contour around ﬁk,n with radius r for 1 < n < N, is admissible for oy.
Then for u € RanQ;) there is some w € L*(Q2) such that

N

N
/r A (WE 0 dv =Y~ [ 2 ()P dv = ; iy,

h—

271
taking parts (a) and (b) of our previous remarks into account. Since Z., (v)F(v)w
is an element of D(%(v)) = H,%_per(ﬂ) for all v € I', and since the operator
pencil .%; maps into the closed operators on L2(Q)), we obtain from part (b) of
Proposition 2.3.6 and the remark thereafter

1

gk(ljlk,n)un = —E

/ L)%z, V)Fv)wdv  for1<n<N, (5.122)
Jr,

i.e., the operators on the left-hand side may be taken under the integral sign here.
To rearrange this further, note that

Zi(fen) .2, (v)F(v)w
= ( —A— ﬁk,n€<’fﬁk,n)1)( —A— Vg(',l/ﬂ) _1F(1/)w

= F(v)w + (v&(-,v) — jinl (- ik n)) (— A& —vE(- 1)) T F(v)w
— F(v)w + (VE( V) = finl (- fikn) ) 2, (v) F(v)w

forallv € I'y and 1 <n < N. Therefore, the equations (5.122) can be rewritten as

Zi(pien) n (5.123)
1 1 « *
= —zm,/rnF(v)w dv — 27'fi/1“n (Ve (-, v) = tinC (- tin)) Zz,(V)F(v)w dv
1

= ——,/ (Ve (-, v) = tinC (- tn)) Z g, (V)E(v)w dv for1<n <N,

n

where the last equality follows from the holomorphicity of F and Theorem 2.3.8
(Cauchy’s integral theorem).

Next, we intend to show that the integrals on the right-hand side of (5.123)
all vanish. To see this, we estimate the norm of the operators in the respective
integrands. By a Taylor expansion of the function S 3 v+ v¢(+,v) about pi ,,
and the estimate for the remainder term R}® (v, i ,) provided by Lemma 5.4.16,
together with the estimates (5.121), we find, for all v € U, ( ]ftk,n) and1<n <N,

H (V‘:('/V) - ﬁk,ng('/ﬁk,n))%ﬁ (U)F(V) HB(Lz(Q))

< HRE)VO(VIﬁk,n)HLOO(Q) 124, (V)HB(LZ(Q)) HF(V)HB(LZ(Q))
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. ov'e(-,v)] .
<l|ly— TS\ —
< |v = jign] max gy (L= Dt +tv) .
Ckn
: m IFW) [l 322y
'”a o (5.124)
S Ck,n max M(.’V)
0 v—jigu|<r ov >(Q)
max  [|[F(v)g(2(q)) = const.,

0< v —Jig | <r

using also the continuity of the involved functions. Hence, on the punctured
disk U, (jix,) the holomorphic function v — (V& (-, v) — tnC (- tin) ) Z.2,(V)E (V)
is bounded for 1 < n < N. Riemann’s theorem on removable singularities and
the residue theorem (see Theorem 2.3.12 and the corollary to Theorem 2.3.14)
therefore imply that the integrals on the right-hand side of (5.123) are equal to
zero, giving, as desired, .,ka(ﬁkrn)un =0 for 1 <n < N. This finishes our proof,
since we now obtain

N N
u=7y un € PKer(L(pin)) = P Ker(L(n)) = P Ker(a(p)),

n=1 n=1 UET UET

as it is asserted in part (a) of the theorem. Note here that the last equality is a
consequence of the definition of the operator pencil .Z; (see (5.100) and (5.102)).

Ad (b): Similar to what we did right above, we renumber the A-nonlinear eigen-
value contained in oy as P*lk,l~ Besides, we reuse the radii 0 < r < 6y 1, the constant
Ck1, and the admissible circular contour T for % and oy = {1}, which we
introduced in the first part of this proof (just set N := 1 there). In particular, we
may employ the estimate (5.121) for n = 1.

In view of what we established in part (a), it remains to show the inclusion
Ker(% (#x1)) C Ran Q;{i)fo. Thereto, let 1,27 € Ker(%(pix1))- For this eigenfunction
we have

W)= (=8 -vE(-v)¢
= (= A — fual(fien) + il (o pin) — vEC, V)Y
= (ﬁk,1€<'/ﬁk,1) —VC(-,V))llz forallverT,

giving, since F(ji 1) is invertible by assumption,

* * _ v ‘,V - y *y y *
— =R, (V)F(pix1)F (1) " ¢(v) Wi’lg( Hk,1)¢ forallveT.
V— U1 V= Hk1
Dividing both sides of this equality by 27i and integrating counterclockwise
along I', we obtain from Cauchy’s integral formula

= 55 [ 2 0 PGy L) Gy saas)
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To proceed, we make use of the identities

v — ﬁk,l o' ! vV — Uk
F(ﬁk,l) =F(v)+ R(()F>(ﬁk,1,1/) forallveT,

VC(./U> — ﬁk,lg('/ﬁk,l) _ a[vlg("vl)] ( ﬁ ) + R(1V§)(V’ﬁk,1) for aHV c l—v

which both follow from Lemma 5.4.16 on Taylor expansions of holomorphic
Banach space-valued functions. Utilizing them, (5.125) reads

* 1 * _ av/ '/1// * H
b= g [ #a@FO)F G 2 g a
1 R ()
— /r A (FO)F (i) =P dv (5.126)
1 * * _ a[V/’§<'1V,)] iy p
- ﬁ/re%’zk(V)Rf)H(#k,pV)F(Mk,l) 1T(‘f?4k/1)l/’ dv
. R (v,fig 1) -
— 5 | B (VR (i, V) E (i) =L g d
et Jy 28 0RE G )G ™ =25

=T+ +15+ 1.

Let us now show that the integrals 7, 73, and Z, in fact vanish. To do so,
we argue in the exact same way as in part (a) of this proof, namely by showing
that the operator-valued functions in the integrands are uniformly bounded
on U, (i 1) (see our precise reasoning above and note the remark following
Lemma 5.4.16). As this is essentially the same as (5.124), we are a bit brief.

First, by the estimate (5.121) for n = 1 and that proved as part of Lemma 5.4.16
we obtain for the integrand of 7,

. R(Vé) v, *
H%gk (V)F(V)F(ykll)*lwl

VTR )
< W) gz | FGixn) |
v — k| 7 llBa)
v — figal P, V)] .
T B 5 (L= By +tv) s
Cra R
< —=||F max F(v
S LG O LIOI PP
20 0% (. ) .
max B[L(Q'V)](-,v) = const. forallv € U, (px1),
o<l <rll OV L=(0)

where, again, the continuity of the involved functions comes into play. This
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implies 7, = 0. Similarly, we deduce Z3 = 7, = 0, since we have

* * — a V/ '/1// *
Ht%_gk (V)RE)H(Vk,l/V)F(‘uk,l) 1[%5//)](‘,”]{'1)1 B(L2(0))
Cr1 J[F(v)] y
_ el — 1-—t t
STt i ran CbER R FON
- v, .
'HF(Hk,l) HB(LZ H = (- Hia) .
/
< | op'e( V],
> Ck,l Hp(yk,l) HB(LZ(Q)) H o’ ( /lik,l) L=(Q)
/
. max a[l;;(li)](y) = const. forallv e Ur(,ﬁk,l)/
0< |v—pg|<r v L=(Q)

as well as

) R (v, 1k 1)

R2.(V)RY (i1, v) F (i — 1
VTHRL ez
C AF(V) , o
< M _ —
S [y = v] max || == 2 (1= By + tiga) o HF(m) HB(B(Q))
v — jika PVE( )] s
5 Max 372 (-, (1= t)pgq + tv) o
Fllpers o o[F(v)]
< Cr1= ||IF 1 max ——(v
< Cong [Pt HB(LZ(Q)) ezl 7 e
82 / Y4 . *
max [1/57(,2’1/)](-,1/) = const. forall v e U, (pyq).
0< v =i | <r o L>(Q)

All in all, equation (5.126) now reads

JJ:—*/%’% F(pi1)~ 1W(

27
:Q‘kf?.ﬂﬁk,l)**a[ %f; A

'/ﬁk,l)li; dv

1)

Hence, i € Ran Q;jl)m with preimage F(ji; 1)~} B[v/gl(/-/,v’)] (-, fix1) P € L2(Q)) and the
proof is finished. O

Part (a) of the just proved result suggests to choose a sequence of A-nonlinear
Riesz integrals as {Qu }menN in our abstract completeness theorem (see Theo-
rem 5.4.14 and our discussion on p. 110f.). Most importantly, in order to fulfill the
closeness requirement (5.93) for this sequence, we are still free in choosing the
operator-valued function F appearing in the corresponding integrands. However,
we shall see later that even the constant mapping Sy 3 v+ F(v) := 1 is sufficient
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here. Nevertheless, we decided to include Theorem 5.4.22 in its given form, i.e.,
for general holomorphic functions F and with the additional part (b), since it
is, to the best of our knowledge, a new contribution and should be of interest
when other A-nonlinear spectral problems are studied. This likewise applies to
the result hereafter, which is solely provided for the interest of the reader and
will not be applied in the remainder of this thesis. It addresses the mapping
properties of the A-nonlinear Riesz projections and also shows that their naming
is justified.

