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This thesis focuses on experimental studies of strongly correlated
fermionic superfluids in the crossover from a Bose-Einstein conden-
sate (BEC) of molecules to a Bardeen-Cooper-Schrieffer (BCS) su-
perfluid of weakly bound Cooper pairs. In the first part of the the-
sis we prepare homogeneous 3D ultracold Fermi gases and probe the
full momentum-resolved low-energy excitation spectrum with Bragg
spectroscopy. This allows us to directly observe the smooth cross-
over from a bosonic to a fermionic superfluid that takes place in the
BEC-BCS crossover. Furthermore, we use the excitation spectra to ex-
tract key quantities of the many-body system, the speed of sound and
the pairing gap, which provide quantitative benchmarks for theoret-
ical predictions. In subsequent experiments, we study Fermi gases
with a strong vertical confinement to probe the excitation spectrum
of 2D Fermi gases, allowing us to compare the stability of 2D and 3D
fermionic superfluids.

In the second part of the thesis we present the creation of spin-
imbalanced ultracold Fermi gases in box potentials. They are close
to the 2D regime (Oz0 O 00, O O 00,) and we achieve temperatures
about a factor of 2 lower than in previous works for 2D harmonically
trapped gases for spin-imbalances smaller than O O 0I0. We experi-
mentally observe that the gases are locally imbalanced with a nearly
constant imbalance over the entire cloud. We do not observe any ex-
perimental indication of phase separation predicted by most theoreti-
cal works, which expect a first-order phase transition at very low tem-
peratures resulting in formation of balanced domains and domains
hosting the majority excess.
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Diese Arbeit konzentriert sich auf experimentelle Studien von stark
korrelierten fermionischen Suprafluiden im Ubergang von einem
Bose-Einstein-Kondensat (BEC) von Molekiilen zu einem Bardeen-
Cooper-Schrieffer (BCS) Suprafluid von schwach gebundenen Cooper-
Paaren. Im ersten Teil der Arbeit préparieren wir homogene 3D ul-
trakalte Fermigase und untersuchen das vollstindig impulsaufgelo-
ste niederenergetische Anregungsspektrum mit Bragg-Spektroskopie.
Dies ermdglicht es uns, den graduellen Ubergang von einem bosoni-
schen zu einem fermionischen Suprafluid, der im BEC-BCS—Ubergang
stattfindet, direkt zu beobachten. Dariiber hinaus verwenden wir die
Anregungsspektren, um wichtige Grofien des Vielteilchensystems,
die Schallgeschwindigkeit und die Energieliicke, zu extrahieren und
diese mit theoretischen Vorhersagen quantitativ zu vergleichen. In
anschliefenden Experimenten untersuchen wir Fermigase mit einer
starken vertikalen Einschlieffung, um das Anregungsspektrum von
2D Fermigasen zu untersuchen. Dies erméglicht es uns, die Stabili-
tat von 2D und 3D fermionischen Suprafluiden zu vergleichen.

Im zweiten Teil der Arbeit prasentieren wir die Erzeugung von
spin-unausgeglichenen ultrakalten Fermigasen in Boxpotentialen. Sie
befinden sich nahe dem 2D-Regime (Og0 O 00; 0 O 00;), und
wir erreichen Temperaturen, die um den Faktor 2 niedriger sind als
in fritheren Arbeiten mit 2D harmonisch eingeschlossenen Gasen fiir
Spin-Ungleichgewichte kleiner als 0 [ [0I0. Wir beobachten expe-
rimentell, dass die Gase lokal unausgeglichen sind und das Spin-
Ungleichgewicht iiber die gesamte Wolke nahezu konstant bleibt.
Wir beobachten keine experimentellen Hinweise auf eine Phasentren-
nung, die von den meisten theoretischen Arbeiten vorhergesagt wird.
Diese erwarten einen Phasentibergang erster Ordnung bei sehr nied-
rigen Temperaturen, der zur Bildung von ausgeglichenen Doménen
und Domainen, die den Uberschuss beherbergen, fiihrt.
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When studying systems of many quantum particles, it is intriguing
that adding more particles can lead to emergent phases with sponta-
neously broken symmetries which simplify the description of many-
body systems [1]. Prominent examples are ferromagnetism or super-
fluidity: In ferromagnets the ground state spontaneously breaks the
rotational spin symmetry and the new order parameter emerging is
the macroscopic magnetization. In fermionic superfluids the fermions
form a macroscopic wavefunction [, serving as the new order param-
eter. The fixed phase [ of the order parameter 0 [ 0" breaks the
U(1) symmetry.

Spontaneous symmetry breaking can show striking experimental
consequences such as a macroscopic magnetic moment or an abruptly
vanishing viscosity. We would also like to understand why this hap-
pens. For that microscopic theories are needed. Bardeen, Cooper, and
Schrieffer (BCS) put forward a microscopic mechanism explaining su-
perfluidity: a weak attractive interaction leads to correlations between
fermions with opposite momentum and spin, resulting in the forma-
tion of so-called Cooper pairs [2]. These Cooper pairs, in turn, form a
new macroscopic quantum state which is protected by a pairing gap.

The power of this microscopic theory is that it quantitatively pre-
dicts the emergent property of the broken symmetry phase, the value
of the pairing gap, which turns out to be the amplitude of the order
parameter, [1. The gap protects the system against Cooper pair break-
ing and from external perturbations and thus allows for dissipation-
less flow of the fluid around an impurity moving slower than a critical
velocity [3].

However, for strongly correlated many-body systems, solving the
microscopic theory exactly becomes excessively hard and often im-
possible because of the large Hilbert space. In some cases, this can
make it extremely challenging to even find the qualitative nature of the
ground state (e.g. high-temperature superconductors), and in other
cases it only leads to quantitative errors with respect to approximate
theories.

For s-wave superfluids in the strongly correlated regime, several
open questions remain, which we will address in this thesis. One
concerns the size of the pairing gap for strongly correlated superflu-
ids, where advanced theories are available, but further experimental
input is needed. Another open question raised by the field of high-
temperature superconductors is the effect of enhanced quantum fluc-
tuations on the pairing gap in two-dimensional (2D) systems. Fur-
thermore, the introduction of spin-imbalance in 2D Fermi gases gives
rise to numerous qualitative questions regarding the phase diagram.
These concern the stability of predicted phases, the order of phase
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transitions between them, and the potential existence of exotic phases
with spatially varying order parameters.

In recent years, a new approach used to address such questions is
the concept of quantum simulations [4]. These try to solve complex
problems in physics using well-controlled quantum systems and ide-
ally should provide qualitative and quantitative answers to the raised
questions.

In this thesis, we perform quantum simulations using ultracold
Fermi gases [5-7]. These gases consist of neutral fermionic atoms
that interact via contact interactions, which can be controlled using
Feshbach resonances [8]. This allows us to realize superfluids in
the BEC-BCS crossover [9-11]. The crossover is characterized by
a transition from the bosonic limit, where fermions form weakly
interacting bosonic pairs, to the fermionic limit, where they form
Cooper pairs. Within the crossover region, the fermions create a
strongly correlated many-body system.

In the first part of this thesis, we prepare homogeneous 3D Fermi
gases in the BEC-BCS crossover and measure their excitation spec-
trum. For that, we probe the systems with a two-photon process called
Bragg spectroscopy. We observe both collective and single-particle ex-
citations, showing how the superfluid is protected by a pairing gap
and how a collective mode emerges. When the interaction strength is
changed, the excitation spectrum reveals very clearly how a repulsive
Bose gas transforms into an attractive Fermi gas. Furthermore, we ex-
tract quantitative values for the speed of sound and the pairing gap in
the strongly interacting regime, allowing for a benchmark to theories.

In a next step, we study the effect of reduced dimensionality by
preparing homogeneous 2D Fermi gases in the BEC-BCS crossover
and probe their excitation spectrum. This allows us to extract the crit-
ical velocity, the speed of sound, and the superfluid gap. We compare
the pairing gap of the 2D Fermi gases to the 3D counterpart and ob-
serve very comparable values of the gap for similar interactions, sug-
gesting that the impact of the interaction strength is more significant
than the influence of dimensionality.

In the second part of this thesis, we study spin-imbalanced 2D
Fermi gases. If a spin-imbalance is introduced, the underlying pairing
mechanism in BCS theory, Cooper pairing, is challenged, which can
trigger a phase transition into the normal phase or more exotic phases.
We prepare spin-imbalanced Fermi gases close to the 2D regime in
a box potential at significantly lower temperatures than previously
achieved. Interestingly, we do not see a phase separation, indicating
that no first-order transition is present at the achieved temperatures
and spin imbalances. These experiments are accompanied by an
in-depth discussion of the theoretical phase diagram for 2D spin-
imbalanced Fermi gases.
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After the discovery of superconductivity in 1911 [12], explaining the
phenomenon by finding a microscopic theory proved to be very diffi-
cult. One reason were that electrons are fermions, which do not allow
for condensation into a single-particle state, thereby excluding simple

Bose-Einstein condensation. In 1957, however, Bardeen, Cooper, and Py
Schrieffer (BCS) [2] formulated a theory which was ground-breaking .. [
for explaining superconductivity in various materials. They showed BCS @ ®
that pairing in momentum space of electrons with opposite momen- ® o
tum into so-called Cooper pairs is the central mechanism to form a
macroscopically occupied quantum state. This state is protected in ® ."
energy, allowing for a dissipationless flow of electrons. In the limit of ® ® o
weak attractive interactions between the fermions, the corresponding e
size of the Cooper pairs is much larger than the interparticle spacing. ®
However, if the attractive interaction becomes stronger, these pairs
transform into tightly bound dimers that can form a Bose-Einstein Y .. :
condensate (BEC) (Fig.2.1). Fascinatingly, the crossover from BCS BEC ‘ ..
to BEC is already included in the BCS theory [13, 14]. @ %
In this thesis, we study a phenomenon closely related to super- D000 O Visualization of the cross-
conductivity, superfluidity, where the dissipationless flow of neutral over from a BCS gas of large Cooper
atoms instead of electrons can occur, and we examine the BEC-BCS pairs (top) to a BEC of tightly bound

T . dimers (bottom).
crossover. For that we use fermionic lithium atoms, tune their attrac-

tive interaction using a Feshbach resonance, and probe the excitation
spectrum.

