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Abstract

Dispersion and damping are two characteristics of wave propagation which are
present when different types of waves propagate through a variety of materials in
nature. Materials with such aspects have multiple applications because of their use-
ful electromagnetic properties. Apart from the electromagnetic setting, dispersive
and damped systems have also applications in other fields, such as acoustics and
elasticity. Nevertheless, understanding the effect that dispersion and damping have
on the particle interactions and the material properties is a challenging task.

In this thesis, we study the spectral properties of dispersive and damped materials.
By varying the material parameters and modifying both dispersion and damping,
we obtain results on the dependence of the spectrum of these materials on these
characteristics. Then, considering periodic media and exploiting the underlying
symmetries, we show the existence of strongly localised waves on an interface. This
aspect is a key element in the design of wave guiding and control devices.

We will also consider a specific example of dispersive materials called halide per-
ovskites. Halide perovskites have high absorption coefficient and also they are cheap
and easy to manufacture. Thus, they make excellent choices for making electromag-
netic devices. We will use asymptotic techniques to study the resonance problem
associated to halide perovskites in the two and three dimensional setting. We will
study systems of finitely many halide perovskite resonators in the subwavelength
regime and provide analytic expressions for their resonances. Finally, we will pro-
vide an optimal way to design surfaces of subwavelength halide perovskite resonators
for the detection of frequencies lying in the visible light spectrum.
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Résumeé

La dispersion et I'amortissement sont deux caractéristiques de la propagation des
ondes qui sont présents pendant la propagation des differents types d’ondes a travers
une variété de matériaux dans la nature. Les matériaux présentant de tels aspects
ont des applications varieés grace a leurs propriétés électromagnétiques. En dehors
du cadre électromagnétique, 1’étude de la dispersion et de l'amortissement a des
applications dans d’autres domaines, comme ’acoustique et 1’élasticité. Néanmoins,
comprendre 'effet de la dispersion et de I’amortissement aux interactions des par-
ticules et aux propriétés des matériaux est une tache difficile.

Dans cette these, nous étudions les propriétés spectrales des matériaux dispersifs et
amortis. En variant les parametres des matériaux et en modifiant la dispersion et
I’amortissement, nous obtenons des résultats sur la dépendance du spectre de ces
matériaux a ces caractéristiques. Ensuite, en considérant des milieux périodiques et
en exploitant les symétries sous-jacentes, nous montrons l'existence d’ondes forte-
ment localisées sur une interface. Cet aspect est un élément clé dans la conception
des dispositifs de guidage et de controle des ondes.

Nous considérerons également un exemple spécifique des matériaux dispersifs, ap-
pelés pérovskites halogénures. Les pérovskites halogénures ont un coefficient d’absor-
ption élevé et ils sont pas chers et faciles a fabriquer. Ces caractéristiques les ren-
dent un choix excellent pour fabriquer des appareils électromagnétiques. Nous allons
utiliser des techniques asymptotiques pour étudier le probleme de résonance associé
aux pérovskites halogénures aux dimensions deux et trois. Nous allons étudier des
systemes d’'un nombre fini de résonateurs pérovskites halogénures dans le régime
sous-longueur d’onde et donner des expressions analytiques décrivant les résonances.
Enfin, nous présenterons une maniere optimale de créer des surfaces de résonateurs
de pérovskites halogénures de sous-longueurs d’onde pour la détection de fréquences
dans le spectre visible de la lumiere.






Acknowledgements

I would like to express my deep gratitude to my supervisor, Professor Habib Ammari,
for his guidance and invaluable advice during my doctoral studies. His enthusiasm,
his generosity and the inspiring discussions with him have been a constant source of
motivation for me.

I would also like to express my gratitude to Bryn Davies for the time he invested
in our collaboration. Our enjoyable discussions have provided me with important
insights in our research and have nurtured my mathematical curiosity. Working
with him has been a great experience and has resulted in some exciting projects

[7 ’ ? ]

In addition, I would like to thank my colleagues in Habib’s group for our conversa-
tions and for the productive and supportive environment.

In particular, I would like to thank my office mate, Thea Kosche, for her willingness
to discuss ideas and for sharing an office with me for the past three years.

Finally, I would like to thank my parents for their constant support during my
studies.

vii






Contents

Introduction

1. Dispersion, damping and spectrum

1.1.
1.2.

1.3.

1.4.

1.5.

2.1.
2.2.
2.3.

2.4.
2.5.

2.6.

2.7.

3.1.

Introduction . . . . . ... .. ... ... ...
Problem setting . . . . ... ... ... .....
1.2.1. Initial Helmholtz formulation . . . . . .
1.2.2. Periodic formulation . . . ... ... ..
1.2.3. Floquet-Bloch theory . .. .. .. ...
One dimension . . . . . . . ... ... .....
1.3.1. Dispersion relation . . . . ... .. ...
1.3.2. Properties of the dispersion relation . .
1.3.3. The effect of singularities and damping

Multiple dimensions . . . . .. ... ... ...
1.4.1. Preliminaries . . . ... .. ... ....
1.4.2. Integral formulation . .. ... ... ..
1.4.3. Dispersion relation . . . . ... ... ..
1.4.4. The two-dimensional case . . . ... ..
Conclusion . . . . ... ... ... .......

Topological protection in the presence of dispersion

Introduction . . . . . ... ... ...
Mathematical setting . . . . . . ... ... ...
Interface mode existence . . . . . .. ... ...
2.3.1. Impedance functions . . . . .. ... ..
2.3.2. Dispersion relation . . . . ... ... ..
2.3.3. Mirror symmetry . . . .. ... ... ..
2.3.4. Bulkindex ... .............
2.3.5. Frequency existence . . ... ... ...
Zak phase . . .. ... ... ... ...,
Asymptotic behaviour . . . ... ... ... ..
2.5.1. Transfer matrix method . . ... .. ..
Robustness with respect to imperfections . . .
2.6.1. Theoretical results . . . ... ... ...
2.6.2. Numerical results . . . . . ... ... ..
Conclusion . .. ... .. ... ... ......

Topological protection in the presence of damping

Introduction . . . . . . .. ... L.

o

0 O O v

10

13
19
29
29
30
31
33
36

37
37
38
40
40
41
42
45
46
o1
93
93
o7
o7
99
63

67
67

ix



Contents

3.2. Mathematical setting . . . . . . .. ... Lo oo 67
3.2.1. Damped systems . . . . . .. ... oo 67
3.2.2. Differential problem . . . . . ... ... ... ... 68

3.3. Preliminaries . . . . . . . . ... Lo 69
3.3.1. Impedance functions . . . . . . . ... ... ... ... .... 69
3.3.2. Bulkindex . ... ... .. ... . ... .. 69

3.4. Undamped systems . . . . . . . . . ... 70
3.4.1. Real frequencies . . . . . . .. ... oL 70
3.4.2. Complex frequencies . . . . . . . ... ... ... ....... 70

3.5. Damped systems . . . . . . ... Lo 72

3.6. Asymptotic behaviour . . . .. ... Lo 74
3.6.1. Transfer matrix . . . . . . . ... ... ... ... ... ..., 74
3.6.2. Asymptotic behaviour of damped systems . . . . . .. .. .. 75

3.7. Numerical example . . . . . . . . . .. ... o 76
3.7.1. Configuration . . . . . . . .. ... o 76
3.7.2. Band characterisation . . . .. ... ... ... ... .. .. 7
3.7.3. Effect of damping on spectrum . . . . . . ... ... 77
3.7.4. Wave propagation . . .. ... ... ... ... ... 79

3.8. Conclusion . . . . ... ... . ... e 79

4. Subwavelength halide perovskite resonators 81

4.1. Introduction . . . . . . . . . . . .. 81

4.2. Single Resonators . . . . . . . ... Lo oo 82
4.2.1. Problem Setting . . . ... ... ... L. 82
4.2.2. Integral Formulation . . . . . . ... ... ... ... ..... 83
4.2.3. Reformulation as a Subwavelength Resonance Problem . . . . 84
4.2.4. Three Dimensions . . . . . . . .. ... ... . ... .... 85
4.2.5. Two dimensions . . . . . .. .. ... .. o 92

4.3. Hybridisation of two resonators . . . . . .. ... ... .. ...... 101
4.3.1. Three Dimensions . . . . . . .. .. ... .. .. .. ..., 101
4.3.2. Two Dimensions . . . . ... ... .. ... ... ....... 104

4.4. Example: circular resonators . . . . .. .. .. L Lo L. 107

4.5. Conclusion . . . . . . . .. ... 108

5. Highly dispersive subwavelength resonator systems 111

5.1. Introduction . . . . . . . . . . . ... 111

5.2. Asymptotic analysis . . . . .. ... 112
5.2.1. Problem setting . . . . . . . .. ... ... ... ... 112
5.2.2. Integral formulation . . . . ... ... ... ... ... ..., 114
5.2.3. Two-dimensional analysis . . . . .. ... ... ... ..... 115

5.3. Computation of the coupled resonant frequencies . . . . . ... ... 120
5.3.1. Example: Three circular resonators . . . . . . ... ... ... 121

5.4. Inverse design . . . . . . . .. L L 124
5.4.1. Linearity of off-diagonal entries . . . . . . . . ... ... ... 125
5.4.2. Condition on characteristic size . . . . . . . ... ... .... 128



Contents

5.4.3. Condition on separation distances . . ... ... ... .. .. 128

5.5. Conclusion . . . . . . ... 129

A. Appendices 131
A.1. Appendix to Chapter 2. . . . . . . . . ... ... 131
A.1.1. Proofs of impedance monotonicity . . ... ... ... . ... 131

A.1.2. Characterisation of eigenmode symmetries . . . . . . . .. .. 135

A2, Appendix to Chapter 3. . . . . . . . . . ... 136
A.2.1. Self-adjointness in Lemma 3.4.3 . . . . . .. ... ... .. .. 136

A.3. Appendix to Chapter 4. . . . . . . . . ... Lo 137
A.3.1. Calculation of asymptotic constants . . . . . ... ... ... 137

A4, Appendix to Chapter 5. . . . . . . . ..o 138
A.4.1. Three-dimensional analysis for N resonators . . . . . . .. .. 138

A.4.2. Proof of Lemma 5.2.7 . . . ... ... ... ... ....... 141
Bibliography 151
Curriculum Vitae 157

xi






Introduction

Photonic crystals: dispersion and damping

Dispersion and damping are two phenomena present in optical nanostrusctures, such
as photonic crystals, which have many applications. The term was first used after
the seminal work carried in [74, 39]. Photonic crystals are optical nanostructures
with non-constant refractive index. This affects the propagation of light in the
structure. They are constituted by regularly repeating regions of varying refractive
index. Light waves may propagate through this structure or propagation may be
disallowed, because of amplitude decay and reflection of energy, depending on their
wavelength.

The dielectric permittivity and the magnetic permeability of these structures are the
material characteristics which explain how the light is impacted while propagating
inside them. In this work, we will assume that the magnetic permeability is constant
and we will study the effect of the permittivity. The dispersive nature of the system
appears in the dielectric permittivity in the form of a dependence on the frequency
of the wave propagation.

Much of the existing theory [9] treats the case where these permittivity functions are
non-dispersive inside the particles of the crystals. However, when working at certain
electromagnetic frequencies, which often include the visible spectrum, it is important
to take into account the oscillatory behaviour of the free electrons in the material.
This behaviour leads to resonances at characteristic frequencies and gives photonic
crystals a highly dispersive character. This is manifested in the permittivity since
we observe a highly non-linear dependence on the frequency with which the light
propagates in the system. Quite often, we also observe the existence of damping
in the system, appearing in the form of a non-zero imaginary part of the dielectric
permittivity. This is translated into increase or loss of energy in the system during
the light propagation. We aim to understand the effect of dispersion and damping
on the light propagation and extend the existing theory to such settings.

In general, photonic crystals present interesting and useful wave propagation prop-
erties. Even very simple photonic crystals, such as those composed of periodically
alternating layers of non-dispersive materials, can display exotic dispersive proper-
ties. As a result, they are able to support band gaps: ranges of frequencies that are
unable to propagate through the material [65]. These band gaps are the fundamen-
tal building blocks for the many different wave guides and wave control devices that
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have been conceived. Notable examples include flat lenses [55], invisibility cloaks
[54], rainbow trapping filters [65] and topological waveguides [413].

From a mathematical point of view, we will see how dispersion and damping af-
fect the spectral structure of these materials. In particular, by studying periodic
one-dimensional systems we will obtain the dispersion relation characterising each
material. This expression describes the behaviour of the spectral band and gaps
of the materials. By varying the material parameters and adding dispersion and
damping to the system, we observe how the spectrum of the photonic crystal is af-
fected. We will generalise this result to multi-dimensional systems by providing the
equivalent analytic expressions for the resonance problem. For these settings, we
will work on a particular example of photonic crystals called halide perovskites.

Subwavelength regime

It is expected that the impact that small particles have on waves propagating through
the surrounding medium is minimal. This is even more evident in the subwavelength
regime, i.e. when the particle’s size is significantly smaller than the wavelength of
the incident wave. This phenomenon complicates the study of wave propagation in
these settings. Working in the subwavelength regime means working at very low
frequencies. This implies that the material no longer behaves like a homogeneous
material and hence, the conventional homogenisation techniques cannot be applied.
However, there exist particles which interact strongly with their environment, even
in the subwavelength regime, leading to pronounced scattering and resonance at
subwavelength frequencies, called subwavelength resonators. This property makes
them ideal candidates for the creation of a variety of material structures, called
metamaterials. It has been shown that they display extraordinary properties absent
in common materials [12].

Photonic crystals, and in particular halide perovskites, belong to the category of
metamaterials with strong interaction with incident waves via their high absorption
coefficient. This helps in detecting frequencies in the complete visible light spec-
trum. Thus, they have a crucial role in the creation of microscopic devices, which
detect visible light in the subwavelength regime, i.e. devices that can be even a few
nanometres. This has further implications, as their small size makes them quite
light, cheap and also very efficient.

We will study the resonance problem associated to halide perovskites in the two and
three dimensional settings in the subwavelength regime. By adapting the asymptotic
techniques and taking advantage of the spectrum of the integral operators used, we
are able to obtain expressions for the resonances. In addition, we will study systems
with more than one particles and show the presence of hybridisation, i.e. the separa-
tion of resonances as the number of particles increases due to inter-particle interac-
tions. With numerical experiments, using examples of halide perovskites and their
associated material parameters, we show that for small particles, at subwavelength
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scales, the resonances detected are indeed in the visible light spectrum. Finally,
exploiting these expressions, we propose a mechanism for designing subwavelength
surfaces of halide perovskite particles which can detect light waves with frequencies
lying in the visible spectrum.

Halide perovskites

Halide perovskites are crystals, composed of crystalline lattices which have octa-
hedral shapes and contain atoms of heavier halides, such as chlorine, bromine and
iodine [2]. They have excellent optical and electronic properties, which combined
with the fact that they are cheap and easy to manufacture puts them at the center
of interest for the next generation of electromagnetic devices [38, 52, (4].

A particular benefit of halide perovskites is that their high absorption coefficient
enables microscopic devices (measuring only a few hundred nanometres) to absorb
the complete visible spectrum. Thus, we are able to design very small devices that
are lightweight and compact while also being low cost and efficient. Research is
ongoing to develop perovskites capable of fulfilling their theoretical capabilities for
use in applications such as optical sensors [30], solar cells [64] and light-emitting
diodes [72].

The dielectric permittivity of halide perovskites has been shown to depend heavily
on excitonic transitions, leading to a permittivity that has symmetric poles in the
lower complex plane [52]. In particular, if we denote the dielectric permittivity by
g, in terms of the frequency w and wavenumber k, it is given by [52]

w2

e(w, k) =9+ P

1 : )
w2, — W2 + hwegck? fleze — iyw

where weze is the frequency of the excitonic transition, w, is the strength of the
dipole oscillator, v is the damping factor, ey is related to the non-local response
and gg is the background dielectric constant. This expression captures the highly
non-linear dispersive character of the material. We refer to [52] for the values of
these constants for different halide perovskites at room temperature.

Another essential attribute of the halide perovskites is that their first resonance is
magnetic, as observed in [52]. The existing mathematical work focuses on the regime
of the electric field. This renders the mathematical analysis of such materials quite
complicated since the various asymptotic techniques that can be used often fail to
account either for the dispersive part or for the difference between the electric and
the magnetic resonances.
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Wave localisation and topological protection

Materials with electromagnetic properties are being studied under the form of peri-
odic media. When it comes to designing surfaces with beneficial optical properties,
the number of nanoparticles used tends to be extremely large. The existing theory
in such settings shows that these structures converge to periodic ones. An impor-
tant application is the design of wave guiding and control devices. By combining
different periodic materials, we can create interfaces and edges on which the prop-
agating waves are localised. The existence of strongly localised waves in periodic
media is one of the foundations of modern wave physics. Such modes allow for waves
of specific frequencies to be strongly localised at desired locations.

In reality, the construction of perfect periodic media is complicated. Imperfections
can be easily introduced to the system, either by small changes to the material pa-
rameters or by structural modifications such as breaking the symmetry of the particle
positions. An important characteristic of the localised waves is their stability profile
once these so called "imperfections” are introduced to the material. This is called
topological protection [13]. This field of research was inspired by ideas related to the
famous quantum Hall effect [11] and was successfully translated to classical wave
systems around 15 years ago [73]. This theory uses topological indices associated
to the underlying periodic structures [19] to predict the existence of localised waves
at interfaces and edges of the material. Further, the invariant nature of topological
indices means we can expect that such modes experience enhanced robustness with
respect to imperfections. Given how desirable a priori robustness properties are
for being able to confidently manufacture functional devices, topological waveguides
have emerged as an important sub-field of wave physics [59].

The mathematical theory developed around the topological protection usually con-
siders one-dimensional systems since the fundamental mechanism requires an inter-
face or edge to be introduced in just one axis of periodicity. In addition, it is mostly
focused on non-dispersive systems since they provide great insight in physical set-
tings, such as microwaves and perfect conductors. Exploiting the symmetric charac-
teristics of the periodic structures, we are able to extend these results to dispersive
systems. Viewing the damped systems as small perturbations of the undamped
regime, we prove similar results for materials with damping.



1. Dispersion, damping and spectrum

1.1. Introduction

The material characteristics of photonic crystals gives them a variety of wave prop-
erties. From non-dispersive to highly dispersive and damped structures, the spectral
properties of these materials are quite exotic. Several different models exist to de-
scribe this behaviour. Most models are variants of the Lorentz oscillator model,
whereby electrons are modelled as damped harmonic oscillators due to electrostatic
attractions with nuclei [51]. A popular special case of this is the Drude model, in
which case the restoring force is neglected (to reflect the fact that most electrons in
metals are not bound to any specific nucleus, so lack a natural frequency of oscilla-
tion). Many other variants of these models exist, for instance by adding or removing
damping from the various models, cf. [01] or [19], and by taking linear combinations
of the different models, as in [62].

A key feature that unites dispersive permittivity models is the existence of singu-
larities in the permittivity. The position of these poles in the complex plane, which
correspond to resonances, are one of the crucial properties that determines how a
metal interacts with an electromagnetic wave. In conventional Lorentz models the
poles appear in the lower complex plane [51]. The imaginary part of the singular
frequency is determined by the magnitude of the damping, and the singularities ac-
cordingly fall on the real line if the damping is set to zero. In the Drude model, the
removal of the restorative force causes the singularities to fall at the origin and on
the negative imaginary axis.

A particularly important example of photonic crystals, that is central to our moti-
vation, are halide perovskites. They have excellent optical and electronic properties

and are cheap and easy to manufacture at scale [72]. As a result, they are being used
in many applications, including optical sensors [30], solar cells [64] and light-emitting
diodes [72].

There are a range of methods that can be used to capture the spectra of photonic
crystals. For one-dimensional systems, explicit solutions typically exist and transfer
matrices are particularly convenient. These were used for Drude materials in [63]
and for undamped Lorentz materials in [19], for example. In multiple dimensions,
studies often resort to numerical simulation (for instance with finite elements). A
valuable approximation strategy is a multi-scale asymptotic method known as high-
frequency homogenisation [2%], which can be extended to approximate the dispersion
curves in dispersive media [67].
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In this chapter, we will study photonic crystals composed of metals with permittiv-
ity inspired by that of halide perovskites, in the sense that it has symmetric poles in
the lower complex plane. After setting out the Floquet-Bloch formulation of the pe-
riodic problem in Section 1.2, we will study the one-dimensional periodic Helmholtz
problem in Section 1.3. We retrieve the dispersion relation which characterises the
halide perovskite system and show how its properties depend on the characteristics
of the dispersive permittivity (namely, being real or being complex and having poles
either on or below the real axis). Finally, in Section 1.4, we use integral methods
and asymptotic analysis in order to obtain the dispersion relation for the two- and
three-dimensional cases, showing how to extend our analysis to multi-dimensional
photonic crystals. This is a product of the work carried in [1].

1.2. Problem setting

In this section, we present the mathematical setting associated to the Drude-Lorentz
model. After applying the Floquet-Bloch theory, we obtain the quasiperiodic prob-
lem and provide the main definitions which describe the spectrum of the photonic
crystal.

1.2.1. Initial Helmholtz formulation

Let us consider N € N particles Dy, D, ..., Dy which together occupy a bounded
domain ©Q C R?, for d € {1,2,3}. The collection of particles 2 will be the repeating
unit of the periodic photonic crystal. We suppose that the permittivity of the
particles is given by a Drude-Lorentz-type model,

(07

e(w) = g0 + (1.1)

1— puw? —iyw’
where g9 denotes the background dielectric constant and «, 5,7 are positive con-
stants. « describes the strength of the interactions, 8 determines the natural res-
onant frequency and « is the damping factor. This is motivated by the measured
permittivity of halide perovskites, as reported in [52]. We choose to use this ex-
pression as a canonical model for dispersive materials whose permittivities have
singularities in the complex frequency space. Notice that (1.1) is singular at two
complex values of w. These are given by

Wi = 21ﬁ(—ifyi\/46—72). (1.2)
By varying the parameters «, S and v, we can force these singularities to lie in
the lower half of the complex plane (7 > 0), on the real line (v = 0) or to vanish
completely (5 =~ = 0). We will make use of this property when trying to interpret
the dispersion diagrams in the following analysis. We suppose that the particles are
surrounded by a non-dispersive medium with permittivity €g. We assume that the
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particles are non-magnetic, meaning that the magnetic permeability pg is constant
on all of RY.

We consider the Helmholtz equation as a model for the propagation of time-harmonic
waves with frequency w. This is a reasonable model for the scattering of transverse
magnetic polarised light (see e.g. [55, Remark 2.1] for a discussion). The wavenum-
ber in the background R? \ Q is given by ko := weopo and we will use k& to denote
the wavenumber within €. Let us note here that, from now on, we will suppress the
dependence of kg and k on w for brevity. We then consider the system of equations

[ Au+ w?e(w)pou =0 in Q,

Au+kiu =0 in RY\ Q,

uly —ul-=0 on 012,

Gul, —u_=0 on 09,
Lu(x) — uin(T) satisfies an outgoing radiation condition as |z| — oo,

(1.3)

where wu;y, is the incident wave, assumed to satisfy (A + k:g)um = 0, and the appro-
priate outgoing radiation condition depends on the dimension of the problem and
of the periodic lattice.

1.2.2. Periodic formulation

We will assume that the collection of N particles is repeated in a periodic lattice
A. We suppose that the lattice has dimension d;, in the sense that there are lattice
vectors lq,...,1lq € R? which generate A according to

A= {mlll+"'+mdlldl | m; EZ}. (1.4)
The fundamental domain of the lattice A is the set Y € R? given by
Y = {Cll1+"'+cdlldl ‘ Ogcl,...,cdl Sl} (15)

The dual lattice of A, denoted by A*, is generated by the vectors a1, . . ., ay, satisfying
a; - lj = 2mé;5 for 4, j = 1,...,d;. Finally, the Brillouin zone Y* is defined by

Y* = (RY x {0})/A", (1.6)

where 0 is the zero vector in R%~%. The Brillouin zone Y* is the space that the
reduced unit cell of reciprocal space.

The periodic structure, denoted by D, is given by
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@ e & _&  &_&

Figure 1.1.: A periodic array of halide perovskite particles. Here, we have six par-
ticles D1, ..., Dg repeated periodically in one dimension. Each of them
has the halide perovskite permittivity ¢(w) defined by (1.1).

Hence, the problem we wish to study is the following:

Au + w?e(w)pou = 0 in D,

Au+k3u =0 in RY\ D,

uly —ul-=0 on 0D,

%H—%L:O on 0D,

u(zy, o) satisfies the outgoing radiation condition as |z¢| — oc.

(1.7)

1.2.3. Floquet-Bloch theory

In order to study the problem (1.7), we will make use of Floquet-Bloch theory [10].
Let us first give certain definitions which will help with the analysis of the problem.

Definition 1.2.1. A function f(z) € L*(R?) is said to be k-quasiperiodic, with
quasiperiodicity k € Y*, if e * T f(z) is A-periodic.

Definition 1.2.2 (Floquet transform). Let f € L*(R%). The Floquet transform of f
is defined as

Flfl(w,r) =Y fle—m)e ™, zeR% keY™

We have that F|f] is k-quasiperiodic in = and periodic in k. The Floquet transform
is an invertible map F : L2(R%) — L2(Y x Y*), with inverse given by

1

= W . g(z,k)dr, z€RY
l *

F - g)(=)

where g(z, k) is extended quasiperiodically for x outside of the unit cell Y.
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Let us define u"(z) := Flu|(z, k). Then, applying the Floquet transform to (1.7),
we obtain the following system:

[ AuF + w2e(w)pou =0 in D,
Auf + k3uf =0 in R?\ D,
uly —ufl- =0 on 0D,
%u—%ﬂ_:o on 0D,
u"(zq, o) is k-quasiperiodic in x4,
u"(xq, o) satisfies the k-quasiperiodic radiation condition as |zg| — oo.

\

(1.8)

The solutions to (1.8) typically take the form of a countable collection of spectral
bands, each of which depends continuously on the Bloch parameter x. The goal
of our analysis is to identify and explain the gaps between the spectral band. At
frequencies within these band gaps, waves do not propagate in the material and their
amplitude decays exponentially. As a result, they are the starting point for building
waveguides and other wave control devices.

For real-valued permittivities, it is straightforward to define band gaps as the inter-
vals between the real-valued bands.

Definition 1.2.3 (Band gap for real permittivities). A frequency w € R is said to be
in a band gap of the periodic structure D if it is such that (1.8) does not admit a
non-trivial solution for any k € R.

We are interested in materials for which the permittivity takes complex values,
corresponding to the introduction of damping to the model. In which case, we elect
to keep the frequency w € R as a real number but allow the Bloch parameter x to
take complex values. In which case, the imaginary part of x describes the rate at
which the waves amplitude decays. It should be noted that it is also quite common
to do the opposite by forcing « to be real and allowing w to be complex valued, as
in [11, 67] for example.

In the real-valued case, it is clear that x belongs to the Brillouin zone Y* (which
has the topology of a torus, due to the periodicity in k). When & is complex valued,
its real part still lives in Y* but its imaginary part can take arbitrary values. Thus,
k lives in a subset of the complex plane that is isomorphic to Y* x R. This can be
thought of as a “generalised” Brillouin zone; this idea has been used to describe the
spectral convergence of non-Hermitian systems in [7].

In our setting, which is a damped model that is characterised by a complex permit-
tivity, we have that x € C and it is less clear how to define a band gap. Intuitively,
a band gap is a range of frequencies at which the damping is particularly large.
Hence, we provide a modified definition for the notion of a band gap for complex
permittivities in terms of local maxima of the amplitude decay.
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Figure 1.2.: The one-dimensional setting. The periodically repeated cell is of length
2. Here the interval [—1,0) is the background and the interval [0, 1) is
the particle.

Definition 1.2.4 (Band gap for complex permittivities). We define a band gap for
complex permittivities to be the set of frequencies w € R for which (1.8) admits a
non-trivial solution with quasiperiodicity k € C and |3(k)| is at a local mazimum.

We will first study the problem in the one-dimensional setting. In one dimension,
the problem is easier to manipulate and we are able to retrieve explicit expressions.
Hence, we can get a variety of results concerning the characteristics of the quasiperi-
odic system. In particular, our main goal is to obtain the dispersion relation, an
expression which relates the quasiperiodicities k € C with the frequencies w € R,
and study its properties. Then, in Section 1.4 we will provide an analysis for higher
dimensional systems and we will give the equivalent relation.

1.3. One dimension

Let us first treat the Helmholtz problem (1.8) in the one-dimensional case. We will
work on the interval [—1,1], with [—1,0) denoting the background and [0,1) the
particle. A schematic depiction of this is given in Figure 1.2. Hence, the problem
reads as follows:

d?u

12 + pow?e(x, w)u(x) = 0, (1.9)

on the domain [—1, 1], where

-1 back d
(o, w) = £0, z € [-1,0) (bac groun ), (1.10)
e(w), ze€]0,1] (particle),
with the boundary conditions
; d .d
u(1) = ¥ u(—1) and £(1) = emd%(_n. (1.11)

10



1.3. One dimension

1.3.1. Dispersion relation

We will now retrieve an expression for the solution to (1.9). Let us define the
quantities

00 = wy/eopo, and o :=wy/e(w)uo. (1.12)

For many of the results that follow, the crucial quantity will be the contrast between
the material inside the particles and the background medium. With this in mind,
we introduce the frequency-dependent contrast p as

Oc e(w)

plw) = il VA (1.13)

Then, the following expression holds for the solution to (1.9).

Lemma 1.3.1. Let u denote a solution to (1.9). Then, u is given by

Apsin (aox) + Bcos (O’o:E), x € [-1,0),

u(z) = (1.14)
Asin (acas) + Bcos (mﬂ:), x € [0,1],
where A, B € C are two constants.
Proof. We know that a solution to (1.9) must be given by
Aj sin w./eo,uga:> + B cos (w 50u0x>, x € [-1,0),
u(z) = (1.15)

As sin wW&:) + B; cos (w\/mx), x € [0,1],

where A1, As, Bi, Bs € C are constants to be defined. This, also, gives

du .
@(x) = Ai1w+\/Eglip cos (w 50u0x> — Biwy/eopo sin (w 50M0z>,

for x € [-1,0), and

du () = Aswr/e(w) o cos (me) — Baw+/e(w) o sin (w\/&mx),

da
for € [0,1]. Now, from the boundary transmission conditions in (1.7), we require

du du
li = li d lim —(z) = lim —(z).
A v = B ey end i )= & @)

These conditions mean we must have that B; = By and A; = y/e(w)/e0A2 = p(w)A,
which gives the desired result. O

11



1. Dispersion, damping and spectrum

Using the boundary conditions (1.11), we can obtain the dispersion relation for
the one-dimensional problem. This is a well-known result, that first appeared in a
quantum-mechanical setting [15] and has since been shown to describe a range of
periodic classical wave systems also [I, 57]. We include a brief proof, for complete-
ness.

Theorem 1.3.2 (Dispersion relation). Let u denote the solution to (1.9) along with
the boundary conditions (1.11). Then, for u to be non-trivial, the quasiperiodicities
k € C satisfies the dispersion relation

14 p?

cos(2k) = cos(oyg) cos(pop) — sin(og) sin(poy). (1.16)

Proof. From Lemma 1.3.1, we have that u is given by (1.14). Then, using (1.11),
we have

sin(o.) + e%*p sin(ao)}A + [cos(ac) — e?in COS(O‘o):| B =0, (L.17)
o.cos(oe) — €2 pog COS(O‘())} A— [ac sin(o.) + e** oy sin(ao)} B=0. ‘

We observe that for (1.9) to have a non-zero solution, it should hold

[sin(ac) + e%irp sin(ao)} . [ac sin(o.) 4+ e** oy sin(ao)} +
+ [cos(ac) — e2ir cos(ao)} . |:O'c cos(a.) — 2" pag cos(ao)] =0,

which gives

g0+ e(w)

e(w)et™ + [ NG

sin(og) sin(o.) — 2+/e(w) cos(og) cos(ac)] e 4 \/e(w) = 0.
(1.18)

Making some algebraic rearrangements, we observe that

2 ggj) [cos(ao) cos(o¢) — COS(2"5)} -

g0t ew) sin(og) sin(o.) = 0. (1.19)
€0

Finally, making the substitutions 0. = pog and /e(w) = py/€0, we obtain the
desired result. O

The dispersion relation (1.16) can be used to plot the dispersion curves. For a given
frequency w, p(w) can be calculated to yield the right-hand side of (1.16), which can
subsequently be solved to find . This is shown in Figure 1.3. Since ¢(w) is complex
valued, k will generally take complex values. We plot only the absolute values of both
the real and imaginary parts; as we will see below, this is sufficient to characterise
the full dispersion relation. Notice also that R(k) € Y* = [-7/2,7/2).