Theorem 5.4.23. Let k € B and let Pﬁk be the A-nonlinear Riesz projection for < and
Jix. as in part (c) of Definition 2.4.7. Then

ng = Pﬁk and RanPﬁk = Ker( L (pxn)) = Ker (4 (sg.))-

Remark. Note carefully that the first of the equalities concerning the range of the
A-nonlinear Riesz projection is not a consequence of part (b) of Theorem 5.4.22.
This is due the invertibility requirement in the statement of said result, which is
not necessarily satisfied here.

Proof of Theorem 5.4.23. We first show the asserted projection property. Let I'y and
I'; be two admissible circular contours for .%; and 0y = {ix ,, } with corresponding
radii 0 < r; <1y < 0k, (with 6y, = 0 as in Lemma 5.4.18), both being centered
at i ,. Then, since the operator Pﬁk,n does not depend on the chosen admissible
contour (see part (a) of the remarks following Definition 5.4.21),

_ 1 /rl'%fk(vl) [W(.,W)] I dvy

Mo 27T o’
: S, (5.127)
v'E(,v
=g, #alon) TG o 1

A Taylor expansion as we used it several times before (see Lemma 5.4.16) yields

L () — L () = (1/1(:(-,1/1) - VZ‘:('/VZ))I

for all v; € Ty and all v, € T',. Therefore, by applying Z ¢, (v2) from the left and
Ry, (1) {a[v’gs./,v/)] (-,1/1)} I from the right, we find, for these v; and 15,

a0 | 2 ) | 1= ) | |

= (= 10) {221 0) [ 22E N )| f o) [ A )

+ B, (v2) RY® (v1,02) Bz, (v1) [W ('er)] L
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Dividing both sides of the last equality by v; — v, and integrating counterclock-
wise along I'; and I';, we obtain with the help of Fubini’s theorem (note that all
integrands are continuous on I'; x I’)

ot [R5 0] (J 2
“hrate) (f o [P 1 )
([ 0t [P )] ) -
([ o [ ] )

R(L’,) , P 5 ,
MI dVZ) Rz, (v1) [[V(‘;/,V)](-,vl)} I dvy.

+ ( R, (v2)
r, \Jr,

We now consider the two integrals in round brackets on the left-hand side.
First, Cauchy’s integral formula yields

1
/ dvy, = —271i forall v; €I,
I V1 — V2

since I’y is in the inner domain of I'. Similarly, Cauchy’s integral theorem (as it is
given in Theorem 2.3.8) implies

/r 1 [a[v’g(-,y’)] (-,1/1)} Tdvy =0 forall v, €I,

LV — 12 ov’

since I'; is in the outer domain of I';. The latter two identities and (5.127) allow
us to rewrite equation (5.128), divided by (—27i)?, as

R(Vé) ,
pP. = Pp? + . (/ %.i”k 1/2>1<V1V2)Id1/2>
1

Hin Hi,n V1 — 12
(5.129)

R, (1) [a[vg(v','vl)](-,vl)} I dvy.

Hence, in order to establish the claimed projection property, we have to show
that the double integral on the right-hand side vanishes. This is once more an
outcome of Riemann’s theorem on removable singularities (Theorem 2.3.12) and
a consequence—by the same arguments and estimates employed in the prior
proof—of the following: Choose some r < min{ry,6; , — r1}. Then, there holds
Uy (v1) C U, ( firn) for all v; € T1, which allows us to make use of the estimate
provided by Lemma 5.4.18 hereinafter. Furthermore, keeping v; € I' fixed we
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have |v — jig,| > r1 —r > 0 for all v € U,(v1). With this at hand, we estimate

R(Vé)(v1,1/)
H‘@ffk(v) 11/ —
! B(12(0))
_ 20,/ % (. 1,/
< Cn |1 —v| o > [v'e(,v)] (,(1= v+ tn)

T v —ka 20 0si<d av'?

C " 82 ! . !
k, f [Vai(QV)]("V)

L=(Q)

<
=12 o<|v—nl<r

for all v € U, ().

Since 11 € I'; was arbitrary, this implies that the integral in round brackets on the
right-hand side of (5.129) always vanishes and thus Pﬁk =p? .

M Hin
Regarding the second assertion of the theorem, i.e.,

RanP, = Ker(%(jin)) = Ker( (jin)),

we only have to show the inclusion Ker(-%;(pix,)) C Ran Pﬁk,n' That is because the
equality of the two kernels follows from the definition of the respective operator
pencils and furthermore because RanP; C Ker (% (i) is a consequence of
part (a) of Theorem 5.4.22. Note in this respect that for oy = {i ,} and

F(v) = [a[]/gg/']/)](,v)} I forallve Sy

we have Qlii)ro = P, . Soas to complete the proof, let € Ker(% (jix,)) and
set T :=I';. Then, repeating our arguments given in the proof of part (b) of
Theorem 5.4.22, we find

1 V() = pin€ (- pin)
¢——ZEA%%ﬁO V= i Y dv
= o [ E g

1 R (jigp V)
2t 74 o, Y

(5.130)

R(lvg‘) (ﬁk,n/ V) B

5 1
R

2711

(compare to (5.125), (5.126), and the surroundings). We remark that the identity
obtained by Taylor’s theorem which we used here reads

VC(',U) - .ﬁk,lg(‘/.ﬁk,l) _ a[ylg('lvl)] (l/) o R(lvg)(ﬁk,llv)

‘ = ; - forallveTl
V= Hia ov V= Hika
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and is thus slightly different, namely with v and iy , interchanged, than what we
just referenced. Nevertheless, our by now well-known arguments imply that the
second summand on the right-hand side of (5.130) vanishes, giving the desired
equality JJ = Pﬁk/nljf) and thereby the completion of the proof. O

Remarks.

(a)

(b)

(©)

In the previous two proofs we showed, always by means of the same method,
that several contour integrals of holomorphic operator-valued functions
vanish. This could also have been conducted differently and without the
theorems from Subsection 2.3.2. For instance, so as to show that % ( ﬁk,n)un =
0 for 1 <7 < N in the proof of part (a) of Theorem 5.4.22, we can make use of
the estimate stated as part (a) of Proposition 2.3.6 and otherwise proceed as
before to obtain from equation (5.123) that

|- Gt )| 2 )

V) — ﬁk,né(’rﬁk,n))%ﬂc(l/ﬂ:(v)w dv

H 27ti L2(Q)

é(zrn)?;%x}}(% V) = finE (o)) R, () E )| 2

C
ngr$m%x|\P( Jwll ;2 € O(r) asr—0  forl<n<N.
vely,

Since the right-hand side here can be made arbitrarily small by choosing
r sufficiently small, we obtain, as desired, % (jix,)un =0 for 1 < n < N.
Clearly, the independence of the A-nonlinear Riesz integral on the chosen
admissible contour is crucial for this argumentation to be valid.

Under certain assumptions it is possible to generalize the A-nonlinear Riesz
projection addressed in the last theorem to eigenvalue problems of the form
Au = B(A)u. Here, A denotes a closed operator between Banach spaces and
U > A — B(A) is a bounded-operator-valued function which is holomorphic
on some open set U C C. For a A-nonlinear eigenvalue Ag of this problem
and a suitable surrounding contour I' C U, the operator

R /(A B(A))1B/(A) dA

27
is then a projection onto Ker (A — B(Ag)), as it is to be expected from our
own result. This is joint work with Prof. Dr. Michael Plum and a publication
is in preparation as of this writing.

