
fakultät

für mathematik, informatik

und naturwissenschaften

Material realistic modelling of the
electron-lattice effects in transition

metal dichalcogenide structures

Dissertation

zur Erlangung des Doktorgrades
an der Fakultät für Mathematik, Informatik und Naturwissenschaften

Fachbereich Physik
der Universität Hamburg

vorgelegt von
Michael Winter

Hamburg
2026





Gutachter der Dissertation: Prof. Dr. Tim Oliver Wehling
| Prof. Dr. Gabriel Bester

Zusammensetzung der Prüfungskomission: Prof. Dr. Michael Potthoff
Prof. Dr. Gabriel Bester
Prof. Dr. Tim Oliver Wehling
Prof. Dr. Martin Christian Eckstein
Prof. Dr. Nils Huse

Vorsitzender der Prüfungskommission: Prof. Dr. Michael Potthoff

Datum der Disputation: 27.05.2026

Vorsitzender des Fach-Promotionsausschusses PHYSIK: Prof. Dr. Johannes Haller

Leiter des Fachbereichs PHYSIK: Prof. Dr. Markus Drescher

Dekan der Fakultät MIN: Prof. Dr.-Ing. Norbert Ritter



Abstract

This dissertation investigates a broad range of phenomena arising from the interplay between
electronic and lattice degrees of freedom in condensed matter systems. Central to this work is
the role of electronic dispersion, phononic dispersion, and electron–phonon coupling across
different energy and length scales and how their mutual feedback governs emergent material
properties.
We first demonstrate how modifications in the electronic sector can influence lattice dynamics
through coupling to phonons. In particular, we examine the proposed formation of stable
monopolarons in metallic MoS2. Employing a combination of Eliashberg theory, Fan–Migdal
spectral functions, and the cumulant expansion formalism, we show that electron–phonon
interactions in this system do not lead to static lattice distortions, thereby ruling out the
formation of stable monopolarons.
The dissertation then turns to the construction and analysis of downfolded quantum lattice
models for transition metal dichalcogenide bilayers. We demonstrate that physically meaningful
effective models can be formulated in which interlayer phonon modes are excluded a priori.
Within this framework, we systematically investigate phonon-mediated superconductivity,
extracting relevant physical parameters and identifying general trends across a wide range of
bilayer material combinations.
As a further extension to bilayer systems, we study twisted bilayers of WSe2. We propose
a methodology for construction of tight-binding models in large moiré supercells based on
ab initio calculations of aligned bilayers. The functional form and spatial dependence of the
hopping matrix elements are analysed in detail, providing a scalable approach to modelling
electronic structure in twisted systems.
Finally, we investigate adsorbate-induced lattice dynamics by analysing vibrational modes in a
silicon adsorbate on silicon-rich SiC. Using density functional perturbation theory, we track
the evolution of oscillatory modes and identify infrared-active vibrations in order to guide later
experiments of phonon-pumping.
Overall, this work advances the theoretical understanding of electron–phonon interactions
across a diverse set of materials and modelling approaches. By combining first-principles
calculations with effective low-energy models, it establishes robust frameworks for disentangling
electronic and lattice effects, clarifies the limitations of polaronic lattice instabilities in metallic
systems, and provides transferable methodologies for studying superconductivity, moiré physics,
and vibrational properties in complex condensed matter systems.
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Abstract

Kurzzusammenfassung (German abstract)

Diese Dissertation untersucht eine Vielzahl von Phänomenen, die aus dem Zusammenspiel zwis-
chen elektronischen und Gitterfreiheitsgraden in kondensierten Materiesystemen entstehen. Im
Mittelpunkt dieser Arbeit steht die Rolle der elektronischen Dispersion, der phononischen Dis-
persion und der Elektron-Phonon-Kopplung über verschiedene Energie- und Längenskalen hin-
weg und wie ihre gegenseitige Rückkopplung die entstehenden Materialeigenschaften bestimmt.
Zunächst zeigen wir, wie Veränderungen auf Elektronenebene durch Kopplung an Phononen
die Gitterdynamik beeinflussen können. Insbesondere untersuchen wir die vorgeschlagene
Bildung stabiler Monopolaronen in metallischem MoS2. Unter Verwendung einer Kombination
aus Eliashberg-Theorie, Fan-Migdal-Spektralfunktionen und dem Formalismus der Kumu-
lantenentwicklung zeigen wir, dass Elektron-Phonon-Wechselwirkungen zu den gegebenen
experimentell bestimmten Parametern im System nicht zu statischen Gitterverzerrungen
führen, wodurch die Bildung stabiler Monopolaronen ausgeschlossen wird.
Die Dissertation wendet sich dann der Konstruktion und Analyse von heruntergefalteten
Quanten-Gittermodellen für Übergangsmetall-Dichalkogenid-Bilagen zu. Wir zeigen, dass
physikalische, effektive Modelle formuliert werden können, in denen Interlagen-Phononenmoden
a priori ausgeschlossen sind. Innerhalb dieses Rahmens untersuchen wir systematisch die
phonongetriebene Supraleitung, extrahieren relevante physikalische Parameter und identifizieren
allgemeine Trends über einen breiten Bereich von Bilagen-Materialkombinationen hinweg.
Als weitere Erweiterung von Bilagenystemen untersuchen wir verdrehtes WSe2. Wir schlagen
eine Methodik zur Konstruktion von Enge-Bindungen-Modellen für große Moiré-Superzellen
vor, die auf Erste-Prinzipien-Berechnungen ausgerichteter Bilagen basiert. Die funktionale
Form und die räumliche Abhängigkeit der Hüpfmatrixelemente werden detailliert analysiert,
wodurch ein skalierbarer Ansatz zur Modellierung der elektronischen Struktur in verdrehten
Systemen bereitgestellt wird.
Schließlich untersuchen wir die durch Adsorbate induzierte Gitterdynamik, indem wir die
Schwingungsmoden in einem Siliziumadsorbaten auf siliziumreichem SiC analysieren. Mit Hilfe
der Dichtefunktional-Störungstheorie verfolgen wir die Entwicklung der Schwingungsmoden
und identifizieren infrarotaktive Schwingungen.
Insgesamt fördert diese Arbeit das theoretische Verständnis der Elektron-Phonon-Wechsel-
wirkungen über eine Vielzahl von Materialien und Modellierungsansätzen hinweg. Durch die
Kombination von Ersten-Prinzipien-Berechnungen mit effektiven Niederenergiemodellen schafft
sie robuste Rahmenbedingungen für das Aufdröseln von elektronischen und gitterdynamischen
Effekten, verdeutlicht die Grenzen der polaronischen Gitterinstabilitäten in metallischen
Systemen und liefert übertragbare Methoden zur Untersuchung der Supraleitung, der Moiré-
Physik und der Schwingungseigenschaften in komplexen kondensierten Materiesystemen.

ii



Kurzzusammenfassung (German abstract)

Etzadla amal ganz gschwind gsacht

In dera Arbat gehds drum, wia si die Elektron und des Gidder im Feschdkörber gegenseitig in
de Quere kemma. Also wia des mit die Elektron, die Phonon und dem ganzen Zamghudl af
allemeglichn Längn- und Energieskaln laffd und was am End fir a Effegd bei rumkimmt.
Zerschd hamma uns ogschaut, wia Ändrungn bei die Elektron über Phonona is Gidder mit
verbiegn kenna. Ganz schbeziell des Gschmarri mit de angeblich stabiln Monopolarona im
medallischn MoS2. Mit Eliashberg, Fan-Migdal und dera Kumulanterei hamma zeichd: Da
verzerrt si nix dauerhafd. Des Gidder bleibt brav, also koa stabile Monopolarone, feddich.
Erschd wemma a baar mehra Elektron nei bumbn wirds was mit am Polaron.
Dann gehds weider mit effegdive Giddermodelle fir Dobbllagn vo Übergangsmedall-Dichalkoge-
nidn. Da zeign mir, dass ma saubere Modelle baun ko, wo gwisse Zwischenschicht-Phonona
glei von vornherein draußn bleim. In dem Rahmn hamma uns dann des mit dera Subraleiderei
über Phonon a bisserl exblizider vorgnommn, wichtige Zahln rausgzogn und gschaut, wia si
des über ganz vül verschiedene Madrial-Kombinationa so ausdreibt.
Als nächsts san verdrehte Dobbllagn vo WSe2 dru. Da schlogn mir a Vorgehnsweis vor, wia
ma aus Rechnungen erschder Brinzibien von schee ausgerichtete Lagn Enge-Bindungs-Modelle
fir riesiche Moiré-Zelln zammstrickt. Mir ham uns genau ogschaut, wia die Hüpfer ausschauen
und wia se räumlich variiern – des is dann aa praktisch, wenns System größer wird.
Zum Schluss gehds no um Gidderdynamik, wenn si wos aufsetzt: Mir undersuchn Schwingungs-
modn vo am Silizium-Adsorbat af siliziumreichm SiC. Mit Dichdefungtional-Störungsrechnung
verfolgn mir, wia si die Schwingunga verhaldn, und findn aa raus, welche im Infrarot mitmacha.
Unterm Strich bringt die Arbat a gscheids Bild davon, wia Elektron und Gidder zamwirgn –
und des fir ganz unterschiedliche Madrialien und Rechnansätz. Durchs Zamspuin vo ab-initio-
Rechnerei und effegdive Niedrichenergie-Modelle werd klar, wo polaronischer Schmarrn im
Metall sei End hat, und ma gricht brauchbare Werkzeig fir Subraleidung, Moiré-Physik und
Gitterschwingunga in komblizierde Feschdkörber.
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Motivation

But why?

Werner Herzog in “Encounters at the End of the World” musing about a penguin
going astray from its colony and heading towards the inner parts of Antarctica.

The penguin’s motivation remains elusive.

. . . we will approach this rather challenging question directly and head-on. The interplay
between electronic and lattice degrees of freedom is a unifying and overarching theme in
condensed matter physics. A wide range of emergent phases in solids arise from the feedback
between these two sectors. Effects such as superconductivity, charge density waves, polaron
formation and moiré flat bands cannot be understood by treating electrons or phonons as
detached from one another.
It is our committed goal to study this specific interaction. Due to its complexity we will need
to set out for material-realistic modelling beyond idealised toy models. While simplified models
provide conceptual insight, a deeper quantitative understanding of real materials requires
parameters derived from first principles. Upon involving multiple scales of energy and length,
bridging from first principles to effective low-energy models remains challenging.
In the class of 2D materials we identify transition metal dichalcogenides as a versatile platform.
They combine reduced dimensionality, tunable screening and rich lattice dynamics with
structural properties such as moiré lattice formation and various stacking configurations
in thin layered systems. Layer number, stacking, twisting and external perturbations offer
unprecedented control over electronic correlations and electron–phonon coupling.
Central to our approaches and fuel to our motor are these questions:

Are polaronic lattice instabilities viable in metallic TMDCs under realistic conditions?
How can phonon degrees of freedom be consistently incorporated in or excluded from
effective qunatum-lattice models for bilayer systems?
How does stacking and twisting modify electronic structure and interaction effects across
large moiré supercells?
How can adsorbates be used to engineer and probe lattice dynamics in a controlled
manner?

All these deep reaching questions will however not be addressable without a suitable framework
development. It will connect density functional theory, many-body perturbation theory and
quantum-lattice models. Thus, scalable modelling strategies that remain computationally
feasible while retaining essential physics have to be set up and tested. To do so clear criteria
for when electron–phonon coupling leads to genuine lattice instabilities and when it does not
are established and effective modelling approaches for bilayer and twisted TMDCs are defined.
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Motivation

As a final extend to our efforts, the investigation of electron–lattice effects beyond pristine
crystals to adsorbate-induced vibrational dynamics is studied.
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M. Okabe and K. Ito. It established foundational principles for colour universal design. The
set of colours unambiguous for colour-blinds and non-colour-blinds.
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I Model Hamiltonians from first
principles and beyond

『ただ知りたい』という、それこそが科学の原動力だ。

That “just wanting to know” is the driving force behind all of science.

Senku Ishigami in Dr. Stone

Solid-state physics in contrast to high-energy physics does not have to deal with the question
of “What is the theory of everything?”. The answer to this question is very well known and can
be condensed into solving the Hamiltonian of interacting electrons and nuclei. One possible
representation is

Ĥ = −
∑
i

ℏ2∇2
i

2me
+ 1

2
∑
i ̸=j

e2

|ri − rj |
−
∑
I

ℏ2∇2
I

2MI
+ 1

2
∑
I ̸=J

ZIZJe2

|RI − RJ |
−
∑
i,I

ZIe2

|ri − RI |
, (I.1)

where N electrons and M nuclei are considered [1–3]. Their positions are given by ri and
RI respectively, the kinetics are encoded in ∇2

i and ∇2
I , nucleus masses are MI , and nucleus

charges are ZI . In order from left to right the terms in equation I.1 describe the kinetics of the
electrons, the pair-wise Coulomb repulsion of electrons, the kinetics of the nuclei, the pair-wise
Coulomb repulsion of the nuclei and the Coulomb attraction between electrons and nuclei.
At this point the question “Since we know how to describe the problem, all that is left to do
for us, is solving it, is it not?” might arise. It is here, where we have to realise that throughout
the history of physics—be it in the description of classical objects or quantum objects—we
know rather well how to deal with one or two objects. For instance the Keppler problem or the
hydrogen atom are very well studied and understood. The classical three-body problem or the
helium atom however lack analytic solutions and we typically resort to approximations and
numerical approaches. Hence, it becomes clear that dealing with N +M objects in a quantum
mechanical description needs more than the apparently simple step of writing the problem
down.
In order to make progress, the model is approximated by including different ideas stemming
from a wide variety of view points. No matter the approach and initial direction, the problem
has to be made more simple. Like many things it is often not obvious where a certain path
will end and most certainly the path itself is unclear. However, the path has to be taken in
order to understand the fruitfulness of an approach. This way insights are generated, which
can be used to speculate about a next step to take.
Applying a bottom-up approach, we could neglect all interactions in the system and deal with
non-interacting electrons and nuclei. This way every object can be treated individually and
the solution is simple. Thus, interesting things start happening upon inclusion of interactions
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I Model Hamiltonians from first principles and beyond

between electrons and nuclei. While we do know that strong Coulomb interactions between
nuclei are in general possible, they are typically levelled out against each other in solids when
the nuclei are in close vicinity to their equilibrium positions. To this vicinity the nuclei are
confined by the potential energy surface. In contrast to this, the physics of the electrons is a
lot more complex due to the interplay between their kinetic energy and Coulomb interactions.
Here, we take the path of quantum lattice models. It is our goal to make them material-realistic
by derivation from first principle calculations. We reduce complexity by choosing a minimal
electronic basis via so called downfolding of the full ab initio description. While doing so, we
have to carefully choose the submanifold in a way such that the relevant physics is still being
captured. We end up with a model of electronic orbitals and atomic displacements. Each
of which are localised in space. Last but not least, we derive the interaction of the localised
orbitals with the displacements.
In second quantisation—using creation and annihilation operators for electrons ĉ(†) and phonons
b̂(†) as quantisation of ion oscillations—a possible form to write down a general model is

Ĥ =
∑
knσ

εknσ ĉ
†
knσ ĉknσ +

∑
qν

ωqν

(
b̂†

qν b̂qν + 1
2

)
+ 1√

N

∑
qν

kmnσ

gqνkmnĉ
†
k+qmσ ĉknσ

(
b̂†

−qν + b̂qν

)
(I.2)

+ 1
2N

∑
qkmnσ

k′m′n′σ′

Uqkmnk′m′n′ ĉ†
k+qmσ ĉ

†
k′n′σ′ ĉk′+qm′σ′ ĉknσ ,

where details on the individual terms will be discussed further into this chapter.
Often, this is the way quantum-lattice models will be written down in practice by using a
general Hamiltonian. We will develop the structure and contents of the individual terms within
this chapter. First, we will address the construction of the leading purely electronic term and
how it can be derived from density functional theory in section I.2 and how shortcomings
may be resolved by applying many-body perturbation theory section I.3. We then extend the
theory towards a description of lattice degrees of freedom in section I.4 and the quantisation
of vibrations into phonons. Finally, in section I.5 we will discuss the coupling of electrons and
phonons in a localised Wannier basis. A rigorous many-body treatment in section I.6 of the
interaction opens the possibility to discuss how changes in the electron sector influence the
phonon sector, concluding the model construction.
We then turn our attention to the derivation of critical temperatures in phonon-driven su-
perconductivity. Section I.7 lays out Eliashberg theory as well as correction approaches. In
sections I.8 and I.10 we turn away from the idea of phonons mediating electron-electron
interaction to the concept of trapping electrons in a local lattice deformation originating in
the electron-phonon interaction. A closure to the chapter will be given by a discussion of the
material class of transition metal dichalcogenides.
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I.1 Adiabatic approximations

I.1 Adiabatic approximations

The adiabatic approximation of a detailed condensed matter Hamiltonian such as equation I.1
decouples electronic and nucleic degrees of freedom. It is often referred to as Born-Oppenheimer
approximation after M. Born and R. Oppenheimer [3, 4].
Within equation I.1, the only parameter setting one term apart from the rest is the inverse
nucleus mass. Recasting the Hamiltonian according to [3], we write

Ĥ = T̂N + T̂e + Û , (I.3)

where T̂ are kinetic energies of the nuclei and electrons respectively and Û gathers all potential
interaction terms. Treating the kinetic energy as perturbation, we formally write Ei(R) for
the eigenenergies and Ψi(r; R) for the electrons dependent on the set of nuclear positions R as
a parameter rather than a variable, where we drop the indices to ri and RJ to indicate the
respectively full-set of positions. Solutions of the coupled systems can be rewritten via

Ψs(r,R) =
∑
i

χsi(R)Ψi(r; R) , (I.4)

where we use s as label for states of the coupled system. With this linear combination of
electronic wave functions by functions of the nuclear coordinates χsi(R), we determine[

T̂N + Ei(r) − Es

]
χsi(R) = −

∑
j

Cijχsj(R) , (I.5)

where the matrix elements Cij = Aij +Bij are

Aij(R) =
∑
I

me
MI

⟨Ψi(r; R) | ∇I |Ψj(r; R)⟩ ∇I and

Bij(R) =
∑
I

me
2MI

〈
Ψi(r; R)

∣∣∇2
I

∣∣Ψj(r; R)
〉
.

(I.6)

Now, assuming that the electrons will not change their states, the off-diagonal terms in C are
neglected [4]. The diagonal terms of Aii = 0 and Bii can be grouped with the eigenenergies
E(R) to a modified nucleic potential function Ui(R). In the Born-Oppenheimer approximation,
the equation [

−
∑
J

me
2MJ

∇2
J + Ui(R) − Eni

]
χni(R) = 0 (I.7)

describes the nucleic motion, where n labels its states. This formulation allows for solving the
problem of nuclear motion.
Neglecting off-diagonal terms removes any coupling of different electronic states by nuclear
kinetics. All other kinds of electron-phonon couplings will be preserved. In addition to this,
work presented in this thesis focuses on the ground state of electrons Ei=0.
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I Model Hamiltonians from first principles and beyond

I.2 Density functional theory and Wannier construction

First introduced in 1964 by P. Hohenberg and W. Kohn, density functional theory (DFT)
pathed a way from a semi-classical “density only” theory of L. Thomas and E. Fermi into a
theory of first principles. DFT is based on two theorems dubbed after their inventors [3, 5].
Those theorems come with the upside of applicability to all systems of interacting particles in
an external potential. Specifically, a stationary many-body system with energy composed of
electron kinetic energy, electron-nuclei interaction and electron-electron interaction from which
a quantum Hamiltonian and a many-body wave-functio can be derived.
Theorem 1: The ground state particle density n0(r) determines the external potential Vext(r)
of the system uniquely up to a constant.
This immediately leads to the full determination of the system Hamiltonian and hence the
many-body wave function for all states. Wherefore all properties of the system are completely
known, if the ground state particle density is known.
Theorem 2: no matter what the external potential is, a universal functional depending on
the ground state particle density can be defined for the energy E[n]. For any Vext the exact
ground-state energy of the system is the global minimum of the functional and the minimising
density is the exact ground-state density n0(r).
We gain the insight, that the functional E[n] is sufficient for the determination of the exact
ground-state energy and density.
Within the approach of P. Hohenberg and W. Kohn, the total energy functional is given as
the sum of kinetic energy T [n], electron-electron interaction energy Eint[n], external energy
originating generally in an ionic potential and nucleic interaction energy En−int:

EHK[n] = T [n] + Eint[n] +
∫

d3r Vext(r)n(r) + En−int

= FHK[n] +
∫

d3r Vext(r)n(r) + En−int

(I.8)

The functional FHK in this case is universal for all electronic systems and does not depend
on the external potential. If this functional were to be known, a minimisation of the total
energy functional in the particle density would lead to the exact ground-state wave function
and density.
These findings complete a circular relation between the external potential, the set of many-body
wave functions, the ground-state energy and the ground state density. E. Schrödinger’s equation
introduces a connection from the external potential to the many-body wave functions via
the Hamiltonian, within the many-body wave functions one can find the ground-state wave
function and from this the ground-state particle density. P. Hohenberg and W. Kohn closed
this circle between the ground-state particle density and the external potential.
One closed-form approximation to the functional FHK[n] was introduced early on by L. Thomas
and E. Fermi [6–8], which neglects effects of exchange [9]. The Coulomb interaction is taken
as Hartree potential and the kinetic energy is extracted from a non-interacting homogeneous
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I.2 Density functional theory and Wannier construction

electron gas, leading to

U [n(r)] = 1
2

∫
d3r d3r′ n(r)n(r′)

|r − r′|
and

T [n(r)] = 3
10m

(
2π2) 2

3

∫
d3r n

5
3 (r) .

(I.9)

It is, however, crucial to include effect of exchange and correlation in calculations in order to
reach material realistic predictions of physical quantities.

I.2.1 Kohn-Sham DFT

Nowadays most implementations of DFT∗ use a derived version of the original idea by P.
Hohenberg and W. Kohn. The mapping to an auxiliary system as introduced by W. Kohn and
L.J. Sham made a wider breakthrough of DFT possible [13]. The auxiliary system chosen here
is assumed to be an effective non-interacting system. Casting everything except for the kinetic
energy into a potential Veff , the Schrödinger-type equation of the Kohn-Sham system is

ĤKSφi =
(
Ne∑
i=1

p̂2
i

2 + Veff(r̂i)
)
φi = εiφi . (I.10)

The potential Veff has to be determined in a way such that the ground-state electron-density
in the auxiliary non-interacting system and the fully-interacting system are identical. The
KS wave functions φi and the resulting electron density via summation over all orbitals and
occupation of energy states f(εi) is given as n(r) =

∑
i f(εi)|φi(r)|2. This allows for the

calculation of the kinetic energy and Hartree energy according to equation I.9. In analogy to
the Hohenberg-Kohn functional in equation I.8, we write:

FKS[n(r)] = T [n(r)] +
∫

d3r Vext(r)n(r) + U [n(r)] + En−int + Exc[n(r)] (I.11)

This leaves us with the exchange-correlation term as last unknown part of the functional.
All many-body effects of exchange and correlation are gathered within this term. Due to its
construction it is equivalent to the energy difference of the original fully-interacting many-body
system and of the fictitious independent-particle system. If the exchange-correlation functional
were known (or were to be found), solving the Kohn-Sham equations would lead to the exact
ground-state energy and ground-state density of the many-body problem.
Via variational calculus of EKS, the effective potential in equation I.10 can be expressed as
sum of the external potential, Hartree potential and exchange-correlation potential:

Veff(r) = Vext(r) +
∫

d3r′ n(r′)
|r − r′|

+ δExc[n(r)]
δn(r) = Vext(r) + V Har(r) + Vxc(r) (I.12)

With this formulation, a self-consistency circle just like for the Hohenberg-Kohn formulation is
established.

∗The code package of Quantum ESPRESSO used for work in this thesis does use Kohn-Sham DFT [10–12].
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I Model Hamiltonians from first principles and beyond

It should be noted that the Kohn-Sham energy eigenvalues εi are not intrinsically meaningful
in a physics context. The only exception being the highest occupied eigenvalue of a finite
system [14]. However, from the mathematical meaning [15] a connection to the exchange-
correlation potential and thus the band gap discontinuity due to the response potential can be
inferred [16, 17].

I.2.2 Tight-binding and downfolding

When applying Kohn-Sham DFT to periodic systems, the resulting electron density and
electron wave functions are lattice periodic and thus delocalised in real space. We want to
change this paradigm now and take a look at the tight-binding (TB) method [18–21]. Just like
before, it is an effectively non-interacting description of the electronic structure. It is set apart
by the fact that a tight-binding model has a simple representation in the basis of localised
states, which due to their often very finite extension are interchangeably called orbitals.
For an orbital µ at lattice site R and an orbital ν at lattice site R′, we write in Dirac notation
for the matrix elements of the Hamiltonian

tµν(R − R′) =
〈

Rµ
∣∣∣ Ĥ ∣∣∣R′ν

〉
. (I.13)

This kind of description is usable for any kind of non-interacting system. Yet, for systems with
rather freely moving electrons often is inconvenient. We would like to have matrix elements
tµν rapidly decreasing with increasing distance R − R′, which is a sign that the corresponding
electrons are tightly bound.
In our context, we deal with periodic systems, which gives us access to translational symmetry
and thus Fourier transformability of the Hamiltonian. Upon subsequent diagonalisation, the
k-dependent eigenvalues (bands) can be obtained as εn(k) with n indexing the bands.
One possible way to connect periodic Bloch functions from Kohn-Sham DFT to a tight-
binding model is the construction of so called Wannier functions, which are localised and
orthogonal orbitals [22]. While atomic orbitals for atoms at different positions would not form
an orthogonal basis, Wannier orbitals do satisfy this condition. With this, the eigenvalue
problem for determination of electronic bands becomes a inherently simpler.
There is no unique choice for Wannier functions and different approaches may lead to differently
rapid decays of hopping amplitudes or different levels of relatedness to known physical objects.
It is possible to choose orthogonalised atomic orbitals with clear physical interpretation yet
long-range hopping [23] or maximally localised Wannier functions with short-range models
and the disadvantage of possibly loosing intuition about the involved orbitals [24, 25].
When setting up a TB model, here we want to take the route of constructing the Wannier
functions from Bloch functions |kn⟩ via

|Rµ⟩ = 1√
N

∑
kn

U∗
kµneikR |kn⟩ , (I.14)

where U∗
kµn is an unitary matrix mixing bands at every k-point. it can be chosen freely and

different choices lead to different sets of Wannier functions [25].
We will be using the Wannier90 code [26, 27] in order to construct Wannier functions from
DFT calculations here. Wannier90 offers a built-in routine to choose a subset of bands of
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I.3 GW self-energy correction

interest as well as a disentanglement procedure for isolation of these bands [28], if they are
embedded within a larger manifold. The procedure of choosing only a submanifold of bands
from the full ab initio band structure is called downfolding.
During this process, effective hopping amplitudes for the description of the bands are obtained,
which are considered partially screened. The constructed model often reduces the number
of degrees of freedom significantly. Hence, methods of downfolding offer means to reduce
complexity by adding complexity in the partially screened parameters, which might gain a more
complex dependency on the quantum numbers involved or even frequency dependence [29].
It is of utmost importance that the subspace is chosen such that all relevant dependencies on
quantum numbers are included. Otherwise, the connection to a material-realistic model may
be sacrificed.

I.3 GW self-energy correction

Section I.11 will give a deeper dive into the material family of transition metal dichalcogenide
materials. In chapters II to IV, we will extensively study the subset of semiconducting TMDCs.
The approach of the so far presented KS-DFT comes with the well-established short-coming of
the band gap problem for GGA functionals. The usage of energy correction as calculated from
the GW -approximation in many-body perturbation theory is a reliable method to correct the
band gaps [30–33]. It is based on the set of five equations introduced by Hedin [30], which
reduce to four within the GW approximation:

G(1, 2) = G(1, 2) + G(1, 3) ⋆ Σ(3, 4) ⋆ G(4, 2) ,
χ0(1, 2) = −iℏG(1, 2)G(2, 1) ,
W (1, 2) = v(1, 2) + v(1, 3) ⋆ χ0(3, 4) ⋆ W (4, 2) and
Σ(1, 2) = iℏG(1, 2)W (1+, 2) ,

(I.15)

where G is a one-particle Green’s function, G is the non-interacting version of the former, Σ
denotes the self-energy, χ0 is the susceptibility of interacting electrons without vertex corrections,
v is the bare electronic potential and W its screened version. The integer arguments should be
interpreted as (r1, t1) ≡ 1, where at some instances a superscript “+” indicates infinitesimal
shifts in the time argument to ensure causality. ⋆ is short-hand notation for convolution of
adjacently identical integer arguments.
At this point, the set of equations looks rather condensed and may lead to the assumption
that the calculation of the electronic self-energy is straight forward. Unfortunately, this is not
the case and a set of well-defined approximations has to be used in order to make real-life
calculations possible. We will determine GW corrections of semiconducting TMDCs using the
yambo code [34].
After Fourier transformation of the above expression for the electron self-energy, the two
temmporal variables t1 and t2 will be combined into one frequency dependence. It is possible
to separate contributions of exchange and correlation in a non-local, non-Hermitian self-energy:

Σ(r, r′, ω) = Σx(r, r′) +Σc(r, r′, ω) (I.16)
The exchange term does not depend on energy in any way, i.e. it is static, and the correlation
term captures all effects of screening.
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Using the GW approximation and Kohn-Sham states obtained from DFT, we can write the
matrix elements as

⟨km |Σc(ω) | kn⟩ =
∑
ℓq

∫ dν
2πiI

mnk
ℓq (ν)

[
f(εk−qℓ)θ(ν)

ω − ν − εk−qℓ − iη + (1 − f(εk−qℓ))θ(−ν)
ω − ν − εk−qℓ + iη

]
, (I.17)

where θ is the Heaviside function and an integrand matrix is introduced. It is closely related
to the spectral function and in yambo is defined as

Imnk
ℓq (ν) = − 1

NkΩ

∑
GG′

W δ
GG′(q, ν)ρkmn(q,G)ρ∗

kℓm(q,G′) , (I.18)

where ρkmn(q,G) = ⟨kn | exp(i(q + G)r) | k − qm⟩ and W δ is a Dirac-peak-like part of the
screened interaction:

W δ
GG′(q, ω) = 1

2 Im[WGG′(q, ω) +WG′G(q, ω)] − i
2 Re[WGG′(q, ω) −WG′G(q, ω)]

and WGG′(q, ω) = ϵ−1
GG′(q, ω) 4π

|q + G||q + G′|

(I.19)

As a final point, the newly introduced dielectric function ϵ has to be determined. We will use
the plasmon pole approximation as already implemented in yambo. Basis of the approximation
is the assumption that spectral weight of the dielectric function is concentrated around a
plasmon excitation pole. The validity and importance of this approximation has been proven
for materials including a wide range of semiconducting materials [35, 36]. In practice, the
self-energy is determined on a G0W0 level, i.e. no full self-consistency in the Green’s function
and screened interaction is reached. This often serves as a compromise between accuracy and
computational costs just as much as the interesting fact that often on this level, the energy
gap calculated is closer to the experimental values than a fully self-consistent one.

I.4 Phonons and density functional perturbation theory

From the discussion presented in section I.1, it can be easily seen that the ground-state energy
E0(R) is that of interacting electrons moving in an array of fixed nuclei. Using the force
theorem by R. Feynman [37], the force conjugate to the position of a nucleus, can be written as

FI = −∂E(R)
∂RI

= −
∫

d3r n(r)∂Vext(r)
∂RI

− ∂En−int
∂RI

, (I.20)

which contains only contributions dependent on the position of nuclei. Specifically, the external
Coulomb potential induced by the array of nuclei and the nucleic interaction among each other.
A second differentiation of the forces yields the force constant matrix C [38, 39]:

CIJ(R) = ∂2E(R)
∂RI∂RJ

=
∫

d3r
∂n(r)
∂RJ

∂Vext(r)
∂RI

+
∫

d3r n(r)∂
2Vext(r)
∂RI∂RJ

+ ∂2En−int
∂RI∂RJ

(I.21)

Via Fourier transform and scaling by the corresponding nucleus masses, the dynamical matrix
D can be obtained as

Dκλ(q) = 1√
MκMλ

Cκλ(q) −→
(
D(q) − ω2

qν

)
eqν = 0 , (I.22)
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I.4 Phonons and density functional perturbation theory

where κ and λ is a combined index of unit cell atoms and spatial displacement direction, the
phonon frequencies in branch ν as ωqν and the corresponding polarisation vector as eqν are
formally by the given eigenvalue equation.
The latter of which provide a connection between phononic eigendisplacements uqν and real
displacement of the atoms uRα:

uRα =
∑

q

uqαe−iqR and uqα = 1
N

∑
R

uRαeiqR

uqν =
∑
α

√
NMαe

∗
qν,αuqα and uqα = 1√

NMα

∑
ν

eqν,αuqν

(I.23)

After introducing a conjugate momentum pqν and quantising these expression in terms of
phonon creation and annihilation operators, the virial theorem [40] implies that

Ĥph = 1
2
∑
qν

[
p̂†

qν p̂qν + ω2û†
qν ûqν

]
=
∑
qν

ωqν

[
b̂†

qν b̂qν + 1
2

]

with ûqν = 1√
2ωqν

[
b̂†

−qν + b̂qν

]
and p̂qν = i

√
ωqν

2

[
b̂†

−qν − b̂qν

]
.

(I.24)

The set of equations defining the polarisation vectors, the phonon frequencies and real-space
nucleic displacement forms the basis for oscillatory movement of atoms as discussed in chapter V.
A standard approach for the calculation of vibronic quantities in real materials nowadays
is the well-established density functional perturbation theory [38, 39], which is an approach
combining DFT with linear response theory. It offers a way to determine the first term in
equation I.21 via calculation of the derivative of the electron density as linear response term
with respect to changes in the potential:

∆n(r) = 2
∑

kqmn

f(εk+qm) − f(εkn)
εk+qm − εkn

⟨kn | r⟩︸ ︷︷ ︸
ψ∗

nk
(r)

⟨r | k + qm⟩︸ ︷︷ ︸
ψmk+q(r)

⟨k + qm |∆Veff | kn⟩ (I.25)

The effective potential is identical to equation I.12 and its change

∆Veff(r) = ∆Vext +
∫

d3r′ ∆n(r′)
|r − r′|

+ δExc[n]
δn

∣∣∣∣
n(r)

∆n(r) (I.26)

as a result of nucleic displacement contains ∆n, offering a self-consistency condition. However,
in every encounter of equation I.26 a costly summation over empty conduction states has to be
carried out as sums run over all states of the system. Assuming a non-metallic material with a
finite gap between valence and conduction manifold, we can rearrange the linear response of
the electronic density as

∆n(r) = 2
∑
c,v

ψ∗
v(r) 1

εv − εc
⟨r | c⟩ ⟨c |∆Veff | v⟩

= 2
∑
v

ψ∗
v(r)

〈
r

∣∣∣∣∑
c

1
εv − εc

∣∣∣∣c〉 ⟨c |∆Veff | v⟩︸ ︷︷ ︸
|∆v⟩

,
(I.27)
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I Model Hamiltonians from first principles and beyond

where c and v index states from the conduction manifold and valence manifold respectively
and |∆v⟩ captures the linear response of states in the valence manifold. In a Sternheimer-type
equation all dependencies of quantities from the conduction manifold cancel and upon the
usage of projectors Pc = |c⟩⟨c| and Pc = 1 − Pv, we find

(H − εv) |∆v⟩ = (Pv − 1)∆Veff |v⟩ . (I.28)

Finally, the set of equations I.26 to I.28 defines a self-consistent loop in terms of valence
states only. Using this approach circumvents taking conduction states into account. Most
importantly, an efficient protocol to determine all parts of the force constant matrix from
equation I.21 is established.

I.5 Electron-phonon coupling

A possible way to describe the coupling of electronic and nucleic degrees of freedom is achieved
by introducing a formal coupling potential dependent on the nucleus displacements u to any
order:

Hel−n =
∑

kqmn

Vkqmn(u)ĉ†
k+qmĉkn , (I.29)

where we used second quantisation. In an ab initio approach only the first-order coupling can
be determined efficiently. Thus, once again we will deal with a linear approximation.
Invoking the Kohn-Sham fomulation of DFT, an expansion of the effective potential with
respect to the nuclear displacement ∆uκp of nucleus κ in unit cell p from their equilibrium
position u0

κp reads

Veff(u) = Veff(u0) +
∑
Ri

∂Veff
∂uRi

uRi . (I.30)

Using the difference between the effective potential at any set of u and the equilibrium positions
u0 and the Fourier transform, we can write the coupling potential as matrix element and find

Hel−n =
∑

kqmni

〈
k + qm

∣∣∣∣ ∂Veff
∂uqi

∣∣∣∣kn〉uqiĉ
†
k+qmĉkn . (I.31)

After quantisation and normal-mode decomposition of the displacement according to equa-
tions I.23 and I.24 we find a linear displacement-density coupling

Ĥe−ph = 1√
N

∑
kqmnν

gkqmnν

(
b̂†

−qν + b̂qν

)
ĉ†

k+qmĉkn

using gkqmnν = 1√
2ωqν

∑
i

eqiν
1√
Mi

〈
k + qm

∣∣∣∣ ∂Veff
∂uqi

∣∣∣∣kn〉 .

(I.32)

The calculation of the electron-phonon coupling matrix g is straight forward from DFPT and
carried out in the self-consistent calculation of equation I.28. Hence, the ab initio version is
readily available.
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I.6 Influence of electron-phonon coupling on phonons

As established in sections I.2.2 and I.4, electrons can be represented in the localised basis of
Wannier functions and phonons in the basis of atomic displacements. Both formulations allow
for arbitrary density in reciprocal sampling of the tight-binding matrix and dynamical matrix
via Fourier transformation. This is advantageous for the subsequent calculation of properties
arising from electron-phonon interactions since those often require very high resolutions in the
electronic k-space and phononic q-space. In order to set up a full model in the language of
localised orbitals and atomic displacements, we use the formulation following the version used
in the EPW code [41–44]. It determines the electron-phonon coupling via the calculation of
the electron-phonon vertex using a Wannier representation:

gkqmnν =
∑

RiR′αβ

eqνiU
∗
k+qαmgRR′αβiUkβne

i(qR+kR′)

and gRR′αβi = 1
NN ′

∑
kqmnν

e∗
qνiUk+qαmgkqmnνU

∗
kβne

−i(qR+kR′) ,
(I.33)

where the band mixing matrices Uk+q and U†
k enter via the transformation to Wannier

functions of the vertex in equation I.32. Physically, these matrices describe the change to linear
order to the hopping amplitude from orbital α to orbital β at R′ for an atomic displacement i
at R.

I.6 Influence of electron-phonon coupling on phonons

Up until this point, we were dealing with systems which are not subject to any electron addition
or removal. The described ab initio approaches of DFT and DFPT ar erigid to the sense that
the number of electrons in the system has to be changed before the self-consistent solution can
be determined and physical properties can be inferred. This will unfortunately lead to huge
costs in compute time since all steps have to be redone for any specific doping level. Here, we
will introduce a framework to determine changes in phonon dispersion as a consequence of
doping, i.e. how charges renormalise phonons.
Using a similar approach to Green’s functions for electrons, a displacement-displacement
correlation function can be written down. We will refer to it as phonon Green’s function DDD.
In combination with a phonon self-energy ΠΠΠ, the Dyson-type equation

D̃qµν(ω)−1 = D−1
qµν(ω) −Πqµν(ω) (I.34)

is obtained. We distinguish between the full Green’s function D̃̃D̃D and the bare Green’s function
DDD. The latter can be expressed in terms of the eigenvalue ωqν of the dynamical matrix Dq as

Dqµν(ω) = 2ωqν

ω2 − ω2
qν

δµν . (I.35)

With this insight, we can write

D̃−1
qµν(ω) =

ω2 − ω2
qν

2ωqν
δµν −Πqµν(ω)

=
(ω2 − ω2

qν)δµν − 2√
ωqµωqνΠqµν

2√
ωqµωqν

,

(I.36)
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where the second line is given in a more symmetrical version. It is possible to rewrite this as a
Dyson-type equation for the dynamical matrix as well due to the implicative relation between
the poles of the Green’s function and the screened dispersion. Using the static case of ω = 0,
we find

D̃−1
qµν = ω2

qνδµν − 2√
ωqµωqνΠqµν . (I.37)

Via diagonalisation, the eigenvectors and screened phonon frequencies are accessible. It is
noteworthy that the calculations carried out to arrive at these formulae above can be carried
out in a Cartesian basis as well. This comes with the advantage that the eigenvectors can be
interpreted as displacement of individual atoms instead of collective displacements.
In second order perturbation theory [45, 46], the leading contribution to the phonon self-energy
is given as

Πqµν = 2
N

∑
kmn

g∗
kqmnµ

f(εk+qm) − f(εkn)
εk+qm − εkn

g̃kqmnν , (I.38)

where the screened coupling g̃ is used. Finally, upon separating the dependence on phonon dis-
persion in the electron-phonon coupling dkqmnµ =

√
2ωqµgkqmnµ and d̃kqmnν =

√
2ωqν g̃kqmnν ,

we find

D̃qµν = ω2
qνδµν +Π ′

qµν

and Π ′
qµν = 2

N

∑
kmn

d∗
kqmnµ

f(εk+qm) − f(εkn)
εk+qm − εkn

d̃kqmnν .
(I.39)

Using this small trick, we find an expression, where phonon dispersion, screened dynamical
matrix and phonon self-energy appear in separated terms of the Dyson-type equation.
Now, we want to pay special attention to the formal equivalence of the static phonon energy ΠΠΠ

and the electronic contribution to the dynamical matrix in DFPT. The change of the latter
contains an identical expression to the phonon self-energy:

∆Dqµν = 2√
ωqµωqν

2
N

∑
kmn

g∗
kqmnµ

f(εk+qm) − f(εkn)
εk+qm − εkn

geff
kqmnν (I.40)

Here, the superscript “eff” to the electron-phonon coupling once again refers to the self-
consistently determined version—in this case by DFPT. This connection between formulations
opens a path to renormalise phonons according to the underlying changes in a model system
upon change of parameters. We will use this in the exploration of monolayers of TMDCs and
constructed bilayers in chapter III.

I.7 Deriving critical temperatures in phonon-driven
superconductivity

One of the most fascinating properties of general quantum lattice models as introduced above
is that they are able to contain a multitude of many-body instabilities, which often have their
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very own research field (see for instance the discussions in chapter II and [47, 48] for polarons).
We call such effects many-body due to the description in the framework of quasi-particles arising
from many-body theory. It is common for materials to have a multitude of such instabilities
and corresponding phases. By now it is known that the interplay can be competing [49–53],
coexisting [53, 54] or even cooperative [55–57].
Here, we turn our attention to the superconductivity as discovered in mercury by K. Onnes in
1911 [58, 59]. This opened up a way to go from the assumption of “freezing out the lattice” to
the understanding that lattice dynamics actually are essential in driving superconductivity [60,
61]. The field took a path along macroscopic and phenomenological theories until focusing on
lattice induced effective potentials and the idea of pair formation ending in a first microscopic
description now known as BCS theory (attributed to Bardeen, Cooper and Schriefer) in
1957 [62–66]. Here, we will use a generalisation of BCS theory taking the retarded nature of
the underlying interaction—an electron propagates, moves ions accumulating a positive charge
to attract a second electron—into account [67, 68].
The starting point of the Eliashberg theory is a diagrammatic treatment of the dynamical
electron self-energy. Any effects of retardation in the phonon-mediated interaction between
electrons is therefore taken into account explicitly. Using formulations of L. Gor’kov and
Y. Nambu a starting point can be formulated via the introduction of anomalous Green’s
functions in addition to normal Green’s functions. The anomalous Green’s functions carry
information of pair creation and annihilation [30, 69]. These Green’s function are equivalently
labeled as Gor’kov propagators in a diagramatic framework. The vanishing character of
the non-interacting anomalous propagator hinders a perturbative solution of the problem.
Consequently, a solution has to be formulated non-perturbatively in a self-consistent approach.
The assumption of an existing perturbation series leads as a final result to the Eliashberg
spectral function [68, 70, 71]

α2F (ω) = N(0)

∑
kqmnν

∣∣∣g2
kqmnν

∣∣∣δ(ωqν − ω)δ(εkn)δ(εk+qm)∑
kqmn

δ(εkn)δ(εk+qm) , (I.41)

which combines the double Fermi-surface average of the squared electron-phonon coupling α2

with the phonon density of states F (ω). The newly introduced N(0) denotes the electronic
density of states at the Fermi level. This spectral function usually is determined via ab initio
calculations. We will use it to determine a scalar quantity as measure for the effective electron
coupling strength:

λ = 2
∫ ∞

0
dω α

2F (ω)
ω

(I.42)

Additionally, we can construct an Einstein spectrum as an effective phonon frequency via the
established choice of a logarithmic average

ωlog = exp
[

2
λ

∫ ∞

0
dω α

2F (ω) log(ω)
ω

]
. (I.43)

Last but not least, within the Eliashberg theory, an instantaneous Coulomb interaction
µ = N(0)U is defined. It incorporates physical effects opposing superconductivity. Within the
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calculation of the electron-phonon spectral function, bosonic Matsubara frequencies as well
as a numerical cut-off to ensure feasibility are introduced. As a consequence, the Coulomb
interaction has to be scaled [72] according to

µ∗ = µ

1 + µ log
(
εpl
ωph

) . (I.44)

Within the logarithm the time-scales related to the plasma frequency εpl and lattice dynamics
ωph is introduced. Thus, the different scale of propagation times is taken into account.
Here we decided to denote the electronic scale as plasma frequency εpl and want to relate ωph
to the high-frequency cut-off in α2F as prototypical energy scales of the studied system.
In order to facilitate usage of Eliashberg’s framework, W. L. McMillan approximated the
critical temperature as it can be derived from the above equations [73, 74]

Tc = ωlog
1.2 exp

[
−1.04(1 + λ)

λ− 0.62λµ∗ − µ∗

]
. (I.45)

This expression got expanded by P. B. Allen and R. C. Dynes [70] with two correcting prefactors:

f1 =
(

1 +
(
λ

Λ1

)3/2
)1/3

and f2 = 1 +

(
ω2nd
ωlog

− 1
)
λ2

λ2 + Λ2
2

Λ1 = 2.46(1 + 3.8µ∗) , Λ2 = 1.82(1 + 6.3µ∗)ω2nd
ωlog

,

and ω2nd =
〈
ω2〉1/2 =

(
2
λ

∫ ∞

0
dω α2F (ω)ω

)1/2

(I.46)

As extensively discussed by P. B. Allen and R. C. Dynes, the factor f1 serves as a correction
in the limit of strong electron-phonon coupling, i.e. λ ≳ 1.5. f2 on the other hand makes use
of the relation between the shape of the electron-phonon spectral function α2F and the ratio
ωlog/ω2nd of logarithmic average frequency (“0th” order momentum) and the square root of the
second momentum. Thus, f1 serves as a strong-coupling correction, whereas f2 is a shape
correction.
It is noteworthy that McMillan’s formula for the critical temperature was developed on
niobium only. Surprisingly, it performs rather well for almost any material. In a similar
fashion, the above corrections by Allen and Dynes are a empirical adaptions to numerical
data [70]. Additionally, it also stands as a subject to in-depth research and analysis whether
the approximations in the development of Eliashberg theory, McMillan’s formula and the
Allen-Dynes correction are valid for two dimensional materials.
As a final remark to this chapter, it is noteworthy that the idea of phonon-mediated supercon-
ductivity can be extended in other directions, too. Specifically, thoughts and efforts are taken
in the direction of “paramagnon”-driven superconductivity with FLEX theory for instance.
This explores the idea of substituting the exchange boson from phonons to paramagnons. In
a strict sense this deviates not only in the origin of the boson but also in its lack of a sharp
well-defined spectrum [75].
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I.8 Influence of electron-phonon coupling on electrons

Section I.3 introduced the set of Hedin’s equations within the GW approximation, where only
electron-electron interaction is accounted for in the screening process. We saw during the
discussion of lattice vibrations that in general the underlying potential of nuclei varies. With
the extension from the Green’s function as used in Hedin’s equations GHed, it is possible to
define a Dyson equation encapsulating formally the effects of electron-phonon interaction as
well:

G(1, 2) = GHed(1, 2) +GHed(1, 3) ⋆ Σep(3, 4) ⋆ G(4, 2) , (I.47)

where the newly introduced self-energy arising form electron-phonon interaction has three
contributions. Derived from a full perturbation theory treatment, they read

Σep = ΣFM +ΣDW +ΣdGW ,

ΣFM(1, 2) = iℏG(1, 3) ⋆ Γ (3, 2; 4)Wph(4, 1+) ,
ΣDW(1, 2) = v(1, 3) ⋆

[
⟨n̂(3)⟩ −

〈
n̂Hed(3)

〉]
δ(2, 3) and

ΣdGW(1, 2) = Σe(1, 2) −ΣGW
e (1, 2) .

(I.48)

The first contribution labeled Fan-Migdal∗ self-energy ΣFM uses Γ as full electron-phonon
vertex and the phononically screened potential Wph. ΣDW is attributed to Debye and Waller,
incorporating a difference between the electron density of fixed nuclei nHed † and electronic
density if lattice degrees of freedom are included. Lastly, ΣdGW holds the formal correction to
the GW self-energy arising from slight differences when calculated on fixed nuclei.
The Debeye-Waller self-energy is a static contribution and has the character of a time-
independent correction to the crystal potential [76–78]. The GW self-energy correction in a
similar covers effects of change within the Green’s function and electron density, if electron-
phonon interaction is taken into account.
In contrast to the other two contributions, the Fan-Migdal term corrects the electronic excitation
energies dynamically. The convolution of Green’s function and phononically screened Coulomb
potential encapsulates effects of dynamic lattice polarisation. In practice, we will use the
Fan-Migdal self-energy as it is implemented in the EPW code [41, 43], which comes with
some approximations to the involved quantities. Like before in section I.3, we approximate
Γ (1, 2; 3) = δ(1, 3)δ(2, 3), which is why the Fan-Migdal self-energy colloquially is viewed as
“phonon screened GW”:

ΣFM(1, 2) = i
∑
µν

∫ dω
2π

d3q

ΩBZ
e−iω(t2−t+1 )G(1, 2)g∗

qµ(r2, ω)Dqµν(ω)gqν(r1, ω) (I.49)

In order to determine the remaining quantities, the Green’s function will be approximated by
the Kohn-Sham Green’s function for fixed nuclei, the phonon propagator will be used in its
adiabatic form and the frequency dependence of the electron-phonon coupling will be neglected.

∗We adopt the combination label of “Fan self-energy” and “self-energy in the Migdal approximation” into
Fan-Migdal self-energy as coined by [40].

†In relation to Hedin’s equations and hence superscripted accordingly.
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With these approximations, an analytical expression can be determined as

ΣFM
km (ω) = 1

Nq

∑
qnν

|gkqmnν |2
(

f(εk+qn)
ω − (εk+qn − ωqν) + iη + 1 − f(εk+qn)

ω − (εk+qn + ωqν) + iη

)
. (I.50)

In order to see direct relation with ab initio band structures, we have to determine the spectral
function. In general this can be calculated from the self-energy in a straight forward manner:

A(k, ω) = − 1
π

∑
j

Im[Σkj(ω)]
(ω − εkj − Re[Σkj(ω)])2 + (Im[Σkj(ω)])2 (I.51)

Thus, as soon as the self-energy has been calculated, the spectral function can be inferred.

I.9 Cumulant expansion

Taking a step back, we should recall that in the GW approximation as well as in the approx-
imation of the Fan-Migdal self-energy, we assumed for simplicity that the interaction vertex
is an identity. By doing so, information on quasi-particles is lost due to the linearity in the
screened potential W (often even W0, i.e. a one-shot screening). Specifically, the full cascade
of satellites to the quasi-particle peak is lost beyond the first order [79, 80]. One possible
way to recover the full satellite spectrum is the idea to write the Green’s function in the time
domain as G(t) = G0eC(t), where G0 is the Green’s function of an independent particle or a
quasi-particle and C is the cumulant [81]. This way, an infinite series of diagrams can bes
summed over, leading to the possibility to recovering higher-order spectral features. In a full
form, the time-dependent Green’s function is given as [82, 83]

G(k, t) = −iZkΘ(t) · exp(i(−εk + µ+∆k + iη)t) · exp(Ok(t)) , (I.52)

where the individual terms are

Zk = exp
(

−
∫ ∞

−∞
dω |Im[Σ(k, ω + εk)]|

πω2

)
, (I.53)

∆k =
∫ ∞

−∞
dω |Im[Σ(k, ω + εk)]|

πω
(I.54)

and Ok(t) =
∫ ∞

−∞
dω |Im[Σ(k, ω + εk]|

πω2 e−iωt . (I.55)

The prefactor Zk renormalises the expression. Within the first exponential, ∆k shifts the
quasi-particle dispersion εk. The last term, Ok(t) contains physics leading to the induction of
shakeoff bands, i.e. the cascade of satellites.

I.10 Polarons

Up until this point, we assumed that changes in the electronic and phononic properties of the
material keep the crystal structure itself unchanged. It is, however, possible that a different
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arrangement of the nuclei corresponds to a new configuration of lowest energy, if an external
influence like electric fields, stress or doping come into play [84–92]. In the context of coupled
electrons and phonons, charge density waves and polarons are typical phenomena. They can be
distinguished easily by the extend of the distortion to the crystal structure. Periodic changes
are visible for charge density waves whereas polarons manifest only locally.
On a very basic level, a polaron is a charge carrier self-trapped in a lattice distortion created
by their presence. By today various directions and theories in order to describe polarons were
explored. One of the most prominent theories was introduced by H. Fröhlich [64, 93–97] and
focuses on long-range coupling between electrons and phonons, leading to what is called large
polarons∗. The Fröhlich Hamiltonian is closely related to the Hamiltonian for quantum lattice
models we use. It consists of purely electronic and phononic terms as well as an electron-
phonon coupling term. The latter of which contains an approximation to the electron-phonon
coupling matrix upon introducing the Fröhlich coupling constant α as a material specific scalar
parameter rather than a complex coupling matrix. The same constant can be used to determine
the polaron self-energy approximately.
A second well-established approach to polarons is the ansatz coined by Holstein [98–101]. It
originates in the description of local electron-phonon coupling to a flat optical phonon mode.
Due to the local character of the electron-phonon coupling and the connected short-range
character of it, strong lattice deformations close to the electron are possible. Thus, Holstein
polarons often are smaller than Fröhlich polarons but do not necessarily have to be. If tuned,
the coupling will directly influence the size of the polaron. For weak coupling, electrons remain
itinerant and lattice distortions spread over multiple unit cells. Thus, a large Holstein polaron
is formed. Increasing the coupling to the intermediated range will lead to polaronic narrowing
in the electronic bands. Reaching the strong coupling range, electrons induce a sharp, local
distortion and become fully self-trapped. In analogy to the Fröhlich coupling parameter α, the
parameter λ usually expressed by the polaron binding energy and the inverse electron band
width is used to categories the coupling strength.
In this work, we will focus on transition metal dichalcogenide materials (see the following
section I.11). Their relatively flat d-bands, valley structure at the K- and Q-/Λ- points of
the Brillouin zone and pronounced electron-phonon coupling make them great sandboxes to
explore the physics of Holstein polarons [87, 89].
Generally speaking, the full polaron problem is accessible via a model ansatz following Fröhlich
or Holstein. They even incorporate effects leading to bipolarons, multiphonon dressing or
multipolarons. This is contrasted by the way of choice in ab initio approaches, which take the
Migdal route by often including only the lowest-order diagrams involving single phonons [67,
102, 103]. Thus, working with models enables a non-perturbative study of polaron formation
whereas perturbative Migdal theory allows for a quasiparticle approach. Thus, while the
Holstein model provides a full framework capable of describing (small) polaron formation
in TMDCs, the Fan-Migdal self-energy corresponds only to the weak-coupling limit treated
perturbatively. In chapter II we will use the Fan-Migdal formalism (see section I.8) to capture
quasiparticle renormalisation in MoS2, while keeping in mind that strong short-range coupling
require more intricate approaches.