In this chapter, we first discuss how two-body interactions can be
tuned using a Feshbach resonance. Then, we progress to the many-
body problem and review the mean-field BEC-BCS theory with a
particular emphasis on the excitation spectrum. In a next step, we
discuss possible methods for probing the system and extracting the
excitation spectrum. Lastly, we review previous measurements of the
excitation spectrum for both BECs and Fermi gases.

0l0 000000 tioooooood

For ultracold Fermi gases, pairwise interactions between atoms reduce
to contact interactions in the s-wave channel. The reason for this is that
the spatial extent of the interatomic van der Waals interaction potential
becomes much smaller than the de-Broglie wavelength U4z and the
interparticle distance which follows the inverse Fermi wavevector
O0F". For Fermi gases s-wave scattering between particles in the same
spin state is excluded because the relative pair wavefunction must be
antisymmetric. Thus, interactions are only possible between different
spin states.
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000000 000 The ground state YOy, of
0010 splits into six hyperfine states. They
are labeled in ascending energy from [0
to I00. For large fields, the coupling to
the electron spin OJ; O 0OTn dominates,
resulting in two triplets of high- and
low-field seeking states.
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The interaction strength can be parameterized by a single param-
eter, the scattering length [0 [5]. Its sign is positive (negative) for a
repulsive (attractive) interaction.

Experimentally, the scattering length of a spin mixture can be
changed using a Feshbach resonance [8]. Itis based on the mechanism
that two atoms collide in an entrance channel at an energy that
becomes resonant with a molecular bound state in a closed channel.
By applying an external magnetic field, the energy of these two
channels can be tuned with respect to each other. If the energy of the
closed channel is above the entrance channel, the fermions interact
attractively. If both channels become resonant, the scattering length
diverges to 0 [0 OO, marking the unitary point. Below the unitary
point a two-body bound state enters the system such that bosonic
dimers form. These dimers, in turn, interact repulsively with 0 O [.

In this way, the Feshbach resonance smoothly tunes the inverse
scattering length 0 0 00x00°” from 0 OJ O (weakly repulsive) to 0 [J [
(weakly attractive), allowing the crossover from a BEC of molecules
to a fermionic BCS state. To first approximation, the resonance of the
scattering length follows the expression [8]

O
000,000 5 DDDD mhi (2.1)

where [, is the background scattering length, U the width of the
resonance and [ the resonance position.

In our experiment, we use the broad Feshbach resonance of "Li be-
tween the lowest two hyperfine states (see Fig.2.2). For the experi-
ments in the first part of this thesis, we prepare 00 O of the atoms in
the lowest hyperfine state 00 and 00 O of the atoms in state [00. The
scattering lengths between the lowest three hyperfine states were pre-
cisely measured in Ref. [15] (Fig. 2.3) and resulted in [, 0 00000000,
0y O 00000000 G and Oy O 00000000 G for the interaction between (00
and [00.
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After discussing two-body interactions, we address the many-body
problem, where [ fermions are equally distributed into two hyperfine
states denoted in the following with spin up (0) and spin down (0).
For that we review the wavefunction of the many-body system in the
mean-field BEC-BCS crossover at 0 O [.

If both spin states do not interact, we can obtain the ground state
by minimizing the total kinetic energy. The many-body wavefunction
O O O0rgl rg0 is then created using second quantization by popu-
lating the vacuum [0 with fermions of both spin states up to the Fermi
wavevector [,

000 O
IKIOO,0KI00,

0 o
OhegnCinsy 0000 (2.2)

where [, and [, are the creation operators of fermions with mo-
mentum 0 and spin up and spin down, respectively. If we introduce
an interaction between both spin states, this wavefunction does not
coincide with the ground-state wavefunction anymore. If we assume
a contact interaction and thus a momentum independent interaction,
the Hamiltonian is

0 0 0
o O O Dyrplken O 0 B3 DBk Ikengmbokemnt (2.3)
KIOOooooo KIk7lq

where the first term contains the kinetic energy 0, O %, and the

second term the contact interaction® parameterized by its strength O [
0. Reading the interaction term from right to left, a spin-up fermion
with momentum 00" and a spin-down fermion with momentum 0" 010
scatter into a spin-up fermion with momentum 0 0 0 and spin-down
fermion with momentum OO.

In order to find the BCS ground state, we will now perform a drastic
simplification: We only take scattering events with center-of-mass
momentum 0 [0 0 into account?®. This approximation retains the most

000000 00 The scattering length O
quantifies the interaction strength be-
tween the lowest three hyperfine state.
The sign determines if the interaction is
repulsive (positive) or attractive (nega-
tive). In this thesis, we will use mixtures
of hyperfine states [00 and [00 which has
abroad resonance at [0 [J 832 G. A more
narrow pole at 0 O 543G is not visible
in the data. The scattering lengths are
taken from [15].

* We use here the definition where [ has
units of energy. There is also a definition
used, for example, in Ref. [6] where the
interaction strength scales with the vol-
ume of the system [J, then the factor O
is replaced by OOO.

2 Although this is not obvious, this ap-
proximation turns out to be a mean-
field approximation, setting fluctuations
in the Cooper pair number and pairing
gap to zero.
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3 Which is also called (I0I00gap or OO0
[00bidgap.

4 For that Eq. 94 in [6] must be used.

relevant scattering processes, i.e. all the scattering processes that occur
between particles on the Fermi surface. These processes have by far
the highest phase space since even when including interactions most
states inside (outside) the Fermi surface are occupied (empty). This
so-called reduced Hamiltonian is given by

oh O DkDDk]DDkDEI oot DDkJDD[kaDkZ:DDDkDDDD (2.4)
(ia(alaiils Kik®

As it turns out, the exact ground state of this simplified Hamilto-
nian can be found by starting with the BCS ansatz

0 o o 1 O P S (2.5)
k

It contains for each momentum K a superposition of creating two
particles of opposite spin and opposite momentum (kU and Ok) or
not creating such a (kI OkD) pair at all. Both scenarios are weighted
by the variational parameters 0y and [y, respectively. The solution
for these parameters describing the ground state can be found in the
grand canonical ensemble, where the chemical potential U is fixed, by
minimizing the free energy 0 O 0O of the system. One obtains [2]

0 0

0, 00=-000 =2X00 (2.6)
0 O,
0 0

0, O Di oog D—kmn (2.7)

k

where we introduce the equations 0, O [, [0 U and

O, O 002 0a% (2.8)
0 000 10,00 (2.9)
k

with the chemical potential U and the parameter (. Later, we will see
that the quantity 0, we just introduced corresponds to the energy to
create a single particle excitation (e.g. pair breaking). The minimum
of 0y, the parameter [J, is therefore the excitation gap3.

Fascinatingly, the solutions given for 0, and 0, (Eq. 2.6 and Eq. 2.7)
are valid throughout the BEC-BCS crossover. Only two parameters,
the gap O and the chemical potential U, change with the strength of
the interaction O, which in turn can be parameterized by the inverse
s-wave scattering length4 0000500. For a given interaction strength,
solutions for [J and 0 can be found by solving a set of two equations,
the number and the gap equation, in a self-consistent way [16] which
can be done numerically using elliptic integrals [17].

The solutions for the gap and the chemical potential are plotted
in Fig.2.4. In the BCS limit, the chemical potential approaches the
chemical potential of a non-interacting Fermi gas 0 [ 0Oy and the
gap [ the limiting value Opcg O Uexpl0O00000500000. The gap here
corresponds to the minimal energy required to break a Cooper pair
(see Sect.2.3.1).
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In the BEC limit, repulsively interacting dimers with two-body
binding energy> Uy O 0°0000°0 O 005000,00° form. The chemical
potential approaches® 0 0 00z00 0 0000 where O characterizes the
bosonic interaction strength. The energy scale given by the gap [
has no physical meaning in the BEC limit, but rather the combination
00000000 which is the energy required to add an D000 fermion to
the system of dimers [6]. The energy required to add a (II000fermion?
is given by the reduced chemical potential

0o 0 O Og00n

where we remove the binding energy such that only the contribution
from interactions between the dimers remain (red line in Fig.2.4).
The reduced chemical potential smoothly connects the BEC limit with
weak repulsive interactions between dimers (000 0000) to the BCS
limit with weak attractive interactions between fermions (000 Og).

Equipped with solutions for the gap and the chemical potential
throughout the crossover, we now look at the BCS wavefunction in
more detail (Fig.2.5). We plot the quantity 05 which corresponds to
the probability of having a (kI 0OkU) pair and the quantity 0F which
is the probability of not having such a pair. Hence, the number of pairs
is 0 O O, 05. In addition, the fermionic momentum distribution of
both spin states follows 0 O Of.

In the BCS limit (Fig. 2.5d), the momentum distribution 0 resem-
bles a Fermi-Dirac distribution broadened by 00 O Hio, [ Uy at the
Fermi surface. We will show now that this broadening is essential to
achieve condensation, a macroscopic occupation of a single-particle
state. This is required to have off-diagonal long-range order and thus
superfluidity [18].

The broadening of the momentum distribution is caused by the
superposition of the absence and the occurrence of (k 00Ok O) pairs
around the Fermi surface. This superposition can be quantified by
the correlation function 0, O 0.0, (red curve in Fig.2.5d). The
available phase space due to this superposition allows a (k 0l Ok 0)

000000 001 Behavior of the chemical
potential O (black solid line) and the
gap O (blue solid line) in the mean-
field description of the BEC-BCS cross-
over. The chemical potential smoothly
connects the two-body binding energy
00p00 (black dashed line) in the BEC
limit to the Fermi energy [y in the BEC
limit. We can remove the binding en-
ergy to obtain a reduced chemical po-
tential O{red dashed) that corresponds
to the energy needed to add a paired
fermion. The gap approaches the limit
Oppp (green dashed line) in the BCS
regime. In the BEC limit the quantity
O"000i00 (gray solid line) converges
to the mean-field shift of a fermion in-
teracting with the bath of dimers (gray
dashed line).