12



1.3. One dimension

L5F 3 Singularities:
1+ i Im(w) &
B
=05 A
: | |
0 4 % 097 0.97 |>\;<«“1«:1
w_ X 0.5 X Wy
17 1 ’
©
5 05) ,
0 V3 L | L |
0 1 2 3 4 5 6 7

Frequency w

Figure 1.3.: The dispersion relation of the halide perovskite photonic crystal. We
model a material with permittivity given by (1.1) with « =1, 8 = 1 and
v = 0.5. The frequency w is chosen to be real and the Bloch parameter
k allowed to take complex values. The permittivity is singular at two
points, which are in the lower complex plane and are symmetric about
the imaginary axis, as indicated in the sketch on the right and (the real
parts) by the crosses on the frequency axes of the plots.

1.3.2. Properties of the dispersion relation

The dispersion relation (1.16) describes the behaviour of the periodic system and
reveals the relationship between the quasiperiodicities k € C, the frequencies w € R
and the permittivity e(w) of the material. We can use it to derive some simple
results about the dispersion curves. The first thing to understand is the symmetries
of the dispersion curves.

Lemma 1.3.3 (Opposite quasiperiodicities). Let k € C be a complex quasiperiodicity
satisfying the dispersion relation (1.16) for a given frequency w € R. Then, the
opposite quasiperiodicity, i.e. —k, satisfies the same dispersion relation.

Proof. We just have to use that cos(-) is an even function. Then, if x € C is such
that (1.16) holds, from the fact that cos(—2k) = cos(2k), we get that —x € C also
satisfies (1.16). This concludes the proof. O

It is with Lemma 1.3.3 in mind that we are able to plot only the absolute values of
the imaginary parts in Figure 1.3 and the subsequent figures.

1.3.2.1. Real and imaginary parts
In the analysis that will follow, it will be useful to be able to describe the behaviour of

the real and imaginary part of the quasiaperiodicity with respect to the permittivity.
In particular, we will decompose both the quasiperiodicity x and p into real and

13



1. Dispersion, damping and spectrum

imaginary parts, and we will derive this dependence from the dispersion relation.
Since k € C and p € C, let

k=kK1+ike and p=p;+ips, (1.20)

with k1, ke, p1, p2 € R. We will also define £ and %%, which depend on w € R, as
follows:

21 (w) :=cos(0g) cos(app1) cosh(ogpz)—
— 53 o |11+ pT + p3)sin(oop1) cosh(ogpz)—
2(p3 + p3) L (1.21)
— pa(p3 = 1+ p}) cos(oopr) sinh(a0p2) |,
and

L5 (w) :=cos(oy) sin(ogp1) sinh(oppz)+
sin(op)

2(p + p3)

+ p1(1+ p3 + p3) cos(copr) sinh(aops) |,

[/72(/)% — 1+ pi) sin(aop1) cosh(oopz)+ (1.22)

where we note that pi, p2 and og all depend on the frequency w, as specified in
(1.12) and (1.13). Then, we have the following result.

Proposition 1.3.4. Let k € C, given by (1.20), satisfying the dispersion relation
(1.16) for a given frequency w € R. Then, its real and imaginary parts are given by

= 1a,lrccos I S
Riw) =45 (cosh(2%(m))> ! (1.23)

and

S(k) = %arcsinh (:l:\/; {.,2”12 + £ -1+ \/(1 — L2 - L2) + 43%}) , (1.24)

where & and %5 are given by (1.21) and (1.22), respectively. We, also, note that
the choice of + or — should be the same in (1.23) and (1.24).

Proof. From (1.20), the dispersion relation (1.16) becomes

1+ (p1 + ip2)?

cos(2k1 + i2K2) = cos(og) cos(ogpy + ioop2) — 2001 7 ip2)

sin(og) sin(ogp1 + togp2),
which is,

cos(2k1) cosh(2k2) — isin(2k1) sinh(2ky) =

= cos(0p) | cos(ogp1) cosh(oppa) — isin(ogpr) sinh(ogp2) | —

14



1.3. One dimension

14 pf + 2ip1p2 — p3
2(p% + p3)
+ icos(ogp1) Sinh(O'opg):| .

(p1 —ip2) sin(op) |:Sin(0'0p1) cosh(ogp2)+

Taking real and imaginary parts, we obtain, for the real part,

cos(2k1) cosh(2k2) = cos(oy) cos(ogp1) cosh(oppa)—
— ———5 |p1(1 + p] + p3) sin(ogp1) cosh(oppa)—
2(p + p3) b (1.25)
— p2(p3 — 1+ pi) cos(aopr) sinh(oop2)
and, for the imaginary part,
sin(2k1 ) sinh(2k2) = cos(op) sin(ogp1) sinh(ogp2)+
sin(oy)
2(p1 + p3)
+ p1(1+ p? + p2) cos(agp1) sinh(ogpa) |-

p2(p5 — 1+ pi) sin(opr) cosh(copa)+  (1.26)

So, from (1.21) and (1.22), we obtain the system

{COS(ZM) cosh(2k2) = 21, (1.27)

sin(2k1) sinh(2ky) = %.

From the first equation, we immediately see that

j:1 24
K1 = - arccos | ——— |,
! 2 cosh(2kz2)

then, substituting into the second equation gives

. ! . -
sin [arccos <(:()sh(2/<;2)ﬂ sinh(2k2) = +.%.

We know that for z € [—1, 1], we have the identity sin[arccos(z)] = /1 — 2. Hence,
from the above, we get

2

2
— —————sinh(2 =+%. 1.28

Similarly, using the fact that cosh?(z) — sinh?(z) = 1 for z € R, we find that

32
1——=1 qinh(2ky) = +.%. 1.29
\/ 1+ Sinh2(2n2) sinh(2nz) 2 ( )

Hence, we have

sinh?(2k9) + (1 — £2 — #?) sinh?(2k2) — £2 = 0.
1 2 2

15



1. Dispersion, damping and spectrum

Using the quadratic formula, this gives

sinh?(2) = %[312 S ERVI (I 4.,%22},

and so, we get

Ko = %arcsinh (i\/; [312 + L2 -1+ \/(1 — L2+ 4.3;]) .

This gives the desired result.

O

Remark 1.3.5. Another way of viewing that the choice of + or — in (1.23) is the
same as the one in (1.24) is from the fact that we have shown that if k € C satisfies

(1.16), then —k does as well, but & does not.

1.3.2.2. Imaginary part decay

From (1.24), we obtain a result on the decay of the imaginary part of the quasiperi-
odicity k as w — oo. We will first state some preliminary results, before proving the

main theorem.

Lemma 1.3.6. Let the frequency-dependent contrast p € C be given by (1.13). Then,

it holds

lim [p[ =1,

Ww—>00

lim |R(p)|=1 and lim |I(p)| =0.

w—00 w—00

Proof. From (1.12), we have

[0}
-1
’ \/ " go(1 — Bw? —inw)’

which gives directly limy, o [p| = 1. This can be rewritten as

142 1 — pw? 4o yw

= _ 1—

p g0 (1 — Bw?)? +72w?  go (1 — fw?)? + Y2w?
To ease the notation, let us write

Q 1 — Bw?

a(lw) =14 — and b(w):= a had

2o (1— Gu?)? + 722

16
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1.3. One dimension

Then, we have

p— \/\/a(w)2 +b(w)? + a(w)
2

. b(
+Z\b(

w

We observe, from (1.32), that, as w — oo,

aw) =140 (;) and  b(w) =0 <1> : (1.34)
which gives

lim a(w)=1 and lim b(w) =0.

w—>00 w—00

Also, since a, 7, &9 > 0, it holds that

b(w)

im =
w00 [b(w)]

Hence, combining these results, we get

\/\/a(w)2 +b(w)? + a(w) _,
2

lim |p1| = lim
w—r00 w—r00

and
| | b(w) [ al@)? 0] — a(w)
Jm lpof = lim Ib(w)] \/ 2 0
This concludes the proof. ]

Lemma 1.3.7. As w — oo, we have that
|$1| <1 and .,?2 — O, (135)

where £ = L (w) and Lo = Lo(w) were defined in (1.21) and (1.22).

Proof. From Lemma 1.3.6, we have that, as w — oo,
lp1l =1, [p2| =0
and from (1.12), we have that

og — Q.

17



1. Dispersion, damping and spectrum

So, it is essential to understand the behaviour of ogpy as w — oo. Using the same
notations as in the proof of Lemma 1.3.6, we have, without loss of generality on the
+ of (1.33),

_b(w)  [Va(w)? 4 b(w)? - a(w)
7 ()] 2 |

and hence, from (1.12), we have

" wia(w)? + b(w)? ) — w?a(w)
oop2 = \/M‘zgw; \/ ( 5 ) )

From (1.34), we see that, as w — oo,

whaw)? =wt +0(1), wia(w)=w?+0(1)

and

Hence, as w — oo,

—0
2 )
which gives,
wh_g}o oop2 =0,
and so
lim |cosh(ogpz2)] =1 and  lim |sinh(ogp2)| = 0. (1.36)
w—00 w—00
Thus, (1.21) gives
lim | £ = lim |cos(og) cos(opp1) — sin(op) sin(ogp1)
wW—r00 w—r00

= lim |cos (Jo(l —i—pl))’ <1,

w—00

which is the desired bound for 2. Similarly, from the triangle inequality applied
on (1.22), we have

1

|%2| < |sinh(o0p2)| + 55—
2(p? + p3)

(19203 = 1+ pd)l| cosh(opa) [+

(1.37)
+ lorl(1+ g} + p3)| sinh(0p)] .
Using Lemma 1.3.6 and (1.36), we obtain
lim 32 = 0.
w—r00
This concludes the proof. ]

18



1.3. One dimension

Using these results, we will describe the behaviour of the imaginary part ko of the
quasiperiodicity « € C as the frequency tends to infinity, i.e., w — oo.

Proposition 1.3.8. Let us consider a complex quasiperiodicity v € C satisfying the
dispersion relation (1.16) with a, 8,7 € Rsg. Then, it holds that

lim (k) = 0. (1.38)

w—>00

Proof. Indeed, since k € C, let us define k1 := R(k) and k2 := (k). Then, from
(1.24), we have that ks is given by

Ko = %arcsinh (:I:\/; [ff + L2 -1+ \/(1 — L2 - L2+ 435]) .

From Lemma 1.3.7, we have that, as w — 0o, £ remains bounded, whereas % — 0.
Thus, the following holds

lim $12+$22—1+\/(1—312—322)%4322} = | -1+ -2 =0,

since we have that |.Z1| < 1 also from Lemma 1.3.7. Then, from the continuity of
the arcsinh(-) function, the desired result follows. O

The decay predicted by Proposition 1.3.8 is shown in Figure 1.3. Due to the damping
in the model, the imaginary part has discernible peaks at the first few gaps, but then
decays steadily to zero at higher frequencies.

1.3.3. The effect of singularities and damping

As mentioned before, the dispersion relation of the halide perovskite particles leads
to dispersion curves which are not trivial to understand in terms of the traditional
viewpoint of band gaps. In order to understand the behaviour, we will examine each
distinct feature of the halide perovskite permittivity, to understand the effect it has
on the spectrum of the photonic crystal.

In particular, we will begin with the simplest case when the permittivity is real
and constant with respect to the frequency w. Then, we will introduce a dispersive
behaviour to the permittivity by adding singularities at non-zero frequencies. We will
initially suppose that these poles lie on the real axis and will study the behaviour
close to these regions. Finally, we will study the effect of introducing a complex
permittivity, corresponding to damping. Taken together, these results will allow us
to explain the spectra of a halide perovskite photonic crystal.
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1. Dispersion, damping and spectrum

0 1 1 1 I 1 1
0 1 2 3 4 5 6 7

Frequency w

Figure 1.4.: The dispersion relation of a photonic crystal with frequency-independent
material parameters. We model a material with permittivity given by
(1.1) with @« = 1, 8 = 0 and v = 0. The frequency w is chosen to be
real and the Bloch parameter x allowed to take complex values. The
permittivity is never singular in this case.

1.3.3.1. Constant permittivity

The first case we will consider is the one of a real-valued, non-dispersive permittivity,
constant with respect to the frequency w. In our setting this translates into having
(1.1) with S =~ =0and o > 0, i.e.,

e(w) = €0 + a € Ryy. (1.39)

This setting has been studied quite extensively. We refer to [21], as a classical refer-
ence for studying the dispersive nature of waves in periodic systems. In Figure 1.4,
we provide an example for the dispersion curves when the permittivity is constant
and real. It is worth noting the following result.

Lemma 1.3.9. Let e(w) be the real-valued, non-dispersive permittivity given by (1.39).
Then, if k € C is a quasiperiodicity satisfying (1.16) for a given frequency w € R,
then so does R € C.

Proof. Indeed, since e(w) € Rxq, then p € R5g. Let us take x € C satisfying (1.16).
Then, we can write kK = k1 + ik, with k1, ko € R. Now, since p > 0, we can write

1+ p?

cos (o) cos(pop) — sin(og) sin(pog) =: A > 0.

Thus, (1.16) gives us
cos(2k1 + 2ikg) = A,
which becomes the following system

cos(2k1) - cosh(2ky) = A,
sin(2k1) - sinh(2k2) = 0.
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1.3. One dimension

This implies that

m
ke =0 or mz;ﬂ, m € 7.

If ko = 0, then kK = k1 € R. Thus, k = &, which gives the desired result. If k; = ',
for m € Z, then « satisfies (1.16) if and only if

cosh(2k2) = £A. (1.40)

Since cosh(-) is an even function, we have that —ko satisfies (1.40) for the same
frequency w. Hence, & = k1 — ikg satisfies (1.16) and this concludes the proof. [

Crucially, the dispersion curves shown in Figure 1.4 consist of a countable sequence
of disjoint bands in which « is real valued. Between each band there is a band gap,
defined in the sense of Definition 1.2.3, in which & is purely imaginary, corresponding
to the decay of the wave. The occurence of k being either purely real or purely
imaginary is the mechanism behind Lemma 1.3.9. As we will see below, when we add
singularities or damping to the model, the band gap structure is less straightforward
to interpret.

1.3.3.2. Singular permittivity with no damping

Let us now study the case where the permittivity has a dispersive (and singular)
character with respect to the frequency w, but there is no damping, i.e., we consider
a, > 0 and v = 0. This implies that

e(w)=¢ (1.41)

. e
01— Bw?’
The interesting aspect in this setting is the existence of real poles for the permittivity.
They are given by

1
wi=+—.
VB
In Figure 1.5, we observe that near the pole of the permittivity there are infinitely
many band gaps. This was similarly observed recently by [67]. Noting that a band
gap occurs when the magnitude of the right-hand side of (1.16) is greater than one.
We define the function

f(w) :=cos (Jo(w)> cos <p(w)ao(w)) —

1+ pw)? | ( .

— ———sin Uo(w)) sin (p(w)ao(w)),
2p(w)

which is the right-hand side of (1.16). We will prove that this takes values greater

than one on a countably infinite number of disjoint intervals within any neighbour-

hood of the singularity. To do so, we will introduce the following notation, which

will be used in our analysis.

(1.42)
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1. Dispersion, damping and spectrum
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Figure 1.5.: The dispersion relation of a photonic crystal with frequency-independent

22

material parameters. We model a material with permittivity given by
(1.1) with « = 1, 8 = 1 and v = 0. The frequency w is chosen to be
real and the Bloch parameter x allowed to take complex values. The
permittivity is singular when w = 1. The lower two plots are display the
same dispersion curves, zoomed into the region around the singularity.



1.3. One dimension

Notation 1.3.10. Let z,y € R. Then, we use x | y when x — y and x > y.
Similarly, we use x Ty when r — y and © < y.

Then, close to a permittivity pole, the following holds.

Theorem 1.3.11. Let w* denote a pole of the permittivity e(w) given by (1.41), i.e.,

w* € {:l:ﬁ} Then, for § > 0, the intervals [w* — §,w*) and (W*,w* + 8] contain

infinitely many disjoint sub-intervals, denoted by Z; and J;, 1 = 1,2, ..., respectively,
that are band gaps.

Proof. We will first prove this result for the interval [w* — §,w), for 6 > 0. It suffices
to show that there are infinitely many points w} € w'—d,w*),i=1,2,...,ford >0
for which f (w;r )>1lor f (w;r ) < —1. Then, the continuity of f around these points
gives us the existence of intervals of the form Z; := [wj — s,wT +s], fori=1,2,...,

for small s > 0, such that, i
flw)>1 or fw)y<-1, VweZ, i=12,....
From (1.16) and (1.42), this gives
cos(2k) >1 or cos(2k)< -1, VweZ;, i=1,2,....

This is equivalent to the Z;’s, ©+ = 1,2, ... being band gaps, since x becomes complex
in these intervals, i.e. |S(k)| # 0. Hence, since |3 (k)| is continuous with respect to
w, we get that it has a local maximum in each of the Z;’s, for i = 1,2,....
We observe that limq,« e(w) = +00. Then, this implies that lim~ p(w) = 400,
and so, we get

lim M = +o00.

wlw* 2p(w)
Also, as w T w*, we have that og is constant and so, without loss of generality, we can
assume that sin(og) > 0 (the same argument holds for taking sin(op) < 0). Hence,
there exists d; > 0 such that for all w € [w* — §1,w*), we have that

Lt p(w)’ LI (1.43)
2p(w) sin (Uo(w)) a
Now, since limyp,+ p(w) = +00, we have that
lim p(w)op(w) = 400. (1.44)

wlw*

This implies that, for all K > 0, there exists d2 > 0 such that for all w € [w* — o, w™*)
it holds that [p(w)op(w)| > K.
Now, let 0 := max{d;,d2} and let Ig_) = [w* — d,w*). Then, (1.44) implies that
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1. Dispersion, damping and spectrum

there exist two families of infinitely many points in I(g_), denoted by {w§+)}¢:1,“,7oo

and {wg_)}i:17,,,,oo, such that, for all i = 1,..., 00, we have
sin <p(w§+))w§+)> =1 and sin (p(wg_))w,f_)> =—1. (1.45)
We also note that this implies, for all =1, ..., 00, that
cos (p(wi(Jr))war)) = cos (p(wi(_))wg_)) = 0. (1.46)
Thus, for all ¢ =1,..., 00, we have
(+)y2
1 )
f@ﬁvz_iﬁgﬁlmﬁm@ﬁﬁ<—1 (1.47)
2p(w; )
and
(1) _ L+ o) )
f(wi ) = 7(1)Sin (00(% )) > 1. (1.48)
2p(w; )

In particular, without loss of generality, let us assume that wé+) is the smallest of the
elements in both families {W7;(+)}i=1,...,oo and {wg_)}i:17._,,oo. Then, the periodicity
of sin(-) shows that the elements of these families respect the following ordering:

(+) (=)

wy < w +)

<P <l <. (1.49)

Now, the continuity of f around these points allows us to take s > 0 such that

flwy<-1, Vwe [wi(ﬂ—s,w(ﬂ—l—s}, 1=1,2,...,

%

)

flw)y>1, Vwe [wg_)—s,w(_)+s}, i=1,2,...,
and

wi(ﬂ - s,wl&) +s} ﬂ [wi(*) - s,wi(f) +s} =0, i=1,2,....
Finally, the infinity of elements in the families {wgﬂ}i:l,m’oo and {wgf)}izl,woo gives
us the desired result.

We note that for the neighborhood of the form w € (w*,w* + §] for § > 0, the proof
remains the same with the slight change of taking the limits as w | w*. O

In addition to the occurrence of a countable number of band gaps close to the pole,
in Figure (1.5), we observe that there is an interesting behaviour of the imaginary
part S(k) of the quasiperiodicity x as the frequency w € R approaches a permittivity
pole. In fact, we see that close to a pole, |3(k)| becomes arbitrarily big. This due
to the resonance occurring here and is strongly related to the existence of infinitely
many band gaps close to the pole. Actually, it is a corollary of Theorem 1.3.11.

24



1.3. One dimension

Corollary 1.3.12. Let w € R and k € C be the associated quasiperiodicity satisfying
the dispersion relation (1.16) and let f(w) be the function defined in (1.42). Let
w* € R denote a pole of the undamped permittivity e(w), given by (1.41). Then,
for all K > 0, there exists 6 > 0, such that for all p € [—K, K], there exists
wp € [w* — 6,w*) such that I(k(wp)) = p. That is, |I(k(w))| takes arbitrarily large
values as w T w*. The same result holds as w | w*.

Proof. From Theorem 1.3.11, we have that for all K > 0, there exists § > 0, such
that, for all w € [w* — §,w),

1+ p(w)?
2p(w)
We have that cos(op(w)) cos(p(w)op(w)) remains bounded close to w* and because

of the continuity of sin(-), we can take sin(op(w)) > 0 in [w* —§,w). Then, it follows
that, for all K > 0, in [w* — 0,w),

> K.

W sin (O’[)(UJ)) > K.

()

But, from Theorem (1.3.11), we have the existence of infinitely many points w; ~ <

(=) ()

wy @ <wp < W <. in [w*—0d,w), for which, sin (p(w)ao(w)> oscillates between

1 and -1 in each of the intervals of the form [w(()Jr),w(_)], [w(()_),w§+)], ..., denoted
by Z;, i = 1,2,.... This implies that, for all K > 0, for all p € [-K, K|, there exists
wp € I, for i = 1,2,..., such that f(w,) = p. Since this holds for all K > 0, it
translates to f oscillating and taking all values between +o0o and —oo in [w* — §, w*)
as we get closer to w*.

Now, from (1.16) and (1.42), we get that

= ;m (F@) = V@2 1), (1.50)

where In(-) denotes the complex logarithm. We see that

S(k) = %?R(ln (F) £ Vi@?E-1)).

Although, since we are using the complex logarithm, we have that

?R(ln (f(w) + \/W)) = ln‘f(w) + \/W‘

Hence, since we have shown that in [w* —d,w™*), the function f(w) oscillates between
+oo and —oo, we have that ‘f(w) ++/f(w)? — 1’ has the same behaviour in [w* —

d,w*), but the oscillation takes place between 0 and +oo. Finally, since In(:) is
an increasing function, we obtain the desired result. Let us note that the proof
is the same when we consider w | w*, with the slight change that we consider
neighborhoods of the form (w*,w* + 4].

O]
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1. Dispersion, damping and spectrum

1.3.3.3. Complex permittivity

We will now study the effect that introducing damping though allowing the per-
mitivitty to be complex has on our one-dimensional system. Starting from the
straightforward real-valued, non-dispersive model considered in Section 1.3.3.1, we
subsequently add damping. For this, we take o € C and g =~ =0, i.e.,

e(w) =¢g9+aeC. (1.51)

The dispersion curves for this setting are shown in Figure 1.6. They are plotted for
« with successively larger imaginary parts, to show the effect of gradually increasing
the damping. We see that the clear structure of successive bands and gaps is grad-
ually blurred out, eventually to the point that the spectrum bears no clear relation
to the original undamped spectrum.

In many ways, the spectrum we obtain in this setting appears to be similar to the
actual halide perovskite particles, as plotted in Figure 1.3. Indeed, all of the results
proved in subsection 1.3.2 hold, with the exception of the imaginary part decay. In
fact, the converse is true, as made precise by the following result.

Lemma 1.3.13. Let k € C and w € R be a quasiperiodicity and o frequency, respec-
tively, satisfying the dispersion relation (1.16) with complez-valued, non-dispersive
permittivity given by (1.51). Then,

lim [S(k)| = +o0. (1.52)

w—+00

Proof. Let us recall that ko, denoting the imaginary part of k € C, is given by (1.24),
where 2] and % are given by (1.21) and (1.22), respectively. We have that

lim p(w)op(w) = +o0, (1.53)

wW—r00
since og is linear with respect to w and p does not depend on w in this setting. This

implies

lim sinh (,o(w)ag(w)> = 400

w—r00
and

lim cosh (p(w)ao(w)) = +o0.

wW—r 00
We note that it is enough to show that

lim | 4| = lim |-%| = 400,

w—r00 w—r00
since applying this on (1.24) gives that |ka| — 400 as w — +oo. Indeed, (1.21)
gives that

,,?1 = Cl COSh(O’opg) — CQ Sinh(Uopg),
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1.3. One dimension

(a) a =1+0.0017
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Figure 1.6.: The dispersion relation of a photonic crystal with frequency-independent

complex-valued material parameters. We model a material with permit-

tivity given by (1.1) with o € C, = 0 and v = 0. The frequency w is

chosen to be real and the Bloch parameter x allowed to take complex

values. The permittivity is never singular in this case. o7



1. Dispersion, damping and spectrum

where

p1(1+ p? + p3)
2(p7 + p3)

C1 := cos(og) cos(ogp1) — sin(og) sin(oop1)

and

o, . P2l =1+ p))

sin(og) cos(opp1)-
2(p1 + p3)

Using the exponential formulation of the hyperbolic trigonometric functions, we get

Ci1 — Cy 02 C1+ Cq o002

Y =
! 2 2

Now, we observe that, as w — 400, C1 and C5 are both bounded and C; — Cy # 0.
Then, from (1.53), we get that

w—r00
Similarly, (1.22) gives that
.,%2 = él Sinh(O'opQ) - C’Q COSh(UopQ),

where

p1(1+ pi + p3)
2(p7 + p3)

Cy := cos(og) sin(ogp1) + sin(og) cos(opp1)

and

6o . P23 =1+ p})

sin(og) sin(ogp1).
2(pt + p3)

Then, we can write

= 401 + G eooP2 | G =G e~ 00P2

) 5

As before, we observe that, as w — +0o0, C’l and C’g are both bounded and él - ég #*
0. Then, from (1.53), we get that

lim ’$2| = +00.

w—r 00

This concludes the proof O
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1.4. Multiple dimensions

1.3.3.4. Discussion

The analysis in this section can be used to understand the dispersion diagram for
the halide perovskite photonic crystal that was presented in Figure 1.3. There are
two crucial observations. First, we saw in Section 1.3.3.2 that the introduction of
singularities in the permittivity led to the creation of countably infinitely many band
gaps in a neighourhood of the pole, when the pole falls on the real axis. However, this
exotic behaviour is not seen in Figure 1.3, due in part to the introduction of damping
causing the poles to fall below the real axis. This effect can also be explained in terms
of the results in Section 1.3.3.3, where we saw that the introduction of damping to
a simple non-dispersive model smoothed out the band gaps. The behaviour shown
in Figure 1.3 is a combination of these phenomena.

1.4. Multiple dimensions

Let us now treat the periodic structures in two- and three-dimensions. In this
case, to be able to handle the problem concisely using asymptotic methods, we are
interested in the case of small resonators. We will show how the results of the one-
dimensional case can be generalised in multi-dimensional systems of finitely many
resonators. This occurs since we expect that for sufficiently many resonators, this
system converges to a periodic structure. We provide theoretical results for this
setting.

1.4.1. Preliminaries

We will assume that there exists some fixed, smooth domain D, which is the union
of the N disjoint subsets D = D1 U Dy U ---U Dy, such that  is given by

Q=46D+z, (1.54)

for some position z € R%, d = 2,3, and characteristic size 0 < § < 1. Then, making
a change of variables, the quasiperiodic Helmholtz problem (1.8) becomes

Aut + §%w?e(w)pou™ = 0 in D,

Au® + §2k3ut =0 in R?\ D,

uly —ufl- =0 on 0D,

‘93“: |+ — 85‘: |- =0 on 0D,

u"(zq, o) is k-quasiperiodic in x4,

u"(xq, o) satisfies the k-quasiperiodic radiation condition as |zg| — oo.

(1.55)

We will also make an additional assumption on the dimensions of the nano-particles.
This will allow us to prove an approximation for the values of the modes u|p,,
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1. Dispersion, damping and spectrum

i =1,...,N, on each particle. The assumption is one of diluteness, in the sense
that the particles are small relative to the separation distances between them. To
capture this, we introduce the parameter p; to capture the size of the reference
particles D1, ..., Dy. We define p; := £ (diam(D;)), where diam(D;) is given by

diam(D;) = sup{|z —y| : z,y € D;}. (1.56)

We will assume that each p; — 0 independently of §. This regime means that the
system is dilute in the sense that the particles are small relative to the distances
between them.

We will first present certain general results for this system. Then we will give a
more qualitative description of the two-dimensional setting.

1.4.2. Integral formulation

Let G*(x) be the outgoing Helmholtz Green’s function in RY, defined as the unique
solution to

(A + E*)GF(x) = dp(z) in RY,

along with the outgoing radiation condition, where g is the Dirac delta. It is well
known that G* is given by

—s 1V (klz]), d=2
Gk(x):{_w (k). =2 -

where Hél) is the Hankel function of first kind and order zero. We define the
quasiperiodic Green’s function G**(z) as the Floquet transform of G¥(z) in the
first d; coordinate dimensions, i.e.,

—i 5 B (k|lx — m|)emn, d=2,
meA

K,k _ S
G (CC) = 1 Z eik\m—m\eimm d=73
4dr =\ |x—m]| ) e
m

(1.58)

Then, as it will be proved later in Chapter 4, we know that (1.8) has the following
integral representation expression.

Theorem 1.4.1 (Lippmann-Schwinger integral representation formula). A function u®
satisfies the differential system (1.8) if and only if it satisfies the following equation

u(x) — ulf, (z) = —6%w?E(w) /D G0 (2 — y)u(y)dy, x e RY, (1.59)

where the function £ : C — C describes the permittivity contrast between D and the
background and is given by

§(w) = po(e(w) — eo).

30



1.4. Multiple dimensions

1.4.3. Dispersion relation

We will now retrieve an expression which relates the subwavelength resonances of the
system and the quasiperiodicities. The method used is similar to the one developed
in Chapter 5 for systems of finitely many particles.

1.4.3.1. Matrix representation

Let us define the following k-quasiperiodic integral operators

€ LX(Dy) (1.60)

Ki sulp, € 3D) = = [ 6@ = putu)dy]

and

b, € L*(D;y). (1.61)

R, sulo, € L2(D) = = | 6" (e = y)u(u)dy

Then, the scattering problem has the following matrix representation:

1— 5%25(@1(%';;% —52w2§(w)RBjI§)}C - —5%25@)3;;:51 w|p, ars
—52w2§(w)RB1D02 1- 62w2§(w)Kg’2 o L. —(52w2§(w)R'BNg2 u”|p, B ul D,
—52w2§(w)R%fg)N —52w2§(w)Rggg)N o 11— 52w2§(w)Kg’ik° u®|py uf, | Dy

Since the scattered field is fully determined by the value within each resonator, we
will introduce the notation

uf ==u"|p,, i=1,...,N. (1.62)

]

Then, the resonance problem is to find w € C, such that there exists (uf, uf, ..., u%) €
L*(Dy) x L*(Ds) x - -+ x L3(Dp), uf # 0, for i = 1,..., N, such that

1- 5%%(@1{%}5’“0 4%25(@}333% o fa%%(wmg;:gl uf 0
—52w2£(w)Rng°2 1- 52w2§(w)Kg’2 o L. —62w2§(w)R%’N1%2 ub 10
—52w2§(w)Rgng —52w2§(w)Rg§g’N oo 1= 52w2§(w)Kg’f]k° uly 0

(1.63)

1.4.3.2. Resonances
Let us now retrieve the relation between the subwavelength resonant frequencies and

the quasiperiodicities, obtained by studying the solutions to (1.63). We will first
recall a definition and a lemma which will help in the analysis of the problem.
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1. Dispersion, damping and spectrum

Definition 1.4.2. Given N € N, we denote by |[N| : N — {1,2,..., N} a modified
version of the modulo function, i.e., the remainder of euclidean division by N. In
particular, for all M € N, there exists unique 7 € Z>o and r € N with 0 <r < N,
such that
M=71-N+r.
Then, we define M| N | to be
M|N| :=r.

