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Abstract

In this thesis we investigate the interactions between ultracold atoms confined by
a periodic potential and a mode of a high-finesse optical cavity whose wavelength
is incommensurate with the potential periodicity. The atoms are driven by a probe
laser and can scatter photons into the cavity field. When the von-Laue condition
is not satisfied, there is no coherent emission into the cavity mode. We consider
this situation and identify conditions for which different nonlinear optical processes
can occur. We characterize the properties of the light when the system can either
operate as a degenerate parametric amplifier or as a source of antibunched light.
Moreover, we show that the stationary entanglement between the light and spin-
wave modes of the array can be generated. In the second part we consider the regime
in which the zero-point motions of the atoms become relevant in the dynamics of
atom-photon interactions. Numerical calculations show that for large parameter
regions, cavity backaction forces the atoms into clusters with a local checkerboard
density distribution. The clusters are phase-locked to one another so as to maximize

the number of intracavity photons.

Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Wechselwirkung ultrakalter Atome mit
der Mode eines optischen Resonators hoher Giite. Die Atome sind dabei in einem
periodischen Potenzial gefangen, dessen Periodizitét nicht kommensurabel mit der
Wellenlénge des Resonators ist. Ein Laser regt die Atome an und sie streuen Pho-
tonen in die Resonatormode, wobei die Emission inkohérent ist, falls die Laue-
Bedingung nicht erfiillt ist. Dieser Fall wird betrachtet und es werden Bedingungen
ermittelt, flir welche nichtlineare optische Prozesse auftreten kénnen. Die Eigen-
schaften des Lichtes werden untersucht, wenn sich das System entweder wie ein
parametrischer Verstirker verhdlt oder wie eine Lichtquelle mit "Antibunching"-
Statistik. Weiterhin kann eine stationédre Verschrankung zwischen Licht und Spin-
wellen der Atome erzeugt werden. Im zweiten Teil wird die Situation betrachtet,
in der die Nullpunktsbewegung der Atome fiir die Atom-Licht-Wechselwirkung rel-
evant ist. Fiir groke Parameterbereiche zeigen numerische Berechnungen, dass die
Riickwirkung des Resonators die Formierung eines lokalen Schachbrettmusters in
der atomaren Dichteverteilung erzeugt. Die einzelnen Atomgruppe dieses Musters
stehen zueinander in fester Phasenbeziehung, was zur Erhéhung der Zahl der Res-

onatorphotonen fiihrt.
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Introduction

Ultracold atoms in cavity quantum electrodynamics (CQED) setups offer
possibilities to investigate basic processes in the interaction of atoms and
electromagnetic fields [1-3]. For example, Rabi oscillations with a single
photon are observed in a so-called strong coupling regime in which atom and
cavity can exchange a single photon many times before the photon is lost
from the cavity by dissipative processes. A high-finesse cavity mode inter-
acting with ultracold atoms may enhance Bragg scattering of light into one
spatial direction, and increase the collection efficiency and thereby suppress
a diffusion related to photon scattering [3,4]. In this thesis, we focus on vari-
ous physical phenomena emerging from scattering of light into a high-finesse
cavity mode, in particular, we study quantum properties of a light emit-
ted outside the cavity, an stationary entanglement between the scattered
light and a collective excitation mode of the atoms, and quantum ground
state properties of the medium when the light scattering into the cavity is

enhanced.

Bragg diffraction of light by ultracold atoms in optical lattices may reveal
the microscopic crystalline structures of the medium [5,6]. For a regular array
of the atoms, at the solid angles for which the von-Laue condition is not
satisfied [5], the light is scattered inelastically [7-10]. It has been shown that
in this case the scattered light in far field can exhibit vacuum squeezing [10].
The nonlinear response of the atomic medium can be enhanced when the
atoms of the array strongly interact with a mode of a high-finesse cavity. In
this case, the nonlinearity of the light can be controlled by the angle between
laser and the cavity fields wave-vectors and by the intra-atomic distance.
When the geometry of the setup is such that the von-Laue condition is not
satisfied, photons can only be inelastically scattered into the cavity mode.

The smaller system size for which coherent scattering is suppressed, is found



2 Introduction

for two atoms inside the resonator. The properties of the light at the cavity
output for this specific case have been studied in Refs. [11,12]. To the best
of our knowledge, however, the scaling of the dynamics with the number of
atoms NV is still largely unexplored in this regime. In Chapter 2 of this thesis,
we characterize the coherence properties of the light at the cavity output
when the light is scattered from a laser into the resonator by a periodic array
of atoms and the geometry of the system is such that coherent scattering is
suppressed. For the phase-matching conditions, at which in free space the
light is in a squeezed-vacuum state [10], we find that inside a resonator and
at large N the system behaves as an optical parametric oscillator, which in
certain regimes can operate above threshold [13]. For a small number of
atoms N, on the contrary, the medium can act as a source of antibunched
light. In this case it can either behave as single-photon or, for the saturation
parameters here considered, two-photon “gateway” [14|. The latter behaviour
is found for a specific phase-matching condition. We identify the parameter
regimes which allow one to control the specific nonlinear optical response of

the medium.

Following the famous gedanken experiment by Einstein, Podolsky, and
Rosen (EPR) in 1935 [15] on the completeness of quantum mechanics, it
has been realized by Schrodinger [16,17] that the EPR paradox was closely
related to the concept of entanglement. A realization of the EPR pair by
means of a non-degenerate down-conversion scheme has been studied both
theoretically and experimentally [18-21]. These schemes generate entangled
pairs by means of a two-mode squeezed light. Recent experiments have been
focused on the generation of entanglement by the quantum interference be-
tween light and atomic ensembles [22] which can be used as a resource for the
quantum teleportation [23]. Moreover it has been shown that collective spin
mode of an ensemble of atoms inside an optical cavity can be squeezed [24-27]
and hence can be a resource for generating entangled states. Our system of
atomic array in a high-finesse cavity, can be used as an alternative source
for generating entanglement for applications in quantum communication. In
Chapter 3 of the thesis, we discuss that by controlling the system parame-
ters, a collective spin-wave mode of the atomic array and the cavity mode
can be two-mode squeezed. We obtain the stationary state entanglement
between the two modes and we evaluate the two-mode squeezing spectrum
for the output fields.



So far, we described the cases for which the mechanical effects of the
scattered light on the atomic state are negligible. Domokos and Ritsch pro-
posed in Ref. [28] a model of dynamical self-generated optical lattice by cold
atoms inside a cavity. They realized that two-level atoms interacting with a
single-mode cavity and a pump laser oriented transverse to the cavity axis,
can be self-organized such that the scattering into the cavity mode is en-
hanced [29,30]. Self-organization has been observed in the experiment for
cold [31,32] and ultracold [33-36] atoms in a cavity. At ultralow temperatures
the system dynamics can undergo the Dicke quantum phase transition [37]
and the self-organized medium is a supersolid [33,35,38,39], while for larger
laser intensities incompressible Mott insulator phases are expected [40]. The
emergent crystallinity has been proposed for Bose-Einstein condensate in-
teracting with multimode cavities [41,42]|. It has been discussed that this
kind of system can be reduced to a spin chain model with frustration and
a quantum phase transition from a ferromagnet to a spin-glass phase can
be realized [43], as for a multimode Dicke model [44]. Multimode cavities
interacting with Bose-Einstein condensate may be also mapped to a bosonic
model which exhibits phase transition from a superfluid phase to a Bose-glass
or a random-singlet glass phases [43]. All of these interesting phenomena are
due to the backaction of the cavity field on the atomic medium, which is
usually negligible in free-space. In Chapter 4 of this thesis, we consider a
single-mode cavity interacting with bosonic ultracold atoms and a transverse
pump laser, and we discuss that the quantum fluctuation emerging from a
cavity backaction can lead to a Bose-glass insulating phase for the trapped
medium. The formation of this Bose-glass phase is such that the coherent
scattering into the cavity mode is enhances, which is significantly different
from the glassy phases realized by bichromatic lattices in free-space in the
absence of a cavity [45-49]. We propose how to measure non-destructively
the Bose-glass phase at the cavity output.

At the end of the thesis, overall concluding remarks are drawn.






Atom-photon interactions

inside a cavity: Basics

CQED investigates the interaction of light and atoms and molecules in the
regime where a single photon already significantly modifies the radiative
properties of the scattering particles. These conditions are achieved by a
high-finesse resonator, which act as an effective trap for photons thereby
increasing the interaction strength of a single photon with a single atom
to the point. The technology of experiments with optical and microwave
cavities has reached a level of control, that has led to the observation of
predictions at the core of quantum mechanics as well as the realization of
basic elements of quantum information processing [2,50-52|. These results
follow theoretical models, which have been developed few decades ago and
which provide a reliable theoretical framework for the description of the

dynamics of these systems [3,53,54].

The purpose of this chapter is to provide a brief overview of the basic
concepts and equations of atom-photon dynamics inside a high-finesse opti-
cal cavity. The equations here derived constitute the bases of the theoretical
models used throughout this thesis. In the last section of this chapter we
then introduce the system whose dynamics are analyzed in the rest of this
thesis: an array of atoms with a dipolar transition which is strongly coupled
to a high-finesse cavity mode. We give the corresponding equation of mo-
tions which are the starting points of the studies persuaded in the following

chapters.
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1.1 Coherent dynamics of an atom coupled to a

cavity field

In this section we introduce the Hamiltonian which governs the coupled
dynamics of a single atom and a single cavity mode. The cavity is a high-
finesse optical resonator, where a mode interacts quasi-resonantly with the
optical transition of an atom. The atom scatters radiation in the visible
region and is typically an alkali-metal atom, thus it possesses a single valence
electron. In the situations we consider the atom interacts with light at a
well-defined frequency and polarization, such that the frequency is quasi-
resonant with a dipolar transition involving two electronic states, a ground
state and an excited state. In this regime the relevant internal atomic degrees
of freedom are these two levels, which form a pseudo-spin with a ground state
and an excited state denoted by |1) and |2), respectively. The Hamiltonian

for the internal degrees of freedom of the atom is thus reduced to the form

~

Hy =hwyo'ls, (1.1)

where wy is the atomic transition frequency, while 6 = [1)(2| and 67 =
|2) (1| are the lowering and raising operators, respectively. The electric dipole
operator is defined by d= et where e is the electron charge and t is the
position operator of the valence electron with respect to the center of mass
of the atom. In the reduced Hilbert space composed by {|1),|2)} the dipole

operator can be cast in the form
a:dgl (5’T—|—6') , (12)

where the matrix element dg; = (2|d|1) is taken to be real (without loss of
generality). We now include the external atomic degrees of freedom of the
atom and denote by # and p the position and the canonically conjugated
momentum of the atomic center of mass. For non-relativistic velocities,
external and internal degrees of freedom are decoupled in absence of external

fields and the Hamiltonian for the external degrees of freedom reads
Hew = 24+ V(§), (1.3)
m

where m is the mass and V(f) is a potential which will be specified later on.
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1.1.1 The cavity field

We consider an optical cavity constituted by two reflecting mirrors separated
by the linear distance L. The boundary conditions at the mirrors of the
cavity impose a discrete spectrum of field modes along the cavity axis, such
that the mode frequencies are equi-spaced and at distance Aw = 2m¢/L, with
¢ the speed of light in the vacuum. Very good optical cavities as in [33,55]
can realize Aw = 27w x 10 THz, so that an atomic transition at frequency wq
can be close to the frequency of one cavity mode, say at frequency w,., and
very far-detuned from other modes. In this limit one can talk of a “single-
mode” cavity. We denote by @ and a' the annihilation and creation operators
of a cavity photon with energy hw,, with [a,af] = 1. The Hamiltonian for

the cavity mode in second quantization reads
. ia L
He=hw: (a a+§ , (1.4)

where it here includes the zero-point energy of the cavity mode. In this limit
the cavity electric field can be reduced to the component due to the resonant

cavity mode, and it reads

E(r) =/ QZZU‘C/OU(I') e <d + &T) , (1.5)

where e is the polarization of the cavity mode, g is the vacuum permittivity,

the function v(r) is the mode function at position r, and Vo = [ dr|v(r)|* is

the quantization volume.

1.1.2 Atom-cavity field interaction: Jaynes-Cumming model

Let us now assume that the dipolar transition |1) — |2) at a position T
couples quasi-resonantly with the mode w, of the resonator. In the electric-

dipole approximation the interaction Hamiltonian can be cast in the form

A~

Hiy = —d-E(#). (1.6)

Under the assumption that only one cavity mode interacts resonantly with

the atomic transition, we use Egs. (1.2) and (1.5) in Eq. (1.6) and obtain

How = hg(F) <&Ta + aTav) (1.7)
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where we applied the rotating-wave approximation [56]. Here g(¥) = gv(¥)

with
we

~\ 2he0 Vo

g |da; - €], (1.8)

the so-called vacuum Rabi frequency [57,58]. This expression shows that
strong coupling between a single photon and a single atom can be realized
by means of small mode volumes.
The Hamiltonian governing the coupled dynamics of atom and cavity
mode now reads
H = Hew + Hye

where
Hyc = hwo6'6 + hwedla + hig(®) (&Mwﬁ&) (1.9)

and is known in the literature as Jaynes-Cumming Hamiltonian [59].
The dynamics of the closed system composed by atom and cavity mode

is described by Schrédinger equation

L O|Y(t))
ih BT

— HIW(), (1.10)
where |¥(t)) is the quantum state of the system at time ¢.

1.1.3 An external pump: a laser driving the atoms

Energy is usually pumped in the atom-cavity system by injecting photons
into the cavity field via the mirrors, which corresponds to a pump on the
cavity, or by driving the atomic transition via an external field: in this case
the atom scatters photon into the cavity mode. The latter situation is the
one we consider in the rest of this thesis. The external field is here assumed
to be a laser, which is described by a classical field at frequency w;, and wave
vector k. The Hamiltonian describing the coupling between laser and atom

takes the form
Hp, =ihQ <&Tei(kp'f*wﬁ) - &e*i(kp'f*%”) (1.11)

where €2 is the Rabi frequency, determining the strength of the coupling
between classical field and atomic transition, and the total Hamiltonian now
reads

Hipt = Hee + Hyo + Hp, . (1.12)
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The explicit time dependence in the Hamiltonian can be removed by writing
H,y in the frame rotating at frequency w, (which corresponds to an inter-
action picture with respect to Hy = hwy, ([ﬂ& + de). In this rotating frame
fItOt — ﬁItOt with

Hit = How+how,dt6 +hé.ata+ hg(f) (&Ta v aT&)

ik Q) (&T ekt _ ave—ikp'f) , (1.13)

where w, = wyp — wp and 0. = w. — w), are the detuning of the laser with
respect to the atomic transition frequency and the cavity mode frequency,

respectively.

1.2 Dissipative dynamics

So far we have considered a coherent dynamics. The physical processes
considered in this thesis include also radiative decay of the atomic excited
state and cavity losses, so that photons are emitted outside the cavity, as
sketched in Fig. 1.1. The inclusion of these processes is usually sufficient
to provide a realistic description. In quantum optics, noise and dissipation
can be often described by means of a master equation for the density matrix
p of the atomic internal and external degrees of freedom and the cavity
mode. The master equation is based on the Born-Markov approximation
and reads [60,61]

9 _ 1
ot h

where £ is Lindbladian describing noise and dissipation. In the rest of this

[Huot, )+ L, (1.14)

thesis we will consider that noise and dissipation are due to the radiative
instability of the excited state which decays with a rate v, and a cavity loss
at rate k. Then, £ = L,, + L, where the superoperators £, and L, are the
Liouvillians accounting for the effect of the reservoir for the cavity and the

atom, respectively. They read [60,61]
Lop = K <2aﬁaf —atap— ,aa%) : (1.15)

Lop= % (2&;3&* _step— ﬁ&T&) . (1.16)
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&
llml l' s

Figure 1.1: Schematic picture of an atom inside a Fabry-Pérot cavity, which
is driven by a transverse laser field at Rabi frequency 2. The wiggled lines
symbolize cavity decay at rate k and spontaneous emission at rate ~, with
which photons are emitted outside of the system. The inset shows a sketch
of the internal degrees of freedom of the atom, where ground and excited
state of the atoms are denoted by |1) and |2), respectively, while wy is the
atomic transition frequency. Here we assume that one of the cavity mirrors
(left mirror) has zero transmittivity.

Note that in Eq. (1.16) we have ignored the recoil effect due to the emission
of the photon into a free-space. The form can be found for instance in
Ref. [61]. This effect will be neglected in this thesis since the parameters will

be so chosen, that the main source of dissipation occurs via cavity decay.

It is useful to consider the corresponding Heisenberg-Langevin equations,
which provide the equivalent description to the master equation but for the

system operators [13,61]. They read

da(t ] N
U0 - o), Hu] — w0 + VIR a0, (117)
da(t) i N v R
dt = —ﬁ[a(t),Htot] — 50’(2&) +\/’70'2n(t), (].].8)
where 6, = —&Zl;in, and a;, and lA)m denote the input fields with mean values
(ain) = (bin) = 0, and
[din(t)a d@n(t/)] = 5(t - t,) ) (119)

~

i (0), B, (#)] = 6(¢ — 1) (1.20)
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The output fields can be written in terms of the input fields and the system

operators, so that one can obtain

dout(t) = VEa(t) — ap(t), (1.21)

Gout(t) = \| 2 6(1) — Gun(t). (1.22)

for the cavity and the spin output fields, respectively. The Eqgs. (1.21),(1.22)

will be used later on to evaluate the correlation functions of the output fields.

Noise and dissipation tend to wash away cavity quantum electrodynamics
effects: if the loss rates are too large, the dissipative dynamics dominates
over the coherent part. The so-called strong coupling regime, in which the
dynamics of an atom is significantly modified at the single-photon level, can

be reached provided that the so-called cooperativity parameter
Cy =7 (1.23)

is larger than unity [62]. This parameter is found in the equation of mo-
tion for the cavity field, when one formally integrate the atomic degrees of
freedom and expresses them in terms of the cavity variable, and scales the
nonlinearity due to the atom-photon coupling. In the strong coupling regime
in which Cs > 1, to provide an example, nonlinear dynamics such as optical
bistability are observed [13,61,63].

1.3 The system of this thesis: an atomic array in a

cavity

The physical system we consider throughout this thesis is composed by N
identical atoms which are regularly distributed along the cavity axis. The
focus of our investigation is to characterize the cavity field as a function of
the spatial periodicity of the atomic array in the strong coupling regime.
In the second part of the thesis we then analyze how the atomic state is
modified by the cavity field when the atoms scatter photon into the cavity

mode.

We denote by z the cavity axis. The atoms are located about at the
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Frequency
2
2 R
O‘)Z
- i - i 5, “r
|II ‘\ UJ(
o 3 - & - .
. Q
d
A g
f
||l [ ] ' AR
o - I1) 0

(a) (b)

Figure 1.2: (a) A periodic array of atoms, with interparticle distance d, is
confined along the axis of a standing-wave optical cavity at frequency we
and is transversally driven by a laser, whose wave vector forms the angle
© with the cavity axis. The atomic internal transition and the relevant
frequency scales are given in (b), with |1) and |2) ground and excited state
of an optical transition with frequency wy and natural linewidth . The
frequencies w, = wy —wy, and 6. = w, —w, denote the detunings between the
laser frequency w, and the atomic and cavity frequency, respectively. The
other parameters are the laser Rabi frequency €2, the atom-cavity coupling
strength ¢, and the decay rate s of the optical cavity.

positions z; = jd where j = 1,..., N and d is the interparticle distance L
An optical dipole transition of the confined atoms interacts with the mode of
a standing wave cavity, whose wave vector k is parallel to the atomic array,
as illustrated in Fig. 1.2. Moreover, the atoms are transversally driven by
a laser and scatter photons into the cavity mode. Cavity and laser modes
couple to the atomic dipolar transition at frequency wg with ground and
excited states |1) and |2).