> Throughout this thesis we define two-
body binding energies to be positive.

®Each dimer contains two fermions re-
sulting in factors O00.

7To do that we have to add a second
fermion paired to the first fermion at the
same time. Therefore, it is also useful to
consider the bosonic chemical potential
which gives the energy required to add
a whole dimer. It is twice the reduced
chemical potential, 04 O 00O
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0000000000 Behavior of the particle oc-
cupation O; O O and hole occupa-
tion DE in the BEC-BCS crossover (a-
d). In the BEC limit (a), the parti-
cle occupation number becomes very
small signaling the formation of deeply
bound molecules. Here, the correlation
wavefunction 0 responsible for Cooper
pair formation (red) and the fermionic
pair wavefunction O of bound dimers
(blue) collapse.  Towards the BCS
limit (d) Pauli blocking becomes im-
portant and the occupation number be-
low On approaches unity. Around On
both holes and particles are part of
the ground state in a momentum range
00 O Ulog [ Og. Here, pairs can scatter
and form Cooper pairs marked by the
peak of the correlation wavefunction 0.

0000000 At the Fermi surface, a (kO
[0k 0) pair can scattering into a (k0o
10k"0) pair.

8 This single-particle wavefunction is the
complex order parameter [19] and re-
lated to the excitation gap by 0 0 OO [
000 O 00 (cf. Eq.2.9.)

ng/n

0.5

-2 0 2
BEC —1/(kra) BCS

0i000O0IOI The condensate fraction in
the BEC-BCS crossover approaches 0 O
0 in the BEC limit and 0 O 000770100
in the BCS limit [22].

pair to interact by scattering into a (k" 000k’ 0) pair (Fig.2.6). These
(k 000k 0) pairs, which can scatter at the Fermi surface, are Cooper
pairs. However, the (k 000k 0) pairs deep within the Fermi sea
cannot scatter because all states are fully occupied such that they do
not contribute to Cooper pairing.

The Cooper pairs are described by a macroscopically occupied
single-particle state. This state is given by the two-particle correla-
tion we obtain when summing over all correlations in momentum
space® [19, 20],

00r O vy O ry0 O 00peg) 020r00,0r 0 (050

0 [ 00pcs! DeenDowen 10pes0 07" O L3 0, 07
k k
(2.10)

The number of Cooper pairs is given by O, O O, O [21] which
corresponds to the area under the red curve in Fig. 2.5d.

Towards the BEC regime, the extent of the correlation function in
the momentum space becomes broader and this total area increases
(Fig.2.5c-a). Therefore, the number of Cooper pairs increases which
we can quantify by normalizing it with the total number of (kI Ok0)
pairs to obtain the condensate fraction [5, 22, 23],
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0 K 0 K-k
The condensate fraction is 0 O 000 in the BCS regime and increases
to 1 in the BEC regime (Fig.2.7).

An complementary explanation why the condensate fraction ap-
proaches 1 in the BEC regime is that the system crosses over to a
bosonic condensate where all fermions form dimers. To form local
pairs, the fermions paired in real space have to occupy a large region
in momentum space. Thus, the occupation number 0 is much smaller
than 1 and is distributed over a wide momentum range (see Fig.2.5a).
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The condensed dimers can be described with a bosonic creation oper-
ator

S o P G S (2.11)
k

where the fermionic creation operators are weighted by the Fourier
transform Oj of the fermionic pair wavefunction® [13], which differs
from the correlation function J;. We see in Fig. 2.5a that 05 and O
collapse, which shows that the correlations that create Cooper pairs
evolve into the momentum distribution of fermions bound within
dimers.

With that, we now have a good understanding of how the ground
state crosses from a BCS state to a BEC of dimers. However, the
truly interesting region lies in between, where the system cannot be
clearly regarded as a fermionic or bosonic system: In this crossover
regime, the mean-field theory presented here neglects strong many-
body correlations between pairs of fermions [10] such that it yields
quantitatively incorrect results, as we will see for the pairing gap [ in
Chap. 3. The so-called unitary point™ located at 0000500 O O falls into
this regime and we would like to briefly discuss it.

At this point the two-body binding energy of the dimers becomes
zero and the positive s-wave scattering length diverges. Therefore, the
scattering length disappears from the many-body problem, and only
the interparticle distance sets the relevant length scale. By expressing
everything in Fermi units, e.g. Fermi energy or Fermi wavevector, the
properties of the many-body system become universal and apply also
to other unitary limited systems, e.g. dilute neutron matter which has
a scattering length which is about 10 times larger than the interparticle
distance, such that 0000 O 0100 [25].

The name 00000000or 0000000 comes from the fact that, in gen-
eral, the scattering matrix (S matrix) must be unitary to conserve prob-
ability during a scattering event. The unitarity of the S matrix results
in an upper limit of the s-wave scattering cross section of 0 0O 05,00,
which is reached in the unitary limit [26]. Its strong interactions com-
bined with its universality make the unitary Fermi gas an interesting
system to study [27-34]. The first studies concentrated on universal
thermodynamic quantities [27, 28], which revealed a sudden change
in the specific heat at the transition temperature from the normal to
superfluid phase, analogous to the lambda peak observed in “He.
In later studies, the density-density response [29], contact parameter
[31], collective modes [32—34], and the highly spin-imbalanced case
[30] were investigated.

0l DO0iiooooo 0o iot 0obotoooo ftood

After this brief discussion of the ground state, we will now address
possible many-body excitations of the BCS state. There are two kinds
of excitations: Excitations of single atoms and collective excitations in
which multiple atoms are involved.

9 Expressed in the variational parame-
ters we used above, one obtains [ O
0500 [6].

°For detailed reviews please refer to
[24] and Chap.5in [9].
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"The creation operators of these
excitations are superpositions of
fermionic creation and annihilation
operators. Such an excitation that does
not conserve the number of fermions
is allowed because we are in the grand
canonical ensemble and can remove or
add fermions from a reservoir.

0ioio  0i0bootoboooot ouomomobo

In a non-interacting Fermi gas single-particle excitations are given by
hole excitations Uy for momenta 0 O O where a fermion inside the
Fermi sea is removed from the system and particle excitations DBMM
for momenta 0 O 0y where a fermion is added to the system. When
inspecting the BCS ground state (Eq.2.5), we notice that these hole and
particle excitations are already partly present at all momenta weighted
by O and Oj. Therefore, the BCS ground state is not the vacuum
state with respect to these excitations, i.e. Uy 0pcgl O 000 and
D0soon (Osesl O OO0

Instead, we will derive new single-particle excitations 0 as linear
combinations of 0 and 0" which are orthogonal to the BCS ground
state. To do that, we transform the Hamiltonian in Eq. 2.4 such that
it only contains diagonal terms O°0. If this is the case, the excitation
number is conserved over time, i.e. the excitations are long-lived.
However, this transformation is not possible because the interaction
term contains four single-particle operators of the form 0°0°00.

Here, a mean-field approximation comes to our rescue: We have
seen above that the BCS ground state consists of pairs of states (k [
[0k 0) that are occupied or unoccupied such that there is a finite
expectation value Oy O 00 p0guapl [6]. We now perform the mean-
field approximation by taking four operators and replacing two of
them with these expectation values. This results in the mean-field
Hamiltonian
000 O Blkobien 0 B B lgin 0o O Balienloen O O Ogl

koDODoIoo KoK
which only contains terms with two single-particle operators.
Now we can diagonalize the Hamiltonian into

O0H, O 03 0,002,055 O 0000 O const]
0

by using the Bogoliubov transformation [ 35, 36]

Dauu U DDDB]D U Uploom! (2.12)
0
Uoo U Uglag U Oplpga! (2.13)
and the excitation energy
0, O DDE 0 Ofn (2.14)

Similarly to the ground state, which is created by a superposition
of fermionic excitations, these excitations are also superpositions of
fermionic excitations weighted by the same parameters 05 and [ that
are also found in the definition of the ground state in Eq.2.5."" We
can recover the bare fermionic hole and particle excitation if we take
the non-interacting limit by setting Uy O 0l0; O O for 0 O Oy and
0, O 000p O Ofor O O Oy. As the BCS ground state does not contain
excitations, we obtain

DD[D JDBCSD U DDD]D DDBCSD 0o
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"JHVSF 3 JOHMF QBSUJDMF FYDJUBL
FSHZJO UIF #&$ #$4 DSPTTPWFS B
*OUIF#&$SMINIJUUIFHBQJOUIFFYD
FOFSHZJT MRPDB BPEBHJIWFO CZ

o 80 DE #FUXFXROE £

BOER X'®AUIF DIFNJDBM CFDPNFT QP
JUJWF 'SPNIFSFPO UI& NJOJNVN .
BOE MPDBUFE BU aOJ&F NPNFOUVN

67 0XI1JDI BQQSPBDFUIF
#$4 MINJU

51VT UIF #$4 HSPVOE TUBUF GPSNT UIF WBDVVN TUBUF GPS UIFTF FYDJUB
UJPOT *OBEEJUJPOIUBPEQHFSBRIPBIF GFSNIJPOJD DPN
NVUBUPS SFMBUJPOT #FDBVTFPGUIBU UIFTFTIJIOHMF QBSUJDMFFYDJUBL
BMTP DBMMFE RVBTIJQBSUJDMFT