It is easy to see that the Riesz projection of a closed operator deserves that
name, i.e., is a projection, even for admissible contours that surround more
than one eigenvalue (see Proposition 2.4.9). However, for the A-nonlinear



5.4. BASICITY AND COMPLETENESS OF THE EIGENFUNCTIONS 129

counterpart as in the previous part of this remark (and also for our problem-
specific variant) this is not the case. In fact, even an eigenvalue equation on a
two-dimensional space suffices to demonstrate this phenomenon:

Leta,b € C\ {0} and set

a? 0 A2 0
A= (0 b2> and B(A) = (O A2> forall A € C.

Then, the eigenvalues of the spectral problem Au = B(A)u for u € C? are
given by

AM=—a, A=+a, Az3=-b, Ag=-+b

with corresponding eigenvectors

a=() =) =) w=())

Notably, there are different eigenvalues having the same eigenvector, which
is clearly a consequence of the A-nonlinear nature of the problem. Now, it is
readily calculated that

2A
. -5 0
(A= (B(A) 'B'(A) = (ﬂz—ﬂ " ) forall A € C
0 =n
and an integration of this function along a Cauchy contour I'y, surrounding
A1 once and no other eigenvalue, yields

P = —zlm,/r1 (A—(B(A)) 'B'(A) dA = <é 8).

Hence, P is a projection onto the eigenspace spanned by the eigenvector u;.
Similarly, with the obvious definitions of the occurring operators, we obtain

10 00 0 0
P2_<0 O>I P3_<O 1)/ P4_<O 1)/

where, as expected, P, is a projection onto the eigenspace spanned by the
eigenvector u, for n = 2,3,4. However, for a Cauchy contour I'; surrounding
the whole spectrum, i.e., all four eigenvalues A4,..., A4, once, we find

P, ! /V(A—(B(A))_lB’(/\)d/\:nilP :(é g)

27 Jt

which is not a projection. In particular, P, is not the identity, which is in
contrast to what holds for a A-linear problem.

With these remarks we end our discussion of the generalization of the Riesz
projection to the A-nonlinear Maxwell eigenvalue problem for TM-polarized
waves. Right below, we move our considerations to the question of the complete-
ness of the corresponding eigenfunctions again.
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5.4.2.3 STATEMENT AND PROOF OF THE COMPLETENESS THEOREM

Since it was nearly 20 pages earlier that we outlined our strategy for proving the
completeness of the A-nonlinear Bloch waves in the asymptotically nondispersive
case, we first repeat the essentials here. We do so by utilizing the newly found
information from the previous paragraph and the discussion on p. 110f. to once
more reformulate the theorem we intend to apply (Theorem 5.4.14) as follows:

Theorem 5.4.24 (An updated problem-specific variant of Theorem 5.4.11). Let
k € Band let N € IN be such that jiy n < i N11. Further, let {Jn } men be a partition
of the set {n € N | n > N + 1} such that {A, | 1 € T, } N {Akn | 1 € [y} = D for
all my,my € N.! For all m € N denote moreover by Py, the orthogonal projection in

H] per (Q2), equipped with the norm ||- HH:} & onto the subspace span{y, | n € [}, ie.,

1
P, = — 2m/> R (v) dv

with an admissible contour T, for Ay and {Ag,, | n € Ju}. Finally, for all m € N let Q,,
be the A-nonlinear Riesz integral mapping into the subspace span{ l/*Jk,n |n>N+1}
given by

D H} e (Q) — €D Ker(Ag — Ay, ])

(@) neJm

k-per

o Hlpe(0) = €D Ker(Zi(jns)

k-per nefm

O = — Zm/m By, (V)E dv

with an admissible contour Ty for L and {jig, | n € I }. If

<1, (5.131)

ZP_Qm

B(H o (€2))

where, implicitly, the convergence of the series is demanded, then

Hi per () = span{g, | 1 <1 < N} @ span{y, [n > N +1}.

In particular, the A-nonlinear eigenfunctions {iy., }nc are then complete in H,}_per(ﬂ).

When we apply the just stated result shortly afterwards, we only have to
verify the closeness requirement (5.131), since our knowledge about the mapping
properties of A-nonlinear Riesz integrals, i.e., Theorem 5.4.22, has already been
accounted for. Thereby, we are still free in choosing an arbitrarily large index
N (see the remark following Theorem 5.4.14), the partition { ], }men, and the
sequences {T'"} men and {T19'}en of admissible contours. While these are a
lot of parameters to work with, we will nevertheless have to further restrict the
properties of the coefficient function ¢ of our problem to be successful.

!If this were not required there could hold span{yy, | n € Ju} C ®ye), Ker(Ay — Xk/nl ) for
some m € IN, meaning that the orthogonal projection onto the left subspace would then not equal
the Riesz projection Py,.
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For our full assumptions on ¢ are by now widely spread over the current
section, we collect them conveniently in one place below. Note here that only
parts (c.iv) and (c.v) have been newly added, whereas everything else is a plain
word-by-word repetition of aforementioned requirements.

Assumptions 5.4.25 (Entire assumptions on ¢ in the asymptotically nondispersive
case). We suppose that ¢ € C([0,00);L®(IR?*;R)) is such that

(a) the following physically-motivated assumptions hold:
(a.i) Forall u € [0,00) the function &(-, 1) is Z2-periodic, i.e.,
E(x,u) =C(x+a,u)  foraa x cR*andalla € Z>.

(a.ii) Forall y € [0,00) and some positive constant {min we have

Cmin < &(x,p) < HC('/.M)HL‘”(Q) = Cmax (1) fora.a. x € R,

(a.iii) The function p — ug(x,u) is strictly monotonically increasing on (0,00) for
almost all x € Q).

(b) the following name-giving assumption of the asymptotically nondispersive

case holds:

For some & € L®(R%R) with

E(x)=&x+4a) fora.a xeR*andalla € Z?

and, for some positive constant Cmin,

gmin < g(x) < ||5||L°°(Q) = gmax fO?’ a.a.x € R?

we have

-
4

— 0 as y — .
L=(Q)

(c) there exist ji > 0 and x > 0 such that the following high-frequency assumptions
hold:

(c.i) The function (ji,00) > u —¢&(-, 1)|q € L* (% R) has a holomorphic exten-
sion, which we again call §, to the semi-infinite strip

S={u+iteC|pu>j|t| <x}
with {(-,v) € L*(;C) forallv € S.

(c.ii) For some q > 0 we have

e 5

<gq<1  forally> .
L>(0)
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(c.iii) For some C > 0 we have

PE(v)]

5.2 <C forallu+ites.

L=(Q)

(- p+iT)

g

(c.iv) For some D > 0 we have

w721 - (f,(-iv) <D  forallveS.
¢ =)
(c.v) There holds
/ sup | |u+it|”? 1—76(”@_ i) dy < oo.
o 0<t<k C L*(Q)

Remarks.

(a) An easy example of a function satisfying the entire assumptions of the asymp-
totically nondispersive case is given by

E(x, ) = E&(x) (1 — 62> forall x € R*?and all # € [0,00)  (5.132)

where & € L®(R%;R) is Z2-periodic as well as bounded away from zero and
from above by positive constants {min and ¢max, respectively. This is readily
seen as follows:

For all 1 € [0,00) the function &(-, 1) is Z2-periodic and %Emin <{(x,u) < Emax
for almost all x € R2. Furthermore, the dependence of ¢ on y is continuous,
the mapping u — u(x, ) is strictly monotonically increasing on (0, c0) for
all x € R?, and
e H
=——=0 as y — oo.
L>(Q)

¢

Hence, parts (a) and (b) of Assumptions 5.4.25 hold. Besides, a holomorphic
extension of ¢ clearly exists—even to the whole complex plane—and retains
the form (5.132) where the non-spatial argument can now be taken as an
arbitrary complex number. For simplicity, and since this is all that is required,
we nevertheless consider this extended function only on a semi-infinite strip
S of width 2« as before. With x := 1 and # > 0 sufficiently large we find
¢(-,v) € L®((4C) for all v € S and furthermore

a5

-

- 2§maxyg 1

< =<1 forall u > u
L®(Q) Cmin 2 2
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as well as
az[é('rv)] .
—2 2 (. u+it

PI‘ 52 ot iT) )

< 5maxy’ (ptit)| = %ye—ﬂ < %ﬁe—ﬁ =C forally+iteS.