∗“Large” and “small” in this context is usually referred to as the ratio between the extend of the polaron and
the lattice constant of the material.
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I.11 The material class of transition metal dichalcogenides

Recent years saw the advent and uprising of 2D materials. Multiple experimental techniques
have been developed to prepare single layers or extract them from a bulk [104–108]. A
development which arguably started in 1947 when P.R. Wallace studied the electronic bands
of graphite and theorised about the electronic structure of a single layer of carbon atoms [109],
which was labelled as “graphene” much later [110]. Jumping in time to 2004; K.S. Novoselvo,
A.K. Geim et al. successfully exfoliated a monolayer of graphene using tools as simple as
adhesive tape [111]. This original technique of graphene exfoliation in order to obtain monolayers
made use of the inherent structure of graphite. In contrast to the diamond structure of carbon,
in graphite only two dimensions bind the carbon atoms covalently whereas the third direction
binds the layers of carbon atoms only with week electrostatic van-der-Waals forces. This is
what actually allows us to use graphite in pencils as a crystal material, from which it is easy to
rub off tiny flakes of graphene and splinters of graphite in order to write. Not being exclusive
to graphite, this kind of bulk structure can be observed in a multitude of materials [112].
Consequently, this class of 2D materials is coined and referred to as van-der-Waals materials.
It stands to reason that the most well-known of these materials is graphene. Albeit it’s visual
simplicity with a honeycomb lattice and no out-of-plane extension, the number of model system
which can be realised with it appear to be as many as there are sand corns in a dessert:
nanotubes of various diameter and coordination, bilayer, trilayer and multilayer systems,
twisted graphene multilayers, dressed graphene or decorated graphene [113–118]. The field
of low dimensional materials is still rapidly evolving and huge focus and effort is being made
experimentally and theoretically in the material family of transition metal dichalcogenides.
Rather surprisingly∗, the first monolayer extraction of a TMDC material was done via chemical
exfoliation in 1986 [119]. An exfoliation using adhesive tape followed just one year after the
success with graphene in 2005 for a wider range of materials by K.S. Novoselov et al. [104]. In
2015 the “gold standard” followed by G.Z. Magda et al. [120], who used the chemical affinity of
the chalcogens to bind stronger with gold than with the neighbouring layer of the bulk. Most
importantly this kind of technique allows for much larger flakes to be extracted than adhesive
tape exfoliation. Nowadays steps towards automation and industrialisation of the adhesive tape
exfoliation method make fast progress towards removal of time consuming manual inspection
of samples [121, 122]. Work towards large production is fruitful in mechanical exfoliation with
adhesive tape mostly in graphene [123] and gold in TMDCs [124]. The same direction of high
yield in monolayer production is taken by liquid-phase exfoliation [125–127], where high purity
is reachable simultaneously.
TMDCs are usually described by the chemical formula MX2 [128, 129]. Here, M denotes the
transition metal and X a chalcogen, which correspond to group VI B such as molybdenum
and tungsten as well as group VI A such as sulphur, selenium and tellurium in the work
presented below. The crystal structure consists of covalently bonded X-M-X trilayers stacked
in the out-of-plane direction. Individual trilayers are bound via van-der-Waals forces along
the same direction [130]. Note, that we refer to one such trilayer as MX2 monolayer. Several
polytypes exist, most notably the semiconducting 2H phase and the metallic 1T and distorted
1T’ phases [131, 132]. The former of these is energetically favoured for MoS2, MoSe2, MoTe2,
WS2, WSe2 and WTe2 [133, 134].

∗at least to the author
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In contrast to graphene, many TMDCs are intrinsic semiconductors with band gaps in the
visible to near-infrared range [135, 136]. Ab initio calculations and effective tight-binding
models show a pronounced thickness dependence of the electronic structure with respect to
the number of TMDC layers, where an indirect-to-direct band gap transition is predicted
when going from monolayer to bulk systems or vice versa [137–140]. The presence of heavy
transition metal atoms leads to strong spin-orbit coupling, resulting in significant spin splittings
of the valence and conduction band edges [141, 142]. In monolayers, the lack of inversion
symmetry couples spin and valley degrees of freedom. A feature usually captured in k · p and
tight-binding descriptions [143, 144]. Throughout this work, we will neglect the spin-orbit
coupling for chapters III and IV. Reduced dielectric screening in two dimensions enhances
many-body interactions [145–147]. Thus, the role of electron-electron and electron-phonon
coupling is amplified.
Due to the reduced dimension of the materials, electronic screening can not happen in the
direction perpendicular to the layer plane. Further, the density of states in these materials
often shows strong van-Hove singularities. The combination of these prerequisites can lead to
a competition of phases such as superconductivity and charge density waves. A wide variety
of combinations between transition metals and chalcogens show charge density waves and
superconductivity, where the specific combination changes for instance the occurrence of these
phases along doping variation [145, 148, 149].
Bilayer systems occupy an intermediate position between monolayers and bulk crystals. Hence,
they introduce additional degrees of freedom associated with stacking order and interlayer
hybridisation [150–152]. Depending on the interlayer stacking, inversion symmetry can be
restored or remain broken. This in turn leads to qualitative changes in the band structure [55].
For semiconducting TMDC bilayers, theoretical studies reveal tunable band alignment, modified
spin-orbit splitting and layer-hybridised states, which can be further controlled by external
electric fields [153, 154]. Those properties make TMDC bilayers an attractive platform for
studying interaction driven phenomena [155, 156].
Picking up the previous line of thought on exotic phases in TMDCs again, the doping variation
can be clearly separated in its nature from structural and thermal control parameters. It is
thus complementing the stacking configuration, application of external electric field and the
reduced dimensionality in monolayers and bilayers. There are several routes and techniques
available to achieve doping variations such as electrostatic gating [157, 158], ionic-liquid [159]
and electrolyte gating [129, 149, 160–162]. In contrast to chemical doping, these techniques offer
a way to tune the doping continuously and reversibly. They directly influence the charge carrier
density and the Fermi level. Subsequently, valley occupation and band renormalisation can be
directly influenced. In this way a route to balancing and switching between electron-electron
and electron-phonon interactions opens up and the charge density wave and superconductivity
phases emerge [53, 145, 163]. Doping in TMDC systems is a suitable knob for correlated and
collective phases, which can even be combined with the access to geometric degrees of freedom
via twisting two layers against each other.
For layered and especially stackable materials the question may arise weather two layers are
always as well aligned after stacking as they would be in a bulk material if grown as a crystal.
Certainly, with enough training and precise equipment a level of skill can be achieved that a
stacking done by hand reaches such proficiency. However, most of the time the layers will be
mismatched either by a shift or a twist. The latter of which contains the possibility to realise
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Figure I.1: Exemplary observation of correlated phases in twisted WSe2 at 5.1◦ and a displace-
ment field of 0.45 V nm−1. Subfigure a showcases a phase diagram of resistance if varied over
doping and temperature. An insulating region as well as two domes of zero resistance are clearly
visible. Subfigure b follows the resistance as function of temperature along the half-filling line
through the insulating region, whereas the zero resistance lines (red and green) allow for a guess
of the critical temeperature at 3 K. Reproduced with permission from Springer Nature [118].

Figure I.2: Exemplary observation of a superconductor to insulator transition in twisted WSe2
at 3.65◦. In Subfigure a zero-bias resistance R as a function of temperature T and electric field E
at ν ≈ 1 without magnetic field is depicted. Linecuts of representative electric fields are given
in subfigure b, highlighting the superconductor to insulator transition at EC = 11.7 mV nm−1.
Subfigure c gives insight into the collaps of the normalised resistance R/RC after scaling the
temperature by the thermal activation temperature T0. Reproduced with permission from
Springer Nature [164].
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so called moiré patterns, i.e. long range periodicity [117, 165]. As a consequence the band
edges in the compound undergo a periodic spatial variation. In contrast to twisted bilayer
graphene, the intrinsic semiconducting properties of TMDCs give easy access to the formation
of flat bands at moderate twist angles.
As teased above, a twisted bilayer is still susceptible to electron doping. In figure I.1 an
exemplary measurement of twisted WSe2 is reproduced, where interaction driven phases like
strongly correlated Mott-physics and zero resistance∗ states were observed [118, 166]. Figure I.2
contrasts the early results of Wang et al. with a concise study of superconductivity in twisted
WSe2 [164], where fast progress is being made in understanding various aspects of the realised
exotic phases [167, 168]. Further, properties of the electronic bands in moiré systems can be
tuned via twist angle and the combination with doping, an external electric field or strain as
well [169–173].
Synoptically, the material class of transition metal dichalcogenides opens a vast control panel
with all the individual knobes and switches to be used in order to realise a range of physical
effects. Due to this richness, one can set out to understand emerging phases, correlation effects
and their interplay in a range of settings.

∗Speculated but not concisely proven to be superconductivity.
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II Preclusion of monopolarons in MoS2

How utterly wondrous it is that a small collection of the universe’s particles can
rise up, examine themselves and the reality they inhabit. . . and illuminate mystery.

Brian Greene talking about going from simple to complex

In this chapter, we address the work done on the investigation of multipolaronic bound states in
single-layer MoS2. Specifically, my personal contribution on the preclusion of monopolaronic
effects. In the framework of quantum-lattice models, I investigated how fingerprints of electron-
phonon coupling may be visible in the electronic spectral function via electronic Fan-Migdal
self-energy and cummulant expansion. In addition to the simulations carried out and presented,
I actively contributed to the literature research on theoretical work regarding monopolarons
and multipolarons and their spectral functions. Further, I helped writing the interpretation
of theoretical results and combining them with the experimental interpretation to a full
understanding of the observed effects. Here, I will elaborate in a more detailed manner than it
was published in Physical Review X under the title “Inelastic Tunneling into Multipolaronic
Bound States in Single-Layer MoS2” [48]. Collaboration on this work was initiated by the
experimental group from university Cologne, II. Physikalisches Institut. The publication in
full-text is attached in appendix A. Section II.2 contains work solely conducted by me while
section II.1 summarizes the work of the experimental team and section II.3 discusses the final
result and multipolaron explanation with numerical results obtained by L. Paetzold.
Polarons themselves are a fascinating physical condensation of electron and lattice interplay.
As laid out in section I.10, they sparked the interest to investigate their properties and
underlying mechanism of their formation over decades in theoretical physicists just as much
as in experimentalists. By now their properties are well studied although their experimental
realisation and observation in low-dimensional materials remains sparse.
It is known that the electron-phonon coupling in TMDC materials plays a dominant role.
Electron-lattice effects such as superconductivity and charge density waves are among the
possible phases (see section I.11). The semiconducting MoS2, when studied as a bulk material,
showed mass enhancement of charge carriers often related to polaron formation, in this
case specifically to multiple small Holstein polarons [87]. Follow-up studies were able to
reproduce the spectral function in terms of the Fan-Migdal self-energy without small polaron
formation [174] and even postulated that in monolayer MoS2 no stable polarons form at all
[102]. Motivated by these contrasting theoretical predictions, we want to revisit the polaron
formation in a metallic MoS2 monolayer. We see it as an ideal platform to test the polaron
theory due to the enhanced electron-phonon coupling and the reduced dimensionality of the
sample.
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II Preclusion of monopolarons in MoS2

Figure II.1: Experimental observations in metallic MoS2. Subfigure (a) depicts a large-scale
STM scan of the sample as sketched at the bottom; (b) gives an atomic resolution of the STM
scan, making a superstructure; (c) shows a Fourier transform of (b) showing the reciprocal cell as
well as a pronounced feature at half the reciprocal lattice size; (d) shows a large-bias STS of the
sample indicating central features of the conduction manifold; (e) contrasts with a low.bias STS
around the Fermi energy in relation to (d). Taken from van Efferen et al. [48] (CC BY 4.0)

II.1 Experimental setup and observations

To access this regime experimentally, we reproduce the metallic MoS2 monolayer system
introduced by van Efferen et al. [47]: a monolayer of MoS2 is placed on top of a graphene
layer (Gr), which in turn was placed on top of an iridium (111) substrate (Ir(111)). It was
observed that the intercalation with caesium and europium (Cs and Eu) between Gr and
Ir(111) leads to a shift of the conduction band edge of MoS2 below the Fermi level, which
induces an insulator-metal transition.
With scanning tunnelling microscopy (STM) (see figure II.1), the surface of the grown material
was investigated and a superstructure (2 × 2) was found. This structure was found to not be
long-range coherent, ruling out the charge density wave phase. Scanning tunnelling spectroscopy
(STS) reveals a series of peaks in dI/dV centred around the 0 V bias, i.e. the Fermi energy of
the system. The first peak above and below the Fermi level are separated by an energy gap
Egap = 41 ± 7 meV and appear in outward direction in steps of Ω0 = 24 ± 4 meV. This kind of
spectrum can in general be associated to a many-body spectral function of an electronic state
which couples to a phonon mode [175, 176]. Following this ansatz however, does not explain
the spectrum in full detail due to not offering an explanation for the origin of the energy
states closest to the Fermi level nor a reason for the dominance of a single phonon energy in
the observed spectra. In total, strong evidence for a localised state induced by coupling of
additional charge carriers and acoustic phonons is observed, thus hinting at the realisation of a
polaronic state in metallic MoS2.
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II.2 Ab initio studies

II.2 Ab initio studies

Following the conclusion that polaron physics lead to the observed scanning tunnelling spectra,
we want to understand in depth the underlying mechanisms at play. We apply the well-
established ab initio polaron theory [102, 103]. Although the MoS2 monolayer is positioned on
top of a graphene layer on an iridium substrate and intercalated with Cs and Eu in experiment,
we will investigate in our simulations the TMDC monolayer as free-standing. Any effects by
the substrate beyond electron doping are not preserved this way. As a starting point of our
studies, we use the explanation of spectral features as effects originating in Fan-Migdal physics
(see section I.8) as observed and explained in [87, 174].

II.2.1 Polaron states in metallic MoS2

In figure II.2 (a), we depict the electronic band structure of a free-standing monolayer of
MoS2 doped with 0.1 e−

/u.c.. Spin-orbit coupling is included, leading to a six band Wannier
construction. The close-up panel (c) details the dispersion around the Fermi level, colour
coding the bands according to spin. It shows an occupied K-valley in both spin states and
a Q-valley occupied in one spin state. It is noteworthy that this situation is reversed at the
Q′-point due to the symmetry of the system and spin-orbit coupling.
In addition, we show the acoustic phonon dispersion of the system in figure II.2 (b). This differs
from figure III.3 by softening of the orange LA branch and an avoided crossing between the M -
point and the K-point with the blue TA mode. The black ZA mode appears unchanged except
for a slight imaginary dispersion around the Γ -point. As a linewidth of the phonon branches,
we depict the modulus of the squared electron-phonon coupling

∣∣g2
ν(q)

∣∣ after summation over
all electronic indices. We observe the strongest coupling for M-point phonons in the softened
LA branch, offering an explanation for the change of the phonon dispersion due to the added
charge carriers in the system.
Last but not least, figure II.2 (d) depicts the spectral function as obtained from the Fan-Migdal
self-energy in the same energy and momentum range as subfigure (c). Upon close inspection of
the K-valley, we observe a slightly more prominent splitting in both spin states as well as so
called phonon-cuts in the parabolic dispersion as highlighted by the inset. The bottom of the
Q-valley is washed out due to spectral broadening.
All results and observation in figure II.2 are in line with the findings in [174]. One major
difference we find here, is the imaginary phonon dispersion around the Γ -point in figure II.2.
This small detail points toward a system instability related to lattice relaxation, i.e. upon
doping the system, the crystal structure is no longer in equilibrium.
The most important difference between the system studied here and the experimental findings
however is the occupation of the Q-valley. As pointed out above in section II.1, the experimental
results suggest that the Q-valley is unoccupied [48] and rather well separated from the Fermi
level.
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Figure II.2: Electronic band structure of MoS2 including spin-orbit coupling (a) and zoom-in to
the energy window between conduction band edge and Fermi level as well as reciprocal path round
K-valley and Q-valley highlighting spin splitting between black and orange band (c). Acoustic
phonon dispersion with k- and mode resolved electron-phonon coupling as linewidth (b). Spectral
function as obtained from Fan-Migdal self-energy detailing phonon-cuts in the K-valley and
spectral weight redistribution of the Q-valley bottom (d).

II.2.2 Removal of polaronic fingerprints

It turns out that on an ab initio level, the problem of unoccupied Q-valley and suggested
lattice instabilities can be resolved simultaneously. Upon relaxation of the doped system, a
slight increase of the lattice constant from a = 3.185 Å to a′ = 3.234 Å as well as slight shift by
0.024 Å of sulphur atoms into the monolayer plane occurs. Figure II.3 gathers the subsequent
changes in electronic and phononic structure.
Now in full agreement with the experimental observation, the Q-valley lies above the Fermi
level while the K-valley remains occupied according to figure II.3 (a). Comparing subplots (c)
of figures II.2 and II.3 we observe that the relaxation leads to a separation of the K-valley
minimum and the Q-valley minimum. In figure II.3 (b) the phonon dispersion no longer
shows imaginary dispersion around the zone-center and electron-phonon coupling is of two
magnitudes smaller as compared to figure II.2 (b). Any phonon-mediated effects like spectral
weight distribution as seen in figure II.2 (d) are now fully absent in figure II.3 (d).
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Figure II.3: Electronic band structure of MoS2 including spin-orbit coupling (a) and zoom-in to
the energy window between conduction band edge and Fermi level as well as reciprocal path round
K-valley and Q-valley (c). Acoustic phonon dispersion with k- and mode resolved electron-phonon
coupling as linewidth (b). Spectral function as obtained from Fan-Migdal self-energy detailing
phonon-cuts in the K-valley and spectral weight redistribution of the Q-valley bottom (d).

Comparatively, we interpret the change in lattice structure, electronic structure and phononic
structure as combinatorial effects towards the suppression of electron-phonon coupling. Thus,
any signs of polaron formation are removed.

II.2.3 Cumulant expansion

In figure II.1 (e) the observation of a cascade of peak-features around the Fermi level is
documented. We detailed in sections I.8 and I.9, that the spectral function as it can be invoked
from the Fan-Migdal self-energy fails to reproduce a series of polaronic band replica. Thus, as
a last check, we apply the cumulant expansion technique to the simulation setting closer to
experiment to understand whether the spectral features can be recovered.
We infer the renormalising prefactor Zk from the ab initio Fan-Migdal self-energy. This is
possible due to the equivalence of both Fan-Migdal approach and cumulant expansion in first
order of the latter. In the setup of occupied K-valley and unoccupied Q-valley, we find at the
K-point ZK ≈ 0.9. This indicates that there is a redistribution of 10 % of spectral weight to
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II Preclusion of monopolarons in MoS2

satellites. The STS measurements show that the satellite peaks contain much more than 10 %
of the spectral weight, which is visible to the naked eye already. Thus, an explanation based
on cumulant theory is not possible either.

II.3 Conclusion and final interpretation

With the results of figure II.3 and section II.2.3 we do not find any hints towards the formation
of polarons in metallic MoS2 monolayers as included in the ab initio approach to polaron and
Fan-Migdal physics. We demonstrated that either the features of electron-phonon interaction
can be realised while sacrificing a close relation with the experiment or the physical parameters
as determined by the experiment are kept fixed and no significant electron-phonon interaction
is predicted theoretically. Thus, we pose the question whether the experimental results stem
from physics beyond the monopolaron explanation.
To address the question, we adapt our idea and consider polaronic structures beyond the
single self-trapped electron, i.e. polarons containing two or more electrons. For so called
multipolarons to form, the Coulomb repulsion of charge carriers has to be overcome by the
effective attractive potential of the lattice distortion.
The spectral properties of multipolaronic states are much less understood however. We gain
insights by comparison of the better-studied bipolaron case [177, 178]. In the Holstein model
(see section I.10), an increase in electron-phonon coupling leads to equidistant, phonon-induced
replica separated by an energy gap Egap = 2εpol. Here the Fermi energy is centered in the gap
and peaks corresponding to electron removal (addition) lie below (above) [179, 180]. Such
features are expected to be generic for interacting many-polaron systems [178, 181–183] and
qualitatively match the experimental observations.
This line of thought is followed with a different approach in a newly developed ab initio electron-
lattice downfolding approach tailored towards the relaxation of supercell structures [184]. in
agreement with W.H. Sio and F. Giustino [185], no stable lattice distortions upon adding one
electron into a MoS2 monolayer were found. An addition of four electrons, however, distorts
supercells of different sizes (6 × 6, 12 × 12 and 18 × 18) in a stable manner. Unfolding the band
structure from the supercell to a unit cell, we find dispersionless shake-off bands within the
band gap, which can be associated to the broken symmetry beacuse of the polaron distortion.
By analysing the structure factor [184] a peak at the M -point is found and a decomposition
into normal modes reveals the origin at a dominant LA mode in the vicinity of the M -point.
The phonon energy of 28 meV coincides with experiment and stands in line with previous
findings [174]. Amn analysis of the free energy with respect to the lattice distortion along
the relaxation direction reveals that the symmetric phase now is only a local minimum and
the polaron configuration is energetically favourable. Due to the real space structure of the
multipolaronic distortion as a 2 × 2 superstructure, we further conclude that the polaronic
states are a precursor to a charge density wave phase which will form under further electron
doping to the monolayer. At this point, the interested reader is pointed to the full discussion
of model calculations by L. Pätzold as printed in the full-text publication [48] in appendix A.
With the theoretical preclusion of monopolarons and the finding that multi-electron doping
leads to stable local lattice deformations, we interpret the energy gap Egap ≈ 40 meV as binding

28
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Table II.1: Fractional coordinates of MoS2 for Fan-Migdal self-energy calculations. ni are
coefficients to the lattice vectors ai. The left table lists the coordinates before relaxation, the
right table after relaxation.

atom n1 n2 n3

S 2/3 1/3 0.104196
Mo 1/3 2/3 0.0
S 2/3 1/3 -0.104196

atom n1 n2 n3

S 2/3 1/3 0.102627
Mo 1/3 2/3 0.0
S 2/3 1/3 -0.102627

energy of the multipolaron and the equidistant spacing of the peak series as shake-off peaks
due to strong coupling with an M -phonon of energy Ω0 ≈ 24 meV.

II.4 Computational details

Density functional theory calculations were performed using the Quantum Espresso codes [10–
12]. The lattice constant for a hexagonal Bravais lattice was set to a = 3.1851 Å and later
to a′ = 3.2342 Å for relaxation after doping; fractional coordinates are listed in table II.1.
The layers were artificially separated by c = 15 Å. Plane wave functions were cut at 100 Ry.
Fermi-Dirac smearing with a width of 0.001 Ry was employed and a total charge of −0.1 e−

/u.c.
was set. The pseudo potentials used the PBE functional [186]. Electron density and energy
levels were determined on a dense 18 × 18 × 1 Monkhorst-Pack grid. Density functional
perturbation theory was carried out on a 6 × 6 × 1 q-grid.
The EPW code [41, 43, 44, 187] performed the Wannier construction (using Wannier90 [24,
27, 28]) and extrapolated the electron-phonon coupling matrix to a 72 × 72 × 1 k-grid and
48 × 48 × 1 q-grid. Subsequent calculation of the electron spectral function in the Fan-Migdal
approximation was carried out on a dense k-path along Γ → M → K → Γ and the underlying
q-grid spanned 96 × 96 × 1 points.
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III Stacking-induced phenomena in
transition metal dichalcogenide
bilayers

The pleasure of finding things out

Title of an interview transcript of R.P. Feynman [188]

By combining ab initio calculations with many-body theory for quantum lattice models we
will explore a total of 32 semiconducting TMDC materials. Largely focusing on the evolution
of superconductivity parameters with electron doping to the system. First, we discuss how
material-realistic quantum lattice models (see sections I.2, I.4 and I.5) are obtained for
monolayer TMDCs built from molybdenum and tungsten (Mo and W) in combination with
silicon, selenium and tellurium (S, Se and Te). We study these monolayer systems within
Eliashberg theory. Afterwards, we describe the approach to the construction of bilayer quantum
lattice models and apply Eliashberg theory once again.
As established in section I.7 and chapter II, there is a wide range of possible phases to be
realised in different scenarios within the family of TMDC materials. Now, we will focus on the
phonon-driven superconducting phase as it can be predicted from Eliashberg theory and want
to hint at charge density wave phases. It is rather fascinating that via a multitude of ways, a
superconducting phase may be reached [53–57] or hindered [49–53]. A recent study in NbSe2
revealed that chemical doping with molybdenum atoms to get Nb1-xMoxSe2 influences the
superconductivity significantly [189]. This kind of doping however is rather strict in nature,
gives fixed results after crystal growth and ab initio calculation have to use large unit cells.
When introducing and discussion general properties of TMDCs (see section I.11), we described
the possibility of doping them strongly with continuous doping approaches. With previous
work done by M. Rösner [190] an ab initio study of MoS2 predicted that superconductivity
and a charge density wave phase can be reached. Shortly after W. Shi et al. [191]demonstrated
that the superconducting phase in molybdenum-based TMDCs can be reached via ionic gating.
A multitude of other routes of doping were taken experimentally as well. For instance to study
superconductivity in ion-gated MoS2 [192], hydrogenation in MoS2 [193], gating via electric
field in MoS2 [194] and electrolyte gating in WS2 [195].

III.1 Downfolding of electronic bands

As discussed in section I.2 we want to reduce the complexity of the electronic model obtained
from first principle calculations by choosing a relevant submanifold of electronic bands. It is
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III Stacking-induced phenomena in transition metal dichalcogenide bilayers

a standard approach by now to project to a three-band basis for our chosen TMDCs. The
initial projections to dz2 , dxy and dx2−y2 of Mo and W by calculation of the projected density
of states. In figure III.1, for instance, we show the k-resolved density of states in a MoS2
monolayer to orbitals of d-character in Mo. We see that the valance band is dominated by dz2

character at the Brillouin zone center, shifting to dx2−y2 and dxy character at the K-point.
In the conduction band, the band minimum at the K-point shows maximal dz2 weight and
significant dx2−y2/xy character everywhere else. This behaviour is well reproduced for all
transition metals in our considerations, where the influence of varying chalcogen type on the
distribution of the orbital weights appears negligible. See appendix B for the remaining five
elemental combinations. Thus, we choose one valence band and two conduction bands as
electronic submanifold.
We depict in figure III.2 the band structure after Wannier construction (orange dashed lines)
which shows identical electronic energy dispersions as the underlying ab initio band structure.
On the right, we also show the resulting Wannier orbitals. They are localised on the transition
metal atom and show dz2 , dxy and dx2−y2 character as it is to be expected from the projected
band structure. Due to the crystal structure the orbital lobes are slightly morphed if compared
to their counterparts in atomic hydrogen. Nevertheless, we will refer to the Wannier orbitals
as di-type with i ∈

{
z2, xy, x2 − y2}. Once again, all considered material combinations show

similar localisation and structure of Wannier orbitals.
We see immediately from the dispersion of the lowest conduction band that besides the
conduction band minimum (CBM) there is a second, local minimum forming around the middle
of the path K → Γ , which is commonly denoted as Λ∗. Upon electron doping into the system,
we can therefore first occupy the K-valley and upon further increase the Λ-valley. We will see
that the energy difference between these two minima ∆EKΛ is a pointer towards how resilient
the lattice structure is under doping. Table III.1 lists ∆EKΛ against the monolayer material.
Notably, the exchange of the chalcogen atoms along the period of this group shows a dip of

∗Sometimes Q is used, too. Both notations are somewhat interchangeable in 2d systems since they are identical
in a 2d Brillouin zone.

Figure III.1: Projected density of states of MoS2, k-resolved along the high-symmetry path.
The height of the shown color belts indicates the orbital weight of the labeled transition metal
orbitals. Domination of dz2 , dxy and dx2−y2 in a three-band subspace around the band gap is
clearly visible.

32



III.2 Force-constant model and phonon renormalisation

Figure III.2: Wannier construction in monolayer MoS2. The left plot shows the ab initio band
structure on the left (black solid lines) with Wannier model (orange dashed lines) on top, where
the energy difference between the conduction band K- and Λ-valley (blue markers) is given. On
the right, the three resulting Wannier orbitals are depicted, showing clear resemblance of the
initial projections to dz2 and dxy/x2−y2 orbitals.

∆EKΛ for selenium and the transition metals influence the extend of the energy differences.
The optimized in-plane lattice parameter a0 increases along the period of chalcogens whereas
we see little influence of the transition metal due to changes appearing on mÅ level.

III.2 Force-constant model and phonon renormalisation

Section I.4 established the underlying theory of how force-constant models are extracted from
DFPT calculations. Figure III.3 shows the phonon dispersion of the acoustic branches as
they can be extracted from the force-constants. It comes to no surprise that the band width
reduces with increasing atomic weight of the constituent atoms. In all materials shown here,
the TA-mode crosses the ZA-mode around the M -point, where only for MoS2, it crosses around
the K-point again and rises in energy above the ZA-mode. This behaviour at the Brillouin
zone boundary thus is unique. However, we observe identical behaviour for the LA-mode in
WTe2.
Due to the direct connection between force-constants and the dynamical matrix via a mass-
coefficient, such models are an easy way to store information about lattice dynamics. It
is possible to use ab initio theory (as lined out in section I.4) to perform a study of the
influence doping has on the phonon dispersion. Here, however, we go a different path using a
multi-particle approach as already introduced in section I.6.
We use the above established downfolded electronic model in order to construct an ab initio
description of electron-phonon interactions for Wannier orbitals. By usage of the less complex
electronic model, the matrix of electron-phonon coupling is reduced in size and complexity. As
established in section I.6, adding charge carriers to the system, a screening of the Coulomb
interaction as well as the electron-phonon coupling will be induced. This screening leads to
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Figure III.3: Phonon dispersion of monolayer TMDCs—material as indicated by the subfigure’s
title. A clear chemical trend of dispersion width reduction with increasing mass of constituent
atoms is visible.

significant renormalisation of the phonon dispersion. Often, if the phonon dispersion is pushed
downwards in energy, this is referred to as phonon-softening.
Starting from the monolayer TMDCs without added charge carriers, the renormalisation can be
tuned continuously. Here, we want tor restrict the doping level such that the renormalisation
does not yet lead to imaginary phonon energies. Thereby, we keep the application of Eliashberg
theory and the estimation of the critical temperature by McMillan’s approach viable (see
section I.7). Table III.1 lists the charge carrier density for which we observe the phonon-softening
to imaginary phonon-dispersion indicative of a lattice instability as ninst. In figure III.4 we
show the renormalised phonon dispersions for MoS2 for no doping as well as the doping levels
of 0.14 e−

/u.c. and 0.15 e−
/u.c., where the softened M -phonon crosses into imaginary frequency

range. We observe that the ZA phonon is unchanged by phonon renormalisation and the
TA phonon shows small changes. In contrast to this, the LA phonon is renormalised the
strongest. While the reduction around the K-point is pushing the LA branch below the other
acoustic modes, this can still be viewed as a moderate change if compared to the extend of
renormalisation visible around the M -point.

III.3 Monolayer materials and charge instabilities

It is well-established for TMDC materials, that charge-density wave phases (CDW) emerge
upon adding charge carriers to the system [84, 85, 88, 91, 92]. As visible in figure III.4, the
phonons in a given monolayer material continue softening upon doping the system further
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Figure III.4: The left plot shows the renormalisation of the phonon dispersion in monolayer
MoS2 with varying doping level given by x in units of electrons per unit cell (e−

/u.c.). Around the
M -valley, the softening of the LA and TA phonon mode is observed to be most prominent. The
conduction band manifold close around the K and Λ valley and the Fermi level for the depicted
doping levels indicated by horizontal lines is given in the right plot.

and further. In the case of depicted MoS2 monolayer, the softened M-phonon crosses the
0 meV line∗ for a doping between 0.14 - 0.15 e−

/u.c. into “imaginary” dispersion range. These
imaginary pockets are interpreted as lattice instabilities towards a more stable arrangement
of atoms. For Γ -pockets a change of lattice constant or atom arrangement within the unit
cell is to be expected. In contrast to this, M-pockets are attributed to the formation of a
charge-density wave as a 2 × 2 superstructure.
In our case all monolayer materials show identical behaviour with respect to electron doping
and induced phonon softening. In table III.1 we gather the range of doping levels for which the
crossing towards the charge density wave instability is observed. The trend along the change
of chalcogens is almost identical with the most stable structure involving sulphur. Changing
the constituent transition metal appears to change the overall susceptibility towards phonon
softening, i.e. tungsten based TMDCs are destabilised for less doping in general.
The correlation observable between the instability doping ninst and the energy level of the
two lowest lying valleys of the valence band ∆EKΛ might be misleading in an interpretation
with the idea that the population of the Λ-valley results in CDW-instabilities. However, upon
inspection of the Fermi levels in the doped systems it becomes clear that this can not be
true in a general sense. The Λ-valley is occupied only for WS2 and in MoS2 and WSe2 first
states can be populated upon doping into the CDW-instability. In contrast MoSe2, MoTe2 and
WTe2 have Fermi levels lying well below the Λ-valley, wherefore these electronic states are not
occupied. Table III.1 lists the energy difference between Fermi level at the instability doping
and the energy of the Λ-valley. We conclude here that it is scattering processes which create
the CDW and they are not a Fermi surface effect with the opening of more Fermi pockets.
Hence, CDW and SC are not mutually exclusive phenomena as already outlined in section I.7.

∗The part of the phonon dispersion lying below this line comes numerically as imaginary solution due to the
eigenvalues of the dynamical matrix ω2 being negative.
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Table III.1: Energy difference of conduction band minima, instability level of electron doping
and equilibrium lattice parameter in TMDC materials.

material ∆EKΛ in eV ninst in e−
/u.c. ∆Einst

ΛF in eV a0 in Å
MoS2 0.282 0.14 - 0.15 -0.003 3.186
MoSe2 0.184 0.09 - 0.10 0.015 3.323
MoTe2 0.258 0.12 - 0.13 0.015 3.572
WS2 0.218 0.11 - 0.12 -0.032 3.187
WSe2 0.150 0.05 - 0.06 0.003 3.323
WTe2 0.326 0.07 - 0.08 0.099 3.575

III.4 Phonon-driven superconductivity in monolayers

Within figure III.5, we show once again the phonon dispersion of monolayer MoS2 if doped
with 0.14 e−

/u.c.. We add the information of electron-phonon coupling
∣∣g2∣∣ along the phonon

branches as linewidth, standing in clear correspondence to the softening of M -phonons and
K-phonons. From this depiction, we can analyse the electron-phonon spectral function α2F
for the corresponding doping value (red area) in the right subfigure. Only phonon density
with significant coupling to electrons lead to peaks in α2F , i.e. peaks do appear for instance
from the orange and blue K-point with visible linewidth but not at the black branch. Further,
upon increasing the doping, a shift towards lower phonon energies in α2F is observable, which
aligns with the continuous phonon softening as already seen in figure III.4. Additionally, the
overall shift of the electron-phonon spectral function is observed in the evolution of ωlog and
ω2nd as plotted in the lower left of figure III.6. From the evolution of ωlog, we determine that
the center of the spectral function first moves to higher frequencies before it starts decreasing
again when the phonon softening starts to dominate. ω2nd gives us an intuition of how much
the spectral weight is spread out. This decreases constantly for increasing doping, meaning
that the spectral weight gets compressed to smaller frequency ranges. This behaviour is found
in all investigated materials as can be seen in sections B.1 to B.5.
According to section I.7, we can now use our knowledge gained about the electron-phonon
spectral function α2F in order to determine the superconducting strength λ, the Einstein
frequency ωlog and the second momentum ω2nd. Figure III.6 contains the mentioned quantities
for every electron doping in steps of 0.01 e−

/u.c. until ninst as indicated by the vertical dashed
line. While the superconducting strength starts rapidly increasing for more than 0.1 e−

/u.c., the
logarithmic frequency average starts declining at the same time. Notably, the superconducting
strength does not surpass the threshold of λ ≳ 1.5. Thus, the second momentum does not play
a role here. Last but not least, the critical temperature for phonon-driven superconductivity is
plotted for a range of screended Coulomb potentials µ∗, which are colour coded accordingly.
As it can be expected by the steep rise of λ, the critical temperature curves approximately
follow an exponential increase. Often, a value of µ∗ = 0.15 is assumed due to lack of a full an
concise determination of the screening. We find a maximal Tc = 13.5 K for doping close to
ninst.
In table III.2 we gather all the just described parameters for the investigated monolayers.
For all of them a clear decreasing trend along the chalcogen column in the periodic table of
elements is visible, i.e. the superconductivity strength λ, the Einstein frequency, the second
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III.4 Phonon-driven superconductivity in monolayers

Figure III.5: Phonon dispersion in monolayer MoS2 for doping of 0.14 e−1/u.c. is shown in the
left panel, we add the information of electron phonon-coupling according to

∣∣g2
∣∣ resolved in

reciprocal space as linewidth of the phonon branches. The relation between softened parts of the
phonon dispersion and coupling to the electrons is clearly visible. In the right panel, we depict
the electron-phonon spectral function α2F . The red and purple areas depict the shift of spectral
weight towards lower phonon energies with increasing doping as can be judged by the movement
of shaded area.
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Figure III.6: Curves of critical temperature for monolayer MoS2. The upper left panel depicts
the evolution of the superconducting strength λ with doping, where we observe a steep increase
for more than 0.1 e−

/u.c.. In the lower left panel, the mode of the Einstein spectrum ωlog and
the second moment ω2nd of the electron-phonon spectral function are depicted. The main panel
shows curves of critical temperature for various correcting values of the Coulomb potential µ∗.
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III Stacking-induced phenomena in transition metal dichalcogenide bilayers

Table III.2: Critical temperature and parameters of electron-phonon coupling strength. The
maximal critical temperature is extracted for µ∗ = 0.15 and all quantities are extracted at the
highest doping just before the CDW instability.

material λ ωlog in meV ω2nd in meV Tmax.
c in K

MoS2 1.225 14.429 19.210 13.546
MoSe2 0.883 8.844 13.297 4.434
MoTe2 0.566 4,640 10.230 0.521
WS2 2.618 8.125 13.647 18.634
WSe2 1.680 4.650 8.135 6.759
WTe2 0.259 5.490 9.560 0.000

moment ω2nd of the electron-phonon-spectral function α2F and the critical temperature Tc are
smaller in [M]Te2 than in [M]S2. The trend along the molybdenum-based TMDC monolayers
stands in qualitative agreement with experimental findings of W. Shi et al [191]. In contrast to
the chalcogen axis, heavier transition metals increase the superconductivity strength λ and the
critical temperature Tc. Hence, we obtain the highest critical temperatures in WS2 followed
by MoS2. For WTe2 phonon-driven superconductivity appears to be suppressed entirely, i.e.
Tc = 0 K.

III.5 Bilayer structures and assumption to the structure

Having established the physics present in monolayers of semiconducting TMDCs, we turn to
the possibility os stacking two layers of them on top of each other. We will choose here from
MoS2, MoSe2, WS2 and WSe2. This already gives a total number of ten bilayer materials.
The combinations with identical materials are labeled as homobilayers whereas the ones
with two different layers are called heterobilayers. By layering the materials, there are some
configurations which are possible to form. Here we set the focus on so called AA, AB and BA
stacking. Figure III.7 shows the mentioned stacking configurations. For homobilayers, AB and
BA stacking are identical.
From the last column in table III.1 it becomes obvious that we will have to make some
assumptions to the overall structure of the bilayers. In experiment one would have to either
stack the two layers mechanically after exfoliation of monolayers. This comes with a mismatch
in the lattice parameter between layers and unit cells will have hundreds or thousands of atoms
in them. Here, we neglect this mismatch by using a unit cell with only six atoms, i.e. three
per layer, and relax the structure on an ab initio level. It is noteworthy that this assumption
corresponds to a possibility of growing the two layers on top of each other from the start.
For the scope of the thesis, we will not go beyond the stackings explained here, i.e. aligned
bilayer structures. It is possible to anti-align the layers with respect to each other. Creating
what is known as AA’ stacking. In this configuration the hexagonal structure of both layers
lies on top of each other and the transition metal of one layer is aligned with the chalcogens of
the other layer—hence anti-alignment. In case it is possible to either align the transition metal
or the chalcogen of one layer with the hexagon center of the other layer, aligning chalcogens
with chalcogens (A’B) or metals with metals (AB’).
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III.6 Homobilayers

Figure III.7: From left to right, the stacking configurations of bilayer materials are shown: AA,
AB and BA. AA stacking is fully aligned; AB stacking has the metals of one layer in the hexagon
center of the other layer as well as the chalcogens of the other layer in the hexagon center of
the one layer, consequently one metal is aligned to sit on top of two chalcogens ; BA stacking
changes the alignment of AB such that the previously aligned metal-chalcogen are now lying in
the hexagon centers of the pairwise othe layer. For all pictures a 3 × 3 supercell was used.

Due to the very low critical temperatures calculated for monolayer MoTe2 and WTe2 (see
table III.2), we will exclude them from further discussion. Leaving us with a total of four mono-
layer materials. This results in eight homobilayer structures and 18 heterobilayer structures,
listed in table III.3 and table III.4.
For the total of 24 bilayer materials, we do approximate the underlying model. On the
purely electronic level, we perform a full ab initio band structure calculation and a subsequent
Wannier construction in order to arrive at a downfolded electron-model. We use the same
orbital projections per layer as before (dz2 , dxy and dx2−y2 ; see figure III.2), which gives
us a tight-binding description of each bilayer with six orbitals in total. In contrast to this,
we do not perform full calculations within density functional perturbation theory for the
phonons and neither go all the way to determine the electron-phonon coupling. Rather, we
use the models obtained for the monolayers and combine them into a bilayer model. This
assumption is based on the idea that appearing interlayer phonon modes, i.e. layer-breathing
and layer-sheering modes [196], will not drive superconductivity in the systems. The system
will only be interacting electronically this way.

III.6 Homobilayers

In a first step, we relax the bilayer materials on ab initio level, which gives us the insight
that the stacking configuration of the bilayer will influence the material properties already,
which becomes clear by comparing the lattice parameter a0 between AA and AB stacking
for each homobilayer in table III.3. One might expect that the AA-stacking configuration of
the bilayers does not influence the lattice parameter as it can be seen by comparison with
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Figure III.8: The left plot shows the renormalisation of the phonon dispersion in AA stacked
MoS2-Mo2 with varying doping level. Around the M -valley, the softening of the phonon modes is
observed to be most prominent. The conduction band manifold around the K and Λ valley and
the Fermi level for the depicted doping levels indicated by horizontal lines is given in the right
plot.

table III.1. Interestingly, AB-stacking in contrast leads to a slight contraction of the crystal
structure. An effect attributable to the alignment of “chalcogen pins” with hexagon empty
space and “transition metal dips”.
As mentioned above, we perform a Wannier construction projecting on a total of six orbitals.
Similar to the monolayer materials, we get double the amount of conduction bands as we get
valence bands, i.e. four and two. Using the phonons and the electron-phonon coupling as it
can be constructed from the monolayer models, we can implement a renormalisation of the
phonons under the influence of electron doping. For the example of AA stacked MoS2-MoS2,
we find a instability doping ninst of 0.18 - 0.19 e−

/u.c. as visualised in figure III.8. Here, we also
depict the phonon dispersion as it arises with no electron doping in black. It is identical to two
copies of the monolayer phonons. Due to our approach of letting only the electrons of both
layers interact with each other, we get a total of six accoustic phonons with 0 eV modes at the
Γ -point. Once again, we can confirm here that the formation of a charge density wave is not
correlated with the population of further electronic states in the Λ-valley since it is not reached
by the Fermi levels as indicated by the horizontal light blue and orange lines in the right plot.
Looking at the values determined in all homobilayers in table III.3, we see that AA stacking in
S-based TMDCs and AB stacking in Se-based TMDCs is more stable against CDW formation.
We can further confirm that the softening of the M -point phonon comes with a strong electron-
phonon coupling along the branch and the electron-phonon spectral-function α2F shifts towards
lower energies for higher doping (see figure III.9). Figure III.10 contains the full evolution of
logarithmic-mean frequency ωlog and frequency spread ω2nd over the doping level. We observe
once again a rapid fall-off towards the instability doping, while the electron-phonon coupling
strength λ increases.
For all possible homobilayers, we list the final physical parameters in table III.3. In comparison
with our findings for the monolayer materials, we observe an overall decrease in the electron-
phonon coupling strength λ. The moments ωlog and ω2nd of the spectral function α2F on the
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III.6 Homobilayers

Figure III.9: Phonon dispersion in AA stacked MoS2-Mo2 for doping of 0.18 e−1/u.c. is shown in
the left panel, we add the information of electron phonon-coupling according to

∣∣g2
∣∣ resolved in

reciprocal space as linewidth of the phonon branches. The relation between softened parts of the
phonon dispersion and coupling to the electrons is clearly visible. In the right panel, we depict
the electron-phonon spectral function α2F in red for x = 0.18 e−1/u.c..

other hand increase. This behaviour has its origin in the way the phonon-softening manifests
here. Only one mode is affected the most, while others only change slightly as it becomes clear
from looking at figure III.8. Thus, the spectral function α2F is more spread out with higher
ω2nd and its center ωlog is pulled upwards. The critical temperature Tc decreases rapidly for
small λ, which can not be compensated by the larger frequency moments, leading to smaller
values of Tc overall.

Table III.3: Instability level of electron doping, equilibrium lattice parameter, superconductivity
strength, Einstein spectrum frequency, second moment frequency and maximal critical temperature
at µ∗ = 0.15 in TMDC homobilayer materials.

material ninst a0 λ ωlog ω2nd Tmax.
c

in e−
/u.c. in Å in meV in meV in K

MoS2-MoS2 AA 0.18 - 0.19 3.1855 0.830 13.629 20.771 5.861
MoS2-MoS2 AB 0.04 - 0.05 3.1569 0.693 15.063 20.681 3.800
MoSe2-MoSe2 AA 0.06 - 0.07 3.3230 0.502 11.370 17.099 0.670
MoSe2-MoSe2 AB 0.11 - 0.12 3.2876 0.682 12.073 15.254 2.877
WS2-WS2 AA 0.08 - 0.09 3.1874 0.710 11.061 17.702 3.022
WS2-WS2 AB 0.05 - 0.06 3.1606 0.559 14.939 20.676 1.578
WSe2-WSe2 AA 0.03 - 0.04 3.3227 1.091 4.479 9.087 3.483
WSe2-WSe2 AB 0.10 - 0.11 3.2892 0.752 9.030 12.291 2.945
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Figure III.10: Curves of critical temperature for AA stacked MoS2-MoS2. The upper left panel
depicts the evolution of the superconducting strength λ with doping. In the lower left panel, the
logarithmic average ωlog and the second moment ω2nd of the spectral function are plotted over
doping. The main panel shows curves of critical temperature for various correcting values of the
Coulomb potential µ∗.

III.7 Heterobilayers

Switching the focus to more complex systems, we stack two different monolayers on top of each
other. It is immediately clear from table III.4 that the stacking configuration here does influence
the lattice parameter only slightly. However, we saw in table III.1 that the lattice constant is
mostly determined by the constituent chalcogen atoms. Thus, it is rather counter-intuitive
that the lattice parameter is shorter in MoS2-WS2 than it is in the corresponding monolayers
and similar for MoSe2-WSe2. For all bilayer materials with a combination of sulfur in one
layer and selenium in the other layer we observe a lattice constant of a0 ≈ 3.22 Å. Hence, the
chalcogens are most influential to the lattice constant once again.
The search for charge density wave reveals that compounds including selenium and tungsten
tend to be less resilient, if not counteracted by molybdenum and sulphur, especially if combined
as MoS2. In contrast to the homobilayers we observe that the stacking order does not result
in large variations of instability doping ninst for most layer combinations. One deviation is
present for MoS2-WS2 in AA-stacking to less resilience and for MoSe2-WS2 in AA-stacking to
more resilience.
Turning our attention towards the critical temperature, we see that heterobilayers with identical
chalcogen show highest Tmax.

c for AA stacking. Whereas, for other heterostructures a trend
towards AB stacking is favoured—the exception here is MoSe2-WS2 with AA stacking, which
we attribute to the higher resilience against charge density wave formation.

III.8 Conclusion

We presented the study of the family of semiconducting monolayer TMDCs with respect to
the question how strong electron-phonon driven superconductivity in these materials is and
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III.8 Conclusion

Table III.4: Instability level of electron doping, equilibrium lattice parameter, superconductivity
strength, Einstein spectrum frequency, second moment frequency and maximal critical temperature
at µ∗ = 0.15 in TMDC homobilayer materials.

material ninst a0 λ ωlog ω2nd Tmax.
c

in e−
/u.c. in Å in meV in meV in K

MoS2-WS2 AA 0.08 - 0.09 3.1572 1.414 12.670 17.816 14.697
MoS2-WS2 AB 0.12 - 0.13 3.1874 0.618 15.466 20.057 2.547
MoS2-WS2 BA 0.10 - 0.11 3.1587 1.196 13.029 18.268 11.804
MoSe2-WSe2 AA 0.07 - 0.08 3.2861 1.183 10.857 14.216 9.629
MoSe2-WSe2 AB 0.08 - 0.09 3.2885 1.146 10.598 14.119 8.919
MoSe2-WSe2 BA 0.09 - 0.10 3.2882 1.032 9.130 13.279 6.379
MoS2-MoSe2 AA 0.17 - 0.18 3.2174 0.596 13.139 17.855 1.857
MoS2-MoSe2 AB 0.19 - 0.20 3.2195 0.841 14.672 20.920 6.520
MoS2-MoSe2 BA 0.19 - 0.20 3.2198 0.639 15.234 20.819 2.864
WS2-WSe2 AA 0.11 - 0.12 3.2204 0.774 11.073 15.685 3.934
WS2-WSe2 AB 0.11 - 0.12 3.2219 0.854 10.942 15.694 5.046
WS2-WSe2 BA 0.10 - 0.11 3.2222 0.517 11.765 16.423 0.825
MoS2-WSe2 AA 0.19 - 0.20 3.2205 0.517 13.665 18.239 0.962
MoS2-WSe2 AB 0.20 - 0.21 3.2224 0.966 12.663 16.981 7.730
MoS2-WSe2 BA 0.19 - 0.20 3.2226 0.499 13.417 18.007 0.764
MoSe2-WS2 AA 0.16 - 0.17 3.2173 0.726 11.982 16.675 3.510
MoSe2-WS2 AB 0.12 - 0.13 3.2193 0.690 12.077 16.438 2.997
MoSe2-WS2 BA 0.13 - 0.14 3.2189 0.546 13.965 19.791 1.309

what kind of general trends appear among the different combinations of metals and chalcogens
. It became apparent to us that lighter chalcogens , i.e. lower periods in the periodic table
of elements, make for better tunability towards higher critical temperatures under electron
doping due to higher electron-phonon coupling strength. Highest reachable temperatures in
our approximations were 13.546 K in MoS2 and 18.634 K in WS2.
From there we decided to study bilayers of semiconducting TMDCs where only electronic
interactions were allowed. This lead to the insight that homobilayer stacking suppresses
electron-phonon coupling significantly. We find the highest critical temperature estimate
for MoS2-MoS2 in AA configuration with 5.861 K. A trend within the critical temperature
as it has for instance been seen for a charge density wave phase in NbSe2 [49]. While for
superconductivity in MoS2 the opposite trend as documented by us has been observed [197],
we attribute this to the naive approach of taking identical Coulomb potential correction µ∗

for extraction of the critical temperature Tc. For results closer to experiment, often µ∗ is now
chosen to have higher values in monolayers than in monolayers due to the weaker dielectric
screening and stronger Coulomb repulsion [198].
In heterobilayers, we find comparatively stronger electron-phonon coupling in some bilayer
combinations. Most notably in MoS2-WS2 bilayers with 14.697 K in AA configuration and
11.804 K in BA configuration. Hence, the electron-phonon coupling strength and subsequent
critical temperature for phonon-driven superconductivity stays highest in compounds involving
mostly sulphur.
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III Stacking-induced phenomena in transition metal dichalcogenide bilayers

Table III.5: Fundamental gap correction, instbility doping level and parameters of electron-
phonon coupling as well as superconductivity in G0W0-corrected monolayers.

material ∆Egap ∆EKΛ ninst λ ωlog ω2nd Tmax.
c

in eV in eV in e−
/u.c. in meV in meV in K

MoS2 0.909 0.165 0.12 - 0.13 2.129 12.975 17.760 23.984
MoSe2 0.991 -0.051 0.09 - 0.10 2.151 9.669 12.698 17.953
WS2 0.809 0.080 0.09 - 0.10 3.793 5.548 11.731 18.161
WSe2 0.873 -0.136 0.12 - 0.13 2.012 8.258 10.835 14.357

With table III.3 and especially table III.4 we achieve a list of bilayer TMDCs with respect
to CDW phase transition, superconductivity and a wide variety of possible crystal fields to
choose from for engineering of electronic band structures. From a methodological point of
few, we were able to build quantum lattice models of monolayer TMDCs on small 3-orbital
models, where a posteriori doping was included to the model via many-body calculations
and renormalisation. Additionally, we set up 6-orbital quantum-lattice models for TMDC
bilayers including interlayer interactions in the electron sector only. We found that stable
model predictions on phonon softening, possible transitions into a CDW phase and critical
temperature curves for phonon-driven superconductivity as function of electron doping can
be extracted. Thus, we enrich the model landscape for studying phonon-related properties
of TMDC structure with minimal models. As a final remark, we would like to stretch that
transition into possible CDW phases is not linked to the occupation of new valleys if doping
is increased. Hence, this hints at the possibility that CDW and superconductivity are not
mutually exclusive phenomena in semiconducting TMDCs.