#PUITQJO VQBOETQJO EPXORVBTJQBSUIJDMFTIBWFBTQJO JOEFQFOEFC
FIHFOFOFSHZ&HUVWRP EXIJDI XFBMSFBEZVTFEBCPWF JO
UIF EFaOJUJPO PG UNg RBBBNFUFRSXO JO fIHIF
NJOJNBM FYDJUBUJPO FOFSHZGPS TJCOHMF #8BSUJDMF FYDJUBUJPOJT
MJINJU S5IFTFFYDJUBUJPOL BSHFXBBSEB WHE B&$ MINJU
UIFNJOIJNBM FOFSHZ JODSREBDIFBTETBIOEQIF MPDBUJPO
PGUIFDPSSFTQPOEJOHFYDJUBUJPONPWFTUPBTNBMMFSNPNFOUVN 8IFC
ANCFDPNFT TNBMMFS UILBB [FSP BIF NJOJNVN JO UIF
FYDJUBUJPO FOFSHZ JTIBMEDBTU HEBWSB M VF *O
UlJT SFHIJNF UIFFYDJUBUJPOTDPSSFTQPOE UP UIF SFNPWBM PG POF GFSN
GSPNBOJOUFSBDUJOH NPMFDVMF

5lF TJIOHMF QBSUJDMF FYDJUBUJPOT EFSIWFE TP GBS XFSF WFSZ TVDDF"
JO UIF |,€{T JO EFTDSJCJOH WBSJPVT RVBOUJUJFT BOE PCTFSWBUJPOT .
TVOQFSDPOENDUR/ITPOF QSPCMFN SFNBJOFE 'PSUIFEFTDSJQUJPO
PG UIF .FJTTOFS FEFDU PCTFSWFE JO TVQFSDPOEVDUPST UIF EFSJWBUJP
UVSOFEPVUUPCFOPUHBVHF5JOWBSRBRBEBNXBT TPMWFE
CZ"OEFSTP@ZLBMTP DPOTJEFSIJOHDPMMFDUJWF NPEFTJO UIFTZTUFN
XIJDIDPSSFTQPOEUP EFOTJUZPTDIJMMBUJPOT

*OBTVQFSDPOEVDUPS UIFDPMMFDUJWF FYDJUBUJPOTBSF QVTIFE UP M
FOFSHJFT EVF UP UIF $PVMPNC SFQVMTJPO CFUXFFO UIF FMFDUSPOT 51J7
JT UIF SEBTPO XI1Z KVTU DPOTJEFSJOH TJIOHMF QBSUJDMF FYDJUBUJPO J°
TVEDJFOU GPS UIF EFSIJWBUJPO PG PCTFSWBCMFT JO B #$4 TVQFSDPOEVDI
CFDBVTFUIFTIOHMF QBSUJDMF FYDJUBUJPOTBSFUIF MPXFTU MZJOH FYD
PG UIFTZTUFN )PXFWFS JOBOFVUSBM TVQFSbVJE $PVMPNC SFQVMTJPO
JT NJTTJOH BOE DPMMFDUJWF FYDJUBUJPOT BMSFBEZ BQQFBS BU MPX FC
XIJDI NBLF UIFN SFMFWBOU GPS PVS TZTUFN TVDI UIBU XF XJMM EJTDVTT
UIFN OPX
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6Q UP UIJT QPJOU XF OFHMFDUFE JO UIF JOUFSBDUJI
FWFOUT XJUI OPO[FSP DFOUFS PG NBTT-BN®PERFOUVN |
&R ¢+ 5IFSFGPSF XF EJE OPU FODPVOUFS BOZ DPMM
CFDBVTF UIFZBSJTF EVF UP JOUFSBDUJPOT CFUXFFC
OPO[FSP DFOUFS PG NBTT NPNFOUVN

*G XF SFMBY UIJT SFTUSJDUJPO CZBMTP JODMVEJC
OPO[FSP NPNFOUVN TPMWJOH UIF SFTVMUJOH FRVB
EJéEDVMU CVU JU DBO CF EPOF VTJOH FJU{ES B EZOBN
PS FRVIJWBMFOUMZ B SBOEPN QIBTF.BQ®SPYJIJNBUJP
5F SFTVMU PG UIFTF DBMDVMBUJPOT JT BU MPX N
FYDJUBUJPOUISPVHIPVUUIFDSPTTPWFS XIPTFFOFS
NPNFOUVN B TPVOE XBWF 8F TIPXUIFTMPQF PG UIJT
TQFFE PG TPVOE JO UIF #&$% #$4 DSFTXPWWM D PAX 'JH
MPPL BU UIF HFOFSBM NFDIBOJTN SFTVMUJOH JO B #
QIPOPOJOBTVRPBEXWHEZTDVTTUIF #PHPMJVCPW NPE
#&$ MINIFU <

*OBTVQFSbVJE UIF #PHPMJVCPW "OEFSTPO QIPOF

'JHVSFSIFTQFFEPGTPVOEJ

s CE ses bea eprrrwr OTE TV QESbVIE PSERSNQ BISBNFRFSBOFPVTMZ CSFBLT
CFDPNFT NPSF GFSNJPOJD 6BO|UTRZANMFUSZPGUIFVOEFSMZJOH)BNJMUPOJBO SFT

SFHINF JUBQQSPBDIFT UIF o
B DUJOHMITIBRLFO GSPN 2 ;(W%Zrtpﬁ’(ﬁ% NPEBI€ )BNJMUPOJBO JT TZNNFUSJD XJU

DBMDVBU3IPOT < "UP UIF QIBTF PG UIF PSEFS QBSBNFUFS BOE UIF FOF
TUBUF JT JOEFQFOEFOU PG UIF QIBTF #FMPX UIF D!
UIF SJTF PG BO PSEFS QBSBNFUFS XJUI B TQFDJaD Q
CSFBLT UIJT TZNNFUSZ MFBEJOH UP B HBQMFTT /BNC

*O UIF #&$ #$4 DSPTTPWFS LDFPSESQ?MTF@POEJOH UP QIBTF bvDUVBUJPOT PG UIF PS|

/BNCV (PMETUPOF NPEF JT OPg METUPOF NPEF GPSNT UIF QIPOPOJD FYDJU

QIBTFbVDUVBUJPOCVUBTVQFSQPTJ JPO PG

B bVDUVBUJPO 10 UIE Q|BTF§5EI.E;N6Mj*U QFSTJTUT XIFO POFDSPTTFT PWFS JOUP E

UVEF PG UIF PSEFS QBSBNFUB&)P‘@[LPSEP PSEFS QBSBNFUFS )PXFWFS JUT TMPQF X
NPSF GPS QP BIUBWEJUJPOB

ST ol UIFBNQMJUV“IQJFPE’ QFFE PG TPVOE EFDSFBTFT XIFO UIF HBT CFDPI

XJUI B NJOJNBM F®BFS®zZURGT BOE UIFSFGPSF MFTIT,TUJé TFF 'JH
NPEFU'FBNQMJUVEFPGU'FPSE*Fé@JEfﬁBﬁ“&$ MINJU UIF TPVOE FYDJUBUJPO DPSSFTC
FUFSPTDJMMBUFT 51JT NPEFJT EYQFDUFE UP

SFTJEF XJUIJO UIF TIOHMF Q¥SURWVMERBREE G B XFBLMZ JO U+SBDUB O H#H TGFDBVI F U

VVNe>BOE JT OPUWJTJCMF JEJ’NFSH‘BXJUN\;}JBTNI’ BOE DIFNJDBM QPBEWE BIJIBAMQ VM
TVSFNFOUT QSPCBCMZ CFD

A
EBNQJOHJOUP TJOHMF QBSUB\T/DTI\)(\lé %&ﬁgg‘]%a{'\”:s DPOUBDUJOUFSBDUJPO XJUIUIFT

5/lFSFGPSF XFEP OPUEJTDVT, UIF BBekQMf> %VF UP UIF SFQVMTIWF JOUFSBDUJPO L
UVEFNPEFJOU'JTU'FTFTBO%SFF%%L#W%HF BUMPX NPNFOUVN XIJDIBSFTVQFSQP
FYDFMMFOU SFWJFX CZ 1FLLFS BOE 7

<« >JOTUFBE DSFBUJPO BOE BOOJIJMBROEQOCPUEFSEBWPRETJ O &R

S5IFTFTVQFSQPTJUJPOTBSFBHBJO HIWFO CZB #PHPN

Re Veoke Weofw }IE
Re Veoke Weofe Fole
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'JHVSF }5F FYDJUBUJPOT PG B SFQ
TIWF#PTFHBT GPMMPX UIF #PHPMJ
QFSTIJPO TPMJE MJWQFUKFRIO
WFSTF IFBMJGHEMIRIOBMMIHOTGPSNT
GSPN B MJOFBS EJTQFSTJPO EBTI!
JOUPB GSFFQBSUJDMF EJTQFSTJP
UIF DIFNJDBM QPUFOUJBM EBTIFE
MJOF

XJUIUIFWBSJBUJPOBM QBSBNFUFST
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5lF FIJIHFOFOFSHIJFT PG UIFTF FYDJUBUJPOTBSF HIWFO CZUIF #PHPMJVCH
EJTQFSTJPO

&peooe  Vboldbw “wV L
TIPXO JOYJH 'PS NPNFOUB CFMPX UIF JOWFSTF IFBMJOH MFOHUI
L F & N, UIF EJTQFSTJPO SFMBUJPO CFDPNFT MJOFBS

8spescB L ~yw N, 51JT MIJOFBS QBSU PG UIF EJTQFSTJPO SFMBUJPO JT
BTPVOENPEF XJUIBTQRFE PGNP VROEXBWFMFOHUIT
LG 72 UIFEJTQFSTJPO BQQSPBDIFTB RVBESBUJD GSFF QBSUJDMF EJTQFS
TJPO PG GSFF NPMFDVMFT TIJGUFE QZplsldB DIFNJDBM QPUFOUJBM
\éﬁw/\w
*O TVNNBSZ XFFYQFDUDPMMFDUJWF FYDJUBUJPOT UISPVHIPVU UIF #&$
#$4 DSPTTPWFS GSPN XI1JDI XF DBO FYUSBDU UIF TQFFE PG TPVOE *O
BEEJUJPO XF FYQFDU TJOHMF QBSUJDMF FYDJUBUJPOT XIJDI BMTP DPO
WBMVBCMF JOGPSNBUJPO BCPVU UIF TZTUFN GPS JOTUBODF UIF QBJSJO}
51FSFGPSF JU XPVME CFJOUSJHVJOH UP NFBTVSF UIF FOFSHZ PG UIFTF
FYDJUBUJPOTCZQFSUVSCJOHUIFTZTUFN XIJDIXFEJTDVTTOFYU
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5|F UXP NFBTVSFNFOU UFDIOJRVFT SFMFWBOU GPS V-