The state of the system, composed by the internal and external degrees of
freedom of the N atoms and by the cavity mode, is described by the density
matrix 9, whose dynamics is governed by the master equation

9o i

N
5, = 7M. d) +Loo+ Y Loj0, (1.24)
j=1

where L, ; describes spontaneous decay of the atom j. The Hamiltonian

IThis configuration can be achieved by means of an optical lattice trapping the atoms
at the minima of the corresponding standing wave, see e.g. [64].
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governing the coherent dynamics reads

~9 N
P; . At .
H = E <% + V(ri)> + hwedla 4 hwy E S;

j=1
N
+ hg Z cos (kzj + 90)(5;& +a'S;)
j=1
N . .
+ihQ Y (SteiwrteithzicosO=00) _ e, (1.25)
j=1

where p; is the momentum of i-th atom which feels a potential V (&;) at
its position &. The operators S; = |1);(2| and S;r indicate the lowering and
raising operators for the atom at the position z;, and 57 = 2(12);(2|—1);(1])
is the z component of the pseudo-spin operator. In Eq. (1.25) we have
introduced the angle ¢, which is the phase offset of the standing wave at
the atomic positions, the phase of the laser ¢, and the angle © between
the laser and the cavity wave vector. For simplicity we will set £k = k,:
The difference between the laser and cavity wave numbers can in fact be
neglected for quasi-resonant radiation.

Equation (1.24) is the starting point of the theoretical studies presented

in this thesis.
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PART I

Pointlike atoms in a periodic array
inside a cavity
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2
Quantum light by an atomic

array in a cavity

Nonclassical light, namely, radiation with properties which have no classi-
cal analogue, can be observed in the resonance fluorescence from a single
atom [65,66]. It is due to the quantum nature of the scatterer, such as
the discrete spectrum of the electronic bound states of the scattering atom.
When the number of scatterers is increased, the quantum properties, such
as antibunching, are usually suppressed [67]. The situation can be different
when the atoms form a regular array [7-10]. A recent work predicted that
when the light is scattered at the solid angles which satisfy the von-Laue
condition, the light in the far field is in a squeezed coherent state, while for a
large number of atoms it can exhibit vacuum squeezing at scattering angles,
for which the elastic component of the scattered light is suppressed [10].
When the atoms of the array are strongly coupled with the mode of a
high-finesse resonator, emission into the cavity mode is in general enhanced.
The properties of the light at the cavity output will depend on the phase-
matching conditions, determined by the angle between laser and cavity wave
vector and by the periodicity of the atomic array. The coherence properties
of the light at the cavity output may however be significantly different from
the ones predicted in free space. An interesting example is found when the
geometry of the setup is such that the atoms coherently scatter light into
the cavity mode. In this case the intracavity field intensity becomes inde-
pendent of the number of atoms N as N increases, while inelastic scattering
is suppressed over the whole solid angle in leading order in 1/N [68]. These
dynamics have been confirmed by experimental observations [31,32,69], and

clearly differ from the behaviour in free space [10].

17
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In this chapter we characterize the coherence properties of the light at
the cavity output when the light is scattered from a laser into the resonator
by an array of atoms and the geometry of the system is such that coherent
scattering is suppressed: In this regime the light is inelastically scattered,
while the coherent component is suppressed. Our starting point is the master
equation in Eq. (1.24) and the Heisenberg-Langevin equations in Eqs. (1.17)
and (1.18). From this model we derive some coherence properties of the light
emitted at the cavity output, and show that for some parameter regimes an
array of two-level atoms behave as nonlinear optical medium, whose response
can be switched: We will show that the medium can generate antibunched
or squeezed light on demand. For sake of completeness, in the next section,
Sec. 2.1, we first review some basic properties of nonclassical light which are

relevant for our study.

2.1 Some properties of nonclassical light

The quantum state of the light can be determined by full tomography [70].
Nevertheless, some salient properties can be accessed by measuring moments
of the distribution, such as the first and the second order correlation func-
tions (clearly, the knowledge of all moments allows one to reconstruct the
density matrix of the field). For instance, the n-th order correlation function
measured at a detector at position r determines the correlations of detection
events at times ¢y, - ,t, for a photon field described by operator a(r,t) and

reads

g (rsty, - ) =

SNCAY

where the average (.) is taken over the density matrix of the field at time
t = 0, which is the state to characterize. The times of the operators in (2.1)
can be all different, as is the case for the first-order correlation function,
g (r;t). In our treatment we are particularly interested in the second-order
correlation function, 9(2)(r;t,t + 7), which measures the joint photocount
probability of detecting a photon at time ¢ and another photon at time
t+ 7. This correlation function is particularly interesting as one can identify
features which cannot be reproduced by means of the classical theory of radi-

ation. The classical theory, in fact, predicts that the second-order correlation
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Figure 2.1: Plots of the probability P of finding n photons at a detector
for a coherent light with Poissonian (red solid curve), anti-bunched light
with sub-Poissonian (blue dott-dashed curve), and bunched light with super-
Poissonian (brown dashed curve) statistics. The average photon number
Nay = 100.

function at zero-time delay must always be larger than unity, ¢(?) (t,t) > 1,
while in quantum theory one finds states, for which ¢(®(¢,t) < 1. Some sta-
tistical properties of the photon distributions can be inferred depending on
the value of the second-order correlation function at zero-time delay. When
g2 (t,t) = 1, the light is coherent. For a fully coherent light beam the prob-
ability P(n) of measuring n photons with average mean-photon number n,y

follows the Poissonian distribution

Nav —Nav
for n = 0,1,2,---. When ¢® (t,t) > 1 the light is bunched with super-

Poissonian statistics, namely, the variance is larger than the mean number
of photons nay [13,71]. On the other hand, for ¢®)(¢,t) < 1, which is usually
denoted by antibunching, the light possesses sub-Poissonian statistics, with
the variance smaller than ng, [13,71]. The different behaviors are illustrated
in Fig. 2.1 for n,, = 100. Antibunching of light has been observed in the
resonance fluorescence of a single atom or ion, the first experiment has been
reported in Ref. [72], and is a characteristic of single emitters.

In this thesis we will identify the conditions when antibunched light is
generated by an array of atoms which scatter light inelastically into the cav-
ity. Another situation we will analyze is when the array generates squeezed

light [13]. This is usually generated by nonlinear devices such as optical para-
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metric amplifiers [73|. Here, a nonlinear medium is pumped by a classical
field of a frequency wpump, Which is converted into pairs of identical photons
of frequency wpn = wpump/2. The dynamics of such process is governed by
the Hamiltonian [13, 73|

H = hogndla — ihS (%t — ate=iommt) (2.3)

where « is a real parameter. The Heisenberg equations of motion lead to the

solution
a(t) = a(0) cosh(at) + a(0)' sinh(at), (2.4)

with a(t) its adjoint. After introducing the quadratures

B o= a+al, (2.5)

one finds that

i‘l(t) = eat.@l(O), (2.7)
Bo(t) = e ™39(0). (2.8)

In order to satisfy the requirement of the minimum-uncertainty relation
V(21)V(22) = 1, with V(2;) = (2?) — (#;)? being the variance, the noise
in one quadrature is less and on the other quadrature is greater than the
standard quantum limit, namely, the quadrature of the coherent state. The
amount of the squeezing of one quadrature, or noise reduction, depends thus
on «, which is proportional to the strength of nonlinearity and the pump

amplitude, and on the interaction time.

Noise and dissipation introduce a threshold in the process. When the
nonlinear medium is inside a cavity, the interaction time is determined by
the cavity linewidth k. The Heisenberg-Langevin equation of motion now
take the form

da
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) and a;,, = (@i, &jn)T, where

A= < e ) . (2.10)

From Eq. (2.9) the solution of a(t) reaches the steady state when « is below

for & = (a,al

a threshold value defined by oy, = k. We will focus on situations in which
the nonlinear medium operates below threshold and evaluate the squeezing
spectrum at steady state. The squeezing spectrum is determined by the

expression [13|
s) = [ dnta o) a7 e, (2.11)

where 29% = Gy + @, and 23" = —i(Gou + @),,), in which (A, B) =
(AB) — (A)(B). The emitted light at a frequency w (in rotating frame of
the pump laser) is squeezed when S?“!(w) < 1. The spectrums for the two

quadratures at the threshold (o = k) are reduced to

out 2K ?
S{"(w) = 1+ — (2.12)
ou 4K2

Figure 2.2 displays the squeezing spectrum of S9“(w) at the threshold, for
which the noise is maximally reduced at the resonant frequency with the

pump laser, i.e., when w = 0.

Before analyzing the nonlinear optical response of an atomic array inside
an optical resonator, we shortly review the basics of nonlinear optics. In lin-
ear optics, the polarization of a medium induced by an electric field depends
linearly upon the field amplitude, but in fact, this is just an approximation.
In reality the optical response of a medium is a nonlinear function of the
electric field amplitude [73], and for lossless and dispersionless materials, the

polarization can be written as [73]

P(t) = xVE®) + xPE)? + xOB@)? + - - (2.14)

where y(9) is the electric susceptibility of jth order. This response origi-

nates from the microscopic response of the individual molecules forming the
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Figure 2.2: The squeezing spectrum 59" (w) at the cavity output related to
the quadrature 2§ = —i(aout + &Zut) is plotted at the threshold, i.e. when
« = K, in units of the cavity decay rate x. The spectrum is obtained from
the Eq. (2.13). The dashed line shows the (classical) shot-noise limit for
which S (w) = 1.

medium, which undergo multi-photon processes. In nonlinear optical crystals
the different orders of the susceptibilities are controlled through the proper-
ties of the material, which either enhance or suppress the light emitted by
each single component. An optical parametric amplifier is thus realized in a
medium where the response given by y(?) is dominant, whereby for a Kerr
medium the x®) susceptibility is dominant [13,73].

In the following we will show that an array of two-level atoms in a cavity
can behave as a nonlinear medium. In the regime in which the relevant
atomic transition is a two-level, dipolar transition, we will show that the
nonlinear optical processes giving rise to different collective responses are
due to excitations of atomic Dicke states, which are enhanced or suppressed
by the geometry of the setup, here controlled by the interparticle distance

in relation with the wave-length of the resonator.

2.2 Atomic array in a cavity: effective dynamics

We now turn to the physical system, whose nonlinear optical properties we
intend to characterize. We consider the light scattered by an atomic array
inside a resonator which is transversally pumped by a laser. Our starting
point is Hamiltonian (1.25) in the limit in which quantum fluctuations about

the spatial points where the atoms are localized can be neglected.
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In this section we will introduce and discuss the approximations, which
allow us to solve the dynamics obtained by the Hamiltonian (1.25) and de-
termine the properties of the cavity field. In order to do so, we consider the
low saturation limit and resort to the Holstein-Primakoff representation for
the spin operators. This allows us to determine an effective Hamiltonian,

with which we can predict the state of the cavity field.

2.2.1 Weak excitation limit

We now consider the low saturation limit for the spins of the atomic array
and resort to the Holstein-Primakoff representation for the spin operators

entering in Eq. (1.25), according to the relation ! [74]

ST=bl(1—bib)"/2, (2.15)
Sj = (1—blb;)"/?b;,

z _ 3T7 . 1
S5 = bjb; — .-

where b; (b;r) is the bosonic operator annihilating (creating) an excitation of
the atom at z;, such that [b;, b},] = 0;;. In the limit in which the atomic
dipoles are driven below saturation, we treat saturation effects in the lowest
non-vanishing order of a perturbative expansion, whose small parameter is
the total excited-state population of the atoms, denoted by N;ot. We denote

the detuning of the laser from the atomic transition by
Wy =Wy — W, (2.16)

and by « the natural linewidth. In the low saturation limit, |w, + iv/2| >
VNQ, then Ny < N and we can expand the operators on the right-hand
side of the equations (2.15) in second order in the small parameter (b; bj) < 1,
obtaining

1
t ot = Lotatn,
S}~ bf — Sblblb;

1
S; ~ b, — 5b}bjbj.
(2.17)

From now on, we drop the hat symbol " for operators.
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For N > 1 the dynamics is expected to be irrelevantly affected by the as-
sumptions on the boundaries. Therefore, we take periodic boundary condi-
tions on the lattice, such that zx+1 = 2z;. The atomic excitations are studied
in the Fourier transformed variable ¢, quasi-momentum of the lattice, which
is defined in the Brillouin zone (BZ) ¢ € (—Gy/2,Go/2] with Gy = 27/d
the primitive reciprocal lattice vector. Correspondingly, we introduce the

operators b, and bl;, defined as
1N
by = —— > bje 9 (2.18)
= w2

N
1 .
b= —=" blelad 2.19

which annihilate and create, respectively, an excitation of the spin wave
at quasimomentum ¢ and fulfilling the commutation relation [b, b:;/] = 0g.q'-
After rewriting the Hamiltonian in Eq. (1.25) in terms of spin-wave operators,

we find

Nhw,
2

where the first term on the Right-Hand Side (RHS) is a constant and will

be discarded from now on, while

H o~ — + Hypunp + HP + HW (2.20)

Hypump = iBV/N (b e7Hn01) — o cilertton)) (2.21)
is the linear term describing the coupling with the laser. Term

H®) =hweala + hwy Y | bl
qeBZ
hg\/N

M

[(bg e + bl e ®)a + He. (2.22)

determines the system dynamics when the linear pump is set to zero and

the dipoles are approximated by harmonic oscillators (analog of the classical
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model of the elastically bound electron), while

hyg i
%(4) = — ﬁ Z (bgl bj}g bq1+q2_Qa e ®
q1,92€BZ

+ bglbg2bql+q2+Qa e”% +H.c.)

—hQ —i(w
_sz Z (bzlbgzberquQ’e (wpttor) _ H.c.) (2.23)

q1,92€BZ

accounts for the lowest-order corrections due to saturation. In Egs. (2.22)
and (2.23) we have denoted by +@Q and @' the quasimomenta of the spin
waves which couple to the cavity and laser mode, respectively, and which

fulfill the phase matching conditions

Q=k+@G, (2.24)
Q =kcos®+ G, (2.25)

with reciprocal vectors G, G’ such that Q,Q’ € BZ. The atoms scatter coher-
ently into the cavity mode when the von-Laue condition is satisfied, namely

one of the two relations is fulfilled:

2k sin®(©/2) = nGy, (2.26)
2k cos?(0/2) = n'Gy, (2.27)

with n,n’ integer numbers. In free space, the von-Laue condition corre-
sponds to Eq. (2.26): for these angles one finds squeezed-coherent states in
the far field [10]. When the scattered mode for which the von-Laue condition
is fulfilled corresponds to a cavity mode, superradiant scattering enhances
this behaviour, until the number of atoms N is sufficiently large such that
the cooperativity exceeds unity. In this limit one observes saturation of the
intracavity field intensity, which reaches an asymptotic value whose ampli-
tude is independent of N as N is further increased. In the limit NV > 1 the
light at the cavity output is in a coherent state, while inelastic scattering is

suppressed at leading order in 1/N [68].

When the von-Laue condition is not satisfied, classical mechanics pre-
dicts that there is no scattering into the cavity mode. These modes of the

electromagnetic fields are solely populated by inelastic scattering processes.
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Moreover, in free space, when
2ksin®(©/2) = (2n + 1)Gy/2, (2.28)

then the inelastically scattered light is in a vacuum-squeezed state [10]. In-
side a standing-wave resonator, on the other hand, the mode is in a vacuum-

squeezed state provided that either Eq. (2.28) or an additional relation,
2k cos?(0/2) = (2n + 1)Go/2, (2.29)

is satisfied.

In the following we will study the field at the cavity output as determined
by the dynamics of Hamiltonian (2.20) when @’ # +@Q, namely, when the
scattering processes which pump the cavity are solely inelastic. We remark
that throughout this treatment we do not make specific assumptions about
the ratio between the array periodicity d and the light wavelength A (and
therefore also consider the situation in which A # 2d. This situation has

been experimentally realized for instance in Refs. [64, 69, 75-77]).

2.2.2 Linear response: polaritonic modes

We first solve the dynamics governed by Hamiltonian H® in Eq. (2.22). In

the diagonal form the quadratic part can be rewritten as

2
HE =3 hw]"}/;’}/j + > hwoblb,, (2.30)
j=1 #Qs,9€BZ

where @), labels the spin wave which couples with the cavity mode, such that

bg, = bg if Q=0,Gy/2, (2.31)
bo e +b_g e
b, = Q¢ TtoQc otherwise . (2.32)
V2
The resulting polaritonic eigenmodes are
7 = —acos X + bg, sin X, (2.33)

v2 = asin X + bg, cos X, (2.34)
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with respective eigenfrequencies

1
Wiz =5 (We 4+ wo F dw), (2.35)
6w = 1/ (wo — we)® + 432N, (2.36)
and
tan X = gV N /(wo — w1) (2.37)

which defines the mixing angle X. The parameter § is proportional to the
coupling strength. In particular, § = gcosy when Q = 0,G(/2 and the
cavity mode couples with the spin wave by, = bg, otherwise § = g/ V2 and
the spin wave is given in Eq. (2.32).

Hamiltonian (2.21) describes the coupling of the pump with the spin
wave ('. When Q' # +@Q, photons are pumped into the cavity via inelastic
processes, which in our model are accounted for by the Hamiltonian term in
Eq. (2.23). On the other had, when the dynamics is considered up to the
quadratic term (hence, inelastic processes are neglected), only the mode @’

is pumped and the Heisenberg equation of motion for bg: reads
i)Q/ = —iwsz/ — %bQ/ + Q\/Neii(b]“ + ﬁb%in(t), (2.38)

that has been written in the reference frame rotating at the laser frequency

wp. Here, «y is the spontaneous decay rate and bgin(t) is the corresponding

Langevin force operator, such that (bgin(t)) = 0 and <bq7in(t)b;in(t')> =

d(t —t') [13]. The general solution reduces, in the limit in which |w,| > ~,
QVN _.

bor ~ —iieﬂm (2.39)

Wy

to the form

which is consistent with the expansion to lowest order in Eq. (2.17) provided
that Q2N < w?. In the reference frame rotating at the laser frequency
the explicit frequency dependence of the Hamiltonian terms is dropped, and

W1 — W1 — Wp, W — Wa — Wp, Wy — Wy, and we — we — wp = I.

2.2.3 Effective Hamiltonian

Under the assumptions discussed so far, we derive from Hamiltonian (2.20)
an effective Hamiltonian for the polariton ;. The effective Hamiltonian is

obtained by adiabatically eliminating the coupling with the other polaritons,



28 2. Quantum light by an atomic array in a cavity

according to the procedure sketched in Appendix A, and reads

Hegr =hbwivim

h 7 * —2i
+ 5 (@a]?e®r o afe %) 4 hylyimm
+ih(vy] et — viylpemion), (2.40)
where 2
202 () GVN -~
Swi = wy — wy + <52 + g—SC) , (2.41)
W, Wy
0 =0 GVN 5= k£G/2
o = —w—Z(S + W—ZSC) <5Q'7G’/2 +Co¢ ) y (242)
_ 9 @A k#£G /2
x= =5 [1 +ck } , (2.43)
v (54 30V N 520 prcr2 (2.44)
4V/N w;

with S = sin X and C = cos X. The terms le{”‘;ﬁG/2

k # G/2, and their explicit form is

do not vanish when

k£G /2 11
CX# / — (5 + §6Q,:|:G'0/4 CcOs (4@)) (1 - 5k,G/2)a
kA£G 1 ~2i i
e = 5 (0ar.0+a/2e ™% +0gr.—ra2e™) (1 = drcpo);

1 . 4
e = —=(6q 8067 + 0y, 30" ) (1 = G p2) -
AR @3¢ ) (1 = dr.c/2)
The coefficients have been evaluated under the requirement Q' # +Q.

We now comment on the condition 2°N < w?, on which the validity

Z
of Eq. (2.39) is based. When this is not fulfilled, such that |[(bg/)| ~ 1,
Eq. (2.38) must contain further non-anharmonic terms from the expansion
of Eq. (2.15) and which account for the saturation effects in bgs. Since this
spin mode is weakly coupled to the other modes, which are initially empty,
we expect that the polaritons v; and v, will remain weakly populated and

the structure of their effective Hamiltonian will qualitatively not change.