Finally, there holds
‘V‘3/2 g(’:‘l/)
L=(Q)
3 ’8—1/’ 3/C e~ Rev N 3 e—ﬁ
< |v|”? 5 < (Rev+1)7? — <(i+1) 27::D forallve s,

meaning that all but part (c.v) of the assumptions have now been verified.
This remaining requirement, however, follows from

|‘11+1T’3/2 ‘:('/Vj_ iT)
4 L=(Q)
e~ (u+it) o
< (],1+K)3/2T < (2],1)3/27 forall u > piand all T € (0,x)

together with the existence of the improper integral |’ ﬁoo #”?e~# dy and thereby
concludes our example.

(b) Itis by no means necessary that a function satisfying Assumptions 5.4.25 is as
simple as that presented in the previous part of this remark, i.e., of a product
form, entire, and exponentially converglng in the non-spatial variable. For
instance, take for some M € N functions &,&,...,Em € L®(R%R) which
are Z2-periodic and bounded away from zero and from above by positive
constants Emm, Cnmin and Emax, Cn,max, respectively, wheren =1,...,M. In
certain cases, which we shall specify in the course of this part of our remark,
a function of the form

M

¢(x,m) for all x € R* and all u € [0,00), (5.133)

where S, and T, are real-valued polynomials on [0,c0) for n =1,..., M, does
then satisfy the entire assumptions of the asymptotically nondispersive case.!
Sufficient conditions for this to be true can be derived as follows:

Obviously, for all i € [0,00) the function &(-, 1) is Z2-periodic and its depen-
dence on p is continuous as long as we require the polynomials T, in the

1 An important example of this type of function is given for the choice & = ¢ (the vacuum
permittivity) and §,|q(x) = xq, forn=1,..., M, where Q = Uf\l/lzl()n is a partition of the primitive
cell O of a given photonic crystal (see Section 5.5). This spatially piecewise constant form accounts
for the way in which the materials are usually built in practice (see Section 3.1).
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denominators to have no zeros in [0,00). The lower boundedness of ¢ as in
part (a.ii) of our assumptions has to be checked in concrete cases since it can
only be satisfied for certain coefficients, signs, and degrees of the involved
polynomials. The respective p-dependent upper bounds, however, are easily
seen to be themselves less than or equal to

z Sn(p)

Cmax + Mlg}aag)j\/l (Tn (]/l) gn,max .
Now, stating general conditions leading to a strictly monotonic dependence
as it is required in part (a.iii) of Assumptions 5.4.25 is again not possible. In
view of the differentiability of the involved polynomials, though, it has to be
verified that

B M
¢(x) >n; T () T,

Sn(p) tu <5”>/(y)] &u(x) forall € (0,00) and a.a. x € R%.

Supposing that so far all requirements can be satisfied (see our specific ex-
ample at the end of this remark), we turn our attention to the name-giving
assumption of the asymptotically nondispersive case. For all i € [0,00) we
have

Hl - C(.Ly) < % in(ll) ‘ ' iﬂ
¢ =@ n=1 AN L=(Q) (5.134)
< 1 Sn(y)

T )

Therefore, a sufficient condition for the left-hand side to converge to zero as
Y — 00 is

—M max <
Cmin 1<n<M

Su(p)
T (1)

Of course, this is equivalent to requiring that the degrees of the involved
polynomials satisfy degS,, < degT, for 1 <n < M. While this finishes our
discussion of parts (a) and (b) of our assumptions, part (c) remains. Note in
this respect that real and imaginary parts of complex zeros of the polynomials
Ty in the right half-plane determine the constants i and «x that define the semi-
infinite strip S. In any case, it exists and (ji,0) > u —&(-, #)|a € L (L R)
has an equally named extension, still of the form given in (5.133), satisfying
¢(-,v) € L2(C) for all v € S. With this, let us address the requirements

(c.ii)—(c.v) of our assumptions. First, for all u > ji,
S /
(I]"Z)(V) gn,max>

—+0 aspu—o0 forl<n <M.

e o

< 1 My max
L*(Q) gmin 1<n<M
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and the right-hand side is required to be bounded by a constant less than 1.
Potentially enlarging ji, this is particularly possible if

Su 'y BSu(#)  ETa() Sa(p)
1 E S R L e

which holds under the same degree condition already derived above. This is
likewise true in case of the requirement (c.iii), i.e.,

n | <i>ﬂ(ﬂ +1i7)

where C,,, forn =1,..., M, are constants. To see this, note that
NEA VPR EAGRISEAG) G EREHOENT

Ty - Tu(v) T (v) T (v) (v
forallveSand1<n<M

—0 asu—o0 for1<n<M,

<C, forallu+iteSandl1<n<M,

and carefully compare the degrees of the occurring polynomials. Next, so
as to satisfy part (c.iv) of Assumptions 5.4.25, the so far strongest condition
degS, < degT, — 2 for 1 <n < M has to be imposed. Then, obviously,

Sn(v)

T, (v)

3/2

lv| <D, forallveSand1<n<M,

where Dy, forn =1,..., M, are constants. Finally, regarding the integrability
condition in part (c.v) of Assumptions 5.4.25 we note that for all 4 >

sup <|u+irf/2 - L) )
0<t<K «f L=(Q)
1 3/2 S”(]/[ + IT)
< ~ N n,max
< g™ sup max (|2 e
Su(p + i)

< Cu”* max <§n,max sup

1<n<M 0<T<K

)

for some positive constant C and sufficiently small k¥ (compare to (5.134)).
Hence, in order for the left-hand side to be integrable over [ji,0), a fast
enough decrease of the suprema on the right-hand side is sufficient, i.e.,

Tu(p +i7)

Su(p+it)
Ty (‘M + ZT)

sup
0<t<K

O<;3> as y — oo for1<n<M. (5.135)

Here, as with all other requirements of part (c), it is important to remark that
i can be increased and x can be decreased if need be. On account of (5.135),
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we see that the principal conditions that need to be satisfied such that a func-
tion of the form (5.133) fulfills the entire assumptions of the asymptotically
nondispersive case read

degS, <degT,—3 and T, #0on [0,00) forl<n <M.

For instance, a very simple suitable example is given by

P— _ 1 2
E(x,u)=¢(x) <1 PR ]/l3> for all x € R” and all i € [0,0),

which is readily checked with the help of the comments made before. This
shall close our remark.

Having clarified that Assumptions 5.4.25 are not too strong, we move on to
state and proof the main theorem of this thesis.

Theorem 5.4.26 (Completeness in the asymptotically nondispersive case). Let
Assumptions 5.4.25 hold. Then for all k € B the A-nonlinear eigenfunctions {{y , }neN
of the operator pencil <7, are complete in H,l_per(Q).

Proof. Let k € B be fixed and, for a more readable notation in what follows, set

. grzn X = 7T . 4 ggﬁi 8 grlnlx
Ky :==/3E Em; Cmax + 5 and Kpi= | — i =t (5.136)

min min

with E denoting the positive constant appearing on the right-hand side of the
inequality in Lemma 5.4.17. In addition, define #,, := 5 for all m € N and a fixed
number 7 such that

. T
0 <7 <min {1, Ko, 4K2D}' (5.137)

where 2k is the width of Sy as in Lemma 5.4.17 (in particular, ko < x) and the
remaining constants stem from Assumptions 5.4.25. Finally, without loss of
generality, we suppose

N 4D? 4D? 5
il > max {1, D?, =2 Gmax } . (5.138)

2 Smax/ 2 73
& & Cmin
Keeping these preliminaries in mind, we employ Lemma 5.4.10 to obtain a
sequence { Gy, } men of intervals such that

~ 27T
G = [8m0,8m1] CP(Ax),  Smi—8mo > =—, &m+1,0>8m1 forallme N,

max
Sm0 —> 00 as m — oo. (5.139)
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Here we may assume that these spectral gaps are maximally extended in the
sense that a gap of width 57¢,,},, say, is considered as a single gap and not
broken up into two neighboring ones. In particular, this allows us to infer that
there is always at least one eigenvalue of A between two of these intervals.

Setting 1y == 1 (gmo + gm1) for all m € N we now choose a subsequence of
{Gm }men, denoted the same, with g7 o > ji such that the corresponding midpoints
satisfy

(o]
/h |t + it |2

Note that this is possible by part (c.v) of Assumptions 5.4.25 and the Cauchy
criterion for improper integrals. By possibly dropping the first finitely many
gaps in this subsequence (and renaming the rest so as to start with G; again),
we may furthermore assume that for some N € N there holds 7 < piy, N,/~\k, N and
Xk,N <g810<811< Xk,N+1- Recall in this respect that all eigenvalues in this proof
are isolated, have finite multiplicities, and tend to infinity by Theorem 4.1.5 (with
¢, replaced by &) and Theorem 5.2.6, respectively.