III.9 One look beyond

Following the reasoning in section I.3, we extend our studies of monolayer materials by first
correcting the electronic band structure within the GW -framework. As expected we observe
an increase of the band gap within the material [199]. We list values determined for ∆Egap in
table III.5. Interestingly, for selenium-based TMDCs a change from a direct K-K band gap to
a K-Λ band gap is observable. In addition, we see that the top valence band separates from
the rest of the valence manifold. This is displayed for monolayer MoSe2 in figure III.11.
The way we constructed the quantum-lattice models allows us to use the new electronic model
in combination with the phononic model and the electron-phonon coupling. This means that on
the model level, we implemented the effects of electron screening as described by GW physics.
The updated electronic models influence directly how the phonon dispersion is renormalised for
increased doping levels. The most significant change is a high resilience against charge density
wave formation in WSe2. The general structure of M -point instability however is not changed.
Comparing the parameters of electron-phonon coupling and superconductivity in table III.5
with the former values in tables III.1 and III.2, we see that the coupling strength λ is significantly
increased for all monolayers. At the same time, the frequency moments ωlog and ω2nd drop a
bit in comparison. In total, the critical temperature for µ∗ = 0.15 rises—in selenium based
materials much more than in sulfur-based ones. Last but not least, by comparison of figures III.6
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Figure III.11: Electronic band structure of MoSe2 monolayer as it can be obtained from directly
from DFT and after correction by G0W0. Both versions are then downfolded to a three-band
model via Wannier construction. The values of G0W0-corrected energy levels are indicated
explicitly as they are calculated on a sparse path if compared with the DFT levels.

and III.12 we see that the rise of λ and ωlog for smaller doping levels directly results in a earlier
increase of the critical temperature. At the same time a higher critical temperature is reached
for doping levels just before the system goes into the charge density wave phase.
Here we see that already the change from Wannier tight-binding models based on ab initio
density functional theory to such based on linear response many-body perturbation theory
exhibit more notable electron-phonon physics. Namely, due to the correction of the electronic
model by G0W0 energies, an increase in electron-phonon coupling strength is realised. This
observation in our simple and straight-forward model application stands in line with efforts
being made in the construction of GW perturbation theory (GWPT) in order to determine
phonons and electron-phonon coupling in the same framework as the electronic structure [200,
201]. Thus, GWPT will be an analogous theory to density functional perturbation theory∗.

III.10 Computational details

Density functional theory calculations were performed using the Quantum Espresso codes [10–
12]. All calculations used a hexagonal Bravais lattice with lattice constant as listed in tables III.1,
III.3 and III.4. The layers were artificially separated by c = 15 Å for monolayers and c = 30 Å
for bilayers. Plane wave functions were cut at 100 Ry and no smearing was used. The pseudo
potentials used the PBE functional [186]. Electron density and energy levels were determined
on a dense 18 × 18 × 1 Monkhorst-Pack grid. Density functional perturbation theory was
carried out on a 6 × 6 × 1 q-grid.
The EPW code [41, 43, 44, 187] performed the Wannier construction (using Wannier90 [24,
27, 28]) and extrapolated the electron-phonon coupling matrix to a 60 × 60 × 1 k-grid and
30 × 30 × 1 q-grid.

∗See for instance the efforts of the groups behind the Berkley code [201].
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Figure III.12: Curves of critical temperature for G0W0-corrected monolayer MoS2. The upper
left panel depicts the evolution of the superconducting strength λ with doping, with a rapid
increase starting at 0.05 e−

/u.c.. In the lower left panel, ωlog and ω2nd of the electron-phonon
spectral function are depicted. The main panel shows curves of critical temperature for various
correcting values of the Coulomb potential µ∗.

Renormalisation of phonons and calculations of Eliashberg electron-phonon spectral function
as well as the critical temperature were carried out by using functionalities provided by the
Python module elphmod [202]. The renormalisation calculations used a full 192 × 192 × 1
k-grid and a irreducible 24×24×1 q-grid with an electronic and phononic smearing of 0.015 eV.
Force constant models were saved on a 6 × 6 × 1 q-grid. Eliashberg calculations used a full
24 × 24 × 1 k-grid and an irreducible 24 × 24 × 1 q-grid as well as identical electron smearing
and phononic smearing of 0.000 15 eV.
GW calculations as presented here were performed with the Yambo code [34, 203]. We used
a “slab z” Coulomb cut-off geometry to account for the two-dimensional character of our
materials, activated the random integration method for faster convergence and corrected seven
valence bands and four conduction bands explicitly.
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IV Interpolation approach to
tight-binding models of twisted
WSe2

Come on let’s twist again, like we did last summer
Yeah, let’s twist again, like we did last year

Do you remember when, things were really hummin’
Yeah, let’s twist again; twistin’ time is here

Lyrics to the song ´Let’s twist again’ by Chubby Checker

It comes with little to no surprise that the electronic structure of a material is influenced by
the lattice structure. In section I.11, we already laid out that for van-der-Waals materials
there are several structural knobs and switches available to influence crystal on the nano
scale. Influencing the structure in a rather continuous fashion is possible via the route of
twisting two or more layers against each other. This influence is the core of what is called
“twistronics”—twisting layered materials in order to influence and tune the electronic structure
towards desired outcomes [204].
This field opened up when the first studies of twisted bilayer graphene were published. Here, R.
Bistritzer and A.H. MacDonald described electronically flat bands in twisted bilayer graphene
at an angle of 1.1◦ [205] and the measurement of superconductivity in this so called magic
angle bilayer graphene (MATBG) by Y. Cao, P. Jarillo-Herero et al. [206]. The interest in
this particular material is unbroken and new applications and findings are reported on a
regular basis. The idea of using other van-der-Waals materials in order to study the physics
of twisted, layered materials seems only natural. Here, we will address WSe2 as exemplary
material. Shown in figure I.1 already, twisted WSe2 exhibits a rather rich phase diagram
similar to MATBG [118], i.e. stripes of Mott-insulating phases alternating with domes of
superconductivity. Pinning down the origin and final proof of the zero resistance states eluded
the efforts of the authors and no claim of superconductivity could be made.
Quick effort and success was reported on the tight-binding modelling of TMDC materials,
where work on monolayers and untwisted bilayers focussed on Slater-Koster-type hopping
amplitudes [18, 207, 208] or a downfolding to 3 p-orbitals per chalcogen and 5 d-orbitals per
transition metal were considered [209, 210]. These efforts were followed by first investigations
of band structure modelling in twisted bilayer systems, e.g. a 2-band continuum model for
twisted MoTe2 by F. Wu et al. [211] and an adapted triangular lattice Hubbard model for
twisted WSe2 by J. Zang et al. [212]. A larger scale study on twisted heterobilayers involving
MoS2, MoSe2, WS2 and WSe2 was carried out by V. Vitale et al. [213], who focussed once
again on Slater-Koster-type modelling of hopping amplitudes. Last but not least, only a few
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Figure IV.1: Emergence of a moiré pattern upon twisting two square lattices against each other
by 36.9◦. Clear short-range periodicity is visible by spots, where the orange dots of one layer
coincide with the black dots of the other.

years back in 2024, V. Crépel and A. Millis published an article showing that after successfully
setting up a tight-binding model for twisted homobilayers of TMDCs it is possible to perform
a Wannier construction to capture essential physics with only a few orbitals inherent to the
moiré lattice of the twisted system [214].
We set out on the idea that the superconductivity here might originate in electron-phonon
interactions, i.e. it is phonon-driven superconductivity. Thus, the route of choice is almost
identical to chapter III: define the individual parts of the model for electrons, phonons and
their interaction. Here, we report on first efforts to interpolate a six-orbital downfolding in
bilayer WSe2. We will introduce central aspects of the spatial structure in twisted bilayer
system in section IV.1 before turning to the description and study on how this spatial structure
influences hopping amplitudes in section IV.2. Simultaneously, we set up the idea on how
to construct tight-binding models of twisted bilayers from less-costly ab initio calculations.
Section IV.3 will conclude our efforts and discuss results for non-corrugated twisted bilayers.

IV.1 Spatial features of twisted bilayers

Upon twisting two layers in a system against each other, the naive assumption would be that
any periodicity is lost in the system. With a small thought experiment, we can already see
that there is a chance to recover periodic structures. A Pythagorean triangle, i.e. cathetuses of
length 3 and 4 and a hypotenuse of length 5, can easily be mapped to a bilayer system of two
square lattices if seen from above. Imagine that in one layer, one walks along the hypotenuse
for 5 unit cells. In the other layer, one walks along the first cathetus for 3 unit cells, turning
by 90◦ on the square lattice and walking for 4 unit cells along the second cathetus. In both
cases, one ends up in the same point in a two dimensional space. Figure IV.1 visualises this
scenario with two square lattices in orange and black and an indication of the mentioned
Pythagorean triangle. We note here that there is an even shorter periodicity arising. Upon
close inspection the newly formed structure has a unit cell with

√
3 times the original square

lattice parameter as can be deduced from the coinciding lattice points in the center of the
indicated triangle.
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Figure IV.2: Emergence of a moiré pattern upon twisting two hexagonal lattices (background)
against each other by 3.15◦. Orange shading indicates areas of stacking close to AA, blue and
green indicate areas close to AB and BA respectively.

Formalising this effect and conducting a large scale search for twist angles under which a
new periodic structure is formed can be formalised. It is also not restricted to square lattice
systems [215, 216]. Here we will investigate two hexagonal lattices of WSe2 twisted against
each other. In figure IV.2 we show the arising moiré structure for an exemplary twist angle of
3.15◦. Upon analysing commensurate twist angles and the number of atoms in the resulting
moiré unit cell, one can find the relation [216, 217]

aM = a

2 sin(θ/2) (IV.1)

between the length of the moiré cell aM and original lattice parameter a as well as twist angle θ.
This function defines a lower bound for aM and correspondingly the number of atoms in the
moiré unit cell.
In order to determine the twist angle for commensuration, we take a different route if compared
to the prior ansatz of using geometric figures. We aim to align two vectors of identical length

v1 = N · a1 − a2 and v2 = (N + 1) · a1 + a2 ,

where a1 = a

(
1
0

)
and a2 = a

2

(
−1√

3

)
with |a1| = |a2| =

√
N2 +N + 1 .

We introduced here the integer N ∈ N and will refer to it as commensuration index. The above
defined vectors point to two unit cells lying half the realised twist angle θ above and below the
a1-direction. A straight forward calculation leads to

θ = arccos
(
N2 +N − 1

2
N2 +N + 1

)
.
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Figure IV.3: Evolution of twist angle θ with increasing commensuration index N and moiré
length of the resulting twisted bilayer. In the latter, the lengths according to the construction as
well as the minimal lengths are indicated.

One flaw of this construction protocol is shared with what we saw already in figure IV.1. In
some instances, the lattice periodicity is shorter. As a byproduct lattice points of the two layers
align within the assumed moire structure. Upon inspection, we see that for gcd(N − 1, 3) = 3
these smaller moiré cells are realised. The length of these cells coincides with the lower bound
as defined in equation IV.1. In figure IV.3 we display the moiré length of our naive construction
approach as well as the minimal lengths realisable.
Finally, one should ponder what happens to the system on a structural level after the twist
is carried out. A clear answer to this question exists. Due to the locally varying stacking
configuration, the interlayer separation distance will adapt accordingly and a corrugation of
the bilayer accompanied by atomic reconstruction can be observed [218–221]. Thus, interlayer
distance, lattice constant and binding angles change periodically on a local level.

IV.2 Lateral displacement

Taking a step back and looking at an untwisted bilayer system, it is possible to perform ab
initio studies of the electronic structure not only at the high-symmetry stacking configurations
laid out in section III.5 but also at any stacking configuration in between. We formalise the
realisation of different configurations via a displacement vector

δ = µ

6 · a1 + ν

6 · a2 ,

with µ, ν ∈ {0, 1, 2, 3, 4, 5}. We add this vector as a shift to the atomic positions of one WSe2
layer and realise a total of 36 configurations. We depict subsequent ab initio calculation and
Wannier construction identical to chapter III in figure IV.4. It is immediately clear that both
manifolds undergo significant change upon lateral movement of the layers with respect to each
other. Most prominently the variations around the K-point in the valence band and in the
Σ-, K- and Λ-valley in the lowest conduction band will be of interest if systems will be doped
slightly with electrons.
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IV.2 Lateral displacement

Figure IV.4: Electronic dispersion in bilayer WSe2 for the indicated 36 configurations of lateral
shifting. All sets of bands are aligned to the respective highest occupied level’s energy. Clear
shifts of the energy levels in the valence manifold (left plot) and the conductance manifold (right
plot) are visible.

Now, combining the electronic downfolding to the d-type orbitals of tungsten and the ac-
cessibility of aligned bilayers in any stacking configurations, we will map out moiré cells of
twisted bilayer WSe2 in terms of local tight-binding models. To do so, we will first have to
identify functional behaviour of the hopping matrix elements in the downfolded model [117,
165, 204, 209, 210, 218, 222]. We will use the indices α, β ∈

{
du
z2 , du

xy, d
u
x2−y2 , dl

z2 , dl
xy, d

l
x2−y2

}
to identify simultaneously the d-orbital and whether it corresponds to the upper or lower layer
in combination with the indices of the Wigner-Seitz cell i, j determining the direction and
distance of hopping via Rij = i · a1 + j · a2:

tijαβ ≡ tijαβ(δµν) (IV.2)

As a first step, we will have a look at the variation of the hopping parameters, if the displacement
is fixed to lateral shifts. We distinguish between the intralayer parts of the hopping matrix
and the interlayer parts, i.e. we split the 6 × 6-matrix in the orbital sectors into four 3 × 3
matrices [209, 210].
Figure IV.5 depicts on the left the matrix element of the on-site energy of dz2-orbital in the
upper layer in the grid of the mentioned displacement raster. We extend the 6 × 6 raster in
a1-direction and a2-direction in order to highlight the emerging periodic modulation since
the boundaries match seamlessly together. As a green hexagon we indicate the Wigner-Seitz
cell around the AA-stacking configuration. Thus, the black spots correspond to the case of
AB-stacking, i.e the metal and subsequently the dz2 orbital of the top layer is aligned with the
chalcogen of the bottom layer (see figure III.7). Interestingly AA-stacking and BA-stacking
show almost similar onsite energies, which we attribute to identical distance from the bottom-
layer chalcogen. Similar behaviour can be observed for all combinations of the indices to t.
Hence, the intralayer terms can be described by the periodic modulation of a crystal field. We
formalise this in a Fourier interpolation [218, 222–224]

t̃ijαβ(G) = 1
N

∑
µν

tijαβ(δµν) exp(−iδµνG) with N = #{µ} · #{ν} , (IV.3)
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Figure IV.5: Fourier interpolation of dz2 → dz2 intralayer hopping from the sampled grid to a
continuum. The green hexagon indicates the extend of a Wigner-Seitz cell w.r.t the AA-stacked
bilayer.

where a set of G has to be chosen. Here we take Gkℓ with k, ℓ such that two hexagonal rings
in reciprocal space are covered. Transforming back via

tijαβ(δ) =
∑
kℓ

t̃ijαβ(Gkℓ) exp(−iGkℓδ) (IV.4)

allows for a free choice of δ, opening up the full space of displacements. Without loss of
generality, we showcase in figure IV.5 how this interpolation to continuous δ leads to a smooth
surface for on-site dz2 → dz2 hoppping. Similar graphs can be drawn for any other combination
of α, β, i and j.
Now, switching our attention to the interlayer hopping. The situation is a bit different in this
case. Due to the binding of the two layers via electrostatic van-der-Waals forces, the hopping
amplitude will follow a continuous function with a decaying hull. In figure IV.6, we depict this
for interlayer dz2 → dz2 hopping. Due to the spatial structure of the involved dz2 -orbitals, no
angular structure in the evolution of the hopping amplitude can be observed. Since this is not
the case for all combinations of orbitals (see figure IV.7), a continuous description of this kind
of hopping can be achieved by means of splitting the radial and angular parts:

tαβ(rpq) ≡ tαβ(ρpq, φpq) =
∑
m

cαβm (ρpq) exp(imφpq) , (IV.5)

where rpq = Rij+δµν combines the Wigner-Seitz vectors and the displacement into a continuous
grid and recasts the index sets {i, j} and {µ, ν} into {p, q}. In order to determine the radial
functions, we perform the inverse operation

cαβm (ρ) =
∑
φpq

tαβ(ρpq, φpq) exp(−imφpq)∆φpq , (IV.6)

where the sampled hopping amplitudes are separated into slices of radii and the sum over
angles is carried out over only those hopping amplitudes and corresponding angles in a given
slice. The weights ∆φpq represent the Voronoi part of a full rotation along all realised angles.
Depending on the width of the radius slice, an averaging effect takes place. As a final step, we
model the real and imaginary part of the radial functions as polynomial with a Fermi hull and
fit it to the obtained points:

cαβm (ρ) ≈ Polλ(ρ)
eσ(ρ−ρcut) + 1 , (IV.7)
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Figure IV.6: Polar interpolation of du
z2 → dl

z2 interlayer hopping from the sampled grid to a
continuum. The green hexagon indicates the extend of a Wigner-Seitz cell w.r.t the AA-stacked
bilayer.
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Figure IV.7: Polar interpolation of du
xy → dl

x2−y2 interlayer hopping from the sampled grid to a
continuum. The green hexagon indicates the extend of a Wigner-Seitz cell w.r.t the AA-stacked
bilayer.

where λ denotes the order of the polynomial, ρcut is the cut-off radius where the hull falls of
and σ is the broadening of the fall-off.
Overall, the approaches for intralayer and interlayer hopping show close agreement. The shape
of the spatial variation and the amplitude of the continuous version if compared to the sampled
grid is clearly visible by the almost identical colour bars added in figures IV.5 to IV.7. With
the above interpolation from a set of aligned structures to any rigid-shift displacement between
two layer, we can take a look on the structure of a twisted bilayer.
Taking any pair of two orbitals present in the moiré cell of a twisted bilayer, we can determine
a displacement vector between the two. in combination with the orbital type and the layer they
are positioned in, we can determine all information necessary to plug into the interpolation
functions from above. Thus, a full description of a tight-binding model in twisted bilayers can
be inferred.
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Figure IV.8: Band structure of AA-stacked WSe2 bilayer as it can be obtained from Wannier
construction and our interpolation technique. Significant deviations are visible around the Λ-valley
of the conduction band, while the general features are matched.

Figure IV.9: Band structure of twisted WSe2 bilayer. We depict large scale ab initio calculations
and the dispersion obtained by interpolation. An overall qualitative match of the band structure
can be seen in the valence manifold while the cunduction manifold is not reproduced beyond
main features.

IV.3 Flat bilayer systems

Now, having established a description of tight-binding elements depending only on the lateral
displacement between two orbitals, we can try to describe moiré cells of various twist angles.
We ant to draw the attention first to the trivial twist of 0◦. The band structure of AA-stacked
WSe2 as obtained from Wannier construction and from our interpolation is shown in figure IV.8.
Overall, we achieve good agreement. Yet, there are significant deviations in the conduction
manifold around the Λ-valley and Σ-valley due to overestimation and around the K-valley
due to underestimation. Hence, the energy difference especially between K-valley and Λ-valley
is increased. Last but not least, we note that the energies of the top most valence band at
the Γ -point are underestimated. This could not be resolved even after optimisation of the
interpolation routines.
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Figure IV.10: Comparison of ab initio band structure and two constrcuted tight-binding models
in untwisted AA-stacked MoS2 (a) and twisted MoS2 at θ = 7.3◦ (b) and (c). Taken from Vitale
et al. [213] (CC BY 4.0)

Figure IV.9 shows the band structure of twisted WSe2 for a twist angle of 13.17◦. The
previously already observed shortcomings of the interpolation in the untwisted bilayer are
further manifested here. We show the band structure as calculated along the reciprocal space
path γ∗ −m− k − γ, where the lower case letters emphasize the smaller size of the Brillouin
zone of the twisted bilayer if compared to the aligned case and correspond in their meaning to
the upper case letters. The valence band energies around the γ-point are underestimated just
like the conduction band around the k-point. The overestimation of Λ- and Σ-valley in the
conduction manifold extend to the γ-point as well now. While these deviations are of course
clearly visible, we can also note that the overall structure of the top valence bands is matched
qualitatively. Comparing our results and the match to ab initio calculations with work done
by V. Vitale et al on twisted MoS2, which we reproduce in figure IV.10, we see that similar
matching of the valence manifold edge is possible. Further, we reproduce the conduction
manifold edge closer in energy range while V. Vitale et al. [213] capture the structure better.
Thus, good agreement is found with both approaches while more precision work has to be
carried out at this point.

IV.4 Outlook

So far we found from literature and our own approaches that most interpolated band structures
of twisted TMDC bilayers do agree at least qualitatively with the ones obtainable from ab initio
calculations. While the approach of interpolating the tight-binding with various complexity is
fruitful, i.e. we obtain decently detailed and matching result, further work and improvement
on energetic precision has to be done. We speculate that the interpolation as discussed in
section IV.2 and shown visually in figures IV.5 to IV.7 can be further improved. On one
hand especially the energy scales do match closely while on the other hand cuts in the Fourier
transform of intralayer hopping and averaging effects in the construction of the radial parameter
for the interlayer hopping may sacrifice minor spatial resolution and subsequently lead to
predictions not precise enough for the desired outcome.
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Table IV.1: Fractional coordinates of all atoms in the aligned WSe2 bilayers. ni are coefficients
to the lattice vectors ai and the integers µ, ν define the displacements realised.

atom n1 n2 n3

Se 1/3 2/3 0.659349
W 2/3 1/3 0.605974
Se 1/3 2/3 0.552581
Se 1/3 + µ/6 2/3 + ν/6 0.447433
W 2/3 + µ/6 1/3 + ν/6 0.394040
Se 1/3 + µ/6 2/3 + ν/6 0.340665

Additionally, the idea of interpolation has to be extended beyond the lateral displacement of
one layer with respect to local variation of interlayer distance due to corrugation effects. Hence,
the full three dimensional shift and repositioning of any aligned bilayer configuration should be
accessible in order to make predictions for real-world settings. Due to the continuous nature of
the above established displacement field it stands to reason that the electronic structure of the
system is going to be influenced in a continuous fashion as well.
Summa summarum, we can say that here we have proven the applicability of interpolating
minimal 6-orbital tight-binding models in aligned TMDC bilayers to the use-case of twisted
bilayer structures. Thus, a full treatment of chalcogen p-orbitals and transition metal d-orbitals
is not necessary any longer. This effectively reduces the model by 16 orbitals or equivalently a
factor of 6/22.

IV.5 Computational details

Data generation of aligned WSe2 bilayers was carried out in 36 ab initio calculations using the
Quantum Espresso software package [10–12] and Wannier90 [24, 27, 28]. We employed the
PBEsol functional, used a dense 18 × 18 × 1 unshifted Monkhorst-Pack grid with Ecut = 90 Ry,
a conversion threshold of 1 × 10−10 and Methfessel-Paxton smearing with width 7.5 × 10−5 Ry.
We used the predefined Bravais lattice index 4 for hexagonal lattices and set up the fractional
coordinates as listed in table IV.1.
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In contrast to the above discussed material class of transition metal dichalcogenides, we want
to draw the attention to silicon carbide now. Similar to other 2D materials, a wide range
of possibilities exist for usage of SiC. Already seen in the polytypes of SiC, infrared optical
properties and infrared-active phonons modes exist with significant [225]. This reveals a rather
interesting property of SiC because it opens up the possibility to control samples externally.
Driving IR-active phonons in order to control atomic structure is an established route to induce
lattice displacements and transient phases in condensed matter. It is possible due to resonant
excitation and exploitation of anharmonic coupling to other structural coordinates [39, 226–229].
As a consequence of the structural influence, the electronic structure will be influenced as well.
Similar to graphene as touched upon in section I.11, SiC can be used as a host and substrate in
a rich zoo of combinations with other materials. Among these is epitaxy and related influence
of the SiC substrate on band gaps in graphene, group III-N membranes [230, 231]. The former
of which can even be extensively studied when rare-earth metals are intercalated between

Figure V.1: Top view of silicon-rich SiC—left as unit cell and right as 3 × 3 super cell structures.
In the lower right half of the unit cell structure, the Si-tetramer is seen from above. In this view,
it becomes clear that the adsorbate structure pushes the surrounding six silicon top-layer atoms
outward, forming the pattern better visible in the super cell on the right.
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Figure V.2: Visualisation of the dynamical matrix if restricted to linear response in the silicon
tetramer only. Left: Full matrix including all not calculated entries. Right: Cut-out of the
dynamical matrix corresponding to the entries connecting the four tetramer atoms.

the SiC substrate and the graphene sheet, leading to functionalisation and band structure
tuning [232–234].
Right here, we will have a first look on what might be referred to as overgrowing a SiC crystal.
To be more precise, it is possible to saturate the SiC surface with an additional layer of Si and
even over-saturating it. So called silicon-rich SiC is created. Crystallography studies [235, 236]
were carried out and determined that a tetramer of silicon forms in a 3 × 3 supercell of SiC
(see figure V.1 for a top-down view of the system). It is this tetramer adsorbate, its connection
to the band structure of the material and the possibility of controlling the band structure by
IR-pumping, which we want to understand here.

V.1 Estimation of oscillatory frequencies

In order to understand the tetramer’s oscillation patterns and frequencies, we turn to DFPT
(as introduced in section I.4) once again. Here, we would have to deal with a total of 58 atoms
in a linear response calculation—which would lead to a 174 × 174 dynamical matrix. Within
a linear response approach, we would determine the reaction of all 57 atoms, if one atom is
moved slightly. Due to the on-top positioning of the Si-tetramer, we expect to see little to
no response of atoms far away from the adsorbate structure. Thus, we reduce the complexity
of the calculations carried out by neglecting the bulk silicon and carbon atoms as well as the
added hydrogen atoms∗.
We start from the symmetric structure of the tetramer and adlayer as given in references [235,
236]. After relaxing the structure, we find an equilibrium as depicted in figure V.1. The
tetramer on top of the adlayer pushes the surrounding silicon atoms in an outward direction
if seen from the tetramer (lower right of the left subfigure), which fully agrees with the
crystallographic findings.

∗These hydrogen atoms act as saturators for so called dangling bonds and passivate the lower edge of the
crystal.
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Figure V.3: Visualisation of the dynamical matrix from atom-restricted DFPT calculations.
From left to right, the dynamical matrix of the tetramer tip, the tetramer, the triangular pentamer
and a connection of the latter into the SiC bulk is depicted.

In order to reduce complexity and the usage of computational resources, we restrict the number
of atoms for which the linear response calculation is performed. Figure V.2 shows the resulting
dynamical matrix, if only the four atoms in the tetramer are considered. Looking at the full
matrix (left plot in figure V.2), we see that the lower right block, where the entries of the
four silicon atoms interacting with each other is visible in dark purple. A zoomed in version
(depicted to the right) reveals—besides the purple diagonal—contributions of lower amplitude.
An additional feature of figure V.2 is visible in the rows above the tetramer block and the
columns to the left of it. DFPT as it is coded in Quantum Espresso [10–12] calculates the
full linear response to the chosen subset of atoms. In physical terms this shows how the
tetramer interacts with the silicon adlayer and the silicon carbide bulk. On the upper right
of the full dynamical matrix, no entries are calculated. Thus, this block remains colourless
and no information on the interaction within the adlayer and bulk is extracted. Based on the
comparably small amplitude of these entries connecting the tetramer with the bulk, we aim for
a suitable cut of the dynamical matrix. Figure V.3 shows (from left to right) the cuts to 1,
4, 5, and 6 atoms. One atom correspond to the tetramer tip, four atoms correspond to the
tetramer, the fifth atom corresponds to the silicon atom of the adlayer lying directly under the
center of the tetramer and the sixth atom is the continuation of this line to a silicon atom in
the SiC bulk.
In a straight-forward diagonalisation, we can extract the oscillation frequencies. We depict in
figure V.4, the evolution of calculated frequency eigenvalues, corresponding to the dynamical
matrices visualised in figure V.3. While there is significant change upon including the fifth
atom (going from the tetramer to the triangular pentamer structure), the connection into
the SiC bulk adds lines rather than changing the existing ones. Hence, we choose to analyse
the oscillation patterns to the cut dynamical matrix including the five silicon atoms of the
pentamer.

V.2 Oscillations of the silicon adsorbate

Diagonalisation of the dynamical matrix gives direct access to the oscillation frequencies of
phonon modes as well as eigenvectors related to it. In combination with the statistics of bosons,
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Figure V.4: Oscillation frequencies of the silicon tetramer with increasing consideration of
silicon atoms. While there is significant change observable between the tip, tetramer and pentamer
spectrum, the inclusion of a connection to the bulk only minimally shifts existing lines between 3
and 13 THz but adds lines.

we can determine the mean square displacement as

〈
|uαν (jl, t)|2

〉
= ℏ

2Nmj

∑
q

1 + 2nν(q, T )
ων(q) |eαν (j, q)|2 .

This way, we obtain for all phonon modes ν three cartesian displacements α for every silicon
atom considered j. The reciprocal lattice is restricted to q = Γ and we set the temperature
arbitrarily to T = 300 K. We restrict the dynamical matrix to the five silicon atoms of the
pentameral structure.
After diagonalisation, we extract the mean square displacement and take the square root
in order to achieve measurements for displacements. In figure V.5 we depict the in-plane
rotational oscillation pattern at ω = 8.14 THz. The five silicon atoms of the pentamer structure
are highlighted as larger orange dots, whereas all other silicon and carbon atoms are shown as
small black spots. With light blue and green arrows, we indicate the oscillation of the silicon
atoms. Identical colours are equivalent to a movement with identical phase. Thus, for the
pattern shown a clockwise motion for arrows in light blue and counter-clockwise motion for
arrows in green is depicted.
The infrared laser within the experiment will be propagating along the z-axis. Therefore,
oscillation in the THz regime with in-plane motion are favourable for pumping. All 15 modes
of the pentamer lie in range for pumping and are infrared active by their symmetry. Table V.1
lists all modes with pattern labels descriptive of the observed motion and their frequencies.
Out of the listed modes, we find that the squeezing movements at 8.76 THz (see figures E.7
and E.8) and the rotational movement at 8.14 THz as depicted in figure V.5 are purely in-
plane. Additionally, modes at 12.11 THz (see figures E.2 and E.3) have dominanting in-plane
oscillation patterns.
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top view (z)
side view (x) side view (y)

= 8.14 THz                                                                                                               

Figure V.5: In-plane rotational oscillation pattern of the triangular pentamer structure in
silicon-rich SiC with frequency 8.14 THz. Mean displacement is plotted as arrows in light blue
and green and elongated by a factor of 2.5.

Table V.1: Oscillation patterns and frequencies of the silicon pentamer structure. Pattern labels
are chosen descriptively of the motion.

pattern ω in THz pattern ω in THz pattern ω in THz
base vertical 15.36 top x-tilt 10.54 vertical breath 5.82
base x tilt 12.11 x squeeze 8.76 tip y tilt 4.51
base y tilt 12.11 y squeeze 8.76 tip x tilt 4.51
tetramer breath 11.70 rotation 8.14 x breath 3.81
top y tilt 10.54 all vertical 5.96 y breath 3.81

V.3 Outlook

Further investigation into silicon-rich SiC should be performed by means of nonlinear phononics
as a route towards controlled structural manipulation. In experiments often a pumping of
5 - 10 % of the oscillation amplitude can be reached. This may include the modulation of
electronic surface states, resonant surface bands, charge transfer and surface conductivity [227,
237, 238]. A different path may lead to structural switching and the drive into metastable
configurations [239]. Last but not least the system may proof interesting as a hub for phonon-
polariton interactions [240, 241].
Beyond these ultrafast avenues, silicon-rich SiC also represents a promising platform for
quantitative theory to experiment comparison. The silicon tetramer and the localised nature
of its vibrational modes make the system suited for ab initio studies of anharmonic force
constants and phonon lifetimes within the framework of DFPT. Such characteristics allow the
adlayer to serve as a microscopic test case for surface non-linear phononics, where localized
degrees of freedom can be selectively addressed by mid-infrared driving [242, 243].
Within the above detailed discussion, we were able to identify and list a range of IR-active
phonons modes in the silicon tetramer in silicon-rich SiC. Handing over this acquired knowledge
to experimentalist, we are able to guide the efforts of finding suitable ranges for the wavelength
of the IR-pump as well as determining oscillation modes most responsive to incident direction
perpendicular to the SiC substrate.

61



V Silicon adsorbate structures

Right now, we hand over our results as a rough guidance for first measurements to the
experimental physics research group “Ultrafast Electron Dynamics” headed by Prof. Dr. I.
Gierz in Regensburg. It serves as a first step towards a new collaboration on additional
prototypical model strategies on electron-lattice effects.

V.4 Computational details

Density functional theory calculations were performed using the Quantum Espresso codes [10–
12]. All calculations used a hexagonal Bravais lattice with lattice constant a = 9.2847 Å
and c = 30.0 Å. Plane wave functions were cut at 80 Ry and Fermi-Dirac smearing with
σ = 1 × 10−3 Ry was used. The pseudo potentials used the PBE functional [186]. Electron
density and energy levels were determined on a 6 × 6 × 1 Monkhorst-Pack grid. Density
functional perturbation theory was carried out as a Γ -point only calculation.
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VI Closure

サイエンス・イズ・エレガント。

Science is elegant.

Xeno Houston Wingfield in Dr. Stone

What preceded followed a sequence of questions rather than a predefined destination. Along the
way, different materials, models, and levels of description were brought into focus, sometimes
to confirm expectations, sometimes to quietly dissolve them. What remains at the end is not a
single result, but a pattern: that carefully chosen approximations, when guided by physical
intuition and material realism, tend to reduce apparent complexity. Making science truly
elegant.
Chapters II and III focus on electron–phonon interactions in transition metal dichalcogenides,
moving from specific questions to more general modelling frameworks. In chapter II, experi-
mentally motivated claims of polarons in metallic MoS2 are examined using a combination
of ab initio calculations and many-body approaches beyond simple perturbation theory. The
analysis shows that, the formation of monopolarons can be excluded while a lattice distortion
can be stabilised in a downfolded model with multiple charge carriers. Thus, offering an
interpretation of the origin of measured scanning tunnelling spectra. Chapter III extends the
discussion to mono- and bilayer TMDC systems. By constructing downfolded quantum-lattice
models derived from first principles, phonon-mediated superconductivity is analysed across a
wide range of materials and stacking configurations. The results highlight how stacking and
layer composition influence renormalisation of lattice dynamics and superconducting tendencies
under doping. Simultaneously, it is demonstrated that physically meaningful effective models
can be formulated without explicitly retaining interlayer phonon modes.
Chapters IV and V broaden the perspective beyond pristine, aligned systems. Chapter IV
addresses twisted bilayers of WSe2 and introduces a scalable interpolation approach for tight-
binding models in large moiré supercells based on ab initio calculations of aligned bilayers. The
spatial structure of the resulting hopping processes is analysed in detail, providing a practical
framework for studying electronic structure in twisted systems where direct first-principles
calculations become infeasible. Chapter V turns to adsorbate-induced lattice dynamics and
investigates vibrational modes of a silicon adsorbate on silicon-rich SiC using density functional
perturbation theory. By identifying infrared-active oscillations, this chapter illustrates how
local modifications can be used to probe and control lattice degrees of freedom, complementing
the earlier focus on layered and extended systems.
Looking ahead, there are several routes to take and dive deeper into the field, some of which
we already touched. Starting off, moiré-induced flat bands and correlation effects in twisted
TMDCs are emerging as tunable platforms for Mott physics, Wigner crystallisation and
correlated insulators [167, 168, 244]. In terms of the electron-phonon coupling, increasing
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focus is set on regimes where phonons cooperate or compete with Coulomb interactions rather
than acting as a weak perturbation [245]. Material design with respect to heterostructures
investigates correlations as tunable via stacking order, interlayer hybridisation and dielectric
environment mostly in twisted moiré heterobilayers [244, 246]. Lastly, steps beyond the single-
particle descriptions are taken with growing use of GW approaches, dynamical mean field
theory and hybrid approaches combined with downfolded models to capture strong-correlation
effects quantitatively [201, 247].
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Appendix

A Full text publication of van Efferen et al.

Here we provide for the sake of completeness the full-text publication of [48]. My personal
contributions beyond discussions and contributing to the writing process are detailed in
chapter II.
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✒ ♦✙ç✕✗✧✢♥✣✙✧✛✔♥❣ ✣✢✓✕✘ ✙♥✣✕✗ è★✔✧★ ✕✖✕✧✛✗✢♥♦ ✧✢♥✣✕♥♦✕

✔♥✛✢ ❈✢✢ç✕✗ ç✒✔✗♦ ✈✔✒ ✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✔♥✛✕✗✒✧✛✔✢♥♦

éî✘òïêëì✳ ❋✔♥✒✖✖✦✘ ✒✛ ✕✈✕♥ ★✔❣★✕✗ ✧★✒✗❣✕ ✧✒✗✗✔✕✗ ✧✢♥✧✕♥æ

✛✗✒✛✔✢♥♦ ✛★✕ ✕♥✛✔✗✕ ✧✗✦♦✛✒✖ ✖✒✛✛✔✧✕ ✪✕✧✢✓✕♦ ✙♥♦✛✒✪✖✕✘ ✖✕✒✣✔♥❣

✛✢ ✒♥ ✕✖✕✧✛✗✢♥✔✧✒✖✖✦ ✣✗✔✈✕♥ ♦✛✗✙✧✛✙✗✒✖ ç★✒♦✕ ✛✗✒♥♦✔✛✔✢♥ ❢✗✢✓

✛★✕ êó ✛✢ ✛★✕ ê✥ ♦✛✗✙✧✛✙✗✕ éêîì✳

P✢✖✒✗✢♥♦ ✗✕ç✗✕♦✕♥✛ ✖✢✧✒✖ ✓✒♥✔❢✕♦✛✒✛✔✢♥♦ ✢❢ ✕✖✕✧✛✗✢♥æ

ç★✢♥✢♥ ✧✢✙ç✖✔♥❣ éêôì✳ ✥★✕♦✕✓✒♥✦æ✪✢✣✦ ñ✙✒♦✔ç✒✗✛✔✧✖✕♦ ❢✢✗✓

è★✕♥ ✧★✒✗❣✕ ✧✒✗✗✔✕✗♦ ✔♥✛✕✗✒✧✛ ♦✛✗✢♥❣✖✦ è✔✛★ ✛★✕ ✔✢♥✔✧ ✖✒✛✛✔✧✕✘

✧✗✕✒✛✔♥❣ ✒ ✖✢✧✒✖✔✜✕✣ ♦✛✒✛✕ ✔♥ ✒✪♦✕♥✧✕ ✢❢ ✒ ✣✕❢✕✧✛ éêõì✳

❆ ç✢✖✒✗✢♥ ✔♦ ❣✕♥✕✗✒✖✖✦ ✒✪✖✕ ✛✢ ✓✢✈✕ ✛★✗✢✙❣★ ✛★✕ ✖✒✛✛✔✧✕✘

✛★✢✙❣★ ✔✛ ✣✗✒❣♦ ✒ ✣✕❢✢✗✓✒✛✔✢♥ ✢❢ ✛★✕ ✖✒✛✛✔✧✕è✔✛★ ✔✛✘ ✕♥★✒♥✧✔♥❣

✔✛♦ ✕❢❢✕✧✛✔✈✕✓✒♦♦✳ ✥★✔♦✓✒♦♦ ✕♥★✒♥✧✕✓✕♥✛ ★✒♦ ✪✕✕♥ ✢✪♦✕✗✈✕✣

✔♥ ✪✙✖✬ ✫✢✩í ✣✢ç✕✣ è✔✛★ ✗✙✪✔✣✔✙✓ ✙♦✔♥❣ ✒♥❣✖✕æ✗✕♦✢✖✈✕✣

ç★✢✛✢✕✓✔♦♦✔✢♥ ♦ç✕✧✛✗✢♦✧✢ç✦ ö❆❘P❊✩÷ ✒♥✣ è✒♦ ✒✛✛✗✔✪✙✛✕✣

✛✢ ✛★✕ ❢✢✗✓✒✛✔✢♥ ✢❢ ✓✙✖✛✔ç✖✕ ó✢✖♦✛✕✔♥ ç✢✖✒✗✢♥ ✪✒♥✣♦ éêøì✳

❆ ❢✢✖✖✢èæ✙ç ùú ûüûýûþ ♦✛✙✣✦ ✧✢✙✖✣ ★✢è✕✈✕✗ ✗✕ç✗✢✣✙✧✕ ✛★✕

✕ÿç✕✗✔✓✕♥✛✒✖ ♦ç✕✧✛✗✒✖ ❢✙♥✧✛✔✢♥ è✔✛★✢✙✛ ♦✓✒✖✖ ç✢✖✒✗✢♥ ❢✢✗æ

✓✒✛✔✢♥✘ ✪✙✛ ✙♦✔♥❣ ✛★✕ ❋✒♥æ✫✔❣✣✒✖ ç✕✗✛✙✗✪✒✛✔✈✕ ♦✕✖❢æ✕♥✕✗❣✦✳

✥★✔♦ ✒çç✗✢✒✧★✘ è★✔✧★ ✔♦ ❣✕✒✗✕✣ ✛✢è✒✗✣ ✛★✕ è✕✒✬ ✧✢✙ç✖✔♥❣

✖✔✓✔✛✘ ♦✙❣❣✕♦✛✕✣ ✛★✒✛ ✛★✕ ✓✒♦♦ ✗✕♥✢✗✓✒✖✔✜✒✛✔✢♥ ♦✛✕✓♦ ❢✗✢✓

✔♥✛✕✗✒✧✛✔✢♥♦ è✔✛★ ✛è✢ ✣✔❢❢✕✗✕♥✛ ▼æç✢✔♥✛ ç★✢♥✢♥♦ éêðì✳ ✥★✕

ç★✢♥✢♥♦ ✧✢✙ç✖✕ ✕✖✕✧✛✗✢♥✔✧ ♦✛✒✛✕♦ ✧✖✢♦✕ ✛✢ ✛★✕ ✧✢♥✣✙✧✛✔✢♥

✪✒♥✣ ✓✔♥✔✓✒ ✒✛ ❑ ✒♥✣ ❑✵ è✔✛★ ♦✛✒✛✕♦ ♥✕✒✗ ◗✵ ✒♥✣ ◗✳ ✥★✕♦✕

✖✢✧✒✖ ✓✔♥✔✓✒ ✢❢ ✛★✕ ✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✒✗✕ ✢♥✖✦ ✁✶�� ✓✕❱

★✔❣★✕✗ ✛★✒♥ ✛★✕ ❣✖✢✪✒✖ ✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✓✔♥✔✓✙✓ ✒♥✣ ✒✖♦✢

ç✒✗✛✖✦ ❢✔✖✖✕✣ ✔♥ ✛★✕ ❆❘P❊✩ ✕ÿç✕✗✔✓✕♥✛ éêøì✳

✥★✕ ç✗✢ç✢♦✕✣ ✔✓ç✢✗✛✒♥✧✕ ✢❢ ✛★✕ ✖✢✧✒✖ ✓✔♥✔✓✙✓ ✒✛ ◗ ❢✢✗

ç✢✖✒✗✢♥ ❢✢✗✓✒✛✔✢♥ ✔♥ ✪✙✖✬✫✢✩í ç✢♦✕♦ ✛★✕ ñ✙✕♦✛✔✢♥ è★✕✛★✕✗

ç✢✖✒✗✢♥♦ ✧✒♥ ✒✧✛✙✒✖✖✦ ❢✢✗✓ ✔♥ ♦✔♥❣✖✕æ✖✒✦✕✗ ö✩▲÷ ✫✢✩í✘ ♦✔♥✧✕

✛★✕ ✕♥✕✗❣✦ ✣✔❢❢✕✗✕♥✧✕ ✪✕✛è✕✕♥ ❑ ✒♥✣ ◗ ✔♦ ✓✙✧★ ✖✒✗❣✕✗ ✔♥

♥æ✣✢ç✕✣ ✩▲♦ éêòïë✷ì✳ ■♥ ✒✣✣✔✛✔✢♥✘ ✒ ✗✕✧✕♥✛ ✛★✕✢✗✕✛✔✧✒✖ ♦✛✙✣✦

ç✢♦✛✙✖✒✛✕✣ ✛★✒✛ ♦✛✒✪✖✕ ç✢✖✒✗✢♥♦ ✣✢ ♥✢✛ ❢✢✗✓ ✔♥ ✩▲ ✫✢✩í
éëêì✘ ✒✖✛★✢✙❣★ ✢♥✖✦ ✓✢♥✢ç✢✖✒✗✢♥♦ è✕✗✕ ✧✢♥♦✔✣✕✗✕✣ ✔♥ ✛★✕♦✕

✧✒✖✧✙✖✒✛✔✢♥♦✳ ✥★✕ ç★✦♦✔✧♦ ✢❢ ✓✙✖✛✔ç✢✖✒✗✢♥♦✘ ✔✳✕✳✘ ✪✢✙♥✣

♦✛✒✛✕♦ ❢✢✗✓✕✣ ✪✦ ✛è✢ ✢✗ ✓✢✗✕ ✕✖✕✧✛✗✢♥♦ ✧✢✙ç✖✕✣ ✛✢ ç★✢♥✢♥♦✘

✯
➵➛➓➈➐❽➈ ➐➄➈→➛➌❛ ➟✇➛➎❾❼✂➍→➁➠➄➓❾➥➲➛❼➎➓➠➀❼

✵❄♠✿✼✻✹❁⑧ ♠✺ ❃✹❁ ⑨❞❁❍✼❀✾❂ ✵✹✺✻✼❀✾✿ ❬❦❀✼❁❃✺ ❄❂⑧❁❍ ❃✹❁ ❃❁❍❞✻ ❦❤
❃✹❁ ⑥❍❁✾❃✼❉❁ ⑥❦❞❞❦❂✻ ⑨❃❃❍✼♠❄❃✼❦❂ ❹✴❴ ✲❂❃❁❍❂✾❃✼❦❂✾✿ ✿✼❀❁❂✻❁✴
❋❄❍❃✹❁❍ ⑧✼✻❃❍✼♠❄❃✼❦❂ ❦❤ ❃✹✼✻ ✄❦❍✽ ❞❄✻❃ ❞✾✼❂❃✾✼❂ ✾❃❃❍✼♠❄❃✼❦❂ ❃❦
❃✹❁ ✾❄❃✹❦❍☎✻✮ ✾❂⑧ ❃✹❁ ❳❄♠✿✼✻✹❁⑧ ✾❍❃✼❀✿❁➆✻ ❃✼❃✿❁❅ ❥❦❄❍❂✾✿ ❀✼❃✾❃✼❦❂❅
✾❂⑧ ❉✆✲✴

P✝✞✟✠✡☛☞ ❘✌✍✠✌✎ ❳ ✏✑✒ ✓✔✕✓✔✓ ✭✖✓✖✗✘

ëêø✷æîî✷ò❂ëõ❂êõöî÷❂✷îê✷î✷öêø÷ ✷îê✷î✷æê P✙✪✖✔♦★✕✣ ✪✦ ✛★✕ ❆✓✕✗✔✧✒♥ P★✦♦✔✧✒✖ ✩✢✧✔✕✛✦



✔♦ ✔♥ ❣✕♥✕✗✒✖ ✓✙✧★ ✖✕♦♦ ♦✛✙✣✔✕✣✘ ✛★✢✙❣★ ✔✛ ✔♦ ç✢♦✛✙✖✒✛✕✣

✛✢ ✪✕✧✢✓✕ ✣✢✓✔♥✒♥✛ ✔♥ ✧✒♦✕♦ ✢❢ ♦✙çç✗✕♦♦✕✣ ❈✢✙✖✢✓✪

ç✢✛✕♥✛✔✒✖♦ ✒♥✣ ♦✙❢❢✔✧✔✕♥✛✖✦ ✖✒✗❣✕ ✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✧✢✙ç✖✔♥❣

éëë✘ëîì✳ ❲★✔✖✕ ♦✔❣♥✒✛✙✗✕♦ ✢❢ ç✖✒♦✓✢♥✔✧ ç✢✖✒✗✢♥♦ ★✒✈✕ ✪✕✕♥

✢✪♦✕✗✈✕✣ ✔♥ ★✔❣★✖✦ ✣✕❢✕✧✛✔✈✕ ✩▲♦ ✢❢ ✫✢✩í éê❬ì✘ ✛★✕

✢✪♦✕✗✈✒✛✔✢♥ ✢❢ ç✢✖✒✗✢♥♦ ✔♥ ✣✕❢✕✧✛æ❢✗✕✕ ✩▲ ✫✢✩í ✗✕✓✒✔♥♦

✕✖✙♦✔✈✕✳

ó✕✗✕✘ è✕ ✔♥✈✕♦✛✔❣✒✛✕ ✛★✕ ✗✢✖✕ ✢❢ ✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✧✢✙æ

ç✖✔♥❣ ✒♥✣ ✔✛♦ ✖✔♥✬ ✛✢ ✓✙✖✛✔ç✢✖✒✗✢♥♦ ✔♥ ✩▲ ✫✢✩í ✢♥ ✒

❣✗✒ç★✕♥✕ ö●✗÷ ✢♥ ■✗öêêê÷ ♦✙✪♦✛✗✒✛✕ ✙♦✔♥❣ ♦✧✒♥♥✔♥❣ ✛✙♥♥✕✖æ

✔♥❣ ✓✔✧✗✢♦✧✢ç✦ ö✩✥✫÷✘ ♦✧✒♥♥✔♥❣ ✛✙♥♥✕✖✔♥❣ ♦ç✕✧✛✗✢♦✧✢ç✦

ö✩✥✩÷✘ ❢✔✗♦✛æç✗✔♥✧✔ç✖✕♦ ✣✕♥♦✔✛✦ ❢✙♥✧✛✔✢♥✒✖ öç✕✗✛✙✗✪✒✛✔✢♥÷

✛★✕✢✗✦ ✧✒✖✧✙✖✒✛✔✢♥♦✘ ✒♥✣ ✒ ♥✕è✖✦ ✣✕✈✕✖✢ç✕✣ ✓✙✖✛✔♦✧✒✖✕

✛✕✧★♥✔ñ✙✕ ✪✒♦✕✣ ✢♥ ✣✢è♥❢✢✖✣✔♥❣ ❢✢✗ ✕✖✕✧✛✗✢♥æç★✢♥✢♥

✧✢✙ç✖✕✣ ♦✦♦✛✕✓♦ éëôì✳ ■♥✛✕✗✧✒✖✒✛✔♥❣ ❈♦ ✒♥✣ ❊✙ ✪✕✛è✕✕♥

●✗ ✒♥✣ ■✗öêêê÷ ♦★✔❢✛♦ ✛★✕ ✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✢❢ ✫✢✩í ✪✕✖✢è

✛★✕ ❋✕✗✓✔ ✕♥✕✗❣✦ ❊❋✘ ✛★✙♦ ✔♥✣✙✧✔♥❣ ✒♥ ✔♥♦✙✖✒✛✢✗æ✓✕✛✒✖

✛✗✒♥♦✔✛✔✢♥ éêòì✳ ✥★✔♦ ✕♥✒✪✖✕♦ ✙♦ ✛✢ ♦✛✙✣✦ ✛★✕ ✔♥✛✗✔♥♦✔✧

ç✗✢ç✕✗✛✔✕♦ ✢❢ ✓✕✛✒✖✖✔✧ ✩▲ ✫✢✩í✘ è★✔✧★ ✗✕♦✛♦ ✢♥ ✒ è✕✒✬✖✦

✔♥✛✕✗✒✧✛✔♥❣ ♦✙✪♦✛✗✒✛✕ ö●✗÷✳

ÝÝÞ á❘�ä✁à�

❆Þ �❙✂✄✄☎✄✆ t✝✄✄✞✟☎✄✆ s✠✞❙t✡☛s❙☛✠☞

❆♥ ✩✥✫ ✛✢ç✢❣✗✒ç★ ✢❢ ✓✕✛✒✖✖✔✧ ✩▲ ✫✢✩í ✔♦ ♦★✢è♥ ✔♥

❋✔❣✳ êö✒÷✘ ✣✔♦ç✖✒✦✔♥❣ ✛★✕ ✛✦ç✔✧✒✖ ✓✢✗ç★✢✖✢❣✦✳ ✥★✕ ✫✢✩í
✔♦✖✒♥✣♦ ★✒✈✕ ✓✕✗❣✕✣ ✣✙✗✔♥❣ ❣✗✢è✛★✘ ❢✢✗✓✔♥❣ ✕ÿ✛✕♥✣✕✣

♥✕✛è✢✗✬♦✘ è✔✛★ ✣✕❢✕✧✛æ❢✗✕✕ ✒✗✕✒♦ ✗✒♥❣✔♥❣ ✔♥ ♦✔✜✕ ❢✗✢✓

õ✷ ✛✢ ✼�� ♥✓í✳ ✥★✕♦✕ ✒✗✕✒♦ ✒✗✕ ♦✕ç✒✗✒✛✕✣ ✪✦ ❣✗✒✔♥

✪✢✙♥✣✒✗✔✕♦✘ è★✔✧★ ✒✗✕ ✔✓✒❣✕✣ ✒♦ ✣✒✗✬ ♦✛✗✔ç✕♦ è★✕♥ ✛✙♥♥✕✖æ

✔♥❣ ✔♥ ✛★✕ ✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✢❢ ✫✢✩í✳ ■♥ ✒✣✣✔✛✔✢♥✘ ❢✒✔♥✛