2To be precise, the frequency w, in the denominator of the various coefficients should
be replaced by (w2 4 v2/4)/w., which reduces to w, in the limit |w.| > /2 and which
we are going to introduce later on. The coefficients do not include the cavity decay rate
in the denominator, under the assumption that it is much smaller than w,.
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We also note that in the resonant case, when w, = 0, the form of Hamil-
tonian in Eq. (2.40) remains unchanged, while in the coefficients dwy, a, v,
X the following substitution w, — (w? + 42/4)/w, must be performed . A
first consequence is that o = 0, which implies that there are no processes
in this order for which polaritons are created (annihilated) in pairs. A fur-
ther consequence is that spontaneous decay plays a prominent role in the
dynamics. We refer the reader to Sec. 2.2.5 for a discussion of the related

dissipative effects.

2.2.4 Discussion

Let us now discuss the individual terms on the RHS of Eq. (2.40). For this
purpose it is useful to consider multilevel schemes, which allow one to illus-
trate the relevant nonlinear processes. The multilevel schemes are depicted
in Fig. 2.3: state |) is the polariton number state with 7 excitations. The
blue arrows indicate transitions which are coupled by the laser, for which
the polariton state is not changed; The red arrows denote transitions which
are coupled by the cavity field, for which the polariton state is modified by
one excitation.

Using this level scheme, one can explain the dynamical Stark shift dw;
of the polariton frequency in Eq. (2.41) as due to higher-order scattering
processes, in which laser- and cavity-induced transition creates and then
annihilates, in inverse sequential order, a polariton.

The second term on the RHS has coupling strength given in Eq. (2.42),
it generates squeezing of the polariton and does not vanish provided that
Q = G/2 or Q) = £Q + G/2. The latter condition is equivalent to the
free-space condition (2.28), while the first arises from the fact that the cav-
ity mode couples with the symmetric superposition bg, in Eq. (2.31). The
corresponding phase-matched scattering event is a four-photon process, in
which two laser photons are absorbed (emitted) and two polaritonic quanta
are created (annihilated). For Q" = G/2 and Q' # +Q the polaritons are
created in pairs with quasi-momentum @ and —@ (the relation Q = G/2
corresponds to b_g = bg). This specific term is also present when the geom-
etry of the setup is such that von-Laue condition is fulfilled, and at this order
is responsible for the squeezing present in the light at the cavity output.

The Kerr-nonlinearity (third term on the RHS) gives rise to an effec-

tive interaction between the polaritons and emerges from processes in which
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a) For @ = G2 = 0 + G2 i

¥} ri—

Figure 2.3: Schematic diagram of transitions which fulfill the phase-matching
condition till fourth order. State |n) denote the number state of the polariton
mode ~;. The blue arrows denote the laser-induced couplings and the red
arrows denote the creation (annihilation) of polaritons due to the coupling
with the cavity field. See text for a detailed discussion.
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polaritons are absorbed and emitted in pairs. It is depicted in Fig. 2.2.4
for a generic case. This term is directly proportional to the cavity coupling
strength and inversely proportional to v/ N. In this order, it is the term that

gives rise to anti-bunching.

The last term on the RHS, finally, is a nonlinear pump of the polariton
mode, whose strength depends on the number of polaritonic excitations. It
is found when the phase-matching condition Q' = #+3Q + G is satisfied,
which is equivalent to the relation cos @ = (3+nA/d) when laser and optical
resonator have the same wavelength, as in the case here considered. This
relation can be fulfilled for n # 0 and specific ratios A/d. This term vanishes
over the vacuum state, and it pumps a polariton at a time with strength

proportional to the number of polariton excitations.

In general, photons into the cavity mode are pumped provided that ei-
ther (i) @ = +Q or (ii) (for @ # +Q) one of the two conditions are
satisfied: @ = G/2 or Q' = +Q + G/2. We note that the strength of
the Rabi frequency and of the cavity Rabi coupling may allow one to tune
the relative weight of the various terms in Hamiltonian (2.40). Their ra-
tio scales differently with the number of atoms in different regimes, which
we will discuss below. Moreover, the interparticle distance of the atomic
array constitutes an additional control parameter over the nonlinear opti-
cal response of the medium. Further phase-matching conditions are found
when considering higher-order terms in the expansion of the spin operators
in harmonic-oscillator operators from Eq. (2.15). Their role in the dynamics
will be relevant, as long as they compete with the dissipative rates, here

constituted by the cavity loss rate and spontaneous emission.

2.2.5 Cavity input-output formalism

We consider the full system dynamics, including the atomic spontaneous
emission and the cavity quantum noise due to the coupling to the external
modes of the electromagnetic field via the finite transmittivity of the cavity
mirrors. The Heisenberg-Langevin equations for the operator b, according
to Eq. (1.18) reads

bq - E[bq,}[] - §bq + ﬁbq,in(t) 3 (245)
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where by iy is the Langevin operator and fulfills the relations (bgin(t)) = 0
and <bq7in(t)b;in(t’)> = §(t — t'). Here, the average (-) is taken over the
density matrix at time ¢t = 0 of the system composed by the atomic spins
and by the electromagnetic field. The output field aqyt at the cavity mirror
is given by the relation in Eq. (1.21).

Let us now consider the scattering processes occurring in the system.
They can be classified into three types: (i) a laser photon can be scattered
into the modes of the external electromagnetic field (emf) by the atoms, with-
out the resonator being pumped in an intermediate time; (ii) a laser photon
can be scattered into the cavity mode by the atom and then dissipated by
cavity decay; (iii) a laser photon can be scattered into the cavity mode by
the atom, then been reabsorbed and emitted into the modes of the external
emf. Processes of kind (i) include elastic scattering. They can be the fastest
processes, but do not affect the properties of the light at the cavity output.
Processes of kind (ii) are the ones which outcouple the intracavity field, but
need to be sufficiently slow in order to allow for the build-up of the intra-
cavity field. Processes of kind (iii) are detrimental for the nonlinear optical
dynamics we intend to observe, as they introduce additional dissipation (see
for instance |78, 79| for an extensive discussion and [11] for a system like the

one here considered but composed by two atoms).

Processes (iii), i.e., reabsorption of cavity photons followed by sponta-
neous emission, can be neglected assuming that the laser and cavity mode
are far-off resonance from the atomic transition. In this limit, the cavity is
pumped by coherent Raman scattering processes and an effective Heisenberg-
Langevin equation for the polariton 7 can be derived assuming that its effec-
tive linewidth k1 = xcos? X + (v/2)sin® X fulfilling the inequality x1 < dw
(that corresponds to the condition for which the vacuum Rabi splitting is
visible in the spectrum of transmission [58,75-77,80,81]). We find

. 1 ~ -

M= ﬁ[%, Hegr] — k171 + V25Cain(t) + /7Sbqin(t) , (2.46)
which determines the dissipative dynamics of the polariton. The field at the
cavity output is determined using the solution of the Heisenberg Langevin
equation (2.46) with Eqgs. (2.33)-(2.34) in Eq. (1.21). In some calculations,
when appropriate we solved the corresponding master equation for the den-

sity matrix of the polaritonic modes ~y; and ~s.
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Some remarks are in order at this point. Nonlinear-optical effects in
an atomic ensemble, which is resonantly pumped by laser fields, have been
studied for instance [82], where the nonlinearity is at the single atom level and
is generated by appropriately driving a four-level atomic transitions [83-85].

It is important to note, moreover, that Eq. (2.46) is valid as long as the
loss mechanisms occur on a rate which is of the same order, if not smaller,
than the inelastic processes. This leads to the requirement that the atom-

cavity system be in the strong-coupling regime.

2.3 Results

We now study the properties of the light at the cavity output as a function of
various parameters, assuming that Q" = G/2 and that the relations Q' # +Q
and Q" # +3Q + G hold. Under these conditions the effective Hamiltonian
in Eq. (2.40) contains solely the squeezing and the Kerr-nonlinearity terms,
while v = 0. Moreover, we assume the condition k1 ~ x > 7.

The possible regimes which may be encountered can be classified accord-

ing to whether the ratio

e = |a/x|

is larger or smaller than unity. In the first case the medium response is
essentially the one of a parametric amplifier. In the second case the Kerr non-
linearity dominates, and polaritons can only be pumped in pairs provided
that the emission of two polaritons is a resonant process.

Let us now focus on the regime in which the system acts as a parametric
amplifier, namely, € > 1. In this case one finds that the number of photons

at the cavity output at time ¢ is
<alutaout>t ~ 2kC? <’YI’)’1>t )
with

1 ot
(M) = 5 +e > sinh?(at) (247)

2

e 2mt ) k1 cosh(2at) + asinh(2at)
— K .
! Ky — a?

Depending on whether a@ > k1 or a < k1, one finds that the dynamics of the
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intracavity polariton corresponds to a parametric oscillator above or below
threshold, respectively. In the following we focus on the case below threshold
and evaluate the spectrum of squeezing. We first observe that the quadrature

20 = e 4 ﬂew has minimum variance for § = 7/4 and reads [11]

2 K1

(A, = R
K1+ |«

Yot = (2.48)
where the subscript st refers to the expectation value taken over the steady-
state density matrix. The squeezing spectrum of the maximally squeezed

quadrature is

+OO T us .
St (w) =1 + / Gl ), 2 1) Y Tdr (2.49)

—0o0
4kC?|a

—1— ,
(k1 + |a])? + w?

(2.50)

where (: :)4 indicates the expectation value for the normally-ordered opera-

tors over the steady state, with

et

(0)

_ —i0 4 1
Tout = Gout€ ~ +a

out

We now discuss the parameter regime in which these dynamics can be
encountered. The relation ¢ > 1 is found provided that € > ¢g. When
lw.| > QV/N, in this limit |a| ~ Q?¢2N/w?, and squeezing can be observed
only for very small values of k. Far less demanding parameter regimes can
be accessed when relaxing the condition on the laser Rabi frequency, and
assuming that QvN ~ |w,|. In this case squeezing in the light at the cavity
output can be found provided that Q > k when gv'N ~ |w,]| 3.

Figures 2.4(a) and (b) display the spectrum of squeezing when the system
operates as a parametric amplifier below threshold. Here, one observes that
squeezing increases with N. Comparison between Fig. 2.4(a) and 2.4 (b)
shows that squeezing increases also as the single-atom cooperativity increases
(provided the corresponding phase-matching conditions are satisfied and the
laser Rabi frequency © >> ¢). These results agree and extend the findings in

Ref. [11], which were obtained for an array consisting of 2 atoms.

Let us now focus on the regime when ¢ < 1. Here, the polaritons may be

3In this limit, the dependence on the number of atoms is contained in the mixing angle
X, Eq. (2.37), and is such that tan X — 1 as N is increased.
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Figure 2.4: Squeezing spectrum for the maximum squeezed quadrature when
k= G/2, Q = G/2 and Q' # Q for p,¢;, = 0. The parameters are
Q = 200k, w, = 103 and N = 10, 50,100 atoms (from top to bottom) for
(a) g = 4k and (b) g = 10x. The detuning 0. is chosen such that dw; is
zero. The curves are evaluated from Eq. (2.49) by numerically calculating
the density matrix of the polariton field for a dissipative dynamics, whose
coherent term is governed by the effective Hamiltonian in Eq. (2.40). The
value g = 4k is consistent with the experimental data of Ref. [86,87].
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only emitted in pairs into the resonator. In order to characterize the occur-
rence of these dynamics we evaluate the second-order correlation function at
zero-time delay in the cavity output defined by [13]

2
<alut a’c2)ut > st

9@ (0) = (2.51)

<alut Qout) it

Function ¢(®(0) quantifies the probability to measure two photon at the
cavity output at the same time. Therefore, sub-Possonian (super-Possonian)
statistics are here connected to the value of g (0) smaller (larger) than one,
while for a coherent state g(®(0) = 1.

Sub-Possonian photon statistics at the cavity output can be found as a
result of the dynamics of Eq. (2.40). Here, for phase-matching conditions
leading to ¥ = 0 and « # 0, polaritons can only be created in pairs. When the
Kerr-nonlinearity is sufficiently large, however, the condition can be reached
in which only two polaritons can be emitted into the cavity, while emission of
a larger number is suppressed because of the blockade due to the Kerr-term.
This is reminiscent of the two-photon gateway realized in Ref. [14]|, where
injection of two photons inside a cavity, pumped by a laser, was realized
by exploiting the anharmonic properties of the spectrum of a cavity mode
strongly coupled to an atom. In the case analysed in this Chapter, the
anharmonicity arises from collective scattering by the atomic array, when
this is transversally driven by a laser. Moreover, we note that the observation
of these dynamics requires Qv N < |w,|,gv/N and |a| > &, which reduces
to the condition Qz/wz > k when g\/N ~ W,.

Figure 2.5(a) displays ¢(?(0) as a function of the pump frequency w, for
the phase matching conditions giving v = 0 and « # 0. Function 9(2)(0) is
evaluated by numerically integrating the master equation with cavity decay,
where the coherent dynamics is governed by an effective Hamiltonian which
accounts for the effect of both polariton modes and is reported in Eq. (A.1)
in the Appendix. Antibunching is here observed over an interval of values of
wp, about which the cavity mode occupation has a maximum (blue curve in
Fig. 2.5(b)). The maximum corresponds to the value of w, for which the
emission of two polaritons -5 is resonant. Note that the spin-wave excitation,
red curve in Fig. 2.5(b), is still sufficiently small to justify the perturbative
expansion at the basis of our theoretical model. Figure 2.5(c) displays the

amplitudes |x|, determining the strength of the Kerr-nonlinearity, and |a/],
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scaling the squeezing dynamics, in units of |dw; | and as a function of w,. One
observes that for the chosen parameters |x| > |a|. Maximum antibunching
is here found when the cavity mean photon number is maximum.

It is important to notice that emission of polaritons in pairs is possible
when the collective dipole of the atomic array is driven. For fixed values of
Q and g, we expect that this effect is washed away as N is increased: this
behaviour is expected from the scaling of the ratio ¢ with N. Taking k = G/2
and mixing angles X < 1, for instance, one finds e ~ v/N, indicating that
the strength of the Kerr nonlinearity decreases relative to the coupling «
as N grows. This is also consistent with the results reported in Fig. 2.4.
In this context, the expected dynamics is reminiscent of the transition from
antibunching to bunching observed as a function of the number of atoms in
atomic ensembles coupled with CQED setups [67].

For the results here presented we have assumed the spontaneous emis-
sion rate to be smaller than k. In general, the predicted nonlinear effects can
be observed in cavities with a large single-atom cooperativity and in the so-
called good cavity regime [80]. The required parameter regimes for observing
squeezing have been realized in recent experiments [86,87|. The parameters
required in order to observe a two-photon gateway are rather demanding for
the regime in which the atoms are driven well below saturation. Neverthe-
less, a reliable quantitative prediction with an arbitrary number of atoms
would require a numerical treatment going beyond the Holstein-Primakoff

expansion here employed.

2.4 Summary and outlook

An array of two-level atoms coupling with the mode of a high-finesse res-
onator and driven transversally by a laser can operate as controllable non-
linear medium. The different orders of the nonlinear responses correspond
to different nonlinear processes exciting collective modes of the array. De-
pending on the phase-matching condition and on the strength of the driving
laser field a nonlinear process can prevail over others, determining the domi-
nant nonlinear response. These dynamics are enhanced for large single-atom
cooperativities. We have focussed on the situation in which the scattering
into the resonator is inelastic, and found that at lowest order in the sat-

uration parameter the light at the cavity output can be either squeezed or
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Figure 2.5: (a) Second order correlation function at zero-time delay g((0)
versus wp (in units of k) when the cavity is solely pumped by inelastic pro-
cesses (here, k = G/2, Q' # Q,3Q and Q' = G'/2 for ¢,¢;, = 0). The
correlation function is evaluated numerically solving the master equation for
the polaritons in presence of cavity decay, with the coherent dynamics given
by Hamiltonian (A.1) (solid line) and by Hamiltonian (2.40) (dashed line).
(b) Corresponding average number of intracavity photons (afa) (blue line)
and spin wave occupation (bgb@ (red line). (c) Ratios |x/dwi| (blue line)
and |a/0wi| (red line) versus w,. The parameters are g = 80k, Q = 30k,
w, — 0, = 70k, and N = 2 atoms. At the minimum of ¢(? (0), w, ~ 137k
and . ~ 67k.



2.4. Summary and outlook 39

antibunched. In the latter case, it can either operate as single-photon or two-
photon gateway, depending on the phase-matching conditions. Our analysis
permits one to identify the parameter regimes, in which a nonlinear-optical
behaviour can prevail over others, thereby controlling the medium response.

In view of recent experiments coupling ultracold atoms with optical res-
onators [31-33,55,68,69,75-77,81,86-91], these findings show that the coher-
ence properties at the cavity output can be used for monitoring the spatial
atomic distribution inside the resonator. A related question is how the prop-
erties of the emitted light depend on whether the atomic distribution is bi- or
multi-periodic [92]. In this case, depending on the characteristic reciprocal
wave vectors one expects a different nonlinear response at different pump
frequency and possibly also wave mixing. When the interparticle distance
is uniformly distributed, then coherent scattering will be suppressed. Nev-
ertheless, the atoms will pump inelastically photons into the cavity mode.
While in free space the resonance fluorescence is expected to be the incoher-
ent sum of the resonance fluorescence from each atom, inside a resonator one
must consider the backaction due to the strong coupling with the common
cavity mode.

A further outlook is to consider these dynamics in order to create entan-
glement between cavity mode and spin-wave modes. Such entanglement can
be a resource for quantum communication. A protocol for entangling cavity
and spins based on this setup is discussed in Chapter 3 of this thesis.

Finally, in this Chapter we neglected the atomic kinetic energy, assum-
ing that the spatial fluctuations of the atomic center of mass at the po-
tential minima are much smaller than the typical length scales determining
the coupling with radiation [11]. It is important to consider, that when
the mechanical effects of the scattered light on the atoms is taken into ac-
count, conditions could be found where selforganized atomic patterns are
observed [28,33,38,40-42,55,89,90,93,94]. In Chapter 4 we will analyze the
quantum ground state of the atomic array in lowest order in the saturation
parameter when quantum fluctuations about the equilibrium position are
not negligible. In this case we will show that quantum fluctuations support
the formation of an intracavity field, which itself modifies the quantum state

of the atoms.






3
Two-mode squeezing by an

atomic array in a cavity

In the latest decade hot atomic ensembles in cells have been the physical
system, with which milestone experiments have been performed [22]. The key
element of this remarkable progress has been the detailed knowledge of atom-
photon interactions, which permitted the engineering of the dynamics leading
to the demonstration of the building blocks of a quantum network. These
and analogous dynamics are being explored for atoms in optical resonators
with the objectives of exploiting the strong atom-photon coupling in order to
realize efficient quantum interfaces [24-26,95-103] and high-precision optical
clocks [104,105].

One important requirement for a quantum interface is a controlled non-
linear dynamics capable of generating entanglement [22,106-108]. With this
objective in mind, in this chapter, we analyze the dynamics of an atomic
array coupled with the mode of a high-finesse optical cavity, as in Chap-
ter 2, and identify parameter regimes for which a collective spin excitation
is entangled with the cavity field at steady state. We will show that this
entanglement is found at the stationary state of the system, and is robust
against noise and dissipation due to cavity decay.

We first start this chapter by giving a sketchy review of a coherent non-
linear dynamics generating entanglement between two harmonic oscillators
in Sec. 3.1, which is the one of a non-degenerate parametric oscillator [13].
Here, we will also introduce entanglement measure for Gaussian states. This
is particular relevant for our study, since starting from Hamiltonian (1.25),
we will identify analogous dynamics leading to entanglement between light

and a collective spin excitation of the atomic array. We will then character-

41
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ize the final state of the system. The study on the specific physical system,
which is the object of this thesis, is performed starting from Sec. 3.2.