We recall the diluteness assumption that we have made on our system, which is
captured by considering small particle size p. We define p := %maxi(diam(Di))
where diam(D;) is given by

diam(D;) = sup{|z —y| : z,y € D;}. (1.64)

The next lemma is a variation of Lemma 5.2.7 in Chapter 5.

Lemma 1.4.3. For alli=1,...,N, we denote uf = u”|p,, where u” is a resonant
mode, in the sense that it is a solution to (1.59) with no incoming wave. Then, for
a characteristic size § of the same order as p, we can write that

uf = (", o)) + O0(p%), i=1,...,N, (1.65)

as p — 0, where ¢>,€f) denotes an eigenvector associated to the particle D; of the
potential Kg’fko and p > 0 denotes the particle size parameter of D1,...,Dy. Here,
0 and p are of the same order in the sense that § = O(p) and p = O(6). In this
case, the error term holds uniformly for any small 6 and p in a neighbourhood of 0.

Let us now state the main result of this section.

Theorem 1.4.4. The resonance problem, as § — 0 and p — 0, with § = O(p) and
p=0(9), (1.63) in dimensions d = 2,3, becomes finding w € C such that

det (K“(w)) =0,

where
Ry o) el ) ifi=j
K (w); = iDiy1|N] ;»;7 } i7 ; ; ; o .’
DT - w0 R 6 VR o oDy i g,
(1.66)
Here, kg = w\/oeg and
2, 2
AW, ) : VwE(w) i=1,..,N, (1.67)

- 52w2§(w))\,(f) 7

with /\,(f) and qb,(f) being an eigenvalue and the respective eigenvectors associated to
the particle D; of the potential Kg’fko, fori=1,2,... N.
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1.4. Multiple dimensions

Proof. We will provide an outline of the proof of this result, since it follows the exact
same reasoning as, for example, the proof of Theorem 2.8 in [5]. Using the following
pole pencil decomposition,

Dy 4@
( — 32w (w)K "“5’“0) 1(-): 1—<5’2T2§>(¢:)A(") + Ri[w](), i=1,...,N, (1.68)

we get that (1.63) is equivalent to the system of equations

5202 N .
u’-“— £w) Z (R} Héko ”qﬁ N =0, foreachi=1,...,N.

52"‘}25(“‘)) H j=1,j#1

~

The above system is equivalent to
K,0k (i+1|N])
{Rp, D(')LJrlLNj i+ Px )=
N
(W) Z (R0 . (i) (ko B0, gl1NDy — g

D;D;%j> DiD;q v P60 Pr
— 0%w 2€(w) H j=1,57#1i

From Lemma 1.4.3, we have

which gives

(u”, ¢%:;> 0
L 0
K (w) <u ¢ =l : (1.69)
(o)) \O
where
KM (w)i; == <Rgf£0i+1LNJ (i) '({HHNJ)% if i = j,
T A (w, 6) (RS “ko po o) (R o) on )it
(1.70)
Then, for the system to have a non-trivial solution, we require
det <IC“(w)> =0,
which gives the desired result. O

1.4.4. The two-dimensional case

In the particular case of a two-dimensional system, it is possible to provide a more
detailed and simplified version of the result in Theorem 1.4.4. In particular, we will
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1. Dispersion, damping and spectrum

consider the setting where the periodic structure D is composed of N € N resonators,
denoted by D;, i = 1,..., N, which are repeated periodically in the lattice A. Let
us recall that in dimension d = 2, the k-quasiperiodic Green’s function G"*"(z) is
given by

G (x Z HY (m - m|)eim'”, (1.71)

mEA
where H((]l) denotes the Hankel function of the first kind of order zero and has the
following asymptotic expansion as its argument goes to zero:

m

log(3s) — 3 ; | (1.72)

oS
22 2m

™ - 22m (m!)?

0 j=1

1.4.4.1. Integral operators

We define the integral operators Kgi(fl) : L*(D;) — L%*(D;) and Kg’i(o) : L2(D;) —
L?(D;) by

Kg,_(—l)[ |(z) := ——log (Ako) / Z eIty dy

Z lmeA
#,(0 im-k
K5 Oul(e) =~ [ 3 g (ja = y = ml)e™uty)
i meA

and the integral operators Rgi(;);) : L*(D;) — L*(D;) and R, (0) : L*(D;) — L*(Dj;)
by

m(—1 imek,,
RDij)[ J(z) :—*log (6ko) / Ze dy
Dimen
#,(0) — im-x
Rp.p, [u](z) = o /D¢ mze;\log |z —y — m\)e u(y)
fori =1,..., N. We will provide some results which will help us in the analysis of

the problem.

Definition 1.4.5. We define the integral operators ]\45]CO and Nng fori,j=1,2 by

K (0)

My =K+ K5O and - NS, = REGY + R (1.73)

From the asymptotic expansion of the Hankel function in (1.72), the following
holds.

Proposition 1.4.6. For the integral operators Kg’fko and Rgfg;, defined in (1.60)

and (1.61) respectively, we can write
Kg’fko = Mg’i&ko + 0(52 log(5)> and R;)(SEO = Np; oko )+ O(62 log(é)), (1.74)
as § = 0 and with ko fized.
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1.4. Multiple dimensions

1.4.4.2. Spectral results

We have the following spectral results for the operators Kg’i(_l) and Kg’fko, for
i=1,...,N.

Lemma 1.4.7. Let l/(ﬁ)ﬂ- and \I/(F") denote a non-zero eigenvalue and the associated

eigenvector of the operator K , for i=1,. . Then,

K D K 2
71)1 = ’ | Z and \If(fl)Z =1p,, (1.75)
meA

- 5 . Lo, ) )
fori=1,...,N, where lp, := o and |D;| denotes the volume of D;.

Proof. From the definition of Kg’i(_l), for i = 1,..., N, we observe that K H( Dy

independent of z € D;, and so, normalising on L? (D,), we get

\II(—KI)Z = 1AlDz
Then, the following must hold:
5 - (1) 5 D,
i, = K5Vl = i, =~ D, 3 e
meA
” \D |
==y e
meA
This concludes the proof. ]

Here, let us note that the eigenvector \Il(fl)Z of the operator K Z’i(

(=1)

. . . K
is unique since K.
1

_1),fori:1,...,N,

has range one.

Lemma 1.4.8. Let 1/1-('{) denote a non-zero eigenvalue of the operator Mg’fko, for
1=1,...,N, in dimension 2. Then, for small §, it is approximately given by:

) = log (ko)) + (K5 VW) W) )+ 0(62 1og(6)), (1.76)

—1,3°
(%)

where v ; and \Il( 1)1 denote the eigenvalue and the associated eigenvector of the

potential K for 1=1,..., N, respectively.
Proof. This was proved in Lemma 4.2.10 of Chapter 4. 0

Since we have considered identical resonators, the symmetry of the system leads to
the following simple result.

Lemma 1. 4 9. Let 1/( 1)1 denote the non-zero eigenvalue of the operator K for
1=1,. . Then, it holds that
V(—?,l = Vg?,z == V(jl)N =: V(—K1)-

)
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1. Dispersion, damping and spectrum

1.4.4.3. Resonant frequencies
We will now state a more explicit version of Theorem 1.4.4. This is the main result

of our analysis of the two-dimensional system, which fully characterises the resonant
frequencies of the periodic system.

Proposition 1.4.10. The resonance problem, as 6 — 0 and p — 0, with § = O(p)
and p = O(6), (1.63) in dimensions d = 2,3, becomes finding w € C such that

det (lC”(w)) =0,

where
I L PR A
= (w0, 0)(Np b 1Dy Lo )N pp, o 10 1D vy )y 0 F 5
(1.77)
Here, ko = w\/pogo and
2,2
(w,0) 1= = 2222§Ez;u<ﬂ>’ i=1,..,N. (1.78)
with V%) denoting a non-zero eigenvalue of the potential Mg’fko, fori=1,2,...,N.

Proof. This is a direct consequence of Theorem 1.4.4. We just have to apply (1.74)
and (1.75) to (1.66) and get

K,0k ~ a U
]C’i(w)‘. _ <NDiD(i)+1|_NJ 1Di;le(i+1LNJ)>’ o if i = 3,
ZJ - ) 1 7 bl 2 2 . . .
— W, 0) <Nng(Z 1p;, 1Di><NgiD?+1LNJ 1D, 1D(i+1LNJ)>7 if i # j,
which gives the desired result. O

1.5. Conclusion

We have used analytic methods to understand the dispersive nature of photonic
crystals fabricated from metals with singular permittivities. In particular, we con-
sidered a Drude—Lorentz model inspired by halide perovskites that has poles in the
lower complex plane. For a one-dimensional system, we characterised the effect that
each feature of this model has on the dispersion relation. We showed that the intro-
duction of singularities leads to the creation of countably many band gaps near the
poles, whereas the introduction of damping smooths out the band gap structure.
Finally, we showed how the integral methods developed in [3, 5] can be used to
extend this theory to multi-dimensional systems.
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2. Topological protection in the presence
of dispersion

2.1. Introduction

One of the cornerstones of modern wave physics is the existence of strongly localised
eigenmodes in perturbed periodic media. Strong localisation at specific frequencies
is the starting point for the design of many wave guiding and control devices. The
pre-eminent theory in the field of periodic waveguides is the notion of topological
protection [13].

A corresponding mathematical theory for topologically protected modes has been
developed. This theory first emerged in the setting of the Schrédinger equation
[30, 31], but has since been extended to classical wave systems [50, 25]. Many
of the seminal mathematical studies consider one-dimensional systems, since the
fundamental mechanism requires an interface or edge to be introduced in just one
axis of periodicity. However, multi-dimensional systems can be studied by using e.g.
integral operators [10, 13] or a reduction to Dirac operators [32, 29, 15].

The existing mathematical theory mostly studies systems with frequency-independent
material parameters. This is not only a natural toy model but gives a good descrip-
tion of several physical settings (e.g. microwaves and perfect conductors). However,
many important materials are dispersive in desirable frequency ranges. This includes
locally resonant systems (e.g. coupled Helmholtz resonators [75]) and most metals
at optical frequencies. This work extends the mathematical theory of topologically
protected modes to dispersive settings. The main theoretical challenge for doing so
is that the spectrum of the differential operator can no longer be understood using
standard linear eigenvalue theory. Instead, the spectrum is obtained through the
solution of a non-linear eigenvalue problem. Further, many important dispersive
materials have poles and singularities at certain frequencies [1, (67].

In this chapter, we will focus on materials whose permittivity is dispersive and
real-valued (meaning there is no damping in the system). We exploit the work
of [1] which characterised the Bloch spectrum as a function of the singularities of
canonical dispersive permittivities. The main idea is to combine this theory with
the work of [25] (and the previous works upon which it builds, e.g. [30, 50]), which
uses the surface impedance to characterise the existence and topological protection
of interface modes. This is a product of the work carried in [0].
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2. Topological protection in the presence of dispersion

2.2. Mathematical setting

Let us first present the mathematical setting in which we will work. We will consider
materials composed of periodically repeating unit cells, within which the permittivity
is allowed to vary as a function of both frequency and position. A crucial assumption
will be that each unit cell is mirror symmetric. That is, the material’s permittivity
is described by a function e(x,w) which is periodic (¢(z,w) = e(x + 1,w)) and
symmetric (¢(x 4+ h,w) = e(x + 1 — h,w)) in its first variable. Further, our analysis
will require the assumption that e(z,w) is a piecewise differentiable, non-decreasing
function of w, in the sense that g—i > 0 whenever the derivative exists.

We consider two dispersive materials A and B. Each one is of the form of a semi-
infinite array. The arrays are glued together at ¢ = 0 and we assume that the
material A expands towards —oo and the material B expands towards +oco. In
addition, we assume that each material is constructed by repeating periodically a
unit cell. Each unit cell is the product of layering, i.e., it has particles of two different
permittivities €1 and €3, satisfying the conditions above.

Let us denote by Dzm, t=1,2,...,N+1, and by DJ[.Q], 7=1,2,..., N, the particles
of the unit cell with permittivity 1 and e9, respectively. Then, the permittivity of
the system is defined as follows:

(1] .| |N+1 pli
s(x,w):{gl(w)’ veDt=U D (2.1)

e2(w), x e DB .= Uf\;l DZ[Q}.

We define the sequence {x, },cz to be the set of endpoints of each one of the peri-
odically repeated cells, i.e., z,, = x¢g + n for n € Z. We take zy to be the glue point
of the two materials and so for n > 0 we are in material B and for n < 0, we are in
material A.

In Figure 2.1 we provide a schematic depiction of such an example of periodic cells
for the materials A and B, respectively. Concerning the construction characteristics
of the periodic cell, for materials A and B, we have three particles of permittivity €1,
ie., Dgl], D[QH and Dgl], and two particles of permittivity eo, i.e., D?] and D[QQ]. We
note that our results can be generalised in settings where the number of particles in
the periodic cells is greater. We also notice the geometry of each one of the periodic
cells, i.e., the symmetric way in which the particles are placed in each periodic cell.

We are interested in finding eigenvalues
Lu = w’u (2.2)

of the differential operator
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Figure 2.1.: An example of the setting studied. In the unit cell of each material we
have 3 particles of permittivity e; and 2 particles of permittivity es.
We notice the mirror symmetric way in which the particles are placed
inside the periodic cells. Each material is constituted by a semi-infinite
array created by periodically repeating the unit cell. Our structure is
the result of gluing materials A and B at the point x.

In particular, the eigenmodes of interest are those which decay as |x| — oo, such
that they are localised in a neighbourhood of the interface at xg = 0.

To find candidate eigenvalues w? for which localised eigenmodes can occur, it is
valuable to consider the Floquet-Bloch spectrum of the operators associated to ma-
terials A and B. This is the set of eigenmodes which satisfy the Floquet-Bloch
quasi-periodicity conditions

. ou . Ou
1) = eif - 1) = e =— 2.4
u(@+1) =e"u(z) and - (z+1) =" (2), (2.4)
for some k € B := [—m,w|. Hence, these eigenmodes belong to the space of func-

tions

H2 = {f € HYo: f(a+1) =" f(x), z €R}.

It follows that the localised eigenmodes that we are looking for, have to be in band
gaps of the two materials. This happens because we are looking for solutions to
(2.3), which decay as |z| — +oo. Thus, if the modes are in the bands, then from
(2.4), we see that their magnitude is preserved. Let us also note here that we are
interested in materials A and B which have overlapping band gaps, otherwise such
modes cannot exist in this setting.

On its own, studying the spectrum of the operator £ is a complicated task. This
is due to the fact that there is a non-linear dependence of the operator on the
eigenvalues w? via e(r,w). In addition, the permittivity function ¢ may present
certain aspect, e.g. poles, which make this analysis even harder. In Chapter 1, we
have studied how these properties of the permittivity function affect the structure
of the spectrum of the differential operator £. In general, its spectrum will consist
of countably many spectral bands. Unusual behaviour can occur near the poles of
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2. Topological protection in the presence of dispersion

the singularity, however, where there can be a countably infinite number of bands
clustered within a finite region of the pole.

We will argue in the same way as in [25] and generalise these results to our dispersive
setting. We will include proofs of most statements for completeness, although some
are straighforward generalisations of [25]. Let us also note that in the case where

the permittivity € no longer depends on the frequency w but only on z, we are in a
similar setting as in [50].

2.3. Interface mode existence

The main theoretical challenge is to show that an interface mode exists for the
structure composed of the two materials.

2.3.1. Impedance functions

Let us see a sufficient condition that needs to be satisfied for the interface mode to
exist. We introduce the following notation.

Definition 2.3.1. Let f: R — C be a continuous function and let « € R. Then, we
define

f(a™):=limf(z) and f(a®):=lim f(z).

zta zla

The condition that needs to be satisfied for the interface mode to exist is continuity
of both the solution and its derivative at the interface. Using the above notation,
the continuity conditions that needs to be satisfied at the interface xy can be written
as

1 Ou 1 Ou
0) = & S 0)=|——=—=— ). 2.
U(JZ‘O ) U(mo ) and <€1(W) 81‘) (xO ) <51(W) ax> (1"0) ( 5)
We can now give the definition for the impedance functions.

Definition 2.3.2 (Surface impedances). We define the surface impedances of the prob-
lem (2.2), as follows:

-~ +
7" (w) =— 1u(§0) — and Z+(w):#o)+, w e R. (2.6)
e1(w) %U(I‘O ) e1(w) %U(IBO )

Then, the following result is a direct consequence of the continuity conditions (2.5).
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2.3. Interface mode existence

Lemma 2.3.3. Let A C R. Then, a necessary and sufficient conditions for the
existence of an interface localised mode u satisfying (2.2)-(2.4) for x < zp and
T > xq, for w € A, is

ZT W)+ Z (w)=0, weql (2.7)

The question that arises naturally is whether a frequency w € R exists such that
this condition is satisfied and so, the global mode exists.

2.3.2. Dispersion relation

The quasiperiodic Helmholtz problem (2.2)-(2.4), for each material, is characterised
by a dispersion relation. This is an expression which relates the quasiperiodicity s
with the frequency w, such that it describes the spectral bands w = wy, (k). It is an
equation of the form:

2cos(k) = f(w), (2.8)

where f : R — R is a function that depends on the material parameters and the
system’s geometry. This function is variously known as the discriminant or Lyapunov
function of the operator A [16]. Some examples are provided in e.g. [1, 50].

The analysis that follows stems from understanding the symmetries of the Bloch
modes at the edged of the band gaps. Hence, it will be helpful to know that the
maxima and minima of any band must occur at k = 0 or k = +m. This follows from
the fact that the spectral bands are monotonic functions of x within the reduced
Brillouin zone [0, 7).

Lemma 2.3.4 (Frequency monotonicity). It holds that the frequency w € R satisfying
(2.8), as a function of the quasiperiodicity k, is a monotonic function in the reduced
Brillouin zone [0, ].

Proof. Indeed, we differentiate (2.8) with respect to the quasiperiodicity x and we
get

_ Of Ow

0w Ok’

We know that in [0, 7], it holds —2sin(k) < 0 with the zeros occurring in {0,7}.
It is a direct consequence of this that ‘g—;’ keeps a constant sign in (0, 7), otherwise
there would exist x € (0, ), such that sin(x) = 0, which is a contradiction. Also, if
g—f;(/ﬁ;) =0, then x € {0,7}. Thus, w(k) is monotonic in the reduced Brillouin zone.
This concludes the proof. ]

—2sin(k)

Remark 2.3.5. We note that the above property holds for any sufficiently smooth
function f: R — R.

Thus, since w is a monotonic function of k in the reduced Brillouin zone, it follows
that the edges of the spectrum are at 0 and 7.
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2. Topological protection in the presence of dispersion

2.3.3. Mirror symmetry

Let us now focus on the geometry inside the periodic cells. The first thing we observe
is the mirror symmetry which is established in the periodic cells of both materials.
Indeed, we observe that for x € [0, 1], we have

e(z,w) =¢(1 —z,w). (2.9)
We introduce the parity operator P, which acts on a function f as follows:
(Pf)(x) := f(1—x).
Using (2.3), the mirror symmetry implies
PL(—k,w) = L(k,w)P, Vke€B. (2.10)

As a direct consequence of (2.10), we have the following lemmas.

Lemma 2.3.6. Let w € R. Then:
o L(—mw)=L(T,w).
o The differential operator L and the parity operator P commute at k € {0, £7}.

Proof. We divide this proof in two parts, one for each result.

e We know that w(—~x) = w(k). Then, from (2.3), it follows directly that
L(—m,w)=L(T,w).

e From (2.10), we get
PLO,w) = L(0,w)P.
We also get
PL(—7,w) = L(m,w)P.
We have shown that £(—m,w) = L£(7,w). This gives
PL(m,w) = L(m,w)P
and
PL(—7,w) = L(—m,w)P,
which is the desired result.

This concludes the proof. ]

In order to show the dependence of a solution w on the spatial variable x but also on
both the quasiperiodicity « and the frequency w, we will use the notation ultl (z,w).
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2.3. Interface mode existence

Lemma 2.3.7. Let \ (k) := w2(k) be an eigenvalue of L(k,wy), with ul®(z, w,)
being the associated eigenvector. Then,

o Pultl(z,w,) is an eigenvector of L(—k,w,) with the same eigenvalue A, (k).

o ul="l(z,w,) is also an eigenvector of L(—k,wy) with eigenvalue A, (k).

Proof. We divide this proof in two parts, one for each result.

e We observe that (2.10) is symmetric in term of k € B, in the following sense:
for all k € B, it holds that —x € B, since we have taken B = [—m, 7]. Thus,
replacing x by —k in (2.10), we get

PL(K,w) = L(—K,w)P. (2.11)
We also know that
Lk, wn)ul™ (2, wp) = A (5)ul (2, wy).
Hence,

Pﬁ(m,wn)u[“] (z,wp) = PAn(/ﬁ)uM (z,wnp)

So, from (2.11), we get
£(—/£,wn)73u[“} (x,wp) = )\n(li)Pu["] (,wn),

which gives the desired result.

e Let \,(—r) be an eigenvalue of £(—r,wy), with ul="(z,w,) being the associ-
ated eigenvector, for w, € R and k € B. This implies that

L(—k,wp)ul ™ (@, w) = A (—)ul (2, w,).

Although, we know that w,(—#) = wy, (k) and we have that \,(k) = w?(k).

Hence, we get

which gives the desired result.

This concludes the proof. ]

Lemma 2.3.8. Let \, (k) be a non-degenerate eigenvalue of L(r,wy,) with ul® (z, w,)
being the associated eigenvector, for k at the band edges, i.e. k € {0,xm}. Then,

Wz, w,) = Puld(z,w,)  or Wz, w,) = —Pul(z,w,),  for ke {0,+x}.
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2. Topological protection in the presence of dispersion

Proof. Since we take A\, (k) to be non-degenerate, there exists p € R such that
= (2, wp) = pPul (2, wy,). (2.12)
Let us take k to be at the band edges k € {0, £7}. We get for k =0
Nz, w,) = pPul (2, w,).
We know that PP = Id. Thus, applying P on both sides, we get
Pul(z,w,) = pul (2, w,),
which gives

(@, o) = p2ul @, w,) = i = 1.

Thus, either © = 1, in which case Pu[o](az,wn) = u[o](x,wn), or u = —1, in which
case Pulll(z,w,) = —ul(z,w,).
Let us now take k = —w. We have

W™ (2, w,) = pPul=™ (2, wy,).
Taking x = w, we have
= (2, wy) = pPul™ (2, w,).
Combining these two expressions, we obtain
W™z, w,) = pP2Pul™ (2, w,) = p? =1
and
W (2, wy) = p2PUN (2, w,) = p? = 1.

Thus, either = 1, in which case Pul™(z,w,) = ul™(z,w,) and Pul~"(z,w,) =

ul=™(z,w,), or p = —1, in which case Pul™ (z, w,) = —ul™(z,w,) and Pul~"(z,w,) =
—ul=™(2,w,). This concludes the proof. O
We will call a function symmetric if f = Pf and anti-symmetric if f = —Pf.

Then, it is well known that due to the symmetry of the unit cell, combined with the
periodicity or anti-periodicity that occurs when k € {0,7}, the modes at the edges
of the bands must be either symmetric or anti-symmetric (see also [25]).

Lemma 2.3.9. Let k € {0,7} and let %Z denote the spatial derivative of u. Then,
either

u 1s symmetric and % 18 anti-symmetric,

or
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2.3. Interface mode existence

u 1s anti-symmetric and g—g 18 symmetric.

Proof. Let us consider « at the band edges 0 and w. Then, we know that either
ul(z,w,) = Pull(z,w,) or ul®l(z,w,) = —Pul"(z,w,). In the first case, we see
that u, is symmetric. In addition,

ul”! (x,wp) = Pyl (z,wp) = u[’ﬂ(l —r,wy) =

oulrl oulrl AulF

. T,Wp) = — 5 (1—-2z,w,) =P (x,wn),

oz

which shows that % is anti-symmetric. Similarly, in the second case, we have that

ou - . .
75 1s anti-symmetric. Then,

Ouls] Ouls] Ouls]
[x] — _ulEl = el _ g _pdh
u™ (z, wy) ut™( xT,wn) = o T, Wn o (z,wnp o T,Wn),
which shows that % is symmetric. O

From now on, in order to ease the notation, we will suppress the dependence on
the frequency wy, and have it indirectly at the subscripts, i.e., ul®(z,w,) = ult! (z).
A consequence of the symmetries characterised in Lemma 2.3.9 is that the modes
at the edges of the spectral bands may have critical points at * = 0, which can
be characterised based on the modes’ symmetries. These symmetry arguments are
similar to those in [25]. A specific proof for our setting is given in Appendix A.1.2.

Lemma 2.3.10. Let k € {0,7}. Then, either

au[o]
ul™(0) =0 and 8; (0) =0,
or
Aul™
ul%(0)=0 and a; 0)=0

2.3.4. Bulk index

Let us now define the notion of the bulk index. This is a topological property of the
material which depends on the symmetry of the mode at the edges of a band.

Definition 2.3.11 (Bulk index). Let & := [a,b] denote a band gap. Then, we define
the bulk topological index Js of the band gap & as follows:

+1, if u 18 symmetric at a,
Jo = { fus sy (2.13)

—1, if u is anti-symmetric at a.

45



2. Topological protection in the presence of dispersion

2.3.5. Frequency existence

Using the symmetry properties that we have proved, we will show that there exists
w € R, such that (2.7) is satisfied.

2.3.5.1. Impedance evaluation

Let us now see what the impedance functions look like at the edges of a band gap.
These edges occur for k € {0,7}. The dependence of the impedance functions on
k is a result of the dependence of the mode w on k. We introduce the following
notation:

Z,f = Z7F at &,

for kK € B. One of the main insights from the work of [25] is the dependence of the
surface impedance on the symmetries of the eigenmodes (and, by definition, on the
bulk index). This can be replicated in our setting with the following lemma.

Lemma 2.3.12. It holds that either

ZSE = +o0 and ZF =0,
or

ZF =0 and ZF = +oo.

Proof. As mentioned above, from the uniqueness of solution to (2.2), we know that,
[<]

for k € {0, 7}, we cannot have ult (0) = ag—;(()) = 0. Also, from Lemma 2.3.10, we

have two cases for the values of u, and 85‘—; at the band edges. We shall treat them

separately.

In the first case, we know that

ul™(0) =0 and " (0) = 0.
This implies that

8u£§r }

5—(0)#0 and ul9(0) # 0.

Hence, combining these results at k = 0, we get
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and
[0]
lim Z§ (w) = lim — lu &Ei;w) = 400
=0 w0 i e (1 w)
At k = 7, we see that
ul™ (z,w)
ZTO JJTO El(w) Or (x,w)
and
[7]
lim Z (w) = lim 1u 85; w) =0.
10 ot @) br (z,w)

For the second case, we know that

ul(0) =0 and agn (0) =0,
which implies that

8uf£? ]

nd ul™ .
U 0) 0 and ul)0) #0

Using the same reasoning as in the previous case, we get at kK = 0,

0]
lim Z; (w) = lim — 1u &Ei]’w) =0
10 z10 5@ Oz (iL‘,CL))
and
[0]
lim Zg () = lim —luai# —0.
o W o e (@ w)
Similarly, at kK = 7, we get
ul™ (z, w)
lim 7" (w) = lim —— o] = +o00
10 10 o B (z,w)
and
[7]
lim Z 1 (w) = hm—luai# = +00
210 10 T ORE (x,w)
This concludes the proof. ]
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2. Topological protection in the presence of dispersion

2.3.5.2. Impedance property

In order to ease the notation, let us define:

1 ou
E = d = 2.14
(z,w) mw) =g (2.14)
The following result is due to the work of [25], which says that the surface impedance

functions are strictly decreasing functions of w, within each band gap. For dispersive
systems, this rests on the aforementioned assumption that € is a non-decreasing func-
tion of w. A proof of this result, specific to our setting, is given in Appendix A.1.1.

Theorem 2.3.13. Let us assume that w € A, where A C R is a band gap. Then, the
surface impedance decreases with respect to the frequency, i.e.,

dz+ dz~

$<0, $<O7 forwGQL

2.3.5.3. Interface mode existence

Let £4 and Lp denote the differential operator £ for the material A and the ma-
terial B, respectively. We define 24 and Ap to be two band gaps of L4 and Lp,
respectively. Let them be given by

Ay = [wh,wy] and Ap:=[w}h, wpl.

Let us denote by 2 the intersection of 2 4 and 2 p. We assume that it is non-empty,
ie.,

anZQlAﬂQ[B#@.

This fact is directly related to the structure of the system, i.e., considering materials
A and B whose repeatedly periodic unit cell has the same amount of particles. We
denote it by

A= [wh,w].

Finally, let us denote by J4 and Jp the bulk topological indices associated to the
material A and the material B, respectively, in 2.

Theorem 2.3.14. If

Ja+JIs #0,

then no interface mode exists. If
Ja+ I = 0,

then there exists a unique frequency wy, € A, for which an interface mode exists.
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2.3. Interface mode existence

Proof. We will divide the proof in two steps, one for each case.

Let us consider:

Ja+ I # 0.

We will treat the case K = 0. The same argument holds for k = 7. From (2.13),

this implies that either uj, ug are both symmetric or both anti-symmetric. Let us

treat the case of both being symmetric. The anti-symmetric case follows the same
reasoning. From Theorem 2.3.13, we have that Z~ is decreasing in 2. Then, from
Lemma 2.3.12, we have

Zy (Wh) =+00 \y Zy (wy) =0 in Agu.
Similarly, we get
Zg (wh) =400\, Zf (wz) =0 in Ap.
We see directly that Lemma 2.3.3 does not hold, and hence, no interface mode exists.

Let us consider:

Ja+JIp =0.

We will treat the case K = 0. The same argument holds for kK = 7. From (2.13),

this implies that either ujl is symmetric and ug is anti-symmetric, or ujg is anti-

symmetric and ug is symmetric. Let us focus on the first possibility. For the second
one, the same argument will hold. So, we take

uj symmetric and ug anti-symmetric at x = 0.
Then, from Lemma 2.3.12 and Theorem 2.3.13, we see that
Zy (Wh) = +00 \y Z (wy) =0 in Agu.

Using the fact that ug is anti-symmetric, we get, from Lemma 2.3.12 and Theorem
2.3.13, that

Z§(wh) =0\ Zf (wg) = —0o in Ap.
Let us now study how Zy := Z; + ZSF behaves in 2. Since 2 # (), we observe that
min %A € {w:{,wg}.

If min2A = wj, then we see that
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2. Topological protection in the presence of dispersion
since Z; (w;{) = +oo and Zar (w}) € Rog. Also, if min®l = wg, then we see that

Zg (wE) > 0,
since Z; (wg) € Ryp and ZJ (wg) = 0. Thus, in any case, we get that

Zy ( min Ql) > 0.
Similarly, we have that
max 2l € {w;,wg}.

Then, if max 2l = w, we see that

20 (wZ) <0,
since Z; (w;) =0 and ZSF <wg) € Rog. Also, if max®2 = wy, we have that

A (w;) = —00,
since Z; <w2> € Ryp and ZO+ (w;) = —o00. Hence, in any case, we observe that

Zo(max Ql) < 0.
To sum up these results, we have that
Z()(mian) >0 and Zo(max‘)l> < 0.

Then, from Theorem 2.3.13, we deduce that

dz
dT;O <0 in %A (2.15)

So, since Zj is continuous and strictly decreasing in 2, there exists a unique point

wm € A at which Zy(wy,) = 0. Therefore, a unique interface mode exists. This
concludes the proof. O

Remark 2.3.15. Here, let us recall that we have considered piecewise constant permit-
tivities with respect to x but still dispersive with respect to w. Although, as mentioned
in Section 2.2, the analysis still applies on permittivity functions which respect the
mirror symmetry in each periodic cell and the results remain the same.
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2.4. Zak phase

2.4. Zak phase

Let us now study the Zak phase, an invariant associated to one-dimensional crystals.
This describes the topological properties of our system.