Keeping the gaps and the index N fixed for the rest of the proof, we first
obtain by part (c.iv) of our assumptions and (5.138) that

Jiosm| oD

7T
<—<—4=<—=
¢ L*(Q)) \/ﬁ \/ﬁ 28 max

In particular, since i 5 > 7 > D, the norm on the left-hand side of (5.141) is
less than or equal to one for all u >y y. This implies, using Lemma 5.4.9, that
the considered eigenvalues of the operator pencil 7 are close to those of the
operator A;. More precisely,

- < ——— . .
1 dt K forallm € IN. (5.140)

L=(Q)

for all u > puy N- (5.141)

|t — Akn| < 2; < 8ml ;g’”'o foralln > NandallmeN, (5.142)
max

using the intermediate statement in (5.139). Since Xk,N and /~\k,N+1 are separated
by the gap G; (as per our above choice), this yields ,ﬁk,N < P*‘k,N+1 and thereby the
first of the assumptions of Theorem 5.4.24 which we intend to apply.

To proceed, we outline our selection of the partition and the sequences of
admissible contours occurring in the statement of said theorem. In the associated
notation, we put J, = {n € N | g1 < Ap < gmi10} for all m € N. In other
words, J,; contains the indices of all eigenvalues of the operator ﬁk which lie
between the spectral gaps G, and G,1. By the assumption mentioned right
below (5.139) we have ], # @ for all m € IN, where these sets are finite, pairwise
disjoint, and contain only eigenvalues greater than Xk,N. Furthermore, there
holds U, ],y = {n € N | n > N + 1} in view of the above-mentioned fact that
gm0 — 0 as m — oo. Clearly, we also have {Ay, | 1€ Ju, } N {Axp |1 € Juy} =@
for all my,my € N, meaning that the partition { ], } men fulfills the requirements
of Theorem 5.4.24.
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Regarding the necessary sequences of admissible contours, we introduce for
all m € N the parametrizations

Yma () = hy — it for all t € [—#m, m),
Yma(t) =t —ify | for all t € [y, hyi1], (5:143)
Ym3(t) = hyyq + it for all t € [—#m, 1m),
'Ym,4(t) =hpa1+hy —t+ lT]m forallt e [hm,hm+1]

and denote the associated rectangular Cauchy contours by I';, := U?:ll“m,l C Sk
As is indicated, the latter all lie in the region Sy, which follows from our above
choice of 7 (see (5.137)) and the evident inequality 7, < 7 for all m € IN. For
further clarification, we also provide a schematic illustration of I'; and (partly) I'
together with information on the adjacent eigenvalues in Figure 5.9 below.

iR A
}7 S Wk,N+1s-- - Mk L 4‘
K_—. ............... . :

KQ—freeeeeemeenenns

]71__. ................................. S -t

172__. ................................... ...................................... _<_

0 T T ! R
S/ 2 e RRRRRLRRRLD Heeooooot A.k,N‘ )‘Lk,N—i-l ....................... Ak,L“ —

S O - f : Ak L+1

_KO I

| >~27‘L’

émax

|>~27T

émax

FIGURE 5.9 — A schematic illustration of the setting in the proof of Theorem 5.4.26. It
depicts the first two spectral gaps as in (5.139) after the renumbering explained in the
proof and also shows the corresponding contours I'; and (partly) I';, which overlap along
the dashed line. In the region between the midpoints /1; and h; of the marked spectral
gaps G and G, there are one or more eigenvalues of Ay, i.e, L > N + 2, and just as many
of % (and thus of 7).

Obviously, the just introduced parametrizations satisfy, for all m € N,
Yma(t) = =i, yya(t) =i for all t € [=1m,1m],

, , (5.144)
Yma(t) =1, p4(t)=—1 forallt & [y, hyi1].

Furthermore, the contour T, is admissible for Ag and {A, | # € J;,} and, in fact,
likewise admissible for % and {it, | n € ]}, both for all m € N. That is, any of
these contours encloses A-linear and A-nonlinear eigenvalues carrying the same
indices n. To see this, it suffices to observe that (5.142) and

dist (hy,0(A)) > ——  forallm e N (5.145)

max
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imply that h,, < Xk,n < hyy1 if and only if by, < pig, < hyyq foralln > N and all
m € IN. Hence, still in the notation of Theorem 5.4.24, the therein employed Riesz
projections and A-nonlinear Riesz integrals take the form

1
Pu = =g J, Ral0) v

1 forallm € N,
Qm= _27'[1'/1“,”{@”%‘(1/)61 dv,

where these operators are defined on H,}_p or
With these extensive preparations at hand, it remains to show the closeness

requirement (5.131), i.e., as we repeat,

Y (P — Qu)

m=1

< 1. (5.146)
B(HL ()

In fact, we will even prove that the series is absolutely convergent, wherefore the
fact that we were able to choose just one sequence of admissible contours for both
the A-linear and the A-nonlinear problem is of great help. Before we come to this
point, however, we introduce for all m € IN the abbreviations F% =I,,1Uly3as

well as F','n =TIy Uy, 4 and furthermore set

o := U FM/ 1—‘oLo = U F‘VLVI’ and rc‘lo = U r7|1‘1’
melN meN melN

thereby splitting the set of all points on the admissible contours I';, into two
(non-disjoint) subsets: One containing the points on the line segments parallel to
the real axis and the other containing the points on the (open) line segments of
length 27, perpendicular to the real axis. We shall see below why this separation
is necessary and for now only note that (5.145) and o(A;) C R imply

dist (V,O’(gk)) > m forallv e F‘,‘n and all m € N,

~ 5.147
dist (v,0(Ax)) > T forallv € T and all m € IN. ( )

max

To begin with our estimation of the norm in (5.146), we put

W(v) =Rz (v) = Zg ()¢l  forallveTy

and use the properties (5.144) of the parametrizations defined in (5.143) to deduce
that for all m € IN

4
=1

27Ti i ]

1 Mm hm+1
i | A OOW a0 e [ () W a0
- P

(Q)) equipped with the norm ||-|| HLLE
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Hm

T O W@ dr+ [ (O Wrma(t) ]
—m P

Mm Mm
1 ( / W (I — it) df — / W (I i1 + it) dt)
27-[ —Nm —Hm

/- P
! (/ +1W(t—iﬁm)dt—/ +1W(Hinm)alt).
h

27-[1 m m

Here, the very last integral is obtained by means of a simple substitution of the
integration variable. From this it follows, again for all m € IN,
|| P — QmHB(H;’per(Q))
1 Hm . Hm i
< o (L IW O = i)l o+ [ W O+ ) o

hm+1 s hrn+1 s
+ /hm ||W(t—177m)||B(H,}_per(Q)) dH‘/hm ||W(t+”7m)||B(H,}_per(Q)) dt>

1

< 5 2 (g WO s+ max WO s o)) 5149

hm+1 . hm+1 .
LW ) e o+ [ IV i) o ]

owing to part (a) of Proposition 2.3.6. In order to further estimate the right-hand
side, we note that for all v € I's, the identity

(=& =ve(0)1) = (=6 —veT) = (v - va(- V)L,

which is valid on H?

k-per (Q ) s giVGS

1

(—a-veT) T (Ca—vEwD)
= (—A — VEI) B (1/5— ve(-,v)) (= A—=vE(v)I)

1

~\ -1 _
by an application of the operators (—A —v¢l ) and (— A —vg(-,v)I) ! from
the left and from the right, respectively. This yields

W(v) = Ry, (v) — %, (v)1

- [(—A ) . 1/(',‘(-,1/)[)_1] &I
(5.149)

-1 o 1~
A—VCI) (v —ve(-,v)) (—A—vE(,v)I) ¢l

(_
ng( ) [V <1— é(év))}%gk(v)gl forallv € I's.
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While, as stated, this chain of equalities is valid for all points in I's,, we will not
make use of it on the subset I's, the precise reason for this becoming apparent
further below.!