3.1 Non-degenerate parametric amplifier and En-

tanglement

In nonlinear optics the non-degenerate parametric amplifier is a device in
which a classical pump laser with frequency 2w in a nonlinear optical medium
generates two photons of frequency w4 and wp (w4 # wp) where 2w =
wa + wp. The dynamics of the two oscillators A and B is governed by the

Hamiltonian [13]
H = hwopilyan + hopalyap + it (ahale ™! — agape®)  (31)

with n the two-mode squeezing parameter proportional to the amplitude
of the pump laser and the second-order susceptibility of the medium (see
x® in Eq. (2.14)). In (3.1) operators G4 and ap annihilate a photon of
the mode with frequency w4 and wpg, respectively, while dL and dTB are the
corresponding self-adjoint. In interaction picture the Hamiltonian is reduced
to the form H' = ihn(&ldg —aaap). The unitary operator determining the
system evolution at time ¢ is Us(t) = exp [nt(dL&E — aaap)| which is the

two-mode squeezing operator [13|. In particular,

aa(t) = aa(0) cosh(nt) + b (0)sinh(nt)
ap(t) = ap(0) cosh(nt) + al, (0) sinh(nt) . (3.2)

If the two oscillators are initially in the vacuum state, their initial state reads
|®(0)) = 10,0), and the mean occupation number grows with time according
to the relation (d;(t)dA(t» = (dg(t)dB(t» = sinh?(nt). Correspondingly,
the state of the oscillators at time ¢ is given by |®(t)) = Us(¢)]0,0) and in
the Fock-state basis reads [13]

[e.9]

1 n
(1)) = — <tht> n), 3.3
90 = g 2 (tenbta) o (3.3
where |n,n) = |n)a|n)p is the state with n photons in each mode. State

|®(t)) is the two-mode squeezed state and it is an entangled state: In
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Ref. [109] it was shown that this is a realization of Einstein-Podolsky-Rosen
(EPR) entangled state [15].

To use entanglement as a resource for quantum information processing,
one needs to identify a way to quantify it. In this respect the two-mode
squeezed state is particularly important in quantum information processing
with continuous variables since the degree of two-mode squeezing, here ¢ =
nt, can be related to a measure of entanglement [110-113|. One entanglement
measure for Gaussian states, which we are going to use in this thesis, is the
logarithmic negativity [114]. For a density matrix p describing two systems

A + B, the logarithmic negativity is defined as

En(p) = log, ||p"]] (3.4)

where ||.|| denotes the trace norm and p’4 is the partial transpose of p with
respect to the subsystem A. Further details are provided in Appendix B.
In general when the logarithmic negativity En(p) is larger than zero, p is
entangled. For bipartite Gaussian states, the logarithmic negativity is a
measure of entanglement and it provides a necessary and sufficient criterion
for entangled states [114,115]. For non-Gaussian states, on the other hand,
there is to date no general measure which quantifies entanglement [113]: In
this case, the logarithmic negativity is only a witness. This means that, while
for E > 0 there is entanglement in the system, for Exy = 0 one cannot make

any statement on whether A and B are entangled.

3.2 Parametric amplifier based on an atomic array

in a cavity

We now turn to the physical system which is the object of this thesis, an
array of atoms, whose dipolar transition couples with a mode of a high-
finesse resonator. The cavity is a standing wave and is pumped by the
photons scattered by the atoms, which are driven by a laser illuminating
them from the side. The Hamiltonian of the model is given in Eq. (1.25). As
in Chapter 2, we assume that the array is periodic and that the geometry
of the setup is fixed so that coherent scattering into the cavity mode is
suppressed.

The atomic transitions are driven well below saturation, corresponding
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to the choice of parameters Q < |w, +iv/2|. We then perform the Holstein-
Primakoff transformation for the atomic spins and expand in the bosonic
operators up to third order, as in Eqs. (2.17). The procedure follows the
same steps as in Chapter 2, and is detailed in Appendix A. Hamiltonian
(1.25) is reduced to a form, describing the nonlinear coupling of oscillators
with the cavity field, where the nonlinearity are due to saturation effects,
and which reads H = H® + H®. Here !

HP = hieala + hw.(bbg + blybey)
+hgV'N (bha + H.c.) +ihQVN (b)), — Hec.),
(3.5)

with § = gcos(y), accounts for the atom-field linear interactions, @ the laser
wave vector, Q' # @, and
— ko
@ — 2 (ot topt Tl
M =2 (bl bly b v /2 + 2y bbar + blybhba) @
s hQ2
2v'N

Topt INA
(261, bhba + bhbhbar b 62) + Hee.,
(3.6)
describes the lowest order inelastic processes. This form holds when Q = G/2
with G some reciprocal lattice vector. Consistently with the low-saturation
limit, we make use of the approximation bgr ~ —iQyV/Ne 0L Jw. in H and
derive the effective Hamiltonian
Herr = hica'a + hoybhbo + hops(albg + Hee.)
+ i (bhbhboa + He.)
2
+ h(aQ,aaTbg +H.c)+ FL(OéQbZ? +H.c.),
(3.7)

From here on, we drop the hat symbol " for operators.
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with the parameters

202
5b = Wy + )
Wy

QZ
aps = gV N (1— —2> ,
w

zZ
_ 9
X = 2\/N7
QQ
aQq = g\/ﬁﬁéQ’,G’/z,
02 ’
Q= ~3%Q.c/2-

(3.8)

The parameter §, accounts for the spin resonance frequency which is modified
by the dynamical Stark shift due to the interaction with the laser light. The
third term in Eq. (3.7) describes the linear interaction between spins and
cavity and its strength, apg, is modified by the nonlinear interaction with
the spin mode @’.

The remaining three terms in Eq. (3.7), accounts for the inelastic pro-
cesses. The fourth term, whose coefficient is x (see Eq. (3.8)) describes
four-wave mixing processes involving cavity field and the spin wave mode
Q. Its strength is inversely proportional to v/N, hence its effect is negligible
for sufficiently large number of atoms. The last two terms with coefficients
aQ.q and g, describe squeezing of the spins and of the cavity field. These
two terms are present only when the phase-matching condition Q' = G'/2,
with G’ reciprocal lattice vector, is satisfied. Together with the assumption
Q # Q' and Q = G/2, these relations imply that either @)’ is at the edge of
the Brillouin zone and @ at the center, or, vice-versa @’ is at the center and
Q at the edge.

When 6. ~ 0, such that the cavity mode is resonant with the driving field,
the last two terms of (3.7) are responsible for the squeezing of the cavity light
as discussed in Chapter 2. Here we are interested in parameters regime for

which the light is strongly entangled with the spins. This is obtained when
O ~ —0p. (3.9)

Under this condition, in fact, the Hamiltonian term proportional to ag,
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in Eq. (3.7) is resonant. This term describes the correlated emission and
absorption of excitations of spin-wave and cavity modes, which are typical

of non-degenerate parametric oscillations.

Dissipation processes for the dynamics of the cavity field coupled with
the spin-wave mode @ include two channels: (i) through the cavity mirrors
described by the cavity line-width s and (ii) through the coupling of the spin-
wave mode @) to the external electromagnetic fields determined by the atomic
transition line-width I'. Therefore the master equation (1.14) describing the

system dynamics takes the form

. i
0= —7[Hesr: o) + Lo (3.10)
where
Lo =r(2 aoal —atap — gaTa) +I'(2 bQng — bngQ — gbng). (3.11)

Here we consider the situation in which the detuning of the pump laser fields
from the atomic transition is much larger than the atomic line-width, i.e.,

lw,| >T.

Let us now discuss the validity of the low-saturation assumption, on
which the effective Hamiltonian we derived is based. This can be checked
by estimating the atomic excited state population <S]T»Sj> ~ <b}bj> which
has to be much smaller than unity. Since the mode @’ is not coupled to the
cavity and is only weakly coupled, non-resonantly, to the other modes, then
the populations of the other modes remain always very small. The only spin
mode that can be relevantly populated is the mode . This mode, in fact,

can be driven resonantly by the nonlinear processes involving also the cavity.

Therefore the condition over the atomic excited state population can be

written as
(o) = 32 (o) = 7 [(tlpter) + (1)
q
~ S—z @ < 1. (3.12)

Here we have neglected the populations of the spin modes different form @

and @', and also the correlations between spin modes.
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Figure 3.1: (a) Logarithmic negativity Ey in (3.4) is evaluated as a function
of time ¢ (in units of 1/g), in the absence of dissipations. The solid lines
are evaluated numerically by solving the Schrodinger equation of motion
using the Hamiltonian (3.7), according to the App. D, whereby the dash-
dotted lines are the corresponding results for x = 0. The corresponding
plots for the minimum variance of a composite quadrature min {AX (6,,6;)}
(see Eq. (3.13)) with respect to the angles 6, and 6, are shown in panel
(b). The value of AX =1 corresponds to the shot-noise limit. The curves
in (c) display the field modes population n, = (afa) and n, = <bng> as a
function of time in which the two curves for n, and n;, are superimposed. The
parameters are w, = 100g,) = 59, N = 50,9, = —100.55¢g and the decay
rates k and I' are set to zero. Here §, = 100.5g. The oscillatory behaviour
for the curves is due to non-resonance condition o, # —d, (see App. C). The
initial state is the vacuum for both modes.

3.3 Results: stationary entanglement between mat-
ter and light

In this section we study the system dynamics and we identify the regimes in

which light and collective atomic modes are efficiently squeezed. We charac-



48 3. Two-mode squeezing by an atomic array in a cavity
10 5 2.5
@) o (b)
8 \i'\ Q 27
. 6 o <15
€9 o —
2t A = 0.5
0 e
0 100 200 300 0 100 200 300
t (in units of 1/g) t (in unitsof 1/g)
20 —
(c) '
15¢ '
g :
~ 10} H
S .
5t 3
O L L
0 100 200 300

t (inunitsof 1/g)

Figure 3.2: The same plots as in Fig. 3.1 with §. = —d, = —100.5g.

terize the system in terms of the population of the modes, the logarithmic
negativity, which measure the entanglement between the two modes (see

Appendix D), and the minimum of the variance

AX (0a,05) = (X (00, 05)%) — (X (0a,05))°, (3.13)
with respect to the quadrature angles 6, and 6, where
X (04,0,) = NG <a elfa 4 qale ™% 4 pg el 4 bge*ieb) : (3.14)

are generic composite quadratures. According to these definitions the shot-
noise level is set to AX(0,,0,) = 1. When AX(0,,0;) < 1 the system is
two-mode squeezed [13,20].

Entanglement and two-mode squeezing are two related features. In fact,
in case the Hamiltonian is symmetric under the exchange of the two modes,
the quadrature variance AX can be used to construct entanglement mea-

sures [113]. In our case, however the dynamics of the two modes a and bg
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Figure 3.3: The same plots as in Fig. 3.1 with w, = 100g,Q = 309, N =
1000,0. = —125g and the decay rates k and ~ are set to zero. The corre-
sponding d, = 118g. Here, due to a large value of IV, the non-quadratic term
in (3.7) due to four-wave mixing is negligible.

described by the Hamiltonian (3.7) are not symmetric under the exchange
of the modes, and the squeezing is only a sufficient condition for entangle-
ment. For this reason we resort to the logarithmic negativity to detect the
entanglement shared by atoms and light.

We first consider the Hamiltonian evolution with no dissipation. The re-
sults describe correctly the system dynamics for sufficiently short times such
that the effects of dissipation are negligible. We also identify the parameters
regime in which the non-quadratic term in the Hamiltonian is negligible.

For a sufficiently large number of atoms N and small number of excita-
tions, the term proportional to x in Eq. (3.7) is negligible. In this case, the
Hamiltonian is quadratic in the field operators. The system dynamics can
be determined by studying the normal modes. These can be found diago-
nalizing the matrix of coefficient of the Heisenberg equations for the field

modes (see App. C). When the corresponding eigenvalues are purely imagi-
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Figure 3.4: The same plots as in Fig. 3.3, but with 6. = —123.3g. The
populations of the two-modes get larger with respect to Fig. 3.3 and hence for
larger time, the effect of the four-wave mixing gets relevant in the dynamics.

nary the populations of the two modes oscillate in time and remain always
finite. If on the other hand the eigenvalues are complex with a finite real
part then the population of spin and cavity modes increases with time. This
second regime is accessed when §, = —d, (see App. C). In this case, when the
population become sufficiently large then the four wave mixing term, whose
strength is y, become relevant. It leads to a shift of the resonance condition,
hence to a reduction of the absorption of laser photons. Correspondingly the
populations of the spin modes and of the cavity field remain finite.

In Figs. 3.1 and 3.2 we consider parameters regime for which the non-
quadratic term in (3.7) has a significant effect in the dynamics. In Fig. 3.1
the detuning 0, is not resonant with —d., whereby for Fig. 3.2 we choose
dp = —d.. Panels (a) display the logarithmic negativity (3.4) as a function
of time which is evaluated by the Schrédinger equation using the Hamilto-
nian (3.7). The logarithmic negativity in calculated terms of the covariance

matrix as discussed in App. D. In Fig. 3.1(a), for which d. # —d, the eigen-
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Figure 3.5: The same plots as in Fig. 3.3 with . = —120¢g. The populations
increases in a smaller time-scale than Fig. 3.4.

values of the Hamiltonian (3.7) are imaginary (see App. C) and therefore
the logarithmic negativity oscillates as a function of time. The similar os-
cillating behaviors are observed in Figs. 3.1(b),(c). Panels (b) displays the
minimum variance of composite quadratures defined in (3.13) with respect
to the angles 6, and 60,. We see in (b) that an squeezed composite quadra-
ture with AX < 1 is found, when the two modes are entangled, i.e, Enx > 0.
The populations of the cavity and the spin-wave modes are shown in (c):
As time t goes, the populations of the two modes increase, and therefore
the effect of the non-quadratic term becomes relevant. In these figures the
initial state is the vacuum for both modes. In Figs. 3.1 the oscillations of the
populations and correspondingly of the entanglement and of the squeezing
increases in intensity when the four-wave mixing (non-quadratic) term is ne-
glected, meaning that photons are more efficiently pumped into the system.
In Fig. 3.2, the populations increase under the effect of the quadratic Hamil-
tonian (dash-dotted lines). However, the non-quadratic term is responsible

for the reduction of the populations and correspondingly of the two-mode
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squeezing (solid lines). In particular, in this limit, at large times the spin-
wave and the cavity modes, under the effect of coherent dynamics, result to
be not entangled.

The system parameters can be chosen such that the effect of non-quadratic
term is not relevant in the dynamics. In Figs. 3.3, 3.4 and 3.5, for the pa-
rameters and the time interval that we are able to simulate 2, the effect of
the non-quadratic term is negligible. We show in Figs. 3.3 and 3.5 that for a
chosen parameters, there is no discrepancy for the curves with and without
the non-quadratic term of the Hamiltonian (3.7). In the oscillating regime,
in Fig. 3.4, when the population is not very small and the time is large then
a small discrepancy between the results with and without the non-quadratic
term is observed. When the non-quadratic term is negligible (see Fig. 3.5)
we observe almost perfect suppression of the quadrature fluctuation for large
times.

We include now the decay rates in the dynamics and consider the param-
eters regime in which the four-wave mixing term in Eq. (3.7) is negligible.
The dynamics is therefore Gaussian and we can evaluate the results accord-
ing to Appendix C. Including dissipation, the system dynamics, is charac-
terized by two regimes determined by the relative strength of coherent and
incoherent processes. At sufficiently large decay rates, the system admits a
steady state. Below threshold values for the decay rates, no steady state is
reached. Here we are interested in the steady state of the system. Similar
to a non-degenerate parametric oscillator, when the decay rates approach
the threshold values, the variance of a composite quadrature is reduced of
~50% below the shot-noise limit, and correspondingly, the two-mode squeez-
ing spectrum of the emitted field (i.e. the field lost by the cavity and the field
scattered by the atoms out of the cavity) shows almost perfect suppression
of the quadrature fluctuation at the central frequency [18,19]. We obtain the
steady-sate solution by the master equation (3.10) in Figs. 3.6-3.9 when the
dissipations are included. Figs. 3.6 and 3.7 display the steady-state solution
as a function of the decay rates x and I" above the steady-sate threshold. The
vertical dotted lines indicate the threshold values for the decay rates which
separate the two regimes. At smaller values of the decay rates, the system

admits no steady state. In Fig. 3.6 maximum values of the population of

2At larger time the populations in Fig. 3.5 become to large and out of our numerical
capabilities.
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Figure 3.6: (a) Logarithmic negativity F is plotted at the steady state as a
function of the decay rates k = I' in units of ¢g. In (b) the minimum variance
of a composite quadrature min {AX (0,,6;)} (see Eq. (3.13)) with respect to
the angles 0, and 6, at the steady states is evaluated, whereby in (c) the
corresponding populations of the field modes n, = (a'a) and n;, = (bgb@
(the two curves are superimposed) are shown as a function the decay rates
x =T (in units of g). Note that here the two decay rates are varied together.
The dotted lines determine the threshold for the steady state. The results
are evaluated using the master equation (3.10) with x = 0. The parameters
are w, = 100g,2 = 30g, N = 1000, 6. = —d, = —118g.

the two modes (plots (c)), and corresponding maximum entanglement (plot
(a)) and squeezing (plots (b)) are obtained at the threshold. The minimum
variance is min{AX(f,,0p)} is slightly smaller than 0.5 (in the case of a
non-degenerate parametric oscillator at the threshold it is exactly 0.5). This
discrepancy is due to the spin-mode squeezing amplitude ag in the Hamil-
tonian (3.7). In Fig. 3.6 k = I' and the two decay rates are varied together.
On the other hand in Fig. 3.7 & is kept fixed. In this case maximum squeez-
ing and entanglement is not obtained at the threshold. In general optimum

two-mode squeezing is obtained when the two decay rates are equal. Fig. 3.8
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Figure 3.7: The same plots as in Fig. 3.6 with x = 5¢g. In (c) the populations
for the two modes are not equal and the two curves are not superimposed:
the dark blue lines represent n, and the light green lines represent n;. Note
that here, close the threshold value, the two-modes are entangled but the
composite quadrature is not squeezed.

shows that maximum populations and entanglement, is obtained when the
resonance condition §. = —J; is satisfied. At last, in Fig. 3.9 one observes
that the two mode squeezing increases with the number of atoms N. The
parameters used for this results are similar to that of recent CQED exper-
iments. In particular g,x, and I' in Fig. 3.9 correspond to that discussed
in [24-26]: (g,k,T)/27 ~ (0.4,1,3) MHz.

The field emitted by the cavity and the field scattered by the atoms out
of the cavity are entangled as well. The squeezing spectrum for composite
output fields read

S(0a,bp,w) = lim s de’ AA)/((gaﬂb)(w,w/) ;
0 —0 —w—3u,/2
(3.15)
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Figure 3.8: The same plots as in Fig. 3.6, as a function of ¢, (in units of g)
for k =I' = 2.5g. In panel (b), the minimum variance shows more than 50%
reduction of the noise, which is due to the single-mode squeezing amplitude
ag in (3.7).

< (0a,0 . . .
where AX (0.00) (w,w’) are the Fourier transform of the variance of composite

quadratures (3.14) and are derived rigorously in App. E. It is shown in
Fig. 3.10 that maximum entanglement and almost perfect suppression of the
fluctuations are expected at zero frequency, for the parameters of Fig. 3.8.
These predictions can be tested in experiments by homodyne detections (see
App. E) [20]. When the detection efficiency is not unit, the squeezing and
the entanglement of the detected modes are reduced as described by the
dashed and dot-dashed lines of Fig. 3.10. In case of asymmetric detection
efficiency (dot-dashed lines of Fig. 3.10) the detected fields are not symmetric
and the corresponding squeezing is not maximum at the central frequency.
Nevertheless the amount of entanglement as measured by the logarithmic

negativity is always maximum at the w = 0.
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Figure 3.9: The same plots as in Fig. 3.6, as a function of the number of
atoms N for k = 2.5g and I' = 7.5¢. In (c) the dark blue lines represent n,
and the light green lines represent ny.

3.4 Summary and outlook

In this Chapter we have studied the dynamics of an array of atoms inside
an optical cavity transversally driven by a laser field and we have identified
the regimes in which an atomic spin wave mode and the cavity field mode
are efficiently two-mode squeezed.

Two-photon scattering processes in which one laser photons is absorbed
or emitted by the collective atomic spin, and the other one is scattered into
the cavity or form the cavity field, can be selected resonantly when the
laser field drives the system at the intermediate frequency between cavity
and atomic transition frequencies. In this regime the system behaves as a
non-degenerate parametric oscillator, where the roles of signal and idler are
played by the cavity mode and by the spin-wave mode of the atomic ar-
ray. In this way EPR-like correlations are created between atom and light.