As mentioned at the beginning, we work in the space L2. We equip L2, with the
following inner product:

1
(f. ). = /0 wof(D)g(@)dr, foge L2, (2.16)

Definition 2.4.1 (Berry connection). We define the Berry connection A,(k) of the
n-th band to be

]
Ap(k) = —i <ag/: ,ulfl> . (2.17)

Definition 2.4.2 (Zak phase). We define the Zak phase ©,, of the n-th gap to be the
integral of the Berry connection A, (k) across the first Brillouin zone, i.e.,

On= [ Ap(w)ds. (2.18)

—T

To see that the Zak phase is well defined, we want to check that it is invariant

mod(27) with respect to phase changes of the eigenmode uyf ). This is because a

normalised eigenmode (with Hu[{" ]|| = 1) can always be re-defined by changing the

phase by an integer multiple of x,
altl = eryltl ¢ e N,

Under this transformation, we can calculate that

p il 9 :
— — o oglsl N = g (iR, IRl ik, (K]
An (k) z< pe ,un> z<ax<e ulr ),e un>

Thus,

/7r Ap(k)dr = ! Ap(k)dk + 2(,

—Tr —Tr

which gives
On(k) = O (k) + 2(¢m, (2.19)

s0 ©,, and ©,, are equal mod(2).
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2. Topological protection in the presence of dispersion

Theorem 2.4.3. Let us assume that we have mirror symmetry and that the n-th
eigenvalue of the operator L is non-degenerate. Then, it holds that ©,mod(2m) €

{0,7}.
Proof. We recall that, for the assumptions for the theorem, ub ™ and Pu&f I are
proportional to one another, i.e., there exists u € R, depending on x, such that

ul ™ = p(r)Pult.

n

In addition, we have taken the modes to satisfy ||u,| = 1. Hence, we get ||u(k)| =1
and so, we can write

ul= = 0Pyl

where 0(k) is a locally smooth function of k. Then, we see that

0 8/ ) N opPul
&=k Y (k) D, (K] & k] id(k) Y [K] L YT id(k)
8nu” Ep (e Puy, ) = 8nu" ie 8H77un + EP e .

[—~]

Taking the inner product with u on both sides, we see that

;o W L W
/ poe” ) OPun (w)up " (2)dz = / poe™ ) OPun (2)e@Pult! (z)da
0 8/41 0 alﬁ

1 [K] I
= /0 Moagz (1— $)u£f](1 —z)dz

° ouy 13
= [ @l (2)da

= —iA,(K)
and
Lo s 00 = a5 (! =
i6(r) 2= py,lr] [~ - [—+] [+
/0 o€ 8&7)“” (x)up ' (x)dz 8/@/0 oy, () uy  (z)dx
i
~ "ok
Thus, we get
1An(—kK) = —iAn(k) + z%

Multiplying by 7 and integrating over [0, 7], we get

_ /7r Ap(—r)dk = /7r Ap(k)dk — 6(m) + 6(0),
0 0
which is

0 T
- An(ﬁ)dﬁ:/o Ap(k)dk — () + 6(0).
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2.5. Asymptotic behaviour

Thus, we get
0, = di(m) —4(0).

From Lemma 2.3.8, we have that u(k) € {£,1}, for kK = 0,7. This implies that
d(k)mod(27) € {0,7}, for k = 0, 7. If §(m)mod(27) = §(0)mod(27), then ©, = 0.
If §(m)mod(27) # §(0)mod(27), then the phase difference is always 7. Thus, we get

©,mod(27) € {0, 7}.

This concludes the proof. O

2.5. Asymptotic behaviour

We wish to study the asymptotic behaviour of the modes as © — +oo. For this, we
will make use of the transfer matrix associated to this problem.

In the sections to follow, we will consider permittivity functions e(x,w) which are
piecewise constant with respect to x in each particle. This method still applies for
permittivities which are mirror symmetric with respect to x, but by suppressing this
dependence, we obtain explicit expressions for the transfer matrices, and so, we have
a more qualitative result.

2.5.1. Transfer matrix method

The transfer matrix method is a way of describing the mode w and its spatial
derivative u/ at each point on the structure with respect to the initial data vec-

tor (u(0), 22(0))

We define the segment matrices .7 (z,w) by

sin T,w)wly
cos(/ oo Nle) v el B

—+/ e (T, w)wsin(/ poe(x, w)wly)  cos(y/poe(z, w)wly)

where [; denotes the length of the part of the segment on which x lies.

T (ly,w) ==

Let us consider an interval I which is constituted by N segments of length [; each,

i=1,...,N. Then, we define the transfer matrix T(w) over the interval I to be
N
Tr(w) = [[ 71 w). (2.21)
i=1

-
If we define the vector u(x) := (u(:p), %(x)) , then the transfer matrix method

describes the mode u at each point x based on the initial data at a point xg, i.e.,

ﬂ(m) = T[xo,x] (w)ﬂ(fbo) (2.22)
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2. Topological protection in the presence of dispersion

It is clear that the segment matrices .7 satisfy det(.7 (z,w)) = 1 for any = and w.
Hence, also, the transfer matrix 7" satisfies det(7'(z,w)) = 1.

The mirror symmetry induced to the system gives

e(xy, + h,w) =e(xpy1 — hyw), he0,1), ne N\ {0}.

Let T,Lj] denote the transfer matrix over one periodic cell of the material j, with

j € {4, B}. Then, it holds, as in [206, 60], that
u(Tn11) > (B] <u($n) ) Al <u(l‘n) )
! = 1oy T (2 Ly T (4 , 2.23
<§x(a:n+1) {n>0}4p %(xn) {n<0}+p %(ajn) ( )

for n € Z. Also, the symmetry of the system gives

(505 - (20 st (). 2

s (Tn—1 i s (T

for n € Z, where the matrix S is given by

1 0
s (b 0).
Here, let us note that with a direct calculation, we can see that S = S~1.
Applying the quasiperiodic boundary conditions, we get, for each material i,
W(Tny1) = €u(zy,).
Combining this with (2.23), we get the following problem

(Tgﬂ (w) — emf)a(;pn) ~0. (2.25)

2.5.1.1. Spectral properties
Let us now state certain spectral properties of the transfer matrices.

Lemma 2.5.1. Let w € R\ {wl(,i)}. Then, ngﬂ has real eigenvalues denoted by A[lj]
and )\[23']’ satisfying |)\[1ﬂ| <1 and |)\[2j]| > 1, for j € {A, B}.
Proof. Let i € {A, B}. Since det(ngj] (w)) =1, we get either
AT e R with W <1 and A > 1,
or
WA e, with A= 8 =1 and AV = AL,

If the second case holds, then there exists x such that )\[13' [ e, which implies that
det (T ;EJ ](w) — e ) = 0 and hence gives a contradiction. Thus, the first case holds,

and so, we obtain the desired result. ]
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2.5. Asymptotic behaviour

We use this result to obtain information about the asymptotic behaviour of the
modes u(zy) as n — £oo.

Theorem 2.5.2. The eigenfrequency w of a localised eigenmode of the Helmholtz
problem (2.2) must satisfy

ap
(Vi) Vi) (_V;[/é )>:o, (2.20

5 (W)

where (VI[IA} (w), 2[14] (w)) T is the eigenvector of the transfer matriz T;A] associated to

the eigenvalue \/\[1'4]\ <1 and (VHB] (w),VQ[f] (w)) " is the eigenvector of the transfer

matriz T,EB] associated to the eigenvalue ]/\QB]| <1
Proof. For n € Ny, we have
u(zn) > [B]\n (U(SUO) )
(o) = @ (40
ALBhn 0 _1{ ulx
_ i (A7) 9 ) iy (6“( 0) ) 7
0 ()\2 ) or (.%'0)

and for n € N.g, from the symmetry condition (2.24), we have

(;fl((x”;)> = STIAS < ;‘u(gc"* ) > (2.28)

oz \T %(xn—i-l)

(2.27)

= S(TiAhs (3%‘((?0)0 (2.29)

e (D0 [A]y— u(zo)
=SV ( 1 Al (viah~-tg (6“(950))7 (2.30)

ox

where )\[IA], /\[QA], resp. )\[13], )\[QB], are the eigenvalues of T, gA], resp. T, p[B}, with \A[lA]] <

1 and |)\[2A]| > 1, resp. |)\[13]| <1 and \)\[QB]] > 1, and V4, resp. VI8 is the matrix
of the associated eigenvectors. We are looking for localised eigenmodes satisfying

lim w(zp,)=0 and lim —u(xn) =0.
n—+oo n—ztoo Jx

We know that

lim (A= tim (A7) =0

n—+oo n—+oo
and
. [AN|n] _ 7 [BI\|n|
)T = g e A0
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2. Topological protection in the presence of dispersion

Thus, we wish to find w, u(xg) and g—;(:no) such that
B) 81\ w(@o) ) _ A ] u(zo) \ _
(vt i) (fiy) =0 (ol i) s () - e

: vl oyl
since (VU= = Tl < 22 12
det(V) _Vz[{] VI[{}

value ()\[Qj])‘"|, j € {4, B} by the second row vector. Now, we observe that the second

), j € {A, B} and so we multiply the eigen-

equation in (2.31) shows that (u(zo), %(xo)) is proportional to (Vl[f], —VQ[{B]). Ap-
plying this to the first equation in (2.31), we get

(4]
B B [ Vi ) _
—V V A - 07
( 21 11 ) <_V2[1]

which gives the desired result. O

2.5.1.2. Eigenmode decay

From this, we obtain the result concerning the decay of the localised eigenmodes as
n — +oo.

Corollary 2.5.3. A localised eigenmode u of (2.2), posed on a medium constituted
by two semi-infinite arrays of different halide perovskites, and its associated eigen-
frequency w must satisfy

u(tn) = o(u[{*](w)ﬁ"l) and %(xn) - O(W{‘](w)\l”l) as n — —oo,

du

w(an) = O(|>\[IB] (w)|\nl) and 5= (x,) = O(MQB] (w)|\nl) asm — +00,

where A[lA] is the eigenvalue oszgA} satisfying ]A[lA] (w)] <1 and A[lB] is the eigenvalue

of T,EB] satisfying \A[lB] (w)] < 1.

Proof. This is a direct result from the previous theorem. Indeed, from Theorem
2.5.2, we have that (u(zo), g—g(xo))T is proportional to (Vl[f], —VQ[{B])T. Thus, we get

from (2.27), for n € Z~
Akl
u(xn) ) [Bl\n 11
" =(A w

and from (2.28), for n € Zy,

[y

This concludes the proof. ]
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2.6. Robustness with respect to imperfections
2.6. Robustness with respect to imperfections

Now that we have established the existence of an interface mode in each band gap for
dispersive materials, which decays at infinity, we wish to study the effect of system
perturbations. This happens in two different ways:

e Perturbations on the material parameters which have no effect on the symme-
try inside each periodic cell. For this, we will introduce perturbations to the
permittivity functions of the materials.

e Perturbations on the symmetry inside each periodic cell. To study this effect
we will modify the length of two particles in each periodic cell, so that the
symmetry breaks.

2.6.1. Theoretical results
2.6.1.1. Permittivity perturbation

First, we will study changes in the materials while the symmetry is preserved. To
show this effect, we introduce the perturbation function f : R — R, given by

fi(w), = e D,
flz,w) = { f:E:; i -l (2.32)

The perturbation function f is a piecewise smooth function of the frequency w and
satisfies g—i < +00. Then, we define € to be the perturbed permittivity of the system,

given by
N w) +90f1(w), D[H’
e - 0 <2

where 6 > 0 is the perturbation parameter. Then, we obtain the following perturbed
problem

L(k,w)u = w?u,
. (2.33)
u(x 4+ 1) = e"u(x),
where
~ 10 1 Ou

The following definition follows naturally from the perturbation of the system.

Definition 2.6.1 (Perturbed impedance function). We define the surface impedances
associated to the perturbed Helmholtz problem (2.33) by

. — . +
7 (w) = —# and  ZF(w) = #M weR.,  (2.35)
(@) Fzu(zq) (@) Feu(zg)
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2. Topological protection in the presence of dispersion

We wish to show that, as § — 0, an interface mode still exists. For the existence,
Lemma 2.3.3 holds for the perturbed impedance functions. In addition, we observe
that the symmetry of the system has been preserved by the perturbation of the
permittivity. Hence, it is sufficient to show that the perturbed impedance functions
remain decreasing. Then, because of the symmetry of the system, the rest of the
arguments will hold and so, the result will follow.

Theorem 2.6.2. Let us assume that w € A, where A C R is a band gap. Then, the
perturbed surface impedances, as § — 0, are decreasing functions of the frequency w,
i.€.,

£<O, £<O, forw e A.
dw dw

Thus, we have shown that arbitrarily small perturbations on the permittivity of
the system do not affect the existence of an interface mode. In addition, using the
transfer matrix method (explained in Section 2.5.1), we can get an explicit expression
of the solution to (2.33) with respect to the initial data (u(0), g—g(O)). Because of the
continuous dependence of the solution on 4§, it is direct that, as § — 0, this solution
converges to the one of (2.2). This translates to the following lemma.

Lemma 2.6.3. Let u denote the asymptotically decaying interface mode of (2.2)
in the band gap A and let us denote an asymptotically decaying interface mode
associated to the permittivity perturbed problem (2.33) in the band gap As. Then, if
ANLAs # 0, it holds that

lim us = u.
6—0

2.6.1.2. Symmetry perturbation

Let us now introduce a structural perturbation to the system. This will result
in breaking the symmetry inside each periodic cell. This phenomenon is easy to
produce.

We have considered two semi-infinite materials A and B, each one constituted by a
unit cell repeated periodically and glued together at xog = 0. We have assumed that
each periodic cell is made of two different kinds of particles, one with permittivity
¢£1(w) and one with permittivity e2(w), denoted by Dz[l] and D][.z]7 withi=1,...,N+1
and j =1,..., N, respectively. The particles are ordered in the following way inside
each periodic cell:

1 2 1 2 2 1
p — pP — plt _ pl .~ pl - pll .

We call the position perturbation parameter ¢ > 0 and we apply the following
procedure. In the material A, we increase the size of the particle Dg\l,] 1 by o and we
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2.6. Robustness with respect to imperfections

[1]

decrease the size of the particle Dy, by o. Then, in a similar way, in the material

i 1]

B we decrease the size of particle D; ] by ¢ and we increase the size of D Ltz by o.

Hence, we manage to break the mirror symmetry governing each materlal. We will
view this more analytically later in Figure 2.4, where we have considered a specific
example for the model.

Let us note here that the position perturbation o cannot take arbitrarily big values,
as the size of the periodic cell has to remain unaffected. In fact, for this to happen,
we require that

o < min {|D}

} (2.36)

LN+2J
where miny p denotes the minimum over materials A and B, and | - | denotes the
size of each particle. Since we work in the one-dimensional setting, | - | denoted the

length.

Once again, as in Section 2.6.1.1, using the transfer matrix method, we can see
the continuous dependence that the decay mode has on the length of each particle.
Thus, as a direct result, the following lemma holds.

Lemma 2.6.4. Let u denote the asymptotically decaying interface mode of (2.2)
in the band gap A and let u, denote an asymptotically decaying interface mode
associated to the position perturbation procedure described above in the band gap Uy, .

Then, if ANA, # 0, it holds that

lim u, = u.
o—0

2.6.2. Numerical results

Let us now provide an example, in order to solidify the previous analysis. We
consider dispersive particles with permittivity given by

_Jea(w), z € DI, ' .
s(x,w)—{@(w)’ v e D, where ¢g;(w) : _€0+1—Bz 5, for i=1,2,

(2.37)

with €9, «;, 8; > 0, for ¢ = 1,2. This permittivity function model is inspired from
the examples treated in Chapter 1 and represents the undamped case of a Drude
material or a halide perovskite. In order to obtain analytic results we consider
the model for the periodic cells of materials A and B described in Figure 2.1. We
note that, in this case, each periodic cell is constituted by five particles, three with
permittivity ¢1(w) and two with permittivity e2(w). The particles have the following
ordering:

pt — p _ pll _ pPl _ pltl
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2. Topological protection in the presence of dispersion

Let us denote by w%) the poles of the permittivity (2.1), i.e.,
) _ VB
ip =T 5, (2.38)
We see that
Oe %(w), z € DY
7($7w) = g
Ow %2(w), xe DX

Thus, it holds

and similarly

which gives
@
Ow
Hence, Theorem 2.3.14 holds. This implies that if we consider a one-dimensional

photonic crystal of the form of Figure 2.1 with permittivity given by (2.37), then,
in each band gap, a topologically protected interface mode exists.

(x,w) >0, zeR.

2.6.2.1. Permittivity perturbation

As mentioned previously, we will first study perturbations on the material param-
eters while keeping the symmetry inside each periodic cell intact. This occurs by
introducing a perturbation to the permittivity of the particles and it gives rise to
the perturbed system described by (2.33).

We can see that if the perturbation function f is constant, then the permittivity
is not strongly affected. Hence we will consider perturbation functions which are
dispersive with respect to the frequency w. In order to simplify the analysis we will
take fi(w) = fa(w), for all w € R.

We will study the perturbation effect for two separate cases of perturbation func-
tions:

1. Perturbation functions which satisfy the assumptions of the original permit-
tivity. In particular, we will consider the following:

1
w?’

flw) = (2.39)
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2.6. Robustness with respect to imperfections

0.95 4
0.90 4
i 0.85
e —— Perturbed eigenmode frequency
g EEm Spectral band
g 0.80 1
P
0.75 4

0 1 2 3 4 5
Permittivity perturbation parameter &

Figure 2.2.: Plot of the frequencies of the interface mode and the edges of the band
gap as perturbations with magnitude 0 that preserve the monotonicity
condition are added. In particular, § times the strictly increasing func-
tion (2.39) is added to the permittivity (2.37). This function is in full
accordance with the initial assumptions on the material permittivities.
We see that as § — 0, the perturbed interface mode frequency converges
to the unperturbed one, as stated in Lemma 2.6.3. As § increases, the
size of the band gap increases and the interface mode frequency increases
but still remains inside the band gap.

2. Perturbation functions which does not satisfy the assumptions of the original
permittivity. In particular, we will consider the following:

flw)=—. (2.40)

For both cases, we see directly the smoothness of the perturbation function. We will
also work inside the first band gap of the problem (2.33). This region is away from
Z€ro, so we ensure that % < +00.

For the first case, we observe that as the perturbation parameter § increases, the
size of the band gap increases. Because of the monotonicity of the perturbation
function ¢, Theorem 2.3.14 holds and so a unique interface mode exists. This fact is
shown in Figure 2.2, where we plot for each value of § the value of the frequency w
of the interface mode. We observe that as § increases, the interface mode frequency
increases as well, which is natural, since the size of the band gap increases. We
also note that, as § — 0, the interface mode frequency converges to the one of the
unperturbed interface mode, as shown in Lemma 2.6.3.

Let us now move to the second case. It holds that as J increases, the size of the
band gap decreases. This happens because the perturbation function f, which is
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—— Perturbed eigenmode frequency
EEm Spectral band

0.875 A

0.850 A

0.825 A
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0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Permittivity perturbation parameter &

Figure 2.3.: Plot of the frequencies of the interface mode and the edges of the band
gap as perturbations with magnitude ¢ that do not preserve the mono-
tonicity condition are added. In particular, § times the strictly decreas-
ing function (2.40) is added to the permittivity (2.37). As a result,
when ¢ is sufficiently large, the permittivity function does not respect
the monotonicity assumption. Of course, we see that as § — 0, the
perturbed interface mode frequency converges to the unperturbed one,
as stated in Lemma 2.6.3. As § increases, the width of the band gap
decreases. As a result, the perturbed interface mode frequency gets
pushed outside of the band gap. Hence, a localised interface mode no
longer exists for frequency w in this band gap. The shaded areas are
the spectral bands and the red line represents the frequency of the per-
turbed interface mode as the perturbation parameter § increases. We
observe that the band gap becomes small for large values of 4 and that
the perturbed interface mode frequency is pushed very close to the edge
of the gap.

decreasing, becomes the dominating factor of the perturbed permittivity . In Fig-
ure 2.3, we observe that as § increases, the interface mode frequency w decreases.
In particular, for large values of §, the band gap becomes very small. On the other
hand, as 4 — 0, the original permittivity is still the dominating factor of the per-
turbed permittivity and so, from Theorem 2.3.14, the interface mode still exists and
converges to the unperturbed one.

This closing of the band gap poses problems for the physical implementation of these
systems. In particular, since the edge mode approaches the edge of the band gap,
its eigenfrequency will be close to that of a propagating Bloch mode. As a result,
in any physical device, it is likely than any attempt to use this localised mode for
wave guiding will fail as the nearby propagating mode will also be excited.
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. . p2 . . D . . . . p . . D .
popll ———— pll —————  pi L pll—————  pil " pll
0 Iz 20, —0 It Yo bito 0, — ol T L 2 +0 n S
Perturbed material A Perturbed material B

Figure 2.4.: Position perturbation on the periodic cells of each material. We have
considered as values #; = 0.1, 5 = 0.15 and p = 0.25. We notice that
the largest possible value for ¢ is 0.15. We see that by modifying the
sizes of the particles, the mirror symmetry inside the unit cell no longer
holds.

2.6.2.2. Symmetry perturbation

Let us now treat the case where the symmetry of the periodic cells breaks. We will
apply the procedure described in Section 2.6.1.2 on the model described in Figure
2.1. In particular, for material A, we reduce the size of the particle D[21] by o and

]

we increase the size of particle Dz[,)1 by o. Similarly, for material B, we decrease the
(1]

size of D]’ by o and we increase the size of D[Ql} by the same amount. We depict
this position perturbation graphically for the periodic cell of material A and B in
Figure 2.4.

As it is already mentioned, the position perturbation parameter o cannot take ar-
bitrarily large values, since the length of the periodic cell has to remain the same.
Thus, from the bound (2.36), we see that

OSO’SQQ.

Studying the existence of an interface mode under the position perturbation regime
is not in accordance with the argument we have presented in Theorem 2.3.14. In
fact, our argument is based on the mirror symmetry governing the periodic cells
and proposes a sufficient but not necessary condition for an interface mode to exist
in a band gap. This symmetry breaks once the position perturbation takes place.
What we can say with certainty is that, if the interface mode exists, then, as the
position perturbation parameter o — 0, it converges to the unperturbed interface
mode (Lemma 2.6.4). This result is illustrated in Figure 2.5, where we have plotted
the interface mode frequency w as a function of the position perturbation parameter
o inside a band gap.

2.7. Conclusion

Studying a one-dimensional system for dispersive materials, we used the mirror
symmetry and the underlying periodic structure of our setting to show that localised
interface modes exist. We explained the behaviour of the Zak phase, a topological

63



2. Topological protection in the presence of dispersion
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Figure 2.5.: Plot of the interface mode frequency w as the position perturbation
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parameter o increases. We notice that as o — 0, the perturbed interface
mode frequency converges to the one of the unperturbed system. Also,
we see that as o increases, the break of the symmetry inside the unit cell
is more drastic and so, the perturbed interface mode frequency diverges
from the unperturbed one. Although, this divergence is quite small and
the perturbed interface mode frequency remains inside the band gap.
We note that the shaded areas denote the spectral bands.



2.7. Conclusion

invariant of the system, and we have provided the condition that the interface mode
frequency needs to satisfy for these modes to decay at infinity. Finally, we introduced
imperfections to the system in the form of perturbations on the material permittivity
and the symmetry of the periodic cells and we showed how the decaying modes and
their associated frequencies are affected.
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3. Topological protection in the presence
of damping

3.1. Introduction

As we have mentioned in the previous chapter, strongly localised waves in periodic
media is a subject of intense research in both physics and mathematics. It comes
as a natural consequence, that the study of topological protection is extended to
materials with damping. This feature is present in materials such us metals and
photonic crystals. It appears in the permittivity characterising these structures in
the form of non-zero imaginary part. Physically, this implies that while the wave
travels through the material, there is a change of energy.

In this chapter, we will focus on damped materials, i.e., materials with complex-
valued permittivity functions. We have as our basis the work carried in Chapter 1
and in [25]. The theory developed in the previous works concern materials with no
damping and takes into account only real frequencies. Using interface impedance
function, it characterises the existence of interface modes. Building on that, we
expand on complex frequencies and permittivities and establish similar results.

3.2. Mathematical setting

In this section, we will present the mathematical setting of a damped material with
an interface. We provide the structural characteristics such a system along with the
quasiperiodic differential problem which will help us show the wave localisation.

3.2.1. Damped systems

We consider two materials A and B. Each one is of the form of a semi-infinite
array. The arrays are glued together at the origin and we assume that the material
A expands towards —oo and the material B expands towards +o0o. In addition, we
assume that each material is constructed by repeating periodically a unit cell. Each
unit cell is the product of layering, i.e. it has particles different permittivities. We
denote the permittivity function of material A by €4 and of material B by p.

Our assumptions on the permittivity functions are the following:
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3. Topological protection in the presence of damping

e complex-valued, i.e., ¢; : R = C,

e periodic, i.e., gj(z) =¢;(x + 1) and

e mirror-symmetric, i.e., €j(z + h) = ¢;(x + 1 — h), for h € (0,1),
where j = A, B.

We define the sequence {x, },cz to be the set of endpoints of each one of the peri-
odically repeated cells, i.e., z, = x¢ + n for n € Z. We take zg to be the glue point
of the two materials, i.e., the interface, and so, for n < 0, we are in material A and
for n > 0, we are in material B.

3.2.2. Differential problem

The differential problem we are studying is the following:
Lu = wu (3.1)
with L4 L d
Lu=——— 2, (3.2)
po dr \ e(x) dz
where pg € Ry is the magnetic permeability, which is constant, and w € C is the
frequency.

As in the previous chapter, our goal is to find eigenvalues of (3.2) for which the
associated eigenmodes are localised in a neighborhood of the interface xy and decay
as |z| = oo.

To find candidate eigenvalues w? for which localised eigenmodes can occur, it is
valuable to consider the Floquet-Bloch spectrum of the operators associated to ma-
terials A and B. This is the set of eigenmodes which satisfy the Floquet-Bloch
quasi-periodicity conditions

) ou . Ou
1) = By — 1) = e .
u(z +1) =e"™u(x) and o (x+1)=e pe (x), (3.3)
for some k € B := [—m,w|. Hence, these eigenmodes belong to the space of func-

tions

H? .= {f €HE.: flx+1)=¢e"f(x), x ER}.

With this formulation of the problem, we observe that for an eigenmode to be
localised at the interface g, the associated eigenvalue has to lie in the spectral gaps
of the problem (3.1)-(3.3). This holds since, for an eigenvalue in a spectral band,
(3.3) gives that the magnitude of the associated eigenmode is preserved, which is a
contradiction.

Let us also note here that we are interested in materials A and B with overlapping
band gaps, otherwise such modes cannot exist in this setting.
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Finally, we equip the space H2 with the standard inner product (-, ), given by

(u,v)y = /Ru(x)v(x)dx, Vu,v € H. (3.4)

3.3. Preliminaries

Let us start by recalling some notions which will be used for the analysis of the
problem.

3.3.1. Impedance functions

We start by defining the notion of the impedance function.

Definition 3.3.1 (Interface impedance). We define the interface impedance of the
problem (3.1) by

Z(w) :=Za(w)+ Zp(w), weC, (3.5)

where Z4 and Zp denote the surface impedances of materials A and B, respectively,
given by

— +
(@) s u(zg) (@) s u(eg)

Lemma 3.3.2. Let A C C. Then, a necessary and sufficient conditions for the
existence of an interface localised mode in 2 is

ZA(w) + ZB(w) =0, we (3.7)

3.3.2. Bulk index

Let us now define the bulk index. This topological property shows us the behaviour
of u at the edges of a band gap.

Definition 3.3.3 (Bulk index). Let & denote a band gap and a,b denote its edges.
Then we define the associated bulk topological index Jg by

+1, if u 18 symmetric at a,
o = { / Y (3.8)

-1, if u is anti-symmetric at a.
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3. Topological protection in the presence of damping
3.4. Undamped systems

Let us start by considering the case of undamped case, i.e. we are in the following
regime

%(5,4) = %(63) =0.
We denote by Z(Y) the interface impedance function for the undamped systems, and

by Z J<U) the impedance function of material j, with j = A, B.

First, we will look at the case of w € R and then we will study the case of w € C.

3.4.1. Real frequencies

This setting has been studied extensively in Chapter 2 and in [25]. Let £4 and Lp
denote the differential operator £ for the material A and the material B, respectively.
We define ﬁl% and Q(g to be two band gaps of L4 and L, respectively, for frequencies
w € R, such that

AV =AY nAY £ 0.

Let Ja and Jp be the bulk topological indices associated to the material A and the
material B, respectively, in AV,

In Chapter 2, existence and uniqueness of localised interface modes in a band-gap
is proved.

Theorem 3.4.1. If

jA“‘jB?’éOa

then no interface mode exists. If
Ja+JIp =0,

then there exists a unique frequency w, € AU for which an interface mode exists.

3.4.2. Complex frequencies

Let us now consider complex frequencies w while still having real valued permittivity
functions. We denote by 91% and Ql% two band gaps of L4 and Lp, respectively, in
this regime, such that

AV =AY naAY = 0.

Let us recall here that the difference between AUV and AU is that for AV we have
considered w € R and for AV we have considered w € C.
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3.4. Undamped systems

Theorem 3.4.2. If there exists w# € AV such that ZWW) (w#) = 0, then there exists
at least one frequency w € AV such that ZV) (w) = 0.

Proof. Let us assume indeed that there exists w# € 2AY such that

ZW) (w#) = 0.
We observe that AV ¢ AV, since
AY =Y
.
This implies that
w? e wY.
This concludes the proof. O

Let us also prove the following lemma which will be of great importance later.
Lemma 3.4.3. The interface impedance function Z\Y) has no poles in AV \ AU

Proof. For Z to have a pole in AV \ 2AY | it means that there exists wp € AV \ AV
such that

ZiU) =00 or Zg]) = 0.

)

Let us assume that ZI(L‘U = 0o. This means that

%u(xa,wp) =0.

This implies that the boundary value problem

2

Lu=w,u, z € [r_1,70],
o B (3.9)
%u(% ) =0,

admits a solution, where the differential operator £ is given by (3.2). Although, we
observe that with respect to the inner product (3.4), the differential operator L is
self-adjoint (Appendix A.2.1). Hence, it admits only real eigenvalues which implies
that wg € R. Since, in general, we consider frequencies with non-zero real parts,

this implies that $(wp) = 0. Thus, w, € Y, which is a contradiction. The case

Z](BU) = oo follows exactly the same reasoning. This concludes the proof. O

Combining this result with the dependence of u on the coefficients of (3.1), we obtain
the following;:

Lemma 3.4.4. The interface impedance function Z\U) is holomorphic in 2AY.
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3. Topological protection in the presence of damping
3.5. Damped systems

Let us now still consider complex frequencies w but move to complex valued per-
mittivity functions ¢;, for j = A, B, with small imaginary part. More precisely, we
introduce an arbitrary parameter 0 < § < 1 and assume that

lim S(e4)(6) = lim S(e)(8) = 0. (3.10)

Essentially, by considering small imaginary parts for e4 and ep, we view the case of
complex permittivities as a perturbation of the case of real permittivities. Indeed,

let us denote by Z](-D)

respectively, and let Z (D) e the associated interface impedance. Then,

, j = A, B, the impedance functions of materials A and B,

lim Z2P(w) = 2" (), (3.11)

for a fixed frequency w € C and for j = A, B.

We denote by ng and ng two band gaps of L4 and Lpg, respectively, in this regime,
such that

AP = Al nAl £ 0.
Lemma 3.5.1. The impedance functions ZI(LXD) and Z](BD)
of AP,

have no poles in the interior

Proof. We treat the case of ZI(L‘D). Then, using the same reasoning, the result for

Z](BD) will follow. We denote by (2AP)° the interior of A”.

Let us assume that there exists w, € (A”)° such that

ZI(LXD) (wp) = o0.