♦✛✗✔ç✕♦ ✧✒♥ ✪✕ ✗✕✧✢❣♥✔✜✕✣ ✢♥ ✒♥✣ ♥✕ÿ✛ ✛✢ ✫✢✩í✘ è★✔✧★

♦✛✕✓♦ ❢✗✢✓ ✓✔♥✢✗ ✣✕♥♦✔✛✦ ✈✒✗✔✒✛✔✢♥♦ ✔♥ ✛★✕ ❊✙ ✔♥✛✕✗✧✒✖✒✛✔✢♥

✖✒✦✕✗ ✪✕✖✢è ❣✗✒ç★✕♥✕✘ ✒♦ ✣✔♦✧✙♦♦✕✣ ç✗✕✈✔✢✙♦✖✦ éêòì✳

❖✙✗ ❢✔✗♦✛ ✕ÿç✕✗✔✓✕♥✛✒✖ ✢✪♦✕✗✈✒✛✔✢♥ ✗✕✖✒✛✕✣ ✛✢ ✕✖✕✧✛✗✢♥æ

ç★✢♥✢♥ ç★✦♦✔✧♦ ✔♦ ✒ è✕✒✬ ✖✢✧✒✖ ♦✙ç✕✗♦✛✗✙✧✛✙✗✕ ✒çç✕✒✗✔♥❣ ✔♥

✒✛✢✓✔✧✒✖✖✦ ✗✕♦✢✖✈✕✣ ✩✥✫ ✔✓✒❣✕♦✘ ç✗✕♦✕♥✛✕✣ ✔♥ ❋✔❣✳ êö✪÷✳

❲★✔✖✕ ✛★✕ ♦✙ç✕✗♦✛✗✙✧✛✙✗✕ ✔♦ ✖✢✧✒✖✖✦ ✈✔♦✔✪✖✕ ✔♥ ✗✕✒✖ ♦ç✒✧✕✘

✛★✕✗✕ ✔♦ ♥✢ ✖✢♥❣æ✗✒♥❣✕ ✧✢★✕✗✕♥✧✕ ✢❢ ✛★✕ ✧★✒✗❣✕ ✣✕♥♦✔✛✦✘

✗✙✖✔♥❣ ✢✙✛ ✛★✕ ç✗✕♦✕♥✧✕ ✢❢ ✒ ✧★✒✗❣✕ ✣✕♥♦✔✛✦ è✒✈✕✳ ✥★✕

✧✢✗✗✕♦ç✢♥✣✔♥❣ ❋✢✙✗✔✕✗ ✛✗✒♥♦❢✢✗✓✒✛✔✢♥ ✔♥ ❋✔❣✳ êö✧÷ ✗✕✈✕✒✖♦ ✒

✪✗✢✒✣ ❢✕✒✛✙✗✕ ✧✖✢♦✕ ✛✢ ✛★✕ ö✷ × ✷÷ ♦ç✢✛ ✔♥ ✗✕✧✔ç✗✢✧✒✖ ♦ç✒✧✕✳

✥★✔♦ ✔♥✛✕♥♦✔✛✦ ★✒♦ ♥✢ ♦✛✗✙✧✛✙✗✒✖ ✢✗✔❣✔♥✘ ✒♦ ✔♥✛✕✗✧✒✖✒✛✕✣ ❈♦

❢✢✗✓♦ ✒ ✣✔♦✢✗✣✕✗✕✣ ♦✛✗✙✧✛✙✗✕ ✒❢✛✕✗ ✒♥♥✕✒✖✔♥❣✘ è★✔✖✕ ✔♥✛✕✗æ

✧✒✖✒✛✕✣ ❊✙ ❢✢✗✓♦ ✒ ❝ð✹ × ✷Þ ♦✙ç✕✗♦✛✗✙✧✛✙✗✕ è✔✛★ ✗✕♦ç✕✧✛ ✛✢

❣✗✒ç★✕♥✕✳ ✥★✕♦✕ ✔♥✛✕✗✧✒✖✒✛✔✢♥ ç✒✛✛✕✗♥♦ ✒✗✕ ♥✢✛ ✈✔♦✔✪✖✕ ✢♥

✫✢✩í✘ ✒♦ ✪✢✛★ ❈♦ ✒♥✣ ❊✙ ✖✒✦✕✗♦ ✒✗✕ ✔♥✛✕✗✧✒✖✒✛✕✣ ✪✕✖✢è

❣✗✒ç★✕♥✕ éêòì✳ ❆♦ è✕ è✔✖✖ ♦★✢è ✪✕✖✢è✘ ✓✙✖✛✔ç✢✖✒✗✢♥♦ ✔♥

✫✢✩í ✒✗✕ ✕ÿç✕✧✛✕✣ ✛✢ ❣✕♥✕✗✒✛✕ ✖✢✧✒✖ ✖✒✛✛✔✧✕ ✣✔♦✛✢✗✛✔✢♥♦ è✔✛★

✛★✕ ♦✒✓✕ ✣✢✓✔♥✒♥✛ è✒✈✕ ✈✕✧✛✢✗ ✒♦ ✛★✕ ✖✢✧✒✖ ö✷ × ✷÷

♦✙ç✕✗♦✛✗✙✧✛✙✗✕ ✢✪♦✕✗✈✕✣ ✕ÿç✕✗✔✓✕♥✛✒✖✖✦✳

❆ ✣■❂✣❱ ♦ç✕✧✛✗✙✓ ♦★✢è✔♥❣ ✛★✕ ✪✒♥✣ ❣✒ç ✢❢ ✫✢✩í ✔♦

✣✕ç✔✧✛✕✣ ✔♥ ❋✔❣✳ êö✣÷✳ ✥★✕ ♦ç✕✧✛✗✙✓ ♦★✢è♦ ✒♥ ✒çç✒✗✕♥✛

✢♥♦✕✛ ✢❢ ✛★✕ ✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✒✪✢✈✕ ✛★✕ ❋✕✗✓✔ ✖✕✈✕✖✳

ó✢è✕✈✕✗✘ ♦✔♥✧✕ ✛★✕ ✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✓✔♥✔✓✙✓ ✢❢ ✣✢ç✕✣

✩▲ ✫✢✩í ✖✔✕♦ ✒✛ ✛★✕ ❑ ç✢✔♥✛ éî✘ë✷ì✘ ✛★✕ ★✔❣★ ç✒✗✒✖✖✕✖

➳✌✍➠ ➂➠ ✎➎❼❽➈➌➛➓❾❽ ➇➈➌➄❽➈➄➌❼ ➛➝ ➭✏➫➛➭➯➠ ❺➐↕ ✏➐➌➅❼➥➇❽➐➎❼ ➭➡➫ ❾➞➐➅❼ ➛➝ ➭✏➫➛➭➯❂✍➌❂✎➄❂✌➌✑✶✶✶✒➠ ➃ ➇➈❼➍ ❼➀➅❼ ❾➓ ➈→❼ ✌➌ ➇➄➔➇➈➌➐➈❼ ❽➐➓

➔❼ ➇❼❼➓ ❾➓ ➈→❼ ➔➛➈➈➛➞ ➎❼➝➈➠ ➡→❼ ✎➄ ❾➓➈❼➌❽➐➎➐➈❾➛➓ →➐➇ ➇➎❾➅→➈ ➀❼➓➇❾➈↔ ➞➛➀➄➎➐➈❾➛➓➇ ➟→❾❽→ ➎❼➐➀ ➈➛ ➈→❼ ➇➈➌❾➍❼➇ ❿❾➇❾➔➎❼ ➈→➌➛➄➅→ ➫➛➭➯ ➐➓➀ ✍➌➠

❺➔↕ ➃➈➛➞❾❽ ➌❼➇➛➎➄➈❾➛➓ ❾➞➐➅❼ ➛➝ ➫➛➭➯➢ ➌❼❿❼➐➎❾➓➅ ➐ ➎➛❽➐➎ ➇➄➍❼➌➇➈➌➄❽➈➄➌❼➠ ➡→❼ ➫➛➭➯ ➄➓❾➈ ❽❼➎➎ ❾➇ ❾➓➀❾❽➐➈❼➀➠ ❺❽↕ ➳➛➄➌❾❼➌ ➈➌➐➓➇➝➛➌➞➐➈❾➛➓ ➛➝ ❺➔↕➢

➇→➛➟❾➓➅ ➈→❼ ➇❾➤ ➇➍➛➈➇ ➛➝ ➈→❼ ➌❼❽❾➍➌➛❽➐➎ ➫➛➭➯ ➎➐➈➈❾❽❼ ➈➛➅❼➈→❼➌ ➟❾➈→ ➐➀➀❾➈❾➛➓➐➎ ➝❼➐➈➄➌❼➇ ➐➈ ➟➐❿❼ ❿❼❽➈➛➌➇ ❽➎➛➇❼ ➈➛ →➐➎➝ ➈→❼ ➇❾➧❼ ➛➝ ➈→❼

➌❼❽❾➍➌➛❽➐➎ ➎➐➈➈❾❽❼➠ ➨➛➈→ ➝❼➐➈➄➌❼➇ ➐➌❼ ➞➐➌➲❼➀ ➟❾➈→ ❽❾➌❽➎❼➇➠ ❺➀↕ ✏➐➌➅❼➥➔❾➐➇ ➀✓❂➀✔ ➇➍❼❽➈➌➄➞ ➛➝ ➇❾➓➅➎❼➥➎➐↔❼➌ ➫➛➭➯ ➛➓ ✍➌❂✎➄❂✌➌✑✶✶✶✒➠ ➡→❼

❽➛➓➀➄❽➈❾➛➓ ➔➐➓➀ ❺➵➨↕ ❼➀➅❼ ➐➈ ➈→❼ ❑ ➍➛❾➓➈ ➛➝ ➈→❼ ➨➌❾➎➎➛➄❾➓ ➧➛➓❼ ➐➓➀ ➈→❼ ➛➓➇❼➈ ➛➝ ➈→❼ ❿➐➎➎❼↔ ➐➈ ➉➠➁ ❼❡ ➓❼➐➌ ➈→❼ ◗ ➍➛❾➓➈ ➐➌❼ ❾➓➀❾❽➐➈❼➀➠

❺❼↕ ✏➛➟➥➔❾➐➇ ➭➡➫ ➀✓❂➀✔ ➇➍❼❽➈➌➄➞➢ ➌❼❿❼➐➎❾➓➅ ➍❼➐➲➥➀❾➍ ➝❼➐➈➄➌❼➇ ➐➓➀ ➐ ➅➐➍ ➐➈ ➈→❼ ➳❼➌➞❾ ➎❼❿❼➎➢ ❽→➐➌➐❽➈❼➌❾➇➈❾❽ ➝➛➌ ➞❼➈➐➎➎❾❽ ➭✏➫➛➭➯➠ ➭➡➫

➛➌ ➭➡➭ ➍➐➌➐➞❼➈❼➌➇❛ ❺➐↕ ✶✕✕ ✖ ✶✕✕ ➓➞➯➢ ✔✗✘✙ ➻ ✚➠✺ ❡➢ ✓✗✘✙ ➻ ✺✕ ➍➃➋ ❺➔↕ ✺ ✖ ✺ ➓➞➯➢ ✔✗✘✙ ➻ ✕➠✶ ❡➢ ✓✗✘✙ ➻ ✺✕✕ ➍➃➋ ❺➀↕ ✔✗✘✙ ➻ ✶ ❡➢

✓✗✘✙ ➻ ✺✕✕ ➍➃➢ ✔♠✛✜ ➻ ✶✺ ➞❡➋ ❺❼↕ ✔✗✘✙ ➻ ✕➠✶ ❡➢ ✓✗✘✙ ➻ ✺✕✕ ➍➃➢ ✔♠✛✜ ➻ ✶ ➞❡➢ ➇➞➛➛➈→❼➀ ➄➇❾➓➅ ➈→❼ ➭➐❿❾➈➧➲↔➥✍➛➎➐↔ ➞❼➈→➛➀➠ ➳➛➌ ➐➎➎

➇➍❼❽➈➌➐ ❢♠✛✜ ➻ ✽✢✢ ❍➧➠

❈❆✫■❊▲ ❱❆◆ ❊❋❋❊❘❊◆ ✣ý ù❛✤ Pó❨✩✳ ❘❊❱✳ ❳ ✥✦✧ ✷îê✷î✷ öë✷ëõ÷

✷îê✷î✷æë



✓✢✓✕♥✛✙✓ ❦❥❥ ✢❢ ✛★✕ ñ✙✒♦✔ç✒✗✛✔✧✖✕♦ ✖✕✒✣♦ ✛✢ ✒ ♦✛✗✢♥❣✖✦

✗✕✣✙✧✕✣ ✛✙♥♥✕✖✔♥❣ ç✗✢✪✒✪✔✖✔✛✦✘ ✙♥✖✕♦♦ ✛★✕ ✛✔çæ♦✒✓ç✖✕ ✣✔♦æ

✛✒♥✧✕ ✔♦ ♦✕✈✕✗✕✖✦ ✗✕✣✙✧✕✣ éëõ✘ëøì✳ ■♥✣✕✕✣✘ ✛★✕ ✖✢èæ✪✔✒♦

✣■❂✣❱ ♦ç✕✧✛✗✙✓ ✔♥ ❋✔❣✳ êö✕÷ ✗✕✈✕✒✖♦ ✒ ❢✔♥✔✛✕ ♦ç✕✧✛✗✒✖

✔♥✛✕♥♦✔✛✦ ✔♥ ✛★✕ ✢✧✧✙ç✔✕✣ ♦✛✒✛✕♦✘ ♦✕ç✒✗✒✛✕✣ ❢✗✢✓ ✛★✕ ✙♥✢✧æ

✧✙ç✔✕✣ ♦✛✒✛✕♦ ✪✦ ✒ ❣✒ç ✒✛ ❊❋✳ ❈✢✓ç✒✗✒✪✖✕ ♦ç✕✧✛✗✒ ✒✗✕

✓✕✒♦✙✗✕✣ ✢♥ ❈♦æ✔♥✛✕✗✧✒✖✒✛✕✣ ♦✒✓ç✖✕♦✳ ❖♥ ✒✧✧✢✙♥✛ ✢❢ ✛★✕ ♥

✣✢ç✔♥❣ ✢❢ ✛★✕ ●✗ ♦✙✪♦✛✗✒✛✕ ✖✒✦✕✗ ✪✦ ✛★✕ ❊✙ ✒✛✢✓♦✘ ✛★✕ ✫✢✩í
✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣✕✣❣✕ ✔♦ ♦★✔❢✛✕✣ ✛✢❾✾� ✓✕❱✪✕✖✢è ✛★✕❋✕✗✓✔

✕♥✕✗❣✦✘è★✔✖✕ ✛★✕ ✖✢✧✒✖✓✔♥✔✓✙✓✒✛◗ ✖✔✕♦ ë✷✷✓✕❱✒✪✢✈✕ ✛★✕

❋✕✗✓✔ ✕♥✕✗❣✦ éêòì✳ ✥★✕♦✕ ✕♥✕✗❣✔✕♦ è✕✗✕ ✕ÿç✕✗✔✓✕♥✛✒✖✖✦

✣✕✛✕✗✓✔♥✕✣ ✙♦✔♥❣ ñ✙✒♦✔ç✒✗✛✔✧✖✕ ✔♥✛✕✗❢✕✗✕♥✧✕ ö◗P■÷ ✓✒ç♦ ✒♦

è✕✖✖ ✒♦ ✧✢✓ç✗✕★✕♥♦✔✈✕ ✛✙♥♥✕✖✔♥❣ ♦ç✕✧✛✗✢♦✧✢ç✦ éëõ✘ëøì✳

❆ ç✒✗✛✔✧✙✖✒✗ ✒♦ç✕✧✛ ✢❢ ✛★✕ ♦ç✕✧✛✗✙✓ ✔♥ ❋✔❣✳ êö✕÷ ✔♦ ✛★✕

ç✗✕♦✕♥✧✕ ✢❢ ç✕✒✬æ✣✔ç ❢✕✒✛✙✗✕♦ ✧✖✢♦✕ ✛✢ ❊❋✳ ✥★✕♦✕ ✒✗✕ ♦✕✕♥ ✛✢

✓✒♥✔❢✕♦✛ ✒♦ ✒ ♦✕✗✔✕♦ ✢❢ ✕✈✕♥✖✦ ♦ç✒✧✕✣ ç✕✒✬♦✘ ç✗✕♦✕♥✛ ✪✕✖✢è

✒♥✣ ✒✪✢✈✕ ❊❋✳ ✥★✕ ç✕✒✬♦ ✒✗✕ ♦ç✒✧✕✣ ✪✦ ✒ ❢✔ÿ✕✣ ✕♥✕✗❣✦ ✁✵✘

è✔✛★ ✒ ✖✒✗❣✕✗ ❣✒ç ✢❢ è✔✣✛★ ❊❣�✂ ♦✕ç✒✗✒✛✔♥❣ ✛★✕ ♦✛✒✛✕♦ ✒✗✢✙♥✣

❊❋✳ ✥★✕ ç✕✒✬æ✣✔ç ❢✕✒✛✙✗✕♦ ✒✗✕ ✒✪♦✕♥✛ ✔♥ ♦✕✓✔✧✢♥✣✙✧✛✔♥❣

✫✢✩í❀ ♦✕✕ ❆çç✕♥✣✔ÿ ❈✳

✥✢ ✪✕✛✛✕✗ ✙♥✣✕✗♦✛✒♥✣ ✛★✕ ✪✕★✒✈✔✢✗ ✢❢ ✛★✕ ç✕✒✬♦✘ è✕ ★✒✈✕

✒♥✒✖✦✜✕✣ ✒çç✗✢ÿ✔✓✒✛✕✖✦ î✷✷✷ ✣■❂✣❱ ♦ç✕✧✛✗✒ ✛✒✬✕♥ ✢♥

✔♦✖✒♥✣♦ ✢❢ ✣✔❢❢✕✗✕♥✛ ♦✔✜✕ ✒♥✣ ✢♥ ✛è✢ ✣✔❢❢✕✗✕♥✛ ✓✕✛✒✖✖✔✧

✫✢✩í ♦✒✓ç✖✕♦➋è✔✛★ ✕✔✛★✕✗ ❊✙ ✢✗ ❈♦ ✔♥✛✕✗✧✒✖✒✛✕✣ ✪✕✖✢è

●✗✳ ❲✕ ✔♥✧✖✙✣✕✣ ♦ç✕✧✛✗✒ ✛✒✬✕♥ ✔♥ ✒ ✛✕✓ç✕✗✒✛✙✗✕ ✗✒♥❣✕

✪✕✛è✕✕♥ ✷✳ô ✒♥✣ ø✳õ ❑✳ ■♥ ❋✔❣✳ ëö✒÷✘ ✛★✕ ✗✕♦✙✖✛✔♥❣ ç✕✒✬

ç✢♦✔✛✔✢♥♦ ✒✗✕ ç✖✢✛✛✕✣ ✔♥ ✒ ★✔♦✛✢❣✗✒✓✳ ✥★✕ ç✕✒✬♦ ★✒✈✕ ✒ ✧✖✕✒✗

✛✕♥✣✕♥✧✦ ✛✢ ✪✕ ✖✢✧✒✛✕✣ ✒✛ ♦✦✓✓✕✛✗✔✧ ç✢♦✔✛✔✢♥♦ è✔✛★ ✗✕♦ç✕✧✛

✛✢ ✛★✕ ❋✕✗✓✔ ✕♥✕✗❣✦ ö✷ ❱÷✘ ♦✙✧★ ✒♦ ✄✸✷ ✒♥✣ ✄✺✺ ✓❱✳ ❲✕

❢✙✗✛★✕✗ ✒♥✒✖✦✜✕ ✛★✕ ♦✔♥❣✖✕ ♦ç✕✧✛✗✒ ✒♥✣ ❢✔♥✣ ✛★✒✛ ✛★✕ ♦ç✒✧✔♥❣

✪✕✛è✕✕♥ ç✕✒✬♦ ✖✢✧✒✛✕✣ ✒✪✢✈✕ ✒♥✣ ✪✕✖✢è ✛★✕ ❋✕✗✓✔ ✕♥✕✗❣✦

★✒♦ ✒ ●✒✙♦♦✔✒♥ ✣✔♦✛✗✔✪✙✛✔✢♥✘ è✔✛★ ✒ ✓✕✒♥ ✈✒✖✙✕ ✒♥✣ ♦✛✒♥✣✒✗✣

✣✕✈✔✒✛✔✢♥ ✢❢ ✁✵ ➻ ✷✹ ✄ ✹ ✓✕❱❀ ♦✕✕ ❋✔❣✳ ëö✪÷✳ ❲✕ ✛★✕✗✕❢✢✗✕

✔♥✛✕✗ç✗✕✛ ✒✖✖ ✛★✕♦✕ ç✕✒✬♦ ✒♦ ★✒✗✓✢♥✔✧♦ ✢❢ ✒ ✪✢♦✢♥✔✧ ✓✢✣✕✁✵
✔♥♦✛✕✒✣ ✢❢ ✔♥✣✕ç✕♥✣✕♥✛ ✕ÿ✧✔✛✒✛✔✢♥♦✳ ❲★✕♥ è✕ ✧★✕✧✬ ❢✢✗ ✛★✕

♦✔✜✕ ✢❢ ❊❣�✂ ✒✧✗✢♦♦ ✒✖✖ ✔♥✈✕♦✛✔❣✒✛✕✣ ♦ç✕✧✛✗✒✘ ♦✕✕ ❋✔❣✳ ëö✧÷✘

è✕ ❢✔♥✣ ✧✢♥♦✔✣✕✗✒✪✖✦ ✓✢✗✕ ❢✖✙✧✛✙✒✛✔✢♥♦ ✛★✒♥ ❢✢✗ ✛★✕ ç✕✒✬

♦ç✒✧✔♥❣✳ ✥★✕ ✣✔♦✛✗✔✪✙✛✔✢♥ ✣✢✕♦ ★✒✈✕ ✒ ✓✒✗✬✕✣ ç✕✒✬✘ è★✔✧★

❢✔✛✛✕✣ è✔✛★ ✒ ●✒✙♦♦✔✒♥ ❣✔✈✕♦ ❊❣�✂ ➻ ✹✶✄ ✼ ✓✕❱✳

❲✕ ★✒✈✕ ✧★✕✧✬✕✣ ✔♥ ❋✔❣✳ ëö✣÷ ✛★✒✛ ✛★✕✗✕ ✔♦ ♥✢ ✣✕ç✕♥✣✕♥✧✕

✢❢ ✁✵ ✢♥ ✛★✕ ♦✔✜✕ ✢❢ ✛★✕ ✧✢★✕✗✕♥✛ ✔♦✖✒♥✣✳ ✩✔♥✧✕ ✛★✕ ❣✗✒✔♥

✪✢✙♥✣✒✗✔✕♦ ✛★✒✛ ✣✔✈✔✣✕ ✛★✕ ✣✔❢❢✕✗✕♥✛ ✗✕❣✔✢♥♦ ✢❢ ✛★✕ ✫✢✩í
✔♦✖✒♥✣♦ ✒✗✕ ✧★✒✗❣✕✣ ✗✕✖✒✛✔✈✕ ✛✢ ✛★✕✔✗ ♦✙✗✗✢✙♥✣✔♥❣♦✘ ✪✒♥✣

✪✕♥✣✔♥❣ ✕❢❢✕✧✛♦ ✛✒✬✕ ç✖✒✧✕ ç✕✗ç✕♥✣✔✧✙✖✒✗ ✛✢ ✛★✕✓✘ ✔♦✢✖✒✛✔♥❣

➳✌✍➠ ➁➠ ➭➈➐➈❾➇➈❾❽➐➎ ➐➓➐➎↔➇❾➇ ➛➝ ➍❼➐➲➥➀❾➍ ➝❼➐➈➄➌❼➇ ❾➓ ➀✓❂➀✔ ➇➍❼❽➈➌➐➠ ❺➐↕➢❺➔↕ ❍❾➇➈➛➅➌➐➞➇ ➛➝ ➁➣✷➏ ➀✓❂➀✔ ➇➍❼❽➈➌➐ ➐❽➜➄❾➌❼➀ ➛➓ ➀❾➝➝❼➌❼➓➈

➎➛❽➐➈❾➛➓➇➢ ➐➈ ➀❾➝➝❼➌❼➓➈ ➈❼➞➍❼➌➐➈➄➌❼➇ ❺➉➠➊➊✻➠➏ ❑↕ ➐➓➀ ➛➓ ➫➛➭➯ ➐➌❼➐➇ ➛➝ ➀❾➝➝❼➌❼➓➈ ➇❾➧❼➇➢ ➄➇❾➓➅ ➀❾➝➝❼➌❼➓➈ ➇➐➞➍➎❼➇ ❬➞➄➎➈❾➍➎❼

➫➛➭➯❂✍➌❂✎➄❂✌➌✑✶✶✶✒ ➇➐➞➍➎❼➇ ➐➓➀ ➛➓❼ ➫➛➭➯❂✍➌❂➵➇❂✌➌✑✶✶✶✒ ➇➐➞➍➎❼s ➐➓➀ ➈❾➍➇ ❺➃➄ ➐➓➀ ➙➈✌➌↕➠ ✌➓ ❺➐↕ ➈→❼ ➍❼➐➲ ➎➛❽➐➈❾➛➓➇ ➐➌❼ ➍➎➛➈➈❼➀➠

➡➛ ➐➓➐➎↔➧❼ ➈→❼ ➀➐➈➐➢ ➈→❼ ➀✓❂➀✔ ➇➍❼❽➈➌➐ ➟❼➌❼ ➇➞➛➛➈→❼➀ ➐➓➀ ➓➛➌➞➐➎❾➧❼➀➠ ➡→❼ ❾➓➇❼➈ ❾➓ ❺➐↕ ➇→➛➟➇ ➐ ➀✓❂➀✔ ➇➍❼❽➈➌➄➞ ➐➝➈❼➌ ➈→❾➇ ➍➌➛❽❼➀➄➌❼➢

➟❾➈→ ➈→❼ ➎➛❽➐➈❾➛➓➇ ➛➝ ➍❼➐➲➇ ➝➛➄➓➀ ➔↔ ➐ ➍❼➐➲ ➝❾➓➀❾➓➅ ➐➎➅➛➌❾➈→➞ ➞➐➌➲❼➀➠ ✌➓ ❺➔↕ ➈→❼ ❼➓❼➌➅❼➈❾❽ ➀❾➇➈➐➓❽❼➇ ➔❼➈➟❼❼➓ ➓❼❾➅→➔➛➌❾➓➅ ➍❼➐➲➇

❺❼➤❽❼➍➈❾➓➅ ➈→❼ ➍❼➐➲➇ ❽➎➛➇❼➇➈ ➈➛ ➈→❼ ➳❼➌➞❾ ➎❼❿❼➎↕ ➐➌❼ ➍➎➛➈➈❼➀➠ ➃ ✍➐➄➇➇❾➐➓ ➝❾➈ ➈➛ ➈→❼ ➍❼➐➲ ↔❾❼➎➀➇ ☎✆ ➻ ✚✝ ✞ ✝ ➞❼❡➠ ❺❽↕ ❍❾➇➈➛➅➌➐➞ ➛➝ ➈→❼

➀❾➇➈➌❾➔➄➈❾➛➓ ➛➝ ➈→❼ ❼➓❼➌➅❼➈❾❽ ➀❾➇➈➐➓❽❼ ➔❼➈➟❼❼➓ ➈→❼ ➝❾➌➇➈ ➍❼➐➲➇ ➛➓ ❼❾➈→❼➌ ➇❾➀❼ ➛➝ ➈→❼ ➳❼➌➞❾ ➎❼❿❼➎➠ ➃ ✍➐➄➇➇❾➐➓ ➝❾➈ ➈➛ ➈→❼ ➍❼➐➲ ↔❾❼➎➀➇

❊✟✠✡ ➻ ✝✶✞ ✢ ➞❼❡➠ ❺➀↕ ➃❿❼➌➐➅❼ ➀❾➇➈➐➓❽❼ ➔❼➈➟❼❼➓ ➓❼❾➅→➔➛➌❾➓➅ ➍❼➐➲➇ ☎✆ ➝➛➌ ➇➍❼❽➈➌➐ ➈➐➲❼➓ ➛➓ ➫➛➭➯ ❾➇➎➐➓➀➇ ➛➝ ➀❾➝➝❼➌❼➓➈ ➇❾➧❼➇➠ ➡→❼

❾➇➎➐➓➀ ➇❾➧❼ ❾➇ ➈→❼ ❽➛→❼➌❼➓➈ ❾➇➎➐➓➀ ➐➌❼➐ ➈➐➲❾➓➅ ❾➓➈➛ ➐❽❽➛➄➓➈ ❼➀➅❼➇➢ ➅➌➐❾➓ ➔➛➄➓➀➐➌❾❼➇➢ ➐➓➀ ❽➛➓➇➈➌❾❽➈❾➛➓➇ ➇➞➐➎➎❼➌ ➈→➐➓ ➂➉ ➓➞➠ ➡→❼ ➇→➐➀❼➀ ➐➌❼➐

➌❼➍➌❼➇❼➓➈➇ ☎✆ ➻ ✚✝ ✞ ✝ ➞❼❡➠

■◆❊▲❆✩✥■❈ ✥❚◆◆❊▲■◆● ■◆✥❖ ✫❚▲✥■P❖▲❆❘❖◆■❈ ✭❖❚◆❇ ❹ Pó❨✩✳ ❘❊❱✳ ❳ ✥✦✧ ✷îê✷î✷ öë✷ëõ÷

✷îê✷î✷æî



✛★✕ ✣✔❢❢✕✗✕♥✛ ç✒✗✛♦ ✢❢ ✛★✕ ♦✛✗✙✧✛✙✗✕ ❢✗✢✓ ✢♥✕ ✒♥✢✛★✕✗ éëðì✳

✥★✕ ♦✒✓ç✖✕ ✔♦ ✛★✙♦ ✧✢✓ç✢♦✕✣ ✢❢ ✓✒♥✦ ✒✗✕✒♦ ✢❢ ✣✔❢❢✕✗✔♥❣

♦✔✜✕✘ ✒✖✖ ✢❢ è★✔✧★ ♦★✢è ✛★✕ ♦✒✓✕ ç✕✒✬ ♦ç✒✧✔♥❣ ✁✵✘ ✕♥♦✙✗✔♥❣

✛★✒✛ ✛★✕ ç✕✒✬æ✣✔ç ❢✕✒✛✙✗✕♦ ✒✗✕ ♥✢✛ ✗✕✖✒✛✕✣ ✛✢ ✒✗✕✒æ✣✕ç✕♥✣✕♥✛

✕❢❢✕✧✛♦ ✖✔✬✕ ✧✢♥❢✔♥✕✓✕♥✛✳ ✥★✕ ç✕✒✬♦ ✒✗✕ ✒✖♦✢ ✔♥✣✕ç✕♥✣✕♥✛ ✢❢

ñ✙✒♦✔ç✒✗✛✔✧✖✕ ♦✧✒✛✛✕✗✔♥❣ ✕❢❢✕✧✛♦ è✔✛★✔♥ ✛★✕ ✓✕✛✒✖✖✔✧ ✫✢✩í
✪✒♥✣❀ ♦✕✕ ❆çç✕♥✣✔ÿ ❇✳

❇Þ ❘❊❊✞❙t ☛❊ ❙❝✂✡✆✞ ☎✄❝☛✐☛✆✞✄✞☎t☎✞s

❲★✔✖✕ ✛★✕ ✗✕✖✒✛✔✈✕ ✕♥✕✗❣✦ ♦ç✒✧✔♥❣ ✢❢ ✛★✕ ç✕✒✬♦ ✔♦ ✖✢✧✒✖✖✦

✗✕ç✗✢✣✙✧✔✪✖✕✘ ✛★✕✔✗ ✒✪♦✢✖✙✛✕ ✕♥✕✗❣✕✛✔✧ ç✢♦✔✛✔✢♥♦ ✈✒✗✦

✣✕ç✕♥✣✔♥❣ ✢♥ ✛★✕ ✖✢✧✒✛✔✢♥ ✢❢ ✣✒✛✒ ✒✧ñ✙✔♦✔✛✔✢♥✳ ✥★✕♦✕

✈✒✗✔✒✛✔✢♥♦ ✒✗✕ ✕♦ç✕✧✔✒✖✖✦ ç✗✢♥✢✙♥✧✕✣ ✧✖✢♦✕ ✛✢ ✧★✒✗❣✕

✔♥★✢✓✢❣✕♥✕✔✛✔✕♦✳ ✥✢ ✈✔♦✙✒✖✔✜✕ ✛★✔♦ ❢✔♥✣✔♥❣✘ è✕ ✓✕✒♦✙✗✕

✣■❂✣❱ ♦ç✕✧✛✗✒ ✢♥ ✓✕✛✒✖✖✔✧ ✫✢✩í è✔✛★ ✒✣✣✔✛✔✢♥✒✖ ❈♦ ✒✛✢✓♦

✒✣♦✢✗✪✕✣ ✢♥ ✛✢ç✘ ♦★✢è♥ ✔♥ ❋✔❣✳ îö✒÷✳ ✥★✕ ❈♦ ✒✣✒✛✢✓♦ ✒✗✕

✔✓✒❣✕✣ è✔✛★ ✛★✕ ✩✥✫ ✒♦ ✪✗✔❣★✛ ♦ç✢✛♦✘ è★✔✧★ ✒✗✕ ç✗✕❢✕✗æ

✕♥✛✔✒✖✖✦ ✣✕✧✢✗✒✛✔♥❣ ✛★✕ ✔♦✖✒♥✣ ✕✣❣✕♦ ✒♥✣ ❣✗✒✔♥ ✪✢✙♥✣✒✗✔✕♦✳

✭✕✧✒✙♦✕ ✢❢ ✛★✕ ♦✓✒✖✖ ✕✖✕✧✛✗✢♥✕❣✒✛✔✈✔✛✦ ✢❢ ❈♦✘ ✛★✕ ✒✣✒✛✢✓♦

✣✢♥✒✛✕ ✕✖✕✧✛✗✢♥♦ ✛✢ ✛★✕✔✗ ✕♥✈✔✗✢♥✓✕♥✛✘ ♥æ✣✢ç✕✣ ✫✢✩í✳ ❈♦ ✔♦

✒✖♦✢ ✔♥✛✕✗✧✒✖✒✛✕✣ ✪✕✛è✕✕♥ ❣✗✒ç★✕♥✕ ✒♥✣ ■✗öêêê÷ ✛✢ ❢✙✗✛★✕✗

✕♥♦✙✗✕ ✛★✒✛✫✢✩í ✔♦✓✕✛✒✖✖✔✧❀ ♦✕✕❆çç✕♥✣✔ÿ ❊✳ ✥✒✬✔♥❣ ✒ ♦✕✗✔✕♦

✢❢ ✣■❂✣❱ ♦ç✕✧✛✗✒ ✒✖✢♥❣ ✛★✕ ✖✔♥✕ ✣✗✒è♥ ✔♥ ❋✔❣✳ îö✒÷✘ è✕ ✧✒♥

✛✗✒✧✬ ✛★✕ ✪✕★✒✈✔✢✗ ✢❢ ✛★✕ ç✕✒✬æ✣✔ç ❢✕✒✛✙✗✕♦ ✒♦ ✛★✕ ✛✔ç ✓✢✈✕♦

✛✢è✒✗✣ ✛★✕ ✔♦✖✒♥✣ ✕✣❣✕✳ ✥★✕ ♦ç✕✧✛✗✒ ✒✗✕ ç✖✢✛✛✕✣ ✔♥ ❋✔❣✳ îö✪÷✳

✥★✕ ç✕✒✬♦ ✒✗✕ ♦✕✕♥ ✛✢ ✪✕♥✣ ✧✢✖✖✕✧✛✔✈✕✖✦ ✙çè✒✗✣ ♥✕✒✗ ✛★✕ ✕✣❣✕

✢❢ ✛★✕ ✔♦✖✒♥✣ ✔♥ ✒ ✗✒♥❣✕ ✢❢ ê✳ø ♥✓✘ è★✔✖✕ ♥✢✛ ✧✗✢♦♦✔♥❣ ✛★✕

❋✕✗✓✔ ✕♥✕✗❣✦ ✒♥✣ ✛★✙♦ ✗✕✛✒✔♥✔♥❣ ✒ ❢✔♥✔✛✕ ❣✒ç ❊❣�✂✳

✥★✕ ✪✕★✒✈✔✢✗ ✔♥ ✧✖✢♦✕ ✈✔✧✔♥✔✛✦ ✛✢ ✗✒♥✣✢✓✖✦ ç✖✒✧✕✣ ❈♦

✒✛✢✓♦ ✢♥ ✛★✕ ✫✢✩í ✔♦✖✒♥✣♦ ✔♦ ❢✢✙♥✣ ✛✢ ✪✕ ✓✢✗✕ ✧✢✓ç✖✕ÿ✘

♦✕✕ ❆çç✕♥✣✔ÿ ❋✘ ✖✔✬✕✖✦ ✣✙✕ ✛✢ ✛★✕ ✔♥★✢✓✢❣✕♥✕✢✙♦ ✕✖✕✧✛✗✢æ

♦✛✒✛✔✧ ✕♥✈✔✗✢♥✓✕♥✛ ✛★✕✗✕✳

åÞ ▼☛�✞✟☎✄✆ ☎✄✞✟✂st☎❙ t✝✄✄✞✟☎✄✆ ✠✡☛❙✞ss✞s

●✔✈✕♥ ✛★✕ ✕ÿç✕✗✔✓✕♥✛✒✖ ✕✈✔✣✕♥✧✕✘ è✕ ✧✒♥ ✧✢♥✧✖✙✣✕ ✛★✒✛

✛✙♥♥✕✖✔♥❣ ✔♥ ✓✕✛✒✖✖✔✧ ✩▲ ✫✢✩í ✔♦ ♦✛✗✢♥❣✖✦ ✒❢❢✕✧✛✕✣ ✪✦ ✛★✕

✕ÿ✔♦✛✕♥✧✕ ✢❢ ✒ ✪✢♦✢♥✔✧ ✓✢✣✕ ✢❢ ✕♥✕✗❣✦ ✁✵ ➻ ✷✹✄ ✹ ✓✕❱✘

✖✕✒✣✔♥❣ ✛✢ ç✗✢♥✢✙♥✧✕✣ ♦✒✛✕✖✖✔✛✕ ç✕✒✬♦ ✔♥ ✛✙♥♥✕✖✔♥❣ ♦ç✕✧✛✗✒✳

✩✔♥✧✕ ✩▲ ✫✢✩í ★✢♦✛♦ ✓✙✖✛✔ç✖✕ ❢✖✒✛ ç★✢♥✢♥ ✪✒♥✣♦ ♥✕✒✗ ✛★✕

✕✣❣✕♦ ✢❢ ✔✛♦ ✭✗✔✖✖✢✙✔♥ ✜✢♥✕✘ è✔✛★ ✕♥✕✗❣✔✕♦ ✢❢ ë✷ïî✷ ✓✕❱

éë❬ì✘ ✛★✕ ✪✢♦✢♥✔✧ ✓✢✣✕ ✁✵ ✔♦ ✖✔✬✕✖✦ ✒ ç★✢♥✢♥✳ ❲★✔✖✕ ✛★✕

♦✒✛✕✖✖✔✛✕♦ ✒✗✕ ç✔♥♥✕✣ ✛✢ ✛★✕ ç✕✒✬♦ ✁✂ ✣✕❢✔♥✔♥❣ ❊❣�✂✘ ✛★✕ ✖✒✛✛✕✗

✔♦ ❢✢✙♥✣ ✛✢ ✧✢♥✛✔♥✙✢✙♦✖✦ ♦★✔❢✛ ✙ç ✢✗ ✣✢è♥ ✔♥ ✕♥✕✗❣✦ ✗✕✖✒✛✔✈✕

✛✢ ✛★✕ ❋✕✗✓✔ ✕♥✕✗❣✦✘ ✣✕ç✕♥✣✔♥❣ ✢♥ ✛★✕ ✕✖✕✧✛✗✢♦✛✒✛✔✧ ✕♥✈✔æ

✗✢♥✓✕♥✛✳ ✥★✕♦✕ ✢✪♦✕✗✈✒✛✔✢♥♦ ç✢✔♥✛ ✛✢è✒✗✣ ✒♥ ✔♥✕✖✒♦✛✔✧

✛✙♥♥✕✖✔♥❣ ç✗✢✧✕♦♦ ❢✢✗ ✛★✕ ♦✒✛✕✖✖✔✛✕♦✘ è★✔✖✕ ❊❣�✂ ♦✕✕✓♦ ✗✕✖✒✛✕✣

✛✢ ✒♥ ✔♥✛✗✔♥♦✔✧ ç✗✢ç✕✗✛✦ ✢❢ ✓✕✛✒✖✖✔✧ ✫✢✩í✳

■♥✕✖✒♦✛✔✧ ✛✙♥♥✕✖✔♥❣ ç✗✢✧✕♦♦✕♦ ✧✒♥ ✖✕✒✣ ✛✢ ✧★✒✗✒✧✛✕✗✔♦✛✔✧

♦✒✛✕✖✖✔✛✕♦ ✔♥ ✣■❂✣❱ è★✕♥ ✕✖✕✧✛✗✢♥♦ ✛✙♥♥✕✖✔♥❣ ✛★✗✢✙❣★ ✒

✖✢✧✒✖✔✜✕✣ ✖✕✈✕✖ ✕ÿç✕✗✔✕♥✧✕ ♦✛✗✢♥❣ ✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✧✢✙æ

ç✖✔♥❣✳ ✥★✔♦ ★✒♦ ✪✕✕♥ ✕♦✛✒✪✖✔♦★✕✣ ❢✢✗ ✩✥✫ ❥✙♥✧✛✔✢♥♦ ✔♥

ê❇ ✒♥✣ ✷❇ ♦✦♦✛✕✓♦ éî✷ïîëì✘ ✔♥ ç✒✗✛✔✧✙✖✒✗ ❢✢✗ ✓✢✖✕✧✙✖✕♦ ✢♥

♦✙✗❢✒✧✕♦ éîîïîõì ✒♥✣ ✔♥ ✛✙♥♥✕✖✔♥❣ ✣✕✈✔✧✕♦ ✪✒♦✕✣ ✢♥ ♦✕✓✔æ

✧✢♥✣✙✧✛✢✗ ñ✙✒♥✛✙✓ è✕✖✖♦ éîøì✳ ■♥ ✛★✕♦✕ ♦✦♦✛✕✓♦✘ ✒ ♦✕✗✔✕♦

✢❢ ✗✕♦✢♥✒♥✛ ç✕✒✬♦ ♦ç✒✧✕✣ ✪✦ ✛★✕ ✕♥✕✗❣✦ ✢❢ ✛★✕ ✈✔✪✗✢♥✔✧

✓✢✣✕ ✒✗✕ ✢✪♦✕✗✈✕✣ ✔♥ ✧✢♥✣✙✧✛✒♥✧✕ ♦ç✕✧✛✗✒✘ ✔♥ ✧✖✢♦✕

✗✕♦✕✓✪✖✒♥✧✕ ✛✢ ✢✙✗ ✢✪♦✕✗✈✒✛✔✢♥♦✳ ✥✢ ✢✪✛✒✔♥ ✔♥❢✢✗✓✒✛✔✢♥

✗✕✖✒✛✕✣ ✛✢ ✛★✕♦✕ ✔♥✕✖✒♦✛✔✧ ✛✙♥♥✕✖✔♥❣ ç✗✢✧✕♦♦✕♦✘ è✕ ❢✔✛ ✢✙✗

ç✕✒✬æ✣✔ç ❢✕✒✛✙✗✕♦ ✛✢ ✛★✕ ✓✒♥✦æ✪✢✣✦ ♦ç✕✧✛✗✒✖ ❢✙♥✧✛✔✢♥ ✢❢ ✒

✣✔♦✧✗✕✛✕ ✕✖✕✧✛✗✢♥✔✧ ♦✛✒✛✕ è✔✛★ ✕♥✕✗❣✦ ✁✂ ✧✢✙ç✖✕✣ ✛✢ ✒

✪✢♦✢♥✔✧ ç★✢♥✢♥ ✓✢✣✕ ✁✵ éëò✘îðì✿

❆ð✄Þ ➻ ✷☎

❳✆

❧➻✶

✝✞

❡❾❙✟
✠❧✂

✡✦

☛

☞ð✌✄ ❾ ✁✂ ✍ ✁✵✡Þ

✎

✏ ðêÞ

➳✌✍➠ ✷➠ ➡➄➓➓❼➎❾➓➅ ➈→➌➛➄➅→ ➎➛❽➐➎❾➧❼➀ ➍➛➎➐➌➛➓❾❽ ➇➈➐➈❼➇➠ ❺➐↕ ➭➡➫ ❾➞➐➅❼ ➛➝ ➐➓ ➭✏➫➛➭➯ ❾➇➎➐➓➀ ➛➓ ✍➌❂➵➇❂✌➌✑✶✶✶✒➠ ➃➀➇➛➌➔❼➀ ➵➇ ➐➈➛➞➇ ➐➌❼

❿❾➇❾➔➎❼ ➛➓ ➈→❼ ❾➇➎➐➓➀➢ ➅➌➐❾➓ ➔➛➄➓➀➐➌❾❼➇➢ ➐➓➀ ❼➀➅❼➇ ➐➇ ➔➌❾➅→➈ ➀➛➈➇➠ ❺➔↕ ➀✓❂➀✔ ➇➍❼❽➈➌➐ ➈➐➲❼➓ ➐➎➛➓➅ ➈→❼ ➛➌➐➓➅❼ ➐➌➌➛➟ ❾➓ ❺➐↕➢ ➟❾➈→ ① ➻ ✕ ➓➞

❽➛➌➌❼➇➍➛➓➀❾➓➅ ➈➛ ➈→❼ ➇➍❼❽➈➌➄➞ ❽➎➛➇❼➇➈ ➈➛ ➈→❼ ❼➀➅❼➠ ➭➍❼❽➈➌➐ ➐➌❼ ➛➝➝➇❼➈ ➝➛➌ ❽➎➐➌❾➈↔➠ ❺❽↕ ✏➛➟➥➔❾➐➇ ➀✓❂➀✔❂✑✓❂✔✒ ➇➍❼❽➈➌➄➞ ➟❾➈→ ➍❼➐➲➇ ➐➔➛❿❼

➐➓➀ ➔❼➎➛➟ ➈→❼ ➳❼➌➞❾ ➎❼❿❼➎ ❺➍➄➌➍➎❼ ➀➛➈➇↕➠ ➃ ➝❾➈ ➔➐➇❼➀ ➛➓ ❻❼➝➠ ❬➁❬s ❾➇ ➇→➛➟➓ ➐➇ ➐➓ ➛➌➐➓➅❼ ➎❾➓❼➠ ➳❾➈➈❾➓➅ ➍➐➌➐➞❼➈❼➌➇❛ ➈→❼ ❍➄➐➓➅➥❻→↔➇ ➝➐❽➈➛➌

✑✒ ➻ ✶ ❺✑þ ➻ ✶➠✝↕ ➝➛➌ ➈→❼ ➌❼➇➛➓➐➓❽❼➇ ❾➓ ➈→❼ ➛❽❽➄➍❾❼➀ ❺➄➓➛❽❽➄➍❾❼➀↕ ➇➈➐➈❼➇➢ ➈→❼ ➍→➛➓➛➓ ❼➓❼➌➅↔☎ ➻ ✚✢ ➞❼❡➢ ➈→❼ ➎➛❽➐➈❾➛➓ ➛➝ ➈→❼ ➍➛➎➐➌➛➓❾❽

➇➈➐➈❼ ✓ ➻ ✞✚✚ ➞❼❡➢ ➈→❼ ➝➄➎➎ ➟❾➀➈→ ➐➈ →➐➎➝ ➞➐➤❾➞➄➞ ➛➝ ➈→❼ ➇➈➐➈❼➇ ✔ ➻ ✢ ➞❼❡➢ ✕ ✖ ✶✕➠ ➃ ➎❾➓❼➐➌ ➛➝➝➇❼➈ ❾➇ ❾➓❽➎➄➀❼➀ ➈➛ ➐❽❽➛➄➓➈ ➝➛➌ ❺❾➓❼➎➐➇➈❾❽↕

➈➄➓➓❼➎❾➓➅ ➍➌➛❽❼➇➇❼➇ ➈→➐➈ ❾➓❿➛➎❿❼ ➈→❼ ➫➛➭➯ ➔➐➓➀➠ ➭➡➫ ➛➌ ➭➡➭ ➍➐➌➐➞❼➈❼➌➇❛ ❺➐↕ ✝✕ ✖ ✸✸ ➓➞➯➢ ✔✗✘✙ ➻ ✶➠✕ ❡➢ ✓✗✘✙ ➻ ✶✕✕ ➍➃➋ ❺➔↕➢❺❽↕

✔✗✘✙ ➻ ✶✕✕ ➞❡➢ ✓✗✘✙ ➻ ✶➠✶ ➓➃➢ ✔♠✛✜ ➻ ✚ ➞❡➢ ❢♠✛✜ ➻ ✽✢✢ ❍➧➠

❈❆✫■❊▲ ❱❆◆ ❊❋❋❊❘❊◆ ✣ý ù❛✤ Pó❨✩✳ ❘❊❱✳ ❳ ✥✦✧ ✷îê✷î✷ öë✷ëõ÷

✷îê✷î✷æô



❋✗✢✓ ✛★✕ ❢✔✛ è✕ ✢✪✛✒✔♥ ✛★✕ ó✙✒♥❣æ❘★✦♦ ❢✒✧✛✢✗ ✠✂✘ è★✔✧★

✔♦ ✗✕✖✒✛✕✣ ✛✢ ✛★✕ ✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✧✢✙ç✖✔♥❣ ♦✛✗✕♥❣✛★ ❣ ➻
✝✝✝✝✝✝
✠✂

♣
✁✵ ✒♥✣ ✡ ✪✕✔♥❣ ✒♥ ✔♥✛✕❣✕✗✳ ❲✕ ✢✪✛✒✔♥ ó✙✒♥❣æ❘★✦♦

❢✒✧✛✢✗♦ ✢❢ ✠❾ ➻ ✶ ✒♥✣ ✠þ ➻ ✶✳✹ ❢✢✗ ✛★✕ ✗✕♦✢♥✒♥✧✕♦ ✔♥ ✛★✕

✢✧✧✙ç✔✕✣ ✒♥✣ ✙♥✢✧✧✙ç✔✕✣ ♦✛✒✛✕♦ ✢❢ ✛★✕ ♦ç✕✧✛✗✙✓ ✔♥ ❋✔❣✳ îö✧÷✘

✗✕♦ç✕✧✛✔✈✕✖✦✳ ❲✕ ❢✔♥✣ ✒ ✗✒♥❣✕ ✢❢ ✠✂ ➻ ✶➊✸✘ ✙♦✔♥❣ ♦✕✈✕✗✒✖

✗✕ç✗✕♦✕♥✛✒✛✔✈✕ ♦ç✕✧✛✗✒❀ ♦✕✕ ❆çç✕♥✣✔ÿ ●✳ ✥★✢✙❣★ ✛★✕✓✢✣✕✖ ✔♦

✒✪✖✕ ✛✢ ✒✣✕ñ✙✒✛✕✖✦ ✣✕♦✧✗✔✪✕ ✛★✕ ✕ÿç✕✗✔✓✕♥✛✒✖ ♦ç✕✧✛✗✒ ✒♥✣

ç✢✔♥✛♦ ✛✢ ♦✛✗✢♥❣ ✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✧✢✙ç✖✔♥❣ ✔♥✈✢✖✈✔♥❣ ✒ è✕✖✖æ

✣✕❢✔♥✕✣ ✓✢✣✕ ✁✵✘ ✔✛ ✣✢✕♦ ♥✢✛ ç✗✢✈✔✣✕ ✒♥ ✕ÿç✖✒♥✒✛✔✢♥ ❢✢✗ ✛★✕

✢✗✔❣✔♥ ✢❢ ✛★✕ ✕♥✕✗❣✦ ♦✛✒✛✕♦ ✁✂ ✒✗✢✙♥✣ ❊❋✘ ♥✢✗ è★✦ ✒ ♦✔♥❣✖✕

ç★✢♥✢♥ ✕♥✕✗❣✦ ✔♦ ✣✢✓✔♥✒✛✔♥❣ ✔♥ ✛★✕ ✕ÿç✕✗✔✓✕♥✛✒✖ ♦ç✕✧✛✗✙✓✳

ãÞ P☛✟✂✡☛✄☎❙ �✞❊☛✡✐✂t☎☛✄s ☎✄ ✐✞t✂✟✟☎❙ ▼�✁✷

✥✢ ✙♥✈✕✔✖ ✛★✕ ✢✗✔❣✔♥ ✢❢ ✛★✕ ç✗✢♥✢✙♥✧✕✣ ç✕✒✬æ✣✔ç ❢✕✒✛✙✗✕♦

✢✪♦✕✗✈✕✣ ✔♥ ✩✥✩✘ è✕ ç✕✗❢✢✗✓✕✣ ✒ ✛★✕✢✗✕✛✔✧✒✖ ✒♥✒✖✦♦✔♦

✧✢✓✪✔♥✔♥❣ ✣✕♥♦✔✛✦ ❢✙♥✧✛✔✢♥✒✖ ✛★✕✢✗✦ ö❇❋✥÷ ✒♥✣ ✣✕♥♦✔✛✦

❢✙♥✧✛✔✢♥✒✖ ç✕✗✛✙✗✪✒✛✔✢♥ ✛★✕✢✗✦ ö❇❋P✥÷ è✔✛★ ✒ ✗✕✧✕♥✛✖✦

✣✕✈✕✖✢ç✕✣ ùú ûüûýûþ ✕✖✕✧✛✗✢♥æ✖✒✛✛✔✧✕ ✣✢è♥❢✢✖✣✔♥❣ ✛✕✧★♥✔ñ✙✕

è★✔✧★ ❢✒✧✔✖✔✛✒✛✕♦ ✗✕✖✒ÿ✒✛✔✢♥♦ ✢❢ ✖✒✗❣✕ ♦✙ç✕✗✧✕✖✖♦ éëôì ö♦✕✕

❆çç✕♥✣✔ÿ ✭ ❢✢✗ ✓✢✗✕ ✔♥❢✢✗✓✒✛✔✢♥÷ ✒♥✣ ✧✢✓ç✒✗✕✣ ✛✢ ✛★✕

♦✧✕♥✒✗✔✢♦ ç✙✛ ❢✢✗è✒✗✣ ✔♥ ❘✕❢♦✳ éêø✘êðì✳

✥★✕ ❆❘P❊✩ ♦✛✙✣✦ ✢❢ ❘✕❢✳ éêøì ✗✕✈✕✒✖✕✣ ✣✔çæç✕✒✬

❢✕✒✛✙✗✕♦ ✔♥ ✛★✕ ç★✢✛✢✕✓✔♦♦✔✢♥ ♦ç✕✧✛✗✒✖ ❢✙♥✧✛✔✢♥✘ ✛★✒✛ è✕✗✕

✕ÿç✖✒✔♥✕✣ ✔♥ ❘✕❢✳ éêðì ✒♦ ❋✒♥æ✫✔❣✣✒✖ ♦✕✖❢æ✕♥✕✗❣✦ ✕❢❢✕✧✛♦

♦✛✕✓✓✔♥❣ ❢✗✢✓ ♦✧✒✛✛✕✗✔♥❣ ✢❢ ✕✖✕✧✛✗✢♥♦ ✪✕✛è✕✕♥ ❑ ✒♥✣◗✵ ✒♦

è✕✖✖ ✒♦ ❑✵ ✒♥✣ ◗ ✈✒✖✖✕✦♦✳ ❋✢✖✖✢è✔♥❣ ✛★✔♦ ✔✣✕✒✘ è✕ ✧✒✖✧✙✖✒✛✕

✛★✕ ❋✒♥æ✫✔❣✣✒✖ ♦✕✖❢æ✕♥✕✗❣✦ ✒♥✣ ♦★✢è ✛★✕ ✗✕♦✙✖✛✔♥❣ ✕✖✕✧æ

✛✗✢♥✔✧ ♦ç✕✧✛✗✒✖ ❢✙♥✧✛✔✢♥ ❢✢✗ ✛★✕ ♦✦♦✛✕✓ ✒✛ ★✒♥✣ ✔♥

❆çç✕♥✣✔ÿ ó✳ ❋✢✗ ✒ ❋✕✗✓✔ ✖✕✈✕✖ ♦✙✧★ ✛★✒✛ ❑ ✒♥✣ ◗ ✈✒✖✖✕✦♦

✢❢ ✛★✕ ✩▲ ✫✢✩í ✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✒✗✕ ✢✧✧✙ç✔✕✣✘ è✕ ❢✔♥✣