Either way, the following preliminary information regarding the operator

norm in H}_ o or(Q)) is important: We obtain by means of partial integration that

lullfy &= (Vit, Vi) 2y + (1)
= <—Au,u>L2(Q) - <VE” - 1/gu’u>L2(Q) + <5u,u>L2(Q)
:<(_A_1/51)u,u>L2 +<(1+V)gu,u> ,

L2(Q)
forallu € H,%_per(

(5.150)

(©)
O)and allv € I,

Now, forall u € H,}_per(ﬂ) (in fact, even for all u € L?(Q))) and all v € T'«, we have

W(v)u € H,%_per(Q) by the mapping properties of the involved operators (see
(5.149)). Hence, using the last-mentioned identity we obtain

IW@)ulli ¢ (5.151)

= (A=W W), o+ (A EWE W) |

L2(Q)
< (o —venwon

forallu € H,%_per(ﬂ) and all v € I',.

) + 1 +v| H@‘VW(v)u

o) IOl

12(0)

Let us use the right-hand side of (5.149) to address the three occurring norms
separately. There holds, for # and v as in the line above,

H A —vEDW(v)u 12(Q)

_ H(—A ~vEDR; (v) [V (1 - C(gv))] )i

-2

12(Q)

L2(Q)
~ SV
<@ [1- 2 1 ) sz iz
L=(Q)
as well as
) < z2 - 5(-,1/) ~
ng(v)u LZ(Q)_CmaX’U’ 1 3 L) HRAk(V)HB(LZ(Q))

: H%ka/)HB(LZ(Q)) ]l 2(00)

IStrictly speaking, we will not make use of it on the subset T'5 \ Fﬂo (recall that these sets are
not disjoint).
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and, finally,

HW(V)MHLZ(Q) < gmax‘vy

L=(Q2) H Ak(V)HB(LZ(O))

: ||«%;.‘Z,((V)||B(L2(Q)) ||“||L2(Q)'

Combining the latter three estimates with (5.151) and

IR0y = 22 [R50
:\/C:m7 . 1 _ forallv € T,
$min dist(v,0(Ax))

which is a consequence of Theorem 2.4.6, the self-adjointness of Ay on the
weighted space L%(Q), and the upper and lower bounds on ¢, yields

BI2(O)
(5.152)

2
W)l 5
2

- ¢(v) 2
<o V|1 — 2= 12 2, (V)HB(U(O)) Hng (v) HB(LZ(Q))

L=(Q)

2

: <1+|1+v\Hng(V)H [l T2

LIy | ——
Cmin dlSt(VIU(Ak))

Emax 1
Gomin dist(v,0(Ay))

forallu € H,}_per(Q) and all v € T'.

B(LZ(Q))>
2

o)

|24, (v) Hé(y(n))
L2(Q)

: <1+ 11+ v| >||u|\i2(0) (5.153)

As a next step, we restrict our considerations to v € l"ﬂo. Using the first line of
(5.147) as well as the obvious inequalities {min < Cmax, m < 1 for all m € N, and

|v| > Rev > ji > 1 for all v € I'y (note the inequality (5.138)) we get forall v € 1"',',Z

and allm € N
NIy S S P FRN TRy
Emin dist(v,0(Ay)) Cmin 1Tm
<@t /o L < gy, [Emax 1
min /M gmin Mm
Along with
lullizey < —lullz < w—llulliy z  forallu € Hi o () (5.154)

min min
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we thus deduce from (5.153), again employing the first line of (5.147),

P

W)l ; <3§mx 1 vplh

m

1., (0) 2 N2 2

min Le (Q)

for all u € HY,.,(Q), all v €Ty, and allm € N. (5.155)

A similar estimate holds likewise for all v € I's, where only the constant
differs due to the second line of (5.147). This, however, is of no use to us since
for the yet to be estimated operator norm of Z ¢, (v) we unfortunately cannot go
back to an upper bound in terms of the distance of v to the spectrum of .%;. More
precisely, we cannot assure that the estimate provided by Lemma 5.4.18, which
is in fact of the mentioned form, is applicable for v € T, as it only holds locally
around A-nonlinear eigenvalues. Nevertheless, what we do have at our disposal
is Lemma 5.4.17, which states that for the positive constant E appearing in (5.136)
we have

E
| %4 (v) ||B(L2(Q)) < \/CmaX(Rev)W for allnon-real v € I's.  (5.156)

Of course, on T'l, this estimate is employable. For such v we have by (5.141)

G (Rev) = (- Rev)l oy = | £~ & (1- £22)

L=(Q)

> = ¢(-,Rev)

S (?max + gmax 1 - T =

4 L=(Q)
= T
= gmax + 2R gmax + E/
using, as on the previous page, Rev > 1 for all v € I',. Hence,
m E I
H%%(V)HB(LZ Cmax—i— 27 forallv €T, and allm € N,

m

which implies, together with (5.155),
W) lage,_ o

< \@Egmax ,Emax+ 2‘ ’3/2
gmin Tlm

1 ¢6v)

_&Gw)

L=(Q)

— ‘ ‘3/2 forallv € F',‘n and allm € N, (5.157)

m

L=(Q)

where we remind the reader of the definition of the constant K in (5.136).
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With this, let us get back to our previous estimate (5.148) for the norm-
difference between the mth Riesz projection and the mth A-nonlinear Riesz inte-
gral. Upon using (5.157) and the definition of the sequence {# } men, we find,
forallm € N,

|| P — QmHB(H;_per(Q))

17"1 77m
s max HW<V)HB(H,}_per(Q)) + - max ||W(V)||B(H;_per(0))
hm+ .
+K112/ = i - GGt ) dt
278 1 S 4 L= (Q)
hm /
& 12 / i ‘ +”7m‘3/2 1 g(/ti'lﬂm) dt
27T Wiz g L=(0) (5.158)
1L max [W(v) + L max W)
T 2™ yel,, B(Hl}-per(Q)) 7T 2™ yeT,, 3 B(H/%-per(o))
+ Kg4f/ 1t — 72| — ECoE = PIm) dt
21~ iy ¢ ()
+ Kg4f/ u+mmW21—§Qiiﬂ@Q dt.
27ty hm ¢ L~(Q)

To proceed, we note that, obviously, |t — iiym|3/ = t+ i;ym|3/ ?for all t € [hy,, )
and all m € IN as well as, likewise for these t and m,
‘P_CCJ—MM 1 Gt —im)
¢ ¢

¢ (-t +ifm)
¢

L=(Q)

-

L®(Q) L*(Q)
These equalities hold since & is a real-valued function and since &(-,v) = &(-,7)
for all v € S as a consequence of &(-, 1) € L*(R%R) for all u € R.! Therefore,
both last-mentioned integrals are equal and can be bounded from above with the
help of (5.140), i.e., our choice of the sequence {G, } men of spectral gaps. With
the just referenced inequality we get from (5.158), for all m € IN,

1B = Qull(asy . (2))

7 1 n 1
< ram B IWO sy, 0 + 7w B IWO sy,
iy B ¢ L*(Q)

1 1 1 /2\"
< T - max W)l g (Q))Jrl* max [[W(v)| g ) T3 <3> :

7T 2™ yel,, -per 7T 2™ yeT, 3 k-per

!Note that U, () C S for all € SNR and consider the power series expansion (having
real-valued coefficients) of (-,v) about Rewv.
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Next, we devote ourselves to the yet untouched first two terms on the right-
hand side of the last inequality. Here we are concerned with v € I', meaning, as
outlined before, that our previous estimate of the operator norm of W(v) is of no
help here (note the right-hand side of (5.156)). Instead, we have to reconsider the
operator itself, which requires some preliminary considerations: With the help of
the upper and lower bounds on ¢ and the estimate

[
max forallv e T, (5.160)

Hng(V)HB(LZ(Q)) = % \/&Tn

which is a consequence of (5.152) and the second line of (5.147), we arrive at

= 1
v(E(,v) = &Ry (V)31
¢ Nz
1 -
= gmin V! Hg(ﬂ/) B gHLW(Q) Hng(wHB(LZ(Q))
;2 . (5.161)
< L bmax ), H1 _Ew)
T émin (: Loo(Q)
182 D 1 |

where the last line is due to part (c.iv) of Assumptions 5.4.25, |v| > ji forallv € TS,
and the lower bound for ji on the right-hand side of (5.138).