Then, for all £, > 0, there exists 7 > 0 such that, for all w € (AP)° satisfying
lw — wp| <, it holds that

D
1257 )] > <.
Then, applying the triangle inequality, we get
U D U D
1257 @) +1257 (@) = 257 @) > 120 @) > o
Now, letting our arbitrary parameter 6 — 0, from (3.11), we have
lim 1Z2P) () — 7zWU) _
51_I>I(1)| A (w) A (w)’ 07
which gives

U
1Z(w)]| > &p.

This translates to ZgU) having a pole at w,, which is a contradiction from Lemma
3.4.3. This concludes the proof. O
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3.5. Damped systems

Combining this with the dependence of a solution u on the coefficients of (3.1), we
have:

Lemma 3.5.2. The impedance functions ZI(L‘D) and Z}BD) are holomorphic in the in-
terior of AL

Applying Lemma 3.5.1 on (3.5), we get the following result.

(D)

Corollary 3.5.3. The interface impedance Z'P) is holomorphic in the interior of AP .

This leads to the main result for damped systems.

Theorem 3.5.4. Let us consider two band gaps AV and AP for ZW) and ZP),
respectively, such that AV N AP £ @. Let ZW) have N roots in the interior of
AV NAL. Then, for small 5, ZP) has N roots in the interior of AV N AL, as well.

Proof. Let (AY NAP)° denote the interior of AY N AL and let {w;}¥ ;| be the set
of roots of Z(U) in (AY N AP)°. From Lemma (3.4.3) and Corollary (3.5.3), we get
that, for each ¢ = 1,..., N, there exists r; > 0, such that

ZP) and ZW) are holomorphic in Nj,
where
N; = {w e’ nAl : jw—wi| < r,} c @Y naAPye.
In addition, from (3.11), we know that

lim 1ZP)(w) — ZW) ()| =0, VYweAUNAD,
_>

where AU N AP denotes the closure of AV NAL. It follows that, for small &,
2P )| > 2P (w) — 2V (w)|, Vw € ON,,
since, for all k > 0,
1ZPN (W) — 2D (W) <k and  |ZP) (W) #0, YwedN; i=1,...,N,

where ON; denotes the boundary of N;. Thus, we can apply Rouché’s Theorem
(Chapter 1, [16]) and obtain that Z(”) and Z() have the same number of roots in
N;,i=1,...,N.

Now, let us assume that there exists @ € (QlUﬂQlD)O\Ufil N; such that ZW)(@) #0
and Z(P) (@) = 0. Thus, for all € > 0, there exists 7 > 0, such that

|ZP)(w)| < &, for all w such that |w — @] < 7.

73



3. Topological protection in the presence of damping

It holds that

2P (w) + 2D (w)| = 12D ()] < |2P(w)] < &
Letting § — 0, this gives

1ZW)(w)| < &, for all w such that |w — @] < F,

which translates to & being a root for Z. This is a contradiction, since @ € (AY N
ALY\ vazl N;. This concludes the proof. O

3.6. Asymptotic behaviour

Our objective in this section is to obtain the asymptotic behaviour of the modes as
x — +o00. For this, we will make use, as in Chapter 2, of the transfer matrix method
associated to this problem.

3.6.1. Transfer matrix

Let us define
T
a(z) = (u(x),u'(x)) . (3.12)
The symmetry induced to the system is the following:
e(xn + hyw) =e(xp41 — hyw), hel0,1), ne N\ {0}.

For j = A, B, we denote the transfer matrix associated to the periodic cell of material
j by T, ,EJ ), as described in Chapter 2.

The following result holds.
Lemma 3.6.1. The transfer matrix ngj), for j = A, B, satisfies det(Tp(j)) =1.

We have that

() s () i (32). o

W (Tpi1) u (2
for n € Z.

From the symmetry of the model, we also get

(u(xnl))> = Linz0) ST (5/((3;:2))) + Lo STRYS <“(m”))> L (314)

W (21 ' (2n
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3.6. Asymptotic behaviour

for n € Z, where

Here, let us note that with a direct calculation, we can see that S = S~—1.
Applying the quasiperiodic boundary conditions, we get
W(Tni1) = e u(xy,).
Combining this with (3.13), we get the following problem:
(Tlgj)(w) - ei“I)a(xn) =0, neN, (3.15)

where j = A, if n < 0 and j = B, if n > 0. From (3.15), we obtain the dispersion
relation for each material given by

det (T;j>(w) - ei“I) —0, j=AB. (3.16)

The dispersion relation relates the quasiperiodicity x with the frequency w of the
system and gives the structure of the spectral bands and the spectral gaps of (3.1)-
(3.3) for materials A and B.

()

From Chapter 2, we have the following spectral property for a transfer matrix ij ,
j=A, B.

Lemma 3.6.2. For j = A, B, the transfer matrix T,Sj) has real eigenvalues denoted

by )\gj) and )\gj), satisfying \A(lj)\ <1 and ])\gj)\ > 1.

We use this result to obtain information about the asymptotic behaviour of the
modes u(xzy) as n — +oo.

3.6.2. Asymptotic behaviour of damped systems

In order to obtain the asymptotic behaviour of the eigenmodes as n — +oo, we
follow the same reasoning as in Chapter 2. The result follows.

Theorem 3.6.3. A localised eigenmode u of (3.1), posed on a medium constituted
by two semi-infinite arrays of different materials with damping, and its associated
eigenfrequency w must satisfy

u(zy) = O(\)\Yl)(w)]'"') and u'(x,) = O(\)\Yl)(w)]'"') asn — —oo,

w(an) = o(yA§B>(w)ylnl) and o (z) = o(\ng)(w)ylnl) as n — +oo,

where )\gA) is the eigenvalue of TIEA) satisfying ’AgA) (w)] <1 and )\gB) is the eigen-

value of TéB) satisfying \)\SB) (w)] < 1.
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3. Topological protection in the presence of damping

, , D , , D2 , . . Dl | p¥ .
L ol ' Dl ‘ > Dl . pl ' pll " plt
—l s —=2 —
T H i 20, i H oo . H L2000 H R
material A material B
g Ty xy o 2
O 20> 0} 0 20, 6} 0, 20, 6y | O 20, 0y}
N e ¥ o a—
material A material B

Figure 3.1.: An example of a damped system as studied in Section 3.7. In the unit
cell of each material we have 3 particles of permittivity €1 and 2 particles
of permittivity 2. We notice the mirror symmetric way in which the
particles are placed inside the periodic cells. Each material is constituted
by a semi-infinite array created by periodically repeating the unit cell.
Our structure is the result of gluing materials A and B at the point xg.

3.7. Numerical example

We now consider an example of a damped system and show our findings in the
previous sections numerically.

3.7.1. Configuration

Let us consider two materials A and B, each one in the form of a semi-infinite
array, glued at the interface zg. Each material is constructed by a periodically
repeated unit cell. Each unit cell is the product of layering; it contains five particles
of two different permittivities €; and €2. Each permittivity function satisfies the
assumptions of Section 3.2.1. We denote by Dzm, i =1,2,3, and by D?], j=1,2,
the particles of the unit cell with permittivity 1 and e, respectively. In particular,
the particles obey the following ordering;:

plt — pll _ pl _ pll _ pll
A schematic depiction of this configuration is given in Figure 3.1.

In order to simplify our system, we will assume that the permittivities €; and €3 are
complex valued and constant on each particle. This translates to

g1, ze Dl .= U?:1 D1[;1],
e(z,w) = 2. 2 pl
g2, xz€D¥:=J_, D",

with €1,e9 € C. We consider an arbitrary parameter § > 0 and we assume that
%(81) =c¢10 and %(52) =90, 1,00 € Ro.

This allows us to vary the damping of the system by taking different values of 9.

76



3.7. Numerical example

3.7.2. Band characterisation

The quasiperiodic Helmholtz problem (3.1)-(3.3), for each material, is characterised
by a dispersion relation, as found in (3.16). This is an expression which relates the
quasiperiodicity s with the frequency w, such that it describes the spectral bands
w = wp (k). It is an equation of the form:

2cos(k) = f(w), (3.17)

where f : R — R is a function that depends on the material parameters and the
system’s geometry. This function is variously known as the discriminant or Lyapunov
function of the operator A [16]. Some examples are provided in e.g. [4, 50].

From (3.17), we observe that, in order to be in a spectral band, the following two
conditions need to be satisfied:

I(fw) =0 and |f(w)| <2 (3.18)

We will use these conditions to identify the spectral bands and the band gaps of our
quasiperiodic Helmholtz problem, i.e.,

e Band: both condition in (3.18) are satisfied.

e Band gap: at least one of the conditions in (3.18) in not satisfied.

3.7.3. Effect of damping on spectrum

A key feature of the proof given in Sections 3.4 and 3.5 is that, when we consider
6 =0, ie.,

%(81) = %(62) = 0,
we know that there exists a root w, of Z in the band gap, on the real axis.

In Figure 3.2, we observe how adding damping to the system affects the structure of
the spectrum of (3.1). By fixing the material parameters and increasing the damping
of the system, i.e., increasing §, we observe a downwards shift of the spectral bands.
In addition, we see how he location of the root of the interface impedance changes
as the damping increases.

It is worth noting that Rouché’s theorem holds for small §. In fact, as § increases
the inequality condition of the theorem fails and hence we cannot use this tool.
Although, from the numerics, we observe that even for larger values of the damping,
a root for Z still exists in the according band gaps. In Figure 3.2, we have also
tracked the behaviour of the root associated to the one of the undamped case in the
complex plane. The key aspect of this is that it remains in a spectral band gap.

Along with this, in Figure 3.2, we provide also three example of fixed dampings
which show how the spectral bands and the associated gaps look like. We see where
the root of the interface impedance function Z is located in each spectral gap.
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Figure 3.2.: Spectral bands of the damped system studied in Section 3.7. We ob-
serve how the increase in damping forces the bands to a downwards shift.
Also, we notice how the position of a root of the interface impedance
function ZP) in a spectral gap changes as the damping changes. For
three different and fixed values of damping, we provide the exact struc-
ture of the spectral bands.
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3.8. Conclusion

3.7.4. Wave propagation

Apart from the material parameters, let us now also fix the damping. We take § > 0,
so that (e1),S(e2) > 0. For this specific damping, we consider a frequency in a
spectral band gap of (3.1)-(3.3), for which the interface impedance function is zero,
ie., ZP)(w) =0.

In Figure 3.3, we observe the decaying character of |u| as |z| — oo. The red lines
denote the positions of the endpoints x;’s. We see how u propagates at the interior
of each unit cell, while its magnitude is localised around the interface zo and decays
as we move further away from it. The blue curves denote the eigenvalue envelope
given by Theorem 3.6.3. In particular, denoting the eigenvalue envelope by F, we
have:

A7 (W)™ <0,

AP )l n >0,

where )\gA) is the eigenvalue of T,SA) satisfying |)\§A) (w)] < 1and )\gB) is the eigenvalue

of TIEB) satisfying |)\§B) (w)] < 1. We observe how the eigenmode follows the decay
rate of the eigenvalue envelope as |z| — oco. This is the expected behaviour indicated
by Theorem 3.6.3.

3.8. Conclusion

Using the mirror symmetry and the underlying periodic structure of the mathemat-
ical setting considered, we have shown in Chapter 2 that localised interface modes
exist for undamped materials with real frequencies. Having this as starting point,
we prove the existence of localised modes for undamped materials with complex
frequencies. Viewing the damped system as a perturbation regime of the undamped
one by considering small dampings, with Rouché’s theorem, we are also able to show
the existence of localised modes for the damped case as well. Finally, we adapted the
transfer matrix method to the case of damped systems and obtained the asymptotic
behaviour of the localised modes, as || — oo, in terms of the eigenvalues of the
transfer matrix of each material.
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Figure 3.3.: For fixed damping, we see the behaviour of an interface localised mode

as |r| — oo, for the damped system considered in Section 3.7. The
eigenvalue envelope shows the decay rates in terms of the eigenvalues of

the transfer matrices, as described in Theorem 3.6.3.
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4. Subwavelength halide perovskite
resonators

4.1. Introduction

Halide perovskites are materials which are increasingly being used in optical de-
vices. Their underlying chemistry consists of octohedral-shaped crystalline lattices
containing atoms of heavier halides, such as chlorine, bromine and iodine [2]. When
used in microscopic devices, their high absorption coefficient helps absorb the com-
plete visible spectrum. This, combined with the fact that they are cheap and easy
to manufacture, means they are playing a prominent role in the production of elec-
tromagnetic devices [30, 38, 52, 64, 72].

The dielectric permittivity of a halide perovskite, denoted by e, show the highly
non-linear character of these materials. It depends on both the frequency w of the
system and the wavenumber k, while damping is also present. We will consider the
following simplified form of e:

(67

k) =
elw, k) €O+B—w2+nk2—i7w’

(4.1)

where «, 3,7, n are the material parameters, taken to be positive constants.

Dielectric nano-particles, and other electromagnetic metamaterials, have been stud-
ied using various techniques. In the case of extreme material parameters, such
as small particle size or large material contrast, asymptotic methods can be used
[8, 9, 18, 34]. Likewise, homogenisation has been used to characterise materials
with periodic micro-structures [22, 37]. Multiple scattering formulations are popu-
lar, particularly when a convenient choice of geometry (e.g. cylindrical or spherical
resonators) facilitates explicit formulas [70]. We will use integral methods to study
a general class of geometries and will extend the previous theory, e.g. [8], to the
case of dispersive materials.

For simplicity, let us consider the Helmholtz equation as a model of the propaga-
tion of time-harmonic waves. We will use an approach based on representing the
scattered solution using a Lippmann-Schwinger integral formulation and then us-
ing asymptotic methods to characterise the resonant frequencies in terms of the
eigenvalues of the resulting integral operator (which turns out to be the Newtonian
potential). This approach can handle a very general class of resonator shapes and
can be adapted to study solutions to the Maxwell’s equations [17]. A similar method

81



4. Subwavelength halide perovskite resonators

was used in [8] for a simpler, non-dispersive setting. We will show that the asymp-
totic theory developed in [3] and elsewhere can be developed to model real-world
settings and can be used to influence high-impact design problems.

We will first introduce the problem setting and retrieve its integral formulation.
Then, we will study the one particle case for three and two dimensions, using in-
tegral techniques to formulate the subwavelength resonant problem and asymptotic
approximations to study the resonant frequencies. Using these methods, we de-
scribe the hybridisation of two halide perovskite resonators. Again, we treat the
three- and two-dimensional cases separately. Passing from the integral to a matrix
formulation of the problem, we obtain the hybridised subwavelength resonant fre-
quencies. Finally, we examine the case of spherical resonators, making use of the
fact that eigenvalues and eigenfunctions of the Newtonian potential can be computed
explicitly in this case (see also [11]). We show that our findings are qualitatively
consistent with the ones of [3]. Hence, we show that the asymptotic techniques used
in [8] can be generalised to less straightforward and more impactful physical settings.
This chapter is from the work carried in [3].

4.2. Single Resonators

In this section, we present the Helmholtz formulation of the mathematical problem
considered for one halide perovskite subwavelength resonator. We present the inte-
gral methods used for both the two- and three-dimensional case and, using asymp-
totic analysis techniques, we provide formulas for the subwavelength resonances.

4.2.1. Problem Setting

Consider a single resonator occupying a bounded domain Q C R?, for d € {2,3}. We
assume that the particle is non-magnetic, so that the magnetic permeability g is
constant on all of R?. We will consider a time-harmonic wave with frequency w € C
(which we assume to have positive real part). The wavenumber in the background
R4 \ Q is given by ko := wepuo and we will use k to denote the wavenumber within
Q). We, then, consider the following Helmholtz model for light propagation:

Au + w?e(w, k) pou = 0 in Q,

Au+ k3u =0 in R%\ Q,

uly —ul-=0 on 0%,

%|+—%|,:0 on 012,

u(x) — uin(x) satisfies the outgoing radiation condition as |z| — oo,

(4.2)
where u;, is the incident wave, assumed to satisfy

(A +kDup =0 in RY,
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4.2. Single Resonators

and the appropriate outgoing radiation condition is the Sommerfeld radiation con-
dition, which requires that

. a1 (0
|gﬂl|1£>noo |x| 2 (8\x| — zk0> (u(x) — uin(z)) = 0. (4.3)

In particular, we are interested in the case of small resonators. Thus, we will assume
that there exists some fixed, smooth and bounded domain D, containing the origin,
such that € is given by

Q=06D + z, (4.4)

for some position z € R% and characteristic size 0 < § < 1. Then, making a change
of variables, the Helmholtz problem (4.2) becomes

{Au + 8%w?e(w, k) pou = 0 in D, (4.5)

Au+ 8%k3u =0 in RY\ D,

along with the same transmission conditions on dD and far-field behaviour. The
behaviour of resonators which is of interest is when § < kj ! meaning that the
system can be described as being subwavelength. We will study this by performing
asymptotics in the regime that the frequency w is fixed while the size 6 — 0.

We will characterise solutions to (4.2) in terms of the system’s resonant frequencies.
For a given wavenumber k, we define w = w(k) to be a resonant frequency if it is
such that there exists a non-trivial solution u to (4.2) in the case that u;, = 0.

4.2.2. Integral Formulation

Let G(x, k) be the outgoing Helmholtz Green’s function in R?, defined as the unique
solution to

(A + E*)G(x, k) = do(x) in RY,

along with the outgoing radiation condition (4.3). It is well known that G is given
by

(4.6)

where Hél) is the Hankel function of first kind and order zero.

Theorem 4.2.1 (Lippmann-Schwinger Integral Representation Formula). The solution
to the Helmholtz problem (4.2) is given by

u(z) — uin () = —0%w?E(w, k) /D G(x —y,0ko)u(y)dy, =z € R?, (4.7)

where the function £ : C — C describes the permittivity contrast between D and the
background and is given by

§(w, k) = po(e(w, k) — €o).
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4. Subwavelength halide perovskite resonators

Proof. We see from (4.5) that Au + 6%w?e(w, k)pou = 0 in D, so it holds that
Au + 0%ku = —5%wE(w, k)u,
where &(w, k) = po(e(w, k) — €o). Therefore, the Helmholtz problem (4.5) becomes
(A + 6%k5) (uy) — uin(y)) = —0*w’E(w, k)u(y)xp(y), y € R\ D,

with xp being the indicator function of the set D. Then, we know that for x € R?
and y € R\ 0D, the following identity holds:

Yy [Gla—y.0k0)Vy (uy) — win()) = (u) = uin() ) V, Gl — y, ko)
= —52w2§(w, kE)u(y)G(xz —y,0ko)xp(y) — (u(y) - um(y))éo(:c —9).

Let Sk be a large sphere with radius R large enough so that D C Sg. Integrating
the above identity over y € S, \ D and letting R — 400, we can use the radiation
condition (4.3) in the far field and the transmission conditions on dD to obtain the
desired integral representation formula. O

We are interested in understanding how the formula from Theorem 4.2.1 behaves
in the case that ¢ is small. In particular, we wish to understand the operator
K% . [2(D) — L*(D) given by

K%ko [u](z) = — /Q G(z —y,0ko)u(y)dy, € D. (4.8)

The Helmholtz Green’s function has helpful asymptotic expansions which facilitate
this. However, the behaviour is quite different in two and three dimensions, so we
must now consider these two settings separately. We will first work on the three-
dimensional case, and then treat the two-dimensional setting as the asymptotic
expansions are more complicated.

4.2.3. Reformulation as a Subwavelength Resonance Problem

In order to reveal the behaviour of the system of nano-particles, we will characterise
the properties of the operator K?)ko. We observe that the Lippmann-Schwinger
formulation (4.7) of the problem is equivalent to

(1 — ) () = 82E (w, k) K 3F ] ().
This is equivalent to

(I = °wE(w, B)KPO)[u](z) = uim(2),
which gives

u(z) = (I — 6%wE(w, k) K D)~ [uim)(2),
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for all x € D, where I denotes the identity operator. Then, the subwavelength reso-
nance problem is to find w € C close to 0, such that the operator (I —§2w?¢(w, kz)Kf)kO)_l
is singular, or equivalently, such that there exists v € L?(D), u # 0 with

u(z) — 82w (w, k) /D G(x —y,0ko)u(y)dy =0, for z € D. (4.9)

4.2.4. Three Dimensions

We consider the three-dimensional case, d = 3. Let us define the Newtonian potential
on D to be K\Y : L*(D) — L2(D) such that

EOu)(x) : = - /D u(y)G(z — y,0)dy

; X (4.10)
=—— u(y)dy.
Am Jp |z —y| )
Similarly, we define the operators K]()n) : L(D) — L*(D), forn =1,2,..., as
(n) _ i (e -y
Kp lul(z) = _47T/D Tu(y)dy (4.11)

Then, in order to capture the behaviour of Kf)ko for small §, we can use an asymptotic
expansion in terms of small §.

Lemma 4.2.2. Suppose that d = 3. The operator K%ko can be rewritten as

[e.e]

Ko =" (ko) K,

n=0

where the series converges in the L?(D) — L?*(D) operator norm if dko is small
enough.

Proof. This follows from an application of the Taylor expansion on the operator
K%ko. Indeed, using Taylor expansion on the second variable of GG, we can see that

o0 n

G(z —y, ko) = Z(ako)ngkf (x —y, k)

n=0

k=0

Since we are working in three dimensions,

ezk\:p|
G = —
(k) =~
and thus,
1
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4. Subwavelength halide perovskite resonators

and
oG i (il —y))"!
Ok (Iiyv ) :75 7,”' s for n > 0.
Hence,
i oG
— . ko) = S (Gko)" .k ‘
Gl = v.8kn) = 3 (60" G o = ),
e w30\ (ilz =yt
B Z(éko) < 47T> n!
n=0
and then, multiplying by u and integrating over D, gives
KTl (y) = Y (0ko)" K3 [u) (1),
n=0
which is the desired result. ]

4.2.4.1. Eigenvalue Calculation

In order to study the operator K MO, we need to find its eigenvalues. From Lemma 4.2.2,
if kg is fixed then we can write our operator as

K% = KO 4 55k Y 4+ 0(62)  as 6 — 0. (4.12)
Since we know that Kg]) is self-adjoint, we know that it admits eigenvalues. Let us

denote such an eigenvalue by Ao, and by ug the associated eigenvector. Let us now
consider the problem

K%0us = \sus, (4.13)

where )\s denotes an eigenvalue of the operator K]‘;ko and us denotes the associated
eigenvector. The compactness of the operator K %k:o gives us the existence of isolated
eigenvectors. We wish to express As as a function of )y, for small values of ¢,
which is a classical idea in perturbation theory. This is possible, since K](:?) is a
compact operator and hence, all the eigenvalues are isolated, except from 0. Using
this eigenvalue problem, we will find the resonant frequency ws and the associated
wavenumber kg of the halide perovskite nano-particle.

Proposition 4.2.3. Let A5 denote a non-zero eigenvalue of the operator Kj;ko mn
dimension three. Then, if § is small, it is approximately given by

As =~ Ao + 6k0<Kl()1)u0, U()). (4.14)
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4.2. Single Resonators

Proof. Using Theorem 2.3 of [12], eigenvalue perturbation formulas of this kind
are straightforward to obtain, provided that the unperturbed eigenvalue is semi-
simple. Since Kg)) is compact, all its non-zero eigenvalues are simple and isolated.
Consequently, we know that there exists an expansion of the form A\s = A\g+ d A, for
some constant A which it remains to calculate. We start by truncating the O(52)
term in the expansion (4.12). Then, we have that

KaDkoufg = AsUus & (Kg)) + 5]{:0Kj(jl))u(5 = AsUs

And <(Kg)) + 5k0K(Dl))u57u0> - <)\5’U,5,’U,0>-

Since Kg)) is self-adjoint, we have that
Ao{ug, ug) + 5k0<Kg)u(;,u0) = As(us, up).
Finally, since us ~ ug we find that

<Kl()l)u5, uo)
(ug, uo)
~ Ao + Sko (K D ug, uo),

As = Ao + dko

which is the desired result. O

The following corollary is a direct consequence of Proposition 4.14.

Corollary 4.2.4. Let A\s denote an eigenvalue of the operator Kg“o in three dimen-
sions. Then, if § is small, it is approzimately given by

As & Ao — ﬁakoﬁ, (4.15)

where B := ([, uo(y)dy)? is a constant.

Proof. From (4.11), we get that

i Gl -y
47 D ].'
1

- dy.
i DU(y) y

u(y)dy

Let us define the constant B := ([, uo(y)dy)?. Then, we observe that

(w0, = [ (m) wly) [ w(a)sdy

Substituting into (4.14) gives the desired result. O
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4. Subwavelength halide perovskite resonators

4.2.4.2. Frequency and wavenumber

Let us now find the resonant frequency ws and wavenumber ks associated to this
eigenvalue, which will also constitute the basis of our analysis of the operator K]%ko.
From (4.9), we see that if u = u., then 1 = §2w?¢(w, k)As so, using Corollary 4.15
we have that

1

k) = ‘
€(w ) u052w2 ()\0 — ﬁ&koB)

+ &o. (4.16)

In order to study halide perovskite particles, we want the permittivity e(w, k) to be
given by (4.1), that is,

(67

4.1
B —w? + nk? —iyw’ (4.17)

e(w, k‘) =9+

where «, 3,7,n are positive constants. Comparing the two expressions (4.16) and
(4.17) we see that

52w\ — B+ w? — pk? = 0
{Oéﬂo w Ao — B+ w =1 ; (4.18)

Yw — uoﬁaés’w%OB =0.

We study these two equations separately. First, we look at the second equation of
(4.18). We have that

1
w (*y — ugmaégwkoﬁ%) =0,

meaning that

0 Ay
w= o w=-————.
appd3koB
For w = W;‘;rigkw we obtain that

nk? = (1+ apod®ro)w® — B,

which has solutions

167292(1 4+ apod®ro) B
k=4 - —. 4.19
\/ a?p300k3B2n n (4.19)

The case of w = 0 is not of physical interest here. Thus, denoting this specific
frequency by ws and the associated wavenumber by ks, we will work with

242 2
4wy and kg — \/167r v2(1+ apod?ro) B (4.20)

 appd3koB a?p300k3B2n K

where we have chosen the wavenumber ks to be positive.
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4.2. Single Resonators

4.2.4.3. Asymptotic analysis

Let us now return to the problem of studying the singularities of the operator (I —
82w (w, k:)K?)ko)_l. We have the following equivalence:

00 -1
(I - 2w k) K0 =0 & (1 — 6%E(w, k) Z(a%)%@) = 0.

n=0

We define
(ilz —y|)" !

o uly)dy.

Ay = €, KD = — 82026 (w, k) = /
47 D

Then, it holds that

00 -1 00 -1
(I — 52w (w, k) Z(ék@”KB”) = (I - Z(éko)”An>
n=0

n=0

= ((I — Ap — Sko A1) Z(5k0)nAn> (I — Ao —0koAr)™"
i=0
= (I — Ao — 5]{30/11)_1—}—

+ (I — Ay — 0koAy) Y (0ko)2 Ao (I — Ag — ko Ay)~H + O(8%).

n=2

Thus, the above equivalence yields

00 —1
(I - 22t (w, k)K= 0 = (I — 6% (w, k) Z(ék@”K@) =0 &
n=0

(I — Ag — SkoAr) ™t 4 (I — Ag — SkoAy) " (0ko)? Ao (I — Ag — ko A1)t + O(5%) = 0.

Using this expression, we obtain the following proposition.

Proposition 4.2.5. Let d = 3 and let wgs be defined by (4.20). Then, as 6 — 0, the
O(8%) approzimation of the subwavelength resonant frequencies ws and the associated
wavenumbers ks of the single halide perovskite resonator = 6D + z satisfy

1 — 62w (ws, k) As = — 4 k3w2E (ws, k) (KD us], us). (4.21)
Proof. For ¢ € L?(D), and dropping the O(§%) term, we have
[(I—Ao—5k0A1)’1+(I—A0—5k0A1)*1(5k0)2A2(I—A0—6k0A1)’1 ] = 0. (4.22)

We apply a pole-pencil decomposition, as it is defined in [11], to the term (I — Ay —
SkoA1)~y] and obtain

(I — Ag — SkoAr) o] = (us, ¥)us

B 1- 62“‘}36(“}87 ks)>‘6 * R(é)[w]’
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4. Subwavelength halide perovskite resonators

where the remainder term R(6)[¢)] can be dropped. Hence, (4.22) is, at leading
order, equivalent to

(us, V)us N (us, V)us
1= 02w€(ws, ks)As 1 — 02w2€(ws, ks) s

<u5vw>u(5 _
1 — 02w2€(ws, ks)As

(0ko)? As

which reduces to

us N us (K2 us), us)
1- 52("}35(“}8) ks)A(s (1 - 52‘”25(“57 ))‘5)

6 kgw2E (ws, ks) = 0,
which can be rearranged to give the desired result. O
Remark 4.2.6. In the appendiz, we will recover a formula for (Kg) [us], us).

Before we move on to the consequences of this proposition, we recall that

k) =~ [ My = o [ o= sl

47TD 2

Thus, we can define the constant F to be such that

(s us) = [ 5 usl@mstonts = o= [ [ o = ylusymsa)dyde = F.

So, from (4.21), we see that

41.2, 2
1 — 6%w2€(ws, ks)As = 9 ’“0“8;5“’8’ k) . (4.23)

Then, the following two corollaries are immediate consequences of the Proposi-
tion 4.2.5.

Corollary 4.2.7. Let d = 3. Then, as 6 — 0, the O(6%) approzimation of the
subwavelength resonant frequencies of the halide perovskite resonator Q = 6D + z
are given by

64722 §4w2 k2 (ws, ks)
1——>\ s ks) — = CsOTH R, 4.24
w? 3(e(ws, ks) 80)a2,u054k:§1832 8 (4.24)

Proof. By a direct calculation and using (4.20), we have

1 — 02w (ws, ko) As =1 — 6%w?po(e(ws, ks) — €0)As

(4.20) o w? 64722
1 — 0" = po(e(ws, ks) — €0) Ns—5—55=5
w? a2 254 k2B?
642y
=1- —)\ ks) — e0)— L
Then, using (4.23), the result follows. O
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4.2. Single Resonators

Corollary 4.2.8. Let d = 3. Then, as 6 — 0, the O(6*) approzimation of the
subwavelength resonant frequencies of the halide perovskite resonator Q = 0D + z
can be computed as

2 81y°F
1 — 6202 ko)A = — 8 ks) —e0) 5= 4.25
wsg(wm s) g wg (6(“}57 s) €O)Q2M052BQ ( )
Proof. Again, we can calculate this directly:
§*k2w2€ (wg, ks) w?
0 S87r D E = 8#54wz k2 110 (e (ws, ks) — €0)w?
(4.20) 1 3 9 6472~2
= ——5 k ks) —e0)—5—5—-5—5
2 2
wy 8mry
= —= ks) —e0)—5—5-—5-
w? (8lws, ks) = 20) a2 62 B2
Then, using (4.23), the result follows. O

We finish our analysis of the three-dimensional case with the following proposition.
Proposition 4.2.9. Let d = 3. For w close to the resonant frequency ws, the field

scattered by the halide perovskite nano-particle Q = 6D + z can be approzimated by

1+ 0%w2G(z — 2z, 0ko)&(w, k)
52w? ()\5 — Ao+ (5]{70]]33) E(w, k

u(x) — uin(x) =

<uin7u5>/ Ug, .’L‘ED,
) D

_ 2
for |z — z| > T

Proof. Our goal is to find u € L?(D), u # 0 such that (4.9) is satisfied. Using the
pole-pencil decomposition, for x € D, we can rewrite

<uinu U5> fD us
1 — 62w2é(w, k)As

(K Tus), us) (win, us) [ us
(1 = 02w?é(w, k)As)?

u(z) — uin () = — 6%w?E(w, k)G(x — 2, k)

+ 6 kRw?E(w, k)

Using (4.21) and plugging it in the above expression, we obtain

(imy 5) [ s
— 04 kw2E (w, k) (K [us), vs)
<K(2)[U5] ) (Uin, us) [ us
OB kwre(w, k)2(K D [us), v5)2
G(x — z,0ko) (uin, us) [p us N (Win, us) [ us
02k (K [us), us) k3w2E (w, k) (K S [us], us)

u(z) — uin(z) = —82w*(w, k)G(z — 2, 0ko)

+ 6 kRw?E(w, k)
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4. Subwavelength halide perovskite resonators

Thus, defining the constant F := 87r<K1(32) [us], us), we obtain

8 (1 + 8%w?G(x — 2, 6ko )€ (w, k:))
u(z) — uip(x) =~ TR (o, W)F (Win, Us) /D us. (4.26)

From Appendix A.3.1.1, we have that

8 i
=——[As — Ao+ —0koB .
52k8<6 0+47r 0)

Plugging it into (4.26), we obtain

F

87 (1+ 022Gl — 2, 0ko )¢ (w, k:)) 5212 )
~ 0 - <u7§na U5> / Us,
S kg€ (w, k)F 8T A5 — Ao + £=0koB D
from which the result follows. O

4.2.5. Two dimensions

We now turn our attention to the two-dimensional setting. We define the Newtonian
potential on D, K\ : [2(D) — L*(D), by

K@) =~ [ wGla .00y = —5 [ 1ogle = yluts)dy.