✬✔♥✬♦ ✒♥✣ ❣✒ç♦ ✔♥ ✛★✕ ♦ç✕✧✛✗✒✖ ❢✙♥✧✛✔✢♥✘ ✈✕✗✦ ♦✔✓✔✖✒✗ ✛✢

❘✕❢✳ éêðì✳ ó✢è✕✈✕✗✘ ✢✙✗ ✩✥✩ ✕ÿç✕✗✔✓✕♥✛♦ ö♦✕✕ ❋✔❣✳ ê÷ ✖✢✧✒✛✕

✛★✕ ◗ ✈✒✖✖✕✦ ✆✶✺� ✓✕❱ ✒✪✢✈✕ ✛★✕ ❋✕✗✓✔ ✖✕✈✕✖✳ ■♥ ✛★✔♦

♦✔✛✙✒✛✔✢♥✘ ✛★✕ ❣✒ç♦ ✔♥ ✛★✕ ✕✖✕✧✛✗✢♥✔✧ ♦ç✕✧✛✗✒✖ ❢✙♥✧✛✔✢♥

✣✔♦✒çç✕✒✗❀ ♦✕✕ ❆çç✕♥✣✔ÿ ó✳ ó✕♥✧✕✘ ✛★✕ ç✕✒✬æ✣✔ç ❢✕✒✛✙✗✕♦

♦✕✕♥ ★✕✗✕ ✔♥ ✩✥✩ é❋✔❣♦✳ êö✕÷✘ ë✘ ✒♥✣ îì ✒✗✕ ♥✢✛ ✕ÿç✖✔✧✒✪✖✕ ✪✦

✛★✕ ❋✒♥æ✫✔❣✣✒✖ ♦✕✖❢æ✕♥✕✗❣✦✳ ✥★✔♦ ç✢✔♥✛♦ ✛✢è✒✗✣ ✛★✕ ç✢♦æ

♦✔✪✔✖✔✛✦ ✛★✒✛ ♦✛✗✢♥❣ ✧✢✙ç✖✔♥❣ ç★✦♦✔✧♦ ✔♦ ✒✛ è✢✗✬✘ ★✕✗✕✳

❖♥✕ ♥✒✛✙✗✒✖ ✕ÿç✖✒♥✒✛✔✢♥✘ ❣✔✈✕♥ ✛★✕ ♦★✒ç✕ ✢❢ ✛★✕ ✩✥✩

♦ç✕✧✛✗✒ ✔♥ ❋✔❣✳ î✘ è✢✙✖✣ ✪✕ ç✢✖✒✗✢♥♦ ✔♥ ✛★✕ ✔♥✛✕✗✓✕✣✔✒✛✕ ✛✢

♦✛✗✢♥❣ ✧✢✙ç✖✔♥❣ ✗✕❣✔✓✕✳ ❲✔✛★✔♥ ✛★✕ ✓✕✒♥æ❢✔✕✖✣ ✒çç✗✢ÿ✔✓✒æ

✛✔✢♥✘ ✛★✕ ç✢✖✒✗✢♥ ✔♦ ✒ ♦✕✖❢æ✧✢♥♦✔♦✛✕♥✛ ✖✢✧✒✖✔✜✒✛✔✢♥ ✢❢ ✒✣✣✔æ

✛✔✢♥✒✖ ✧★✒✗❣✕♦ ✔♥ ✛★✕ ♦✦♦✛✕✓✘ ✒♥✣ ✛★✔♦ ✖✢✧✒✖✔✜✒✛✔✢♥ ✧✒♥ ✪✕

✧✒ç✛✙✗✕✣ ✪✦❇❋✥è★✕♥ ♦✕✖❢æ✔♥✛✕✗✒✧✛✔✢♥ ✕✗✗✢✗♦ ✒✗✕ ✕✖✔✓✔♥✒✛✕✣

éîòì✳ ❖✙✗ ✣✢è♥❢✢✖✣✕✣æ✓✢✣✕✖ ✒çç✗✢✒✧★ ✔♥✧✢✗ç✢✗✒✛✕♦ ❇❋✥

✒♥✣❇❋P✥✘ ✧✖✢♦✕✖✦ ✗✕✖✒✛✕♦ ✛✢ ✛★✕ ✒çç✗✢✒✧★ ✢❢ ❘✕❢✳ éîòì ✔♥ ✛★✕

✧✒♦✕ ✢❢ ✒ ♦✔♥❣✖✕ ✕✖✕✧✛✗✢♥ ✪✕✔♥❣ ✒✣✣✕✣ ✛✢ ✛★✕ ♦✦♦✛✕✓✘ ✒♥✣ ✪✦

✧✢♥♦✛✗✙✧✛✔✢♥ ✧✢♥✛✒✔♥♦ ♥✢ ♦✕✖❢æ✔♥✛✕✗✒✧✛✔✢♥ ✛✕✗✓♦✳

❋✢✗ ✒ ♦✔♥❣✖✕ ✕✖✕✧✛✗✢♥ ✪✕✔♥❣ ✣✢ç✕✣ ✔♥✛✢ ✒♥ ✩▲ ✫✢✩í
♦✙ç✕✗✧✕✖✖ ✙ç ✛✢ ♦✔✜✕♦ ✢❢ ✶✶ × ✶✶✘ è✕ ✣✔✣ ♥✢✛ ❢✔♥✣ ✒ ✖✢✧✒✖✔✜✕✣

ç✢✖✒✗✢♥ ♦✛✒✛✕➋✔♥ ✖✔♥✕ è✔✛★ ❘✕❢✳ éëêì✳ ✥★✕ ♦✔✛✙✒✛✔✢♥

✧★✒♥❣✕♦✘ ★✢è✕✈✕✗✘ è✔✛★ ✓✢✗✕ ✛★✒♥ ✢♥✕ ✕✖✕✧✛✗✢♥ ✪✕✔♥❣

✣✢ç✕✣ ✔♥✛✢ ✛★✕ ♦✙ç✕✗✧✕✖✖✿ ❆✛ ❢✢✙✗ ✢✗ ✓✢✗✕ ✒✣✣✔✛✔✢♥✒✖

✕✖✕✧✛✗✢♥♦ ✔♥ ✒♥ ✶✶ × ✶✶ ♦✙ç✕✗✧✕✖✖✘ è✕ ❢✔♥✣ ✛★✒✛ ♥æ✣✢ç✕✣

✩▲ ✫✢✩í ✔♦ ✙♥♦✛✒✪✖✕ ✛✢è✒✗✣ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ✣✕❢✢✗✓✒✛✔✢♥♦✘

✒♦ ✧✒♥ ✪✕ ♦✕✕♥ ✔♥ ✛★✕ ✗✕✖✒ÿ✕✣ ♦✛✗✙✧✛✙✗✕ ✣✕ç✔✧✛✕✣ ✔♥ ❋✔❣✳ ôö✒÷✳

✥★✕ ♦✛✒✪✔✖✔✛✦ ✢❢ ✛★✕ ✣✕❢✢✗✓✒✛✔✢♥ ✣✕ç✕♥✣♦ ✢♥ ✛★✕ ✒✓✢✙♥✛ ✢❢

✣✢ç✔♥❣ ✔♥ ✛★✕ ♦✦♦✛✕✓❀ ♦✕✕ ❆çç✕♥✣✔ÿ ■✳ ■♥ ❋✔❣✳ ôö✪÷ è✕ ♦★✢è

✛★✕ ✛✢✛✒✖ ✕♥✕✗❣✦ ✒♦ ✒ ❢✙♥✧✛✔✢♥ ✢❢ ✣✔♦ç✖✒✧✕✓✕♥✛ ❢✢✗ ✛★✕

✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ✣✕❢✢✗✓✒✛✔✢♥ ✢❢ ❢✢✙✗ ✒✣✣✔✛✔✢♥✒✖ ✕✖✕✧✛✗✢♥♦ ✔♥

✛★✕ ♦✙ç✕✗✧✕✖✖✘ ✗✕✈✕✒✖✔♥❣ ✒♥ ✕♥✕✗❣✦ ❣✒✔♥ ✢❢ ✙ç ✛✢ ëõ ✓✕❱ ç✕✗

✒✣✣✔✛✔✢♥✒✖ ✕✖✕✧✛✗✢♥ ✔♥ ✛★✕ ♦✙ç✕✗✧✕✖✖✳ ✥★✔♦ ✕♥✕✗❣✦ ❣✒✔♥

✧✢✗✗✕♦ç✢♥✣♦ ✛✢ ✛★✕ ❢✢✗✓✒✛✔✢♥ ✕♥✕✗❣✦ è★✕♥ ✣✢ç✔♥❣ ✧★✒✗❣✕♦

✖✢✧✒✖✔✜✕ éî❬ì✘ ❣✔✈✔♥❣ ✒ ✛✢✛✒✖ ✪✔♥✣✔♥❣ ✕♥✕✗❣✦ ✢❢ ✒✪✢✙✛ ê✷✷✓✕❱

❢✢✗ ✛★✕ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ✣✔♦✛✢✗✛✔✢♥ ♦★✢è♥ ✔♥ ❋✔❣✳ ôö✒÷✳ ✭✕✧✒✙♦✕

✢❢ ✛★✕ ✢✓✔♦♦✔✢♥ ✢❢ ✕ÿç✖✔✧✔✛ ❈✢✙✖✢✓✪ ✔♥✛✕✗✒✧✛✔✢♥♦ ✪✕✛è✕✕♥

✧★✒✗❣✕ ✧✒✗✗✔✕✗♦ ✔♥ ✢✙✗ ✓✢✣✕✖ éëôì✘ ✛★✕ ✗✕♦✙✖✛✔♥❣ ✣✔♦ç✖✒✧✕✓✕♥✛

ç✒✛✛✕✗♥ ✒♦ è✕✖✖ ✒♦ ✛★✕ ✧✢✗✗✕♦ç✢♥✣✔♥❣ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ✪✔♥✣✔♥❣

✕♥✕✗❣✦ ✒✗✕ ♦★✢è♥ ✛✢ ✪✕ ✕♦♦✕♥✛✔✒✖✖✦ ✔♥✣✕ç✕♥✣✕♥✛ ✢❢ ✛★✕

♦✙ç✕✗✧✕✖✖ ♦✔✜✕ ✒♦ ✖✢♥❣ ✒♦ ✛★✕ ✣✔♦ç✖✒✧✕✓✕♥✛ ç✒✛✛✕✗♥ ✧✒♥ ✪✕

✒✧✧✢✓✓✢✣✒✛✕✣ ✔♥ ✛★✕ ♦✙ç✕✗✧✕✖✖❀ ♦✕✕ ❆çç✕♥✣✔ÿ ❏ ❢✢✗ ✧✒✖✧✙æ

✖✒✛✔✢♥♦è✔✛★ ❢✢✙✗ ✒✣✣✔✛✔✢♥✒✖ ✕✖✕✧✛✗✢♥♦ ✢♥♦✙ç✕✗✧✕✖✖ ♦✔✜✕♦✻ × ✻✘

✶✷ × ✶✷✘ ✒♥✣ ✶✶ × ✶✶✳

✥✢ ✙♥✣✕✗♦✛✒♥✣ è★✔✧★ ç★✢♥✢♥♦ ✧✢♥✛✗✔✪✙✛✕ ✛✢ ✛★✕ ✓✙✖✛✔æ

ç✢✖✒✗✢♥✔✧ ✣✕❢✢✗✓✒✛✔✢♥ ❢✢✙♥✣ ✔♥ ✢✙✗ ✖✒✛✛✔✧✕ ✗✕✖✒ÿ✒✛✔✢♥♦✘ è✕

✧✒✖✧✙✖✒✛✕✣ ✛★✕ ♦✛✗✙✧✛✙✗✕ ❢✒✧✛✢✗ ❤✠ðqÞÞ é♦✕✕ ❋✔❣✳ ôö✧÷ì éëôì✳ ■✛

✗✕ç✗✕♦✕♥✛♦ ✛★✕ ❋✢✙✗✔✕✗ ✛✗✒♥♦❢✢✗✓ ✢❢ ✛★✕ ✒✛✢✓✔✧ ♦✛✗✙✧✛✙✗✕✘

ç✗✢✈✔✣✕♦ ✒♥ ✕♦✛✔✓✒✛✔✢♥ ✢❢ ✛★✕ ✓✢✓✕♥✛✙✓æ✣✕ç✕♥✣✕♥✛ ♦✧✒✛æ

✛✕✗✔♥❣ ✔♥✛✕♥♦✔✛✦✘ ✒♥✣ ✕♥✧✢✣✕♦ ✛★✕ ç✢✖✒✗✢♥æ✒♦♦✢✧✔✒✛✕✣ ✒✛✢✓✔✧

✣✔♦ç✖✒✧✕✓✕♥✛♦✳ ✥★✕ ♦✛✗✙✧✛✙✗✕ ❢✒✧✛✢✗ ✗✕✈✕✒✖♦ ✛★✒✛ ✛★✕ ✣✕❢✢✗æ

✓✒✛✔✢♥ ✔♦ ç✕✒✬✕✣ ✔♥ ✗✕✧✔ç✗✢✧✒✖ ♦ç✒✧✕ ✒✗✢✙♥✣ ✛★✕ ▼ ç✢✔♥✛✘

è★✔✧★ ✧✢✗✗✕♦ç✢♥✣♦ ✛✢ ✛★✕ ö✷ × ✷÷ ♦ç✢✛ è✔✛★ ✗✕♦ç✕✧✛ ✛✢ ✛★✕

✗✕✧✔ç✗✢✧✒✖ ✫✢✩í ✖✒✛✛✔✧✕✳ ❆♦ ✛✢ ✪✕ ✕ÿç✕✧✛✕✣ ❢✢✗ ✒ ✖✢✧✒✖✔✜✕✣

✣✔♦✛✢✗✛✔✢♥ ç✒✛✛✕✗♥✘ ✛★✕✗✕ ✔♦ ✒ ❢✔♥✔✛✕ ✗✒♥❣✕ ✢❢ ❦ ç✢✔♥✛♦

✧✢♥✛✗✔✪✙✛✔♥❣ è✔✛★ ✣✔❢❢✕✗✕♥✛ è✕✔❣★✛♦✘ è✔✛★ ✛★✕ ✗✒✛✔✢ ✢❢ ✛★✕

✧✢♥✛✗✔✪✙✛✔✢♥ ❢✗✢✓ ❑ ✧✢✓ç✒✗✕✣ ✛✢ ▼ ✧✢✗✗✕♦ç✢♥✣✔♥❣ ✛✢

✒✪✢✙✛ î✷✪✳ ❆ ✣✕✧✢✓ç✢♦✔✛✔✢♥ ✢❢ ✛★✕ ✣✔♦ç✖✒✧✕✓✕♥✛ ç✒✛✛✕✗♥

✔♥✛✢ ♥✢✗✓✒✖ ✓✢✣✕♦ ö♦✕✕ ❆çç✕♥✣✔ÿ ❑÷ ♦★✢è♦ ✛★✒✛ ✛★✕

✖✢♥❣✔✛✙✣✔♥✒✖æ✒✧✢✙♦✛✔✧ ö▲❆÷ ✓✢✣✕ ✣✢✓✔♥✒✛✕♦ ✛★✕ ç✢✖✒✗✢♥✔✧

✣✔♦ç✖✒✧✕✓✕♥✛♦ ✒✛ ✛★✕ ✣✔♦✛✢✗✛✔✢♥æ✗✕✖✕✈✒♥✛ ❦ ç✢✔♥✛♦✳ ✥★✕

ç★✢♥✢♥ ✣✔♦ç✕✗♦✔✢♥ ♦★✢è♥ ✔♥ ❋✔❣✳ ôö✣÷ ✗✕✈✕✒✖♦ ✒ ❢✖✒✛ ç★✢♥✢♥

✪✒♥✣ ✒✛ ✛★✕ ✭✗✔✖✖✢✙✔♥ ✜✢♥✕ ✕✣❣✕✘ è✔✛★ ✛★✕ ▲❆ ✓✢✣✕

❢✖✒✛✛✕♥✔♥❣ ✪✕✛è✕✕♥ ❑ ✒♥✣ ▼ ✒✛ ✒✗✢✙♥✣ ëò ✓✕❱✳ ✥★✔♦

ç★✢♥✢♥ ✕♥✕✗❣✦ ✒❣✗✕✕♦ è✕✖✖ è✔✛★ ✛★✕ ✕ÿç✕✗✔✓✕♥✛✒✖ ✢✪♦✕✗æ

✈✒✛✔✢♥ ✢❢ ✛★✕ ✪✢♦✢♥✔✧ ✕♥✕✗❣✦ ✢❢ ✁✵ ➻ ✷✹ ✄ ✹ ✓✕❱✳

✥✢ ❢✙✗✛★✕✗ ✙♥✣✕✗♦✛✒♥✣ ✛★✕ ✔✓ç✖✔✧✒✛✔✢♥♦ ✢❢ ✛★✕ ✓✙✖✛✔æ

ç✢✖✒✗✢♥✔✧ ✣✕❢✢✗✓✒✛✔✢♥♦✘ è✕ ✕ÿ✒✓✔♥✕✣ ✛★✕ ✧✢✗✗✕♦ç✢♥✣✔♥❣

✕✖✕✧✛✗✢♥✔✧ ♦✛✗✙✧✛✙✗✕✳ ■♥ ❋✔❣✳ ôö✕÷ è✕ ✣✕ç✔✧✛ ✛★✕ ✙♥✣✔♦✛✢✗✛✕✣

✪✒♥✣ ♦✛✗✙✧✛✙✗✕ ö✪✖✙✕÷ ✒♥✣ ✛★✕ ✙♥❢✢✖✣✕✣ ✪✒♥✣ ♦✛✗✙✧✛✙✗✕ ✔♥ ✛★✕

✣✔♦✛✢✗✛✕✣ ç★✒♦✕ ö✢✗✒♥❣✕÷✳ ✥★✕ è✕✔❣★✛♦ ✢❢ ✛★✕ ✙♥❢✢✖✣✕✣

✪✒♥✣♦ è✕✗✕ ✧✒✖✧✙✖✒✛✕✣ ✒♦ ✛★✕ ✢✈✕✗✖✒ç ✢❢ ✛★✕ ✕✖✕✧✛✗✢♥✔✧

è✒✈✕ ❢✙♥✧✛✔✢♥♦ öè✔✛★ ✛★✕ ♦✒✓✕ è✒✈✕ ✈✕✧✛✢✗÷ ✢❢ ✛★✕

✣✕❢✢✗✓✕✣ ✒♥✣ ✛★✕ ✙♥✣✕❢✢✗✓✕✣ ♦✦♦✛✕✓✳ ✥★✕♦✕ ✢✈✕✗✖✒ç♦

✒✗✕ ✈✔♦✙✒✖✔✜✕✣ ✢♥ ✒ ✖✢❣✒✗✔✛★✓✔✧ ✧✢✖✢✗ ♦✧✒✖✕ ✒♦ è✕✖✖ ✒♦ ✈✔✒

✛★✕ ♦✔✜✕ ✢❢ ✛★✕ ✓✒✗✬✕✗♦✳ ❇✒♦★✕✣ ✖✔♥✕♦ ✔♥✣✔✧✒✛✕ ✛★✕ ✧✢✗✗✕æ

♦ç✢♥✣✔♥❣ ❋✕✗✓✔ ✖✕✈✕✖ ✢❢ ✛★✕ ✙♥✣✔♦✛✢✗✛✕✣ ö✪✖✙✕÷ ✒♥✣ ✛★✕

✣✔♦✛✢✗✛✕✣ ♦✦♦✛✕✓ ö✢✗✒♥❣✕÷✳ ■♥ ✪✢✛★ ✪✒♥✣ ♦✛✗✙✧✛✙✗✕♦✘ ✛★✕

✣✔♦ç✕✗♦✔✈✕ ♦✛✒✛✕♦ ✢❢ ✛★✕ ◗ ✈✒✖✖✕✦ ✒✗✕ ♥✢✛ ✢✧✧✙ç✔✕✣✘ è★✔✧★

✗✕♦✕✓✪✖✕♦ ✛★✕ ♦✔✛✙✒✛✔✢♥ ✢❢ ✢✙✗ ✕ÿç✕✗✔✓✕♥✛♦ ö✧❢✳ ❋✔❣✳ ê ✒♥✣

■◆❊▲❆✩✥■❈ ✥❚◆◆❊▲■◆● ■◆✥❖ ✫❚▲✥■P❖▲❆❘❖◆■❈ ✭❖❚◆❇ ❹ Pó❨✩✳ ❘❊❱✳ ❳ ✥✦✧ ✷îê✷î✷ öë✷ëõ÷

✷îê✷î✷æõ



❘✕❢✳ éêòì÷✳ ❆ ✧✖✢♦✕ ✔♥♦ç✕✧✛✔✢♥ ✢❢ ✛★✕ ♦ç✕✧✛✗✒✖ è✕✔❣★✛ ✢❢ ✛★✕

✣✔♦✛✢✗✛✕✣ ♦✛✗✙✧✛✙✗✕ ✔♥♦✔✣✕ ✛★✕ ❣✒ç ✢❢ ✛★✕ ✙♥✣✔♦✛✢✗✛✕✣ ♦✦♦✛✕✓✘

★✢è✕✈✕✗✘ ✗✕✈✕✒✖♦ ✖✢✧✒✖✔✜✕✣ ö✔✳✕✳✘ ❢✖✒✛ ✔♥ ❦ ♦ç✒✧✕÷ ♦✛✒✛✕♦ è✔✛★

✧✢♥✛✗✔✪✙✛✔✢♥♦ ❢✗✢✓ ❑ ✒♥✣ ◗✳ ✥★✕ ✧★✒✗❣✕ ✣✕♥♦✔✛✦ ✢❢ ✛★✕♦✕

♦✛✒✛✕♦ ✔♦ ✖✢✧✒✖✔✜✕✣ ç✗✕✧✔♦✕✖✦ ✔♥ ✛★✕ ✗✕❣✔✢♥ ✢❢ ♦✛✗✢♥❣ ç✢✖✒✗✢♥✔✧

✣✔♦ç✖✒✧✕✓✕♥✛♦ ✒♦ ✈✔♦✙✒✖✔✜✕✣ ✔♥ ❋✔❣✳ ôö✒÷✳ ✥★✕ ✢✧✧✙✗✗✕♥✧✕ ✢❢

✔♥æ❣✒ç ✖✢✧✒✖✔✜✕✣ ç✢✖✒✗✢♥✔✧ ♦✛✒✛✕♦ ❢✕✒✛✙✗✔♥❣ ★✦✪✗✔✣✔✜✒✛✔✢♥ ✢❢

❑æ ✒♥✣ ◗æ✈✒✖✖✕✦ ♦✛✒✛✕♦ ✔♦ è✕✖✖ ✔♥ ✖✔♥✕ è✔✛★ ✛★✕ ✣✢✓✔♥✒♥✛

✧✢♥✛✗✔✪✙✛✔✢♥ ✢❢ ▲❆ ▼æç✢✔♥✛ ç★✢♥✢♥♦ ✛✢ ✛★✕ ç✢✖✒✗✢♥✔✧

✗✕✖✒ÿ✒✛✔✢♥✿ ✥★✕ ✓✢✓✕♥✛✙✓ ✣✔❢❢✕✗✕♥✧✕ ❑✵◗ ✒♦ è✕✖✖ ✒♦

❑◗✵ ✧✢✗✗✕♦ç✢♥✣♦ ✛✢ ✄▼ ö♦✕✕ ❆çç✕♥✣✔ÿ ▲÷✘ ✒♥✣ ✛★✕

✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✧✢✙ç✖✔♥❣ ✓✒✛✗✔ÿ ✕✖✕✓✕♥✛ ♦✧✒✛✛✕✗✔♥❣ ✧✢♥æ

✣✙✧✛✔✢♥ ✪✒♥✣ ✕✖✕✧✛✗✢♥♦ ✪✕✛è✕✕♥ ❑ ✒♥✣ ◗ ç✢✔♥✛♦ ✔♦ ç✒✗æ

✛✔✧✙✖✒✗✖✦ ♦✛✗✢♥❣ ❢✢✗ ✛★✕ ▲❆ ▼æç✢✔♥✛ ç★✢♥✢♥ éî✘ôì✳

■✛ ✔♦ ✔♥✛✗✔❣✙✔♥❣ ✛✢ ♥✢✛✕ ✛★✒✛ ✛★✔♦ ✧✢✙ç✖✔♥❣ ✔♦ ✒✧✛✔✈✕ ✒♥✣

✖✕✒✣♦ ✛✢ ✒ ç✢✖✒✗✢♥✔✧ ♦✛✒✛✕ ✕✈✕♥ ✛★✢✙❣★ ✛★✕ ◗ ç✢✔♥✛ ✔♦ ♥✢✛

✢✧✧✙ç✔✕✣ é❋✔❣✳ ôö✕÷ì✳ ❆♦ ✓✕♥✛✔✢♥✕✣ ✒✪✢✈✕✘ ✛★✕ ❋✒♥æ✫✔❣✣✒✖

♦✕✖❢æ✕♥✕✗❣✦ ✔♥ ✛★✕ ✣✕❢✢✗✓✕✣ ♦✛✗✙✧✛✙✗✕ ✣✢✕♦ ♥✢✛ ✗✕✈✕✒✖

✒♥✦ ▼æç✢✔♥✛ ç★✢♥✢♥ ♦✒✛✕✖✖✔✛✕♦ ✔♥ ♦✙✧★ ✒ ♦✔✛✙✒✛✔✢♥ ö♦✕✕

❆çç✕♥✣✔ÿ ó÷ éêð✘î❬ì✘ ♦★✢è✔♥❣ ✛★✒✛ ✛★✕ ç✢✖✒✗✢♥✔✧ ✣✕❢✢✗✓✒æ

✛✔✢♥♦ ❢✢✙♥✣ ✔♥ ✛★✕ ✗✕✖✒ÿ✒✛✔✢♥♦ ✒♥✣ ✛★✕ ♦ç✕✧✛✗✒✖ ❢✢✢✛ç✗✔♥✛ ✢❢

ç★✢♥✢♥♦ ✔♥ ✕ÿç✕✗✔✓✕♥✛ ✒✗✕ ✛★✙♦ ✒ ♦✛✗✢♥❣ ✧✢✙ç✖✔♥❣ ç★✕æ

♥✢✓✕♥✢♥✳ ❲★✔✖✕ ✛★✕ ç✗✕✧✔♦✕ ✕♥✕✗❣✕✛✔✧ ✓✔♥✔✓✙✓ ✢❢ ✛★✕

✣✔♦ç✕✗♦✔✈✕ ✪✒♥✣ ✒✛ ◗ è✔✖✖ ✣✕ç✕♥✣ ✢♥ ✈✒✗✔✒✛✔✢♥♦ ✢❢ ✛★✕

✣✢ç✔♥❣ ✖✕✈✕✖ ✒♥✣ ✛★✕ ✖✒✛✛✔✧✕ ✧✢♥♦✛✒♥✛✘ ✛★✕ ♦✙❣❣✕♦✛✕✣ ♦✧✕♥✒✗✔✢

✔♦ ñ✙✒✖✔✛✒✛✔✈✕✖✦ ✗✢✪✙♦✛ ✒♦ ✖✢♥❣ ✒♦ ♦✙❢❢✔✧✔✕♥✛✖✦ ✓✒♥✦ ✕✖✕✧✛✗✢♥♦

✒✗✕ ✣✢ç✕✣ ✔♥✛✢ ✛★✕ ♦✦♦✛✕✓ ö✧❢✳ ❆çç✕♥✣✔ÿ ■ ❢✢✗ ✒♥ ✔✖✖✙♦✛✗✒✛✔✢♥

✢❢ ✛★✕ ✧✒♦✕ è✔✛★ ✛★✗✕✕ ✒✣✣✔✛✔✢♥✒✖ ✕✖✕✧✛✗✢♥♦÷✳

ÝÝÝÞ ãÝ�åä��Ýâß

✥✢ ✪✗✔♥❣ ✢✙✗ è✢✗✬ ✔♥✛✢ ✧✢♥✛✕ÿ✛✘ è✕ ✧✒♥ ✗✙✖✕ ✢✙✛ ✧✕✗✛✒✔♥

ç✢✖✒✗✢♥✔✧ ♦✧✕♥✒✗✔✢♦ ✪✒♦✕✣ ✢♥ ✢✙✗ ✢✪♦✕✗✈✒✛✔✢♥♦✳ ✥★✕ ✕♥✕✗❣✕✛✔✧

♦★✔❢✛♦ ✢❢ ✛★✕ ç✕✒✬♦ ✔♥ ✗✕♦ç✢♥♦✕ ✛✢ ✖✢✧✒✖✔✜✕✣ ✧★✒✗❣✕♦ ✒✗✕

✔♥✧✢✓ç✒✛✔✪✖✕ è✔✛★ ç✙✗✕✖✦ ✔♥✕✖✒♦✛✔✧ ✛✙♥♥✕✖✔♥❣ ç✗✢✧✕♦♦✕♦✘

è★✔✧★ è✢✙✖✣ ✖✕✒✣ ✛✢ ✛★✕ ✒çç✕✒✗✒♥✧✕ ✢❢ ♦✦✓✓✕✛✗✔✧✒✖✖✦

➳✌✍➠ ➊➠ ➫➄➎➈❾➍➛➎➐➌➛➓❾❽ ➀❼➝➛➌➞➐➈❾➛➓➇ ❾➓ ➞❼➈➐➎➎❾❽ ➭✏ ➫➛➭➯➠ ❺➐↕ ✎➓➎➐➌➅❼➞❼➓➈ ➛➝ ➌❼➎➐➤❼➀ ❽➌↔➇➈➐➎ ➇➈➌➄❽➈➄➌❼ ➔➐➇❼➀ ➛➓ ✾♠ ✼❂✼❃✼❦ ➞➛➀❼➎

❽➐➎❽➄➎➐➈❾➛➓➇ ➛➓ ➐➓ ✶✽ ✖ ✶✽ ➇➄➍❼➌❽❼➎➎ ➟❾➈→ ➐ ➎➐➈➈❾❽❼ ❽➛➓➇➈➐➓➈ ➛➝ ✷➠➂➣ ➴ ➐➈ ➐➓ ❼➎❼❽➈➌➛➓❾❽ ➀➛➍❾➓➅ ➛➝ ✕➠✕✶✚✝❡✒ ➍❼➌ ➝➛➌➞➄➎➐ ➄➓❾➈ ➛➝ ➫➛➭➯➠ ➡→❼

➀➛➍❾➓➅ ❾➇ ➇➎❾➅→➈➎↔ ❾➓❽➌❼➐➇❼➀ ❽➛➞➍➐➌❼➀ ➈➛ ➈→❼ ➛➓❼ ➄➇❼➀ ❾➓ ❉➳➡þ❉➳➙➡ ❽➐➎❽➄➎➐➈❾➛➓➇ ❺✕➠✕✶❡✒❂➫➛➭➯↕ ➐➓➀ ➌❼➇➄➎➈➇ ❾➓ ➝➛➄➌ ➐➀➀❾➈❾➛➓➐➎

❼➎❼❽➈➌➛➓➇ ➍❼➌ ➇➄➍❼➌❽❼➎➎➠ ➡→❼ ➀❾➇➍➎➐❽❼➞❼➓➈➇ ❿❾➇➄➐➎❾➧❼➀ ➔↔ ➐➌➌➛➟➇ ➐➌❼ ➌❼➇❽➐➎❼➀ ➔↔ ➐ ➝➐❽➈➛➌ ➛➝ ➂➉ ➝➛➌ ➔❼➈➈❼➌ ❿❾➇❾➔❾➎❾➈↔➠ ➨➎➄❼ ❽❾➌❽➎❼➇ ❾➓➀❾❽➐➈❼

➈→❼ ➎➛❽➐➎❾➧➐➈❾➛➓ ➛➝ ➈→❼ ➐➀➀❾➈❾➛➓➐➎ ❼➎❼❽➈➌➛➓➇➠ ❺➔↕ ➡➛➈➐➎ ❼➓❼➌➅↔ ➐➇ ➝➄➓❽➈❾➛➓ ➛➝ ➀❾➇➍➎➐❽❼➞❼➓➈ ➝➛➌ ➈→❼ ➍➛➎➐➌➛➓❾❽ ➀❼➝➛➌➞➐➈❾➛➓ ➇→➛➟➓ ❾➓ ❺➐↕➠ ➡→❼

➌❼➎➐➤➐➈❾➛➓ ➇➈➐➌➈❼➀ ➝➌➛➞ ➈→❼ ➇↔➞➞❼➈➌❾❽ ➍→➐➇❼ ❺➭✭➫↕ ➐➓➀ ➇→➛➟➇ ➐ ➞❾➓❾➞➄➞ ➐➈ ➈→❼ ➀❾➇➍➎➐❽❼➞❼➓➈ ❽➛➌➌❼➇➍➛➓➀❾➓➅ ➈➛ ➈→❼ ➞➄➎➈❾➍➛➎➐➌➛➓❾❽

➀❼➝➛➌➞➐➈❾➛➓ ❺➙�✏↕➠ ➡→❼ ➌❼➇➄➎➈❾➓➅ ➈➛➈➐➎ ❼➓❼➌➅↔ ➅➐❾➓ ➛➝ ✁✶✕✕ ➞❼❡ ❼➜➄➐➎➇ ➈→❼ ➔❾➓➀❾➓➅ ❼➓❼➌➅↔ ➛➝ ➈→❼ ➞➄➎➈❾➍➛➎➐➌➛➓❾❽ ➀❾➇➈➛➌➈❾➛➓➠

❺❽↕ ➭➈➌➄❽➈➄➌❼ ➝➐❽➈➛➌ ✑✑q✒ ➝➛➌ ➈→❼ ➌❼➎➐➤❼➀ ➅❼➛➞❼➈➌↔ ➇❼❼➓ ❾➓ ❺➐↕➠ ➡→❼ →❾➅→ ❾➓➈❼➓➇❾➈↔ ➐➌➛➄➓➀ ➈→❼ ▼ ➍➛❾➓➈➇ ➛➝ ➈→❼ ➍→➛➓➛➓❾❽ ➨➌❾➎➎➛➄❾➓ ➧➛➓❼

➇→➛➟➇ ➈→➐➈ ➈→❼ ➞➛➀❼➇ ➎➛❽➐➈❼➀ ➈→❼➌❼ ❽➛➓➈➌❾➔➄➈❼ ➈→❼ ➞➛➇➈ ➈➛ ➈→❼ ➍➛➎➐➌➛➓❾❽ ➀❼➝➛➌➞➐➈❾➛➓➠ ❺➀↕ ➙→➛➓➛➓ ➔➐➓➀➇ ➛➔➈➐❾➓❼➀ ❿❾➐ ❉➳➙➡➠ ➡→❼ ✏➃

➍→➛➓➛➓ ➞➛➀❼ ➈→➐➈ ❽➛➓➈➌❾➔➄➈❼➇ ➈→❼ ➞➛➇➈ ➈➛ ➈→❼ ➍➛➎➐➌➛➓❾❽ ➀❼➝➛➌➞➐➈❾➛➓ ❾➇ ➞➐➌➲❼➀ ➔↔ ❾➈➇ ❼➓❼➌➅↔ ➐➈ ➈→❼ ▼ ➍➛❾➓➈➠ ➡→❼ ➍→➛➓➛➓ ➔➐➓➀➇ ➐➌❼

➛➔➈➐❾➓❼➀ ➐➈ ➐➓ ❼➎❼❽➈➌➛➓❾❽ ➀➛➍❾➓➅ ➛➝ ✕➠✕✶❡✒❂➫➛➭➯➠ ❺❼↕ ➨➐➓➀ ➇➈➌➄❽➈➄➌❼ ➛➝ ➎➛➟➥❼➓❼➌➅↔ ➇➄➔➇➍➐❽❼ ➐➇ ➛➔➈➐❾➓❼➀ ➔↔ ❉➳➡ ❺➔➎➄❼↕ ➐➓➀ ➐➝➈❼➌

➈→❼ ✾♠ ✼❂✼❃✼❦ ➞➛➀❼➎ ➌❼➎➐➤➐➈❾➛➓ ❺➛➌➐➓➅❼↕➠ ➡→❼ ➟❼❾➅→➈➇ ➛➝ ➈→❼ ➄➓➝➛➎➀❼➀ ➔➐➓➀➇ ❽➛➌➌❼➇➍➛➓➀ ➈➛ ➈→❼ ➎➛➅➐➌❾➈→➞❾❽ ❽➛➎➛➌ ➔➐➌ ➐➓➀ ➈→❼ ➇❾➧❼ ➛➝ ➈→❼

➞➐➌➲❼➌➇➠ ➡→❼ ➌❼➎➐➤❼➀ ➔➐➓➀ ➇➈➌➄❽➈➄➌❼ →➐➇ ➔❼❼➓ ➄➓➝➛➎➀❼➀ ➝➌➛➞ ➈→❼ ➇➄➍❼➌❽❼➎➎ ➈➛ ➈→❼ ➄➓❾➈ ❽❼➎➎➢ ➌❼❿❼➐➎❾➓➅ ➈→❼ ➛➍❼➓❾➓➅ ➛➝ ➇➞➐➎➎ ➅➐➍➇ ➀➄❼ ➈➛ ➈→❼

➝➛➌➞➐➈❾➛➓ ➛➝ ➀❾➇➍❼➌➇❾➛➓➎❼➇➇ ➇➈➐➈❼➇ ➐➇➇➛❽❾➐➈❼➀ ➟❾➈→ ➈→❼ ➇↔➞➞❼➈➌↔ ➔➌❼➐➲❾➓➅ ➀➄❼ ➈➛ ➈→❼ ➍➛➎➐➌➛➓❾❽ ➀❼➝➛➌➞➐➈❾➛➓➢ ➟→❾❽→ ➐➎➇➛ ➎➛➟❼➌➇ ➈→❼ ➳❼➌➞❾

❼➓❼➌➅↔ ❺➀➐➇→❼➀ ➎❾➓❼➇↕➠

❈❆✫■❊▲ ❱❆◆ ❊❋❋❊❘❊◆ ✣ý ù❛✤ Pó❨✩✳ ❘❊❱✳ ❳ ✥✦✧ ✷îê✷î✷ öë✷ëõ÷

✷îê✷î✷æø



✣✔♦✛✗✔✪✙✛✕✣ ♦✛✕ç♦ ✢✗ ç✕✒✬♦ ✔♥ ✛★✕ ✣■❂✣❱ ♦✔❣♥✒✖ ✢♥✕✔✛★✕✗ ♦✔✣✕ ✢❢

✛★✕ ❋✕✗✓✔ ✖✕✈✕✖ ö✒✛ ✕♥✕✗❣✔✕♦✄♥✁✵÷ éîî✘ô✷ì✳ ■♥ ✛★✕ ♦✒✓✕ ✈✕✔♥✘

✗✕♥✢✗✓✒✖✔✜✒✛✔✢♥ ✢❢ ✛★✕ ✕✖✕✧✛✗✢♥ ✪✒♥✣♦ è✔✛★ ✒ ç✒✗✛✔✧✙✖✒✗

ç★✢♥✢♥ ✓✢✣✕ ✧✒♥ ✪✕ ✕ÿ✧✖✙✣✕✣ ✒♦ è✕✖✖✘ ✒♦ ✔✛ è✢✙✖✣ ✖✕✒✣ ✛✢

✓✒♦♦æ✕♥★✒♥✧✕✣ ö❢✖✒✛✛✕✗÷ ✪✒♥✣♦ ✒✛ ❢✔ÿ✕✣ ✕♥✕✗❣✔✕♦ ✗✕✖✒✛✔✈✕ ✛✢❊❋
éôêì✘ ✒♦ ✢✪♦✕✗✈✕✣✘ ❢✢✗ ✔♥♦✛✒♥✧✕✘ ✔♥ ♦✙✗❢✒✧✕æ✣✢ç✕✣ ✪✙✖✬ ✫✢✩í
è✔✛★ ❆❘P❊✩ éêøì✳ ■♥ ✢✙✗ ✧✒♦✕✘ ✛★✕ ♦ç✕✧✛✗✒✖ ✕♥✕✗❣✦ ♦★✔❢✛♦

✔♥✣✙✧✕✣ ✪✦ ✧★✒✗❣✕♦ è✔✛★✔♥ ✛★✕ ✖✒✦✕✗✘ ✛✢❣✕✛★✕✗ è✔✛★ ✛★✕

♦✛✒✛✔♦✛✔✧✒✖ ✣✔♦✛✗✔✪✙✛✔✢♥ ✢❢ ✛★✕ ç✕✒✬♦✘ ♦✛✗✢♥❣✖✦ ♦✙❣❣✕♦✛ ✛★✒✛

✛★✕ ✛è✢ ç✕✒✬♦ ✧✖✢♦✕♦✛ ✛✢ ✛★✕ ❋✕✗✓✔ ✕♥✕✗❣✦ ★✒✈✕ ✒ ✣✔❢❢✕✗✕♥✛

✢✗✔❣✔♥✳

❖✙✗ ✕ÿç✕✗✔✓✕♥✛✒✖ ✒♥✒✖✦♦✔♦ ✗✕✈✕✒✖♦ ✛★✒✛ ✛★✕ ç✕✒✬♦

✢✪♦✕✗✈✕✣ ✔♥ ✩✥✩ ♦ç✕✧✛✗✒ ★✒✈✕ ✕ñ✙✔✣✔♦✛✒♥✛ ♦ç✒✧✔♥❣♦✘

✁✵ ➻ ð✷✹✄ ✹Þ ✓✕❱✳ ❆♦ ✛★✕ ♦ç✒✧✔♥❣ ✧✢✗✗✕♦ç✢♥✣♦ ✛✢ ✛★✕

ñ✙✒♦✔ç✒✗✛✔✧✖✕ ✕♥✕✗❣✦✘ ✛★✕ ♦✔✓ç✖✕♦✛ ✔♥✛✕✗ç✗✕✛✒✛✔✢♥ è✢✙✖✣ ✪✕

✛★✒✛ ç★✢♥✢♥✓✢✣✕♦è✔✛★ ✕♥✕✗❣✦✁✵ ✣✢✓✔♥✒✛✕✳ ■✛ ✔♦ ✒✖♦✢ ✔♥ ✖✔♥✕

è✔✛★ ✢✙✗ ✛★✕✢✗✕✛✔✧✒✖ ✧✒✖✧✙✖✒✛✔✢♥♦✘ è★✔✧★ ❢✔♥✣ ✛★✒✛ ✛★✕ ▲❆

ç★✢♥✢♥ ✓✢✣✕✘ è★✔✧★ ❢✖✒✛✛✕♥♦ ✪✕✛è✕✕♥ ❑ ✒♥✣ ▼ ✒✛ ✒✗✢✙♥✣

ëò ✓✕❱✘ ✣✢✓✔♥✒✛✕♦ ✛★✕ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ✣✔♦ç✖✒✧✕✓✕♥✛♦✳ ❆

♦✕✧✢♥✣ ç✢♦♦✔✪✔✖✔✛✦ è✢✙✖✣ ✪✕ ✒ ✧✢♥✛✗✔✪✙✛✔✢♥ ✢❢ ö✢ç✛✔✧✒✖÷

ç★✢♥✢♥♦ è✔✛★ ✒♥ ✕♥✕✗❣✦ ✧✖✢♦✕ ✛✢ ✛è✔✧✕ ö✢✗✘ ✔♥ ❣✕♥✕✗✒✖✘

✓✙✖✛✔ç✖✕♦ ✢❢÷ ✁✵✘ ✒♦ ♦✙❣❣✕♦✛✕✣ ✛★✕✢✗✕✛✔✧✒✖✖✦ ✔♥ ❘✕❢✳ éêðì

❢✢✗ ✪✙✖✬✫✢✩í✳❲✕ ✧✒♥✘ ★✢è✕✈✕✗✘ ✗✙✖✕ ✢✙✛ ✛★✔♦ ♦✧✕♥✒✗✔✢ ❢✢✗ ✩▲

✫✢✩í ✒♦è✕ ✢✪♦✕✗✈✕ ç✕✒✬♦è✕✖✖ ✒✪✢✈✕ ✛★✕ ★✔❣★✕♦✛ ✕♥✕✗❣✦ ✢❢ ✒

♦✔♥❣✖✕ ç★✢♥✢♥ ✓✢✣✕✳ ■♥ ✒✣✣✔✛✔✢♥✘ è✕ ❢✔♥✣ ♥✢ ♦✔❣♥✔❢✔✧✒♥✛

✧✢♥✛✗✔✪✙✛✔✢♥ ✛✢ ✛★✕ ç✢✖✒✗✢♥✔✧ ✣✕❢✢✗✓✒✛✔✢♥ ♦✛✕✓✓✔♥❣ ❢✗✢✓

✢ç✛✔✧✒✖ ç★✢♥✢♥ ✓✢✣✕♦ ✔♥ ✢✙✗ ✧✒✖✧✙✖✒✛✔✢♥♦✳

❖✙✗ ✧✒✖✧✙✖✒✛✔✢♥♦ ✗✕✈✕✒✖✕✣ ♦✛✒✪✖✕ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ♦✛✒✛✕♦✘

✔✳✕✳✘ ✧✢✓ç✖✕ÿ✕♦ ✢❢ ✓✢✗✕ ✛★✒♥ ✢♥✕ ç✢✖✒✗✢♥✳ ✥★✕♦✕ ç✢✖✒✗✢♥

✧✢✓ç✖✕ÿ✕♦ ✧✒♥ ✪✕ ✈✔✕è✕✣ ✒♦ ç✗✕✧✙✗♦✢✗♦ ✢❢ ✛★✕ ✧★✒✗❣✕

✣✕♥♦✔✛✦ è✒✈✕ ✕✓✕✗❣✔♥❣ ✔♥ ✫✢✩í ✙♥✣✕✗ ♦✛✗✢♥❣ ✕✖✕✧✛✗✢♥

✣✢ç✔♥❣✘ è★✕✗✕ ✛★✕ ç✕✗✔✢✣✔✧ ✖✒✛✛✔✧✕ ✣✔♦✛✢✗✛✔✢♥ ✪✒♦✕♦ ✢♥ ✛★✕

▲❆▼ ç★✢♥✢♥ ✒♥✣ ✔✛♦ ♦✛✗✢♥❣ ✧✢✙ç✖✔♥❣ ✛✢ ❑ ✒♥✣ ◗ ✕✖✕✧✛✗✢♥♦

éî✘ô✘ø✘ðì✳ ✥★✕ ✒çç✕✒✗✒♥✧✕ ✢❢ ✛★✕ ✓✙✖✛✔ç✢✖✒✗✢♥♦ ✔♥ ✩✥✫ ★✕✗✕

✔♦ ✛★✙♦ ✧✢♥♦✔✣✕✗✒✪✖✦ ✣✔❢❢✕✗✕♥✛ ❢✗✢✓ ç✢✖✒✗✢♥♦ ✔♥ ë❇ ♦✕✓✔æ

✧✢♥✣✙✧✛✢✗♦ ♦✙✧★ ✒♦ ❈✢❈✖í éôë✘ôîì✳ ✥★✕✗✕✘ ✒ ✣✕ç✗✕♦♦✔✢♥ ✔♥

✛★✕ ✒çç✒✗✕♥✛ ★✕✔❣★✛ ✔♦ ✢✪♦✕✗✈✕✣ ✣✙✕ ✛✢ ✛★✕ è✕✒✬ ♦✧✗✕✕♥✔♥❣

✢❢ ✛★✕ ✖✢✧✒✖ ✧★✒✗❣✕✳ ✥★✕ ✔♥✛✕✗ç✗✕✛✒✛✔✢♥ ✢❢ ✓✙✖✛✔ç✢✖✒✗✢♥♦

✪✕✔♥❣ ç✗✕✧✙✗♦✢✗♦ ✢❢ ✛★✕ ✧★✒✗❣✕ ✣✕♥♦✔✛✦ è✒✈✕ ✔♥ ✫✢✩í ✔♦

✧✢♥♦✔♦✛✕♥✛ è✔✛★ ✛★✕ ✒çç✕✒✗✒♥✧✕ ✢❢ ✒ è✕✒✬ ✖✢✧✒✖ ö✷ × ✷÷

♦✙ç✕✗♦✛✗✙✧✛✙✗✕ ✔♥ ✢✙✗ ✩✥✫ ✔✓✒❣✕♦✳ ❲✕ ✕ÿç✕✧✛ ✛★✒✛ ❢✙✗✛★✕✗

✣✢ç✔♥❣ è✔✖✖ ✖✕✒✣ ✛✢ ✒ ❣✖✢✪✒✖ ç✕✗✔✢✣✔✧ ✖✒✛✛✔✧✕ ✣✔♦✛✢✗✛✔✢♥

✒✧✧✢✓ç✒♥✔✕✣ ✪✦ ✒ ö✷ × ✷÷ ✧★✒✗❣✕ ✣✕♥♦✔✛✦ è✒✈✕ ♦✙ç✕✗æ

♦✛✗✙✧✛✙✗✕ è✔✛★ ✗✕♦ç✕✧✛ ✛✢ ✛★✕ ✫✢✩í ✖✒✛✛✔✧✕✳

❆Þ å❝✂✡✂❙t✞✡☎st☎❙s ☛❊ ✐✝✟t☎✠☛✟✂✡☛✄☎❙ s✠✞❙t✡✂

✥★✕ ♦ç✕✧✛✗✒✖ ç✗✢ç✕✗✛✔✕♦ ✒♦♦✢✧✔✒✛✕✣ è✔✛★ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧

♦✛✒✛✕♦ ✒✗✕ ✖✕♦♦ ✙♥✣✕✗♦✛✢✢✣ ✛★✒♥ ✛★✕ è✕✖✖æ♦✛✙✣✔✕✣ ✛★✕✢✗✕✛✔✧✒✖

❢✗✒✓✕è✢✗✬ ✢❢ ✛★✕ ♦✔♥❣✖✕ ç✢✖✒✗✢♥ ç✗✢✪✖✕✓✘ ✦✕✛ ✛★✕

✧✢✓ç✒✗✔♦✢♥ ✛✢ ✛★✕ ✪✕✛✛✕✗ ♦✛✙✣✔✕✣ ✪✔ç✢✖✒✗✢♥ ✧✒♦✕ ✒✖✖✢è♦

✙♦ ✛✢ ♦ç✕✧✙✖✒✛✕ ✒✪✢✙✛ ✛★✕ ♦ç✕✧✛✗✒✖ ❢✕✒✛✙✗✕♦ ✕ÿ★✔✪✔✛✕✣ ✪✦

✓✙✖✛✔ç✢✖✒✗✢♥♦✳

❋✢✗ ✛★✕ ó✢✖♦✛✕✔♥ ✓✢✣✕✖ ✢❢ ✛★✕ ♦✔✓ç✖✕♦✛ ✛è✢æ♦✔✛✕ ç✢✖✒✗✢♥

♦✦♦✛✕✓✘ ✛★✕ ♦ç✕✧✛✗✒✖ ✔♥✛✕♥♦✔✛✦ ✔♦ ✧★✒✗✒✧✛✕✗✔✜✕✣ ✪✦ ✛★✕

✕✓✕✗❣✕♥✧✕ ✢❢ ✒ ♦✕✗✔✕♦ ✢❢ ✕ñ✙✔✣✔♦✛✒♥✛✘ ç★✢♥✢♥æ✔♥✣✙✧✕✣

✗✕ç✖✔✧✒ ç✕✒✬♦ ✒✪✢✈✕ ✒♥✣ ✪✕✖✢è ✒♥ ✕♥✕✗❣✦ ❣✒ç ❊❣�✂ è★✕♥

✔♥✧✗✕✒♦✔♥❣ ✛★✕ ✕✖✕✧✛✗✢♥æç★✢♥✢♥æ✧✢✙ç✖✔♥❣ ♦✛✗✕♥❣✛★ éôôì✳

✥★✔♦ ✕♥✕✗❣✦ ❣✒ç ✔♦ ✕ñ✙✒✖ ✛✢ ✛★✕ ✪✔♥✣✔♥❣ ✕♥✕✗❣✦ ✷✁✂♣�

✪✕✛è✕✕♥ ✛è✢ ✓✢♥✢ç✢✖✒✗✢♥♦ ✔♥ ✛★✕ ♦✛✗✢♥❣ ✧✢✙ç✖✔♥❣ ✖✔✓✔✛✘

❊❣�✂ ➻ ✷✁✂♣�✘ è✔✛★ ✛★✕ ✧✢✗✗✕♦ç✢♥✣✔♥❣ ❋✕✗✓✔ ✕♥✕✗❣✦ ç✢♦✔æ

✛✔✢♥✕✣ ç✗✕✧✔♦✕✖✦ ✔♥ ✛★✕ ✓✔✣✣✖✕ ✢❢ ✛★✕ ❣✒ç✳ ✥★✕ ç✕✒✬♦ ✪✕✖✢è

✛★✕ ❋✕✗✓✔ ✕♥✕✗❣✦ ✧✢✗✗✕♦ç✢♥✣ ✛✢ ✕✖✕✧✛✗✢♥ ✗✕✓✢✈✒✖ ❢✗✢✓ ✒♥

✢✧✧✙ç✔✕✣ ö✪✔÷ç✢✖✒✗✢♥✔✧ ♦✛✒✛✕✘ è★✔✖✕ ✛★✕ ç✕✒✬♦ ✒✪✢✈✕ ✛★✕

❋✕✗✓✔ ✕♥✕✗❣✦ ✒✗✕ ✒♦♦✢✧✔✒✛✕✣ è✔✛★ ✕✖✕✧✛✗✢♥ ✒✣✣✔✛✔✢♥ ✛✢ ö✪✔÷

ç✢✖✒✗✢♥✔✧ ♦✛✒✛✕♦✳ ✥★✕♦✕ ✧★✒✗✒✧✛✕✗✔♦✛✔✧♦ ✒✗✕ ✕ÿç✕✧✛✕✣ ✛✢ ★✢✖✣

✛✗✙✕ ❣✕♥✕✗✒✖✖✦ ❢✢✗ ✒♥✦ ✔♥✛✕✗✒✧✛✔♥❣ ✓✒♥✦æç✢✖✒✗✢♥ ♦✦♦✛✕✓ ✢♥ ✒

✖✒✛✛✔✧✕ ✒♥✣ ❢✔✛ ñ✙✒✖✔✛✒✛✔✈✕✖✦ è✕✖✖ ✛✢ ✛★✕ ✧★✒✗✒✧✛✕✗✔♦✛✔✧♦ ✢❢ ✢✙✗

✕ÿç✕✗✔✓✕♥✛✒✖✖✦ ✢✪♦✕✗✈✕✣ ✩✥✩ ♦ç✕✧✛✗✒✳ ✩✔✓✔✖✒✗ ♦ç✕✧✛✗✒ ✢❢

✕ñ✙✔✣✔♦✛✒♥✛✘ ç★✢♥✢♥æ✔♥✣✙✧✕✣ ç✕✒✬ ♦✛✗✙✧✛✙✗✕♦ éôõì ♦✕ç✒✗✒✛✕✣

✪✦ ✒♥ ✕♥✕✗❣✦ ❣✒ç ✒✗✕ ✗✕ç✢✗✛✕✣ ✔♥ ✢✛★✕✗ ✛★✕✢✗✕✛✔✧✒✖ è✢✗✬♦✘

♦✙✧★ ✒♦ ✛★✕ ♦✛✙✣✦ ✢❢ ✛★✕ ó✢✖♦✛✕✔♥ ✓✒♥✦æç✢✖✒✗✢♥ ✓✢✣✕✖ ✈✔✒

✧✖✙♦✛✕✗ ç✕✗✛✙✗✪✒✛✔✢♥ ✛★✕✢✗✦ éôøì✘ ✛★✕ ñ✙✒♥✛✙✓ ✫✢♥✛✕ ❈✒✗✖✢

✒♥✣ ✕ÿ✒✧✛ ✣✔✒❣✢♥✒✖✔✜✒✛✔✢♥ ✛✗✕✒✛✓✕♥✛ ✢❢ ✛★✕ ê❇ ♦ç✔♥✖✕♦♦

ó✢✖♦✛✕✔♥ ✓✢✣✕✖ ✢❢ ✒ ✓✒♥✦æç✢✖✒✗✢♥ ♦✦♦✛✕✓ éôðì✘ ✒♦ è✕✖✖ ✒♦

✛★✕ ✣✦♥✒✓✔✧✒✖ ✓✕✒♥ ❢✔✕✖✣ ✛★✕✢✗✦ ✒♥✣ ✕ÿ✒✧✛ ✣✔✒❣✢♥✒✖✔✜✒✛✔✢♥

✛✗✕✒✛✓✕♥✛ ✢❢ ✛★✕ ó✢✖♦✛✕✔♥ ✪✔ç✢✖✒✗✢♥ ✒✛ ★✒✖❢ ❢✔✖✖✔♥❣ éôòì✳

❚♥✣✕✗ ✒✧✧✢✙♥✛ ✢❢ ✛★✕ ✣✔✗✕✧✛ ✧✢✓ç✒✗✔♦✢♥ ✪✕✛è✕✕♥ ✛★✕

✪✔ç✢✖✒✗✢♥ ✧✒♦✕ ✒♥✣ ✢✙✗ ç✗✢ç✢♦✕✣ ✓✙✖✛✔ç✢✖✒✗✢♥ ✧✒♦✕✘ è✕

✧✒♥ ✛★✙♦ ✕♦✛✔✓✒✛✕ ✛★✕ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ✪✔♥✣✔♥❣ ✕♥✕✗❣✦ ✒♦