N'PSBEFUBJMFE SFWJFX PG T@FDTSPRDREPTDPQZ BOE #SBHHTRRBUG EIPPYRZODF

NFBTVSFNFOUT JO VMUSBDPMEHBXEFES EP Y| JTUIBU3' TQFDUSPTDPQZ QFSUVSCT U

GFS UIF SFBEFSUPUIFFYDFMMEOU SFWJEX CZ

$ 7BMEBOE . :XJESMFJO< GFSNJPOTJOPOFIZQFSaOF TUBUFUPBUIJSEIZQFSa
TQFDUSPTDPQZDPOTFSWFTUIFIZQFSaOF TUBUF *O
BTVNNBSZPG3'TQFDUSPTDPQZ 5IFO XFEJTDVTT UI

JOUIJTUIFTIT #SBHHTQFDUSPTDPQZ

«EEE# OA VM>0 >Ac

5|lFCBTJDJEFBPG3' TQFDUSPTDPQZJTUP NFBTVSF U
USBOTGFS BO BUPN GSPN POF IZQFSaOF TUBUFT UP B
VTJOH B SBEJP GSFRVFODZ aFME *O UIF GPMMPXJOt
IPX 3' TQFDUSPTDPQZ JT TVJUFE UP NFBTVSF UIF FYD.
UIF NBOZ CPEZ TZTUFN 'PSUIBU XF CSJFbZ SFQFBU
UIF3'TQFDUSVNQSFTFOUREBOEHRI NNBISIGRUIFNPTU
SFMFWBOU NFBTVSFNFOUT
8F TUBSU XJUI B CBMBODFE UXP TQJO NJYUVSF XJLU
IZQFSaOF TUBWEGSPN XIJDITPNF QBSUJDMFT TIBMM ¢
JOUP B UIJ$E TOUBUNJOH UIBU UIF UIJSE TUBUF EPFT C
XJUIUIFPUIFSUXPIZQFSaOF TUBUFTBOE VTJOHUIF G

I-'PS B UZQJDBM 3 GSFBFSOSDZBOFHMJHJC'MIEIIFIFBNBBUQMJOH GSPN POF IZQF.

. {~J{l_{{-J)[NAU|',F|{>_<YE§®WFWFDUP%LJT3UF XFDIPPFB UIJSE TXWRUMB 3BCJ GSIRKRMFODZ
EFTDSJCFECZUIFPQFSBUPS

7|:) — %6%66 D®6R)6T
®

8JUIPVUJOUFSBDUJPOTUIFFOFSHZ SFRVJSFE GPS UI
CZUIFCBSFIZQFSaQF TQ Y OFWIXFH O T UBQE T
*OBNBOZ CPEZTZTUFN JOUFSBDUJPOTDBOTIJGUUI
PGUIF3'QIPUPO *OQBSUJDVMBS JGXFUBLFUIF#$4F
JO 4FD UIF SFTPOBOU 3' FOFSHZ UP FIYDXJH B GFSN.
NPNFOUVNOUP TUBURIJGUFE 5IF SFBTPO JT UIBU UIF
I"51F DIFNJDBM QPUFOUJBM NDPUI’UFUTR/(SFNPWFBGJH’SI-NJJWbGZ"XIJMF UIF FOFSHZ
USBDUFE CFDBVTF UIF TQJOOPEYPPEEEB GFSNIAOUTOHIWBRUFCZ UIF LIGFUJD FOF S

GFSNJPOJTDIBOHFE
5IFSFTPOBOU FOFSHZJT UIFSFGPSF HIJWFO CZ

€8F OFHMFDU TIJGUTEVFUPJOUFSBDUJPOTPG
TUBUF ~ XJUITUBUF } BOE | ® i 1 &®7/\ "4 YU

*OTFSUJOH UIF FY&SEFIHFNPRGIFFSFOFSHZ UP FYDJUF
QBSUJDMF XJUI SFTQFDU UP UIF CBSF USBOTJUJPO IE
8F PCUBJOBUISFTIPME FOFSHZ PG <

QSA JOUIF#$4 MINJU
e 7 Tgi no o7 A & BUUIFVOJUBSZQPJOU

%&b o JOUIF#&$ MINJU
Fl
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8F TFFIFSFUIBU UIFUISFTIPME FOFSHZ TDBMFT XJUIUIF CJOEJOH FOFSHZ
JO UIF #&$% MIJNJU B@QEDXJUIF #$4 MINJU 5IVT 3" TQFD
USPTDPQZ BMMPXT GPS B QSFDJTF NFBTVSFNFOU PG UIF CJOEJOH FOFSHZ
NFBTVSJOHUIFTIJGUPGUIFCBSFUSBOTJUJPOEVFUP JOUFSBDUJPOT 51JT
VTFEUP EFUFSNJOF UIF FYBDU MPDBUJPO PG UIF CSPBE 'FTICBDI SFTPOBOLI
JOMJIUIJVN + VTIJOH B MPX|BFOTJUZ TZTUFN <

)PXFWFS GPS MBSHFS EFOTJUJFT aOBM TUBUF JOUFSBDUJPOT PG BUPN
] XJUIBUPNT JORYBN¥TU CF DPOTJEFSFE *O UIF aSTU 3
NFBTVSFNFOUT JU XBT BTTVNFE UIBU UIFTF FEFDUT BSF KVTU NFBO aFME
TIJGUT X1JDITIPVME DBODFM P8l 3O "TIFIDSPSOFEF S <
PVU UIJT JT OPU UIF DBTF GPS B NJYUVSF PG | }JO UIF DSPTTPWFS SFHJN|
CFDBVTF UIF aOBM JOUFSBDUJPO TUSFOHUIT CFUXFFO} ~BOE | ~ BSF WFS
MBSHF XIJDI BMMPXT UIF USBOTJUJPO PG B CPVOE NPMFDVMF UP BOPUIF
CPVOE NPMFDVMF JOTUFBE PG EJTTPO®IBUJPO JOUP GSFF QBSUJDMFT <

5/JT DBO CF NJUJHBUFE CZ VTJOH B | ~ NJYUVSF JOTUFBE UP DSFBUF B
VOJUBSZ 'FSNJ HBT )FSF UIF TDBUUFSJOH MFOHUIT XJUI UIF UIJSE TUBU
] B,BOBgsBSFTP XFBL UIBU OP aOBM CPVOE TUBUF DPNQFUFT XJU|I
UIF EJTTPDJBUJPO JOUP GSFF QBSUJDMFT #Z NFBTVSJOH UIF EJTTPDJBI
TQFDUSVN PGB | ~NJYUVSF UIF GFSNJPOJD QBJS TJ[F DPVME CF FYUSBDUF
X1JDI TIPXT B TNPPUI DSPTTPWFS EWF SPXIFWRP TTPWFS <
UIF POTFU PG UIFTF NFBTVSFNFOUT EPFT OPU SFWFBM UIF QBJSJOH HBQ
EJSFDUMZ CVUNFBTVSFTUIFEJTTPRJBUJPO UISFTIPME JO &R

5P NFBTVSF UIF QBJSJOH HBQ EJSFDUMZ B EJEFSFOU NFUIPE DBMMFE
RVBTJQBSUJDMF TQFDUSPED P ZSEB O FOF B/ TBBM BODFE
CVUB TMJHIUMZ TQJO JNCBMBODFE TZTUFNJT QSPCFE XIFSFNPSFTQJO V
UIBOTQJO EPXO BUPNT BSF QSFTFOU 5IF TUBUF PG TVDI BO JNCBMBODFE
TZTUFNJTHJWFO CZUIF CBMBODFE #$4 TUBUF QMVT FYDFTT GFSNJPOT 5IF
FYDFTT GFSNJPOT DPSSFTQPOE UP RYBSPYBEUIDMF FYDJUBUJPOT
UIFNJOJNVN PG UIF #$4E EIR) FHBI®QFE XJUI SFTQFDU
UP UIF QBJSFE QBSUHD|WBFT CZ

8IFO TQJO VQ BUPNT BSF USBOTGFSSFE GSPN UIJT TQJO JNCBMBODFE
HBT UP B UIJSE TUBUF UIF EJTTPDJIBUJPO TQFRUSVN PG UIF QBISFE BUP!
BOEB TFDPOE RVBTJQBSUJDMF QFBL GSPN UIF Db T &SN d Rk ISIB R WE®
3 |IC 8JUISFTQFDU UP UIF GBSFFLESECPDUBBUR® 100 INCBMBODE BEET FY
TQFDUSVN TUBSUT BY &R} |, XIIMF UIF RVBTIQBSLIPMEE 5srs uiso oSt Hooc
QFBL JT MPOBUBEFBFGPSF UIF QBJSJOH HBQ BBISOF AN Q8BBEPEOEFOTBUF
GSPN CPUI GFBUVSFT JG UIF DIFNJDBM QPUFOEJ'\ﬁBgTI\J/ITQgBFIéDU%%\&J\'FBg@gzl_%gs;%‘tfHNBTqup\ﬁ
GFSFOUNFBTVSFNFOU S DB N DYBAB BI@BXBIO HoHBT Qs 0E B CSPBE EJTTPDJBUJPO T
FYUSBDUFEGPS GPVSEJEFSFOU JOUFSBDUJP OBURSEOHWFTEIORY FPRET # SUSDH
PWFE&B’# 77 <> *0QBSUJDVMBS BU VOJUWES N2 E MESHE B YSETD V)
QBJSJOH HBQ RG XBT NFBTVSFE MJOF "EBQUEBGSPN <