The just derived inequality justifies the expansion in a Neumann series right
below. Starting from the second line of (5.149), we find
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An upper bound for the operator norm of the series on the right-hand side shall
be important for us. Using (5.160) and (5.161), it can be obtained as follows:

. N j
2 [V (é(,v) - C) ng (v) EI}
& S 20
. N J
<Y [v(ECv) - DR (31
& ¢ a2
[veem) - ORg M| o

A (V)%IHB(LZ(Q))

- HV((:("V) —-9) HLw(Q) HRka <V)%IHB(L2(Q))
< -1

5/2

Cmax v H forallv € TS,

3 /2
mll’l

(©)

The last estimate is helpful in order to bound images of functions in H,}_p or(QY)
under W(v) in norm. Together with (5.151) and (5.160) it allows us to deduce an
important estimate:

IW@)uls 2

<H A= vEDWu|, o 10l [

|

o) IOl

>

j=1

V(e - DRy, <v>é1]j Eu

00 _ j~
+ 1401 R ()3 Z[v(c«,v)—é)ng(v)h] Eu )
“ ¢ 12(0)
© _ i
ng(v)é~ ): {v(g( ) —&R; (v) J] Eu
= 12(0)
00 1 ] 2
< | % [vtetn -z 011]
= ¢ )
©08 azap) I 12(0)
o[y g 12
1wl e W (RRES E2
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IR0 R W &8
- I?/ix+!1+v\* | Ml Hng
mm g L*(Q) é’min émm
2
( V) (1 Cr7r<azlx + 2 gmax) H H | 5
=5 H
len g LW(Q) T Crr{lzn 7T2 min
4 Crlriéi gmax ( V) 2 2
- 3 11/2 + HuHHllg
T é'min et mm g L= () ¢

forallu e H,}_per(Q) and allv € TS,

employing (5.154) and |v| > 1 for all v € T' so as to obtain the last two inequalities.

Moreover, on the very right-hand side we recognize the constant K, defined at
the beginning of our proof (see (5.136)) and therefore find, by part (c.iv) of our
assumptions,

_eGy)

<K,D forallv e FOLO.

W) sy (e < Kalv 2|1
P L=(Q)

Finally, by applying the latter estimate to the right-hand side of (5.159) it
follows

H QmHB H!

ker

1 172 "

Hence, by our choice of 7 (see (5.137)),

Py, <2KD—+ =+ =
mZ::lH QmHBH’lPe'(Q))_ ’ ”nglzm+8n1z_:1<3
n 1 3
=2KbD-+ - < -<1
e
giving
Z (P — Qm) <1

B(Hj e ()
As outlined before, this finishes our proof with the help of Theorem 5.4.24. [

By means of the corollary to Theorem 5.4.14 and its surrounding arguments,
we readily obtain the final result in this work.

Corollary. Let Assumptions 5.4.25 hold. Then for all k € B the A-nonlinear eigenfunc-
tions {Py» }ne of the operator pencil < are complete in L2(0Y).

With our completeness theorem for the A-nonlinear Bloch waves in certain
asymptotically nondispersive cases we end our discussion of the eigenfunctions
of the A-nonlinear Maxwell eigenvalue problem. A brief literature review on
spectral problems for dispersive photonic crystals in general shall round out this
dissertation.
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5.5 RELATED WORK IN THE LITERATURE

Contrary to the A-linear eigenvalue problem (4.3) for a nondispersive photonic
crystal, its A-nonlinear counterpart (5.4) has not received considerable attention
in the literature to date. While this makes for an excellent starting point of a
dissertation discussing the basic properties of this spectral problem, an extensive
literature review can naturally not be given. Nevertheless, some few related
publications exist and shall be addressed in the current section. However, before
we discuss these articles we note that the questions posed in Section 4.2 (see p. 59)
are likewise worthwhile to be asked in the dispersive case. More precisely, under
assumptions such as those of Theorem 5.2.6 it is clearly interesting to know if
the then-existing spectral band-gap structure of the operator pencil ./ actually
features any gaps and, if so, whether there are finitely or infinitely many of them.
Besides, it remains to be examined under what assumptions on the A-nonlinearity
of the problem spectral gaps of <7 can be guaranteed. Both these issues are highly
important to applications and have to be addressed in further research.

Regarding the relevant contributions that do already exist in the literature it
stands out that often frequency-dependencies of the relative permittivity &, (and
thus of its rescaled variant { we worked with), which are not covered by what
we discussed above, are assumed. In mathematical as well as physical texts this
usually means that the Lorentz model discussed in Subsection 3.3.3 is applied in
a spatially piecewise constant form. More precisely, the corresponding authors
use the ansatz

N M,
er(x,w) =1+ < ) (Z 5 fum )XQH(X) (5.162)

eo =\ = Wi, — w? —iwyam

for all w in a considered range of frequencies and all x € Q = UN_ O, C R,
which is the partitioned underlying d-dimensional primitive cell. Here, the set ()
models air or vacuum, i.e., &;(x,-) = 1 for x therein, and the real-valued constants
C, fum, Wnm, and 7y, are material-dependent (see the paragraph right below (3.41)
for further details). In fact, this is often even further simplified by restricting the
analysis to two-component media having one reasonance frequency only, i.e.,
N = M; =1. In any case, this function does not fall within the scope of our model,
since it is either complex-valued, or, if all 7y;; vanish and the studied material is
lossless, it has singularities contradicting our boundedness assumption on ;.

A Lorentzian permittivity of the just-mentioned form is, in particular, consid-
ered in the articles [EHS09], [EW10], [EEK12], [ER09], and [Eng10]—all authored
by C. Engstrom and collaborators. The first three of these papers focus solely on
suitable numerical approaches to calculate approximate eigenvalues and shall
thus not be covered in our review here. The remaining two publications, on the
other hand, also provide analytical insights, which we now briefly summarize.
We remark that, to the best of our knowledge, there exist no other non-numerical
studies concerning an eigenvalue problem of the form (5.4) in the mathematical
literature as of this writing.
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In both [ER09] and [Eng10] it attracts attention that the spectrum of the
A-nonlinear problem (5.4) is said to equal the union of parameter-dependent
spectra of corresponding problems posed on the primitive cell. In other words,
the validity of Proposition 5.1.2 is assumed, but instead of a proof it is referred to
[Kuc93, Thm. 4.5.1], which actually only applies to A-linear problems and cannot
be simply adapted to the generalized case. It is unclear whether the authors
overlooked this subtlety or deemed the transfer of the presumed spectral equality
to the A-nonlinear setting obvious.! In any case, in view of our own result we
know that their reduction of the problem to the family of equations

—(V +ik) - (V+ik)u = w?e,(,w)u  inQ, (5.163)

where k € B and a solution is supposed to be in ngr(ﬂ), is valid.>2 However, the
papers differ in the way that these equations are approached:

In [ER09] a rather novel way of studying (5.163) is pursued by understanding
the equation as being parametrized by the time frequency w and not by the
quasimomentum vector k. So as to work with a scalar spectral variable, the
authors introduce the amplitude A of k, i.e., k = Akg for some unit vector ko € R?,

and readily reformulate the problem as
[AI — A(2iko - V) — (A + w?er(-,w)I) ] u=0.

Hence, regardless of the actual frequency-dependence of the relative permittiv-
ity, eigenvalue problems for a family of quadratic operator pencils arise as a
result. The main theorem in [ER09] states that their spectrum is purely discrete,
provided that the coefficient function &, satisfies slightly more than our basic
Assumptions 5.1.1.3 In addition, it is explained in the article how the particular
choice of the spectral variable can provide information about spectral gaps (as
per the common definition) and the mentioned theoretical findings are backed
up by numerical results for a simple real-valued permittivity of the form (5.162)
with N = Ml =1.

Finally, in the remaining of the above-mentioned papers, [Eng10], the choice
of the spectral variable again agrees with ours, i.e.,, A = @?/2. On the other hand,
the restrictions on ¢, are a lot stronger. The function is assumed to fulfill our basic
Assumptions 5.1.1, has to be holomorphic for fixed x € R? in some domain of the
complex plane, and needs to be spatially piecewise constant. It is important to
remark that the holomorphicity requirement is crucial to the arguments presented
in the article. With its help, the author models the weak formulation of the
problem by a family of operators depending holomorphically on the frequency

1 After all, the proof is not that hard (see the referenced proposition on p. 67).

2Note that the occurring operators are k-dependent while the boundary conditions are not. In
the A-linear setting of Chapter 4 we also briefly discussed such an equivalent formulation (see
(4.18) and the surrounding discussion).

3Due to the difference in the studied spectral variable this result is not connected to Theo-
rem 5.2.6 (which gives the discreteness of the spectrum of the operator pencils <%).