❊❣�✂ ✁ ✹� ✓✕❱ ❢✗✢✓ ✢✙✗ ✩✥✩ ♦ç✕✧✛✗✒✘ è★✔✧★ ✔♦ ✔♥ ✛★✕ ♦✒✓✕

✢✗✣✕✗ ✢❢ ✓✒❣♥✔✛✙✣✕ ✒♦ ✛★✕ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ✪✔♥✣✔♥❣ ✕♥✕✗❣✦ ✢❢

✆✶�� ✓✕❱ ✣✕✗✔✈✕✣ ❢✗✢✓ ✢✙✗ ñ✙✒✖✔✛✒✛✔✈✕ ✛★✕✢✗✦ ✧✢✓ç✒✗✔♦✢♥

✔♥ ❋✔❣✳ ôö✪÷✳

❲★✔✖✕ ✢✙✗ ♦✛✒✛✔♦✛✔✧✒✖ ✒♥✒✖✦♦✔♦ ✔♥ ❋✔❣✳ ëö✒÷ ♦★✢è♦ ✒ ç✗✕❢✕✗æ

✕♥✧✕ ❢✢✗ ♦✦✓✓✕✛✗✔✧ ç✕✒✬♦ ✒✗✢✙♥✣ ✛★✕ ❋✕✗✓✔ ✕♥✕✗❣✦✘ ✔♥ ✖✔♥✕

è✔✛★ ✛★✕ ✕ÿç✕✧✛✕✣ ♦ç✕✧✛✗✒✖ ❢✕✒✛✙✗✕♦ ✢❢ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ♦✛✒✛✕♦✘

✧✖✕✒✗ ✕♥✕✗❣✦ ♦★✔❢✛♦ ✒✗✕ ✢✪♦✕✗✈✕✣ ✔♥ ✛★✕ ✈✔✧✔♥✔✛✦ ✢❢ ✖✢✧✒✖

✧★✒✗❣✕♦✳ ❋✢✗ ✛★✕ ♦ç✕✧✛✗✒ ✔♥ ✛★✕ ✈✔✧✔♥✔✛✦ ✢❢ ❈♦ ✒✣♦✢✗✪✒✛✕♦ ö♦✕✕

❋✔❣♦✳ î ✒♥✣ ò÷✘ ✛★✕ ✕♥✛✔✗✕ ♦✕✗✔✕♦ ✢❢ ♦ç✕✧✛✗✒✖ ç✕✒✬♦ ♦★✔❢✛♦ ✗✔❣✔✣✖✦

✔♥ ✛★✕ ✈✔✧✔♥✔✛✦ ✢❢ ❈♦ è✔✛★✢✙✛ ♦✛✗✢♥❣ ✧★✒♥❣✕♦ ✔♥ ✛★✕ ❣✒ç ♦✔✜✕✳

✭✕✧✒✙♦✕ ✢❢ ✧★✒✗❣✕ ✛✗✒♥♦❢✕✗ ❢✗✢✓ ❈♦ ✛✢ ✫✢✩í ✒♥✣ ✛★✕

✙♥✣✕✗✖✦✔♥❣ ❣✗✒ç★✕♥✕✘ è✕ ✕ÿç✕✧✛ ♦✛✗✢♥❣ ✕✖✕✧✛✗✔✧ ❢✔✕✖✣♦ ✒✗✢✙♥✣

✛★✕ ❈♦ ✒✛✢✓♦✳ ❲✕ ♦✙♦ç✕✧✛ ✛★✒✛ ✪✒♥✣ ✪✕♥✣✔♥❣ ✣✙✕ ✛✢ ✛★✕♦✕

✕✖✕✧✛✗✔✧ ❢✔✕✖✣♦ ✔♦ ✛★✕ ✗✕✒♦✢♥ ✪✕★✔♥✣ ✛★✕ ♦★✔❢✛♦ ✔♥ ✛★✕ ♦ç✕✧✛✗✒

♦✕✕♥ ✔♥ ✛★✕ ❈♦æ✣✕✧✢✗✒✛✕✣ ✧✒♦✕✘ è★✔✖✕ ✛★✕ ✕♥✕✗❣✦ ❣✒ç ✗✕✓✒✔♥♦

✕♦♦✕♥✛✔✒✖✖✦✙♥✧★✒♥❣✕✣✳✭✒♦✕✣✢♥ ✛★✕♦✕ ✢✪♦✕✗✈✒✛✔✢♥♦✘ ✛★✕ ✖✒✗❣✕

♦✧✒✛✛✕✗ ✔♥ ❊❣�✂ ✒♦ ♦✕✕♥ ✔♥ ❋✔❣✳ ëö✧÷ ✔♦ ✖✔✬✕✖✦ ♥✢✛ ✧✒✙♦✕✣ ✪✦

✧★✒✗❣✕ ✔♥★✢✓✢❣✕♥✕✔✛✔✕♦✳ P✢♦♦✔✪✖✕ ✢✗✔❣✔♥♦ ✒✗✕ ♦✛✗✙✧✛✙✗✒✖ ✣✔♦æ

✢✗✣✕✗ ✢✗ ✈✒✗✔✒✛✔✢♥♦ ✔♥ ✛★✕ ✔♥✛✕✗✧✒✖✒✛✔✢♥ ✖✒✦✕✗✳

❇Þ ✁☎✐☎ts ✂✄� ✠✟✂✝s☎✁☎✟☎t☞ ☛❊ t❝✞ �☛❞✄❊☛✟�☎✄✆ ✂✠✠✡☛✂❙❝

❋✢✗ ❢✙✗✛★✕✗ ✈✕✗✔❢✔✧✒✛✔✢♥ ✢❢ ✢✙✗ ✓✙✖✛✔ç✢✖✒✗✢♥ ✔♥✛✕✗ç✗✕✛✒æ

✛✔✢♥✘ ✔✛ ✔♦ ✔✓ç✢✗✛✒♥✛ ✛✢ ❥✙♦✛✔❢✦ ✛★✕ ✙♦✕ ✢❢ ✛★✕ ✣✢è♥❢✢✖✣✔♥❣

✒çç✗✢✒✧★ ✔♥ ✢✙✗ ✛★✕✢✗✕✛✔✧✒✖ ✒♥✒✖✦♦✔♦✳ ✥★✕ ç✗✢ç✢♦✕✣ ✓✙✖✛✔æ

ç✢✖✒✗✢♥✔✧ ♦✛✒✛✕♦ ✓✔❣★✛ ♦✛✔✖✖ ✪✕ ✒✖✛✕✗✕✣ ✪✦ ✕✖✕✧✛✗✢♥æ✕✖✕✧✛✗✢♥

✔♥✛✕✗✒✧✛✔✢♥ ✕❢❢✕✧✛♦ è★✔✧★ ✒✗✕ ✔♥✧✖✙✣✕✣ ♥✕✔✛★✕✗ ✔♥ ✛★✕

ó✢✖♦✛✕✔♥ ✓✢✣✕✖ ✢❢ ö✪✔÷ç✢✖✒✗✢♥♦ ♥✢✗ ✔♥ ✢✙✗ ✣✢è♥❢✢✖✣✔♥❣

✓✢✣✕✖✿ ◆✢♥✖✢✧✒✖ ✕ÿ✧★✒♥❣✕ ✕♥★✒♥✧✕♦ ✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✧✢✙æ

ç✖✔♥❣ ✈✕✗✛✔✧✕♦ ✒♥✣ ✧✢✙✖✣ ♦✛✒✪✔✖✔✜✕ ç✢✖✒✗✢♥ ✧✢✓ç✖✕ÿ✕♦

✔♥✈✢✖✈✔♥❣ ✖✕♦♦ ✛★✒♥ ✛★✕ ç✗✢ç✢♦✕✣ ❢✢✙✗ ✕✖✕✧✛✗✢♥♦✳ ❆✛ ✛★✕

■◆❊▲❆✩✥■❈ ✥❚◆◆❊▲■◆● ■◆✥❖ ✫❚▲✥■P❖▲❆❘❖◆■❈ ✭❖❚◆❇ ❹ Pó❨✩✳ ❘❊❱✳ ❳ ✥✦✧ ✷îê✷î✷ öë✷ëõ÷

✷îê✷î✷æð



♦✒✓✕ ✛✔✓✕✘ ✕✖✕✧✛✗✢♥æ✕✖✕✧✛✗✢♥ ✔♥✛✕✗✒✧✛✔✢♥♦ ✧✒♥ ✖✕✒✣ ✛✢ ✧✢✗✗✕æ

✖✒✛✔✢♥ ✕❢❢✕✧✛♦ ✪✕✦✢♥✣ ✛★✕ ✕❢❢✕✧✛✔✈✕ ✓✕✒♥æ❢✔✕✖✣ ✛✗✕✒✛✓✕♥✛ ✢❢

✛★✕ ç✢✖✒✗✢♥✔✧ ♦✛✒✛✕ ✧✢♥♦✔✣✕✗✕✣ ★✕✗✕✳

■♥ ❢✗✕✕♦✛✒♥✣✔♥❣ ë❇ ♦✕✓✔✧✢♥✣✙✧✛✢✗♦ ✒♦ è✕✖✖ ✒♦ ë❇

♦✕✓✔✧✢♥✣✙✧✛✢✗♦ ✔♥ ✒ è✕✒✬✖✦ ♦✧✗✕✕♥✕✣ ✕♥✈✔✗✢♥✓✕♥✛✘

✖✢♥❣æ✗✒♥❣✕ ❈✢✙✖✢✓✪ ✔♥✛✕✗✒✧✛✔✢♥♦ ✧✢✙✖✣ ✧✢✙♥✛✕✗✒✧✛ ✛★✕

ç✗✢ç✢♦✕✣ ✓✙✖✛✔ç✢✖✒✗✢♥ ♦✛✒✛✕✘ ♦✔♥✧✕ ✛★✕ ❢✢✗✓✒✛✔✢♥ ✢❢

✪✔ç✢✖✒✗✢♥♦ ✒♥✣ ✪✦ ✕ÿ✛✕♥♦✔✢♥ ✓✙✖✛✔ç✢✖✒✗✢♥♦ ✔♦ ✖✔✓✔✛✕✣ ✛✢

✒ ✧✕✗✛✒✔♥ ✗✒♥❣✕ ✢❢ ✛★✕ ✗✒✛✔✢ ✪✕✛è✕✕♥ ✛★✕ ✕✖✕✧✛✗✢♥æç★✢♥✢♥

✧✢✙ç✖✔♥❣ ✒♥✣ ✛★✕ ❈✢✙✖✢✓✪ ✗✕ç✙✖♦✔✢♥ ✔♥✛✕✗✒✧✛✔✢♥ ♦✛✗✕♥❣✛★

éëë✘ëîì✳ ✥★✕✗✕❢✢✗✕✘ ❢✢✗ ♦✛✗✢♥❣ ❈✢✙✖✢✓✪ ✔♥✛✕✗✒✧✛✔✢♥✘ ✛★✕

❢✢✗✓✒✛✔✢♥ ✢❢ ✓✙✖✛✔ç✢✖✒✗✢♥♦ ✔♦ ♦✙çç✗✕♦♦✕✣✳

✥★✢✙❣★ ♦✛✗✢♥❣ ❈✢✙✖✢✓✪ ✔♥✛✕✗✒✧✛✔✢♥♦ ✒✗✕ ✢✪♦✕✗✈✕✣ ✔♥

♦✕✓✔✧✢♥✣✙✧✛✔♥❣ ✫✢✩í è★✕♥ ✧★✒✗❣✕♦ ✖✢✧✒✖✔✜✕ è✔✛★✔♥ ❣✗✒✔♥

✪✢✙♥✣✒✗✔✕♦ éô❬✘õ✷ì✘ ★✕✗✕ è✕ ✒✗✕ ✒✣✣✔♥❣ ✧★✒✗❣✕ ✧✒✗✗✔✕✗♦ ✔♥✛✢

✛★✕ ✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✢❢ ♥æ✣✢ç✕✣ ✫✢✩í ✢♥ ✛✢ç ✢❢ ✒ ✓✕✛✒✖✖✔✧

♦✙✪♦✛✗✒✛✕✳ ■♥ ✧✢♥♦✕ñ✙✕♥✧✕✘ ✛★✕ ✫✢✩í ✢♥ ♦✙✪♦✛✗✒✛✕ ♦✦♦✛✕✓ ✔♦

✧✢♥✣✙✧✛✔♥❣ ✒♥✣ ✧✒♥ ✕❢❢✕✧✛✔✈✕✖✦ ♦✧✗✕✕♥ ✧★✒✗❣✕♦ è✔✛★✔♥ ✛★✕

✖✒✦✕✗✳ ✥★✔♦ ✔♦ ✕ÿç✕✗✔✓✕♥✛✒✖✖✦ ✧✢♥❢✔✗✓✕✣ ✒♦ ✒ ✗✕✣✙✧✕✣

✕ÿ✛✕♥♦✔✢♥ ✢❢ ✪✒♥✣ ✪✕♥✣✔♥❣ ✕❢❢✕✧✛♦ ✔♥ ✗✕✒✖ ♦ç✒✧✕ ✒♦ ✧✢✓ç✒✗✕✣

✛✢ ♦✕✓✔✧✢♥✣✙✧✛✔♥❣ ✫✢✩í éêòì✳ ■♥ ✧✢♥♦✕ñ✙✕♥✧✕✘ ✖✢♥❣æ✗✒♥❣✕

❈✢✙✖✢✓✪ ✔♥✛✕✗✒✧✛✔✢♥♦ ✕✓✕✗❣✔♥❣ ❢✗✢✓ ✛★✕ ❢✢✗✓✒✛✔✢♥ ✢❢

✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ♦✛✒✛✕♦ è✔✖✖ ✪✕ ✕❢❢✕✧✛✔✈✕✖✦ ♦✧✗✕✕♥✕✣ ✔♥ ✢✙✗

✓✕✛✒✖✖✔✧ ♦✦♦✛✕✓✳ ✩✢ ✔✛ ♦✛✒♥✣♦ ✛✢ ✗✕✒♦✢♥ ✛★✒✛ ✛★✕ ç✢♦♦✔✪✔✖✔✛✦ ✢❢

✓✙✖✛✔ç✢✖✒✗✢♥ ❢✢✗✓✒✛✔✢♥ ♦★✢✙✖✣ ✪✕ ❢✙✗✛★✕✗ ♦✙çç✢✗✛✕✣✳

❲★✔✖✕ ✒ ❢✙✖✖ ✒✧✧✢✙♥✛ ✢❢ ❈✢✙✖✢✓✪ ✕❢❢✕✧✛♦ ✗✕✓✒✔♥♦ ✛✢ ✪✕

❣✔✈✕♥✘ è✕ ✒✖♦✢ ♥✢✛✕ ✛★✒✛ ❢✢✗ ✛★✕ ✣✢è♥❢✢✖✣✔♥❣ ✒çç✗✢✒✧★ ✙♦✕✣

★✕✗✕✘ ✓✒♥✦ ✧✢♥✛✗✔✪✙✛✔✢♥♦ ✢❢ ✔♥✛✕✗✒✧✛✔✢♥ ✛✕✗✓♦ ✒✗✕ ♦★✢è♥ ✛✢

✪✕ ✧✒♥✧✕✖✔♥❣ ✢✙✛ éëôì✳ ✭✕✧✒✙♦✕ ✢❢ ✛★✒✛✘ ✛★✕ ✭✢✗♥æ

❖çç✕♥★✕✔✓✕✗ ç✢✛✕♥✛✔✒✖ ✕♥✕✗❣✦ ♦✙✗❢✒✧✕♦ ✢❢ ✒ ✈✒✗✔✕✛✦ ✢❢

✓✕✛✒✖✖✔✧ ✧★✒✗❣✕ ✣✕♥♦✔✛✦ è✒✈✕ ✓✒✛✕✗✔✒✖♦ ★✒✈✕ ✪✕✕♥ ✗✕ç✗✢æ

✣✙✧✕✣ ✛✢ ✒ ★✔❣★ ✣✕❣✗✕✕ ✢❢ ✒✧✧✙✗✒✧✦✳ ❆✖✛★✢✙❣★ ✛★✕ ♦✙✪♦✛✗✒✛✕

✔♦ ♥✢✛ ✕ÿç✖✔✧✔✛✖✦ ✔♥✧✖✙✣✕✣ ✔♥ ✢✙✗ ✛★✕✢✗✕✛✔✧✒✖ ✒♥✒✖✦♦✔♦✘

✢✓✔✛✛✔♥❣ ✛★✕ ✖✢♥❣æ✗✒♥❣✕ ❈✢✙✖✢✓✪ ✔♥✛✕✗✒✧✛✔✢♥♦ ö♦✙✧★ ✒♦

ç✢✖✒✗✢♥æç✢✖✒✗✢♥ ✗✕ç✙✖♦✔✢♥÷ ✔♥ ✛★✕ ✣✢è♥❢✢✖✣✔♥❣ ✓✢✣✕✖

✔✓ç✖✔✧✔✛✖✦ ✣✕♦✧✗✔✪✕♦ ✛★✕ ✒❢✢✗✕✓✕♥✛✔✢♥✕✣ ♦✙✪♦✛✗✒✛✕æ✔♥✣✙✧✕✣

♦✧✗✕✕♥✔♥❣ ✕❢❢✕✧✛♦ ✢♥ ✛★✕ ✧★✒✗❣✕♦ ✒♥✣ ✛★✕✗✕❢✢✗✕ ✢♥ ✛★✕

✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ♦✛✒✛✕♦ è✔✛★✔♥ ✛★✕ ✖✒✦✕✗✳ ❊❢❢✕✧✛✔✈✕✖✦✘ ✛★✕

✫✢✩í ♦✒✓ç✖✕ ✔♥ ✢✙✗ ✓✢✣✕✖ ✕ñ✙✒✖♦ ✒ ➇✓✕✛✒✖✖✔✧➈ ♦✕✛✙ç è✔✛★

ñ✙✕♥✧★✕✣ ✖✢♥❣æ✗✒♥❣✕ ✔♥✛✕✗✒✧✛✔✢♥♦✘ è★✔✧★ è✢✙✖✣ ✕ÿç✖✒✔♥ ✛★✕

ñ✙✒✖✔✛✒✛✔✈✕ ✒❣✗✕✕✓✕♥✛ ✗✕❣✒✗✣✔♥❣ ✛★✕ ✪✔♥✣✔♥❣ ✕♥✕✗❣✔✕♦

✪✕✛è✕✕♥ ✢✙✗ ✧✒✖✧✙✖✒✛✔✢♥♦ ✒♥✣ ✛★✕ ✕ÿç✕✗✔✓✕♥✛✳

✥★✕♦✕ ✒✗❣✙✓✕♥✛♦ ç✗✢✈✔✣✕ ✕✈✔✣✕♥✧✕ ✛★✒✛ ✢✙✗ ç✗✢ç✢♦✕✣

♦✧✕♥✒✗✔✢ ✢❢ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ✪✔♥✣✔♥❣ ✧✢♥✧✖✙✣✕✣ ❢✗✢✓ ✢✙✗

✣✢è♥❢✢✖✣✔♥❣ ✧✒✖✧✙✖✒✛✔✢♥♦ ✔♦ ✒ ✗✕✒♦✢♥✒✪✖✕ ✒♦♦✙✓ç✛✔✢♥ ✛✢

✓✒✬✕✘ ❣✔✈✕♥ ✛★✕ ✧✖✕✒✗ ♦ç✕✧✛✗✒✖ ♦✔✓✔✖✒✗✔✛✔✕♦ ✛✢ ✖✔✛✕✗✒✛✙✗✕

è✔✛★✢✙✛ ✛★✕ ❢✙✖✖ ✒✧✧✢✙♥✛ ✢❢ ✕✖✕✧✛✗✢♥æ✕✖✕✧✛✗✢♥ ✔♥✛✕✗✒✧✛✔✢♥

✒♥✣ ✗✕❣✒✗✣✔♥❣ ✛★✕ ✈✒✖✔✣✔✛✦ ✢❢ ✢✙✗ ✣✢è♥❢✢✖✣✔♥❣ ✒çç✗✢✒✧★ ✔♥

✓✕✛✒✖✖✔✧ ✧★✒✗❣✕ ✣✕♥♦✔✛✦ è✒✈✕ ✓✒✛✕✗✔✒✖♦✳

✥✢ ✛★✕ ✪✕♦✛ ✢❢ ✢✙✗ ✬♥✢è✖✕✣❣✕✘ ✛★✕ ç✗✢✪✖✕✓ ✢❢ ✕✖✕✧✛✗✢♥✔✧

♦ç✕✧✛✗✒ ✗✕♦✙✖✛✔♥❣ ❢✗✢✓ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ♦✛✒✛✕♦ ✙♥✣✕✗ ❢✙✖✖

✒✧✧✢✙♥✛ ✢❢ ✛★✕ ✕✖✕✧✛✗✢♥æ✕✖✕✧✛✗✢♥ ✔♥✛✕✗✒✧✛✔✢♥ ★✒♦ ♥✢✛ ✪✕✕♥

✒✣✣✗✕♦♦✕✣ ❢✢✗ ✗✕✒✖ ✓✒✛✕✗✔✒✖♦ ♦✢ ❢✒✗✘ ✒♥✣ è✕ ★✢ç✕ ✛★✒✛ ✢✙✗

♦✛✙✣✦ ✛✗✔❣❣✕✗♦ ✒ ✧✖✢♦✕✗ ✛★✕✢✗✕✛✔✧✒✖ ✔♥✈✕♦✛✔❣✒✛✔✢♥✳

Ý■Þ �ä▼▼❆á❯

■♥ ♦✙✓✓✒✗✦✘ ✢✙✗ ✗✕♦✙✖✛♦ ✣✕✓✢♥♦✛✗✒✛✕ ✛★✒✛ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧

♦✛✒✛✕♦ ✕✓✕✗❣✔♥❣ ❢✗✢✓ ✛★✕ ✧✢✙ç✖✔♥❣ ✢❢ ✧★✒✗❣✕ ✧✒✗✗✔✕✗♦ ✛✢ ✒

è✕✖✖æ✣✕❢✔♥✕✣ ç★✢♥✢♥ ✓✢✣✕ ✧✒♥ ✪✕ ✓✕✒♦✙✗✕✣ ✈✔✒ ✩✥✫ ✔♥

♥æ✣✢ç✕✣ ✓✕✛✒✖✖✔✧ ✩▲ ✫✢✩í✳ ❆ ✖✢✧✒✖ ♦✙ç✕✗♦✛✗✙✧✛✙✗✕ ✗✕♦✕✓æ

✪✖✔♥❣ ✒ ö✷ × ✷÷ ✔♦ ✢✪♦✕✗✈✕✣ ✕ÿç✕✗✔✓✕♥✛✒✖✖✦✳ ■♥ ✣■❂✣❱

♦ç✕✧✛✗✒✘ ✛è✢ ♦✛✗✢♥❣ ✗✕♦✢♥✒♥✧✕♦ ✒✗✕ ✢✪♦✕✗✈✕✣ ✢♥ ✕✔✛★✕✗ ♦✔✣✕

✢❢ ✛★✕ ❋✕✗✓✔ ✖✕✈✕✖✘ ✛✢❣✕✛★✕✗ è✔✛★ ✔♥✕✖✒♦✛✔✧ ç★✢♥✢♥ ✗✕ç✖✔✧✒

✕✈✕♥✖✦ ♦ç✒✧✕✣ ✪✦ ✒♥ ✕♥✕✗❣✦ ✢❢ ✁✵ ➻ ✷✹ ✄ ✹ ✓✕❱✳ ✭✦

✧✢✓✪✔♥✔♥❣ ✣✕♥♦✔✛✦ ❢✙♥✧✛✔✢♥✒✖ öç✕✗✛✙✗✪✒✛✔✢♥÷ ✛★✕✢✗✦ è✔✛★ ✒

✗✕✧✕♥✛✖✦ ✣✕✈✕✖✢ç✕✣ ùú ûüûýûþ ✕✖✕✧✛✗✢♥æ✖✒✛✛✔✧✕ ✣✢è♥❢✢✖✣✔♥❣

✛✕✧★♥✔ñ✙✕✘ è✕ ❢✔♥✣ ✛★✒✛ ✛★✕ ✫✢✩í ✖✒✛✛✔✧✕ ★✒♦ ✒ ♦✛✗✢♥❣

✛✕♥✣✕♥✧✦ ✛✢è✒✗✣ ✖✢✧✒✖✔✜✕✣ ✣✕❢✢✗✓✒✛✔✢♥♦ è✔✛★ ✒ ❢✔♥✔✛✕ ✗✒♥❣✕

✢❢ è✒✈✕ ✈✕✧✛✢✗♦ ✒✗✢✙♥✣ ✛★✕ ▼ ç✢✔♥✛ ✧✢♥✛✗✔✪✙✛✔♥❣ ✛✢ ✛★✕

✣✔♦✛✢✗✛✔✢♥✘ è★✔✧★ ✧✒♥ ✪✕ ✔♥✛✕✗ç✗✕✛✕✣ ✒♦ ✒ ✓✙✖✛✔ç✢✖✒✗✢♥

✔♥✈✢✖✈✔♥❣ ❢✢✙✗ ö✢✗ ✓✢✗✕÷ ✕✖✕✧✛✗✢♥♦✳ ✭✦ ✗✕✈✕✒✖✔♥❣ ✛★✕ ✕❢❢✕✧✛♦

✢❢ ✖✒✗❣✕ ✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✧✢✙ç✖✔♥❣ ✢♥ ✛★✕ ✛✙♥♥✕✖✔♥❣ ♦ç✕✧✛✗✒

✢❢ ë❇ ✓✒✛✕✗✔✒✖♦✘ è✕ ✕ÿç✕✧✛ ✛★✒✛ ✢✙✗ ❢✔♥✣✔♥❣♦ ✧✗✕✒✛✕ ♥✕è

✗✕♦✕✒✗✧★ ✢çç✢✗✛✙♥✔✛✔✕♦ ✔♥✛✢ ë❇ ö✓✙✖✛✔÷ç✢✖✒✗✢♥ ✧✢✓ç✖✕ÿ✕♦✳

❆å❆ßâ�✁❘ã▲▼❘ßà�

❲✕ ✒✧✬♥✢è✖✕✣❣✕ ❢✙♥✣✔♥❣ ❢✗✢✓ ✛★✕ ❇✕✙✛♦✧★✕

❋✢✗♦✧★✙♥❣♦❣✕✓✕✔♥♦✧★✒❢✛ ö❇❋●✘ ●✕✗✓✒♥ ❘✕♦✕✒✗✧★

❋✢✙♥✣✒✛✔✢♥÷ ✛★✗✢✙❣★ ❈❘❈ êëîò öP✗✢❥✕✧✛ ◆✢✳ ëððêôøòôð✘

♦✙✪ç✗✢❥✕✧✛♦ ❆✷ê ✒♥✣ ✭✷ø÷✳ ❏✳ ❋✳ ✒✧✬♥✢è✖✕✣❣✕♦ ❢✔♥✒♥✧✔✒✖

♦✙çç✢✗✛ ❢✗✢✓ ✛★✕ ❇❋● ✛★✗✢✙❣★ P✗✢❥✕✧✛ ◆✢✳ ❋■ ëøëô✷êæê

öP✗✢❥✕✧✛ ◆✢✳ ôøëø❬ëð✷õ÷ è✔✛★✔♥ ✛★✕ ✩PP ëêîð✳ ❏✳ ✭✳

✒✧✬♥✢è✖✕✣❣✕♦ ❢✔♥✒♥✧✔✒✖ ♦✙çç✢✗✛ ❢✗✢✓ ✛★✕ ❇❋● ✛★✗✢✙❣★

●✕✗✓✒♥✦➆♦ ❊ÿ✧✕✖✖✕♥✧✕ ✩✛✗✒✛✕❣✦ ö❚♥✔✈✕✗♦✔✛✦ ❆✖✖✢è✒♥✧✕✘

❊❳❈ ë✷ðð✘ P✗✢❥✕✧✛ ◆✢✳ î❬✷ðôêø✷î✘ ❚♥✔✈✕✗♦✔✛✦ ✢❢

✭✗✕✓✕♥÷✳ ❋✔♥✒♥✧✔✒✖ ♦✙çç✢✗✛ ✪✦ ✛★✕ ❇❋● ç✗✔✢✗✔✛✦ ç✗✢❣✗✒✓

✩PPëëôô ✔♦ ✒✧✬♥✢è✖✕✣❣✕✣ ✪✦ ✫✳❲✳✘ ✥✳ ❲✳ öP✗✢❥✕✧✛

◆✢✳ ôîëðôê❬❬÷✘ ✒♥✣ ❲✳ ❏✳ öP✗✢❥✕✧✛ ◆✢✳ õîõë❬✷ôõð÷✳ ▲✳ P✳

✒♥✣ ✥✳❲✳ ✛★✒♥✬ ✛★✕ ❇❋● ❢✢✗ ❢✙♥✣✔♥❣ ✛★✗✢✙❣★ ✛★✕ ✗✕♦✕✒✗✧★

✙♥✔✛ ◗❚❆✩✥ ❋❖❘ õëô❬ öP✗✢❥✕✧✛ ◆✢✳ ôô❬òðë❬✷❬❀ P✗✢❥✕✧✛

Põ÷✳ ❆✗♥✕ ✩✧★✢✪✕✗✛✘ ❨✳ ✔♥ ➆✛ ❱✳✘ ✒♥✣ ✥✳❲✳ ✒✧✬♥✢è✖✕✣❣✕

❢✙♥✣✔♥❣ ✒♥✣ ♦✙çç✢✗✛ ❢✗✢✓ ✛★✕ ❇❋● ✛★✗✢✙❣★ ✛★✕ ✧✖✙♦✛✕✗

✢❢ ✕ÿ✧✕✖✖✕♥✧✕ ➇❈❚■✿ ❆✣✈✒♥✧✕✣ ■✓✒❣✔♥❣ ✢❢ ✫✒✛✛✕✗➈ ✢❢ ✛★✕

❇✕✙✛♦✧★✕ ❋✢✗♦✧★✙♥❣♦❣✕✓✕✔♥♦✧★✒❢✛ ö❇❋● ❊❳❈ ë✷õø✘

P✗✢❥✕✧✛ ◆✢✳ î❬✷ðêõ❬❬ô÷✳ ✥★✕ ✒✙✛★✢✗♦ ❣✗✒✛✕❢✙✖✖✦ ✒✧✬♥✢è✖æ

✕✣❣✕ ✛★✕ ✧✢✓ç✙✛✔♥❣ ✛✔✓✕ ✓✒✣✕ ✒✈✒✔✖✒✪✖✕ ✛✢ ✛★✕✓ ✢♥ ✛★✕

★✔❣★æç✕✗❢✢✗✓✒♥✧✕ ✧✢✓ç✙✛✕✗ ➇▲✔♦✕➈ ✒✛ ✛★✕ ◆ó❘ ❈✕♥✛✕✗

◆ó❘◆✁■✭ ✙♥✣✕✗ ✛★✕ P✗✢❥✕✧✛ ◆✢✳ ★★ç✷✷✷øî✳ ✥★✔♦ ✧✕♥✛✕✗

✔♦ ❥✢✔♥✛✖✦ ♦✙çç✢✗✛✕✣ ✪✦ ✛★✕ ❋✕✣✕✗✒✖ ✫✔♥✔♦✛✗✦ ✢❢ ❊✣✙✧✒✛✔✢♥

✒♥✣ ❘✕♦✕✒✗✧★ ✒♥✣ ✛★✕ ♦✛✒✛✕ ❣✢✈✕✗♥✓✕♥✛♦ ç✒✗✛✔✧✔ç✒✛✔♥❣ ✔♥ ✛★✕

◆ó❘ éõêì✳

❆PP❘ßãÝ❳ ❆✿ ❘❳P❘áÝ▼❘ßà❆✁ ▼❘à▼âã�

✥★✕ ♦✒✓ç✖✕♦ è✕✗✕ ❣✗✢è♥ ûü sûý✂ ✔♥ ✛è✢ ç✗✕ç✒✗✒✛✔✢♥

✧★✒✓✪✕✗♦ è✔✛★ ✪✒♦✕ ç✗✕♦♦✙✗✕ ♣ ✄ ✺ × ✶�❾✶✵ ✓✪✒✗✳ ■✗öêêê÷

✔♦ ✧✖✕✒♥✕✣ ✪✦ ê✳õ ✬✕❱ ❆✗þ ✔✢♥ ♦ç✙✛✛✕✗✔♥❣ ✒♥✣ ✒♥♥✕✒✖✔♥❣ ✛✢ ✒

✛✕✓ç✕✗✒✛✙✗✕ ✢❢ êõõ✷❑✳ ●✗ ✔♦ ❣✗✢è♥ ✢♥ ■✗öêêê÷ ✔♥ ✛è✢ ♦✛✕ç♦✳

❋✔✗♦✛✘ ✛★✕ ■✗ ✔♦ ✕ÿç✢♦✕✣ ✛✢ ✕✛★✦✖✕♥✕ ✙♥✛✔✖ ♦✒✛✙✗✒✛✔✢♥✘ ❢✢✖✖✢è✕✣

❈❆✫■❊▲ ❱❆◆ ❊❋❋❊❘❊◆ ✣ý ù❛✤ Pó❨✩✳ ❘❊❱✳ ❳ ✥✦✧ ✷îê✷î✷ öë✷ëõ÷

✷îê✷î✷æò



✪✦ êîð✷ ❑ ✛★✕✗✓✒✖ ✣✕✧✢✓ç✢♦✔✛✔✢♥ ✔♥ ✢✗✣✕✗ ✛✢ ✢✪✛✒✔♥ è✕✖✖æ

✢✗✔✕♥✛✕✣ ●✗ ✔♦✖✒♥✣♦✳ ❆❢✛✕✗è✒✗✣✘ ✛★✕ ♦✒✓ç✖✕ ✔♦ ✕ÿç✢♦✕✣ ✛✢

ë✷✷✷ ▲ ✕✛★✦✖✕♥✕ ✒✛ êîð✷ ❑ ❢✢✗ ø✷✷ ♦✘ è★✔✧★ ✦✔✕✖✣♦ ✒

✧✢✓ç✖✕✛✕ ♦✔♥❣✖✕æ✧✗✦♦✛✒✖ ●✗ ✖✒✦✕✗ éõëì✳ ✩▲✫✢✩í ✔♦ ❣✗✢è♥ ✪✦

✫✢ ✣✕ç✢♦✔✛✔✢♥ ✔♥ ✒♥ ✕✖✕✓✕♥✛✒✖ ✩ ç✗✕♦♦✙✗✕ ✢❢ ✶ × ✶�❾✽ ✓✪✒✗

éõîì✳ ✩✙✪♦✕ñ✙✕♥✛✖✦✘ ✛★✕ ♦✒✓ç✖✕ ✔♦ ✒♥♥✕✒✖✕✣ ✛✢ ê✷õ✷❑ ✔♥ ✛★✕

♦✒✓✕ ✩ ✪✒✧✬❣✗✢✙♥✣ ç✗✕♦♦✙✗✕✳ ❈♦ è✒♦ ✕✈✒ç✢✗✒✛✕✣ ✙♦✔♥❣ ✒

✣✔✗✕✧✛ ✧✙✗✗✕♥✛ ✕✈✒ç✢✗✒✛✢✗ ✛✢ ★✕✒✛ ✒ ❈♦ ✣✔♦ç✕♥♦✕✗ ✔♥ ✙✖✛✗✒★✔❣★

✈✒✧✙✙✓✳ ❇✙✗✔♥❣ ✕✈✒ç✢✗✒✛✔✢♥✘ ✛★✕ ✫✢✩í❂●✗❂■✗ð✶✶✶Þ ♦✒✓æ

ç✖✕ è✒♦ ✬✕ç✛ ✒✛ õð✷ ❑✳ ❆❢✛✕✗ ✔♥✛✕✗✧✒✖✒✛✔✢♥✘ ✛★✕ ♦✒✓ç✖✕ è✒♦

❢✖✒♦★✕✣ ✛✢ ðî✷ ❑ ✛✢ ✗✕✓✢✈✕ ✗✕♦✔✣✙✒✖ ❈♦ ❢✗✢✓ ✛★✕ ♦✙✗❢✒✧✕✳

❇✕✛✒✔✖♦ ✒✪✢✙✛ ✛★✕ ❊✙ ✔♥✛✕✗✧✒✖✒✛✔✢♥ ✧✒♥ ✪✕ ❢✢✙♥✣ ✔♥ ❘✕❢✳ éêòì✳

✩✥✫ ✒♥✣ ✩✥✩ è✕✗✕ ✧✒✗✗✔✕✣ ✢✙✛ ✔♥ ✛è✢ ✙✖✛✗✒★✔❣★ ✈✒✧✙✙✓

♦✦♦✛✕✓♦ ✒✛ ✒ ✛✕✓ç✕✗✒✛✙✗✕ ✢❢ ✷✳ôïø✳õ ❑ ✒❢✛✕✗ ûü sûý✂ ✛✗✒♥♦❢✕✗

✢❢ ✛★✕ ♦✒✓ç✖✕♦ ❢✗✢✓ ✛★✕ ç✗✕ç✒✗✒✛✔✢♥ ✧★✒✓✪✕✗✳

❆PP❘ßãÝ❳ ❇✿ å❆✁åä✁❆àÝâß ã❘à❆Ý✁�

❇❋✥ ✧✒✖✧✙✖✒✛✔✢♥♦ è✕✗✕ ç✕✗❢✢✗✓✕✣ è✔✛★ ◗�❆✁✂�✄

❊☎✆✝❊☎☎✞ éõôì ✙♦✔♥❣ ✛★✕ P✭❊ ✒çç✗✢ÿ✔✓✒✛✔✢♥ ❢✢✗ ✛★✕

✕ÿ✧★✒♥❣✕æ✧✢✗✗✕✖✒✛✔✢♥ ç✢✛✕♥✛✔✒✖ éõõì ✒♥✣ ♥✢✗✓æ✧✢♥♦✕✗✈✔♥❣

ç♦✕✙✣✢æç✢✛✕♥✛✔✒✖♦ ❢✗✢✓ ✛★✕ ✆☎❊�P✞P✞✟✞ ✣✒✛✒✪✒♦✕ éõø✘õðì✳

P✖✒♥✕ è✒✈✕♦ ✙♥✛✔✖ ✒♥ ✕♥✕✗❣✦ ✧✙✛✢❢❢ ✢❢ ê✷✷ ❘✦ è✕✗✕ ✔♥✧✖✙✣✕✣

✒♥✣ ✒ ❋✕✗✓✔æ❇✔✗✒✧æ✛✦ç✕ ♦✓✕✒✗✔♥❣ ✢❢ ✷✳✷✷ê ❘✦ è✒♦

✔✓ç✢♦✕✣✳ ❲✕ ✧✢♥♦✔✣✕✗✕✣ ✒ ✣✢ç✔♥❣ ✢❢ �✳�✶❡❾❂✫✢✩í✘ è★✔✧★

✧✢✗✗✕♦ç✢♥✣♦ ✛✢ ✒ ✣✢ç✒♥✛ ✣✕♥♦✔✛✦ ✢❢ ✶✳✶✹ × ✶�✶✶ ✧✓❾í✳ ❲✕

✔♥✧✖✙✣✕✣ ✒ ✈✒✧✙✙✓ ✢❢ ✒çç✗✢ÿ✔✓✒✛✕✖✦ êë ➴ ✒✪✢✈✕ ✛★✕

✓✢♥✢✖✒✦✕✗✳ ❲✕ ✙♦✕✣ ✒♥ ✶✶ × ✶✶ ❦æç✢✔♥✛ ❣✗✔✣ ❢✢✗ ✛★✕ ✙♥✔✛

✧✕✖✖✳ ❘✕✖✒ÿ✒✛✔✢♥ ✢❢ ✛★✕ ö✙♥÷✣✢ç✕✣ ✙♥✔✛ ✧✕✖✖ ❢✢✗ ❢✔ÿ✕✣ ✧✕✖✖

★✕✔❣★✛ ✦✔✕✖✣✕✣ ✛★✕ ✖✒✛✛✔✧✕ ✧✢♥♦✛✒♥✛ ✢❢ î✳ëî ➴ öî✳ê❬ ➴÷✳ ❲✕

✙♦✕✣ ✛★✕♦✕ ✙♥✔✛ ✧✕✖✖ ♦✛✗✙✧✛✙✗✕♦ ✒♥✣ ✛★✕✔✗ ✖✒✛✛✔✧✕ ✧✢♥♦✛✒♥✛♦ ✒♦

✛★✕ ♦✛✒✗✛✔♥❣ ç✢✔♥✛ ✢❢ ✒✖✖ ♦✙✪♦✕ñ✙✕♥✛ ✧✒✖✧✙✖✒✛✔✢♥♦✳

❋✢✗ ✛★✕ ❇❋P✥ ✧✒✖✧✙✖✒✛✔✢♥♦ ✈✔✒ ◗�❆✁✂�✄ ❊☎✆✝❊☎☎✞✘ è✕

✙♦✕✣ ✒ ✻ × ✻ qæç✢✔♥✛ ❣✗✔✣✳ ❋✢✗ ✛★✕ ✣✕✛✕✗✓✔♥✒✛✔✢♥ ✢❢ ✛★✕

✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✧✢✙ç✖✔♥❣ è✕ ✕✓ç✖✢✦✕✣ ✛★✕ ❊✆✠ ✧✢✣✕ éõòì✳

✥★✗✕✕ ✕♥✕✗❣✦ ✪✒♥✣♦ ✒✗✢✙♥✣ ✛★✕ ❋✕✗✓✔ ✕♥✕✗❣✦ è✕✗✕ ✛✗✒♥♦æ

❢✢✗✓✕✣ ✔♥✛✢ ✛★✕ ❲✒♥♥✔✕✗ ✪✒♦✔♦ ♦✛✒✗✛✔♥❣ ❢✗✢✓ ✢✗✪✔✛✒✖♦ ✢❢ ✫✢

❞③✷ ✘ ❞①✷❾②✷ ✘ ✒♥✣ ❞①② ✧★✒✗✒✧✛✕✗✳ ✩ç✕✧✛✗✒✖ ❢✙♥✧✛✔✢♥ ✧✒✖✧✙✖✒✛✔✢♥♦

✔♥ ❆çç✕♥✣✔ÿ ó è✕✗✕ ✧✒✗✗✔✕✣ ✢✙✛ ✢♥ ✛✢ç ✢❢ ✛★✕ ✛★✗✕✕ ✪✒♥✣

❲✒♥♥✔✕✗ ✓✢✣✕✖ ✕ÿ✛✕♥✣✕✣ ✛✢ ✔♥✧✖✙✣✕ ♦ç✔♥æ✢✗✪✔✛ ✧✢✙ç✖✔♥❣

è✔✛★✔♥ ✛★✕ ❊✆✠ ✧✢✣✕ ✔♥✧✖✙✣✔♥❣ ç✢♦♦✔✪✖✕ ❋✒♥æ✫✔❣✣✒✖ ✧✢♥æ

✛✗✔✪✙✛✔✢♥♦ ✛✢ ✛★✕ ♦✕✖❢æ✕♥✕✗❣✦✳ ❆ ✣✕♥♦✕ qæç✢✔♥✛ ❣✗✔✣

ö✶✾✷ × ✶✾✷÷ è✒♦ ✙♦✕✣✳ ✩✓✕✒✗✔♥❣ ✔♥ ✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✧✢✙æ

ç✖✔♥❣ ♦✙✓✓✒✛✔✢♥ ✒♥✣ ✕♥✕✗❣✦æ✧✢♥♦✕✗✈✔♥❣ ✣✕✖✛✒ ❢✙♥✧✛✔✢♥♦

è✒♦ ♦✕✛ ✛✢ ✷✳✷✷ë ✕❱✳

✥★✕ ✗✕✖✒ÿ✒✛✔✢♥♦ ✢♥ ✖✒✗❣✕ ♦✙ç✕✗✧✕✖✖♦ ö✶✶ × ✶✶÷ è✕✗✕

❢✒✧✔✖✔✛✒✛✕✣ ✪✦ ✛★✕ ✣✢è♥❢✢✖✣✔♥❣ ♦✛✗✒✛✕❣✔✕♦ ❢✗✢✓ ❘✕❢✳ éëôì✘

è★✔✧★ ★✒✈✕ ✪✕✕♥ ✔✓ç✖✕✓✕♥✛✕✣ ✔♥ ✛★✕ ❊✡✆☛✄✞P ç✒✧✬✒❣✕

éõ❬ì✳ ✥★✕ ♦✒✓✕ ç✒✗✒✓✕✛✕✗♦ ✒♦ ✔♥ ❇❋✥ è✕✗✕ ✙♦✕✣ ✕ÿ✧✕ç✛ ❢✢✗

✛★✕ ❦æç✢✔♥✛ ❣✗✔✣✘ è★✔✧★ ✧✢✗✗✕♦ç✢♥✣♦ ✛✢ ✒ ✄æ✢♥✖✦ ✧✒✖✧✙✖✒✛✔✢♥

✢♥ ✛★✕ ✶✶ × ✶✶ ♦✙ç✕✗✧✕✖✖✳

❲✕ ✙♦✕✣ ✛★✕ ➇✓✢✣✕✖ ■■■➈ ✈✒✗✔✒♥✛ è✔✛★ ✕ÿ✧✖✙♦✔✢♥ ✢❢

✕✖✕✧✛✗✢♥æ✕✖✕✧✛✗✢♥ ✔♥✛✕✗✒✧✛✔✢♥♦ ✢❢ ✛★✕ ✣✢è♥❢✢✖✣✔♥❣ ♦✛✗✒✛✕❣✦

✢❢ ❘✕❢✳ éëôì✘ è★✕✗✕ ✔✛♦ ✕ñ✙✔✈✒✖✕♥✧✕ ✛✢ ❇❋✥ ★✒✣ ✪✕✕♥

✕♦✛✒✪✖✔♦★✕✣ ❢✢✗ ✒ ✈✒✗✔✕✛✦ ✢❢ ✓✕✛✒✖✖✔✧ ✧★✒✗❣✕ ✣✕♥♦✔✛✦ è✒✈✕

✓✒✛✕✗✔✒✖♦✳ ❋✙✖✖ ✕ñ✙✔✈✒✖✕♥✧✕ è✢✙✖✣ ✗✕ñ✙✔✗✕ ✗✕✧✒✖✧✙✖✒✛✔✢♥ ✢❢

✓✢✣✕✖ ç✒✗✒✓✕✛✕✗♦ ö✧★✒✗❣✕ ♦✕✖❢æ✧✢♥♦✔♦✛✕♥✧✦÷✳ ✥★✕ ▲✒♥✣✒✙æ

P✕✬✒✗ ✓✢✣✕✖ ç✗✢✈✔✣✕♦ ✒ ❢✢✗✓✒✖✖✦ ✕ñ✙✔✈✒✖✕♥✛ ✣✕♦✧✗✔ç✛✔✢♥ ✢❢

❇❋✥ ç✢✖✒✗✢♥♦✘ è✔✛★ ✛★✕ ✕ñ✙✔✈✒✖✕♥✧✕ ✪✕✧✢✓✔♥❣ ✕ÿ✒✧✛ ✔♥

✛★✕ ❋✗❋★✖✔✧★ ✖✔✓✔✛ éîòì✳ ■♥ ✛★✕ ❋✗❋★✖✔✧★ ✓✢✣✕✖✘ ✛★✕

ç✢✖✒✗✢♥✔✧ ♦✕✖❢æ✕♥✕✗❣✦ è✔✛★✔♥ ✛★✕ ♦✕✖❢æ✧✢♥♦✔♦✛✕♥✛ ✓✒♥✦æ✪✢✣✦

✒çç✗✢✒✧★ ç✗✢✈✔✣✕♦ ✛★✕ ▲✒♥✣✒✙æP✕✬✒✗ ♦✢✖✙✛✔✢♥ ✛✢ ✛★✕

❋✗❋★✖✔✧★ ç✢✖✒✗✢♥✘ ✒♥✣ ✛★✙♦ ✒✛ ✖✕✒♦✛ ✛★✕ ❢✢✗✓✒✖ ♦✢✖✙✛✔✢♥ ✛✢

✛★✕ ç✢✖✒✗✢♥ ç✗✢✪✖✕✓ ✔♥ ❇❋✥ ✒♥✣ ✔♥ ✣✢è♥❢✢✖✣✔♥❣ ✓✢✣✕✖ ■■■

éî❬ì✳ ✥★✙♦ ✢✙✗ ✒çç✗✢✒✧★ ✧✒ç✛✙✗✕♦ ✖✢✧✒✖✔✜✒✛✔✢♥ ✒♥✣ ♦✛✒✛✔✧

✗✕♥✢✗✓✒✖✔✜✒✛✔✢♥ ✕❢❢✕✧✛♦ ✕♥✧✢✣✕✣ ✔♥ ✛★✕ ç✢✖✒✗✢♥✔✧ ♦✕✖❢æ

✕♥✕✗❣✦✳ ✥★✕ ❋✒♥æ✫✔❣✣✒✖ ♦✕✖❢æ✕♥✕✗❣✦ ✒✣✣♦ ✣✦♥✒✓✔✧✒✖

✗✕♥✢✗✓✒✖✔✜✒✛✔✢♥ ✢❢ ✛★✕ ✕♥✕✗❣✦ ✖✕✈✕✖♦✳

❆PP❘ßãÝ❳ å✿ ❆❇�❘ßå❘ â❖ P❘❆❆☞ãÝP

❖❘❆àäá❘� Ýß �❘▼ÝåâßãäåàÝß▲ ▼�✁✷

❲✕ ✢♥✖✦ ✢✪♦✕✗✈✕✣ ✛★✕ ç✕✒✬æ✣✔ç ❢✕✒✛✙✗✕♦ ✔♥ ✣■❂✣❱ ♦ç✕✧✛✗✒

✓✕✒♦✙✗✕✣ ✢♥ ✓✕✛✒✖✖✔✧ ✫✢✩í✳ ❋✔❣✙✗✕ õ ♦★✢è♦ ✒ ✣■❂✣❱

♦ç✕✧✛✗✙✓ ✓✕✒♦✙✗✕✣ ✢♥ ✫✢✩í❂●✗❂❖❂■✗ð✶✶✶Þ✘ ✧✖✢♦✕ ✛✢ ✛★✕

✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✓✔♥✔✓✙✓✳ ❖ÿ✦❣✕♥ ✔♦ ✬♥✢è♥ ✛✢ ♦★✔❢✛ ✛★✕

✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✢❢ ✫✢✩í ✛✢ ★✔❣★✕✗ ✕♥✕✗❣✔✕♦✘ ✓✒✬✔♥❣ ✫✢✩í
♦✕✓✔✧✢♥✣✙✧✛✔♥❣ éêòì✳ ✥★✕ ✪✒♥✣ ✕✣❣✕ ✔♦ ♦✓✢✢✛★✘ è✔✛★✢✙✛