*O UIF TQFDUSB EJTDVTTFE TP GBS UIF FYDJUBY 34RO FP0S HZXBELQ P & FH
TVSFE JO B NPNFOUVN SFTPMWFE XBZ 5P BDIJKWFSFIRBD XFPSH D SMFM USIET I
B QBSUJDMF FKFDUFE GSPN UIF NBOZ CPEZ TZFIPN T QPR FEURE URVE 68
QBSUJDMF TUBUF XJUI VODIBOHFE NPNFOUVN CFDBVTF UIF NPNFOUVN
BEEFE CZ UIF 3' QIPUPO JT OFHMJHJCMF 5IF NPNFOUVN EJTUSJCVUJPO
PG UIF BUPNT USBOTGFSSFE UP UIF UIJSE TUBUF DBO CF PCUBJOFE CZ B UJ
PG bJHIU 5P' NFBTVSFNFOU 5IJT UFDIOJRVF JT DBMMFE BOHMF SFTPMWF]
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QIPUPFNJTTIJPO TQFDUSPTDPQZ "31&4 BOEJT B XFMI
JOHUFDIOJRVFGPS TPMEXESUBUF TZTUFENT <
8IFOUIFGSFF QBSUJDMFEJTQFSTIJPOPGUIFUIJSE"
QPUFOUJBM PG UIF NBOZ CPEZ TZTUFN BSF UBLFO J
NFBTVSFBQBSUPGUIFTIOHMF QBSUJDMFTQFDUSBM
NFBO aFMEUIFPSZ UIFGVMMTJOHMF QBSUJDMF TQF

"Li WU & VWU ITgQ

5IFaSTUCSBODIEFTDSJCFTUIFFKFDUJPOPG QBSU
POEUFSNJOKFDUJPOJOUPUIFNBOZ CPEZWZTUFN 51
BOBFOTVSFTPDDVQBUJPOPSWBDBODZ SFTQFDUJW
NFBTVSFNFQUIHGWFTVTEJSFDUBDDFTTUPUIFTJOHN

'JHVSF }"31&4 NFBTVSFNFOUBGBBUJPO FEORNSQ/ENSFE UP UIF QBSBCPMJD FYDJUBU
'FSNJ HBE B® ~ 6ACFMPX UIF &R Q

DSJUJDBM UFNQFSBUVSF SIFPEQPI@P@EIQBJI\RQIBSBDUJOH ‘FSN‘]VHBT &JI‘FTFWHDQQBEJPO T
EJDBUFT UIF GSBDUJPO PG BUBPG E DAPQMFB WA BSBDUFSJTULDZABDOGFEIE) (NFBPBSF

(léISFPEIJISFERTVUBBEUSFBUJSIIDFGTSQI:'I::DQUQ?J_(U§§J‘IE:E’E T%L% PDDVQJFE QBSU PG UIF TIOHMF QBSU‘]
TIJPO CMBDL MJOF 5I1F X1JUB @Q3UBS)Z 'FSNIJHBT TIPXFE CBDLCFOE&,CCHGPS MBSFH
BELBJIS[EISI?:FXCT}]JLTIZSL.IJDSFBB(?\\JI(TJ‘LQ iE}UP*@@FSFTUJOHMZ UIFTFFYQFSIJNFOUTBMTP P
QFSTIPO "EBQEPE GSPN < BéSEV/lFJDl DPVME CFBTTPDJBUFE XJUIBQTFVEPH
UIJT JOUFSQSFUBUJPO TIPVME CF USFBUFE XJUI DB\
DBVTFE CZ UIF VQIWEBFEM UIF NPNFOUVN EJTUSJCVI
EVFUPDPOUBDU JOUFIFBFGPBE <UIJT CBDLCFOEJOH J
SFDUFWJEFODFPGBHBQQFEFYDJUBUJPO TQFDUSVN
8F TFF UIBU "31&4 DBO HJWF NBOZ JOTJHIUT JOUP
TQFDUSVN CVU UIFSF BSF TPNF EJEDVMUJFT O0OOF D
JTUIBUUIF NPNFOUVN SFTPMVUJPODBO CF MJNJUFE
UIJSE TUBUF XJUI UIF SFNBJOJOH TZTUFN EVSJOH UIF
TFDPOE DIBMMFOHF DPNFT GSPN UIF GBDU UIBU POM;.
UIF FYDJUBUJPO TQFDUSVN JT QSPCFE )PXFWFS GI
BOE TNBMM FYDJUBUJPO HBQT UIF PDDVQBUJPO PG T
QBSUJDMF FYDJUBUJPO FOFSHZ TIPXT CBDLCFOEJO}
FYBNQMF GPS BO JOUFSBBUJP® FODF §HEZ SFHJIPO
XIFSFUIFFYDJUBRJPQOFOFSBBELCFOEJQH UNFF 'JH
PDDVQBUJPOFEFNDSFBTFT SBQJE B Z5 FFFFDHOJRV F
XFXBOUUPEJTDVTTOFYU PQUJDBM#SBHHTQFDUSPT
UXP EJTBEWBOUBHFT CZ OPUVTJOHBUIJSE TQJO TUE
GPSPDDVQBUJPOPGIJHIFSNPNFOUVN TUBUFT

«EEEM (( OA VM>0 >Ac

51FCBTIJDQSJODIJQMFPG #SBHHTQFDUSPTDPQZJT UF
"JHVSF } |B #SBHH TQFDUSPTBRQZAN XJUIBNPWJOHQFSJPEJD QPUFOUJBM XI1JDI D

VTFT UXP MJHIU aFMETS8X%JUI
B OB, BOE NPNFIOBDE , o DY PHfFE MBTFSICFBNBIRIBIFSUVSCBUJPO DBO CF VOE

5IFTFCFBNTDBO TUJNVMBUF BUXxB Y¥Bp@IPUPO USBOTJUJPO 'JSTU B QIPUPO GSP

ngPD';T?go;(')JEDL'“UF'Z;S;gﬂ&@lﬁfﬁ@@é&&oE NPNFOKYN BCTPSCFE USBOTGFSSJC
EJéFSFf‘)DF"kﬂkG BSFBCTPscv\:/EENUPN UpP B WJSUVBM TUBUF 5IFO UIF TFDPOE MJHIU
FYDJUJOH UIF BUPN & SPOWUWPIFITUBOE XBWFKW,ROERHFT B TUINVMBUFE FNJTTJPO PG B

UTF T B Lo FOFSHZBOE NPNFOK,NSBOTGFSSJOH UIF BUPN UP BO
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TUBUF 5IVT UIFUPUBMFOFSHZBOENPNFOUVNPGUIFFYDJUFETUBUFBSF
& P A T }H
q Kg7ks P

#SBHH TQFDUSPTDPQZ BMMPXT VT UP QSPCF UIFJOFMBTUJD TDBUUFSJOE
PGBNBOZ CPEZTZTUFN "T XFXJMMEFSIWFCFMPX JUHJWFTBDDFTT UP UI
EZOBNJD TUSVDAYVERFXABDIUFTSUIF 'PVSIJFSUSBOTGPSNPG UIF
EFOTJUZ EFOTJUZDPSSFEMBUJPO GVODUJPO <

4q i —a+EU$‘+Er+ErT br b U
#ZFYQSFTTJOHUIF EFRXTUUQ POFSBUPISPG FYDJUFE TUBUFT

]OXJUI FJHFOF@B(F—PJCFLTBQ]@ lL8F TIPX UAF SFTVMUBOE EFOPUF
UIFHSPVOE TUBUF BT

4q i uold i Wi7 &7& 1 1)

Ya

XJUIUIF'PVSIJFSUSBOTGPSNPGUIFEFOTJUZbVDUVBUJPO PQFSBUPS

U B R q0,Re; |
koj

51JTPQFSBUPSDPOUBJOTUIFUXP QIPUPO QSPDFTTPG #SBHHTQFDUSPTDP

"OO0JIJMBUJPOPGBGFSNKPBBOIPNEOBWYNPO GFSNJPO

BUNPNFCD(U‘(ANIQq@i 51T QSPDFTTJT POMZBMMPXFEJGJUIBTBO

PWFSMBQ XJUIBO FYDJUBUJPO PG UIFTZTUFNBOE JUDBO UIVT HIWF JOTJF

JOCPUITIOHMF QBSUJDMFBOE DPMMFDUJWF FYDJUBUJPOT *O UIF GPMMF

TUBSU IJTUPSJDBMMZ CZBEESFTTJOH UIF FMBTUJD #SBHH TDBUUFSJOH PC

51FO XFEJTDVTTJOFMBTUJD #SBHH TDBUUFSJOH VTFEJO UIJT UIFTJT

&. 8:( 8 #T7(1&

*O],]} CPUI/PCFM 1SJ[F XJOOFST 8JMMJBN -BXSFODF #SBHH BOE IJT
GBUIFS 8JMMJBN )FOSZ #SBHH TUVEJFE UIF SFbFDUJPO PG 9 SBZT GSPN
DSZTUBMMJGPF MBIFZJDFTDPWFSFE UIBU SFbFDUJPO PDDVST POMZ
BU TQFDJaD BOHMFT PG UIF JODJEFOU CFBN 51JT IBQQFOT CFDBVTF PG
DPOTUSVDUJWF JOUFSGFSFODF PG MJHIU XBWFT TDBUUFSFE GSPN QBSBM N\
QMBOFT 5IF JODPNJGHBXBEVE MW FRFbE® UFEKYBWFWFDUPS
IBWF UP TBUJTGZ UIF -&KVFKRRYBUGPXIFSF JT
UIFNPNFOUVNUSBOTGFSSFECZUIFDSZTUBMBOENVTUNBUDIB SFDJQSPDIE
MBUUJDF®FPOUBEEJUJPO UP NPNFOUVN DPOTFSWBRUJPFDBMFMBBUOIDF WFDUPS
DPOTJEFS UIF TDBUUFSJOH QSPDFTT UP CF FMETOBY cFoRyS™ UYEFFSZ TUB)
UBODF CFUXFFO UXP BEKBDFOU DS
NPWJOH 5IFSFGPSF UIFFOFSHZBOEUIVT UIF ¥B¥RME&EbBbBEPSF MIHIU J
DPOTFSWFE ZJFMEJOH BKRFDRPEPRCBOJP® CPUI
XFDBO EFSJWF #SBHHrT MBX