Spin-light entanglement can be obtained either at the steady state, or in a
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Figure 3.10: (a) Two-mode squeezing spectrum of the emitted fields is eval-
—=-(0a,0p) .
uated for maximally squeezed composite quadratures AX (0o 00) in Eq (3.15)

with respect to the angles 6, and 6, (for details see App. E). (b) Corre-
sponding logarithmic negativity Exn(w) as a function of the frequency of the
emitted field, is plotted (see App. E). Different curves correspond to the
results for the fraction of modes which are detected when the detection ef-
ficiencies n, and n, (see App. E) are set to: 1, = m, = 1 for the blue solid
lines, n, = 1, = 0.5 for the red dashed lines and 1, = 1, n, = 0.1 for the
yellow dot-dashed lines. The parameters are k = I' = 2.5g, w, = 100g
and . = —§, = —118¢g and 2 = 30g, N = 1000; 6, and 6, are set to
the values which mainimizes the squeezing spectrum at each frequency w.
A, and Ay (see App. E) are set to the frequencies of the normal modes:
A, = —Ay = —121.3g.
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transient regime. We note that steady state entanglement involving collec-
tive atomic spins have been discussed and experimentally demonstrated in
Refs. [108,116]. In Ref. [108] it is shown that for an infinite optical depth of
the atomic sample, complete suppression of the collective spin fluctuations
can be achieved. For reasonable optical depth (~30) the expected optimal
suppression is ~50% below the fluctuations of a coherent spin state. These
dynamics, although of different nature is comparable with the steady state
reduction of quadrature fluctuation that we have demonstrated in our sys-
tem.

Finally we note that the atom-cavity system has a potential application
to generate an atomic spin-squeezed state at the steady state using a so-called
quantum bath engineering [27]. This system can be more robust against noise
as compared to existing methods [22]| that produce short-lived spin-squeezed

states, which can be destroyed due to dissipation or decoherence.
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PART 11

Quantum ground state of
atoms due to cavity backaction
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4

Quantum ground state of

ultracold atoms in a cavity

Bragg diffraction is a manifestation of the wave-properties of light and a
powerful probe of the microscopic structure of a medium: Bragg peaks
are intrinsically related to the existence of spatial order of the scatter-
ers composing a medium and provide a criterion for the existence of long-
range order [6]. Bragg diffraction of light by atoms in optical lattices has
been measured for various geometries and settings, from gratings of laser-
cooled atoms [69,117-120] to ultracold bosons in the Mott-Insulator (MI)
phase [121]. In most of these setups the backaction of light on the atomic
medium, due to the mechanical effects of atom-photon interactions, is usually
negligible, while photon recoil can give rise to visible effects in the spectrum
of the diffracted light [92]. Recent work proposed to use high-finesse optical
resonators to enhance light scattering into one spatial direction, increasing
the collection efficiency and thereby suppressing diffusion related to photon
scattering [4]. As it is discussed in Chapter 2, for appropriate geometries,
properties of the medium’s quantum state can be revealed by measuring the
light at the cavity output [4,92]. These proposals assume that backaction of
the cavity field on the atoms can be discarded. Such an assumption is, how-
ever, not valid in the regime considered in Refs. [28,30-35,39,55|: Here, the
strong coupling between cavity and atoms can induce the formation of stable
Bragg gratings in cold [28,31,32| and ultracold atomic gases [30,33-35,39,55]
that coherently scatter light from a transverse laser into the cavity mode.
When the intensity of the pump exceeds a certain threshold, the atoms
organize themselves such that the collective scattering into the cavity is en-

hanced [29-33]. At ultralow temperatures the self-organized medium is a

61
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supersolid [33,39], while for larger pump intensities incompressible phases
are expected [40].

In Chapter 2, 3 we have studied the dynamics of ultracold atoms in an
array interacting with a mode of an optical cavity, when the geometry is
such that the photons are pumped into the cavity via incoherent processes.
In this Chapter we include the atomic motion and we study the quantum
ground state properties of the medium inside the cavity. More specifically,
we focus on a regime in which the effect of cavity backaction on the atomic
state provides coherent emission into the cavity. We show that the cavity
backaction provides an effective long-range interaction between the atoms
and can substantially modify the quantum ground state.

In Section 4.1 we give some basics of the Bose-Hubbard model, which
will be the starting points of our physical model. In particular, we will
review the basics of the MI to superfluid (SF) phase transition, which we
will partly recover in our analysis. Starting from Sec. 4.2, we obtain the
effective dynamics of trapped atoms inside an optical cavity in presence of
cavity backaction, which can be described by the Bose-Hubbard Hamiltonian,

and we discuss the quantum ground state properties of this system.

4.1 Bose-Hubbard model and disorder

Let us consider ultracold bosonic atoms which are trapped by a two-dimensional
optical lattice as shown in Fig. 4.1. The two-dimensional optical lattice is
generated by counterpropagating laser fields along two orthogonal directions
in a two-dimensional plane. A conceptually simple model that gives an ap-
proximate physical description for ultracold bosonic atoms trapped by an
optical lattice, and interacting via s-wave scattering, is the Bose-Hubbard
model [122,123] and is described by the Hamiltonian

U . . . -
H = EZni(ni—l)—Zmni—t;(bibj+H.c.) (4.1)
2 ? 2,7

in which U > 0 is a repulsive onsite interacting strength between the bosonic
particles, and n; = BIBZ is the bosonic number operator where B, (l;j) anni-
hilates (creates) a boson at lattice site i. The onsite energy p; = p + du;
in which p is a chemical potential and du; is an energy offset of each lattice

site. The tunneling rate ¢ in (4.1), which is determined by the atomic ki-
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Figure 4.1: Ultracold atoms in a two-dimensional optical lattice which is
generated by two counterpropagating laser strongly confined in the third
dimension.

netic energy, has been considered only over the neighbor lattice sites 7 and j
(denoted by (i,7)). In fact due to the tight-binding approximation, tunnel-
ings to next-nearest neighbors can be neglected [124]|. For ultracold atoms
trapped by an optical lattice, the tunneling rate can be tuned by the lattice
potential depth: The deeper the lattice potential, the smaller the tunneling
rate’s is [123,124].

The quantum ground state properties of the Bose-Hubbard Hamiltonian
(4.1) have been first studied by Fisher et al. in Ref. [125] using mean-field
approach, and have been discussed in other seminal works in the literature
(for a review, see [124]). In the spatial homogeneous case when there is no
energy offset between different lattice sites, i.e., pu; = p, Vi, and in the limit of
zero tunneling ¢t /U — 0, the ground state of the Bose-Hubbard Hamiltonian

at commensurate atomic densities 1 = 0,1,2,--- are MI states [124|

: ()
!‘PMI(TI»:H N 0) (4.2)

for a lattice with K sites, where |0) denotes the vacuum state. The MI
state is gapped, meaning that adding or removing a particle to this state
costs energy. The compressibility defined by x = g_Z’ vanishes for the MI
state. As the tunneling t increases, the atoms start to delocalize over several

lattice sites and the system encounters a phase transition from MI to SF
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Figure 4.2: Qualitative phase diagram for (a) a pure and (b) a disordered
system (with a random disorder) described by the Bose-Hubbard Hamilto-
nian (4.1). In (a) MI lobes with integer densities n = 1,2,3 for low values
of the tunneling and SF for larger values of tunneling are shown, whereby in
(b) the MI-SF transition passes through the BG phase. Here ¢ = max |p;|/U
which is zero when there is no energy offset at different lattice sites. Solid
lines indicate phase transition from MI to compressible phases, and dashed
lines separate insulator phases from SF. The phase transition points highly
depend on a lattice dimensionality, and a method used to be obtained.
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at certain values of ¢/U and p. In the limit of vanishing onsite interaction,
U/t — 0, the ground state of the Bose-Hubbard Hamiltonian is SF and has
a form [124]

Wi (1)) = (Z 63) 0 (4.3

with the number of atoms N and the normalization factor A”. The transition
to SF is accompanied by a change in the excitation energy spectrum of the
system, where in the SF the system becomes gapless and compressible. In
the intermediate region between the states introduced in (4.2), (4.3) there
is a value of ¢/U at any specific u, for which a phase transition occurs,
which has been observed in experiments for optical lattices [126,127]. The
superfluidity in two- and three-dimensions is characterized by nonvanishing
values of SF density [124], or SF order parameter Zl(l;z> /K. The diagram of
Fig. 4.2 shows the distinct phases in the thermodynamic limit at equilibrium.
Depending on the values of ¢, U and the chemical potential u, the particle
density n varies, and the system ground state is either MI or SF. Fig. 4.2(a)
displays the phase diagram of the Bose-Hubbard Hamiltonian (4.1) when
i = p, Vi, as a function of the chemical potential y versus the tunneling ¢ in
units of the onsite interaction U. One observes that a lobe structure appears
for the MI states with integer densities n = 1,2,3,---. Outside the lobes
the system is SF. At ¢ — 0 MI with a commensurate density 7 is found for
the values of the chemical potential (7 — 1)U < p < nU. As the tunneling
increases, the MI phase with a density n gets smaller until vanishing [128],

and the phase becomes SF.

In the spatial inhomogenous case for which there is an energy offset
between all lattice sites, that is, du; # op; for any two lattice sites ¢, j, the
onsite energy of the Bose-Hubbard Hamiltonian is disordered over the lattice.
The disorder effects the ground state properties of the atomic system. It has
been shown that in presence of disorder, the MI-SF phase transition occurs
through a Bose-glass (BG) phase with no long-range coherence [125,129].
In this case the MI regions in the phase diagram shrink according to the
amplitude of the disorder e = max |u;|/U (see Fig. 4.2(b)). The BG phase
is an insulating phase with vanishing seperfluidity, but compressible and

gapless which makes it distinguished from the MI and SF.

Disordered potentials for cold atoms can be produced by different ap-
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Figure 4.3: The quasi-periodic lattice potential Viot(2) = Vinain(2) + Vpert (2)
which includes a main lattice potential Vpert(2) = Vo cos?(koz) and a pertur-
bative incommensurate lattice with Vpers(2) = ‘1/—8 cos?(v/2kgz) are plotted.
The perturbative potential generates disorder to the main potential.

proaches like speckle patterns [130-132], or bichromatic lattices [45-49]. In
this Chapter we discuss the disorder generated by means of incommensu-
rate bichromatic lattices. In the framework of the interacting Bose-Hubbard
Hamiltonian (4.1) the phase diagrams obtained by the two different kinds of
disorder, i.e., speckle patterns and bichromatic lattices, are qualitatively the
same but quantitatively different [48,49,133]. As shown in Fig. 4.3 by means
of two incommensurate optical lattices in one spatial direction, where one of
them is a main lattice and the other one is a perturbation, a quasi-periodic
bichromatic optical lattice can be generated. The perturbative lattice po-
tential generates an energy offset du; to every lattice site of the main optical
lattice creating disorder. When the main potential is much deeper than the
perturbative potential, the Wannier functions for such a lattice are well-
approximated by the ones obtained for the main potential [45,48]. In the
Appendix F we describe how to find the Wannier functions of a periodic
potential Viyain(z) shown in Fig. 4.3, which will be used in the following to
obtain the parameters of the Bose-Hubbard Hamiltonian.

In the rest of this Chapter we derive the effective Hamiltonian which
describes our system dynamics. In particular, we derive the effective Bose-

Hubbard Hamiltonian for ultracold atoms trapped by an optical lattice and
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interacting with the incommensurate potential of a cavity. The cavity po-
tential is generated by the scattering of light by ultracold atoms into the
cavity, and includes the infinitely-ranged cavity potential. We study the BG
phase emerging from a disordered Bose-Hubbard Hamiltonian of our system

which is here due to the cavity backaction.

4.2 Trapped atoms in a cavity: effective dynamics

Following the model introduced in Sec. 1.3, the system we consider is com-
posed by N ultracold identical atoms of mass m which obey Bose-Einstein
statistics. The atoms are tightly confined by a two-dimensional optical lat-
tice of wave number kg = 27/)\g, with Ay the wave length, such that the
typical length scale is dg = \p/2. An optical dipole transition of the atoms
is driven by a laser and scatters photons into a mode of a high-finesse res-
onator, according to the geometry shown in Fig. 4.4(a). The resonator field
is a standing wave of wave length A which is incommensurate with the wave
length Ay of the external potential confining the atoms. As discussed in the
Chapters 2, 3 when quantum fluctuations can be neglected, i.e., deep in the
MI phase of the external potential, the cavity field is in the vacuum. Kinetic
energy, on the other hand, induces photon scattering into the cavity field,
giving rise to the formation of patterns which maximize scattering into the
cavity mode.

In order to provide an appropriate description we consider the Hamilto-
nian of the system in second quantization, where atomic and field degrees
of freedom are described by operators. We derive an effective Hamiltonian
for the atomic external degrees of freedom, which can be reduced to a Bose-
Hubbard model. This Bose-Hubbard model is the starting point of the nu-

merical investigations in Sec. 4.3.

4.2.1 Coherent dynamics

The atoms are prepared in an electronic ground state which we denote by
|1) (see Fig. 4.4(b)). We assume that the atoms are confined on the z — z
plane by an external potential, and motion along the y axis is frozen out.

For an atom at position r = (z, z) the external potential reads

Va(r) = Vo{cos?(koz) + B cos®(koxz)}, (4.4)
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Figure 4.4: (a) Ultracold atoms are tightly confined by an optical lattice
of periodicity Agp/2. They are driven by a weak transverse laser at Rabi
frequency €2 and strongly coupled to the mode of a standing-wave cavity
both at wavelength A. The level structure of the atoms is shown in panel
(b) where the transition between internal levels |1) and |2) is driven by the
transverse laser which is close to resonance with the cavity mode, while
the optical lattice field whose depth is determined by an amplitude 7;ap, is
close to resonance with the atomic transition |1) — |3). Since A and Ao are
incommensurate, one would expect no coherent scattering into the cavity
mode. The mechanical effects due to multiphoton scattering, however, give
rise to an incommensurate quantum potential, which mediates an effective
long-range interaction between the atoms and modifies the properties of the
quantum ground state. As a result, the intracavity photon number can be
large. The corresponding ground state can show features typical of a BG.
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where Vj is the potential depth along the z direction and 5V} the potential
depth along z. The atoms are at ultralow temperature 7" and tightly bound
to the potential minima. The quantum gas density also spatially overlaps
with the field of an optical resonator: an atomic dipole transition with ground
state |1) and excited state |2) at frequency wg couples strongly with a cavity
mode at frequency w,, wave length A\, and wave number k& = 27/ such that
the wave vector is along the z axis. The intracavity field is pumped by the
photons that the atoms scatter, when these are driven by a transverse laser
at frequency wy, close to w, such that it has effectively the same wave length
A as the cavity mode. The setup is shown in Fig. 4.4(a).

The coherent dynamics of the cavity field and the atomic internal and
external degrees of freedom is governed by Hamiltonian #, which we decom-
pose into the sum of the Hamiltonian for the cavity, the atoms, and their
mutual interaction:

7:[27:1A+7:[c+7:lint-

The Hamiltonian for the cavity mode reads
He = hweala, (4.5)

where @ and a' are the annihilation and creation operators of a cavity photon,
respectively, and obey the bosonic commutation relation.
The Hamiltonian for the atomic degrees of freedom H 4 (in absence of

the resonator) takes the form

a = 3 [t w0
j=1,2

A A

+U1g / ¥l ()Wl (e) Wy (r) 0y (r), (4.6)

and is written in terms of the atomic field operator \i/j(r, t), which destroys
an atom in the internal state |j = 1,2) at position r and time ¢, and obeys

the commutation relations [W;(r, t), \fl}(r’, t)] = 6;; 6(r —r’). Here,

N AL . U
=5+ 0+

‘i’}(r)‘i’j(r) + hwodj 2 (4.7)

where Vc(l] )(r) is the optical potential of the atoms in state j = 1,2, which
for the ground state, j = 1, coincides with Vy(r) in Eq. (4.4), §;2 is the
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Kronecker delta, and Uj; is the strength of the contact interaction between

atoms in states j and [, with 5,1 =1, 2.

Finally, the Hamiltonian describing the interaction between the atomic

dipoles and the electric fields reads

7:[int = hgo/ercos (k2) <dT\ifi(r)\i’2(r) +H.c.>
—|—hQ/d2r cos(k ) (@;(r)ﬁll(r)efi“t —|—H.c.> . (4.8)

where gq is the cavity vacuum Rabi frequency, while the term in the second
line describes the coherent coupling between the dipolar transition and a

standing-wave laser along the x direction with Rabi frequency §2.

4.2.2 Heisenberg-Langevin equation and weak-excitation limit

Throughout this Chapter we assume that the photon scattering processes
are elastic. This regime is based on assuming that the detuning between
fields and atoms is much larger than the strength with which they are mu-
tually coupled. The large parameter is the detuning A, = wy — wg be-
tween the pump and the atomic transition frequency, which is chosen so
that |Ag| > ~y, where v the radiative linewidth of the excited state, and so
that [A,| > Q, goy/nc, namely, the detuning is much larger than the strength
of the coupling between the ground and excited state, where, n. = (a'a) is
the intracavity photon number. In this regime the population of the excited

state is neglected.

Photons are elastically scattered into the resonator when the laser is
quasi resonant with the cavity field, which here requires that |A,| > |4
with 0, = wy, — we. In this limit the field operator \ifg(r,t) is a function of
the cavity field and atomic field operator W1(r,t) at the same instant of time
according to the relation [40, 93, 94]

; _ 9 : . 0 :
Uy (r,t) === cos(kz)¥i(r,t)a(t) + — cos(k z)V(r,t), (4.9)
A, A,
which is here given to lowest order in the expansion in 1/|A,|, in the rotating

frame of the pump laser. Using Eq. (4.9) in the Heisenberg equation of
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motion for the field operator \Tll(r, t) results in the equation
i
h
: QQ 2 T, . 2 AT T, A
— i cos (kz)¥y —iUg cos®(kz)a'Via

a

— iS¢ cos(kz) cos(k x) <&T\i’1 + \i/ld> , (4.10)

Wy = — [0y, ]

which determines the dynamics of the system together with the Heisenberg-

Langevin equation for the cavity field:
i =— ki +i(6. — UpY)a — S0 Z + 2k, , (4.11)

where & is the cavity linewidth and a;,(t) is the cavity input noise operator
described in Sec. 1.2 and satisfies the relation (1.19). The other parameters
are the frequency Uy = gg /A, which scales the depth of the intracavity po-
tential generated by a single photon, and the frequency Sy = go2/A,, which
is the Raman scattering amplitude with which a single photon is scattered
by a single atom between the cavity and the laser mode [134]. Moreover, in

Eq. (4.11) we have introduced the operators

Z = /dzr cos(kz) cos (kx) n(r),
V= / d®r cos®(kz) n(r), (4.12)

where
() = Ul(r) 0, (r) (4.13)

is the atomic density. The operators in Eq. (4.12) count the number of
atoms, weighted by the spatial-mode function of the fields and the corre-
sponding intensity. In the limit in which the atoms can be considered point-
like, then 7(r) ~ na(r) = >_;6(r —rj) and Zq = >_; cos(kz;) cos (kz;),
YVa=>_ j cos?(kz;). Hence, when the atoms are randomly distributed in the
cavity field potential then Z,4 — 0, and no photon is elastically scattered
into the cavity mode and the cavity field is in the vacuum. This behavior
can be also found in the situation we consider in this work, where the atoms
are ordered in an array with periodicity which is incommensurate with the

periodicity of the pump and cavity standing wave. The focus of this work is
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to analyze the effect of cavity backaction on this behaviour.