ç✗✢♥✢✙♥✧✕✣ ✒✣✣✔✛✔✢♥✒✖ ❢✕✒✛✙✗✕♦✳ ✥★✕ ✒✪♦✕♥✧✕ ✢❢ ç✕✒✬æ✣✔ç

❢✕✒✛✙✗✕♦ ✔♦ ✔♥ ✖✔♥✕ è✔✛★ ✛★✕ ✒✪♦✕♥✧✕ ✢❢ ç✢✖✒✗✢♥♦ ✔♥ ♦✕✓✔æ

✧✢♥✣✙✧✛✔♥❣ ✫✢✩í✳

❆PP❘ßãÝ❳ ã✿ ã❘✁âå❆✁Ý▲❘ã ✌ä❆�ÝP❆áàÝå✁❘

�å❆àà❘áÝß▲ Ýß ▼❘à❆✁✁Ýå ▼�✁✷

✩✛✒♥✣✔♥❣ è✒✈✕♦ ✒✗✕ ✢✪♦✕✗✈✕✣ è★✕♥ ✓✒çç✔♥❣ ✛★✕ ✣■❂✣❱

♦✔❣♥✒✖ ✔♥ ✗✕✒✖ ♦ç✒✧✕❀ ♦✕✕ ❋✔❣✳ ø✳ ✥★✕♦✕ ✒✗✕ ✗✕✖✒✛✕✣ ✛✢ ◗P■✘

✒✗✔♦✔♥❣ ❢✗✢✓ ✕✖✕✧✛✗✢♥ ♦✧✒✛✛✕✗✔♥❣ ♥✕✒✗ ✛★✕ ✫✢✩í ❑ ç✢✔♥✛ éêòì✳

❆ ✣■❂✣❱ ♦ç✕✧✛✗✙✓ ♦ç✒✛✔✒✖✖✦ ✒✈✕✗✒❣✕✣ ✢✈✕✗ ✛★✕ ✕♥✛✔✗✕ ✒✗✕✒

✙♥✣✕✗ ✔♥✈✕♦✛✔❣✒✛✔✢♥ ♦✛✔✖✖ ✕ÿ★✔✪✔✛♦ ç✗✢♥✢✙♥✧✕✣ ç✕✒✬æ✣✔ç

❢✕✒✛✙✗✕♦❀ ♦✕✕ ❋✔❣✳ ø✳ ✥★✔♦ ✕♥♦✙✗✕ ✛★✒✛ ✛★✕♦✕ ç✕✒✬æ✣✔ç ❢✕✒✛✙✗✕♦

✒✗✕ ♥✢✛ ✗✕✖✒✛✕✣ ✛✢ ✖✢✧✒✖ ✣✕♥♦✔✛✦ ✈✒✗✔✒✛✔✢♥♦ ✣✙✕ ✛✢ ◗P■✳

➳✌✍➠ ➏➠ ➃➔➇❼➓❽❼ ➛➝ ➍❼➐➲➥➀❾➍ ➝❼➐➈➄➌❼➇ ❾➓ ➇❼➞❾❽➛➓➀➄❽➈❾➓➅ ➫➛➭➯➠

✌➓ ➇❼➞❾❽➛➓➀➄❽➈❾➓➅ ➫➛➭➯➢ →❼➌❼ ➛➓ ➐ ✍➌❂�❂✌➌✑✶✶✶✒ ➇➄➔➇➈➌➐➈❼➢ ➈→❼

➔➐➓➀ ❼➀➅❼ ❾➇ ➇➞➛➛➈→➠ ◆➛ ➍❼➐➲➥➀❾➍ ➝❼➐➈➄➌❼➇ ➐➌❼ ➇❼❼➓➠ ➭➡➫ ➛➌ ➭➡➭

➍➐➌➐➞❼➈❼➌➇❛ ✔✗✘✙ ➻ ✶➠✸✺ ❡➢ ✓✗✘✙ ➻ ✶➠✕ ➓➃➢ ✔ ♠✛✜ ➻ ✺ ➞❡➠

■◆❊▲❆✩✥■❈ ✥❚◆◆❊▲■◆● ■◆✥❖ ✫❚▲✥■P❖▲❆❘❖◆■❈ ✭❖❚◆❇ ❹ Pó❨✩✳ ❘❊❱✳ ❳ ✥✦✧ ✷îê✷î✷ öë✷ëõ÷

✷îê✷î✷æ❬



❆PP❘ßãÝ❳ ❘✿ ãâPÝß▲ ✁❘■❘✁ â❖ ås

Ýßà❘áå❆✁❆à❘ã �❆▼P✁❘

■♥ ✛★✕ ✧✢♥✣✙✧✛✒♥✧✕ ✓✒ç ✢❢ ❣✗✒ç★✕♥✕ ✔♥ ❋✔❣✳ ðö✒÷✘

♦✛✒♥✣✔♥❣ è✒✈✕ ç✒✛✛✕✗♥♦ ✧✒♥ ✪✕ ✢✪♦✕✗✈✕✣✘ è★✔✧★ ✒✗✔♦✕ ❢✗✢✓

◗P■ ✢❢ ✛★✕ ❣✗✒ç★✕♥✕ ✕✖✕✧✛✗✢♥♦✳ ❆ ❋✢✙✗✔✕✗ ✛✗✒♥♦❢✢✗✓✘

♦★✢è♥ ✔♥ ❋✔❣✳ ðö✪÷✘ ✗✕✈✕✒✖♦ ✛✗✔✒♥❣✙✖✒✗ ♦✧✒✛✛✕✗✔♥❣ ç✒✛✛✕✗♥♦

✒✗✢✙♥✣ ✛★✕ ❑ ✒♥✣ ❑✵ ç✢✔♥✛♦✳ ✥★✕ ♦✔✜✕ ✢❢ ✛★✕♦✕ ✛✗✔✒♥❣✙✖✒✗

ç✢✧✬✕✛♦ ✔♦ ✣✕✛✕✗✓✔♥✕✣ ✪✦ ✔♥✛✕✗✈✒✖✖✕✦ ♦✧✒✛✛✕✗✔♥❣ è✔✛★✔♥ ✛★✕

❇✔✗✒✧ ✧✢♥✕♦ ✒♥✣ ✔♦ ✛★✙♦ ✣✔✗✕✧✛✖✦ ✖✔♥✬✕✣ ✛✢ ✛★✕ ✧✢♥♦✛✒♥✛

✕♥✕✗❣✦ ✧✢♥✛✢✙✗♦ ✢❢ ✛★✕ ❣✗✒ç★✕♥✕ ✪✒♥✣ ♦✛✗✙✧✛✙✗✕ ✒✛ ✛★✕

✕♥✕✗❣✦ ✢❢ ✛★✕ ✓✕✒♦✙✗✕✓✕♥✛ éø✷ì✳ ❆✛ ëõ ✓✕❱✘ è✕ ❢✔♥✣ ✛★✒✛

✛★✕ è✔✣✛★ ✢❢ ✛★✕ ✛✗✔❣✢♥✒✖✖✦ è✒✗ç✕✣ ❇✔✗✒✧ ✧✢♥✕✘ ✓✕✒♦✙✗✕✣

❢✗✢✓ ✄✁ ❑ ✁ ▼ ✔♦ �✳✸✼✹ ➴❾✶✳ ❈✢✓ç✒✗✔♥❣ ✛★✔♦ ✈✒✖✙✕

✛✢ ✛★✕ ❢✙✖✖✦ ❈♦æ✔♥✛✕✗✧✒✖✒✛✕✣ ✣✒✛✒ ✢❢ ❘✕❢✳ éø✷ì✘ è✕ ✕♦✛✔✓✒✛✕

✛★✒✛ ❊❉ ✁ ❾�✳✾ ✕❱✘ è✔✛★ ❊❉ ✛★✕ ❇✔✗✒✧ ç✢✔♥✛ ✢❢ ❣✗✒ç★✕♥✕✳

❈✢✓ç✒✗✕✣ ✛✢ ✛★✕ ❇✔✗✒✧ ç✢✔♥✛ ✢❢ ❣✗✒ç★✕♥✕ ✔♥ ✛★✕ ✙♥✣✢ç✕✣

✫✢✩í❂●✗❂■✗ð✶✶✶Þ ♦✦♦✛✕✓ ö❊❉ ➻ �✳✷✺ ✕❱÷ éøêì✘ ✛★✔♦
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➳✌✍➠ ❬➠ ✎➝➝❼❽➈ ➛➝ ➐➓ ❾➓→➛➞➛➅❼➓❼➛➄➇ ❼➎❼❽➈➌➛➇➈➐➈❾❽ ❼➓❿❾➌➛➓➞❼➓➈➠ ❺➐↕ ➭➡➫ ❾➞➐➅❼ ➛➝ ➐➓ ➭✏➫➛➭➯ ❾➇➎➐➓➀ ➛➓ ✍➌❂➵➇❂✌➌✑✶✶✶✒ ➟❾➈→ ➐➀➇➛➌➔❼➀

➵➇ ➐➈➛➞➇➠ ➡→❼ ➐➌➌➛➟ ➞➐➌➲➇ ➈→❼ ➍➛➇❾➈❾➛➓ ➛➝ ➀➐➈➐ ➐❽➜➄❾➇❾➈❾➛➓➠ ❺➔↕ ➀✓❂➀✔ ❾➓➈❼➓➇❾➈↔ ➐➇ ➐ ➝➄➓❽➈❾➛➓ ➛➝ ➍➛➇❾➈❾➛➓ ➐➓➀ ➔❾➐➇ ❿➛➎➈➐➅❼➠ ➭➡➫ ➛➌ ➭➡➭

➍➐➌➐➞❼➈❼➌➇❛ ❺➐↕ ✝✕ ✖ ✸✸ ➓➞➯➢ ✔✗✘✙ ➻ ✶➠✕ ❡➢ ✓✗✘✙ ➻ ✶✕✕ ➍➃➋ ❺➔↕ ✔✗✘✙ ➻ ✶✕✕ ➞❡➢ ✓✗✘✙ ➻ ✶➠✶ ➓➃➢ ✔♠✛✜ ➻ ✚ ➞❡➢ ❢♠✛✜ ➻ ✽✢✢ ❍➧➠

➳✌✍➠ ➣➠ ❡➐➌❾➐➈❾➛➓ ❾➓ ➈→❼ ❾➓❼➎➐➇➈❾❽ ➈➄➓➓❼➎❾➓➅ ➍➌➛❽❼➇➇❼➇➠ ❺➐↕➢

❺➔↕ ➡➟➛ ❽➛➓➀➄❽➈➐➓❽❼ ➇➍❼❽➈➌➐ ➈➐➲❼➓ ➛➓ ➀❼➝❼❽➈➥➝➌❼❼ ➐➌❼➐➇ ➛➝

➫➛➭➯❂✍➌❂✎➄❂✌➌✑✶✶✶✒ ➐➌❼ ➇→➛➟➓➠ ➡→❼ ➇➍❼❽➈➌➐ ➐➌❼ ➝❾➈➈❼➀ ➄➇❾➓➅

➈→❼ ➞➛➀❼➎ ➛➝ ✎➜➠ ❺➂↕ ❾➓ ➈→❼ ➞➐❾➓ ➈❼➤➈ ❬➁❬s➠ ➭➡➫ ➛➌ ➭➡➭

➍➐➌➐➞❼➈❼➌➇❛ ❺➐↕ ✔✗✘✙ ➻ ✕➠✶ ❡➢ ✓✗✘✙ ➻ ✺✕✕ ➍➃➢ ✔♠✛✜ ➻ ✶ ➞❡➋

❺➔↕ ✔✗✘✙ ➻ ✕➠✶ ❡➢ ✓✗✘✙ ➻ ✺✕✕ ➍➃➢ ✔♠✛✜ ➻ ✺ ➞❡➠

■◆❊▲❆✩✥■❈ ✥❚◆◆❊▲■◆● ■◆✥❖ ✫❚▲✥■P❖▲❆❘❖◆■❈ ✭❖❚◆❇ ❹ Pó❨✩✳ ❘❊❱✳ ❳ ✥✦✧ ✷îê✷î✷ öë✷ëõ÷

✷îê✷î✷æêê



✧✒ç✛✙✗✕♦ ✛★✕ ✔♥✣✙✧✛✔✢♥ ✢❢ ♦★✒✬✕✢❢❢ ✪✒♥✣♦✘

✝❦ ➻

✄
✆

❾✆
✣✄

� ■✓➼☎ð❦❀✄Þ ✁❦ÞÞ�

☎✄
ðóõÞ

♦★✔❢✛♦ ✛★✕ ñ✙✒♦✔ç✒✗✛✔✧✖✕ ✣✔♦ç✕✗♦✔✢♥✘ ✒♥✣

❩❦ ➻ ✕ÿç

✞

❾

✄
✆

❾✆
✣✄

� ■✓➼☎ð❦❀✄Þ ✁❦ÞÞ�

☎✄í

☛

ðóøÞ

✒✧✛♦ ✒♦ ✒ ✗✕♥✢✗✓✒✖✔✜✔♥❣ ❢✒✧✛✢✗✳ ✭✦ ✧✢♥♦✛✗✙✧✛✔✢♥✘ ✛✢ ❢✔✗♦✛ ✢✗✣✕✗

✔♥ ✛★✕ ç✕✗✛✙✗✪✒✛✔✢♥ ♦✛✗✕♥❣✛★ ✛★✕ ❋✒♥æ✫✔❣✣✒✖ ♦✕✖❢æ✕♥✕✗❣✦ ✒♥✣

✛★✕ ✧✙✓✙✖✒♥✛ ✕ÿç✒♥♦✔✢♥ ✓✙♦✛ ❣✔✈✕ ✛★✕ ♦✒✓✕ ✧✢♥✛✗✔✪✙✛✔✢♥✳

❩❦ ✧✒♥ ✛★✙♦ ✪✕ ✕ÿ✛✗✒✧✛✕✣ ❢✗✢✓ ✛★✕ ùú ûüûýûþ ❋✒♥æ✫✔❣✣✒✖

♦✕✖❢æ✕♥✕✗❣✦✳ ■♥ ✛★✕ ✧✒♦✕ ✢❢ ✢✧✧✙ç✔✕✣ ❑ ✈✒✖✖✕✦ ✒♥✣ ✙♥✢✧✧✙æ

ç✔✕✣ ◗ ✈✒✖✖✕✦✘ è✕ ✢✪✛✒✔♥ ❩❑ ✁ �✳✾✳ ✥★✕✗✕❢✢✗✕✘ ✛★✕ ✓✒ÿ✔✓✒✖

✗✕✣✔♦✛✗✔✪✙✛✒✪✖✕ ♦ç✕✧✛✗✒✖ è✕✔❣★✛ ✔♥ ✒ ✧✙✓✙✖✒♥✛ ✕ÿç✒♥♦✔✢♥

✛✗✕✒✛✓✕♥✛ ✔♦ ✪✢✙♥✣ ✛✢ ✒çç✗✢ÿ✔✓✒✛✕✖✦ ê✷✪✳ ✥★✔♦ ❣✢✕♦

✒❣✒✔♥♦✛ ✛★✕ ✕ÿç✕✗✔✓✕♥✛✒✖ ✢✪♦✕✗✈✒✛✔✢♥♦ ✣✕ç✔✧✛✕✣ ✔♥ ❋✔❣✳ îö✧÷✘

è★✕✗✕ ♦ç✕✧✛✗✒✖ è✕✔❣★✛ ✗✕✣✔♦✛✗✔✪✙✛✔✢♥ ✔♦ ✓✙✧★ ✖✒✗❣✕✗ ✛★✒♥

ê✷✪✳ ■♥ ✧✢♥✧✖✙♦✔✢♥✘ ♥✕✔✛★✕✗ ✛★✕ ❋✒♥æ✫✔❣✣✒✖ ♦✕✖❢æ✕♥✕✗❣✦ ♥✢✗

✒ ✧✙✓✙✖✒♥✛ ✕ÿç✒♥♦✔✢♥ ✛✗✕✒✛✓✕♥✛ ✕ÿç✖✒✔♥♦ ✛★✕ ç✢✖✒✗✢♥✔✧

✗✕ç✖✔✧✒ ♦✕✕♥ ✔♥ ✕ÿç✕✗✔✓✕♥✛✳ ✥★✙♦✘ ✒ ✓✢♥✢ç✢✖✒✗✢♥ ✕ÿç✖✒♥æ

✒✛✔✢♥ ✧✒♥ ✪✕ ✗✙✖✕✣ ✢✙✛ ★✕✗✕✳

❆PP❘ßãÝ❳ Ý✿ ▼❘à❆�à❆❇✁❘ Pâ✁❆áâßÝå

ã❘❖âá▼❆àÝâß�

✥★✕ ✗✕♦✙✖✛✔♥❣ ♦✔✜✕ ✒♥✣ ♦★✒ç✕ ✢❢ ✛★✕ ç✢✖✒✗✢♥✔✧ ✣✕❢✢✗✓✒æ

✛✔✢♥ ✣✕ç✕♥✣ ✢♥ ✛★✕ ✒✓✢✙♥✛ ✢❢ ✣✢ç✔♥❣ ✔♥ ✛★✕ ✔♥✈✕♦✛✔❣✒✛✕✣

✶✶ × ✶✶ ✫✢✩í ♦✙ç✕✗✧✕✖✖✳ ❲★✔✖✕ ❋✔❣✳ ô ✢❢ ✛★✕ ✓✒✔♥ ✛✕ÿ✛

♦★✢è♦ ✛★✕ ✔♥♦✛✒✪✔✖✔✛✦ ✢❢ ♥æ✣✢ç✕✣ ✩▲ ✫✢✩í ✛✢è✒✗✣ ✓✙✖✛✔æ

ç✢✖✒✗✢♥✔✧ ✣✕❢✢✗✓✒✛✔✢♥♦ è★✕♥ ✔♥✛✗✢✣✙✧✔♥❣ ❢✢✙✗ ✒✣✣✔✛✔✢♥✒✖

✕✖✕✧✛✗✢♥♦ ✔♥✛✢ ✛★✕ ♦✙ç✕✗✧✕✖✖✘ ✒ ✣✢ç✔♥❣ ✢❢ ✢♥✖✦ ✛★✗✕✕ ✒✣✣✔æ

✛✔✢♥✒✖ ✕✖✕✧✛✗✢♥♦ ✗✕♦✙✖✛♦ ✔♥ ✓✕✛✒♦✛✒✪✖✕ ç✢✖✒✗✢♥✔✧ ✣✕❢✢✗✓✒æ

✛✔✢♥♦ ✔♥ ♥æ✣✢ç✕✣ ✫✢✩í❀ ♦✕✕ ❋✔❣✳ êê✳ ✥★✕ ✗✕✖✒ÿ✕✣ ♦✛✗✙✧✛✙✗✕

✔♥ ❋✔❣✳ êêö✒÷ ♦★✢è♦ ✛★✕ ✪✗✕✒✬✔♥❣ ✢❢ ✛★✕ ✗✢✛✒✛✔✢♥✒✖ ✒♥✣ ✢❢

✓✢♦✛ ö✈✕✗✛✔✧✒✖÷ ✓✔✗✗✢✗ ç✖✒♥✕ ♦✦✓✓✕✛✗✔✕♦ ✢❢ ✛★✕ ♦✦♦✛✕✓✳ ❆

✣✢ç✔♥❣ ✪✕✖✢è ✛★✗✕✕ ✒✣✣✔✛✔✢♥✒✖ ✕✖✕✧✛✗✢♥♦ ✔♥ ✛★✕ ♦✙ç✕✗✧✕✖✖

✣✢✕♦ ♥✢✛ ✗✕♦✙✖✛ ✔♥ ✒♥✦ ✔♥♦✛✒✪✔✖✔✛✦ ✛✢è✒✗✣ ✖✢✧✒✖✔✜✕✣ ç✢✖✒✗✢♥✔✧

✣✕❢✢✗✓✒✛✔✢♥♦✳

❆PP❘ßãÝ❳ ❏✿ ã❘P❘ßã❘ßå❘

âß �äP❘áå❘✁✁ �Ý▲❘

❖✙✗ ✒♥✒✖✦♦✔♦ ♦★✢è♦ ♥✕✒✗✖✦ ♥✢ ✣✕ç✕♥✣✕♥✧✕ ✢❢ ✛★✕ ✓✙✖✛✔æ

ç✢✖✒✗✢♥✔✧ ✣✔♦ç✖✒✧✕✓✕♥✛ ç✒✛✛✕✗♥ ✒♥✣ ✛★✕ ✧✢✗✗✕♦ç✢♥✣✔♥❣ ✛✢✛✒✖

✕♥✕✗❣✦ ❣✒✔♥ ✢♥ ✛★✕ ♦✔✜✕ ✢❢ ✛★✕ ♦✙ç✕✗✧✕✖✖ ✙♦✕✣ ✔♥ ✛★✕

♦✔✓✙✖✒✛✔✢♥✳ ❲✕ ♦★✢è ✛★✕ ✗✕✖✒ÿ✕✣ ✧✗✦♦✛✒✖ ♦✛✗✙✧✛✙✗✕♦ ❢✢✗ ✒

✣✢ç✔♥❣ ✢❢ ❢✢✙✗ ✒✣✣✔✛✔✢♥✒✖ ✕✖✕✧✛✗✢♥♦ ✢♥ ♦✙ç✕✗✧✕✖✖ ♦✔✜✕♦ ✢❢

✻ × ✻✘ ✶✷ × ✶✷✘ ✒♥✣ ✶✶ × ✶✶ ✔♥ ❋✔❣✳ êë ö❢✢✗ ✶✶ × ✶✶✘ ♦✕✕

❋✔❣✳ ô ✒♦ è✕✖✖÷✳ ❋✢✗ ✕✒✧★ ♦✙ç✕✗✧✕✖✖ è✔✛★ ✒ ♦✔✜✕ ✖✒✗❣✕ ✕♥✢✙❣★

✛✢ ✧✢♥✛✒✔♥ ✛★✕ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ✣✔♦✛✢✗✛✔✢♥✘ ✛★✕ ✗✕✖✒ÿ✒✛✔✢♥

✗✕♦✙✖✛♦ ✔♥ ✛★✕ ♦✒✓✕ ✣✔♦ç✖✒✧✕✓✕♥✛ ç✒✛✛✕✗♥ ✒♦ ♦★✢è♥ ✔♥

❋✔❣✳ ô ✢❢ ✛★✕ ✓✒✔♥ ✛✕ÿ✛✳ ✭✕✖✢è ✕✒✧★ ✗✕✖✒ÿ✕✣ ✧✗✦♦✛✒✖

♦✛✗✙✧✛✙✗✕✘ ✛★✕ ✧✢✗✗✕♦ç✢♥✣✔♥❣ ✛✢✛✒✖ ✕♥✕✗❣✦ ✒♦ ✒ ❢✙♥✧✛✔✢♥ ✢❢

✛★✕ ✣✔♦ç✖✒✧✕✓✕♥✛ ✧✒♥ ✪✕ ❢✢✙♥✣✳ ✥★✕ ✕♥✕✗❣✦ ❣✒✔♥✕✣ ✪✦ ✛★✕

✗✕✖✒ÿ✒✛✔✢♥ ✔♥✛✢ ✛★✕ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ✣✔♦ç✖✒✧✕✓✕♥✛ ✕ñ✙✒✖♦ ✒

✪✔♥✣✔♥❣ ✕♥✕✗❣✦ ✢❢ ✒✪✢✙✛ ê✷✷ ✓✕❱ ✒♥✣ ç✗✢✈✕♦ ✔♥✣✕ç✕♥✣✕♥✛

✢❢ ✛★✕ ♦✙ç✕✗✧✕✖✖ ♦✔✜✕ ✒♦ è✕✖✖✳ ✥★✔♦ ✧✢♥♦✛✒♥✧✦ ✢❢ ✛★✕ ✪✔♥✣✔♥❣

✕♥✕✗❣✦ ✔♦ ✛✢ ✪✕ ✕ÿç✕✧✛✕✣ ✒♦ ✒ ✣✔✗✕✧✛ ✧✢♥♦✕ñ✙✕♥✧✕ ✢❢ ✛★✕

✢✓✔♦♦✔✢♥ ✢❢ ✕ÿç✖✔✧✔✛ ❈✢✙✖✢✓✪ ✔♥✛✕✗✒✧✛✔✢♥♦ ✪✕✛è✕✕♥ ✧★✒✗❣✕

✧✒✗✗✔✕✗♦ ✔♥ ✢✙✗ ✣✢è♥❢✢✖✣✔♥❣ ✓✢✣✕✖✳ ❋✢✗ ♦✙ç✕✗✧✕✖✖ ♦✔✜✕♦

✶✷ × ✶✷ ✒♥✣ ✶✶ × ✶✶✘ ✛★✕ ✕♥✕✗❣✦ ✪✒✗✗✔✕✗ ✪✕✛è✕✕♥ ✛★✕

♦✦✓✓✕✛✗✔✧ ♦✛✗✙✧✛✙✗✕ ✒♥✣ ✛★✕ ✓✙✖✛✔ç✢✖✒✗✢♥✔✧ ✣✔♦✛✢✗✛✔✢♥ ✔♦

✧✢✓ç✒✗✒✪✖✕ ✒♦ è✕✖✖✘ è★✔✖✕ ✔✛ ✔♦ ♦★✢è♥ ✛✢ ✪✕ ♦✓✒✖✖✕✗ ❢✢✗ ✻ × ✻✳

❆PP❘ßãÝ❳ ❆✿ ã❘åâ▼Pâ�ÝàÝâß â❖

Pâ✁❆áâßÝå ãÝ�àâáàÝâß

Ýßàâ ßâá▼❆✁ ▼âã❘�

✥★✕ ♦✛✗✙✧✛✙✗✕ ❢✒✧✛✢✗ ✢❢ ✛★✕ ♦✛✒✪✖✕ ç✢✖✒✗✢♥✔✧ ✣✕❢✢✗✓✒✛✔✢♥♦

é♦✕✕ ❋✔❣✳ ôö✧÷ ✔♥ ✛★✕ ✓✒✔♥ ✛✕ÿ✛ì ✗✕✈✕✒✖♦ ✒ ❢✔♥✔✛✕ ✗✒♥❣✕ ✢❢ ❦

ç✢✔♥✛♦ ✧✢♥✛✗✔✪✙✛✔♥❣ ✛✢ ✛★✕ ✖✢✧✒✖✔✜✕✣ ✣✔♦✛✢✗✛✔✢♥ ç✒✛✛✕✗♥✘ è✔✛★

➳✌✍➠ ➂➉➠ ➵➛➓➀➄❽➈❾➛➓ ➔➐➓➀ ➇➍❼❽➈➌➐➎ ➝➄➓❽➈❾➛➓ ➟❾➈→ ➳➐➓➥➫❾➅➀➐➎

➇❼➎➝➥❼➓❼➌➅↔ ➐➈ ➀❾➝➝❼➌❼➓➈ ❿➐➎➎❼↔ ➛❽❽➄➍➐➈❾➛➓➇➠ ❺➐↕➢ ❺➔↕ ❑ ➐➓➀ ◗

❿➐➎➎❼↔➇ ➐➌❼ ➛❽❽➄➍❾❼➀➠ ❺❽↕➢ ❺➀↕ �➓➎↔ ❑ ❿➐➎➎❼↔➇ ➔➄➈ ➓➛➈◗ ❿➐➎➎❼↔➇ ➐➌❼

➛❽❽➄➍❾❼➀➠❍❼➓❽❼➢ ➈→❼ ➍→➛➓➛➓➥❾➓➀➄❽❼➀ ➲❾➓➲➇ ➐➓➀ ➔➐➓➀ ❽➄➈➇ ❿❾➇❾➔➎❼

❾➓ ❺➔↕ ➐➌❼ ➓➛ ➎➛➓➅❼➌ ➌❼➐➎❾➧❼➀ ❾➓ ❺➀↕➠
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➳✌✍➠ ➂➂➠ ❉➛➍❾➓➅ ➀❼➍❼➓➀❼➓❽❼ ➛➝ ➍➛➎➐➌➛➓❾❽ ➀❼➝➛➌➞➐➈❾➛➓➇➠ ➡→❾➇ ➝❾➅➄➌❼ ➟➐➇ ❽➌❼➐➈❼➀ ❾➓ ➐➓➐➎➛➅↔ ➈➛ ➳❾➅➠ ➊ ➛➝ ➈→❼ ➞➐❾➓ ➈❼➤➈➋ ➇❼❼ ➈→❼➌❼ ➝➛➌

➞➛➌❼ ➀❼➈➐❾➎❼➀ ❾➓➝➛➌➞➐➈❾➛➓ ➛➓ ➈→❼ ➍➐➓❼➎➇➠ ❺➐↕ ✎➓➎➐➌➅❼➞❼➓➈ ➛➝ ➌❼➎➐➤❼➀ ❽➌↔➇➈➐➎ ➇➈➌➄❽➈➄➌❼ ➔➐➇❼➀ ➛➓ ✾♠ ✼❂✼❃✼❦ ➞➛➀❼➎ ❽➐➎❽➄➎➐➈❾➛➓➇ ➛➓ ➐➓ ✶✽ ✖ ✶✽

➇➄➍❼➌❽❼➎➎ ➟❾➈→ ➐ ➎➐➈➈❾❽❼ ❽➛➓➇➈➐➓➈ ➛➝ ✷➠➂➣ ➴ ➐➈ ➐➓ ❼➎❼❽➈➌➛➓❾❽ ➀➛➍❾➓➅ ➛➝ ✕➠✕✕✵✸❡✒ ➍❼➌ ➝➛➌➞➄➎➐ ➄➓❾➈ ➛➝ ➫➛➭➯➠ ➡→❼ ➀➛➍❾➓➅ ➌❼➇➄➎➈➇ ❾➓ ➈→➌❼❼

➐➀➀❾➈❾➛➓➐➎ ❼➎❼❽➈➌➛➓➇ ➍❼➌ ➇➄➍❼➌❽❼➎➎ ➐➓➀ ➔➎➄❼ ❽❾➌❽➎❼➇ ❾➓➀❾❽➐➈❼ ➈→❼ ➎➛❽➐➎❾➧➐➈❾➛➓ ➛➝ ➈→❼➇❼ ➐➀➀❾➈❾➛➓➐➎ ❼➎❼❽➈➌➛➓➇➠ ➦❼ ➝❾➓➀ ➐ ➞❼➈➐➇➈➐➔➎❼ ➍➛➎➐➌➛➓❾❽

➀❼➝➛➌➞➐➈❾➛➓ ➐➓➀ ➐ ➎➛➟❼➌❾➓➅ ➛➝ ➈→❼ ➇↔➞➞❼➈➌↔ ➛➝ ➈→❼ ➇↔➇➈❼➞➠ ❺➔↕ ➡➛➈➐➎ ❼➓❼➌➅↔ ➐➇ ➝➄➓❽➈❾➛➓ ➛➝ ➀❾➇➍➎➐❽❼➞❼➓➈ ➝➛➌ ➈→❼ ➞❼➈➐➇➈➐➔➎❼ ➍➛➎➐➌➛➓❾❽

➀❼➝➛➌➞➐➈❾➛➓ ➇→➛➟➓ ❾➓ ❺➐↕➠ ❺❽↕ ➭➈➌➄❽➈➄➌❼ ➝➐❽➈➛➌ ✑✑q✒ ➝➛➌ ➈→❼ ➌❼➎➐➤❼➀ ➅❼➛➞❼➈➌↔ ➇❼❼➓ ❾➓ ❺➐↕➢ ➟→❾❽→ ➐➎➇➛ ➇→➛➟➇ ➈→❼ ➎➛➟❼➌❾➓➅ ➛➝ ➈→❼ ➇↔➞➞❼➈➌↔➠

❺➀↕ ➙→➛➓➛➓ ➔➐➓➀➇ ➛➔➈➐❾➓❼➀ ❿❾➐❉➳➙➡➐➈ ➐➓ ❼➎❼❽➈➌➛➓❾❽ ➀➛➍❾➓➅ ➛➝ ✕➠✕✶❡✒❂➫➛➭➯➠ ❺❼↕ ➨➐➓➀ ➇➈➌➄❽➈➄➌❼ ➛➝ ➎➛➟➥❼➓❼➌➅↔ ➇➄➔➇➍➐❽❼ ➐➇ ➛➔➈➐❾➓❼➀ ➔↔

❉➳➡ ❺➔➎➄❼↕ ➐➓➀ ➐➝➈❼➌ ➈→❼ ✾♠ ✼❂✼❃✼❦ ➞➛➀❼➎ ➌❼➎➐➤➐➈❾➛➓ ❺➛➌➐➓➅❼↕➠ ➡→❼ ➍➛➎➐➌➛➓ ➝➛➌➞➐➈❾➛➓ ❾➇ ➐❽❽➛➞➍➐➓❾❼➀ ➔↔ ➈→❼ ➐➍➍❼➐➌➐➓❽❼ ➛➝ ➀❾➇➍❼➌➇❾➛➓➎❼➇➇

➇➈➐➈❼➇ ➀❼❼➍ ❾➓➇❾➀❼ ➈→❼ ➅➐➍ ➟→❾❽→ ➍➄➎➎ ➀➛➟➓ ➈→❼ ➳❼➌➞❾ ➎❼❿❼➎ ❺➀➐➇→❼➀ ➎❾➓❼➇↕➠

➳✌✍➠ ➂➁➠ ✌➓➀❼➍❼➓➀❼➓❽❼ ➛➝ ➈→❼ ➀❾➇➍➎➐❽❼➞❼➓➈ ➍➐➈➈❼➌➓ ➐➓➀ ➈→❼ ❽➛➌➌❼➇➍➛➓➀❾➓➅ ❼➓❼➌➅↔ ➅➐❾➓ ➛➓ ➈→❼ ➇➄➍❼➌❽❼➎➎ ➇❾➧❼➠ ➳➛➌ ➈→❼ ➀❾➝➝❼➌❼➓➈ ➇➄➍❼➌❽❼➎➎

➇❾➧❼➇ ✻ ✖ ✻➢ ✶✚ ✖ ✶✚➢ ➐➓➀ ✶✽ ✖ ✶✽➢ ➈→❼ ➇➐➞❼ ➇➈➐➔➎❼ ➀❾➇➍➎➐❽❼➞❼➓➈ ➍➐➈➈❼➌➓ ❽➐➓ ➔❼ ➝➛➄➓➀ ➝➛➌ ➐ ➀➛➍❾➓➅ ➛➝ ➝➛➄➌ ➐➀➀❾➈❾➛➓➐➎ ❼➎❼❽➈➌➛➓➇ ❾➓ ➈→❼

➇➄➍❼➌❽❼➎➎➋ ➇❼❼ ➌❼➎➐➤❼➀ ❽➌↔➇➈➐➎ ➇➈➌➄❽➈➄➌❼➇ ➐➈ ➈→❼ ➈➛➍➠ ➡→❾➇ →➛➎➀➇ ➈➌➄❼ ➐➇ ➎➛➓➅ ➐➇ ➈→❼ ➇❾➧❼ ➛➝ ➈→❼ ➇➄➍❼➌❽❼➎➎ ❽➐➓ ➐❽❽➛➞➞➛➀➐➈❼ ➈→❼ ➇❾➧❼ ➛➝ ➈→❼

➞➄➎➈❾➍➛➎➐➌➛➓❾❽ ➀❾➇➍➎➐❽❼➞❼➓➈➠ ➳➛➌ ➐➎➎ ➇❾➞➄➎➐➈❼➀ ➇➄➍❼➌❽❼➎➎➇➢ ➈→❼ ➌❼➎➐➤➐➈❾➛➓ ❾➓➈➛ ➈→❼ ➀❾➇➍➎➐❽❼➞❼➓➈ ➍➐➈➈❼➌➓ ➌❼➇➄➎➈➇ ❾➓ ➈→❼ ❼➇➇❼➓➈❾➐➎➎↔ ➇➐➞❼

➔❾➓➀❾➓➅ ❼➓❼➌➅↔ ➛➝ ➐➔➛➄➈ ➂➉➉ ➞❼❡ ➀➄❼ ➈➛ ➓➛➈ ➐❽❽➛➄➓➈❾➓➅ ➝➛➌ ❼➎❼❽➈➌➛➓➥❼➎❼❽➈➌➛➓ ❾➓➈❼➌➐❽➈❾➛➓➇ ❾➓ ➛➄➌ ➞➛➀❼➎➋ ➇❼❼ ➈→❼ ❽➛➌➌❼➇➍➛➓➀❾➓➅ ➈➛➈➐➎

❼➓❼➌➅↔ ➐➇ ➐ ➝➄➓❽➈❾➛➓ ➛➝ ➈→❼ ➀❾➇➍➎➐❽❼➞❼➓➈ ➇→➛➟➓ ➔❼➎➛➟ ❼➐❽→ ➇➈➌➄❽➈➄➌❼➠
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✒çç✗✢ÿ✔✓✒✛✕✖✦ ëò ✓✕❱ ✪✕✛è✕✕♥ ❑ ✒♥✣ ▼✘ è★✔✧★ ✒❣✗✕✕♦

è✕✖✖ è✔✛★ ✛★✕ ✕ÿç✕✗✔✓✕♥✛✒✖ ✢✪♦✕✗✈✒✛✔✢♥ ✢❢ ✛★✕ ✪✢♦✢♥✔✧

✕♥✕✗❣✦ ✢❢ ✁✵ ➻ ✷✹✄ ✹ ✓✕❱✳

❆PP❘ßãÝ❳ ✁✿ ▼â▼❘ßàä▼

ãÝ❖❖❘á❘ßå❘� ❑� ❆ßã ✁▼

✥✢ ✈✔♦✙✒✖✔✜✕ ★✢è ç★✢♥✢♥♦ è✔✛★ ✧✗✦♦✛✒✖ ✓✢✓✕♥✛✙✓ ✢❢ ✛★✕

▼ ç✢✔♥✛ ♦✧✒✛✛✕✗ ✕✖✕✧✛✗✢♥♦ ✪✕✛è✕✕♥ ◗ ✒♥✣ ❑ ç✢✔♥✛♦✘ è✕

♦✬✕✛✧★ ✛★✕ ✭✗✔✖✖✢✙✔♥ ✜✢♥✕ ✢❢ ✫✢✩í è✔✛★ ✛★✕ ★✔❣★æ♦✦✓✓✕✛✗✦

ç✢✔♥✛♦ ▼✘ ❑ ö❑✵÷✘ ✒♥✣ ◗ ö◗✵÷ ✔♥ ❋✔❣✳ êô✳ ✥★✕ ✈✕✧✛✢✗

✧✢♥♥✕✧✛✔♥❣ ✄ è✔✛★▼ ✕ñ✙✒✖♦ ✛★✕ ✣✔♦✛✒♥✧✕ ✪✕✛è✕✕♥◗✵ ✒♥✣ ❑

✢✗ ✪✕✛è✕✕♥ ◗ ✒♥✣ ❑✵✳ ✥★✕ ✪✖✙✕ ♦★✒✣✕✣ ✪✒✧✬❣✗✢✙♥✣ ✢❢ ✛★✕

✭✗✔✖✖✢✙✔♥ ✜✢♥✕ ♦★✢è♦ ✛★✕ ♦ñ✙✒✗✕✣ ✓✢✣✙✖✙♦ ✢❢ ✛★✕ ✕✖✕✧✛✗✢♥æ

ç★✢♥✢♥ ✧✢✙ç✖✔♥❣ ✪✕✛è✕✕♥ ✛★✕ ✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✒♥✣ ✛★✕ ▲❆

✓✢✣✕ ✒♦ ✒ ❢✙♥✧✛✔✢♥ ✢❢ ✕✖✕✧✛✗✢♥✔✧ ✓✢✓✕♥✛✙✓ ❦✳ ■✛ ñ✙✒♥✛✔❢✔✕♦

✛★✕ ♦✧✒✛✛✕✗✔♥❣ ✢❢ ✕✖✕✧✛✗✢♥♦ ❢✗✢✓ ❦ ✛✢ ❦ Þ q✘ è★✕✗✕ q ✔♦ ✛★✕

ç★✢♥✢♥ ✓✢✓✕♥✛✙✓ ✒♥✣ ❢✔ÿ✕✣✳ ■♥ ✛★✕ ✧✒♦✕ ✢❢ q ➻ ▼ ö♦✕✕

✖✕❢✛æ★✒♥✣ ç✒♥✕✖÷✘ ✛★✕ ✧✢✙ç✖✔♥❣ ♦✛✗✕♥❣✛★ ✔♥ ✛★✕ ✗✕✖✕✈✒♥✛ ❦

✗✕❣✔✢♥♦ ö♥✕✒✗ ✛★✕ ♦✛✒✗✛✔♥❣ ç✢✔♥✛♦ ✢❢ ✛★✕ ✒✗✗✢è♦÷ ✔♦ ♦✔❣♥✔❢✔æ

✧✒♥✛✳ ✥★✕✗✕ ✒✗✕ ❢✙✗✛★✕✗ q ✈✒✖✙✕♦ ✛★✒✛ ✧✢♥♥✕✧✛ ✛★✕ ✣✔❢❢✕✗✕♥✛

✧✢♥✣✙✧✛✔✢♥ ✪✒♥✣ ✈✒✖✖✕✦♦✘ ♥✒✓✕✖✦ q ➻ ◗ ✒♥✣ ◗✵ ö♦✕✕ ✗✔❣★✛æ

★✒♥✣ ç✒♥✕✖÷✘ è★✔✧★ ✧✢♥♥✕✧✛ ◗ ✛✢ ❑ ✒♥✣ ❑✵ ✛✢ ◗✵ ✒♥✣ ✈✔✧✕

✈✕✗♦✒✳ ó✢è✕✈✕✗✘ ★✕✗✕ ✛★✕ ✕✖✕✧✛✗✢♥æç★✢♥✢♥ ✧✢✙ç✖✔♥❣ ✔♥ ✛★✕

✗✕✖✕✈✒♥✛ ❦ ✗✕❣✔✢♥♦ ✔♦ ✧✢✓ç✒✗✒✪✖✦ ♦✓✒✖✖✕✗✳

❬➂s ➫➠➫➠ ❯➅❼➀➐➢ ➃➠ ➒➠ ➨➌➐➀➎❼↔➢ ✭➠ ❩→➐➓➅➢ ➭➠ �➓❾➇→❾➢ ✭➠ ➵→❼➓➢

➦➠ ❻➄➐➓➢ ➵➠ �✇❼➀➐➥➃➌❾➇➈❾➧➐➔➐➎➢ ❍➠ ❻↔➄➢ ➫➠ ➡➠ ✎➀➞➛➓➀➇➢

❍➠➥❩➠ ➡➇➐❾➢ ➃➠ ❻❾➇➇➢ ➭➠➥❑➠ ➫➛➢ ❉➠ ✏❼❼➢ ➃➠ ❩❼➈➈➎➢ ❩➠ ❍➄➇➇➐❾➓➢

❩➠➥✂➠ ➭→❼➓➢ ➐➓➀ ➫➠ ➳➠ ➵➌➛➞➞❾❼➢ ⑥✹✾❍✾❀❃❁❍✼③✾❃✼❦❂ ❦❤ ❀❦✿r

✿❁❀❃✼❉❁ ♣❍❦❄❂⑧ ✻❃✾❃❁✻ ✼❂ ✻✼❂♣✿❁r✿✾✺❁❍ ◆➔➭❼➯➢ ◆➐➈➠ ➙→↔➇➠ ✶✄➢
➣➁ ❺➁➉➂✻↕➠

❬➁s ✏➠ ➒➠ ✏❾➢ ✎➠ ➵➠ ➡➠ �➆➳➐➌➌❼➎➎➢ ❑➠ ➙➠ ✏➛→➢ ✍➠ ✎➀➐➢ ➨➠ Ö➧↔❾➎➞➐➧➢

➐➓➀ ➃➠❍➠ ➵➐➇➈➌➛ ◆❼➈➛➢ ⑥❦❂❃❍❦✿✿✼❂♣ ❞✾❂✺r♠❦⑧✺ ✻❃✾❃❁✻ ♠✺ ❃✹❁
❁✿❁❀❃❍✼❀r❤✼❁✿⑧ ❁❤❤❁❀❃ ✼❂ ✾ ❃✄❦r⑧✼❞❁❂✻✼❦❂✾✿ ❞✾❃❁❍✼✾✿➢ ◆➐➈➄➌❼
❺✏➛➓➀➛➓↕ ✺✄☎➢ ➂❬➏ ❺➁➉➂✻↕➠

❬✷s ✭➠ ✍❼ ➐➓➀ ➃➠✭➠ ✏❾➄➢ ✵✹❦❂❦❂r❞❁⑧✼✾❃❁⑧ ✻❄❳❁❍❀❦❂⑧❄❀❃✼❉✼❃✺ ✼❂

❁✿❁❀❃❍❦❂r⑧❦❳❁⑧ ✻✼❂♣✿❁r✿✾✺❁❍ ➫➛➭➯✿ ⑨ ❤✼❍✻❃r❳❍✼❂❀✼❳✿❁✻ ❳❍❁r

⑧✼❀❃✼❦❂➢ ➙→↔➇➠ ❻❼❿➠ ➨ ✽✆➢ ➁➊➂➊➉❬❺❻↕ ❺➁➉➂✷↕➠

❬➊s ➫➠ ❻❘➇➓❼➌➢ ➭➠ ❍➐➐➇➢ ➐➓➀ ➡➠�➠ ➦❼→➎❾➓➅➢ ✵✹✾✻❁ ⑧✼✾♣❍✾❞ ❦❤

❁✿❁❀❃❍❦❂r⑧❦❳❁⑧ ⑧✼❀✹✾✿❀❦♣❁❂✼⑧❁✻➢ ➙→↔➇➠ ❻❼❿➠ ➨ ☎✾➢ ➁➊➏➂➉➏

❺➁➉➂➊↕➠

❬➏s ➙➠ ✍➐➌❽❾➐➥✍➛❾➌❾❽❼➎➐↔➐➢ ➒➠ ✏➐➝➄❼➓➈❼➥➨➐➌➈➛➎➛➞❼➢ ✌➠✍➠

✍➄➌➈➄➔➐↔➢ ➐➓➀ ➃➠ ✎❾➅➄➌❼➓➢ ④❞❁❍♣❁❂❀❁ ❦❤ ✿✾❍♣❁ ❂❦❂✾⑧✼✾r

♠✾❃✼❀ ❁❤❤❁❀❃✻ ✼❂⑧❄❀❁⑧ ♠✺ ❃✹❁ ❁✿❁❀❃❍❦❂r❳✹❦❂❦❂ ✼❂❃❁❍✾❀❃✼❦❂ ❦❂

❃✹❁ ❀❦❞❳✿❁⑤ ❉✼♠❍✾❃✼❦❂✾✿ q❄✾✻✼❳✾❍❃✼❀✿❁ ✻❳❁❀❃❍❄❞ ❦❤ ⑧❦❳❁⑧

❞❦❂❦✿✾✺❁❍ ➫➛➭➯➢ ➙→↔➇➠ ❻❼❿➠ ➨ ✶✾✶➢ ➉➏➊✷➉➊ ❺➁➉➁➉↕➠

➳✌✍➠ ➂✷➠ ❉❼❽➛➞➍➛➇❾➈❾➛➓ ➛➝ ➈→❼ ➇➈➐➔➎❼ ➍➛➎➐➌➛➓❾❽ ➀❾➇➈➛➌➈❾➛➓ ❾➓➈➛

➓➛➌➞➐➎ ➞➛➀❼➇➠ ➭❾➓❽❼ ➈→❼ ➇➈➌➄❽➈➄➌❼ ➝➐❽➈➛➌ ❾➓ ➳❾➅➠ ➊❺❽↕ ➛➝ ➈→❼ ➞➐❾➓

➈❼➤➈ ➇→➛➟➇ ➐ ➌➐➓➅❼ ➛➝ ❦ ➍➛❾➓➈➇ ❽➛➓➈➌❾➔➄➈❾➓➅ ➈➛ ➈→❼ ➎➛❽➐➎❾➧❼➀

➀❾➇➈➛➌➈❾➛➓ ➍➐➈➈❼➌➓➢ ➍❼➐➲❾➓➅ ➐➌➛➄➓➀ ➈→❼ ▼ ➍➛❾➓➈➢ ➈→❼ ❽➛➓➈➌❾➔➄➈❾➛➓➇

➛➝ ❼➐❽→ ➓➛➌➞➐➎ ➞➛➀❼ ➈➛ ➈→❼ ➇➈➌➄❽➈➄➌❼ ➝➐❽➈➛➌ ➐➌❼ ➐➓➐➎↔➧❼➀➠ ➡→❼

➇➈➐➔➎❼ ➍➛➎➐➌➛➓❾❽ ➀❾➇➍➎➐❽❼➞❼➓➈ ➍➐➈➈❼➌➓ ❾➓ ➳❾➅➠ ➊❺➐↕ ➛➝ ➈→❼ ➞➐❾➓ ➈❼➤➈

❾➇ ➀❼❽➛➞➍➛➇❼➀ ❾➓➈➛ ➈→❼ ➓❾➓❼ ➓➛➌➞➐➎ ➞➛➀❼➇➢ ➟→❾❽→ ➐➌❼ ❼➐❽→

➎➐➔❼➎❼➀ ➐➈ ➈→❼ ➈➛➍➠ ➡→❼ ➔➛➄➓➀➇ ➛➝ ➈→❼ ➎➛➅➐➌❾➈→➞❾❽ ❽➛➎➛➌ ➔➐➌ ➐➌❼

❽→➛➇❼➓ ➝➛➌ ➈→❼ ➔❼➇➈ ❿❾➇❾➔❾➎❾➈↔ ➛➝ ❼➐❽→ ➌❼➎❼❿➐➓➈ ❽➛➓➈➌❾➔➄➈❾➛➓➠ ➡→❼

➛➓➎↔ ➓➛➈➐➔➎❼ ❽➛➓➈➌❾➔➄➈❾➛➓ ➔❼➈➟❼❼➓ ➈→❼ ❑ ➐➓➀▼ ➍➛❾➓➈ ➇➈❼➞➇ ➝➌➛➞

➈→❼ ✏➃ ➞➛➀❼ ❺➍➎➛➈ ✷➢ ➄➍➍❼➌ ➌❾➅→➈↕➢ ➟→❾❽→ ➈→❼➌❼➝➛➌❼ ➀➛➞❾➓➐➈❼➇ ➈→❼

➎➛❽➐➎❾➧❼➀ ➍➛➎➐➌➛➓❾❽ ➀❾➇➍➎➐❽❼➞❼➓➈➇ ➟❾➈→ ➝➛➄➌ ➐➀➀❾➈❾➛➓➐➎ ❼➎❼❽➈➌➛➓➇

➀➛➍❼➀➠

➳✌✍➠ ➂➊➠ ❡❾➇➄➐➎❾➧➐➈❾➛➓ ➛➝ ➈→❼ ❼➜➄➐➎❾➈↔ ➔❼➈➟❼❼➓ ➈→❼ ❽➌↔➇➈➐➎

➞➛➞❼➓➈➄➞ ➛➝ ▼➥➍➛❾➓➈ ➍→➛➓➛➓➇ ➐➓➀ ➈→❼ ➀❾➇➈➐➓❽❼ ➔❼➈➟❼❼➓ ◗

❺◗✵↕ ➐➓➀ ❑✵ ❺❑↕ ➍➛❾➓➈ ❾➓ ➈→❼ ➨➌❾➎➎➛➄❾➓ ➧➛➓❼ ➛➝ ➫➛➭➯➠ ➡→❼ ➌❼➎❼❿➐➓➈

→❾➅→➥➇↔➞➞❼➈➌↔ ➍➛❾➓➈➇ ✔➢ ▼➢ ❑ ❺❑ ✵↕➢ ➐➓➀ ◗ ❺◗✵↕ ➐➌❼ ➎➐➔❼➎❼➀➠ ✌➈ ❾➇

❽➎❼➐➌ ➈→➐➈ ➈→❼ ➟➐❿❼ ❿❼❽➈➛➌ ➔❼➈➟❼❼➓ ✔ ➐➓➀ ▼ ❽➛➌➌❼➇➍➛➓➀➇ ➈➛ ➈→❼

➀❾➇➈➐➓❽❼ ➔❼➈➟❼❼➓ ◗✵ ➐➓➀ ❑ ➛➌ ➔❼➈➟❼❼➓ ◗ ➐➓➀ ❑✵➋ ➇❼❼ ➎❼➝➈➥→➐➓➀

➍➎➛➈ ➛➝ ➈→❼ ➝❾➅➄➌❼➠ ➡→❼ ➇➜➄➐➌❼➀ ➞➛➀➄➎➄➇ ➛➝ ➈→❼ ❼➎❼❽➈➌➛➓➥➍→➛➓➛➓

❽➛➄➍➎❾➓➅ ➔❼➈➟❼❼➓ ➈→❼ ❽➛➓➀➄❽➈❾➛➓ ➔➐➓➀ ➐➓➀ ➈→❼ ✏➃ ➞➛➀❼ ➐➇ ➐

➝➄➓❽➈❾➛➓ ➛➝ ❦ ❾➇ ❿❾➇➄➐➎❾➧❼➀ ❿❾➐ ➈→❼ ➔➎➄❼ ➇→➐➀❼➀ ➔➐❽➲➅➌➛➄➓➀ ➛➝ ➈→❼

➨➌❾➎➎➛➄❾➓ ➧➛➓❼ ➐➓➀ ➜➄➐➓➈❾➝❾❼➇ ➈→❼ ➇❽➐➈➈❼➌❾➓➅ ➛➝ ❼➎❼❽➈➌➛➓➇ ➝➌➛➞ ❦ ➈➛

❦ þ q➠ ✌➓ ❽➐➇❼ ➛➝ q ➻ ▼➢ ➈→❼ ❽➛➄➍➎❾➓➅ ➇➈➌❼➓➅➈→ ➇→➛➟➇ ➇❾➅➓❾➝❾❽➐➓➈

❽➛➓➈➌❾➔➄➈❾➛➓➇ ➐➌➛➄➓➀ ➈→❼ ➌❼➎❼❿➐➓➈ ➌❼➅❾➛➓➇➠ ➡→❼ ❽➛➓➓❼❽➈❾➛➓ ➔❼➥

➈➟❼❼➓ ❑ ➐➓➀◗ ❾➇ ➐➀➀❾➈❾➛➓➐➎➎↔ ➐➎➇➛ ➍➛➇➇❾➔➎❼ ❿❾➐ q ➻ ◗➢ ➝➛➌ ➟→❾❽→

➈→❼ ❼➎❼❽➈➌➛➓➥➍→➛➓➛➓ ❽➛➄➍➎❾➓➅ ➇➈➌❼➓➅➈→ ➇→➛➟➇ ➓➛ ➌❼➎❼❿➐➓➈ ❽➛➓➥

➈➌❾➔➄➈❾➛➓➇➠

❈❆✫■❊▲ ❱❆◆ ❊❋❋❊❘❊◆ ✣ý ù❛✤ Pó❨✩✳ ❘❊❱✳ ❳ ✥✦✧ ✷îê✷î✷ öë✷ëõ÷

✷îê✷î✷æêô



❬✻s ➫➠❑➠ ➨❾➓ ➭➄➔→➐➓➢ ➃➠ ➭➄➎❼➞➐➓➢ ✍➠ ➫➛➛➌❼➢ ➙➠ ➙→➄➢ ➫➠

❍➛❼➇❽→➢ ❍➠ ❑➄➌❼➔➐↔➐➇→❾➢ ➵➠ ➃➠ ❍➛➟➐➌➀➢ ➐➓➀ ➭➠ ❻➠

➭❽→➛➝❾❼➎➀➢ ⑥✹✾❍♣❁ ⑧❁❂✻✼❃✺ ✄✾❉❁✻ ✼❂ ❁✿❁❀❃❍❦❂r⑧❦❳❁⑧ ❞❦✿✺♠r

⑧❁❂❄❞ ⑧✼✻❄✿❤✼⑧❁➢ ◆➐➓➛ ✏❼➈➈➠ ✄✶➢ ➏➏➂✻ ❺➁➉➁➂↕➠

❬➑s ✍➠ ➫➐➌❾➓❾ ➐➓➀ ➫➠ ➵➐➎➐➓➀➌➐➢ ✵✹❦❂❦❂ ❞❁⑧✼✾❃❁⑧ ✻❄❳❁❍❀❦❂r

⑧❄❀❃✼❉✼❃✺ ✼❂ ❤✼❁✿⑧r❁❤❤❁❀❃ ⑧❦❳❁⑧ ❞❦✿✺♠⑧❁❂❄❞ ⑧✼❀✹✾✿❀❦♣❁❂✼⑧❁✻➢

➁❉ ➫➐➈❼➌➠ ✶✾➢ ➉➂➏➉➂✷ ❺➁➉➁➁↕➠

❬❬s ➒➠ ➫➠ ✏➄➢ �➠ ❩→❼➎❾➄➲➢ ✌➠ ✏❼❼➌➞➐➲❼➌➇➢ ◆➠ ➳➠◗➠ ✭➄➐➓➢ ❯➠
❩❼❾➈➎❼➌➢ ❑➠ ➡➠ ✏➐➟➢ ➐➓➀ ➒➠ ➡➠ ✭❼➢ ④❉✼⑧❁❂❀❁ ❤❦❍ ❃✄❦r