We also define the operators Kj(;l) : L*(D) — L*(D) and Kgl) : L2(D) — L*(D)
by

and

KEll(@) = | S=Gle—y,k)| _ u()dy.

Then, from the asymptotic expansion of the Hankel function, we have the following
result.

Lemma 4.2.10. Suppose that d = 2. Then, for fixed ko € C, the operator K%ko
satisfies

K% = log(ko9) K4SV + KWW+ (ko) log(46ko) K + O(6*1og8),  (4.27)

as & — 0, with convergence in the L*(D) — L%(D) operator norm and the constant
s

4 being given by y 1= %ko exp(y — ), where 7y is the Euler constant.
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4.2. Single Resonators
4.2.5.1. Eigenvalue calculation

We use the same notation for ug as in Section 4.2.4.1. Let us consider the eigenvalue
problem

K%kou(; = Asus, (4.28)

where A5 denotes a non-zero eigenvalue of the operator K 6k°, and ug denotes an
associated eigenvector. As in the case of dimension d = 3, we now wish to express

As in terms of, for small values of §. This is possible since Kl(;l) is a compact
operator.

Proposition 4.2.11. Let A5 denote a non-zero eigenvalue of the operator K,‘;ko mn
dimension 2. Then, for small 8, it is approximately given by

As ~ log(6ko)A_1 + (KWu 1, u 1) + (5ko)*log(8kod) (K Wu_1,u 1),  (4.29)
where A\_1 and u_1 are an eigenvalue and the associated eigenvector of the potential

K5,

Proof. Since K(D_l) is a compact operator, it has simple eigenvalues so we can use
Theorem 2.3 of [12]. We start by dropping the O(5*log(§)) term on the expansion
(4.27). Then, we have that

K%ous = Msus < (log(6ko) KG Y + KWW + (ko)? log(6ko) K5 )us = Asus
& log(Skod) A1 (s, uo) + (K3 us,uy)+
+ (ko) log(8koA) (K b us, u—1) = As{us, u_1).

Therefore, assuming that us ~ u_1, we can see that
As ~ log(6ko)A_1 + (KWu_1,u_y) + (5ko)*log(8koq) (K W u_1,u_1),

which is the desired result. O

The following corollary is a direct consequence of the above proposition.

Corollary 4.2.12. Let \s denote an eigenvalue of the operator Kg)ko i dimension 2.
Then, for small d, it is approzimately given by

. P i(dko)?log(0ko?)G
A5 = log(dko)A-1 — o — (0ko)” log(9koy)G
m a7

(4.30)

where P and G are constants that depend on u_1.
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4. Subwavelength halide perovskite resonators

Proof. We observe that

(KO, uy) = /D ( o [ 1ol ~luty >dy> T3 () da
//logx—y]u ()T () dydz

S or F
Then, for u € L?(D),
M 9 Gl
Kp' @)= | 566 v b _ vty
_ O,
_/Dak( 1 Ho (klz y\)) ‘kzou(y)dy

1 U
_/ (v) dy.
dm Jp |z -yl
and so, we have

(KWu_y uy) = / < 4; /D |“$ i(z)|dy> a1 (z)dz

N //u llx—y! )dydx

47r
Hence, from (4.29), we obtain the desired result. O

4.2.5.2. Frequency and wavenumber

Let us now find the frequency ws and the wavenumber ks associated to this eigen-
value, which will also constitute the basis of our analysis of the operator K%ko. We
see that (4.9) gives us that

1= 62w (w, k)\s o 1 =062 ug(e(w, k) — o) Xs.

Using the expression (4.29) for \s, we see that

1
p00%? (log(Bko i)\ 1 — £ — LR lelkAIE )

e(w, k) = + €o.

4

Arguing in the same way as in Section 4.2.4.2 and comparing the two permittivity
expressions, we obtain the following system:

{4%@62w2,u0 log(8kod)A_1 — 2Pad?w? g — 4n B + dnw? — 47nk? = 0, (4.31)

—adtw? ok log(5koy)G + dmyw = 0.
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4.2. Single Resonators

From the second equation in (4.31), we see that
w(—adtwpok? log(6key)G + 4my) = 0,

which shows us that

B 4y
- ad*pok? log(6koy)G

w=0 or

Ay
adt gk log(5ko)G

For w = , we obtain the equation

167252
o268 kg log(dko?)2 G2 -
16722
H0 268 1218 10g (0K ) 2G2
16722
T o268 12 kd log (8koY)2G?

4rad® oA _1 log(dko?)

— 2P — 4+

+4 — dmnk? =0,

which has the solutions

82
na268 p2ka log(8koy)2G2

k= :l:\/—/f; + (27r0452,uo)\_1 log(dko7y) — ad?uolP + 27?)

Yet again, we discard the case of w = 0, as there is no physical interest. Denoting
the frequency by ws and the wavenumber by As, we will work with

e 4y
* 7 b ok log(ko)G’
3 ) 82
ks = | —= + (2rad2puo_1 log(dko) — ad?uoP + 2
5 \/ n + ( mad?poA—110g(0koy) — ad®polP + W) na?6® pdkg log(0kod)?G?’

(4.32)

where we have chosen the wavenumber to be positive.

4.2.5.3. Asymptotic analysis

Let us consider w near wg, and define the coefficients

IOg(ékO’?% n=—1,
cn =141, n =0,

(0ko)?™ log(dkod), n > 1.

Then, we can write

+o0o
Epo=3" ek

n=-—1
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4. Subwavelength halide perovskite resonators

We are interested in studying the singularities of the operator (I—§%w?¢(w, k‘)K%kO)_l.
Setting B,, := 62w2£(w,k)K(Dn), we find that (I — 52w2§(w,k)Kj;k°)*1 = 0 can be

written as
+oo -1
(1 — Z ann> =0,

n=—1

which can be expanded to give

“+oo
I —log(Sko%)B-1 — By — (8ko)? log(6ko?) By — Z cn By =0,

n>2
which yields
£ 4 £(0ko) log(6kod)B2£ + O(8°%) = 0,

where we have defined,
-1
e = (1 —log(Skoq)B_1 — By — (dko)? log(ékroﬁ)Bl) . (4.33)
Using this expression, we have the following proposition.

Proposition 4.2.13. Let d = 2 and let ws be defined by (4.32). Then, as 6 —
0, the O(6*) approzimations of the subwavelength resonant frequencies wy and the
associated wavenumbers ks of the single halide perovskite resonator Q = 6D + z
satisfy

1 — 6%w2E (ws, ki) As = —00 ki log(Skod)w2E (ws, ki) (K 2 us), us). (4.34)

Proof. Applying a pole-pencil decomposition, we obtain

_ (-, us)us
1- 52(”36(“57 ks))‘é

(1108 (k%) B1 — B~ (ko) os(5k03) B ) [ R

where the remainder R(w,) is analytic in a neighborhood of w;s and can be dropped.
Thus, dropping the O(6%) term, we find for ¢ € L?(D) that

£+ £(5ko)* log(ékoﬁ)BQS} (¥) = 0.

Applying a pole-pencil decomposition on (4.33), we get

(¥, us)us (¥, us)us
1= 02w2€(ws, ks)As 1 — 02w2€(ws, ks)As

<¢a U5>’LL5

A .
(dko)*log(0ko*) Bag— 5202€ (ws, ks)As

=0.

This implies that
1 — 6%w2E (ws, kis) s = — 0k log(Skod)w2E (ws, ki) (K 2 us), us),

which is the desired result. O
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4.2. Single Resonators

In order to obtain the associated consequences of this proposition, we observe that,
since d = 2, we have that

2
K lwl@) = [ S0t —yk)| _ ust)y

D @ k=0

0? i (1)
B /D ok? <_4H0 (k:|a:|)) ’k:o

i 1
=2 ————us(y)d
) e

_ us(y)
dr Jp |r —yl?

Hence,
(KD [ug], us) = / <4; /D ;5_(9;'2@) w5(z)dz (4.35)
// !x—yl2 dydz (4.36)
= 47T (4.37)

So, we get that (4.34) is equivalent to

i85k log (ko7 )w2€ (ws, ks
1 = 022 (s, )y = —2 Fo 108(0 ZZ)%&(“’ .ks)S. (4.38)

Remark 4.2.14. In Appendiz A.3.1.2 of this paper, we recover a formula for S.
Then, the next two corollaries follow as immediate results.

Corollary 4.2.15. Let d = 2. Then, as § — 0, the O(6'%log(0)3) approzimation of
the subwavelength resonant frequencies of the halide perovskite resonator Q2 = dD+z
can be computed as

L fi? 167r2,}/2)\5 (5(005, ks) — 50) _ _1'56]{;64] log(5ko’?)w§§(ws, ks)S 4 39)
w?  a?8%upkdlog(0koH)2G2 4 ’ ’

Proof. By a direct computation, we observe that

2

1= 5200?5((08’ ks)As = 1— 62{"'}3#’0 (5(w57 ks) — 50))\52
ws 16722

1—527M0(5(w5,ks)—50))\5 Y
Ws

(4.32)
N 26812k log(0ko”)2G2

w2 167242 \s <6(w3, ks) — 50)
1 s
w}  a?80pgkg log(5kod)?G?
and thus, (4.38) gives the desired result. O
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4. Subwavelength halide perovskite resonators

Corollary 4.2.16. Let d = 2. Then, as § — 0, the O(6*1log(8)) approzimation of the
subwavelength resonant frequencies of the halide perovskite resonator Q = 0D + z
can be computed as

|52 . w? 47riS'yQ<€(ws,k5)—£o> a0
- wsé(w& S) 6 — _wg : a252 10g(6k0’?)/ﬁ0@2 ( . )

Proof. Again, to show this, we need to make a straightforward calculation:

i05k4 log(8ko? )w2E (ws, ks)S

= 56 kj 1og(5k07)

‘E
Stoleto

S no <€(ws, ks) — 50) wg

4
(4.32) i 6 14 w? 16722
= 6 ko log(d0kody) — S p ws, ks) — € -
(9ko?) w? (( ) 0) 288 2k log (9ko)2G2
B ‘ig 4m’S’yQ( e(ws, ks) )
w2 a20?log(6kod) poG2
Hence, (4.38) gives the desired result. O

We continue our analysis in the same way as in the previous case.

Proposition 4.2.17. Let d = 2. For w real close to the resonant frequency ws, the

following approximation for the field scattered by the halide perovskite nano-particle

Q=06D + z holds:

47r<1 + 82w (w, k)G (x — 2, 5k0))
100 kiw? log(dkoy)w2é (w, k)S

(um,u(5>/ us, x €D, (4.41)
D

u(x) — uin(x) =

for |x —z| > 2n

wr/&(w,k) o ’

Proof. As we mentioned at the beginning or our analysis, our goal is to find u €
L3(D), u # 0, such that (4.9) is satisfied. Using the pole-pencil decomposition on
this Lippmann-Schwinger formulation of the problem, we can rewrite, for x € D, as
in Corollary 2.3 in [8],

(Uin, us) [ us
1 — 02w?é(w, k)As

(K [us), us) (uin, us) [ us
(1 82026 (w, k)>\5>2

w(z) — uin(z) ~— 02w (w, k)G (x — z, 0ko)

)

+ 6%K5 log(Sko)w?E(w, k)

which, using (4.38), becomes:

G(x — z,0ko) (win, us) [, us (Uin, us) [pus

) ) oG (K D gl ) 59K g ko )2 e ) (D ), ]
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4.2. Single Resonators

From (4.35), this gives

47r(1 + 0% (w, k)G (2 — 2, 5k0)>
w(z) — upn(z) ~ T og (5o 2E (0 F)S Uin, Us) /D us,

which is the desired result. O
We finish our analysis with the following result.

Proposition 4.2.18. Let d = 2 and § be small enough. Then, the o(6*) approzimation
of the subwavelength resonant frequencies ws of the halide perovskite nano-particle
Q =06D + z satisfies

Dl
2

™

1 — §%wi¢(ws, ks) ( log(6ko) + (K [Ip], Ip)+

(4.42)
+ 6%k2 log(é)(Kg)[ﬁD],ﬁD>)> = 0(54)7

where |D| is the volume of D and Ip = 1p/+/|D.

Proof. We want to find ws € C such that
(I — 62wiE(ws, kS)K?)kO) [ul(z) =0,

which, for small §, can be written as

(I — 0%w2E(wi, k) (og(Oko ) Ky + K+ (0ko)? log (ko) K 5;”)) [u] (x) =
- 0(56 1og(5)).
Let us denote
Mo = log(5ko) KG Y + KW + (5k0)2 log(8ko) K 1.
We take v(0) € O'(Mgko) and consider the eigenvalue problem for Mgko:
M [0] = v(5)0. (4.43)

We employ the ansatz

T(5) = Vo + O <10g1(5)) :

v(8) = log(8)vy + v1 + 62 log(8)ve + O (52),
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4. Subwavelength halide perovskite resonators
From (4.43) and the fact that 62 log(dko¥) = 6%log(d) + O(6?) we have that

(1og(5)K,§;” +log (ko) K5V + KW 4 (5k0)? 1og(5)Kg>) [Wo] =

= (10g(5)1/0 + vy + 62 log(é)ug) [Wo] + O<52).
Equating the O(logd) terms gives

K(Dil)[\l’o] = 1/0‘110 = I/oﬁD = K(Dil)[ﬁp]

A D A
= V()]ID = —u]ID
27
—
0 21
Then, equating the O(1) terms gives
D

log (ko) K SV ip] + KOin] = miip = mip = — 2 togko)in + K [ip]

2
D .
== —|27r|10g(ko’y) + (K} [ip], Ip).
Using the same reasoning for the O<(52 log(5)> terms, we get
volp = KK [Ip] = v = K2(K S [1p], ).

Thus,

v(0) = log(8)vy + vy + 6% log(8)vs + O<52)

D D ) o o
= |27r| log(d) — |27r| log(ko¥) + <K§§) [[p],Ip) + 62k2 log(d) (Kg)[]ID],]ID>+
T O<52)
D 2 = = A A
= —|27J log (ko) + <K,§§’> [Ip],Ip) + 62k2 log(8)( KquD]’HD) n o( 52)'

Using these expressions, 1 — §%w?2¢(ws, l{:s)Mgko = 0(6%log(8)) can be rewritten as
202 _@ “ O 17 272 M 17
1= 8226wy, k) | = 5 log(dko?) + (K (i), Ep) + 0243 log(8) (K [Eo). )

+ 0(52)> - 0(56 log(5)>,

from which the result follows. O
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4.3. Hybridisation of two resonators

D1 D2

Figure 4.1.: Two identical spherical halide perovskite resontators Dy and Ds of ra-
dius 4, made from the same material, placed at a distance x from each
other.

4.3. Hybridisation of two resonators

In this section, we study the resonance problem for a system of two halide perovskite
subwavelength resonators. Using the integral formulation of the problem, we obtain
a matrix representation form which we use to obtain the expressions describing the
subwavelength resonance in both the the two- and the three-dimensional setting.

4.3.1. Three Dimensions

Let us consider two identical halide perovskite resontators D; and Dy (e.g. the
speres in Figure 4.1), made from the same material. From now on, we will denote the
permittivity by (w, k), where w is the frequency and k the associated wavenumber.
In order to generalise our results, we will define it by

Mo
k) := 4.44

where the positive constants «, 5,7 and 7 characterise the material.

Then, since there is an interaction between the two resonators, the field u — u;,
scattered by the two particles will be given by the following representation formula:

(u — win) (z) = —0%w?(w, k) [ : G(z — y, 5ko)u(y)dy + : G(z —y, 0ko)u(y)dy| ,
1 ’ (4.45)

for x € R,

Definition 4.3.1. We define the integral operators K%kio and R‘SDIzODj, fori,j =1,2,
by

ngo : “’Di € LQ(Di) — — /D- G(x — y, 0ko)u(y)dy o c L2(Di)

7
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4. Subwavelength halide perovskite resonators

and

RJD’?DJ_ : u|Di € L*(D;) — — /D G(x —y,0ko)u(y)dy b € L*(D;).

J

Then, the following lemma is a direct consequence of these definitions.

Lemma 4.3.2. The scattering problem (4.45) can be restated, using the Defini-
tion 4.3.1, as

(1 — 82w2¢(w, k) K3 —52w2£(w,k)R%“§D1> <UID1> _ (uinbl) . (4.46)

—0%w2E(w, k)RY®p, 1 — 62w(w, k) KN° | \ulp, Uin| Dy

Thus, the scattering resonance problem is to find w such that the operator in (4.46)
is singular, or equivalently, such that there exists (ui,us) € L?(D1) x L%(Ds),
(u1,uz) # 0, such that

1 — 6%w?¢(w, k)KéDklO —6%wE(w, k)R%ZODl u1 0
52,2 Sko 52,2 dko - ' (447)
0%w2E(w, k)R, 1 — 6202 (w, k) K0 | \us 0

Theorem 4.3.3. Let d = 3. Then, the hybridised subwavelength resonant frequencies
w satisfy

2 §) (5 & (6
(1= 02w, k)2 ) — duwite (o, ) (R, 07, 08 (RSO, 087, 6 = 0, (4.48)

where ¢£5), for i = 1,2, is the eigenfunction associated to the eigenvalue \s of the
potential KJD]zO.

Proof. We observe that (4.47) is equivalent to

1 — 62w (w, k) Koo 0 w1 5 o 0 R3%o uy
’ 1 — D3 Dy —
< 0 1 — 6%w?E(w, k)Kg;" (uz> 8w Elw, k) R(ECIODQ 0 (m) 0

which gives

-1
(u1) Pl ((1 — 0w (w, WK 0 1) <R5Dk20D1u2> .

— Sk
Uz 0 (1 — 82w (w, k)K;;’j) Rp'p,t
(4.49)

~1
Let us now apply a pole-pencil decomposition on the operators (1—52w2§ (w, k)K 6DIZO) ,
for ¢ = 1,2. We see that
0 4
(. 01")o"

(1 — 52w2§(wa k)K?)]io)il(‘) —1_ 52w2E (w, k) As + Ri[w] (")
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4.3. Hybridisation of two resonators

and

(- (5)> (%)

_ P2 ") P2 )
= T (w, By, wIC),

(1 - et ME) ()

where the remainder terms R;[w](-) and Rz[w](-) are holomorphic for w in a neigh-
borhood of ws, so can be neglected. Then, (4.49), is equivalent to

1 2 2 -5 N _
(u2> — oW W, k) BN (65785 ( ggoDlm) -
0 TR, ) N PP

This gives us the system

52w2é(w,k Ok 6 4
{“1 - 1—52w2§((w,k))xé <RD20D1“2’ ‘15& )> g = 0,
k)
%

52w (w, 5k 0 0
Up — %mpfpgul@é el =o.

Applying the operator R%CIODQ (resp. R%‘;(’Dl) to the first (resp. second) equation,
and then applying (-, ¢§E)> (resp. (-, ¢§g)>)7 we find that
Sk 1) 52w?é(w,k Sk § 1) 5k 5
{<RD10D2“1’ 3 — 1—622w22§((w,k)))\5 (Rp!p, ), g)><RD§D1U2,¢§ =0
ok g é k ok g 0 ok 5
(R0, 2, 01)) — e (R, 087, 61 ) (R0, ua, 687) = 0,

This system has a solution only if its determinant is zero. That is, if

Stwté(w, k)?

Ok 0 0 ok 0 0
1- 2 (RETp,00 ) 05 W B, 8 61} = 0,
(1 522 (w, k))\(g)
which gives the desired result. O

The following corollary is a direct result of Theorem 4.3.3.

Corollary 4.3.4. Let d = 3. Then, the hybridised subwavelength resonant frequencies
are given by

L EV= - AT(B + k)
or ’

where [=—1-48%a\s £ ad? \/(R%?DQ 56), §5)><R%;Dl g&)j qﬁgé)).

(4.50)

where gb?, for i = 1,2, is the eigenfunction associated to the eigenvalue s of the
potential ngo and the £ in the two expressions do not have to agree.

Proof. We introduce the notation K := <R%“1°D2 qzbga), ¢g§)> and M := (R%“;Dl é&)’ ¢§6)>.
Then, (4.48) becomes

(1 ~ 820w, k))\5)2 — F4wrE(w, k)2KM = 0
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4. Subwavelength halide perovskite resonators

1 — 62w (w, k)Xs + 02w (w, k) VKM = 0
& (—1 —6%a)s £ a52vKM) w? —iyw + B+ nk? =0,

and the roots to this second degree polynomial are given by

_ iy /2 —AD(B + nk?)
or ’

where
I'=—1- 6%\ £ ad’* VKM,
with the two &+ not necessarily agreeing. Finally, substituting the expressions for K

and M, we obtain the result. ]

4.3.2. Two Dimensions

Let us move on to the case of dimension d = 2. For simplicity, we again consider
two identical halide perovskite resontators Dy and Do, made from the same material
with permittivity given by the formula (4.44). We define the operators ng_o and

R(SDICZ_OD]_, for i,j = 1,2, as in Definition 4.3.1 and we continue by defining the following
integral operators.

Definition 4.3.5. We define the integral operators ngo and Ngj(bj fori,j =1,2 as

M = K0 4 KO 4 (5ko)? log(0kod) KL,

and
Nio, = K3+ RS+ (6ko)* log(ko9) R

where

Kg)i):uD.eLQ %/Gx—y, u(y) ELQ(D)

ngo Y D, e L*(D;) — log('yéko)KDi [u] N € Lz(Di),

Kp, :u N € L*(D;) — —1/ u(y)dy i € LX(D;),

Kl()li);uDiEL2 H/ y7k)k7 u(y) ELQ(D)
and

g)D u 6L2 >—>/ G(z —y,0)u(y) ELQ(D)
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4.3. Hybridisation of two resonators

> 1
Kpp; iu| € L*(Di) — —/ u(y)dy| € L*(Dy),
¢ Dj
- J

We observe the following result.
Proposition 4.3.6. For the integral operators ngo and R(SD]‘;OD],, we can write
oko __ ko 4 ko _ ko 4
K0 = Mo+ 0(5%10g(9)), and Ry, = NI, +0(6'10g(6)),  (451)
as 6 — 0 and with ko fized.

Proof. The proof is a direct result of the expansion of the Green’s function in di-
mension d = 2. Indeed, for u|p, € L?(D;), we observe that

K‘sko / G(z —y,dko)u(y )dyD

= - / (105-‘2(’?57%)2i +G(z —y,0) + (5k0)210g(5k0’?)§kG(95 - Y, k)’
D; m
+ 0(54 log(5)))u(y)
_ (kg'jo + K + (Sko)? 1og(5k0:y)Kg)) u](z) + O (54 1og(5))
— M) + O (54 log(5)> .

k=0

Similarly, for u|p, € L?(D;),

R, (@) = = [ G~y dhouia], € 12(D)
—;A(mawm>l+a< 0) + (5o log(Shod) o Gl — )|
+0(5*10g(9) ) Ju(y)
_ (Kfj’j‘bj + ROV, + (dko)? log(ékofy)Rg?Dj) ] (2) + 0(54 1og(5))
= NS, [ul (@) + O(5" log(5)).
O

Therefore, our problem is to determine the frequencies w and the associated wavenum-
ber k, for which the following holds:

I — 822 (w, B)K  —62wE(w, k)RS, \ (ur) (0 L5
e, R, T 62%ka“0<w)@) (452
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4. Subwavelength halide perovskite resonators

for nontrivial u := (u1, us), such that u|p, € L?(D;), for i = 1,2.

Proposition 4.3.7. Let d = 2. Then, the hybridised subwavelength resonant frequen-
cies w satisfy

D R .
1 e (w, b) ( Db sog(aoko)1 £ 1) + (£ iEn, ) In,)

+ (Sko)2log(8koy) (KO [Ip,], Ipy) + (R, [ip,),0p,)  (4.53)
= (ko) Log (ko) () p, I, . ﬁm) =0,

where the £ symbols coincide.

Proof. The first thing that we do is to observe that, by applying the expansion (4.51)

to (4.52), we reach the problem

I — 5% (w, k)i\zg’jo —6%02¢E (w, k)Ng’g% <u1> _ [©O(0M108(9)
—620.)25((,0, k)NDloDz I— 52w2§<w7 k)MDQO u2 O (54 10g(5)

We note that |D;| = |D2|. Then, using the symmetries of the dimer, let us denote

) D ) o ) o
50) : = ~ D rog(6k%) + (K (i), p,) + (o) og(ko3) (KD, ] In,)
D ) A R A
= _|2;| log(5k07) + <K1(303 []IDz]v ]ID2> + (5k0)2 IOg((Sk()’y) <K(D12) []IDz] ) ]ID2>7
and

. Sko [h 1% Sko [h 17
n= <ND’€10D2 [HD1]7HD2> = <NDIZOD1 [HDQ]’]ID1>'
In addition, we have that
s . o koo
&, fin,) = K3l
Now, we define the quantity v(J) to be the eigenvalues of the operator Mg’:‘), that
is,
(6) = (MR [Wp,], Up,) = (MRP[Wp,], Up,)
14 D Dily ¥ Dy Do Doy ¥Ds/y

for the eigenfunctions Wp, (6) € L2(D;), ¥p,(6) = Ip, + O (m). Thus, we have
that (4.52) is equivalent to

ko ! .
(1) st ({775 " o)) () o

u2 0 (1 e k)ij’“2°> ) \Vpyp,ua
(4.54)
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4.4. Example: circular resonators

Applying a pole-pencil decomposition, we observe that

(I ~ 820w, k)M,‘;’jO)_l[-] = — 5<2w]i’z(f1;)y( 5y T Rl0),

where the remainder terms R[w](-) can be neglected. Hence, (4.54) is equivalent to

<N220D1u27ﬁD1>ﬁD1 —0
1-02w2€(w,k)v(8) —
<ND1OD2“1’HD2>HD2 —0
1-62w2€(w,k)v(5) ’

up — 82w (w, k)
ug — 82w?E(w, k)

which is equivalent to

5k & 52w2¢(w,k Sko % & 5k i
{<ND10D2U17HD2> - 17752;5((:]{))%5) <ND10D2HD17HD2><ND2OD1U23HD1> = 0,
0.

5k 5 52w2€(w,k) Sko 7 5 5k, 5 _
<ND20D1'LL27 HD1> - 1—82w2€(w,k) v (0) <ND20D1HD2 5 HD1><ND10D2U’17 ]ID2> =
For this to have a solution, we need the determinant of the matrix induced by this
system to be zero. This gives

Stwté(w, k)?

L T8 (o, )2

N, Ip, Ip, (N, Ip,. Ip,) = 0.
Given the symmetry of our setting, we have that
(Nprp,Ip1.10,) = (Npp, I, I,),
and hence, we get
1 — 0w E(w, k) (8) £ 8*w?E(w, k)(N D, Ip, . Ip,) = 0.
This is equivalent to

_ | D
2T

1 — §2w2(w, k)( log(8ko?) (1 £1) + (K5 [Ip,].Ip,)

+ (ko) log(Skod) (K5 [1p,], Tp,) + (RS 1 [E,), T,)

+ (0ko)? log (ko) (R p, [T,), ﬁD1>> =0,

which is the desired result. O

4.4. Example: circular resonators

In this section, we illustrate our results for the case of two-dimensional circular halide
perovskite resonators. We can find the resonant frequencies of a single particle wg
by solving (4.38). Similarly, the hybridised resonant frequencies of a pair of circular
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4. Subwavelength halide perovskite resonators

00 02 04 06 08 10
Size 6 (m)

1014

Frequency (Hz)

1078 1077 10°° 1072 o _/

Size 6 (m) 00 02 o4 o8 o8 10

Size 6 (m) -
Figure 4.2.: Behaviour of the subwavelength resonances for small circular nano-
particles of radius §. The resonant frequency ws of a single circular
methylammonium lead chloride nano-particle is shown. For two circular
nano-particles, made from the same material, we see how the hybridis-
ation causes the frequencies wqip (dipole) and wmen (monopole) to shift

either side of ws.

resonators can be found by solving (4.53). The two solutions of (4.53) are denoted
by wWmon and wgip, to describe their monopolar and dipolar characteristics. As is
expected from other hybridised systems, it holds that wmen < waip- We plot these
three frequencies as a function of the particle size ¢ in Figure 4.2(a). Parameter
values are chosen to corresponding to methylammonium lead chloride (MAPbCls),
which is a popular halide perovskite [52]. We notice that the resonant frequencies for
these resonators lies in the range of visible frequencies, when the particles are hun-
dreds of nanometres in size. This puts the system in the appropriate subwavelength
regime that was required for our asymptotic method.

One thing we observe from Figure 4.2 is that in the § — 0 limit, the frequencies
coincide. This is because the nano-particles behave as isolated, identical resonators
when § is very small. Then, as ¢ increases the single-particle resonance w; always
stays between the monopole and dipole frequencies of the hybridised case. In Fig-
ure 4.2(a) it appears that the three resonances coincide, however in Figures 4.2(b)
and 4.2(c) we plot ws — Wmon and wqip — ws to show that the three values differ by
several hundred Hertz and satisfy wmon < ws < waip. The phenomenon of the dipole
frequency wy being shifted above w,; and the monopole frequency w,, being shifted
below ws is a typical behaviour of hybridised resonator systems, see e.g. [9].

4.5. Conclusion

We have established a new mathematical approach for modelling halide perovskite
resonators. This is a significant development of the existing theory of subwave-
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4.5. Conclusion

length resonators [3, 9], as it generalises the techniques to dispersive settings where
the permittivity of the material depends non-linearly on both the frequency and the
wavenumber. Given the growing use of halide perovskites in engineering applica-
tions, this theory will have a significant impact on the design of advanced devices
[38, 47]. The integral methods used here are able to describe a very broad class of
resonator shapes, so are an ideal approach for studying complex geometries, such as
the biomimetic eye developed by [30].
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5. Highly dispersive subwavelength
resonator systems

5.1. Introduction

When multiple resonators are allowed to influence one another coupling interactions
take place, which can often be complex and difficult to model. Understanding how
these interactions depend on the shapes, sizes and positions of resonators has allowed
scientists and engineers to design devices with exotic and remarkable properties.
Some notable examples include effectively negative material parameters [58, 71],
cloaking devices [54, 27] and bio-inspired structural colouration [66, 77]. The word
metamaterial is a broad term that is often used as a catchall term to encompass
materials whose emergent properties arise due to geometry and structure (as opposed
to purely from chemistry) [10].

For designing complex devices, it is valuable to be able to model systems of coupled
resonators without the need for expensive numerical simulations (e.g. with com-
mercial finite element packages). For this reason, there has been significant math-
ematical interest in developing concise models for coupled resonator systems. A
prominent field in this direction is multiple scattering theory [69]. These techniques
are particularly effective for modelling either small (point) scatterers or systems
whose geometry admits explicit representations (e.g. cylinders or spheres) [70, 35].
For homogeneous circles and spheres, the prominent approach in this direction is
Mie theory, named after Gustav Mie who famously developed so-called multipole so-
lutions for electromagnetic scattering by a sphere [53]. These expressions have been
used many times in the literature for designing complex devices and metamateri-
als [76]. To describe resonators with general and possibly complex shapes, integral
methods can be used [14]. On top of this, asymptotic techniques have helped provide
concise characterisations of complex problems. Homogenisation can be used char-
acterise the effective properties of materials with periodic [22, 37], quasi-periodic
[23] or random [33] micro-structures. Local properties can also be deduced through
asymptotic approaches. For example, asymptotic expansions can be computed when
resonators are very small or have highly contrasting material parameters [3, 9].