4.2.3 Adiabatic elimination of the cavity field

We now derive an effective Hamiltonian governing the motion of the atoms
inside the resonator by eliminating the cavity degrees of freedom from the
atomic dynamics. This is performed by assuming that the cavity field fol-
lows adiabatically the atomic motion. Formally, this consists in a time-scale
separation. We identify the time-scale At over which the atomic motion does
not significantly evolve while the cavity field has relaxed to a state which
depends on the atomic density at the given interval of time. This requires
that | + ik|At > 1 while kT < h/At, with kp Boltzmann constant [40].
Moreover, the coupling strengths between atoms and fields, which determine
the time-scale of the evolution due to the mechanical effects of the interac-
tion with the light, are much smaller than 1/At¢. In this limit, we identify
the "stationary" cavity field operator ag, which is defined by the equation

t+At
/ a(r)dr /At = Gy ,
t

such that ftHAt a(t)dr = 0, with @ given in Eq. (4.11). The "stationary"

cavity field is a function of the atomic operators at the same (coarse-grained)

time, and in particular takes the form

A~

Qst =

502 + iv2k éin
(5c — U()j)) + ik (5c — Uojj) + ik ’

(4.14)

with @;, the input noise averaged over At. The quantum noise term (second
term on the RHS of (4.14)) can be neglected when the mean intracavity
photon number is larger than its fluctuations, that corresponds to taking
|So(Z)| > k. In this limit, similar to the relation (1.21) the field at the
cavity output

out = V2Kag, — Qin (4.15)

allows one to monitoring the state of the atoms [4,13]. Using Eq. (4.14) in
place of the field a in Eq. (4.10) leads to an equation of motion for the atomic

field operator which depends solely on the atomic variables [40,93,94].
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4.2.4 Effective Bose-Hubbard Hamiltonian

Denoting the number of lattice sites by K, a well-defined thermodynamic
limit is identified assuming the cavity parameters scale with K according to
the relations Sy = so/vVK and Uy = ug/K [29,40]. Under the assumption
that the atoms are tightly bound by the external periodic potential in Eq.
(4.4), we make the single-band approximation and perform the Wannier

decomposition of the atomic field operator,
Uy(r) = wij(r)by, (4.16)
7:7-7

with the Wannier function w; j(r) centered at a lattice site with coordinate
(i, 25) (with z; = idy, z; = jdo and dy = Ag/2 the lattice periodicity), while
IA)M and l;j ; are the bosonic operators annihilating and creating, respectively,
a particle at the corresponding lattice site. The details for evaluation of the
Wannier function is given in Appendix F. The decomposition is performed
starting from the equation of motion of the atomic field operator, obtained
from Eq. (4.10) with the substitution @ — as, Eq. (4.14). The details of
the procedure are similar to the ones reported in Refs. [40,93,94]|, and are

summarized in the following.

We first substitute the cavity field operator (4.14), after neglecting the
quantum noise term, into the equation for the quantum field operator in Eq.
(4.10). Using the Wannier decomposition, we obtain the equations of motion

for operators Bl,m, that read

2 1 - N N A
bl,m = E[bl,ma 7'[0 + Hp] - Z'Cl,m ) (417)

where 1

. U 2 A
Ho = 5 Zﬁi7j(ﬁi7j — 1) + (Eo + V()XO)N + (El + VOXl)B7 (4'18)
1,J

is the Bose-Hubbard Hamiltonian in the absence of the cavity field and of

!Note that the Hamiltonian (4.18) is valid for a symmetric tw-dimensional lattice with
B =1, and for a one-dimensional lattice, i.e., when 8> 1.
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the transverse laser, with

Xs = /d2r w; j(r) [cos?(koz) + B cos?(koz)] wy jo(r),  (4.19)

2
ES = —h— d2r wi7j(r)V2wirvj/(r), (420)

such that for s = 0 then (i,5) = (¢/,5’), while for s = 1 then (¢,5) is a

nearest-neighbour site. The onsite interaction is reduced to

U = Ull/dzrwiJ‘(I‘)Ll, (4.21)

N

for which the atoms are in internal ground states. In Eq. (4.18) B =

B* + B* is the hopping term, where B* = ZLJ»(IA)IHJIA)M + 3}7j3i+17j) de-
scribes tunneling between neighbouring sites of the lattice along x and B* =
) ](BI ; HIAJM + BI jl;i,jﬂ) describes tunneling between neighbouring sites of
the lattice along z. Hamiltonian #, contains the terms due to the pumping

laser propagating along the x direction and reads
Hy=Viy 7 hay+ iy B, (4.22)
i,j i,J
with Vi = AQ?/A,, where
B = [ Pru e co(hoy s @), (423)
le‘,j) = /d2r w; (1) cos2(k r)wig,;(r), (4.24)

are site-dependent parameters along the x direction, namely, in the direction
of propagation of the transverse field, while it is constant along the z direction
when x is fixed. Finally, operator él,m in Eq. (4.17) is due to the coupling
with the cavity field and reads

. SoZ - L SyZ Z . Z
Ciom = So(#ﬂ,m + Pl,m%) + Uo (SgEQl,mB) ; (4.25)
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where we have introduced operators D= (6c — Uoji) + ik and

75l,m = [i)l,maé]
~ ,m)

l, 1Lm); 1m);
~ Zé,om)blvm + Zé,lm)bl,mﬂ + Zf,o bi+1,m
+Z£{617m)8l—1,m + Z(gfimil)i)l,m—l )

A~

Ql,m = [i)l,ma y]
~ }/E](l7m) Bl,m + Yl(hm) Bl,m—i—l + le(hmil)i)l,m—l )
(4.26)

where

Yo(i’j) = /d2r w ;(r) cos?(kz) w; ;(r),
Zéfvoj) _ /erwi,j(r) cos(kz) cos(kz) w; ;(r), (4.27)

are the overlap integrals due to the cavity optical lattice and the mechani-
cal potential associated with the scattering of cavity photons, respectively.
Operator CALm cannot be generally cast into the form of the commutator be-
tween IA)Lm and a Hermitian operator. However, in the thermodynamic limit
(very large K') the term % in (4.25) commutes with Bl,m (up to the order of
1/K), and hence g commutes with by ,,, when Uy/|d.+ik| is a small number

to allow for an expansion, and one can cast Cy ., = [bm, H1/h|, where

(4.28)

with 563 = 0. — U03>. Here the Wannier functions are independent of the
cavity mean photon number and therefore the effective Hamiltonian reduces
toH = 7:lo +H;. The effective Hamiltonian 7 is reduced to a Bose-Hubbard

Hamiltonian which can be cast into the sum of two terms,

7:[BH = 7:10 + 7:[}(3121 R (4.29)
where
Hish = > (e + 082, BE; + 62, B ) (4.30)

,J

is different from zero when the pump laser is on, €2 > 0. Due to the incom-
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mensurate wavelength of laser and cavity mode with respect to the lattice
spacing, the coeflicients of the Hamiltonian 7:[}(3121 are site-dependent. The

site-dependent onsite energy reads
2
hsg

0¢i; =ViJ§) + <

o KQ&) <5egzo( i) uoffYO(i’j)> , (4.31)
eff

while the site-dependent tunneling terms read

oFF = — 25*@2&{" — g,
7 5eff + Hz ,
. _532 i) (54)

Note that the collective operator
b= Z 2505/ K (4.33)

appears in the site-dependent parameters which includes a global effect over
the whole lattice. In the regime of the parameters we consider (see Sec. 4.2.5)
for which max [(d€; ;)| ~ U and |Vp| > max [(d€; ;)| (hence the validity of a
single-band approximation) 5@”7 ; and 5tAf7 ; are at least 8 order of magnitude
smaller than +(¥). Therefore the disorder (site-dependent coefficient) is con-
siderable only in the onsite energy d¢; ; of the Bose-Hubbard Hamiltonian.

Hence the resulting Bose-Hubbard Hamiltonian reads

7:[BH = — Z t(O)(i); b j + b an,] nl,j ) + Zgi,jﬁi,j
(@3',i) b
(4.34)

where the (i’j’,ij) in the sum denotes the nearest neighbors of the corre-

sponding lattice site. The onsite energy is defined as
& = €946, (4.35)

which the sum of a constant term €©), and of a term which depends on the
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lattice site and is due to the cavity field. In detail, the constant terms read

e = By + Vo Xo,
tO = — B — VX, .

The terms with Ey and X given in Egs. (4.19) are due to the dynamics
in absence of the cavity field. The first term in the right-hand side (RHS)
of (4.31) is due to the standing wave of the classical transverse pump. The
other terms on the RHS of Eq. (4.31) are due to the cavity field, while

bt = 0c —up ¥ Yo i i/ K (4.36)

i7j
is an operator, whose mean value gives the shift of the cavity resonance due
to the atomic distribution [93,94]|. All these terms are multiplied by the
operator ® defined in (4.33) which is the sum of the atomic density over the

lattice mediated by the Raman scattering amplitude.

4.2.5 Discussion

The Hamiltonian we have derived reduces, when the pump is off, Q = 0, to
the typical Bose-Hubbard Hamiltonian. The latter exhibits a SF-MI quan-
tum phase transition which is either controlled by changing the potential
depth Vp, and hence the hopping coefficient ¢, or the onsite interaction
strength U [122,124]. In this thesis we assume U to be constant so that
t is varied by varying the potential depth V.

When the transverse laser drives the cavity field by means of elastic scat-
tering processes, the Hamiltonian depends on the nonlocal opeator (4.33),
which originates from the long-range interaction between the atoms medi-
ated by the cavity field. The physical observable which is associated with
this operator is the cavity field amplitude,

X SoK

Qst = =

S — 4.37
5eff + ik ( )

as is visible by using Eq. (4.33) in Eq. (4.14), and after discarding the noise
term, assuming this is small. It can be measured by homodyne detection

of the field at the cavity output [135]. The intracavity photon number,
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Neay = &thst, reads

2
S N
A ~ 0 2
Ncav ~

2K2 R
BLOLISF CO .
Od + K2 Oc + K

(4.38)

and the intensity of the field at the cavity output provides a measurement
of operator ‘i>2, where the second expression on the RHS uses the chosen
scaling of the cavity parameters with the number of sites. The intracavity
photon number vanishes when the atomic gas forms a MI state: In this case
(@)1 o Y Zé?’oj ))2 = 0, since there is no coherent scattering into the

A

cavity mode. Also deep in the SF phase (®)sp — 0.
It is interesting to note that, using definitions (4.33) and (4.36), Hamil-

tonian (4.34) can be cast in the form

Hpn=— Y (] by + 0] bij) + 3 Z“z‘u‘(nm‘ -1
<Zl.]/7l.7> %
0) i) 7 hsgde o
R R e I e e ey (C i (4.39)
i i O + 2

where we have neglected the site-dependence of the tunneling parameter,
t ~ t(© which is a negligible correction. In this form the Bose-Hubbard
Hamiltonian depends explicitly on the operator corresponding to the num-
ber of intracavity photons, see Eq. (4.38), showing the long-range inter-
acting potential due to the cavity field. This potential either decreases or
increases the total energy depending on the sign of §.: Its sign hence criti-
cally determines whether "disordered" (i.e., aperiodic) density distributions
are energetically favourable. In particular, when é. < 0, disordered density
distribution are expected when the density is not an integer number. The
dependence of the chemical potential on operator ® is a peculiar property
of our model, that makes it differ from the case of a bichromatic optical
lattice [45,136], in which the strength of the incommensurate potential is an

external parameter, independent of the phase of the ultracold atomic gas.

4.3 Results

The Bose-Hubbard model of Eq. (4.34) is at the basis of the results of this

section. We first consider a one-dimensional lattice along the cavity axis by
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taking the aspect ratio 8 > 1 in V;(r) and briefly discuss the phase diagram
which has been evaluated by means of quantum Monte Carlo simulation by
André Winter [137]. We then analyse the situation where the atoms are
ordered in a two-dimensional optical lattice inside the cavity and determine
the phase diagram by using a mean-field approach. In both cases, the phase
diagram is found by evaluating the ground state |¢g) of the free-energy, such
that it fulfills the relation

min { (o [Han — nV|ga) | (4.40)

where p is the chemical potential.

In the following the ratio between the typical interparticle distance dg and
the wave length of the cavity is chosen to be dy/\ = 83/157, which is close
to 1/2. Although this ratio is a rational number, nevertheless, for sufficiently
small system sizes (here between 100 and 300 sites per axis) the emerging
dynamics simulates the incommensurate behaviour. We remark that, for the
chosen number of sites, the number of intracavity photon is zero for pointlike
scatterers when the density is uniform. We refer the reader to Refs. [48,49],
where the phase diagram of bichromatic potentials in systems of finite-size
is discussed.

The parameters for the cavity field, which determine the coefficients of
the Bose-Hubbard Hamiltonian in Eq. (4.34), are extracted from the exper-
imental values go/2m = 14.1 MHz, /27 = 1.3 MHz, and /27 = 3 MHz for
8TRb atoms [33,138]. From these values, after fixing the size of the lattice,
we get ug and the range of parameters within which we vary the rescaled
pump strength sg. Finally, the onsite interaction in the one-dimensional
case is U/h ~ 50 Hz (Uy1/h = 6.4 x 1079 Hzm) and has been taken from
Ref. [139]. For the two-dimensional optical lattice, U/k varies between 1 and
3 kHz (Uy1/h = 5.5 x 107" Hzm?), see Ref. [140]. A detailed discussion on
the validity of Eq. (4.34) for this choice of parameters is reported in Sec. 4.4.

4.3.1 One-dimensional lattice

We focus here on atoms confined in the lowest band of a one-dimensional
lattice along the cavity axis. For this geometry the first term of the RHS
of Eq. (4.31) is a constant energy shift along the cavity axis and can be

reabsorbed in the chemical potential. The one-dimensional Hamiltonian can
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Figure 4.5: Mean density n as a function of the chemical p (in units of U)
at ¢ = 0 in a one-dimensional lattice. The curves have been obtained by a
diagonalization of Hamiltonian (4.41) for (dashed line) 6. = 5x and (solid
line) . = —5k, both for K = 100. The diagonalization, is based on the
iterative calculation of the evaluating the value of &, which has been treated
in a mean-field way, ie., ®? ~ (®2) + 2(®)d. The other parameters are
so = 0.006x (with x = 27 x 1.3 MHz), ug = 0.8k, and U/h = 50 Hz. Here,
the chemical potential is reported without the constant shift €(©),  — p—e(©®.
The dash-dotted line has been evaluated for the same parameters of the solid
line, except with K = 200. It shows that the results remain invariant as the
system size is scaled up.

be thus written as

HBH = _Z bTb +bT an

(4',1)

hs2o,
(€O = Vi) 3y + 00

s K®?, (4.41)
6eff +K

where 4 labels the lattice site along the lattice and Jy is the value of integral
(4.23) at the position of one-dimensional lattice. Here, the onsite energy

term depends on the sites only through cavity QED effects.

4.3.1.1 Tunneling coefficient ¢t — 0

We first analyse the case in which the tunneling ¢ — 0, where the atoms are
classical pointlike particles localized at the minima of the external potential.
We determine the mean density 7 = % | (7;) /K as a function of the chem-

ical potential p by diagonalizing the Hamiltonian (4.41) setting ¢ = 0. The
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Figure 4.6: Mean density per site, (7;), as a function of the site ¢ for the
two distributions corresponding to 6, = —5k here for 4 = 0. The other
parameters are the same as in Fig. 4.5. The filled stripes correspond to
(n;) = 1, the white stripes to (n;) = 0.

curves for different parameters are shown in Fig. 4.5. The derivative of the
curve gives the compressibility x = 9n/0u.

The two curves in Fig. 4.5 correspond to two behaviours that are de-
termined by the sign of §. in Eq. (4.41), namely, on whether the laser
frequency is tuned to the red or of the blue of the cavity frequency (the pa-
rameter choice is discussed in Sec. 4.4). When 6. > 0, for a finite intracavity
photon number the cavity-induced interaction energy is positive. Hence, the
configurations minimizing the energy are thus the ones with (ficy) = 0, for
which Hamiltonian (4.41) reduces to the Bose-Hubbard model for atoms in

a periodic potential.

For §. < 0, on the other hand, the cavity-induced interaction energy is
negative. In this case it is energetically favourable that the atomic density
organize so to maximize the intracavity field. The interval of values of the
incompressible phase at n = 1 is reduced, while for fractional densities the
compressibility is different from zero and the intracavity field is significantly
different from zero. For incommensurate densities, in particular, the quan-
tum ground state is doubly-degenerate. Figure 4.6 displays the density as a
function of the lattice site for the case §. < 0 and p = 0, for which n < 1.
Each configuration corresponds to either particle occupation at the lattice
sites with Zéi’j) > 0 (hence (®) > 0) or with Zéi’j) < 0 (hence (®) < 0). The
two configurations correspond to two phases of the cavity field which differ

by 7. This behaviour is analogous to the one encountered in selforganization
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of ultracold atoms in optical potentials [32,39]. We remark that, while in the
system of Ref. [39] the atomic patterns are periodic and maximize scattering
into the resonator, here scattering into the cavity is maximized by aperiodic
density distributions.

It is interesting to draw a comparison between the results found in our
model and the curves predicted for a one-dimensional bichromatic lattice
with incommensurate wave lengths [48,49]. For this purpose we display the
curves of the density as a function of the chemical potential by substituting
the operator ® with a scalar in Eq. (4.41) taking the value ® — 1/4. This
choice is made in order to obtain similar curves at commensurate densities
n=0,1,2 for sp = 0.004x. Figure 4.7(a) displays the corresponding density
as a function of the chemical potential for different strengths of the cavity
field and 6. < 0. For this case we observe that, by increasing sg in the "clas-
sical model" (where dis a scalar) the parameter regions for which the gas is
incompressible rapidly shrink?. This trend is significantly slower for the case
in which cavity backaction is taken into account, as can be observed in Fig.
4.7(b). In addition, when cavity backaction is considered, discontinuities in
the values of the compressibility are encountered and seem to correspond
to the first order phase transition. This behaviour qualitatively differs from
the one encountered in Fig. 4.7(a) in which the cavity backaction is artifi-
cially removed. For the largest value of the laser intensity here considered,

so = 0.008k, the incompressible phases disappear.

4.3.1.2 Phase diagram for ¢t > 0

The results obtained at ¢ > 0 for the one-dimensional lattice are evaluated
using a quantum Monte Carlo (QMC) approach [141-143] by André Winter
[137]. Here, for the sake of completeness, we mention the main QMC results
for a one-dimensional lattice.

In the QMC approach, the phase diagram is extrapolated by tracking
the behavior of the density n versus the chemical potential for different
tunneling values. Figure 4.8(a) displays the resulting phase diagram in the

u — t parameter plane. The grey regions indicate the MI states at densities

*In Fig. 4.6(a) we do not observe the plateaus with fractional filling, which were instead
found in Roux et al. [48], which is justified since our parameter regime is different from
the one considered in Ref. [48]. We have verified that these plateaus are found in our
model by increasing so — 10sp and U — 100U .
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Figure 4.7: Mean density 7 as a function of p (in units of u for a one-
dimensional lattice of K = 100 sites for t = 0, 0. = —bk, ug = 0.8k,
U/h = 50 Hz (with x/2r = 1.3 MHz), while the values of sy are reported
in the legend. The curves in (a) are evaluated by diagonalizing Eq. (4.41)

after setting (®) = 1/4 (i.e., by artificially removing cavity backaction). The
curves in (b) are found for the corresponding parameters by diagonalizing
the full quantum model of Eq. (4.41). The other parameters are as described

in Fig. 4.5.
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Figure 4.8: Results of QMC simulations for a one-dimensional lattice (5 >
1) with 100 sites and periodic boundary conditions. (a) The phase diagram is
obtained by QMC calculation for a one-dimensional lattice with 100 sites for
so = 0.004k. The results are compared with the pure case (dotted curves).
(b) Linear density 7 and (c) (®) as a function of p for ¢t = 0.053U and
so/k = 0.003 (triangles), so/k = 0.004 (circles), and sp = 0 (squares): The
number of photons is different from zero for the parameters corresponding
to the blue regions in (a). The inset of (b) displays the Fourier transform
of the pseudo current-current correlation function J(w) [141-143] for the
parameters indicated by the arrows in the curve of (b): the extrapolated
value at zero frequency is proportional to the SF density. (d) Local density
distribution (f;) (empty points joined by the blue curve) and local density
fluctuations (A?)—(f;)? (filled points joined by the red curve) as a function of

the site for ;4 = 0 and sp = 0.004k. The other parameters are as in Fig. 4.5.
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n = 1,2, the blue regions the compressible phase with vanishing SF density,
where the number of intracavity photon is large, while outside these shaded
region the phase is SF. The effect of cavity backaction is evident at low
tunneling, where <<i>> > 0: Here the size of the MI regions is reduced and one
observes a direct transition between MI and BG phase. At larger tunneling a
direct MI-SF transition occurs and the MI-SF phase boundary merges with
the one found for sy = 0: In fact, for larger quantum fluctuations <<i>> — 0
in the thermodynamic limit. This feature is strikingly different from the
situation in which the incommensurate potential is classical [48,49]: There,
the MI lobes shrink at all values of ¢ with respect to the pure case. The
SF density is obtained by extrapolating the Fourier transform of the pseudo
current-current correlation function J(w) [141-143] to zero frequency (see
inset of panel (b)). The atomic density and corresponding value of (®) are
displayed in Fig. 4.8(b) and (c) as a function of u for different values of the
transverse laser intensity (thus sp): The incommensurate potential builds in
the blue region of the diagram, which we label by BG, where the number
of intracavity photons does not vanish. Panel (d) displays the local density
distribution (7;) and the local density fluctuations in the BG region: the
density oscillates in a quasi-periodic way over clusters in which the atoms
scatter in phase into the cavity mode. The fluctuations are larger at the

)

points where Zéi , which oscillates at the cavity mode wave length, becomes
out of phase with the trapping potential. In this way the density distribution
maximizes scattering into the cavity mode. This distribution is reminiscent
of a density-wave 3 [48], which is characterized by zero order parameter and
non-vanishing compressibility. We denote the corresponding region by BG,
which stands for Bose glass, using the terminology applied in Refs. [48,49] to

similar density distributions found in the bichromatic Bose-Hubbard model.