ETJO O] } }e

60EFS BOWHMBU TBUJTGZ UIJT DPOEJUJPO MJHIU TDBUUFSFE GSPN UIF

DSZTUBM QMBOFTJOUFSGFSFTDPOTUSVDUJWFMZ 51JTHIWFT SJTFUP XFM
EJESBDUJPO PSEFST XIJDIBSFVTFE GPSJOTUBODF JODSZTUBMMPHSBQ
EFUFSNJOFUIFDSZTUBM TUSVDUVSF VTJOH 9 SBZEJéESBDUJPO *OUFSFTU



'JHVSF } |eB 4LFUDI PG #SBHH
TDBUUFSJOH PG BO FMFDUSPNBHOFUJD XBWF
Cz B DSZTUBMMJOF TUSVDUVSF C BOE
#SBHH TDBUUFSJOH PG B NBUUFS XBWF CZ B
TUBOEJOH XBWF QPUFOUJBM DSFBUFE XJUI
UXP DPVOUFS QSPQBHBUJOH MBTFS CFBNT

#SBHH TDBUUFSJOHJOBTPMJEDBOBMTPCFVOEFSTL
UIFJODPNJOHQIPUPOJTTDBUUFSFECZBDSZTUBMQI
G
'PMMPXJOH UIJT QFSTQFDUJWF JO |,~~ ,BQJU[B B
BO FYQFSJNFOU JO XIJDlI FMFDUSPOT BOE QIPUPOT
<> *OTUFBE PG MJHIU XBWFT CFJOH TDBUUFSFE CZ
EJTUSJCVUJPOJOBDSZTUBM UIFZ IBE UIF JEFB UIB!
TQFDJaDBMMZ FMFDUSPOT DPVMEBMTP CF SFbFDUF
51JT QFSJPEJD MJHIU aFME JT DSFBUFE CZ UXP DPVO
aFMET XJUI XBWFWaFDUPS
5P EFSJWF #SBHHrT MBX GPS UIJT OFX TJUVBUJPO F
JODPNJOH QBSUJDMF BT B NBUUFS XBWF *UT XBWFM|
LYFSF XF BQQSPYJNBUF UIXB88sBVOR@H Ul Q XIFS®JT UIF NPNFOUVN PG WIF QBSUJI

XJUI'BQMBOF XBWF SFBMQ&%WBWBEEP%%‘ CFJOH TDBUUFSFE CZ B QBPAHABO XJUI NF
TQPOETUPBNPWJOH XBWFQBDLFUPGaOJUEFE

FYUFOU 4UJMM JUT 'PVSIFNPSOPIPEN £ IF JODPNIJOH QBSUJDMF DIBOHFT EV
QFBLBUUIF XBWFWFDUPS PG UXP QI}F{’UKBOTI'UPUBM NP NFE®WBVMWVMUIQMFT UIFSFP

ps FmMFbpuspoT UIF BecTrpsalIPE BEREFVIF -BVF DPOEJUJPO CFDPNFT

QIPUPO JT OPU BMMPXFE CVU TUJNV
MBUFE $PNQUPO TDBUUFSJOH JOwPMwJOH K KkyT7k . } 1€
UXP QIPUPOTJT

ZJFMEJOH UIF #SBHMHDPOEJUJPO
H51JT SFTVMU JT PCUBJOFE CZ SFQMBD

B1 5% B 6% JO &R} 1. TJO Ogy b

#PUI DBTFT TDBUUFSJOH PG B MJHIU XBWF GSPN B D
PG B NBUUFS XBWF GSPN B TUBOEJOH XBWF QPUFOU
"JH |

5P DSFBUF B EFUFDUBCMF TDBUUFSJOH QSPCBCJM.
FYQFSIJNFOUIJHIMIJHIUJOUFOTJUJFTBSF SFRVJSFE
JNFOUVOGFBTIJCMFBUUIFUIJNFPGJIJUT QSPQPTBM O
MBUFS UIFJOWFOUJPOPGUIFMBTFSNBEFJUQPTTJC
%JSBD QSPDFTT CZ TDBUUF &30P6 TFTRVBRIDF@SEPMANT <
TUBOEJOH XBWF MBTFS aFME

*1# . 8:( 8 :#7(1&

'PS DPME BUPNT #SBHH TDBUUFSJOH XBT aSTU QFSG
EFOTBUF J®©¢]s,> <*O UIJT FYQFSJNFOU JODPOUSBTU
PVTEJTDVTTJPO UIFBUPNTEP OPUNPWFCVUBSFTULI
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TDBUUFSJOH QPUFOUJBM JT NPWJOH UISPVHIUIFDMPVE PG BUPNT QSPWJ

BTQFDJaD FOFSHZUP UIFTZTUFN 5IJTNBLFTUIFQSPDFTTJOFMBTUJD 0O\

JGBOFYDJUBUJPOBUUIFFOFSHZBOENPNFOUVN QSPWJEFECZUIFMBUUJD
BWBJMBCMRB MBOB &R|BSF GVMaMMFE TDBUUFSJOH DBO PDDVS

5IFTFUXP FRVBUJPOT UBLFPWFS UIF SPMF UIF #8BHH QRO ERIALIFE® tB ES@QU &

oJSBDCZHP.]OH.]OUPBGSBNFPGc

5IFNPWJOH MBUUJDF QBPBORNBEBEM EFUVOJOH Whky SoShRYFOBZY00I0H MBUUJL

PG CPUIMBTFS CFBNT XJUI SFTQFDU UP FBDI PUJB® SHSFVMEUNBWH JITF B RV F NP

W _} XIFSE i a JT UIF SFMBUJWF EFUVOJGH [EIRTFRUES UIF QESIPEID O

NFOUVN HBJO DBO CF EFUFDUFE CZ NFBTVSJOHAQH kKibFOAWARXAEDLEUSRSEFY BJ P
BGUFS 5P "OFYBNOQ®MEVFOBRBTBUF JT r||F€xo'j'%J]OHLPNFOUVN BOE MFBWF UIF QF
QPUFOUJBMXIFOUIEMJHIUAFMEJT
51F EFOTJUZ EJTUSJCVUJPO TIPXT UXP DMPVETp¢eBO VOTDBUUFSFE BOE TDB
UFSFE DPOEFOTBUF 3FWJTJUJOH UIF DPOOFDUJPO UP Y SBZ TDBUUFSJO
MFGU CMBDL EFOTFS DPOEFOTBUF DPSSFTQPOET UP UIF USBOTNJUUFE
XIFSFBTUIF SJHIU HSBZ MFTTEFOTFDPOEFOTBUFJTUIF SFbFDUFE CFBN
8F XJMM OPX DBMDVMBUF UIF TDBUUFSJOH SBUF PG UIJT JOFMBTUJD QST
BOEJUTDPOOFDUJPOUPUIFEZOBNJIJBFAHBBVDNRSF GBDUPS
UIBUCPUI MBTFS CFBNT BSF GBS EFUVOFE TVDIUIBU UIFDPVQMJOH UP CP
TQJO TUBUFT JT UIF TBNF *O BEEJUJPO UIFZ IBWF B TNBMM GSFRVFODZ
EFUVOJIOXUI SFTQFDU UP FBDI PUIFS BOE BQXBWFWFDUPS EJEFSFODF
51F QFSUVSCBUJPODBVTFECZCPUICFBNTDBOUIFOCFFYQSFTTFECZ UIF
JBNIJMUP®,3BO < 'JHVSF}"(ETPSQUJPO JNBEF PG B
#&$ BGUFS BQQMZJOH B SFTPOBO
)Eq i _ b aD 6-Q6'ﬁ 1 D qﬁ'Q(‘)-F§ir } o}, QVMTF BOE UJNF PG bJHIU PG ~f NT
ko oot e DPOEFOTBUFJTTQMJU JOUP UXP .F
BSF OPU TDBUUFSFE CMBDL SFHJP

X ) i UIF TDBUUFSFE BUPNT NPWFE UPXB
—L2 U goFE S U gbF8 } IS SJHIU HSFZSFHJPO "EBQUFE GSP

XJUIUIFUXP QIPUPO 3?9(3% GBHFRVAFHSONDPOJD DSFBUJPO BOE
BOOJIJMBUJPMPBPRBUBGCE UIF 'PVSJFS USBO TGRS NXPRQLPIPO 3BCJ GSFRVFOD
EFOTJUZ bVDUVBUUPH PARFSBUBEF QSPCBCIMINIVEFREE x % "'"UXJUIUlF

TB

QBSUJDMF UP FYDJUF UIF NBOZ CPEZ TZJT WFN G‘"é@ﬁ\M'ﬂ*ﬂ s v B NY PRI RO T I U
DPNNPOEFWVBDODEHJIF JOUFOTJUJFT

BO FYDJUFIDEVBWRP UIJT QFSUVSCBUJPO EFQF&FECh &1 arits NBas 46 v [F £
FMENFOU CZUIF TBUVSBUJRRPUJOUFOTJIUZ

OJPg i 1 —2 OJUgHF 5T U ¢ FS']

8JUI 'FSNJrTHPMEFO SVMF XFPCUBJOUIFTDBUUFSJOH SBUF
F5IF USBOTJUJPO SBUF JT UIF QSP

a 5 8 _ QFS VOJU UJNF BOE QBSUJDMF UIBL
] Bl — b uO]ld B w i7 &7& | TJUJPO IBQQFOT
XJUIUIF FIHFO& BPX®Y JFT 4UBSUJOH G$XK BEE UIF TVN

5P DBMDVMBUF UIFIUSBS BIOURPDILBWR PO PG UTYMNBYHM EPPEEE VEB RN F
FESUZPGUIF %JSBDE

TZTUFN GSPNJUT i SPRBEZBBLFUFE TUBUF CZ USB&TCERSSI O Uk or oL

NPNFOUWBOE FOFISKETVN PWFS BMM QPTTJCM M FYDIYPEMEJBBYFTPPO PG UIF TD
OBOE P&UBJO SBUF 5IF TDBUUFSJOH/ABUF IBT UIF

BTJUJTHIJWFOBTUIFQSPEVDUPG L

a 5 PG UIF 3BCJ $BURF)NBUSJY FMF

q i ap uOold b W i7 &7& } ~{ NFOUE BOE UIF %JSBD %FMUB GVOD
Y, | ) 5IVT UIF EZOBNJD TUSVDUV

BDUPS EFa%HBBBlDE‘RNFOTJPOT |
JFSF XFOPUFUIBUUIFQSPQFSUJFTPG CPUI MBﬁI'd:@JQpFBN SFDPOUBJOFE.