150

A SPECTRAL PROBLEM FOR DISPERSIVE PHOTONIC CRYSTALS

and deduces the discreteness of their spectra using a Fredholm-type theorem
from the literature. This result is complemented by an interesting lemma giving
the physically reasonable absence of nonzero real eigenvalues whenever the
material is absorptive on a set of positive measure, i.e., the imaginary part of ¢, is
positive there. Similar to [ER09] the paper concludes with a section in which the
permittivity is further restricted to the form (5.162) with N = M; = 1. In contrast,
though, both the real- and the complex-valued case are analyzed. Since the focus
of said section lies on certain numerical aspects again, we refer the reader to the
original source for further details.

While our review shows that a few results concerning the spectral structure of
the eigenvalue problem (5.4)—or rather of special cases of the related problems
on the primitive cell—existed before we started working on this topic ourselves,
we did not comment on studies discussing the eigenfunctions. This is simply due
to the fact that nothing related seems to have been published yet. The general
treatises of the properties of eigenfunctions of polynomial, rational, and holomor-
phic operator pencils in [Rod89] and [Mar88] might be applicable for permittivity
functions of the above-mentioned Lorentzian form. However, this has likewise
not been rigorously analyzed and thus remains an open problem. Similarly, noth-
ing is known so far regarding a completeness result for the A-nonlinear Bloch
waves in L?(IR?), which would generalize Theorem 4.1.9 to the dispersive case.
All in all, there remain several interesting problems to hopefully be tackled in
further research on the spectral properties of dispersive photonic crystals.
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SYMBOLIC NOTATIONS

In the table below we list (mostly) nonstandard symbols which are used through-
out this work. The indicated page and equation numbers guide the reader as
close as possible to a suitable explanation or a formal definition of a symbol, but
not necessarily to the place of its first usage.! The parameters appearing below
satisfy s € {1,2},n € N, k € [, 7]%, and u € [0,00).

A The operator realizing the spectral problem for nondis- see (4.5) on p. 49
persive photonic crystals on R?

Ax  The operator realizing the spectral problem for nondis- see (4.13) on p. 52
persive photonic crystals on the primitive cell with
k-quasi periodic boundary conditions

Ayx  The operator realizing the spectral problem for nondis- see (5.53) on p. 92
persive photonic crystals on the primitive cell with
coefficient function & and k-quasi periodic boundary
conditions

Ax  The “k-shifted” variant of the operator Ay which acts see (4.18) on p. 54
on periodic functions

Ay, The operator realizing the spectral problem for disper- see (5.7) on p. 65
sive photonic crystals on R? with coefficient function

¢Cm)

The operator realizing the spectral problem for nondis- see (5.9) on p. 66
persive photonic crystals on the primitive cell with

coefficient function ¢ (-, #) and k-quasi periodic bound-

ary conditions

wk

IThis is particularly important in the case of A and <7, since these two symbols are only fixed
in their meaning from Chapter 4 onwards.
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SYMBOLIC NOTATIONS

H;er (Q)

HS

k-per ( Q )

Hin

(F)
Qk,U’o

The operator pencil realizing the spectral
problem for dispersive photonic crystals on
R2

The operator pencil realizing the spectral
problem for dispersive photonic crystals on
the primitive cell with k-quasi periodic bound-
ary conditions

The sesquilinear form associated with the op-
erator A

The sesquilinear form associated with the op-
erator Ay

The sesquilinear form associated with the op-
erator Ay

The Brillouin zone [—7, 77]? of the reciprocal
lattice corresponding to the Bravais lattice Z2
The Brillouin zone of a reciprocal lattice @*

The Sobolev space of functions in Hj _(R?)
which satisfy periodic boundary conditions

on 0()

loc (]Rz)
which satisfy k-quasi-periodic boundary con-
ditions on 00}

The Sobolev space of functions in H;

The space L?(O) with inner product weighted
by w (0 € {Q,R*} and w € {&,,{,¢,¢(- 1) })

The variant of the operator pencil <7 defined
upon holomorphically extending the coeffi-
cient function ¢

The winding number of a Cauchy contour I
forze C\T

The Riesz projection for a subset oy of the spec-
trum of a closed operator

The A-nonlinear Riesz projection onto the
eigenspace corresponding to the A-nonlinear
eigenvalue iy, of %

The A-nonlinear Riesz integral for %%, a holo-
morphic operator-valued function F, and a
finite subset 0y of the spectrum of %}

see (5.8) on p. 66

see (5.11) on p. 67

see (4.6) on p. 49

see (4.17) on p. 53

see (4.19) on p. 54

see (4.10) on p. 50

see (3.5) on p. 31

see (4.18) on p. 54

see (4.13) on p. 52

see (2.1) onp.7

see (5.99) on p. 112

see (2.5) on p. 20

see (2.6) on p. 20

see (5.120) on p. 119

see (5.119) on p. 119
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Ra(A)
Ry (N)

S

So

&r

Sr,min

€r,max

=)

The resolvent of a closed operator A at a point A
in its resolvent set

The resolvent of an operator pencil <7 at a point
A in its resolvent set

The semi-infinite strip to which p — (-, 1)|q is
assumed to be holomorphically extendable in
the asymptotically nondispersive case

The semi-infinite strip on which a certain norm-
estimate for the resolvent of %}, holds for all k € B
(a subset of S)

The semi-infinite strip Sp excluding the eigenval-
ues of &7

The relative permittivity of a given photonic
crystal (the data of all considered spectral prob-
lems in this work)

The essential lower bound on the relative per-
mittivity &,

The essential upper bound on the relative per-
mittivity &,

A Bravais lattice of a photonic crystal

The reciprocal lattice of a Bravais lattice ©®

The nth smallest eigenvalue of the operator Ay
The nth smallest eigenvalue of the operator Ay
The nth smallest eigenvalue of the operator Ay
The nth smallest eigenvalue of the operator A, x

The nth smallest eigenvalue of the operator pen-
cil @ (with k fixed, the nth A-nonlinear eigen-
value)

The threshold value in the high-frequency
nondispersive case such that the studied pho-
tonic crystal acts nondispersively for frequencies
greater than or equal to ¢/}l

The threshold value in the asymptotically
nondispersive case such that the holomorphic
extension of y +— ¢ (-, 4)|q exists sufficiently close
to (f,0)

see (2.4) on p. 17
see (2.7) onp. 23

see (5.96) on p. 111
see (5.104) on p. 113

see (5.115) on p. 117

see (3.18) on p. 35

see (4.2) on p. 48
see (4.2) on p. 48

see (3.1) on p. 27

see (3.4) on p. 30

see (4.20) on p. 55
see (5.54) on p. 92
see (4.20) on p. 55
see (5.12) on p. 68
)

see (5.24) on p. 74

see (5.51) on p. 91

see (5.96) on p. 111
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Cmin

Cmax (1)

gmin
Gmax
Prn
P
P
¢y,k,n

¢k,n

The coefficient function of all spectral problems
studied in Chapter 5 (a rescaled variant of a given
frequency-dependent relative permittivity)

The essential lower bound on the coefficient func-
tion ¢ (uniform in its second argument)

The essential upper bound on the coefficient
function &(-, u)

In Subsection 5.4.1: The high-frequency coeffi-
cient function of the spectral problem for dis-
persive photonic crystals (a rescaled variant of a
given frequency-independent relative permittiv-
ity)

In Subsection 5.4.2: The asymptotic coefficient
function of the spectral problem for dispersive
photonic crystals (a rescaled variant of a given
frequency-independent relative permittivity)

The essential lower bound on the coefficient func-
tion ¢

The essential upper bound on the coefficient
function ¢

The eigenfunction corresponding to the eigen-
value Ay, of the operator Ay

The eigenfunction corresponding to the eigen-
value Ay, of the operator Ay

The eigenfunction corresponding to the eigen-
value Ay, of the operator Ay

The eigenfunction corresponding to the eigen-
value Ay, i, of the operator A,

The eigenfunction corresponding to the eigen-
value jiy , of the operator pencil <% (with k fixed,
the nth A-nonlinear eigenfunction)

The primitive cell (0,1)? of the Bravais lattice Z>

A primitive cell of a Bravais lattice of a photonic
crystal

The inner product in H!(Q) with L?(Q)-term
weighted by ¢

see (5.3) on p. 65

see (5.5) on p. 65

see (5.5) on p. 65

see (5.51) on p. 91

see (5.77) on p. 100

see (5.77) on p. 100

see (5.77) on p. 100

see (4.22) on p. 55

see (5.54) on p. 92

see (4.22) on p. 55

see (5.12) on p. 68

see (5.50) on p. 90

see (4.10) on p. 50

see (3.2) on p. 28

see (5.88) on p. 107
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