4.3.2 Two-dimensional lattice

We now analyze the phase diagram of a two-dimensional lattice, of which
one axis coincide with the cavity axis while in the perpendicular direction
the atoms are pumped by the standing wave laser which is quasi resonant
with the cavity field. In this situation, hence, the site-dependent term pro-

portional to the laser intensity (V1) in Eq. (4.31) is relevant and significantly

3A density-wave phase is an insulating phase which is gapped in the excitation spec-
trum, that makes it distinguished from a BG phase.
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affects the phase diagram, such that even in the absence of the cavity field,
the effects due to this classical field, with wavelength incommensurate with

the confining optical lattice, modify the properties of the ground state.

Before we discuss the results, some consideration on the parameters is in
order. The size of the lattice is fixed to vary about the value K ~ 100 x 100,
then for the parameters we choose the expectation value of operator Soff in

Eq. (4.36) is such that the operator can be approximated by

Deff ~ —o » Yo i K
i7j
A check of the parameter shows, moreover, that the effect of the classical
incommensurate potential proportional to V7 dominates over the cavity in-
commensurate field in determining the value of the onsite energy, Eq. (4.31),

whose sign is determined by A,.

We first analyse the behaviour of the mean density as a function of the
chemical potential when ¢ — 0 for opposite signs of A,, which is found by
diagonalizing the two-dimensional Hamiltonian in Eq (4.39) after setting the
tunneling coefficient ¢ = 0. The corresponding curves are displayed in Fig.
4.9. For the considered set of parameters the appearance of incompressible
phases is observed. To a very good approximation they are in the interval
of values determined by the classical incommensurate potential Vi, which
takes either positive or negative values depending on whether A, is positive
or negative. For commensurate density n = 1 and A, < 0, for instance,
an incompressible phase is found in the interval 0 < p < p; < U, where
w1 depends on Vq. For A, > 0, instead, the incompressible phase is in
the interval 0 < p; < p < 1. Different from the one-dimensional case, we
do not observe shrinking on both sides of the incommensurate phase since
for t — 0 the cavity potential is a small correction to the term due to the
classical pump (i.e., for A, > 0 in Fig. 4.9 we have d¢; ; > 0, Vi, j). The
dominant effect of the classical field is also visible when analysing the curve
in the parameter regime where the phase is compressible: The inset shows a
zoom of the curve for A, > 0, which exhibits various discontinuities in the
compressibility. The finite compressibility is here due to the classical field.
However, the jump visible for p/, with 0 < p/ < 0.5 is due to the cavity
quantum potential. For 0 < u < y/, in particular, the intracavity photon

number vanishes.
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Figure 4.9: Mean density n versus p (in units of U) for a two-dimensional
lattice. The curves are evaluated by a diagonalization of Hamiltonian (4.39)
for ¢ = 0, in the mean-field approximation when ®2 ~ ($2) + 2(®)®, when
K =70 x 70 and A, < 0 (dashed line), and K = 70 x 70 and A, > 0
(solid line). The parameters are |A,| = 27 x 58GH z, so = 0.15k, 6. = —5k,
ug = 237k (k = 27 x 1.3 MHz). Inset: Zoom of the curve at K = 70 x 70 and
A, > 0in the compressible phase. The dashed-dotted line for K = 100 x 100
and A, > 0 shows, when compared with the solid line, that the qualitative
behaviour of the curves remain invariant as the system size is scaled up.
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We now determine the behaviour at finite ¢ for the two-dimensional lattice
taking A, > 0 by means of a local mean-field calculation. This is performed
by setting ISZ] =i+ 5IA)Z',]~ where v; ; = <l;zj> is a scalar giving the local SF
order parameter and 5(3i,j are the fluctuations with zero mean value. The
new form is substituted in Eq. (4.34) and the second order fluctuations of
the hopping term, namely, the terms 5?)@]’ 51327,]7, are discarded [144]. The

resulting Bose-Hubbard Hamiltonian in the mean-field approximation takes

the form ﬁ%ﬂém =i H; ;, where

%

Hij = {—tm,j (BZTJ - TJ> + H.c.} - %ﬁm(ﬁm — 1)+ & g, (4.42)
and 7; j = ¥iq1,; +Yi—1,; + Vi j+1+ Vi j—1 is the sum of the local SF param-
eters of the neighbouring sites. We remark that cavity backaction makes
Hamiltonian 7—2” in (4.42) non-local in the density, since it depends on
the collective operator o appearing in € ;. The local SF order parame-
ters 1); ; are found by solving the coupled set of self-consistency equations
i = (¢g‘4F)\3i7j]¢g‘4F)>, where \(b(GMF)> = ®§(:1\¢j> is the ground state in
the mean-field approximation, and is thus the direct product of the single-
site states |¢;). In our numerical implementation the evaluation of ground
state is repeated till the averaged SF order parameter ¢ = ZL ;Wi /K con-
verges up to a tolerance of 0.005. The recursive calculation of the ground
states of the self-consistent Hamiltonian 7:[](31\1/{[F) is terminated once the value

of n converges with an accuracy of 2 x 1074,

Figure 4.10 displays the mean density as a function of the chemical poten-
tial for the same parameters of the solid curve in Fig. 4.9 but for ¢ = 0.01U.
The curve has been determined by means of the local mean-field approach.
The zoom on the region of parameters where the compressibility is different
from zero shows that also at finite ¢ the curve is discontinuous. The jumps
indicate the interval of values in which there is an intracavity field (see green
crosses in Figure 4.10). The inset displays the corresponding curve when
the pump is far detuned from the cavity field: the compressibility does not
present jumps in the compressible phase and the mean intracavity field is at

least 3 orders of magnitude smaller.

Figure 4.11(a) displays the mean SF order parameter in the p — ¢ plane
and for density n < 1. Here, the dotted lines identify the regions where the

order parameter takes values below 0.02. The solid curve indicates where
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Figure 4.10: Mean density n (blue line) and (®) (green line with crosses)
versus £ (in units of U) for a two-dimensional lattice. The curves are evalu-
ated using local mean-field for t = 0.01U and K = 70 x 70. The parameters
are A, = 21 X bB8GHz, sy = 0.15k, 0. = —5kK, ugp = 237k (k = 2w x 1.3
MHz). Inset: Same curves but for . = —300k. Note that the maximum
value of (®) is 3 orders of magnitude smaller than for 6, = —5k.

the gap in the spectrum is different from zero, corresponding to vanish-
ing density fluctuations Ap = (n? — @?)'/2 where T = > (i) /K and
n? =37, (A7 ;)/K (the threshold is set at 0.02). For comparison, Fig. 4.11(b)
displays the corresponding diagram when the cavity is pumped far from res-
onance, so that the effect of cavity back action is very small and practically
negligible. We note that the curve delimiting the MI phase has a very similar
behaviour in presence and in absence of cavity backaction, showing that for
the considered parameters the existence of incompressible phases is deter-
mined by the transverse optical lattice. The behaviour of the compressible
phase with vanishing order parameter, which we here denote by BG phase,
varies instead significantly in presence of the cavity potential, as one can
observe by comparing Fig. 4.11(a) and (b). We finally point out the region
delimited by the dashed line, which appears only in the subplot (a): This
indicates the parameters for which the mean value of d is at least two orders
of magnitude larger than outside. In this region there is an intracavity field,

which is constructed and supported by the scattering of the atoms.

The typical onsite density encountered in this parameter region, and in

particular for the parameters indicated by the squared point in (a), is shown
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Figure 4.11: (a), (b) Order parameters in u-t plane (in units of U) obtained
by the mean-field calculation for a 70 x 70 lattice with periodic boundary
conditions. The dotted lines separate the region with vanishing order pa-
rameters, while the solid line identifies the border for the incompressible MI
state at density n. The regions with finite compressibility and vanishing
order parameters correspond to BG phases. The dashed line separates the
region where the photon number is 2 order of magnitude larger than outside.
The parameters are so = 0.15k, ug = 237k, A, = 27 x 58 GHz, whereas (a)
d. = =5k and (b) 0. = —300k. In the latter case the effect of the cavity
potential is expected to be small. The local densities (n; ;) of the phase
diagram at p = 0.092U and t = 0.01x are shown in (c) for 6. = —5k and
n = 0.5 (squared point in (a)) and in (d) for §. = —300x and n = 0.446
(squared point in (b)).
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in subplot (c). It is first instructive to consider the case without cavity
backaction: the density corresponding to the squared point in (b) is displayed
in subplot (d). Here, one observes dark stripes along the vertical direction at
which the density is minimum. The stripes are almost regularly distributed
and are due to the classical incommensurate potential along the z axis.
When cavity back action becomes relevant, an incommensurate potential also
appears along the z direction. This intracavity potential is associated with
the appearance of clusters within which the density exhibit a checkerboard
distribution, as shown in Fig. 4.11(c). These clusters are the two-dimensional
analogy of the density-wave like behaviour observed in a one-dimensional
lattice [48]: they maximize scattering into the cavity field and their size is
determined by the length due to the beating between the lattice wave length
and the incommensurate cavity potential.

We now analyse the signal at the cavity output which can be observed
as a function of the tunneling coefficient at fixed incommensurate density.
The corresponding intensity is evaluated by calculating ng. = <dlutdout>>
where Gyt is given in Eq. (4.15) where a is a function of the quantum gas,
see Eq. (4.14). The intensity as a function of the tunneling coefficient ¢
is reported in Fig. 4.12(a): By increasing the trapping potential depth Vj
(decreasing the tunneling) a sudden increase of the cavity photon number
is observed. This corresponds to the transition to density distributions ac-
cording to checkerboard clusters, as the subplots (b) and (d) show in detail.
Before this sudden increase the density distribution is almost flat along the
cavity axis: the atoms delocalize over the lattice sites and there is no coherent

scattering of photons into the resonator.

4.4 Experimental Parameters

The Bose-Hubbard Hamiltonian in Eq. (4.34) has been derived by perform-
ing a series of approximations which have been discussed in detail in the
previous section. In this section we show that existing experimental setups,
like the one of Ref. [33,138] can observe the phases predicted by Eq. (4.34).
Moreover, we identify here the parameters which are then used in the nu-
merical plots presented in Sec. 4.3.

The parameters for the cavity field, which determine the coefficients of

the Bose-Hubbard Hamiltonian in Eq. (4.34), are extracted from the exper-
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Figure 4.12: (a) Intensity at the cavity output, ngyt = (dlutdout) as a function
of t (in units of U) for the parameters of Fig. 4.11(a) and by fixing n = 0.5.
Here, noyut is in units of ”(()?1)*5 = mﬁg"f") where nﬁg”f") = S%K / (535 + K?)
is the maximum number of intracavity photons, obtained when all atoms
scatter in phase into the cavity mode. The curve with circles (right y-axis)
gives the corresponding order parameter. Subplot (b) displays the countour
plot of the local density distributions at point (I) in panel (a), where t =
0.034U, p = 0.106U, (®) = 0.136. Subplot (c) displays the local density
distributions at point (II) in panel (a), where ¢t = 0.039U, u = 0.122U, while
(®) ~ 0. Subplot (d) displays the local density (7; ;) as a function of the
site numbers along z for the lattice site 20 along x. The blue squares (red
circles) correspond to the parameters of panel (b) (panel (c), respectively).
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imental values go/2m = 14.1 MHz, k/2m = 1.3 MHz, and /27 = 3 MHz
for 8"Rb atoms [33,138]. The detuning between atoms and the cavity mode
at wavelength A = 785 nm is about A,/27m = 58 GHz. For these parame-
ters Up/m ~ 3.4 kHz. The corresponding value of Sy depends on the Rabi
frequency of the transverse laser. For instance, for /27 = 3.08 MHz then
So/2m = 0.74 kHz. An external optical lattice trapping the atoms such that
the ratio dy/A ~ 83/157 is realized can be made by pumping the mode at

wave length 830 nm.

Parameters. 'We now check that these values are consistent with the
approximations we made in deriving Eq. (4.34). For this purpose we must fix
the number of sites, and thus the number of atoms IV, since the total shift and
the total scattering amplitude must be properly rescaled by N. For densities
n = 1 the number of sites is equal to the number of atoms. For a one-
dimensional lattice with K ~ 300 sites one finds ug/27 = UpK/2m ~ 1.02
MHz and so/27 = Sov/K /21 ~ 0.013 kHz, or alternatively ug ~ 0.8x and
so = 0.01k. Other values are obtained by accordingly changing the Rabi
frequency Q. We set |0.] = 5k and observe that for this value |0, —ug| == |d.|.
We shall now check the order of magnitude of the coefficients of the Bose-
Hubbard model for these parameters. Here, s3K|d.|/(62 + k?) =~ 0.004x =~
2m x 5.75kHz. For these parameters the onsite energy due to the cavity
field exceeds the MI gap when <<i>2> > 1073, For a two-dimensional lattice
with K = 300 x 300 sites then ug = Up K ~ 27 x 308.5 MHz or alternatively
ug = 237k. For Q /27 = 2.6 MHz, for instance, then sy = SoV'K ~ 0.15k and
Vi = 02?/A, ~ 0.78 kHz. For these parameters, typical values of the density
distribution give |de| ~ 88k > k, such that s3Kdew/(0% + k%) ~ 1.3k.
Here, already for (®2) > 10~ cavity backaction has a significant effect.

Spontaneous emission rate. Both in the one-dimensional and two-dimensional
cases, the parameters give a very small occupation of the excited state: The
probability that an atom is excited scales with Peye ~ Kmax(g3necay, 22)/A2,
where N,y 18 the mean intracavity photon number. For the considered pa-
rameters Po. < 1072 < 1. The corresponding spontaneous emission rate
following an excitation due to the cavity field reads 7. = ngncav/AZ ~
21 X 0.1Tncay Hz, while the spontaneous decay rate of an excitation due to

the transverse laser scales with 7 = vQ?/A2 ~ 27 x 0.08 Hz.

Adiabatic elimination of the cavity mode. We now check the conditions

for the adiabatic elimination of the cavity mode for a one-dimensional lat-
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tice with 300 sites. The adiabatic elimination of the cavity field from the
atomic equations of motion requires that one neglects the coupling with the
atoms over the time-scale over which the cavity reaches a “stationary” value
which depends on the instantaneous density distribution. This introduces
a time-scale At = 1/|0. + ik|, for which the following inequalities shall be
fulfilled: Spy/NcavAt < 1 and UpneayAt < 1. These relations are satisfied
for the typical numbers of intracavity photons we encounter. In addition,
since the atoms must move slowly over this time-scale, their kinetic energy
(temperature) must be such that kgT < h/At, where kp is the Boltzmann
constant. This latter condition is satisfied for atoms at 7" ~ 1uK, which is

achieved in Bose-Einstein condensates.

Neglecting quantum noise. Quantum noise in Eq. (4.14) can be neglected
when Ks2(®2?) > k2, which corresponds to a depth of the lattice created
by photon scattering which is much larger than single photon fluctuations.
For the parameters here discussed one needs a lattice with sites K > 10%,
which corresponds to the two-dimensional situation we analyse. The one-
dimensional lattice we numerically consider contains K ~ 100 sites, however
the scaling of the behaviour with the number of particles show that our pre-
dictions remain valid for larger numbers, where one can discard fluctuations

in the intracavity photon number.

Single-band approximation. In the derivation of the Bose-Hubbard Hamil-
tonian in Eq. (4.34) we have performed an expansion of the field operator
(4.16) into Wannier functions of the lowest band of the external lattice. Dis-
carding the higher bands is correct as the long as the energy gap between
a lowest and a first excited Bloch band AE = /4Eg|Vp| is much larger
than the interaction energy Vin, which is here Vipe = U +max |de; j| between
the particles [122], where Er = h?k3/2m is the recoil energy. Figure 4.13
displays the ratio AFE/Viy in the limit of zero tunneling ¢ — 0. We have
checked that this ratio remains smaller than unity for the parameters here
chosen. Increasing the laser amplitude €2, i.e., increasing of sg (and hence d¢)
leads to an increase of Viy; and thus forces one to take into account higher
Bloch bands.

Finally, at the remaining of this Chapter we discuss the ground state
of the one-dimensional Hamiltonian in (4.41) when the short-range contact
interaction U is absent. We show that for a sufficiently large amplitude of

disorder, a localized state of matter in a cavity can be realized which is an
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Figure 4.13: Ratio between the energy gap between the two Bloch bands,
AE = \/4ERg|Vp|, and the interaction energy, Viny = U + max|de; |, as a
function of the chemical potential p (in units of U)and at zero tunneling.
The single-band approximation is valid AE/Vj,; > 1. The green curve with
crosses shows the maximum values of (0¢; ;) at the corresponding values of
w/U. The parameters are as same as in Fig. 4.11(a).

analogous to Anderson localization in a disordered systems.

4.5 Anderson glass

Localization of electrons in a disordered potential of a crystal was initially
proposed by Anderson for weakly-interacting bosonic systems [145]. It has
been shown that for a two-dimensional lattice, when the disorder ampli-
tude reaches a critical value, the state of matte localizes in space. After-
wards, a localization of matter for non-interacting bosons in incommensu-
rate bichromatic potentials has been observed experimentally [146-148] in a
one-dimensional tight-binding André-Aubry model [149]. The André-Aubry
model is a single-particle (non-interacting) model which exhibits a local-
ization transition in one dimension. In this Chapter we discuss the one-
dimensional case of the system of ultracold atoms inside a cavity, in which
the short-range s-wave scattering strength G, is tuned to zero by means of

the Feshbach resonance. Therefore the Hamiltonian (4.41) reduces to

H=> &ni—ty (bloj+He). (4.43)

g (i,3)



96 4. Quantum ground state of ultracold atoms in a cavity

In Eq. (4.43) as a result of the collective scattering effect, the onsite energy
€; depends on the atomic density distribution which differs from the André-
Aubry model. In the André-Aubry model because of the absence of the
onsite interaction, the ground state for a single particle and for N particles
are the same. When the parameters ¢; are density-independent, the Hamilto-
nian is quadratic and can be diagonalized exactly. In the presence of cavity
backaction and for a density-dependent €;, here we study the single-atom
case. Similar to the BG phases due to the cavity backaction, the particles
accumulate at lattice sites such that scattering into the cavity is enhanced.

It has been shown that for the one-dimensional André-Aubry model, in
contrary to the random disordered cases, when the disorder amplitude A is
above the critical value, i.e., A > 2t, there is a phase transition from an
extended-state to a localized-state [146-149]. This behaviour is shown in
Fig. 4.14. In presence of the cavity backaction, we observe quite different
behavior for the phase transition. In Fig. 4.15 we show how by increasing the
amplitude of the transverse pump (or sg) we encounter a phase transition
from an extended state to a localized state. In the presence of the cavity
backaction, as the laser amplitude {2 increases, in the vicinity of the critical
value of the transition from extended to localized state, the system encoun-
ters a discontinuity in the disorder amplitude A. This is due to the fact
that near the phase transition, photon scattering into the cavity is enhanced
and the cavity backaction is more pronounced, and hence the critical value
for the transition does not exist. This shows the fact that similar to the
Anderson glass in a random disordered potential in one-dimensional lattice,
there is no critical value for extended-localized phases in the presence of the

cavity backaction for quasi-periodic bichromatic lattices.