UIF 3BCJ SBUF 5IF FYDJUBUJPO TQFDUSVN IPXFWFS JT DPOUBJOFE JO Ul



w f

TVN XIJDI XFJEFOUJGZ XJUIUIFEZOBNJD JJUSVDUVS
UPPCUBJOUIFTINQMF SFMBUJPO

g i agf4q i b~
SIVT UIF NPNFOUVN BOE FOFSHZ EFQFOEFODZ PG Ul
BSFTPMFMZHJIJWFO CZUIFEZOBNJD TUSVDUVSF GBDU
*OUIJTUSFBUNFOU XFIBWFBTTVNFEUIBUUIFTZTU
TUBUFBOE OP FYDJUBUJPOTBSFQSFTFOU 5I1JTJT OP
UVSF XIFSFUIFSNBMFYDJUBUJPOTBSFQSFTFOUJO U
"TEFTDSJCFEJO,PFWBIJMRE&®DPU DBO CF BDDPVOUFE G

UBJMFECBMBODJOH 5IFUFNQFSBUVSFEFQFOEFODF
SFTQPOTFPOFNFBTVSFT XJUIUIF#SBHHCFBNJT UIF

8q i N« 7F+7,4q i

JPXFWFS UIFTF FEFDUT BSF TNBMM JO TZTUFNT XIFS
BS% "~ 5 BOEUIFFYDJUBUTPOC HNBR® SEFSFGPSF

XF XJMM VTF UIF BQ@SPYINBIJIJP@ISPVHIPVU UIJT
UIFTJT "TEJTDVTTFE JO|NPSPOEBBBRBFWQROG SBUVSFT DF
IBWFBO FEB®HPU BROTFMG GPSJOTUBODF UIFWBMVF P
HBQ UIFTQFFEPG TPVOE PSUIFCSPBEFOJOH PG UIF
JPXFWFS GPS TZTUSFNT WMPTTFRWBOUJUJFT BSF FYQFI
IBWF B XFBLUFNQFSBUVSFEFQFOEFODF

«E@ c: 8/ OVMZ VZM $ V>M >$

*OUIF GPMMPXJOH XF TUBSUUIFEJTDVTTJPO PG NFE
UVSF GBDUPST CZ DPOTJEFSJOH SFQVMTJWFMZ JOUF
#&$
"TEJTDVTTFEJOBFUBEEMJOBNID TUSVDUVSF GBDUP
JT
4 R i/ g7 We®U i7 &pyso } o~}
XJUIUIF #PHPMJVCP&EJFRFRF $TBPE UIF GBRUPST
BORB; GSPN UIF #PHPMJVCPW USB QBOESRBUIPO &R
8F OPUJDF UIBU UIF EZOBNJD TUSVDUVSF GBDUPS JT
'JHVSF } WJTQFSTJPO SFMBUJPO PG
4895 NFBTVSFE VTJOH #SBHH QWU‘%IFFTSFBTPO JTUIBUPOMZ USBOTJUJPOT GSPN U
DPQZ 5IF QPJOUT BSF aUUPEDNBWQNFE HSPVOE TUBUF UP BO FYDJUFE TUBUF BSF
EESUF'FF gﬁggg;ﬂg;i‘gﬁf‘ﬁ; ﬁﬁ&tﬁ@&% “TUBUFT JO UIF HSPVOE TUBUF XIJDI XJMNM
HPMJVCPW EJTQFSTJPO cMBRY BOAEVNIEAMFQMFUJPO BOE UFNQFSBUVSF BSF OFHM

EJTBHSFFJOH XJUI UIF GSFF@ﬁFsgltDMFE?HVQQSFTTJPo BUTNBMM NPNFOUB EVF UP
QFSTJPO EBTIFE MJOF EB UFE GSP

< f> é

f 5IF NPNFOUVN EFQFOEFOU EZOBNJD TUSVDUVSF C
TVSFE CZ 4UFJOIBVFS FUBM CZ SFQFBUJOH UIF NFB
'JH |&G6PS EJEFSFOUY RWBHEIYPET PG UIFTFNFBTVSFNFOU’
BDIBOHFJO GSFRVFODZEFUVOJOHJT FBTZUP BDIJF\
JOH3'FMFDUSPOJDT )PXFWFS BWBSJBUJPO PG UIF )
g kg7kgJTUFDIOJDBMMZNPSFEJEDVMU 51JTJITBDIJF
UIF BOHMF CFUXFFO CPUI CFBNT XIJDI DBO CF DIBMI
UISPVHIUIF WBDVVNDIBNCFSJT SFRVJSFE GPS B SBO
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*OUIF FYQFSINFOU UIFZPCTFSWFE GPS FBDI NPNFOUVN TMJDF B OBS
SPXQFBLBUBTQFDJaDGSFRVFODZ #ZFYUSBDUJOHUIFNBYJNVNSFTQPOT
UIFZPCUBJOUIFEJTQFSTJPO SFIMBUBEOTIQPIDJRD'JH
SFMBUJPOJT MJOFBS VQ UP UIF DIBSBDUFSJTUJD NPNFOUVN HIWFO CZ UIF
WFSTF IFBMJOMBMFOHUHBT DBO CF FYDJUFE DPMMFDUJWFMZ BOE
USBOTGPSNTJOUPBGSFFQBSUJDMF FYDJUBUJPO BU MBSHF NPNFOUVN 51
NBUDIFT QFSGFDUMZ UIF #PHPMJVCPW EJTQFSTIJPOPGBSFQVMTIWF #PTF |

«ES c: 8/ OVMz vZzM $ V>M>%$ # M8/ ( O

"GUFS CSJFbZ DPWFSJOH #SBHH TQFDUSPTDPQZ PG BO JOUFSBDUJOH #PTF
XF OPXDPOUJOVF XJUI JOUFSBDUJOH 'FSNJHBTFT "MTP IFSF DPMMFDUJV
FYDJUBUJPOT DPOUSJCVUF UP UIF EZOBNJD TUSVDUVSF GBDUPS *O BEE.
TIOHMF QBSUJDMF FYDJUB WIJIIBWFERFSCWBE 00 XHMBSF E

5l§FSFGPSF XF aSTU EJTDVTT UIFDPOUSJCVUJPO PG TJOHMF QBSUJDMF F°
UJPOT CFGPSFSFWIJFXJOHUIFFYQFSINFOUBM SFTVMUT

«ESE>:VM/ ZV/>:>$ O0/:(5 -A MV/ 5 a /V V/>:0

8F TUBSU PVS EJTDVTTJPO XJUI UIF EZOBNJD TUSVDUVSF GBDUPS PG B OP(
JOUFSBDUJOH 'FSNJ HBT 5IFO XF XJMM EFSIJWF UIF EZOBNJD TUSVDUVSF
GBDUPS PG UIF#%$4 TUBUF

5/F HSPVOE'TIUBBE B OPO JOUFSBDUJOH 'FSNFHBTUBFAF¥RZ PG UIF HSPVOE
LIJIOETPGTIJOHMF QBSUJDMF FYDJUBUJPOT U

| '"P$ L BGFSNJPODBOCFSFNPWFEGSPNUIF'FSNJHBTUPDSFBUFB
IPMFFYDJUBUIPO 5IFFYDJUBUJPOFOFSHZJTHJWFOCZUIF
LJOFUJD FOFSHZUPMJGUB QBSKBJDOMB.UPYJIF'FSNIJTVSGBDF
XJU S5 N WITVBMJI[BE|JO 'JH

} PR L BGFSNJPO DBO CF BEEFE UP UIF'FSNJHBT UP DSFBUF B
QBSUJDMF HPpDJIJNBUXI®IBO FYDJUBWRO FOFSHZ

%7 &
"JHVSF }&OFSHZ PG QBSUJDMF BOE |
8F TVNNBSJ[FUIFFOFSHJFT PG EPUIRYRIUBUJIPODUWBRIIPOT JO B OPO JOUFSBDL

*O PSEFS UP DBMDVMBUF UIF EZOBNJD TUSVI®UVSF GBDUPS XF DPOTJE
aSTU XIJDI LJOET PG FYDJUBUJPOTBSFDSFBUFECZUIFEFOTJUZ bVDUVBU.
PQFSBUPS

u t;b Qqﬁi[l?éi
koi
"QQBSFOUMZ JUDBODSFBUF UXP FYDJUBUJPOT "IPMFFYDJUBUJPO JTDS
JG UIF TUBIUFPBODVQJFE BOE B QBSUJDMF FYDJUBUJPO JT DSFBUFE JG UIF
TUKUFR JT OPU PDDVQJFE B8F EFOPUF UJIIQT FYDJUFE TUBUF CZ
1R qsilke; SIFEFOTJUZbVDUVBUJPO PQFSBUPSBQQMJFE UP UIF HSPVOE
TUBUFPGUIFOPO JOUFSBDUJOH 'FSNJHBTJTUIVT

u qJ ]' A‘QqﬁiDﬁi] ! } -~

k

Ok A 7@ q ]JRqsilks;



"JHVSF } |[B %ZOBNJDBM TUSVDUVSF
GBDHRB G B ~% OPO JOUFSBDUJOH

"FSNJ HBT GPS FYDJUBUJPOT XJUI NPNFO

UV Ng Ok BOEFOHRSHZE

5/F TUSVDUVSF GBDUPS JT DFOUFSFE BSPVOE
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