⑧✼❞❁❂✻✼❦❂✾✿ ✲✻✼❂♣ ✻❄❳❁❍❀❦❂⑧❄❀❃✼❉✼❃✺ ✼❂ ♣✾❃❁⑧ ➫➛➭➯➢ ➭❽❾➥

❼➓❽❼ ✸✺✾➢ ➂✷➏✷ ❺➁➉➂➏↕➠

❬➣s ❉➠ ➵➛➇➈➐➓➧➛➢ ➭➠ ➒➛➢ ❍➠ ➨❼➌➅❼➌➢ ➐➓➀ ➃➠ ➳➠ ➫➛➌➍➄➌➅➛➢ ❝✾❃❁r

✼❂⑧❄❀❁⑧ ✻❄❳❁❍❀❦❂⑧❄❀❃✼❉✼❃✺ ✼❂ ✾❃❦❞✼❀✾✿✿✺ ❃✹✼❂ ➫➛➭➯ ❀❍✺✻❃✾✿✻➢

◆➐➈➠ ◆➐➓➛➈❼❽→➓➛➎➠ ✶✶➢ ✷✷➣ ❺➁➉➂✻↕➠
❬➂➉s ✭➠ ➭➐❾➈➛➢✭➠ ◆➐➲➐➞➄➌➐➢ ➫➠ ➭➠ ➨➐→➌➐➞↔➢✭➠ ❑➛→➐➞➐➢ ➒➠ ✭❼➢✭➠

❑➐➇➐→➐➌➐➢✭➠◆➐➲➐➅➐➟➐➢ ➫➠�➓➅➐➢ ➫➠ ➡➛➲➄➓➐➅➐➢ ➡➠ ◆➛✇❾➞➐➢
✭➠ ✭➐➓➐➇❼➢ ➐➓➀ ✭➠ ✌➟➐➇➐➢ ❬❄❳❁❍❀❦❂⑧❄❀❃✼❉✼❃✺ ❳❍❦❃❁❀❃❁⑧ ♠✺

✻❳✼❂r❉✾✿✿❁✺ ✿❦❀✽✼❂♣ ✼❂ ✼❦❂r♣✾❃❁⑧ ➫➛➭➯➢ ◆➐➈➠ ➙→↔➇➠ ✶✄➢ ➂➊➊
❺➁➉➂✻↕➠

❬➂➂s ✭➠ ➳➄➢ ✎➠ ✏❾➄➢ ❍➠ ✭➄➐➓➢ ➙➠ ➡➐➓➅➢ ➨➠ ✏❾➐➓➢ ✍➠ ✂➄➢ ➒➠ ❩❼➓➅➢ ❩➠

➵→❼➓➢ ✭➠ ➦➐➓➅➢ ➦➠ ❩→➛➄➢ ❑➠ ✂➄➢ ➃➠ ✍➐➛➢ ➵➠ ➙➐➓➢ ➫➠ ➦➐➓➅➢

➨➠ ➦➐➓➅➢ ➭➠➥➵➠ ❩→➐➓➅➢ ✭➠ ➵➄❾➢ ❍➠✭➠ ❍➟➐➓➅➢ ➐➓➀ ➳➠ ➫❾➐➛➢

❝✾❃❁⑧ ❃❄❂❁⑧ ✻❄❳❁❍❀❦❂⑧❄❀❃✼❉✼❃✺ ✾❂⑧ ❳✹❦❂❦❂ ✻❦❤❃❁❂✼❂♣ ✼❂

❞❦❂❦✿✾✺❁❍ ✾❂⑧ ♠✼✿✾✺❁❍ ➫➛➭➯➢ ➓➍✇ ◗➄➐➓➈➄➞ ➫➐➈❼➌➠ ✄➢ ➏➁

❺➁➉➂➑↕➠

❬➂➁s ❉➠ ➵➛➇➈➐➓➧➛➢ ❍➠ ❩→➐➓➅➢ ➨➠ ➃➠ ❻❼➀➀↔➢ ❍➠ ➨❼➌➅❼➌➢ ➐➓➀ ➃➠ ➳➠

➫➛➌➍➄➌➅➛➢ ❥❄❂❂❁✿✿✼❂♣ ✻❳❁❀❃❍❦✻❀❦❳✺ ❦❤ ♣✾❃❁r✼❂⑧❄❀❁⑧ ✻❄❳❁❍r

❀❦❂⑧❄❀❃✼❉✼❃✺ ✼❂ ➫➛➭➯➢ ◆➐➈➠ ◆➐➓➛➈❼❽→➓➛➎➠ ✶✸➢ ➊❬✷ ❺➁➉➂❬↕➠
❬➂✷s ❍➠ ✏➠ ❩→➄➐➓➅➢ ➫➠❉➠ ➒➛→➐➓➓❼➇➢ ➃➠❑➠ ➭❾➓➅→➢ ➐➓➀ ❻➠✍➠

❍❼➓➓❾➅➢ ❉❦❳✼❂♣r❀❦❂❃❍❦✿✿❁⑧ ❳✹✾✻❁ ❃❍✾❂✻✼❃✼❦❂✻ ✼❂ ✻✼❂♣✿❁r✿✾✺❁❍

➫➛➭➯➢ ➙→↔➇➠ ❻❼❿➠ ➨ ☎✾➢ ➂✻➏✷➉➏ ❺➁➉➂➑↕➠

❬➂➊s ❉➠ ✎➞❾➓➢ ✵❦✿✾❍❦❂✻ ❺➵➐➞➔➌❾➀➅❼ ❯➓❾❿❼➌➇❾➈↔ ➙➌❼➇➇➢

➵➐➞➔➌❾➀➅❼➢ ✎➓➅➎➐➓➀➢ ➁➉➂➁↕➠

❬➂➏s ➵➠ ➳➌➐➓❽→❾➓❾➢ ➫➠ ❻❼➈❾❽❽❾➛➎❾➢ ➫➠ ➭❼➈❿❾➓➢ ➐➓➀ ❯➠ ❉❾❼➔➛➎➀➢

✵❦✿✾❍❦❂✻ ✼❂ ❞✾❃❁❍✼✾✿✻➢ ◆➐➈➠ ❻❼❿➠ ➫➐➈❼➌➠ ✾➢ ➏✻➉ ❺➁➉➁➂↕➠
❬➂✻s ➫➠ ❑➐➓➅➢ ➭➠ ➦➠ ➒➄➓➅➢ ➦➠ ➒➠ ➭→❾➓➢ ✭➠ ➭➛→➓➢ ➭➠❍➠ ❻↔➄➢ ➡➠❑➠

❑❾➞➢ ➫➠ ❍➛❼➇❽→➢ ➐➓➀ ❑➠ ➭➠ ❑❾➞➢ ❧❦✿✻❃❁✼❂ ❳❦✿✾❍❦❂ ✼❂ ✾

❉✾✿✿❁✺r⑧❁♣❁❂❁❍✾❃❁ ❃✄❦r⑧✼❞❁❂✻✼❦❂✾✿ ✻❁❞✼❀❦❂⑧❄❀❃❦❍➢ ◆➐➈➠
➫➐➈❼➌➠ ✶✆➢ ✻➑✻ ❺➁➉➂❬↕➠

❬➂➑s ➙➠ ✍➐➌❽❾➐➥✍➛❾➌❾❽❼➎➐↔➐➢ ➒➠ ✏➐➝➄❼➓➈❼➥➨➐➌➈➛➎➛➞❼➢ ✌➠✍➠

✍➄➌➈➄➔➐↔➢ ➐➓➀ ➃➠ ✎❾➅➄➌❼➓➢ ❸❦❂♣r✿✼❉✼❂♣ ❀✾❍❍✼❁❍✻ ✼❂ ✾ ✻❃❍❦❂♣

❁✿❁❀❃❍❦❂➊❳✹❦❂❦❂ ✼❂❃❁❍✾❀❃✼❂♣ ❃✄❦r⑧✼❞❁❂✻✼❦❂✾✿ ⑧❦❳❁⑧ ✻❁❞✼r

❀❦❂⑧❄❀❃❦❍➢ ➵➛➞➞➄➓➠ ➙→↔➇➠ ✄➢ ❬➂ ❺➁➉➂➣↕➠

❬➂❬s ➵➠ ❿➐➓ ✎➝➝❼➌❼➓➢ ➵➠ ➫➄➌➌➐↔➢ ➒➠ ➳❾➇❽→❼➌➢ ➵➠ ➨➄➇➇❼➢ ❍➠➥➙➠

❑➛➞➇➐➢ ➡➠ ➫❾❽→❼➎↔➢ ➐➓➀ ➦➠ ➒➛➎❾❼➢ ⑦❁❃✾✿r✼❂✻❄✿✾❃❦❍ ❃❍✾❂✻✼❃✼❦❂

✼❂ ❞❦❂❦✿✾✺❁❍ ➫➛➭➯ ❉✼✾ ❀❦❂❃✾❀❃✿❁✻✻ ❀✹❁❞✼❀✾✿ ⑧❦❳✼❂♣➢ ➁❉

➫➐➈❼➌➠ ☎➢ ➉➁➏➉➁✻ ❺➁➉➁➁↕➠

❬➂➣s ➳➠ ➵➐➌➄➇➛➢ ➙➠ ➃➞➇➐➎❼➞➢ ➒➠ ➫➐➢ ➃➠ ➃➎✇➐➌➔➢ ➡➠ ➭❽→➄➎➈➧➢

➫➠ ❩➐❽→➐➌❾➐➇➢ ❡➠ ➡➄➓➅➢ ◆➠ ❑➛❽→➢ ➐➓➀ ➵➠ ❉➌➐➤➎➢ ❥✄❦r

⑧✼❞❁❂✻✼❦❂✾✿ ❳✿✾✻❞❦❂✼❀ ❳❦✿✾❍❦❂✻ ✼❂ ➩r⑧❦❳❁⑧ ❞❦❂❦✿✾✺❁❍

➫➛➭➯➢ ➙→↔➇➠ ❻❼❿➠ ➨ ✶✾✸➢ ➁➉➏➂➏➁ ❺➁➉➁➂↕➠

❬➁➉s ✎➠ ❑→❼➇➈➐➓➛❿➐➢ ➡➠ ✌❿➐➓➛❿➐➢ ❻➠ ✍❾➎➎❼➓➢ ➃➠ ❉➆✎➎❾➐➢ �➠◆➠
✍➐➎➎❼➅➛ ✏➐❽❼↔➢ ✏➠ ➦↔➇➛❽➲❾➢ ➃➠ ✍➌●➓❼❾➇➢ ❡➠ ❑➌➐❿➈➇➛❿➢ ➦➠

➭➈➌➄➍❾➓➇➲❾➢ ➒➠ ➫➐➄➎➈➧➇❽→➢ ❡➠ ❑➐➓➀↔➔➐➢ ➫➠ ➵➐➈➈❼➎➐➓➢ ➃➠

➨➐➌❾➓➛❿➢ ➒➠ ➃❿❾➎➐➢ ➙➠ ❉➄➀❾➓➢ ➐➓➀ ➨➠❡➠ ➭❼➓➲➛❿➇➲❾↔➢ ❘❦♠❄✻❃r

❂❁✻✻ ❦❤ ❞❦❞❁❂❃❄❞r✼❂⑧✼❍❁❀❃ ✼❂❃❁❍✿✾✺❁❍ ❁⑤❀✼❃❦❂✻ ✼❂

➫➛➭➯❂➦➭❼➯ ✹❁❃❁❍❦✻❃❍❄❀❃❄❍❁ ✾♣✾✼❂✻❃ ❀✹✾❍♣❁ ❀✾❍❍✼❁❍ ⑧❦❳r

✼❂♣➢ ➃➵➭ ➙→➛➈➛➓❾❽➇ ✶✾➢ ➂➂➏➣ ❺➁➉➁✷↕➠

❬➁➂s ➦➠❍➠ ➭❾➛ ➐➓➀ ➳➠ ✍❾➄➇➈❾➓➛➢ ✵❦✿✾❍❦❂✻ ✼❂ ❃✄❦r⑧✼❞❁❂✻✼❦❂✾✿

✾❃❦❞✼❀ ❀❍✺✻❃✾✿✻➢ ◆➐➈➠ ➙→↔➇➠ ✶☎➢ ✻➁➣ ❺➁➉➁✷↕➠

❬➁➁s ✍➠ ❡❼➌➔❾➇➈➢ ➫➠ ➃➠ ➭➞➛➓➀↔➌❼❿➢ ➳➠ ➫➠ ➙❼❼➈❼➌➇➢ ➐➓➀ ➒➠ ➡➠

❉❼❿➌❼❼➇❼➢ ❬❃❍❦❂♣r❀❦❄❳✿✼❂♣ ✾❂✾✿✺✻✼✻ ❦❤ ✿✾❍♣❁ ♠✼❳❦✿✾❍❦❂✻ ✼❂

❃✄❦ ✾❂⑧ ❃✹❍❁❁ ⑧✼❞❁❂✻✼❦❂✻➢ ➙→↔➇➠ ❻❼❿➠ ➨ ✹✺➢ ➏➁✻➁ ❺➂➣➣➁↕➠

❬➁✷s ❻➠ ✏➠ ➳➌➐➓➲➢ ✎➠❍➠ ✏❾❼➔➢ ❻➠ ➭❼❾➌❾➓➅❼➌➢ ➐➓➀ ✏➠ ✎➠ ➡→➛➞➐➇➢

②✼❳❦✿✾❍❦❂ ✾❂⑧ ➩r❳❦✿✾❍❦❂ ♠✼❂⑧✼❂♣ ❁❂❁❍♣✼❁✻➢ ➙→↔➇➠ ❻❼❿➠ ✏❼➈➈➠

✶✾✹➢ ➁➂➉➊➉➁ ❺➁➉➂➉↕➠

❬➁➊s ➃➠ ➭❽→➛➔❼➌➈➢ ➒➠ ➨❼➌➅❼➇➢ ✎➠✍➠ ➵➠ ➙➠ ❿➐➓ ✏➛➛➓➢ ➫➠ ➃➠ ➭❼➓➈❼➝➢

➭➠ ➨➌❼➓❼➌➢ ➫➠ ❻➛➇➇❾➢ ➐➓➀ ➡➠�➠ ➦❼→➎❾➓➅➢ ⑨♠ ✼❂✼❃✼❦ ❁✿❁❀❃❍❦❂r

✿✾❃❃✼❀❁ ⑧❦✄❂❤❦✿⑧✼❂♣✿ ✵❦❃❁❂❃✼✾✿ ❁❂❁❍♣✺ ✿✾❂⑧✻❀✾❳❁✻❅ ✾❂✹✾❍r

❞❦❂✼❀✼❃✺❅ ✾❂⑧ ❞❦✿❁❀❄✿✾❍ ⑧✺❂✾❞✼❀✻ ✼❂ ❀✹✾❍♣❁ ⑧❁❂✻✼❃✺ ✄✾❉❁

❞✾❃❁❍✼✾✿✻➢ ➭❽❾➙➛➇➈ ➙→↔➇➠ ✶✾➢ ➉➊✻ ❺➁➉➁➊↕➠

❬➁➏s ➵➠ ❩→➐➓➅➢ ✭➠ ➵→❼➓➢ ➃➠ ➒➛→➓➇➛➓➢ ➫➠➥✭➠ ✏❾➢ ✏➠➥➒➠ ✏❾➢ ➙➠ ➵➠

➫❼➓➀❼➢ ❻➠ ➫➠ ➳❼❼➓➇➈➌➐➢ ➐➓➀ ➵➠➥❑➠ ➭→❾→➢ ✵❍❦♠✼❂♣ ❀❍✼❃✼❀✾✿

❳❦✼❂❃ ❁❂❁❍♣✼❁✻ ❦❤ ❃❍✾❂✻✼❃✼❦❂ ❞❁❃✾✿ ⑧✼❀✹✾✿❀❦♣❁❂✼⑧❁✻✿ ❬❄❍❳❍✼✻r

✼❂♣ ✼❂⑧✼❍❁❀❃ ♣✾❳ ❦❤ ✻✼❂♣✿❁ ✿✾✺❁❍ ➦➭❼➯➢ ◆➐➓➛ ✏❼➈➈➠ ✶✺➢ ✻➊➣➊
❺➁➉➂➏↕➠

❬➁✻s ➵➠ ➫➄➌➌➐↔➢ ➦➠ ➒➛➎❾❼➢ ➒➠ ➃➠ ➳❾➇❽→❼➌➢ ➒➠❍➐➎➎➢ ➵➠ ❿➐➓ ✎➝➝❼➌❼➓➢ ◆➠
✎→➎❼➓➢ ➃➠ ✍➌●➓❼❾➇➢ ➵➠ ➨➄➇➇❼➢ ➐➓➀ ➡➠ ➫❾❽→❼➎↔➢ ⑥❦❞❳❍❁✹❁❂r

✻✼❉❁ ❃❄❂❂❁✿✼❂♣ ✻❳❁❀❃❍❦✻❀❦❳✺ ❦❤ q❄✾✻✼❤❍❁❁✻❃✾❂⑧✼❂♣ ➫➛➭➯ ❦❂

♣❍✾❳✹❁❂❁ ❦❂ ✌➌✑✶✶✶✒➢ ➙→↔➇➠ ❻❼❿➠ ➨ ☎☎➢ ➂➂➏➊✷➊ ❺➁➉➂➣↕➠

❬➁➑s ➵➠ ➫➄➌➌➐↔➢ ➵➠ ❿➐➓ ✎➝➝❼➌❼➓➢ ➦➠ ➒➛➎❾❼➢ ➒➠ ➃➠ ➳❾➇❽→❼➌➢ ➒➠ ❍➐➎➎➢ ➃➠

❻➛➇❽→➢ ➃➠❡➠ ❑➌➐➇→❼➓❾➓➓❾➲➛❿➢ ❍➠➥➙➠ ❑➛➞➇➐➢ ➐➓➀ ➡➠ ➫❾❽→❼➎↔➢

②✾❂⑧ ♠❁❂⑧✼❂♣ ✾❂⑧ ❉✾✿❁❂❀❁ ♠✾❂⑧ q❄✾❂❃✼③✾❃✼❦❂ ✾❃ ✿✼❂❁ ⑧❁❤❁❀❃✻

✼❂ ➫➛➭➯➢ ➃➵➭ ◆➐➓➛ ✶✹➢ ➣➂➑✻ ❺➁➉➁➉↕➠

❬➁❬s ❑➠ ➃➠ ➵➛❽→➌➐➓❼➢ ➒➠➥❍➠ ✏❼❼➢ ➵➠❑➐➇➈➎➢ ➒➠ ➨➠❍➐➔❼➌➢ ➡➠ ❩→➐➓➅➢ ➃➠

❑➛➧→➐➲→➞❼➈➛❿➢ ➒➠ ➃➠ ❻➛➔❾➓➇➛➓➢ ➫➠ ➡❼➌➌➛➓❼➇➢ ➒➠ ❻❼➍➍➢ ➒➠ ➨➠

◆❼➐➈➛➓➢ ➃➠ ➦❼➔❼➌➥➨➐➌➅❾➛➓❾➢ ➐➓➀ ➨➠ ➭❽→➄➎❼➌➢ ❬❳✼❂r⑧❁❳❁❂⑧❁❂❃
❉✼♠❍❦❂✼❀ ❍❁✻❳❦❂✻❁ ❦❤ ✾ ❀✾❍♠❦❂ ❍✾⑧✼❀✾✿ ✼❦❂ ✼❂ ❃✄❦r⑧✼❞❁❂✻✼❦❂✾✿

➦➭➯➢ ◆➐➈➠ ➵➛➞➞➄➓➠ ✶✄➢ ➑➁❬➑ ❺➁➉➁➂↕➠
❬➁➣s ❍➠ ➡➛➌➓➐➈➧➲↔➢ ❻➠ ✍❾➎➎❼➓➢ ❍➠ ❯❽→❾↔➐➞➐➢ ➐➓➀ ➒➠ ➫➐➄➎➈➧➇❽→➢

✵✹❦❂❦❂ ⑧✼✻❳❁❍✻✼❦❂ ✼❂ ➫➛➭➯➢ ➙→↔➇➠ ❻❼❿➠ ➨ ☎☎➢ ➂➊➊✷➉➣

❺➁➉➂➣↕➠
❬✷➉s ❯➠ ✏➄➓➀❾➓ ➐➓➀ ❻➠❍➠ ➫❽❑❼➓➧❾❼➢ ❥❁❞❳❁❍✾❃❄❍❁ ⑧❁❳❁❂⑧❁❂❀❁

❦❤ ❳❦✿✾❍❦❂✼❀ ❃❍✾❂✻❳❦❍❃ ❃✹❍❦❄♣✹ ✻✼❂♣✿❁ ❞❦✿❁❀❄✿❁✻ ✾❂⑧ q❄✾❂r

❃❄❞ ⑧❦❃✻➢ ➙→↔➇➠ ❻❼❿➠ ➨ ✾✾➢ ➉➑➏✷➉✷ ❺➁➉➉➁↕➠

❬✷➂s ➫➠ ✍➐➎➍❼➌❾➓➢ ➫➠ ➃➠ ❻➐➈➓❼➌➢ ➐➓➀ ➃➠ ◆❾➈➧➐➓➢ ✲❂❁✿✾✻❃✼❀ ❁✿❁❀❃❍❦❂
❃❄❂❂❁✿✼❂♣ ✻❳❁❀❃❍❦✻❀❦❳✺ ✼❂ ❞❦✿❁❀❄✿✾❍ ❥❄❂❀❃✼❦❂✻✿ ✵❁✾✽✻ ✾❂⑧

⑧✼❳✻➢ ➒➠ ➵→❼➞➠ ➙→↔➇➠ ✶✄✶➢ ➂➂➣✻➏ ❺➁➉➉➊↕➠

❬✷➁s ✍➠ ➃➠ ➭➲➛➌➛➔➐➅➐➈➲➛➢ ❘❁✻❦❂✾❂❃ ❳❦✿✾❍❦❂r✾✻✻✼✻❃❁⑧ ❃❄❂❂❁✿✼❂♣

❦❤ ✻❃❍❦❂♣✿✺ ✼❂❃❁❍✾❀❃✼❂♣ ❁✿❁❀❃❍❦❂✻ ❃✹❍❦❄♣✹ ✾ ✻✼❂♣✿❁r✿❁❉❁✿

❉✼♠❍✾❃✼❂♣ q❄✾❂❃❄❞ ⑧❦❃➢ ➙→↔➇➠ ❻❼❿➠ ➨ ✽✺➢ ➉➑➏✷➂➉ ❺➁➉➂➁↕➠

❬✷✷s ➨➠ ➵➠ ➭➈❾➍❼➢ ➫➠ ➃➠ ❻❼➧➐❼❾➢ ➐➓➀ ➦➠ ❍➛➢ ❬✼❂♣✿❁r❞❦✿❁❀❄✿❁

❉✼♠❍✾❃✼❦❂✾✿ ✻❳❁❀❃❍❦✻❀❦❳✺ ✾❂⑧ ❞✼❀❍❦✻❀❦❳✺➢ ➭❽❾❼➓❽❼ ✄✽✾➢

➂➑✷➁ ❺➂➣➣❬↕➠

❬✷➊s ❑➠ ➒➠ ➳➌➐➓➲❼ ➐➓➀ ➒➠ ✌➠ ➙➐➇❽➄➐➎➢ ④❤❤❁❀❃✻ ❦❤ ❁✿❁❀❃❍❦❂r❉✼♠❍✾❃✼❦❂

❀❦❄❳✿✼❂♣ ✼❂ ❃❍✾❂✻❳❦❍❃ ❃✹❍❦❄♣✹ ✻✼❂♣✿❁ ❞❦✿❁❀❄✿❁✻➢ ➒➠ ➙→↔➇➠

➵➛➓➀❼➓➇➠ ➫➐➈➈❼➌ ✄✹➢ ✷➣➊➉➉➁ ❺➁➉➂➁↕➠

❬✷➏s ◆➠ ❑➌➐➓❼➢ ➵➠ ✏➛➈➧❼➢ ✍➠ ❻❼❼❽→➈➢ ✏➠ ❩→➐➓➅➢ ➃➠ ✏➠ ➨➌❾➇❼➓➛➢ ➐➓➀
❑➠ ➒➠ ➳➌➐➓➲❼➢ ❧✼♣✹r❍❁✻❦✿❄❃✼❦❂ ❉✼♠❍❦❂✼❀ ✻❳❁❀❃❍✾ ❦❤ ❞❦✿❁❀❄✿❁✻

❦❂ ❞❦✿✺♠⑧❁❂❄❞ ⑧✼✻❄✿❤✼⑧❁ ✾✿✿❦✄ ❤❦❍ ❍❦❃✾❞❁❍ ✼⑧❁❂❃✼❤✼❀✾❃✼❦❂➢

➃➵➭ ◆➐➓➛ ✶✄➢ ➂➂✻➣❬ ❺➁➉➂❬↕➠

❬✷✻s ◆➠ ❩➛➄ ➐➓➀ ❑➠ ➃➠ ➵→➐➛➢ ✲❂❁✿✾✻❃✼❀ ❁✿❁❀❃❍❦❂ ❍❁✻❦❂✾❂❃ ❃❄❂❂❁✿r
✼❂♣ ❃✹❍❦❄♣✹ ✾ ⑧❦❄♠✿❁r♠✾❍❍✼❁❍ ❂✾❂❦✻❃❍❄❀❃❄❍❁➢ ➙→↔➇➠ ❻❼❿➠

✏❼➈➈➠ ✾☎➢ ✷➁➁➊ ❺➂➣➣➁↕➠

❬✷➑s ◆➠ ➭➠ ➦❾➓➅➌❼❼➓➢ ❑➠ ➦➠ ➒➐❽➛➔➇❼➓➢ ➐➓➀ ➒➠ ➦➠ ➦❾➎➲❾➓➇➢ ❘❁✻❦r
❂✾❂❃ ❃❄❂❂❁✿✼❂♣ ✄✼❃✹ ❁✿❁❀❃❍❦❂r❳✹❦❂❦❂ ✼❂❃❁❍✾❀❃✼❦❂✿ ⑨❂ ❁⑤✾❀❃✿✺

✻❦✿❉✾♠✿❁ ❞❦⑧❁✿➢ ➙→↔➇➠ ❻❼❿➠ ✏❼➈➈➠ ✾✶➢ ➂✷➣✻ ❺➂➣❬❬↕➠

❬✷❬s ➦➠❍➠ ➭❾➛➢ ➵➠❡❼➌➀❾➢ ➭➠ ➙➛➓❽➫❼➢ ➐➓➀➳➠✍❾➄➇➈❾➓➛➢⑨♠ ✼❂✼❃✼❦ ❃✹❁❦❍✺

❦❤ ❳❦✿✾❍❦❂✻✿ ❋❦❍❞✾✿✼✻❞ ✾❂⑧ ✾❳❳✿✼❀✾❃✼❦❂✻➢ ➙→↔➇➠ ❻❼❿➠ ➨ ☎☎➢

➁✷➏➂✷➣ ❺➁➉➂➣↕➠
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❬✷➣s ➒➠ ✏➐➝➄❼➓➈❼➥➨➐➌➈➛➎➛➞❼➢ ➵➠ ✏❾➐➓➢ ➦➠❍➠ ➭❾➛➢ ✌➠✍➠ ✍➄➌➈➄➔➐↔➢

➃➠ ✎❾➅➄➌❼➓➢ ➐➓➀ ➳➠ ✍❾➄➇➈❾➓➛➢ ⑨♠ ✼❂✼❃✼❦ ✻❁✿❤r❀❦❂✻✼✻❃❁❂❃ ❞✾❂✺r

♠❦⑧✺ ❃✹❁❦❍✺ ❦❤ ❳❦✿✾❍❦❂✻ ✾❃ ✾✿✿ ❀❦❄❳✿✼❂♣✻➢ ➙→↔➇➠ ❻❼❿➠ ➨ ✶✾✾➢

➉➑➏➂➂➣ ❺➁➉➁➁↕➠

❬➊➉s ✏➠ ❡❾➈➐➎❾➢ ➫➠ ➃➠ ➭❽→➓❼❾➀❼➌➢ ❑➠ ❑❼➌➓➢ ✏➠ ➦❾➌➈➧➢ ➐➓➀ ➃➠ ❻➄➔❾➛➢

✵✹❦❂❦❂ ✾❂⑧ ❳✿✾✻❞❦❂ ❁⑤❀✼❃✾❃✼❦❂ ✼❂ ✼❂❁✿✾✻❃✼❀ ❁✿❁❀❃❍❦❂ ❃❄❂❂❁✿r

✼❂♣ ✻❳❁❀❃❍❦✻❀❦❳✺ ❦❤ ♣❍✾❳✹✼❃❁➢ ➙→↔➇➠ ❻❼❿➠ ➨ ✾☎➢ ➂➁➂➊➂➊❺❻↕

❺➁➉➉➊↕➠

❬➊➂s ➭➠ ➫➛➇❼➌➢ ✏➠ ➫➛➌❼➇❽→❾➓❾➢ ➒➠ ➒➐✁❾➞➛❿❾✁➢ �➠ ➭➠ ➨➐➌❾➑❾✁➢ ❍➠

➨❼➌➅❼➌➢ ➃➠ ➫➐➅➌❼➧➢ ✭➠ ➒➠ ➵→➐➓➅➢ ❑➠ ➭➠ ❑❾➞➢ ➃➠ ➨➛➇➈➟❾❽➲➢

✎➠ ❻➛➈❼➓➔❼➌➅➢ ✏➠ ➳➛➌➌➛➢ ➐➓➀ ➫➠ ✍➌❾➛➓❾➢ ❥❄❂✾♠✿❁ ❳❦✿✾❍❦❂✼❀

❀❦❂⑧❄❀❃✼❦❂ ✼❂ ✾❂✾❃✾✻❁ ➡❾�➯➢ ➙→↔➇➠ ❻❼❿➠ ✏❼➈➈➠ ✶✶✾➢ ➂➣✻➊➉✷

❺➁➉➂✷↕➠

❬➊➁s ❍➠ ✏❾➄➢ ➃➠ ➦➐➓➅➢ ➙➠ ❩→➐➓➅➢ ➵➠ ➫➐➢ ➵➠ ➵→❼➓➢ ❩➠ ✏❾➄➢ ✭➠➥◗➠

❩→➐➓➅➢ ➨➠ ➳❼➓➅➢ ➙➠ ➵→❼➓➅➢ ➒➠ ❩→➐➛➢ ✏➠ ➵→❼➓➢ ➐➓➀ ❑➠ ➦➄➢

⑨❃❦❞✼❀r✻❀✾✿❁ ❞✾❂✼❳❄✿✾❃✼❦❂ ❦❤ ✻✼❂♣✿❁r❳❦✿✾❍❦❂ ✼❂ ✾ ❃✄❦r

⑧✼❞❁❂✻✼❦❂✾✿ ✻❁❞✼❀❦❂⑧❄❀❃❦❍➢◆➐➈➠ ➵➛➞➞➄➓➠ ✶✹➢ ✷✻➣➉ ❺➁➉➁✷↕➠
❬➊✷s ➫➠ ➵➐❾➢ ➫➠➥➙➠ ➫❾➐➛➢ ✭➠ ✏❾➐➓➅➢ ❩➠ ➒❾➐➓➅➢ ❩➠➥✭➠ ✏❾➄➢ ➦➠➥❍➠

❩→➐➓➅➢ ✂➠ ✏❾➐➛➢ ✏➠➥➳➠ ❩→➄➢ ❉➠ ➦❼➇➈➢ ➭➠ ❩→➐➓➅➢ ➐➓➀ ✭➠➥➭➠ ➳➄➢

⑦✾❂✼❳❄✿✾❃✼❂♣ ✻✼❂♣✿❁ ❁⑤❀❁✻✻ ❁✿❁❀❃❍❦❂✻ ✼❂ ❞❦❂❦✿✾✺❁❍ ❃❍✾❂r

✻✼❃✼❦❂ ❞❁❃✾✿ ⑧✼✹✾✿✼⑧❁➢ ◆➐➈➠ ➵➛➞➞➄➓➠ ✶✹➢ ✷✻➣➂ ❺➁➉➁✷↕➠

❬➊➊s ✎➠❡➠ ✏➠ ➀❼ ➫❼➎➎➛ ➐➓➀ ➒➠ ❻➐➓➓❾➓➅❼➌➢ ❉✺❂✾❞✼❀✾✿ ❳❍❦❳❁❍❃✼❁✻ ❦❤

✻❞✾✿✿ ❳❦✿✾❍❦❂✻➢ ➙→↔➇➠ ❻❼❿➠ ➨ ✺✺➢ ➂➊❬➑➁ ❺➂➣➣➑↕➠

❬➊➏s ➒➠ ❻➐➓➓❾➓➅❼➌➢ ❬❳❁❀❃❍✾✿ ❳❍❦❳❁❍❃✼❁✻ ❦❤ ✻❞✾✿✿r❳❦✿✾❍❦❂ ✻✺✻❃❁❞✻➢

➙→↔➇➠ ❻❼❿➠ ➨ ✹✽➢ ➂✷➂✻✻ ❺➂➣➣✷↕➠

❬➊✻s ➫➠ ❍➛→❼➓➐➀➎❼➌➢ ✍➠ ➦❼➎➎❼❾➓➢ ➃➠ ➃➎❿❼➌➞➐➓➓➢ ➐➓➀ ❍➠ ➳❼→➇➲❼➢

⑦✾❂✺r❳❦✿✾❍❦❂ ❳❍❦♠✿❁❞ ♠✺ ❀✿❄✻❃❁❍ ❳❁❍❃❄❍♠✾❃✼❦❂ ❃✹❁❦❍✺➢

➙→↔➇❾❽➐ ❺➃➞➇➈❼➌➀➐➞↕ ✸✆✽✸✸✽✾❇➢ ✻➊ ❺➁➉➉✻↕➠

❬➊➑s ➫➠ ❍➛→❼➓➐➀➎❼➌➢ ❉➠ ◆❼➄➔❼➌➢ ➦➠ ❿➛➓ ➀❼➌ ✏❾➓➀❼➓➢ ✍➠ ➦❼➎➎❼❾➓➢

➒➠ ✏➛➛➇➢ ➐➓➀ ❍➠ ➳❼→➇➲❼➢ ✵✹❦❃❦❁❞✼✻✻✼❦❂ ✻❳❁❀❃❍✾ ❦❤ ❞✾❂✺r

❳❦✿✾❍❦❂ ✻✺✻❃❁❞✻➢ ➙→↔➇➠ ❻❼❿➠ ➨ ✆✶➢ ➁➊➏➂➂➂ ❺➁➉➉➏↕➠

❬➊❬s ➫➠ ➵➐➍➛➓❼➢ ➙➠ ➵➐➌➈➐➢ ➐➓➀ ➭➠ ➵❾➄❽→❾➢ ❉✺❂✾❞✼❀✾✿ ❞❁✾❂ ❤✼❁✿⑧

❃✹❁❦❍✺ ❦❤ ❳❦✿✾❍❦❂✻ ✾❂⑧ ♠✼❳❦✿✾❍❦❂✻ ✼❂ ❃✹❁ ✹✾✿❤r❤✼✿✿❁⑧ ❧❦✿✻❃❁✼❂

❞❦⑧❁✿➢ ➙→↔➇➠ ❻❼❿➠ ➨ ✆✹➢ ➉➊➏➂➉✻ ❺➁➉➉✻↕➠

❬➊➣s ➦➠ ➒➛➎❾❼➢ ➵➠ ➫➄➌➌➐↔➢ ➙➠ ➭➠ ➦❼❾❡➢ ➒➠ ❍➐➎➎➢ ➳➠ ➙➛➌➈➓❼➌➢ ◆➠
➃➈➛➀❾➌❼➇❼❾➢ ➃➠❡➠ ❑➌➐➇→❼➓❾➓➓❾➲➛❿➢ ➵➠ ➨➄➇➇❼➢ ❍➠ ➙➠ ❑➛➞➇➐➢

➃➠ ❻➛➇❽→➢ ➐➓➀ ➡➠ ➫❾❽→❼➎↔➢ ❥❦❞❦❂✾♣✾r❸❄❃❃✼❂♣❁❍ ✿✼q❄✼⑧ ✼❂ ✾

♠❦⑤✿ ④✿❁❀❃❍❦❂✻ ❀❦❂❤✼❂❁⑧ ✄✼❃✹✼❂ ➫➛➭➯ ❞✼❍❍❦❍r❃✄✼❂ ♠❦❄❂⑧✾r

❍✼❁✻➢ ➙→↔➇➠ ❻❼❿➠ ✂ ☎➢ ➉➂➂➉➏➏ ❺➁➉➂➣↕➠

❬➏➉s ➵➠ ❿➐➓ ✎➝➝❼➌❼➓➢ ➒➠ ➳❾➇❽→❼➌➢ ➡➠ ➃➠ ➵➛➇➈❾➢ ➃➠ ❻➛➇❽→➢ ➡➠ ➫❾❽→❼➎↔➢

➐➓➀ ➦➠ ➒➛➎❾❼➢ ⑦❦⑧❄✿✾❃❁⑧ ◆❦❂⑧❦ ✻❀❍❁❁❂✼❂♣ ✾✿❦❂♣ ❞✾♣❂❁❃✼❀

❞✼❍❍❦❍ ❃✄✼❂ ♠❦❄❂⑧✾❍✼❁✻ ✼❂ ❞❦❂❦✿✾✺❁❍ ➫➛➭➯➢ ◆➐➈➠ ➙→↔➇➠ ✄✾➢
❬➁ ❺➁➉➁➊↕➠

❬➏➂s →➈➈➍➇❛❤❤➟➟➟➠➓→➌➥❿❼➌❼❾➓➠➀❼❤➄➓➇❼➌❼➥➍➐➌➈➓❼➌

❬➏➁s ➒➠ ➵➛➌➐➄➤➢ ➃➠ ➡➠ ◆➆❉❾➐↔❼➢ ➫➠ ✎➓➅➎❼➌➢ ➵➠ ➨➄➇➇❼➢ ❉➠ ➦➐➎➎➢

◆➠ ➨➄❽➲➐➓❾❼➢ ➳➠➥➒➠ ➫❼↔❼➌ ➧➄ ❍❼➌❾➓➅➀➛➌➝➢ ❻➠ ❿➐➓ ✍➐➇➈❼➎➢

➨➠ ➙➛❼➎➇❼➞➐➢ ➐➓➀ ➡➠ ➫❾❽→❼➎↔➢ ❝❍❦✄❃✹ ❦❤ ♣❍✾❳✹❁❂❁ ❦❂

✌➌✑✶✶✶✒➢ ◆❼➟ ➒➠ ➙→↔➇➠ ✶✶➢ ➉✷➣❬➉➂ ❺➁➉➉➣↕➠

❬➏✷s ➒➠❍➐➎➎➢ ➨➠ ➙❾❼➎❾✁➢ ➵➠ ➫➄➌➌➐↔➢➦➠ ➒➛➎❾❼➢ ➡➠ ➦❼➲➲❾➓➅➢ ➵➠ ➨➄➇➇❼➢

➫➠ ❑➌➐➎✇➢ ➐➓➀ ➡➠ ➫❾❽→❼➎↔➢ ⑦❦✿❁❀❄✿✾❍ ♠❁✾❞ ❁❳✼❃✾⑤✺ ❦❤ q❄✾✻✼r

❤❍❁❁✻❃✾❂⑧✼❂♣ ❃❍✾❂✻✼❃✼❦❂ ❞❁❃✾✿ ⑧✼✻❄✿❳✹✼⑧❁ ❞❦❂❦✿✾✺❁❍✻ ❦❂ ❉✾❂

⑧❁❍ ❲✾✾✿✻ ✻❄♠✻❃❍✾❃❁✻✿ ⑨ ♣❍❦✄❃✹ ✻❃❄⑧✺➢ ➁❉➫➐➈❼➌➠ ✺➢ ➉➁➏➉➉➏

❺➁➉➂❬↕➠

❬➏➊s ➙➠ ✍❾➐➓➓➛➧➧❾ ❁❃ ✾✿✴➢ ◗�❆✂✄�☎ ❊✆✝✞❊✆✆✟✿ ⑨ ❞❦⑧❄✿✾❍ ✾❂⑧
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Appendix

B Monolayer materials

B.1 MoSe2

Figure B.1: Projected bands of MoSe2.

Figure B.2: Wannier model of MoSe2; Resulting electronic dispersion in a three band model
and Wannier orbitals.
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Figure B.3: Phonon renormalisation under electron doping in MoSe2 next to the electronic
band structure with indication of Fermi level for given doping levels.

Figure B.4: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of MoSe2.
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Figure B.5: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of MoSe2.
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Appendix

B.2 MoTe2

Figure B.6: Projected bands of MoTe2.

Figure B.7: Wannier model of MoTe2; Resulting electronic dispersion in a three band model
and Wannier orbitals.
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Figure B.8: Phonon renormalisation under electron doping in MoTe2 next to the electronic
band structure with indication of Fermi level for given doping levels.

Figure B.9: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of MoTe2.
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Figure B.10: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of MoTe2.
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B.3 WS2

Figure B.11: Projected bands of WS2.

Figure B.12: Wannier model of WS2; Resulting electronic dispersion in a three band model
and Wannier orbitals.
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Figure B.13: Phonon renormalisation under electron doping in WS2 next to the electronic band
structure with indication of Fermi level for given doping levels.

Figure B.14: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of WS2.
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Figure B.15: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of WS2.
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B.4 WSe2

Figure B.16: Projected bands of WSe2.

Figure B.17: Wannier model of WSe2; Resulting electronic dispersion in a three band model
and Wannier orbitals.
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Figure B.18: Phonon renormalisation under electron doping in WSe2 next to the electronic
band structure with indication of Fermi level for given doping levels.

Figure B.19: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of WSe2.
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Figure B.20: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of WSe2.
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B.5 WTe2

Figure B.21: Projected bands of WTe2.

Figure B.22: Wannier model of WTe2; Resulting electronic dispersion in a three band model
and Wannier orbitals.
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Figure B.23: Phonon renormalisation under electron doping in WTe2 next to the electronic
band structure with indication of Fermi level for given doping levels.

Figure B.24: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of WTe2.
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Figure B.25: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of WTe2.
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B.6 MoS2 – G0W0
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Figure B.26: DFT and G0W0 band structure of monolayer MoS2 as well as the downfolded
Wannier model.

Figure B.27: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of G0W0-corrected MoS2.
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Figure B.28: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of G0W0-corrected MoS2.
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B.7 MoSe2 – G0W0
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Figure B.29: DFT and G0W0 band structure of monolayer MoSe2 as well as the downfolded
Wannier model.

Figure B.30: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of G0W0-corrected MoSe2.
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Figure B.31: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of G0W0-corrected MoSe2.
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Appendix

B.8 WS2 – G0W0

Γ M K Γ

−2

0

2

4

el
ec

tr
o
n

d
is

p
er

si
o
n

in
eV

DFT→Wan

Γ M K Γ

G0W0 →Wan

Figure B.32: DFT and G0W0 band structure of monolayer WS2 as well as the downfolded
Wannier model.

Figure B.33: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of G0W0-corrected WS2.
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Figure B.34: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of G0W0-corrected WS2.
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B Monolayer materials

B.9 WSe2 – G0W0
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Figure B.35: DFT and G0W0 band structure of monolayer WSe2 as well as the downfolded
Wannier model.

Figure B.36: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of G0W0-corrected WSe2.
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Figure B.37: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of G0W0-corrected WSe2.
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C Homobilayer

C.1 MoS2-MoS2 - AB
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Figure C.1: Phonon renormalisation under electron doping in AB MoS2-MoS2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure C.2: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AB MoS2-MoS2.
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Figure C.3: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AB MoS2-MoS2.
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C Homobilayer

C.2 MoSe2-MoSe2 - AA
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Figure C.4: Phonon renormalisation under electron doping in AA MoSe2-MoSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure C.5: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AA MoSe2-MoSe2.

0.0

0.2

0.4

S
C

st
re

n
g
th

0.00 0.05

doping in e/u.c.

10

20

d
is

p
.

in
m

eV

ωlog

ω2nd

0.00 0.02 0.04 0.06

doping in e/u.c.

0

1

2

3

4

5

te
m

p
er

a
tu

re
in

K

Tc
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

µ
?

Figure C.6: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AA MoSe2-MoSe2.
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C.3 MoSe2-MoSe2 - AB
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Figure C.7: Phonon renormalisation under electron doping in AB MoSe2-MoSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure C.8: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AB MoSe2-MoSe2.
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Figure C.9: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AB MoSe2-MoSe2.
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C Homobilayer

C.4 WS2-WS2 - AA
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Figure C.10: Phonon renormalisation under electron doping in AA WS2-WS2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure C.11: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AA WS2-WS2.
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Figure C.12: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AA WS2-WS2.
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C.5 WS2-WS2 - AB

Γ M K Γ

0

5

10

15

20
p

h
o
n

o
n

d
is

p
er

si
o
n

in
m

eV

x = 0.00

x = 0.05

x = 0.06

K

1.1

1.2

1.3

1.4

1.5

el
ec

tr
o
n

d
is

p
er

si
o
n

in
eV

Figure C.13: Phonon renormalisation under electron doping in AB WS2-WS2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure C.14: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AB WS2-WS2.
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Figure C.15: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AB WS2-WS2.
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C Homobilayer

C.6 WSe2-WSe2 - AA
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Figure C.16: Phonon renormalisation under electron doping in AA WSe2-WSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure C.17: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AA WSe2-WSe2.

0.0

0.5

1.0

S
C

st
re

n
g
th

0.00 0.02

doping in e/u.c.

5

10

15

d
is

p
.

in
m

eV

ωlog

ω2nd

0.00 0.01 0.02 0.03

doping in e/u.c.

0

2

4

6

te
m

p
er

a
tu

re
in

K

Tc
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

µ
?

Figure C.18: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AA WSe2-WSe2.
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C.7 WSe2-WSe2 - AB
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Figure C.19: Phonon renormalisation under electron doping in AB WSe2-WSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure C.20: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AB WSe2-WSe2.
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Figure C.21: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AB WSe2-WSe2.
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D Heterobilayer

D Heterobilayer

D.1 MoS2-WS2 - AA
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Figure D.1: Phonon renormalisation under electron doping in AA MoS2-WS2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.2: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AA MoS2-WS2.
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Figure D.3: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AA MoS2-WS2.
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D.2 MoS2-WS2 - AB
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Figure D.4: Phonon renormalisation under electron doping in AB MoS2-WS2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.5: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AB MoS2-WS2.
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Figure D.6: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AB MoS2-WS2.
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D Heterobilayer

D.3 MoS2-WS2 - BA
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Figure D.7: Phonon renormalisation under electron doping in BA MoS2-WS2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.8: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of BA MoS2-WS2.
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Figure D.9: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of BA MoS2-WS2.
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D.4 MoSe2-WSe2 - AA
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Figure D.10: Phonon renormalisation under electron doping in AA MoSe2-WSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.11: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AA MoSe2-WSe2.
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Figure D.12: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AA MoSe2-WSe2.
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D Heterobilayer

D.5 MoSe2-WSe2 - AB
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Figure D.13: Phonon renormalisation under electron doping in AB MoSe2-WSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.14: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AB MoSe2-WSe2.

0.0

0.5

1.0

S
C

st
re

n
g
th

0.00 0.05

doping in e/u.c.

15

20

d
is

p
.

in
m

eV

ωlog

ω2nd

0.00 0.02 0.04 0.06 0.08

doping in e/u.c.

0

5

10

15

te
m

p
er

a
tu

re
in

K

Tc
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

µ
?

Figure D.15: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AB MoSe2-WSe2.
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D.6 MoSe2-WSe2 - BA
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Figure D.16: Phonon renormalisation under electron doping in BA MoSe2-WSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.17: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of BA MoSe2-WSe2.
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Figure D.18: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of BA MoSe2-WSe2.
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D Heterobilayer

D.7 MoS2-MoSe2 - AA
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Figure D.19: Phonon renormalisation under electron doping in AA MoS2-MoSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.20: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AA MoS2-MoSe2.
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Figure D.21: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AA MoS2-MoSe2.
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D.8 MoS2-MoSe2 - AB
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Figure D.22: Phonon renormalisation under electron doping in AB MoS2-MoSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.23: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AB MoS2-MoSe2.
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Figure D.24: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of AB MoS2-MoSe2.
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Figure D.25: Phonon renormalisation under electron doping in BA MoS2-MoSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.26: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of BA MoS2-MoSe2.
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Figure D.27: Electron-phonon coupling strength, frequency moments and critical temperature
for superconductivity of BA MoS2-MoSe2.
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D.10 WS2-WSe2 - AA
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Figure D.28: Phonon renormalisation under electron doping in AA WS2-WSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.29: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AA WS2-WSe2.
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Figure D.30: Electron-phonon coupling strength, frequency Wments and critical temperature
for superconductivity of AA WS2-WSe2.
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Figure D.31: Phonon renormalisation under electron doping in AB WS2-WSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.32: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AB WS2-WSe2.
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Figure D.33: Electron-phonon coupling strength, frequency Wments and critical temperature
for superconductivity of AB WS2-WSe2.
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Figure D.34: Phonon renormalisation under electron doping in BA WS2-WSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.35: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of BA WS2-WSe2.
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Figure D.36: Electron-phonon coupling strength, frequency Wments and critical temperature
for superconductivity of BA WS2-WSe2.
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Figure D.37: Phonon renormalisation under electron doping in AA MoS2-WSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.38: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AA MoS2-WSe2.
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Figure D.39: Electron-phonon coupling strength, frequency Wments and critical temperature
for superconductivity of AA MoS2-WSe2.
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D.14 MoS2-WSe2 - AB
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Figure D.40: Phonon renormalisation under electron doping in AB MoS2-WSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.41: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AB MoS2-WSe2.
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Figure D.42: Electron-phonon coupling strength, frequency Wments and critical temperature
for superconductivity of AB MoS2-WSe2.
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Figure D.43: Phonon renormalisation under electron doping in BA MoS2-WSe2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.44: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of BA MoS2-WSe2.
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Figure D.45: Electron-phonon coupling strength, frequency Wments and critical temperature
for superconductivity of BA MoS2-WSe2.

117



Appendix

D.16 MoSe2-WS2 - AA
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Figure D.46: Phonon renormalisation under electron doping in AA MoSe2-WS2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.47: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AA MoSe2-WS2.

0.0

0.5

S
C

st
re

n
g
th

0.0 0.1

doping in e/u.c.

10

20

30

d
is

p
.

in
m

eV

ωlog

ω2nd

0.00 0.05 0.10 0.15

doping in e/u.c.

0

2

4

6

8

10

te
m

p
er

a
tu

re
in

K

Tc
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

µ
?

Figure D.48: Electron-phonon coupling strength, frequency Wments and critical temperature
for superconductivity of AA MoSe2-WS2.
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Figure D.49: Phonon renormalisation under electron doping in AB MoSe2-WS2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.50: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of AB MoSe2-WS2.
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Figure D.51: Electron-phonon coupling strength, frequency Wments and critical temperature
for superconductivity of AB MoSe2-WS2.
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D.18 MoSe2-WS2 - BA
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Figure D.52: Phonon renormalisation under electron doping in BA MoSe2-WS2 next to the
electronic band structure with indication of Fermi level for given doping levels.

Figure D.53: Electron-phonon coupling resolved to the accoustic phonon branches and electron-
phonon spectral-function around the doping instability of BA MoSe2-WS2.
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Figure D.54: Electron-phonon coupling strength, frequency Wments and critical temperature
for superconductivity of BA MoSe2-WS2.
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E Oscillation patterns of the silicon adsorbate in SiC

E Oscillation patterns of the silicon adsorbate in SiC

top view (z)
side view (x) side view (y)

= 15.36 THz                                                                                                               

Figure E.1: Oscillation of the silicon adsorbate in Si-rich SiC showing a dominant vertical
motion of the base.

top view (z)
side view (x) side view (y)

= 12.11 THz                                                                                                               

Figure E.2: Oscillation of the silicon adsorbate in Si-rich SiC showing a tilting motion of the
base in x-direction.

top view (z)
side view (x) side view (y)

= 12.11 THz                                                                                                               

Figure E.3: Oscillation of the silicon adsorbate in Si-rich SiC showing a tilting motion of the
base in y-direction.
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top view (z)
side view (x) side view (y)

= 11.70 THz                                                                                                               

Figure E.4: Oscillation of the silicon adsorbate in Si-rich SiC showing a breathing motion of
the tripod.

top view (z)
side view (x) side view (y)

= 10.54 THz                                                                                                               

Figure E.5: Oscillation of the silicon adsorbate in Si-rich SiC showing a tilting motion of the
top in y-direction.

top view (z)
side view (x) side view (y)

= 10.54 THz                                                                                                               

Figure E.6: Oscillation of the silicon adsorbate in Si-rich SiC showing a tilting motion of the
top in x-direction.
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top view (z)
side view (x) side view (y)

= 8.76 THz                                                                                                               

Figure E.7: Oscillation of the silicon adsorbate in Si-rich SiC showing a squeezing motion of
the tripod in x-direction.

top view (z)
side view (x) side view (y)

= 8.76 THz                                                                                                               

Figure E.8: Oscillation of the silicon adsorbate in Si-rich SiC showing a squeezing motion of
the tripod in y-direction.

top view (z)
side view (x) side view (y)= 5.96 THz                                                                                                               

Figure E.9: Oscillation of the silicon adsorbate in Si-rich SiC showing a motion of the adsorbate
in z-direction.
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top view (z)
side view (x) side view (y)

= 5.82 THz                                                                                                               

Figure E.10: Oscillation of the silicon adsorbate in Si-rich SiC showing a squeezing motion of
the tripod in z-direction.

top view (z)
side view (x) side view (y)

= 4.51 THz                                                                                                               

Figure E.11: Oscillation of the silicon adsorbate in Si-rich SiC showing a tilting motion of the
tip in y-direction.

top view (z)
side view (x) side view (y)

= 4.51 THz                                                                                                               

Figure E.12: Oscillation of the silicon adsorbate in Si-rich SiC showing a tilting motion of the
tip in x-direction.
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top view (z)
side view (x) side view (y)

= 3.81 THz                                                                                                               

Figure E.13: Oscillation of the silicon adsorbate in Si-rich SiC showing a breathing motion of
the tripod in x-direction.

top view (z)
side view (x) side view (y)

= 3.81 THz                                                                                                               

Figure E.14: Oscillation of the silicon adsorbate in Si-rich SiC showing a squeezing motion of
the tripod in y-direction.
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