Extending existing asymptotic and integral methods to models of dispersive res-
onators, with physically realistic material parameters, has proved to be a challenging
problem. Some recent progress has been made for the well-known Drude model [20]
and for halide perovskites as demonstrated in Chapter 4. In these cases, resonant
frequencies of the coupled resonator system cannot be found by solving a simple
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5. Highly dispersive subwavelength resonator systems

eigenvalue problem, as the associated eigenvalue problem inherits the non-linearity
of the permittivity relation.

In this chapter, we will use integral methods to study a broad class of geometries
of halide perovskite resonators. This extends the theory developed in Chapter 4 for
one and two resonators to the case of three or more halide perovskite nano-particles.
In Section 5.2, we will present the integral formulation of the resonance problem
that we are studying. We will use asymptotic techniques to show how this system
can be approximated in the case that the resonators are small. In Section 5.3, we
will show how these results can be used to find the resonant frequencies of a coupled
system of circular halide perovskite resonators and present numerical visualisations.
Our results will be for a two-dimensional differential system, however we will show
(in the appendix) how these results can easily be modified to three dimensions.

In the final part of this chapter, in Section 5.4, we will use our asymptotic results
to treat an inverse design problem. In particular, given three wavelengths of vis-
ible light, we will show that a system of three identical circular halide perovskite
resonators can be chosen to resonate at those wavelengths and present an efficient
strategy for deriving the appropriate geometry. This problem is inspired by the
sensitivity of retinal receptor cells to three colours of light (red, blue and green).
This shows that, with the help of our mathematical insight, it is possible to add
customisable colour perception to bioinspired artificial eyes [36, 48]. This is from
the work carried in [5].

5.2. Asymptotic analysis

5.2.1. Problem setting

Let us consider N € N halide perovskite resonators Dy, Ds, ..., Dy occupying a
bounded domain Q C R? for d € {2,3}. We assume that the resonators have
permittivity given by

(67

k) =

(5.1)

where «, 3,7, n are positive constants. This is motivated by the formula for the per-
mittivity of halide perovskites reported in [52]. The non-linear dependence on both
the frequency w and the wavenumber k are responsible for the complex, dispersive
behaviour of the material. We assume that the particles are non-magnetic, so that
the magnetic permeability jo is constant on all of R%.

We consider the Helmholtz equation as a model for the propagation of time-harmonic
waves with frequency w. This is a reasonable model for the scattering of transverse
magnetic polarised light (see e.g. [55, Remark 2.1] for a discussion). The wavenum-
ber in the background R% \ Q is given by ko := wegpp and we will use k to denote
the wavenumber within 2. Let us note here that, from now on, we will suppress
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5.2. Asymptotic analysis

the dependence of ky on w for brevity. We, then, consider the following Helmholtz
model for light propagation:

Au + w?e(w, k) pou = 0 in Q,

Au+ k3u =0 in R%\ Q,

uly —ul-=0 on 0%,

gul, —%u_ =0 on 09,

u(z) — uipn () satisfies the outgoing radiation condition as |z| — oo,

(5.2)
where u;, is the incident wave, assumed to satisfy
(A + E)usy =0 in RY,

and the appropriate outgoing radiation condition is the Sommerfeld radiation con-
dition, which requires that

lim ]aﬁ\% ((‘3|8x] — ik0> (u(x) — um(:c)) =0. (5.3)

|z|—00

In particular, we are interested in the case of small resonators. Thus, we will assume
that there exists some fixed domain D, which the the union of N disjoint subsets
D =Dy UDyU---UDp, such that 2 is given by

Q=0D + 2z, (5.4)

for some position z € R% and characteristic size 0 < § < 1. Then, making a change
of variables, the Helmholtz problem (5.2) becomes

Au + 62w?e(w, k) pou = 0 in D, 5 s

Au+ 6%k3u =0 in R\ D, (5:5)
along with the same transmission conditions on 9D and far-field behaviour. We
are interested in the subwavelength behaviour of the system, which occurs when
0 < kg ! We will study this by performing asymptotics in the regime that the
frequency w is fixed while the size 6 — 0. We will characterise solutions to (5.2) in
terms of the system’s resonant frequencies. For a given wavenumber k, we define
w = w(k) to be a resonant frequency if it is such that there exists a non-trivial
solution u to (4.2) in the case that u;, = 0.

We will also make an additional assumption on the dimensions of the nano-particles.
This will allow us to prove an approximation for the values of the modes u|p,,
1 =1,...,N, on each particle. The assumption is one of diluteness, in the sense
that the particles are small relative to the separation distances between them. To
capture this, we introduce the parameter p; to capture the size of the reference
particles D1, ..., Dy. We define p; := £ (diam(D;)) where diam(D;) is given by

diam(D;) = sup{|z — y| : z,y € D;}. (5.6)

We will assume that each p; — 0 independently of §. This regime means that the
system is dilute in the sense that the particles are small relative to the distances
between them. These scales described by d and p; are depicted in Figure 5.1.
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5. Highly dispersive subwavelength resonator systems

< s,
e,
D, Ds
pr P Pr
D, ) D; )
D,
\ pi,
AN pe-,
Dy
Dg
Ds

Figure 5.1.: A system of eight circular resonators. Here, we see how § parametrizes
the size of our system. Also, for the diluteness assumption, for a circular
particle D;, 1 = 1,...,8, we have that the parameter p; is the radius of
D;.

5.2.2. Integral formulation

Let G(z, k) be the outgoing Helmholtz Green’s function in R?, defined as the unique
solution to (A+k2)G(x, k) = do(x) in RY, along with the outgoing radiation condition
(5.3). It is well known that G is given by

5l (klz]), d=2
G(z,k) = { ikl i3

T Ar(x]?

(5.7)

where Hél) is the Hankel function of first kind and order zero. Then, as in Chapter 4,
we have the following result, which gives an integral representation of the scattering
problem.

Theorem 5.2.1 (Lippmann-Schwinger integral representation formula). A function u
satisfies the differential system (5.2) if and only if it satisfies the following equation

u(z) — uin(z) = —52w*€(w, k) /D Gz —y, kod)u(y)dy, z € R (5.8)

where the function £ : C — C describes the permittivity contrast between D and the
background and is given by

§(w, k) = po(e(w, k) — €o).
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5.2. Asymptotic analysis

Thus, a resonant mode of the system (5.2) is a non-trivial solution u to the integral
equation (5.8) that exists when u;,(x) = 0. Since the domains Di,...,Dy are
disjoint, the field u — wu;, scattered by the N particles can be written as

N
(u — uin)(x) = —0%wE(w, k) Z/ G(x —y, kod)u(y), for z e R (5.9)
=17/ Di

We are interested in understanding how the formula (5.8) behaves in the case that §
is small. For this, the asymptotic expansions of the Green’s function will be of great
help. Although, we have to distinguish the cases of two and three dimensions, since
these expansions differ in each case. We will work on the two-dimensional setting
as the asymptotic expansions are more complicated. The same method can be used
in three-dimensions, although the analysis is slightly easier. We present some of the
key details in Appendix A.4.1.

5.2.3. Two-dimensional analysis

Let us assume that we work in dimension d = 2 and let us consider N halide

perovskite resonators D1, Do, ..., Dy, made from the same material. We define the
operators Kg)f and R’z)oij, fori,j=1,2,...,N, i +# j, as follows.

Definition 5.2.2. We define the integral operators Kg’i‘s and RIB,‘SD],, for i,j =

1,2,...,N, by
K’E)‘f : “‘Di € L3(D;) — — /D. G(x — y, kod)u(y)dy D, e L*(Dy)
and
Rlgfy, sl € D) — = [ Gl =y hudunis], € 13(D))

We continue by recalling from Chapter 4 some results concerning the asymptotic
behaviour of these integral operators.

Definition 5.2.3. We define the integral operators Mgf and Ngﬁjj, for i,j =
1,2,...,N,i#j, as
ME = KR 4 K 4 (kod)? log(kodF) K D)

i i)

and

. 0 o
N, = Ky, + RS, + (kod) log(kod9) RYy .,
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5. Highly dispersive subwavelength resonator systems

where
K sul, e 20 M/Gx—y, u(w)dy | € LA(D),
Rl s € 12D — —_ log(hod) /D )y, € D),
Ky :u b € L*(D %/ ~ Y, k‘)‘ _uwdy] € L*(D;),
and
Rgi)Dj:uDEL2 »—)/Gm—y, ()y ELQ(D)
IA(ngj tu| e L*(D;) — ~5- log(’ykod)/ u(y)dy| € LQ(D]-),
i D; D
RO, u|, € LD '—)/ y,k)‘kio ()], L2(D;).

Proposition 5.2.4. For the integral operators Kgof and ng’zjj, we can write

KR =My +0(5"10g(d)), and RS, = Nfs5, +0(5'10g(6)),  (5.10)
as § = 0 and with kg fized.

Since the scattered field is fully determined by the value within each resonator, we
will introduce the notation

u;*=ulp,, i=1,...,N. (5.11)

Then, the resonance problem is to find w € C, such that there exists (u1,ug,...,uy) €
L2(Dy) x L*(Dg) x - x L3(Dy), u; # 0, for i = 1,..., N, such that

1 — 622 (w, k)Jy;O“ — 62w (w, k)Ngg%% L =02 (w, )N,?A‘fDl u 0

—0PW (W, E)Np D, 1 - 0w 2§(w kRYMp? ... —6wé(w, )ND“ND2 ug | 0

—0%wE(w, k)N, —52w2§(w7k)N£"25DN s 1= 82w (w, k)M ) \un 0
(5.12)

To ease the notation in what follows, let us define a modified version of the modulo
function. This is modified to always return strictly positive values (this is important
it will be used for matrix indices later). In particular, it is chosen so that N|N| = N
for any N € N.

Definition 5.2.5. Given N € N, we denote by |[N| : N — {1,2,..., N} a modified
version of the modulo function, i.e., the remainder of euclidean division by N. In
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5.2. Asymptotic analysis

particular, for all M € N, there exists unique T € Z>o and r € N with 0 <r < N,
such that
M=71-N+r.

Then, we define M| N | to be
M|N| :=r.

Here, let us state the following lemma, which will be used to prove the main results
of this subsection.

Lemma 5.2.6. Fori =1,...,N, let QSZ(-&) denote the eigenvector associated to the
particle D; of the potential Mgof. Then, we have that

¢§6)_1D1+O<01 >7 i:la"'vNa

L and |D;| is used to denote the volume of D;.

VIDil

where 1p, =

Proof. We refer to Appendix A of [3] for the complete proof of this statement. The
main idea is to notice that the first order of the expansion of the operator M gf

is independent of x € D. Hence, the eigenvectors qbz@, i =1,2,...,N, should be

constant functions, meaning they can be approximated as qﬁz@ =1 D; + O(@),

: 1p,
where 1p, = —= ]

We recall the diluteness assumption that we have made on our system, which is
captured by considering small particle size p. We define p := %maxi(diam(Di))
where diam(D;) is given by

diam(D;) = sup{|z —y| : z,y € D;}. (5.13)

Then, in the case that p is small, we have the following lemma, which will be used
later.

Lemma 5.2.7. For all i = 1,...,N, we denote u; = u|p,, where u is a resonant
mode, in the sense that it is a solution to (5.8) with no incoming wave. Then, for
characteristic size § of the same order as p, we can write that

wi = (u, ¢ + 0(p?), i=1,...,N, (5.14)

as p — 0, where qﬁl@ denotes the eigenvector associated to the particle D; of the
potential Ml’gg‘s and p > 0 denotes the particle size parameter of Dy,...,Dy. Here,
0 and p are of the same order in the sense that § = O(p) and p = O(6). In this
case, the error term holds uniformly for any small 0 and p in a neighbourhood of 0.

Proof. We refer to Appendix A.4.2. O
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5. Highly dispersive subwavelength resonator systems

We can now state the main result in the two-dimensional case.

Theorem 5.2.8. The scattering resonance problem in two dimensions becomes, at
leading order as § — 0 and p — 0, with 6 = O(p) and p = O(9), finding w € C such
that

det(L£) =0,
where the matriz L is given by
kod (6) ( ) PR
*Bi(wvéxNDﬂv >< DOD +1LNJ¢ ¢z+1 NJ> ZfZ 753
Here, kg = poeow and
52w? k
Bi(w, ) := wE(w, k) i=1,2,.., N, (5.16)

1 —62w2¢(w, k:)l/éi)7

with Véi) and qﬁl@ being the eigenvalues and the respective eigenvectors associated to
the particle D; of the potential Mlk)g‘s, fori=1,2,...,N.

Proof. We observe that the integral formulation (5.12) is equivalent to

N
kod
Z ND(;Dluj
j=1,j#1
U1 N 5 0
ko
U2 Z Np' D, U 0
— %W (w, kM [ 5 2 =1.1 (5.17)
UN : 0
N
koo
Y. Npbyus
J=1j#N

where M is the diagonal matrix given by

—1
(1 ~ 820w, k)Mgg5) T
0, if i # j,

M, =

(/A

fori,5 =1,..., N. From the pole-pencil decomposition, for ¢ = 1,2,..., N, we have

BPACUYAC)
(27‘7521 )9; ol R;[w](-).
1 — 62w?E(w, k)vg

(1- 2w ly’) () =
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5.2. Asymptotic analysis

We recall that, as in Chapter 4, the remainder term R;[w](:) can be neglected. Thus,
(5.17) gives

N
kos
Z Np,p, s
Jj=1,j#1
(A N 0
kod
ug - Z ND-D Uj 0
2 2 j2 _
uUnN 0
N
koo
Z Nppyts
Jj=1,j#N

where M is the diagonal matrix given by

()6l

W = { otuteing
0, if i # .
This is equivalent to the following system
0°w E(w, k) ks (), () ‘
Wi = ) Z <NDjDiuj7¢i >¢i =0, foreachi=1,...,N.

1—62w2¢(w, k‘)l/éi o1
(5.18)

Then, applying the operator Ngﬁ%.H | to (5.18) for each i and taking the product

N

with d)((s) gives

i+1|N |’
ko (9)
<ND2D¢+1LNJ Ui i1 )=
N (5.19)
g kod 5 )
— Bi(w,6) > (NEp s o NN, 6 68 ) =0,
J=Llj#i

for each ¢ = 1,..., N. We observe that for j = 1,..., N, from Lemma 5.2.7, the
following approximation formula holds:

1 9
uj = (u, 6o,

Applying this to (5.19), we get

1 3 6
<N§2%i+1\_1\7] ¢>§ )7 ¢54}1LNJ><U7 ¢§ )>_

N
) 6 1) ) 6
= Bi(w,) > (Ngp o o NN, 6 6l ) = o,
=157

(5.20)
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5. Highly dispersive subwavelength resonator systems

for each ¢ = 1,..., N. This system has the matrix representation
0
u, ¢§§§ ) 0
u, 0
r fb? M . (5.21)
. 5 .
(o)) \0
where L is given by (5.15), which is the desired result. O

Corollary 5.2.9. [t holds that for 1 <i,5 < N,

koo 7 7 oo .
< D(;DH—ILNJlD“ 1D1‘+1LNJ>7 Zf] =1,
kod 7 2 oo .
Lij = ~Bi(w,0)(Npp,.,, v, t0:> 1D, 1 )% if j =i+ 1|N]J,
kod 7 7 kod 7 2 .
—Bi(w, 5)<ND?;DJ- 1p,, 1Dj><NDOiDi+1|_Nj 1p;1p, ., n)s  otherwise.

(5.22)

Proof. We have from Lemma 5.2.6 that the eigenvectors ¢§5), i=1,2,...,N, are by
¢z@ =1 D, + O(@)’ where 1 D, = 15; . Then, we can directly see the symmetry

il

argument
kod 7 7 kod 7 2
<ND(:;DJ- Lp;, 1Dj> = <ND(;'D7;1D_77 1p,).

This implies that

Liiv1 N = —Bi(w,0) (NE%J_ Ip,1p,. n)%

which gives the desired result. O

5.3. Computation of the coupled resonant frequencies

In Theorem 5.2.8, we have derived an asymptotic formula for the resonant frequen-
cies. This amounts to finding the w such that det(£(w)) = 0. In this section, we
will show how to use this asymptotic formula to calculate the resonant frequencies
for physical examples. This calculation is not straightforward, since the integral
operators have highly non-linear dependence on w. However, an explicit formula
can be derived under an additional assumption. Furthermore, Muller’s method can
be used to find the the frequencies for which the coefficient matrix is singular, given
appropriate initial guesses.
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5.3. Computation of the coupled resonant frequencies

Ds

Figure 5.2.: A system of three identical circular resonators can be modelled concisely
using our asymptotic method. We study halide perovskite resontators
D1, Dy and D3 of radius p, made from the same material, with centers
placed at a distance « from each other.

5.3.1. Example: Three circular resonators

Let us consider the case of having three identical circular halide perovskite resonators
D1, Dy and D3. We will assume that the particles are placed at the same distance k
from each other. This geometry is sketched in Figure 5.2 and will serve as a suitable
example to demonstrate our method. In order to ease the notation, let us write

N12(w7 5) = <N][€)OI§D21D1’ iD2>a N23(w7 5) = <NEO25D31D2’ iD3>
and

N3y (w,8) == (N, ip,.1p,).

In order to accelerate the numerical computations and facilitate explicit analytic
results, we will make an additional assumption. This assumption is that N;;(w, )
has no a priori dependence on the frequency w. This is justified in the specific
case of halide perovskite nano-particles since €y is of the same magnitude as the
characteristic size §. This assumption does not discard the dispersive nature of our
system with respect to the frequency w € C, since this dependence is due to the
terms B;(w,d), i = 1,..., N, where the non-linear dispersive permittivity relation
appears. Further, since we are working with the frequencies of the visible light, it
holds that w is of the same magnitude as 2. Thus, it is reasonable to assume that
0ko is constant with respect to w. Since the dependence of N;; on w always takes
this form, we can assume it to be approximately independent of w. We will make
this assumption for the results presented in this subsection, and it will be of great
importance in studying the inverse design problem in the following section. We
write Niz2(w,0) = Ni2(0), Naz(w,d) = Naz(0) and N3p(w,d) = N31(6). Also, since
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5. Highly dispersive subwavelength resonator systems

the resonators are identical, it means that they are made from the same material and
have the same symmetry. As a result, it holds that B;(w, §) = Ba(w, ) = Bz(w,d) =:
B(w,d). Thus, the matrix £ can be rewritten as

ng((S) —B(w,é)ng(é)Q —B(w,5)N12(5)N31(5)
L= —B(w,é)ng(é)N23(5) N23(5) —B(w,é)Ngg((S)Q
—B(w,85)N31(8)2  —B(w, ) Na3(6) N1 () N31(6)
(5.23)

Then, seeking w such that det(L£) = 0, gives that

2N12(0) Nog(8) N1 (6)B(w, §)% + (N12(5)2 + Noz(8)? + N31(6)2>B(w, 5?2 —1=0.
(5.24)

We solve (5.24) for B(w,d) and denote the three solutions by B;, for i = 1,2, 3.
Then, solving for w € C in (5.16), we have

[,ugoz(SQ +B; + Biu0a52u(5)] w? + iBiyw — B;3 — Bink? =0,

from which we obtain

—iBy + \/ —B2y2 + 4(&,@’ + IB%mk:2> <u0a52 B+ Biuoaézy(5)>

w; = , ©t=1,2,3.

2 (,uoa52 + B, + Biﬂoa52y(5))
(5.25)

It is helpful to illustrate these results by comparing the case of three resonators to
one- and two-particle systems. We plot all these frequencies as a function of the
particle size in Figure 5.3. The resonant frequency for one particle is denoted by

(1)

ws ' and the subwavelength frequencies for the case of two particles will be denoted

(2) (2)

by wmon and w dip- These systems were explored in detail in Chapter 4, where it was

shown that that wr(g()m < wgl) < wc(li)) as a result of the hybridisation. For the case
of three particles, we denote the frequencies by wgg), w(3) and w§3), and we observe
that there is also an ordering between them w%g) < wég) < w§3). Parameter values
are chosen to corresponding to methylammonium lead chloride (MAPbCl3), which
is a popular halide perovskite [52]. We notice that the resonant frequencies for these
resonators lies in the range of visible frequencies, when the particles are hundreds of
nanometres in size. This puts the system in the appropriate subwavelength regime
that was required for our asymptotic method. As § — 0, the frequencies of the
different cases converge to wgl). This is because the nano-particles behave as isolated,
identical resonators when ¢ is very small. Then, as ¢ increases, we observe that there
is a separation between the frequencies of the two particle and three particle case
w§3) < Wi < wég) < wéi)) < w:())S). In Figures 5.3(b) and 5.3(c), we can see more
clearly this separation. This is the effect of the hybridisation on the system of

resonators.
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740 . .
720 \\\ | 683167195641
— \ 683.1671956408
N
T N\ 683.1671956406
=700+ LN 1%
> 0.89
(&)
c
] W) [
8.680 | ——|ws"’| (single resonator) | 684
o * wa(lan\ (monopole of two resonators) \
[T . \
|w((li))| (dipole of two resonators) \ 682
660 - —— |w£'x)\ (first resonance of three resonators)
|w£3)\ (second resonance of three resonators) ¥ 630
|w1§3)\ (third resonance of three resonators)
640 : - 0.91
0 0.2 0.4 0.6 0.8 1

Particle size (um)

Figure 5.3.: Behaviour of the subwavelength resonances for small circular nano-
particles of radius 0. For three circular methylammonium lead chlo-
ride nano-particles, we see how the hybridisation causes the frequencies
wgs), wég) and w§3) to shift, relative to the uncoupled resonant frequency
of a single particle. We compare them with the hybridised frequencies

wggn,wé?; of the two circular particle case and the resonant frequency
(1)

ws ’ of the single particle. All the resonators are identical, in the sense
that they are the same size and made from the same material (methy-
lammonium lead chloride).
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Ds

Figure 5.4.: Our asymptotic results can be used to design a system of three iden-
tical resonators with specific resonant frequencies. We study a system
of three identical circular halide perovskite resonators Dy, Do and Ds,
each with radius p, with centers placed at distances dist(Dy, D2) =
aq, diSt(Dz, Dg) = o and diSt(D1, Dg) = Q3.

5.4. Inverse design

In this section, we will use our asymptotic results to tackle an inverse design prob-
lem. Let us assume that we are given three identical two-dimensional circular
halide perovskite resonators D, Dy and D3 of radius p € Rsg and three frequencies
wi,wa,ws € C. Again, we will assume that we are working with nano-particles and
that the frequencies given are of the visible light, and so of order §~2. We want
to find the appropriate geometry such that the system of three particles resonates
at w1, we and ws. This toy problem is inspired by human vision, which is sensitive
to three different colours, and the desire to design systems capable of giving colour
perception to bioinspired artificial eyes made from halide perovskites [36, 48].

Let us denote the separation distances as
oy = dist(Dy, Ds), a9 = diSt(DQ, Ds), asg= diSt(Dl, Dg).

The configuration is sketched in Figure 5.4. Then, our problem is finding a;, ag, ag €
R, such that

det(L)(w1,9) = det(L) (w2, d) = det(L)(ws,0) =0,

where £ is the coefficient matrix given by (5.22). This translates into finding
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5.4. Inverse design

(a1, as,a3) € R3, such that
2B(w1,8)" N2 (6) Nas(0) Nig(6) + Blwi, 6)* (Nia(6) + Nas(8)? + Nz (6)2) =1 =0,
2B(w2, 8)° N12(8) Na () N13 () + B(w, 6)* (N12(5)2 + Na3(8)* + N13(5)2> —1=0,

2B(ws, §)3 N1a(6) Nog (6) N13(8) + B(ws, )2 (N12(5)2 + Ny (8)2 + N13(5)2> 1=0.
(5.26)

Here, let us note that we have suppressed the dependence of the terms N;j, i,j =
1,2,3, i # j on the frequencies w; € C, for ¢ = 1,2,3, since, as mentioned in
the previous subsection, it makes physical sense for our model, and the dispersive
character is still preserved.

Our design strategy will have two steps. First, we will find the appropriate charac-
teristic size in order for (5.26) to admit a solution. Then, we derive the condition on
the separation distances that is required to give the desired resonant frequencies.

5.4.1. Linearity of off-diagonal entries

In order to handle (5.26), it will be helpful to establish how the coefficients N;;
depend on the distances between the particles, in the case that ¢ is small. Let
us first show the following lemma which we will use later and is a consequence of
working with small, circular particles.

Lemma 5.4.1. Let d € R be fized and A € C be given by A = Rcos(t) + iRsin(t),
where R,t € R. Then, as R — 0, we have that

|A+d| = |A]+d+ O(R).

Proof. We observe that

|A+ d|> = |Rcos(t) + iRsin(t) + d|?
= R%cos?(t) + 2dR cos(t) + d* + R*sin’(t)

and
2
(]A\ + d> = R%cos?(t) + R?sin’(t) 4 2d|R cos(t) 4+ iR sin(t)| 4 d>.
Hence, as R — 0,
2
[A+dP = (JA]+d) +O(R),

which gives the desired result. O

We will now state a fundamental result which contributes a lot to the analysis of
the system.
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5. Highly dispersive subwavelength resonator systems

Theorem 5.4.2. There exists S = S(9),Q = Q(0) € C, such that as § — 0
N;;(6) = S+ Qdist(D;, D;) + O(6*), i,j=1,...,N,

where dist(D;, Dj) denotes the distance between the unscaled particles D; and Dj,
which does not depend on 6.

Proof. Let us recall that
koS 4 4
Nij(0) = (Np/p,1pis 1p;)
= (K} ip,1p,) + (RS 1p..1p,) + (koo)* log(kod) (R, 1p,.1p,)-

We will look at this expression term by term. We observe that
R . 1 R . .
<Kngj1D“ Ip;) = —5 10g(7€05’7)/ / 1p,(y)dylp,(z)dz.
T D; JD;

Since there is no distance element appearing in the integrand, there is not depen-
dence on the distance between the particles D; and D;. Thus, this is a constant
with respect to the resonator distance,

Kij = (KB 1p,,1p;) (5.27)
Next, we have
(B9}, 1p,.1p)) / / log |z — /1, (v)dyip, (z)dz

rpette — ryeity + dist(D;, Dj)|ryredr,dt,drydt,,

1 27 21
:_«/7/ [ e
2n\/|Dil|Dsl Jo Jo Jo Jo

where we have changed to polar coordinates and used the fact that the particles are
circular and identical. From this, we also get |D1| = |Ds| = | D3| = 7p?. In addition,
using the Taylor expansion of the logarithm function and Lemma 5.4.1, we have

it

log |rze® — rye'™ + dist(D;, Dj)‘ ~ |rgete — pyetv| 4+ dist(D;, D;) — 1+ O(p?).
If we define
1 2w pp 2w pp ) )
RO .= —2772[)2/0 /0 /0 /0 < rpetts — rye”y — 1>Tyrxd7“ydtydrxdtx,
then we have that
0) = 5 PQ 4
(RS, in,1p,) = RO — 2. dist(D;, D) +O(p"). (5.28)
The last term can be rewritten as
rRW ip 1 dyip. (x)d
Rp,Inuin) = [ ] L in@is, @

126



5.4. Inverse design

s 2r pp  p2m pp ror
- 222/ / / / ) — drydt,dr,dt,.
Ar2p= Jo Jo Jo Jo ‘rxeltz — ryetv + dist(D;, Dj)‘

Again, using the Taylor expansion and Lemma 5.4.1, we have

1

- - ~ 2 + dist(D;, Dj) — |rze'™ —rye™ | + O(p?)
rypette —ry ety + dist(D;, Dj)‘
Hence, defining
s 2T pp 2™ pp
1) ._ ¢ _ ity . it
R . prCys /0 /0 /0 /0 (2 Tz€ rye’y )ryrmdrydtydrzdtz,
gives
B i in) = RO — L dist(Dy, D) + 0" 5.29
( D;D;+Dis Dj>* T4 ist(Ds, Dj) + O(p"). (5.29)
Gathering the results (5.27), (5.28) and (5.29), we obtain
Nij(0) =Kij + RO + (kod)? log(kod%) RV 4 (5.30)
2 2
+ | =2 = (koo 108 (kod4) | dist(Di, ;) + O(5*), (5.31)

and thus, by defining
Sij = K;j + RO + (koo)? log(kooy) RV
and
Pt ip? 2 .
Q= =5 — 7 (kod)*log(kod¥),
we get
Ni;(8) = Sij + Qdist(D;, D;) + O(8%).

Since the particles are identical, we have directly that Sio = So3 = S13 =: S, from
which the result follows. O

Remark 5.4.3. We note that this theorem can also be generalised to the cases where
the resonators are not circular. The adaptation required would be a change in the

definitions of S and Q.

The above theorem allows us to write

Nig = S+Qaj + O(5%), Naz =S + Qas + O(6%)

4 (5.32)
and N13:S+Qa3+0((5 ).
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5. Highly dispersive subwavelength resonator systems

5.4.2. Condition on characteristic size

The first thing that we wish to understand is when the system (5.26) has a solution.
Let us write

X = N12N23N13 and Y = N122 + N223 + N123.
Then, (5.26) becomes

2B(w1,0)2X + B(w,0)’Y —1=0,
2B(w2,0)2X + B(ws,6)’Y — 1 =0, (5.33)
2B(ws3,0)3X + B(ws, §)?Y —1=0.

Using the Gauss elimination process, we get that the following equation needs to be
satisfied

Bluws, 8)% [ B(wi,6)° — Blws,6)? | [ Blws, 8) — Blwr, 8)] =
= B(ws, 6)? [B(wl, 5)3 — B(ws, 5)3} [B(M, 5) — Blwr, 5)]
Expanding this, we obtain that the characteristic size d needs to satisfy

-1
3w (wr, k)w3é(wa, k)wié(ws, k)
— w?{(wl, k)3w§ (ws, k)2 + wgf(wz, k)3w§ (ws, k)2—

— wi€(wi, k)*whE (wa, k) + wfE(wi, k) wi(wa, k)*~

R0))

: [wi‘f(wl,k)2w§§(w3,k)3—

— wy(wa, k)?w§E (w3, k)?

. [w%f(wl, k)w;lg(wg, k‘)2+ (5.34)

+ w3 (wo, k)wie (ws, k)2 + wit(wr, k)2wiE(ws, k)—

— wié(wr, k)wsé(ws, k)? — wit(wa, k)*wié(ws, k)—

-1
- w%&(wlu k)zwgg((*)Qu k)] )

for (5.33) to have a solution.

5.4.3. Condition on separation distances

We assume that the condition (5.34) is satisfied. Then, we can reduce our study of
the system (5.33) to finding a solution to

2B(w1,0)2X 4+ B(wi,0)?Y —1 =0,
{ (wr,0) (wr,0) (5.35)

2B(w2,6)* X + B(ws,6)*Y —1 = 0.
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5.5. Conclusion

This gives
Blwz, 8)% [ B(ws,6) — Blwr,8)| — [Blws, 0)* ~ Blwr, )]
X = (5.36)
2B(wn,8)B(wz, 8)” | Bwa, 6)B(wn, )2 — Blwr, )%
and
3_ 3
Y = Blwz,0)” ~ Blwr, 9) . (5.37)
B(wy, 8)2B(ws, §)? [B(wz, 8) — Blw, 5)]
Fixing these values for X and Y and varying as € R, we get from (5.26),
1 —C £ /C? — 4X2(S + Qas)?
Ozg(Ozg) = @ -S+ \/ 2(S T QO[;J,)Q y (5.38)
where C = (S + Qas3)?[(S + Qa3)? — Y] and
aq (013) == l X -S]. (539)

Q (S + Qaz(ag)) (S + @ag)

Let us also note here, that in order for the distances found to make geometric sense,
we require

’053 — ag(ag)‘ <a (ag) < ’043 + Oég(CVg) R (5.40)
which gives an additional condition on a3 € R. Therefore, we conclude that the
distances ay, g and as must lie in the one-dimensional space given by

011(043)
az(ag) | : a3 € R such that (5.40) holds and § € R is given by (5.34)
Qs

(5.41)

5.5. Conclusion

We have developed an approach for modelling a coupled system of many subwave-
length halide perovskite resonators. Their highly dispersive material parameters
makes this a challenging problem, but, given their rapidly growing usage in electro-
magnetic devices, efficient mathematical methods like ours are becoming increasingly
valuable. Our method is sufficiently concise that we have been able to use it for an
inverse design problem, which would have required significant computational effort
to solve using numerical simulation methods. These results can accelerate the design
of advanced photonic devices [38, 17], including those with complicated structures
and geometries, such as the biomimetic eye developed by [30].
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A.1. Appendix to Chapter 2

A.1.1. Proofs of impedance monotonicity
A.1.1.1. Proof of Theorem 2.3.13

Proof of Theorem 2.3.13. We assume that we are working in a band gap 2. We
apply 8% on both sides of (2.2) and we get, using (2.14), that

218 ()] -2 ()

which is, from (2.14),

9 [8 (E(z,w)az)] = —2ppwu — pow>¢

Oox | Ow 15)
and so
0 [0F ou do| 2
o [aw(m,w)ax + E(x,w)ax] = —2powu — fiow” . (A1)

Also, we have

dz+ 0 [ u 1 ou OF ou 0o
—=—|=)=——=|Ex¢—u|——+E—||.
dw ow (Eu) (E%)Q [ 8:13¢ “ (&u Ox - 83:)]

Let us define the Wronskian W by

ou OF Ou 0¢
Then, we get
dZp w

= -
do (B
We observe that

oW 9 [ _du OEdu 06
ax—agf;{Eag;‘f)‘“(awaﬁEaxﬂ
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_87E%¢+ Ou? ¢+8u(9¢ ~ Ou 8E8u+ 99
- Oz Oz Ox? Ox Oz Ox \ Ow Ox Ox
0 (OF du oo
Yo <6w oz +E8m)
_OB0u, 0, p0uds_ (00)?O8 _ oude_
ox Ox? 8 oz oxr ) Ow Ox Oz
L2 (PEdu oo
Yoz \ 0w oz oz
@@¢ 82¢ ou 87E_u2 8E8u+ 1J0)
8 2 0z ) Ow Or \ Ow Ox oz
B ou 0 (OF du 0] ou\~ OF
¢ < 6x> ~or <8w Ox +E6m> a (83:) ow
Applying (2.2) and (A.1), we get
ow 9 2 ou\* OF
= —puow u — u(—2wpou — powP) — ((‘3:1:) o

ou\? OF
_ 2 _ il
= 20w <8x> ow’

which gives

2
ow 8u> OF (A.3)

- = 2 — - -
ox 2Howu <8x ow’

Integrating with respect to x over the material B, i.e. on [0, 4+00], we have

+oo oo fOu\ " OF
— 2 _
lim W(z,w) - W(0,w) = 2,uow/0 udx /0 <8x> 8wd

T—-+00

We know that when the frequency is inside a band gap, the field vanishes as © — +oc.
This implies that

lim W(z,w) =0,

T——+00

oo fOu\ " OF too
W(0,w) —/0 <8.CE) 8—wd$— 2u0w/0 udz.

We know that g—i > 0. This gives
8E_ 0 (1)_—185

and so

= ——<0.
g2 (%J_O

dw  Ow

T fou\T OF
/0 < Ox ) ow dz<0

3

Hence,
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Therefore, we get

dz+ 1 +oo +oo > 0F
= 5 —2u0w/ 'LLQd:C—i-/ <8u) a—dm < 0.
dUJ (E%) 0 0 8.T aw

We apply the same argument for Z— and we obtain similarly that

dzZ~

— < 0.
dw<

This concludes the proof.

A.1.1.2. Proof of Theorem 2.6.2

Proof of Theorem 2.6.2. The proof follows the same reasoning as the one of Lemma
2.3.3. We first define F by

Applying 8% on both sides of (2.33), we get

0

- = —2pwu — pow?s, (A4)

S @) g + Er,w)

OB Qu =~ 09
Ox
where ¢ := g—z. Also, we have
dz+ 1 ~Ou OFE ou  ~0¢
= E—¢— —— +E—|]|.
dw <E@)2 [ 8a:¢ u(@w 8:6+ 8:6)]
ox

We define the perturbed Wronskian w by

~  ~du OFE ou  ~0¢
which gives
az+ W

v

It follows that
oW 9 (=0u d (OEdu =06 du\* OE
r agc(EaJ‘“ax <awax+Eax>_<ax> o’
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and so, from (2.33) and (A.4), we get

a—w = 2uowu’ — <

ou\?2 OF
ox

ox) Ow’

Integrating with respect to x over the perturbed material B, i.e. on [0, +00], we

have
N N +o0 oo/ 9u\? OF
i W) = W0) =2 [ a2z [ (32) S

We know that when in a band gap, the field vanishes as x — 4-00. This implies that
lim W(z,w) =0,

T—r—+00

__ +o° /o0 2 8E +oo
= — dz —2 2d.
W(0,w) /0 (83}) 50, 47 Mow/o u”dz

and so

We observe that

Thus, since g—i < +o00, we get

. OE -1 Oe

im—=——

=0 Ow  e(r,w)2 0w ~
since we have that g—f} > 0. Hence,

o fou\? OF
li — | —dz <0.
50 0 <8x) ow r=0

Therefore, at x = 0, we get
7+ i oo v (ou\? OF
lim dz7 =lim —— —2,u0w/ u?dx —|—/ Ou 8—dx <0.
5—0 dw 6—0 (Eaj) 0 0 ox Ow
oz

The same argument holds for Z~ and so, we obtain that

Vi
dw
This concludes the proof. ]

< 0.
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A.1.2. Characterisation of eigenmode symmetries

Proof of Lemma 2.3.10. The first thing that we notice is that we cannot have u,[?] (0) =

[0] [7]
86“—;(0) = 0oru (0) = E)g—;(O) = 0, since by the uniqueness of solution to the prob-
lem (2.2), it would mean u,, = 0. Then, from the Lemma 2.3.9, we have two different
cases. We will treat each one separately:

We have u,, being symmetric and %L; being anti-symmetric. At x = 7, from the
symmetry of u,,, we have that

w7 (0) = Puil (0) = (1)
and from (2.4), it holds that
! (0) = el (1) = —uyT (1),

Combining the two, we get

Then, at k = 0, since %L; is anti-symmetric, we have that

8u,[?] 8u[r?} 8u[r?}

But, from (2.4), we have

ﬁuq[?] Oﬁuw] qu[g]

Combining the two, we get

8u£? ]
ox

(0) = 0.

This gives the desired result.

The second case is u, being anti-symmetric and %L; being symmetric. At k = 0,
the anti-symmetry of u,, gives

up(0) = ~Pu(0) = —ul(1)
and the quasiperiodic boundary condition (2.4) gives

u(0) = Cup (1) = u(1).

n

Combining the two, we get
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Oun

Then, at k = 7, since G is symmetric, we have that

8u£§r] aulf} 8u£f]
Ox 0)="» Ox (0) = oz (1.

But, from (2.4), we have

8ugr ] ir 8ugr } 6u£§r ]
Ox (0)=e Ox (1) = Ox (1.

Combining the two, we get

3u£{r ]
0)=0.
5 (0)
This gives the desired result. This concludes the proof. O

A.2. Appendix to Chapter 3

A.2.1. Self-adjointness in Lemma 3.4.3

We consider the boundary value problem (3.9). In order to show that the operator
L is self-adjoint, let us consider two solutions, u and v, of (3.9). We will show that

(Lu,v) = (u, Lv),
where the inner product (-,-) is defined in (3.4).
It holds

(Lu,v) = /:01 /jo;ﬂ? <E(1x);;u(x)) v(z)dx

_ [ L1 (%u(x)v(x)ro - / " 18u(x)€(1x)§$v(x)dx

%% Tr_q r—1 /"LO 83:
1 1 0 _ 1 0 1 0 _
= —%g(x_l) %u(x_l)v(x_l) — /x_1 %%u(a:)@%v(x)dx,
since Zu(zg) = 0. Then,
1 1 0 1 1 0_ o
(L) = = e u(o) - [M”@f)gmaf@ 4

since if v is a solution of (3.9), by taking complex conjugate in (3.1), so is ©. This
concludes the proof.
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A.3. Appendix to Chapter 4

A.3.1. Calculation of asymptotic constants
A.3.1.1. Calculation of Three-dimensional Constants

We derive a formula for F, which was a crucial quantity in Section 4.2.4.3, in the
case of a single three-dimensional halide perovskite resonator. We have that

2 1
(K§ us), us) = F.

From (4.23), we observe that

8w

022 (w k) = ——
wiEw, k) 8TAs — 02k2F

Also, we know that &(w, k) = uo(e(w, k) — €9), and we have shown that

1

k) =¢eo+ : :
€(W ) =0 u052w2 (/\0 — ﬁékoB)

Substituting this into the above equation, we get

81

F=——
522

()\5 — X+ L(Sk’oﬁ).
4
Therefore, we obtain that

(2 _ 1 B K
(Kp'[us], us) = 52k2 ()\5 Ao + 47T(5k0B).

A.3.1.2. Calculation of Two-dimensional Constants
We derive a formula for S, which was a crucial quantity in Section 4.2.5.3, in the
case of a single two-dimensional halide perovskite resonator. We have that

K2 _ s

(K sl ws) =

From (4.38), we can obtain an expression for S. Indeed, (4.38) is equivalent to

dm = %€ (w, k) (47m5 e 1og(5k0@)s) .

We know that &(w, k) = o (e(w, k) — 80) and we have shown that

1
p00%? (log(Bko i)\ 1 — £ — LR lelkAE )

47

e(w, k) = + €o.

137



A. Appendices

Substituting this into the above equality, we get

—1

S=——— (4x(\s — log(6koF) A _ 2P + i(8ko)? log(8koy)G ).
ST Tog @) (47 ~ 1080k A1) + 2P -+ i(3ho)? log(3k03)G)

Therefore, we obtain that

(2) 1 . , 9 .
K = 47t(\s—log(SkoA)N_1)+2P+i(8ko)% log(8kod)G ).
(K [us), us) 47r54k:§10g(6k:0ﬁ)( 7(As —log(8koA)A_1)+2P~+i(Sko)* log(dko?) )

A.4. Appendix to Chapter 5

A.4.1. Three-dimensional analysis for N resonators

Here, we present the fundamentals of the analysis of the problem in the three-
dimensional setting. We consider N € N halide perovskite resontators D1, D, ..., Dy,
made from the same material. We consider the integral operators K j]g‘)f and R%’;SD],,
for i,57 = 1,2, ..., N defined as in Definition 5.2.2. Then, the following lemma is a
direct consequence of these definitions.

Lemma A.4.1. The scattering problem (5.9) can be restated, using the Definition 5.2.2,

as
1 —252;;25(% k)kK?f —5244122.52(0.1, k)RgJZ‘%% —5zw§£(w, k)R:D‘)J;Dl ulp, Uin| D,
—0°w(w, k)RYp, 1-0wé(w,k)Kp" ... —0w £(w,k)R5)ND2 u| Dy B Uin|Dy
—52w%¢(w, k:)RngDN —62w%¢(w, k:)RIZ)O;DN cen 1= 6820 (w, k)KgUIj U Dy Uin|Dy

(A.6)

Thus, the scattering resonance problem is to find w such that the operator in (A.6) is
singular, or equivalently, such that there exists (u1, uz, ..., un) € L?(D1) x L?(Ds) x
.. x L3(Dy), (u1,u2, ...,un) # 0, such that

1 —252;,2 (w, k) k;(gf_«_}ols —5%;2252@7 k) R'BO?‘%% . —6zwz£(w, k)R:D°§ o\ [ 0
—0w(w, k) Ry, 1—0wé(w k)Kp ... —0wé(w k)Rp p, uz | 0
%W E(w, KR, 0w KR, . 1= 8w (w, k) KRS ) \un 0

(A7)

This gives the main result of the three-dimensional case.

Theorem A.4.2. The scattering resonance problem in three dimensions becomes find-
ing w € C, such that

det(K) = 0,
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where the matriz K is given by

kod (6) 4(6) e
’Cij _ <RD1‘D2‘+1LNJ (z;z S , (Zsz(—g)l LN&))? s . if i =7, (A.8)
where kg = pocow and
2 2
Ai(w,0) = — O £, k) i=1,..,N, (A.9)

1 — 6%w2¢(w, k)AL

where )\gi) and (bgé) are the eigenvalues and the respective eigenvectors associated to

the particle D; of the potential Kkof, fori=1,2,... N.

Proof. We observe that (A.7) is equivalent to

1 — %€ (w, k)K° 0 . 0 uy
0 1 — 62w (w, k)KﬁOj . 0 Uz
0 0 o 1= 82w, k) KR | \un
kod kod
koé Rl)OQDl “ e R’é)]ng ul
9 0 ... RY us 0
_ (52W2€<W7 k) D.1D2 D{VDz _ :
koo ks :
RE’ . Bpwpy - 0 uN 0

which gives

N
kod
Z RDOleuj
J=1,j#1
Ul N 0
kod
(%) R U5 0
R IR B D 1 ) T
(3 0
N
kod
' ;éNRL?jDN“j
J=17

where N is the diagonal matrix given by
-1
(1 ~ 820 (w, k)Kggd) o ifi=j,

N;; =
"o, ifi .

Let us now apply a pole-pencil decomposition on the operators (1—52w2§(w, k:)Kg)f) - )
fori=1,2,..., N. We see that

_ . 40\ 1 (6)
(1- Pl L) () = L)

- _ 4 Ryw](4),
RFIEPAANG + R;[w] (")
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where )\gi) and gbg&) are the eigenvalues and the respective eigenvectors of the poten-

tial Kgof associated to the particle D;, for i = 1,2,..., N. We also recall that the
remainder terms R;w]|(-) can be neglected, as in Chapter 4. Then, (A.10) becomes

N
kod
Z Rl)Oleuj
i=Lj#1
Uq N 5 0
ko
(%) 9 9 ~ Z RD'D Uj 0
N R R e e T E
(3 : 0
N
koo
Z RDOJ'DNuj
J=1j#N
where the matrix N is given by
Nij = { 1-0%2€(@k)Af ’
0, if ¢ #£ j.
This is equivalent to the system of equations
2wé(w, k N N (5 )
U; — 5 f( ) o) Z (ng)fDiuj,qﬁl(- )>¢E ) = 0, foreachi=1,...,N.
1 — 02w (w, k) Ag =141
We apply on the ¢-th line the operator R%’%,HLNJ and then take the product with

¢(5) . Then, we find that

i1
kod Q)
{ [g)iDHlLNJ ui’¢i+1LNJ>_
_ 62w2§(w, ]‘C) iv: <Rk06 Us ¢(5)><Rk05 ¢(6) (b((S) > =0
1 — 62w?¢(w, k))\g) j=1,5i b PP T ’
(A.11)
for each i = 1,..., N. Then, using the definition (A.9), the system (A.11) becomes
kod (4)
DDy ) i Dir 1))~
N (A.12)
kod 0 kod 0 é
— Ai(w,9) Z <RDOjDiuj7¢z( )><RD0'LD2'+1LNJ (bi )’¢§+)1LNJ> =0
j=Li#i

for each ¢ = 1,...,N. Applying (5.14) to (A.12), we reach the linear system of
equations

(u, ¢§2> 0
K <u’?2 - ? , (A.13)
(u, o) 0
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where K is the matrix given by (A.8). O

A.4.2. Proof of Lemma 5.2.7

Proof. We will show that the approximation formula (5.14) holds for sufficiently
small p — 0, when ¢ is also small. It is important to check the uniformity of these
results with respect to §. In particular, we will take p > 0 such that p — 0 at the
same rate as 6 — 0. That is, p = O(6) and § = O(p). This gives the uniformity of
the error term with respect to a small characteristic size 9.

Our argument is based on Theorem 2.10 of [21]. In particular, once we have shown
that the assumptions of this Theorem hold, Lemma 5.2.7 will follow directly. We
will present this proof in the two-dimensional setting, but it could easily be modified
to three dimensions. Also, for simplicity, we will consider identical resonators, but
the proof will be the same for particles of different sizes.

Recall that in Corollary 5.2.9 we showed that d)z(.d) = iDi, fori =1,2,..,N. As a

result, the desired approximation u; ~ (u, (;556))@%)55) +O(p?) from (5.14) is equivalent
tou; =~ (u, 1p,)1p,+O(p?). In order to be able to work with fixed spaces of functions,
let us fix a large compact domain K C R?, which contains all the resonators D, i.e.,
D C K. Then, for g € L?(K), we define the operator ps as follows

pp: 9+ (g,1p,)1p, € L*(K). (A.14)

To be able to use Theorem 2.10 of [21], the conditions that need to be satisfied are
the following:

1. It holds that

Eg%) IppuillLo(rey = llwill L2y, Vi=1,...,N.

2. For every compact set C C C\ {0}, it holds
sup | £||sup < 00,
wel
uniformly for all § > 0 and all p > 0, where the norm || - ||syp is defined for a
square matrix P € CN*N ag | Pllsup = SUP1<; j<N | P;j].
3. (u,1p,)1p, converges regularly to u;, i.e.,

o lim, o ||Lppu — Fullsup = 0, where Fu denotes our system without the
use of the approximation formula (5.14).

e For every subsequence p’ of p, it holds that limy o [|[u; — pyuillp2(p) =
0, Vi=1,...,N.

Let us proceed to their proof.
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A.4.2.1. First condition: Convergence in norm

It holds that

Ippill o) = ( /
K
1
(mp ], ] )’
= U
|Di|? Jp, |/, v

NI /D u(y)dy‘-

Then, from the Cauchy-Schwartz inequality,

1

1

3
U; < — U 24 / 1d> = ||u; .
1Py HL?(K) \/m(/D’ (y)|"dy D, Y [ HL2(K)

We can also see that, as p — 0,
|will L2y — 0.
Hence, we have that

Lim IPouill L2y = llwill L2(x)- (A.15)

A.4.2.2. Second condition: Matrix norm boundedness

We need to show that, for every compact C C C\ {0},

sup [[1£]|sup = sup ( sup ’ﬁij|> < 0. (A.16)
we

weC \ 1<ij<N

Indeed, let C denote a compact subset of C\ {0}. Then, C is closed and bounded,
which implies that there exist s1,s2 € C such that |s1| < |w| < |s2f, for all w € C.
This gives the following bounds:

log|s1] <log|w| <log|s2| and [s1]*log|s1] < |w|*log |w| < |s2|*log|sal,
(A.17)

and so, from Definition 5.2.3, we get

sup <Ng;i)iipj,i[)i> < 00, (A.18)
weC

for all i,5 = 1,..., N, with ¢ # j. Then, from (5.16), we see that the dependence

of B(w,d) on p is due to the term Véz). Since it holds that I/(gl) — 0as p — 0,
we can see that B(w,d) converges to a limit independent of p. Also, we note that
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l/(gl) is increasing with respect to p, meaning the maximum and minimum of B(w, ¢)
for any p in a neighbourhood of zero are well defined and we can derive bounds
that are independent of p. Hence, from (5.16) and (A.17), we get that there exist
F1,Fa € ]0,00) such that

F1 < |B(w,0)| < Fo (A.19)
for all w € C, which gives

sup B(w,&)‘ < 0. (A.20)

wel

Applying (A.18) and (A.20) to the definition of £ in (5.22), we obtain the desired
bound (A.16).

A.4.2.3. Third condition: Approximation convergence

For the next part, we have to show a convergence result as p — 0 on the matrix
formulations of the problem before and after using (5.14). We will provide this in
the setting of three resonators, since the calculations are lengthy and similar for
N € N particles and so can be easily extrapolated. In this case, we have Lp,u =

=
((Eppu)l, (Lppu)a, (Ep,,u);:,) , where

~

koo -
(Lppu)i =(Npip, 1 15 10s 1Dy 1)) (s 1Di) =

i+1[3]
koo 7 1 2 7
— B(w, d) <ND(;DH_1L3J Ip;, 1Dz’+1[3j> (u, 1Di+1L3J>
koo 7 7 kod 2 7 7
— B(w,9) <ND2DZ-+1L3J 1p;, 1Di+1L3J><ND2+2L3J DilDi+2L3J »1p,) (u, 1Di+2L3J )
for i = 1,2,3 and we define Fu to be our system before the approximation, i.e.,
koo 2 koo > koo > koo 4 3
<ND01D2U17 1p,) — B(w,0) <ND02D1U’27 Ip,) + <ND03D1U‘37 1p,) <ND01D21D171D2>
5 2 5 3 5 > s 4 3
Fu = <N£01D2U1, 1D2> — B(w,(i) <NBO2D1U,2, 1D1> + <N]£)(;D1u37 1D1> <N][€)01D21D171D2>

<Ng;6D1 us, iD1> - B(w7 6) <NEO16D;>,U17 1D3> + <NB[;6D3UQ7 1D5> <N1k7036D1 iD37 1D1>
We want to show that

;ig(l) | Lppu — Fullsup = 0. (A.21)

Indeed, let us treat this difference at each entry separately. Since, the operators
repeat themselves with different indices, and the particles are identical, whatever we
show for the first entry holds for the rest. Hence, our study focuses on

W :=lim <N5016D2 iDl’ iD2><ua iDl> - B(w’ 5)<N1k)016D21D1’ iDz>2<u7 iD2>

p—0

koo 7 7 koo 7 7 7 koo 7
- B(wv 5)<ND01D21D1’ 1p, <ND03D1 1p,, 1D1><u7 1D3> - <<ND01DQU1’ 1D2>
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kod 7 kod 7 koo 9 7
— B(w, d) <ND02D1U’27 1p,) + <ND%D1U37 1D1>] <ND01D2 1py, 1D2>) )
We are going to split WV into three differences

kod 5 4 7 kod 1
Wl = <ND01D21D1’ 1D2><u’ 1D1> - <ND01D2U1’ 1D2>’

Wy 1= B(w, 8) (N, w2, 1p, (N, 1, 1p,) — B(w, 0) (N}, 1p,, 1p,)*(u, 1p,)
and
A 5 ~ ~
W3 —B(w (5)< D3D1u3? 1D1><N51D21D17 1D2>_
5 ~ ~ A ~
- B(wa 5)<N§)01D2 1D1 ) 1D2 <]VD3D1 1D3a 1D1 > <U, 1D3>'

We will study them separately to show the convergence result. Let us recall that for
u € L*(D)

N, u= K% u+ RS, u+ (kod)log(kodq) Ry, u.

Then, we have

1
Wy = NFO 15, 1p,){(u, 1p, ) — NFkod i 1p
1= ’Dll\/@ D1D2 1 2>< 1> 2’< D1Dy %1 2>

S

KF 1p.,1 1p,) — Koo 1
D15 1Dy )\U, LD uy, 1p,)+
’Dll\/@ D1D2 1 2>< 1) ’D2< DDy 1 2>

!]

1 (0) (0)
+ —o (R}, 1p,, 1p,)(u, 1 Rp p,u1, 1py)+
|D1|\/@< D1 Dy D1 D2>< D1> |D2|< D1 Dy %1 D2>
+ (koo)? log(kod#) <D ‘\/’7 (R p, 101, 1p,){u, 1p, )~
1

1 1
— \/W<R(D3DQUI, 1D2>> .
We observe that

Jikod 1

1py, 1py){u, 1p,) — ——
|D1| /|D2 D1D2 1 2 1 |D2|
1
= —log(koéfy)/ / dyda:/ u(x)dz—
|D1|\/|D2| 2 D, /D, Dy
1
7—log kod%) / / y)dydz
|D2| 2 Dy J Dy

— —%log(koéﬁ) /Dl u(z)dz [Dﬂ T)g] |D

koo
<KD01D2U’17 1D2> ==

1
1/|D2| = ——==|Ds]
V|D2|

=0.
Also,

0
|D1|\/|D7 D1D2 1py, 1p,){u, 1p,) — |D2|<R(DEDQU1’1D2> =
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fﬁ/ I
= log\x—y\dydx/ u(z)dz—
’D1’ ’DQ Dy J Dy Dy
log |x — y|u(y)dydx
vV ‘DQ /D2 /Dl
=wil.

We know that for y € Dy and x € Do, it holds
log |an — 2p| < log |z — y| < log|ay + 2p). (A.22)

This gives
V| Da] log |a1 — 2p|/ z)dz — /| Da| log a1 + 2,0\/ z)dz < W (A.23)

and

) < vV |D2|log |aq + 2p|/ x)dx — +/|D2|log o — 2p/ . (A.24)

It is direct that as p — 0, the left-hand side of (A.23) and the right-hand side of
(A.24), both converge to 0. Thus, as p — 0,

W()—>0

Then,
1

Ipy,1p
\Dl\@ Rops o1, 10 Ny
dydx/ u(z)dx — / / dydz
|D1|\/|D2 /Dz /£>1 [z —y| \/|D2 Do Jpy T — y\

=w.

Mu,1p,) — <R§§3D2u1,1D2> -

We know that for y € Dy and x € Do, it holds

1 1 1
< < . A.25
o2 = o=yl = Tar— 29 (4:29)
This gives
v/ | D v/ |D
VD2l u(x)dz — V1D u(z)dr < W:EQ) (A.26)
laz +2p[ Jp, las —2p] Jp,
and
v/ | D v/ |D
w® < VIDe| w(z)dz — VD=l u(z)dz. (A.27)

= g —2p| Jp, log +2p| Jp,
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Again, we see that as p — 0, the left-hand side of (A.26) and the right-hand side of
(A.27), both converge to 0. Thus, as p — 0,

W{@ — 0.
Thus, gathering these results, we get that
Wi = W + (ko) log(ked4) WP,
which, at hand, shows that, as p — 0,
Wy — 0.

Let us now show the convergence of W5 as p — 0. Then, we note that this also
gives the convergence of Ws, since the calculations are of the same order. Keeping
in mind that lim, o B(w, ¢) is finite, we will study

~ WQ
W2 = Bw0)

~

kod 2 kod 3 2 koo 3 1 2
= <ND02D1u2’ 1D1><ND01D21D1ﬂ 1D2> - <ND01D21D17 1D2> <’U,, 1D2>7

which is
W = (K5, uz 1o ) (K, 101 10) = (KESp, 10y 10, (0, 10,) |+
+ [(BE) p,uz 10, (R b, 101 10) = (RY) p, 10y 10a) s 1) |+
+ (koo 1og(koo)) [(BS) p, s, 1y} (R, Ly 1)~
— (RY) p, 101, 102) 2, 10} | + [(R 1, 10y, 1o )RE) p, 2, 1))+
+ (K80, uz, 1p, (RS ) b, 1p,)—
— 2K}, 1oy o) (RS, 1y, 1p,) (u, 1p,) |+
+ (kod)? og (kod%) | (K5, 1py, 1pu}(B) p,ua, 1o, )+
+ (K80 us, 1p,)(RS) ) 1D, 1p,)—
— 2K, py 1) (R p, Ty 1o, 1n,) |+
+ (kod)? log(kod4) [(RngQiDl, 10,) (RS s, 1py )+
+ (RS uz, 1p, ) (RS 1y, 1p,)—
— 2R b, 101 102) (R p, 1oy, 102 1, 10,)]
=W WP 4 ((k05)2 1og(k05a))2vv§3> + W
+ (kod)? log (ko63) WP + (ko6)? log (kodq )WL,

We will consider each of the Wéi),i =1,...,6 separately. We observe that

" 1 1
wl = 1o ké”//u ddx//dda:—
? 4m? g( ’ 7) ’D1’V|D2’ Dy J Do (y) Y Dy J D> Y
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=0.

~ iy Uy Jo i), o

Then,

~

F(2 0 7 3 0 7 9O 9,1
WQ( ) = <R(D3D21D1’ 1D2> |:<R(D)D1u2> 1D1> - <R(DED21D1’ 1D2><u’ 1D2>:|'

2

We know that, as p — 0,
0 A A
(RS 5.1y, 1p,) =0
and, up to changing the indices, from (A.23) and (A.24), we have shown that as
p—0

0 - 0 s 4
<R(D3D1u2’ Ip,) —¢ (DEDZ 1p,, 1py){u, 1p,) — 0.

Thus, as p — 0, it holds that
W = 0.
Using the same reasoning, we have,
(3 AN\ pM) s s 1 5 ) s
WQ( ) = <(k705) 10g(k05’y)) <R(D;D11D27 1p,) [<R(D§D1u2’ Ipy) = (DzD11D2’ 1D1>]

where, as p — 0,
(RS 5. 1p,,1p,) =0
and, up to changing the indices, from (A.26) and (A.27), we have, as p — 0

1 - 1) s s
<R(D3D1u2’ Ip,) — <R(D3D2 1p,, 1p,){u, 1p,) — 0.
Hence, as p — 0,
17\/%3) — 0.

Now,

-t |
Wy ' = ———— u(y)dyda:/ / log |z — y|dydz+
*|DiV/IDal Jpy Jp, Dy J Dy
5 o)
+ dydm/ / log |x — y|u(y)dydz—
‘Dl‘ ‘D2‘ Dy J Dy Dy J Do
75 I, ),
- dydz log |z — y|dydz u(y)dy
‘D1HD2’ ’DQ, Dy J Do D1 J D2 Dy
—VIDl [ [ toge - yluty)dyda-
Dy J D,

757 o .
- 10g|m—y|dydx/ u(y)dy.
|D2| Dy J D2 Dy

Using the bounds (A.22), we have

\Dﬂ@(log lar — 2p| —log |y + 2p]> / u(y)dy < W(4)7

Do
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and

9 < DIl (Yo o + 291~ oglar ~261) [ ulu)dy,

Do

which gives, as p — 0,
W(4)

Then,

- 1 1

W) = / / u(y)dydx/ / ——dydz+
’ |D1|\/|D? D, /D, 1 Jp, \x—y\

dydx/ /

’Dl \/@ /;1 /D2 D1 D2

I a— dyd:n/ / dydx/ u(y)dy
!D1HD2|\/|D2 /131 /Dz D D2 |90—y| 02

y)dydz—

=+/|D / / dydx — / / dydw/ u(y)dy.
| 2| D2 — ) /7’D2 b, /D, |I’ — y‘ ( )
Using the bounds (A.25), we have
DVl (5 L) [ utway g,
o1 + 2p ar—2p) Jp, -

and

1 1
DIV (5t - ) [ v
a1 —2p Do

ay + 2p

which gives, as p — 0,
W(5)

Finally,

N, |
Wy ' = ——r— log |z — y|u(y)dydx dydz+
? ‘Dl‘\/@ Dy JDg Dy J Do ‘l’—y’
1 / / 1
i —— log |z — y[dydx/ / —u(y)dydx—
[D1l/[D2| /Dy /Dy Dy /Dy [T =yl
2 / / 1
- log |z — y\dydx/ / dydx/ u(y)dy.
| D1|Da| /D] J, s Dy Jp, |7 =Y Dy

Here, we combine the bounds (A.22) and (A.25) and get

log|ay —2p| log|a + 2p| / +(6)
2|D D — dy <
‘ 1‘m< |Oél+2,0| |O[1—2p| DQU(y) Y= 2
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and

V) < oD D log |1 + 2p| _ log lag — 2p| / q
W2 = | 1|m ‘041 — 2p| |Oél T 2,0| b U(y) Y,

which gives, as p — 0,
Wi 0.
Thus, we have shown that for allt=1,...,6, as p — 0,
Wéi) — 0,
which shows that
Wy — 0, as p — 0.
Also, repeating these calculation and re-indexing, we get
W3 — 0, as p — 0.
Therefore, we have that
W =0, (A.28)

and hence, (A.21) follows.

Let us now move to the last part of the proof. We observe that for eachi =1,..., N,

s _ppui||L2(D) < ||U||L2(D) + ||ppUHL2(D) = QHUHLQ(D)a

where we have used (A.15), and we have that,

oz = ([ ) >0, as p—o.
Therefore, we obtain
|wi — ppuillp2(py = 0, as p—0,
and so, for each subsequence of p’ € R, such that p’ — 0,

pl’iino ||u1 — pp’uiHLQ(D) =0. (A.29)

Hence, since (A.15), (A.16) and (A.29) hold, we have shown that all the assumptions
of Theorem 2.10 in [21] hold. Thus, we conclude that the approximation formula
(5.14) holds. O
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