4.6 Summary and outlook

In this Chapter we have studied the quantum ground state when the cav-
ity mode has wave length which is incommensurate with the interparticle
distance dy due to the external lattice. Ultracold atoms confined in tight
classical lattices and strongly coupled with a standing-wave cavity mode
selforganize in order to maximize the number of intracavity photons. This
selforganization takes place when the atoms are driven by a transverse laser

field which is quasi-resonant with the cavity mode and whose intensity ex-
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Figure 4.14: Anderson localization in absence of cavity backaction. (a) Plot
of local densities (7;) as a function of A = max |de;| and position z for a one-
dimensional lattice for 0 < sy < 0.005k. (b) Local densities are plotted for a
localized state when A = 2.5¢ (blue curve) and for an extended state when
A = 1.5t (purple curve) on the left y-axis, as well the value of C' = cos(kz)
where k = ko and 3 = /5 — 1 is taken from Ref. [146]. We chose ug = 0
and ® = 1. The other parameters are as in Fig. 4.5 for §, = —bk.



98 4. Quantum ground state of ultracold atoms in a cavity

50 100

-100 ~50 0
Z/ﬂ'ko
(b)

Figure 4.15: (a) The maximum amplitude of disorder A = max|de;| (in
units of ¢) in the presence of cavity backaction is plotted as a function of the
laser amplitude which is proportional to s¢ (in units of k). The right y-axis
shows the corresponding value of (‘i>> The dashed line shows the disorder
amplitude in the absence of backaction when we artificially set ug = 0 and
(®) = 1/K. (b) Plot of the local densities as for two values of disorder
amplitude A = 1.74¢ (extended state) and A = 4.8t (localized state) which
is varied for 0 < sg < 0.085x. Here k/ky = 785/830, §. = —5k and the other
parameters are as in Fig. 4.5.
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ceeds a threshold value. We have shown that the atomic density forms
clusters, within which the atoms form density-waves that locally maximize
scattering into the cavity mode. The clusters have mean size corresponding
with the beating wave length between the two overlapping field and are phase
locked with one another, so that the intracavity field is maximum. These
quantum phases are often characterized by vanishing order parameter and
finite compressibility, so that they share several analogies with a BG phase.

In our theoretical model, the atomic dynamics are described by a Bose-
Hubbard type Hamiltonian, where the effect of the cavity field enters by
means of a non-local term, which depends on the density at all sites. This
term is the cavity-mediated potential, which depends on the atomic distri-
bution and whose sign is determined by the detuning between atoms and
fields, which thus controls whether self-organized structures are energeti-
cally favourable. When the sign of the detuning is appropriately chosen, the
cavity field gives rise to a long-range interaction between the atoms and to
new phases, where the atomic density selforganize in order to maximize the
intracavity photon number. Our calculations show that in absence of short-
range interaction, the ground state of the system has properties similar to
the Anderson glass. Future investigations shall identify the properties of the
light at the cavity output.
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Concluding remarks

In this thesis we studied CQED effect for ultracold atoms confined by an
optical lattice potential. The atoms are strongly coupled with a single-mode
cavity and driven by a transverse laser. In the MI phase for which the
spatial degrees of freedom for the atoms are frozen, the cavity backaction
is negligible and the atoms are considered as pointlike scatterers. When
the ratio between the cavity mode and optical lattice wavelengths are such
that the von-Laue condition is not fulfilled, the coherent scattering from
the atoms into the cavity is suppressed and photons are pumped into the
cavity only through inelastic scattering processes. In this regime, we studied
the quantum properties of light at the cavity output which can be either
squeezed or antibunched. Moreover we have shown that the cavity mode
and a collective excitation of the atomic array can be entangled at steady
state of the dynamics.

We then considered the case when the atoms can self-organize themselves
due to the cavity backaction. We found quantum ground state properties of
the system when the cavity wavelength is incommensurate with the optical
lattice periodicity. In this case, the ground state is not necessarily MI. We
discussed the resulting phase supported by the cavity backaction on the state
of the matter, which self-organizes the matter in checkerboard clusters. The
formation of these clusters enhance photons scattered by the atoms into
the cavity mode. These ground states lack superfluidity and possess finite
compressibility, typical of a Bose-glass phase. We proposed how to measure
non-destructively these states of the matter emitted outside the cavity.

At the end of this thesis, we provide some general outlooks to the works of
this thesis. An interesting perspective that trapped ultracold atoms inside

a cavity may open is an enhancement of antibunching of light by chang-

101
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ing the geometry of the setup. This may be achieved when the photon
mediated atom-atom interaction is involved, which can be controlled to be
repulsive, in analogy with antibunching realized in strongly interacting Ry-
dberg atoms [150-152|. Another interesting question which one can address
is studying quantum ground state properties of ultracold atoms, when the
atoms are trapped by the cavity potential generated by themselves, as dis-
cussed in Ref. [40] but rather outside MI regions. For a situation in which
the atoms are driven by a laser with a tilded angle with respect to the cav-
ity axis, one can realize a disordered self-induced cavity potential. In this
case, one may expect a new exotic quantum phase, appearing in the phase
diagram, due to the long-range cavity mediated interaction. As a further
outlook, one can investigate whether it is possible to non-destructively mon-
itor Anderson localization of a single atom induced by the cavity backaction
by measuring the light emitted outside the cavity. Moreover, the behaviour
of localized state of matter can be explored when the number of atoms in-
creases, and hence the infinitely-ranged cavity-mediated interaction becomes

more relevant.
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Derivation of the effective
Hamiltonian (2.40)

From the general form of the Hamiltonian in Eq. (2.20) for the case in which
there is no coherent scattering (Q' # +@Q), in the weak excitation limit one
can obtain the effective dynamics for the polariton described by ;. We focus
on the regime in which Qv/N < |w,|. As we are interested in the dynamics
of the mode bg, and of the cavity mode a, the relevant terms determining

their dynamics are given in lowest order by

Heg = Hpump + hWQ/ bTQ/bQ' +h Z wg"}/:;"}/g +H
o=1,2
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with

hg i —i
Ho = 4N {big,bTQ/ (b-qe™ +bge™) g2

261, (bhe'® + b1 e ™) by

+ (blyblybae™® + bl gbl gb-qe™)

+(1 = br.c/2) {%ng_Qbe + 5Q,:I:G0/4bT_QbT_QbQ
+2030,0'b blybo + 0_s0.0'b ob! ober
+oqrqrablyblybal ¢

+(1 = Gpcyo) [2bng_QbQ 1 6. +60/40h0hb-q
+20_30,q/bhbbyb-q + d30.0'bhbhber

++ 5Q,7,Q+G/zbg,bg/b,Q} efigo} a
. 19
i
+0gr,cr2bhbl obor [1+ (1= 0co)]

+(1 - 5k,G/2) [53Q,Q'bgbgb_Q + 5—3Q,Q’bininQ

et Lobf, bybg + 2(1 = 0 620t by

+3qr @ a2blbhber + 0y —qrapbl gbl gbar] }
+H.C.

By substituting bgs with its mean value in Eq. (2.39), which corresponds
to neglect the backaction on the mode @’ due to the nonlinear coupling,
one obtains closed equations of motion for the modes by, and a (where we
thereby discard the effect of the nonlinear coupling with the other modes,
which are initially empty and which gives rise to higher order corrections).
In this limit the effective Hamiltonian (2.40) for the polariton ~; is derived
provided that the detuning of the laser from the polariton s is much larger

than the strength of the nonlinear coupling with polariton ;.



B

Positivity

For bipartite systems, a density matrix p is separable if there exist p; > 0
such that

p=> pin” @ p” (B.1)

(4)

with . p; = 1 where p; (B)

and p;

,~ are density matrices of subsystems A and

B, respectively. p is entangled if it cannot be written as a convex sum in the
form of (B.1). Peres [153] and Horodeckis [154] showed that for 2 x 2 (two
qubits) and 2x 3 (one qubit and one qutrit) systems the positive partial trans-
position is a necessary and sufficient criterion for separability. The partial
transpose of a general bipartite density matrix p =3, ., | wfjl i) a(j|®|k) B (|
with respect to the subsystem A is defined by

T
Kl (), ; Kl | ok
=3 wll (Iatil) @ ksl =Y wll 746" @ kail, (B2)
/[:7j7k7l i7j7k7l
where here wfjl ’
concept has been used by Vidal and Werner for introducing the logarithmic

s are not necessarily non-negative and ), kwfik = 1. This

negativity [114].
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C

(Gaussian dynamics

When the four-wave mixing term in the Hamiltonian (3.7) is negligible (x =
0), then the the effective Hamiltonian is quadratic, and the corresponding
dynamics is Gaussian. Hence, complete informations about the system are
contained in the equations for the averages and for the correlations of the
field operators. We introduce the vector of operators a = <a, bQ,aT, b%)T,
and the correlation matrix A = <a aT> whose elements are A; 1, = (ajay),

then the corresponding equations take the form

(@) = Z(a),
A = ZA+AZT + N, (C.1)
where
6. — 1k  aBs 0 QQ.a
op — il 2
Z=—i aps b AQa ) aQ (C.2)
0 —aQ,a —0c— ik —aBs
—aQa. —200g —OBs —op — il
and
0 0 26 O
00 0 2r
N = (C.3)
000 O
000 O

If the initial state is Gaussian, then these equations fully describe the system

dynamics and are equivalent to the master equation in Eq. (3.10) when x = 0.

The normal modes of the systems are defined by the eigenvectors of the

matrix Z at zero dissipation rates. The corresponding eigenvalues
k=0,T'=0
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are
Mr = FIVX +VY,
ox = TFiYVX —VY, (C.4)
with
X = 5‘%;5’? + g — A — 205, (C.5)

AN
Y = 4 aQ+T — 2aB50Q,aQ0¢

(6 — 0p)* (8 + 0p)?
+ad, <a22 - e ) —abs (o - ) |

It is possible to distinguish two regimes in the dynamics of the system:

If the eigenvalues of are imaginary then the populations of the two modes
oscillate, in time, and remain finite. If on the other hand, the eigenvalues
have a finite real part, then the population of the two modes explode with
time. Moreover, if initially (a) ;=0 Vj, then it remains zero at all times;
if, on the other hand, initially the field is not zero than it is amplified with
time when the eigenvalues have a finite real part.

In our system the energies 6. and d, are the largest parameters; in par-
ticular they have opposite sign and similar amplitude, hence X > 0. Under
these conditions, the eigenvalues have a finite real part when Y < 0.

If we introduce the detunings sum and difference d4+ = d;, £ . then, at

lowest relevant order in 1/d_, we find

i / 12 2 |
At = :F§ [d_ +4/d% —404Q7a_ +0(1/d-),
i 2 2 |
doyr = F3 [d_ —/d3 - 40¢Q7a_ +0(1/d-), (C.6)

and the eigenvalues have a finite real part when |0, +d.| < 2]agq|. In

particular this is true when the two-mode squeezing term of the Hamiltonian

is resonant.



D

Covariance matrix and

logarithmic negativity

The logarithmic negativity En in (3.4) can be expressed in terms of the
covariance matrix of the system [113], C = [<XXT> + <XXT>T} /2 — (x) (x)T

where x is the vector of quadrature operators, which in our case is given by

X = (g, Pa, Ths bb)T = II a with a introduced in App. C, and

1 0 1 0

—i 0 0
n=| " ! (D.1)

0 1 1

0 — i

In the case of Gaussian states,
T

c—n? *‘2A T — 0 (a) (a)T 11T (D.2)

The logarithmic negativity for bipartite Gaussian states is then defined as
En = max{0, —log,(v_)} (D.3)

where v_ is the smallest symplectic eigenvalue of the partially transposed

covariance matrix C = TCT. Here the matrix

1 0 0 0
0 -1 0 0
T = (D.4)
0 0 1 0
0 0 0 1
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performs the partial transposition. The system is entangled when Ep is
non-zero (v— < 1).

The expression in Eq. (D.3) has been applied to the the covariance matrix
of the system, which has been computed using the solution of Eq. (C.1), in
order to compute the logarithmic negativity for the results in which we have

neglected the non-quadratic term of Eq. (3.7).



E
Two-mode squeezing spectrum
of the emitted field

The field emitted by the cavity and scattered by the atoms can be described
using the input-output formalism [13] which connect the output field to the

system and input noise operators

tout (t) = V26 a(t) — ap (),
bout (1) = V2T b (t) — bin(t), (E.1)

where the input field operators ai, and by, are decorrelated from each other,
have zero average values and the only non zero correlations are <ain(t), a,;fn (' )> =
<bin(t),b;fn(t’ )> = 6(t — t'). The system operators satisfy the quantum
Langevin equations a(t) = Za(t) + Qa'"(t), where we have introduced the

T
vectors of operators a®t(t) = <aout(t),bout (t),aiut (), b} (t)> and similar

» Yout

for the input noise, and where Z is defined in Eq. (C.2) and Q is a diagonal

matrix whose diagonal elements are <\/2n, V2, V2K,V 2F).

E.1 Spectral properties of the emitted field

In Fourier space defined by a(w) = (a(w), b(w), a’(w), bT(w))T = \/% [ dte*“ta(t)
and similar for the input and output operators, the input operators satisfy
(am(@), al (")) = (bn(), 0], (@) ) = 6w + ') and

a®(w) = Qa(w)—a(w), (E.2)

—iwa(w) = Za(w)+ Qa™(w). (E.3)
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Form these equations we find a®**(w) = —W(w) a*(w), with
Ww)=Q(Z +iw) 1 Q+1. (E.4)

Therefore the spectrum of the correlation matrix of the output field, whose
elements are A; i (w,w’) = <a‘]?ut (w)agnt (w')>, is
A(w,w') = (" (w)a®™ (")) = §(w + ')Ay (w) (E.5)

where

Ao(w) = W(w)GWT (—w) (E.6)

01
(1), -

with

We are interested in the correlations between different spectral compo-
nents of the output field. We consider two modes of the output field at
frequency w, and wy, such that the first corresponds to one mode coupled
to the cavity and the other to one coupled to the atoms. The correspond-
ing annihilation and creation operators are aout(wy), alut(—wa) and boyt (wp),

bT

out (—ws). We define the vector of operators

i i r
c(wm Wb) = (aout (wa)a bout (Wb), aout(_wa)a bout(_wb)) ’

/

and the vectors Q = (W, wp, —Wa, —wp) and Q' = (W), wy, —wh, —wy), then

the corresponding correlation matrix can be written in terms of Eq. (E.5) as
Ci [, Q] = (cj(wa,wp)cr(wy, wp)) = 6(82; + Q) Ao 1 (£2).-
(E.8)

This matrix can be used to determine the entanglement between the two

modes, by calculating, for example, the logarithmic negativity (See. App. D).
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It can be also used to determine the variance of a composite quadrature

1 i i
X(ea’eb) (wa, Wb) = —= |Qout (wa)elea + aiut(_wa)eilea

V2

+ bout(wb)eieb + alut(—wb)e*wb]

= u’(0,,0) c(wa, wp) (E.9)
with u(0,,0,) = % (ew“,eieb,e*iea,e*ieb)T. Therefore, the corresponding
variance is

AX(ea’eb)(wa,wb,wg,wg) = <X€“’9b(wa,wb)X‘L)“’@b(wé,wé)>
00,0 2
- <X 2 b(wa,wb)> . (E.10)

In the case in which the average of the quadrature is zero <X 0a:9 (4, wb)> =

0, which is the relevant case for our work, we find

A X (0a,00) (W, Why Wh,wh) = uT(Ha, 0,)C(Q2, X (b,,0p) . (E.11)

E.2 Measurement of the squeezing spectrum

The spectral properties of the emitted field can be measured by homodyne
detection with two local oscillator, at frequencies wro, and wy,op respectively,
used to independently homodyne-detect the field lost by the cavity and the
field scattered by the atoms in a set-up similar to the one discussed in [18,19].

By this means it is possible to measure the composite quadrature

1 —0u,0
V2
+ X 0at0) () 4 Ay, —w + Ab)]

X 0af) (1) [X(‘g“’eb)(w + Ag,w+ Ayp)

000 X Ot (A, Ay) (E.12)

where A, = wroq —wp and Ay = wrop — wp indicate the frequencies of the

local oscillators relative to the driving laser frequency. The corresponding
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variance can be expressed in terms of the correlation matrix

1 —du0
— X
2

{€[Ra(w), 2a()] + € [Ra(-w), a(w)]
+C [Qa (W), Qa(—w)] +C [Qa(~w), Ra ()] }
+5w,0 C [QA(O)7 QA(O)]

5(Aa7Ab) (w7w,) —

(E.13)
where we have introduced the vector function
QA(w) = (WH+ Ag,w+ Ay, —w — Ay, —w — Ayp) ,
and C [Qa(w), Qa(w')] is defined in Eq. (E.8). Hence the variance takes the

form

AX" M w,f) = 0T (00, 8)CA2) (0,0 u(l, ) . (B14)

The corresponding spectral density, i.e. the two-mode squeezing spec-
trum, is obtained by integrating Eq. (E.14) over a small range of frequency

w' around —w

T2 (60)
S(0q,0p,w) = lim dw' AX (w,w').
(Sw—>0 70‘}75“)/2
(E.15)
If we introduce the quantities
Sjk(w) = w;(0a,0p)Avj i (w)ug (0, 0s) (E.16)

with Ap(w) defined in Eq. (E.6), then

(0, Oy 0) = %[§(w)+§(—w) (E.17)
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where

Sw) = Siaw+Ag) + Ssi(—w—Ay)
+S2,4(w + Ap) + Sya(—w — Ap)
+0n,,-, [S12(w+ Ag) + S34(—w — A)
+52,1(w + Ap) + Sy z(—w — Ap)]
+024,0 [S1,1(w + Aq) + S33(—w — Ag)]
0250 [S2.2(w + Ap) + Saa(—w — Ap)]
+080,A, [S1.4(w + Ag) + S32(—w — Ay)
+ So3(w 4+ Ap) + Su1(—w — Ap)].

In the case in which only a fraction of the emitted field is detected, with
a detection efficiencies 1, and 7, € [0,1] for the measurement of the field
lost by the cavity and the field emitted by the spins respectively, then the
Egs. (E.2) and (E.3) become

a(w) = Qaw)-aw), (E.18)
—iwa(w) = Za(w)+ Qal(w)+ Q"a"(w), (E.19)

where the labels d and nd indicate the external modes which are detected
and that which are not detected respectively. The matrix Q' is diagonal
and its diagonal elements are (v/2nq5, 20T, /2045, v/20T), and Q" =
VQ% — Q7. In this way a3 (w) = —W'(w) al} (w) — W (w) al%,(w), with

Ww) = Q(Z+iw) O +1,
W'(w) = O (Z+iw) tQ", (E.20)

and correspondingly Eq. (E.6) becomes
Ao(w) = W(@)GWT (=) + W (@)GW'T (~w), (E.21)

where we have used the fact that the modes al}'(w) and a”;(w) are decorre-
lated.



F

Wannier function for a periodic

potential

Here we discuss a derivation of a localized Wannier function for a single atom

in a periodic optical lattice potential.

According to the Bloch’s theorem [5,155] the eigenstates of a single par-
ticle Hamiltonian

H=—+V F.1

1=5 -+ V(z) (F.1)

with a mass m confined in a periodic one-dimensional trapping potential
V(z) = Vhcos?(koz), can be described by a plane-wave times a function

which has a periodicity of the lattice, i.e.,

Yng(2) = €T tnq(2) (F.2)

where wp, ¢(2) = tnq(2 + R) for a Bravais lattice vector R = n;f- (n; € Z)

and a Bloch band n. Hence we get

Ynqg(z+ R) = eiqun,q(z) . (F.3)

On the other hand the boundary condition 1, 4(2 + R) = vy, 4(2) (so-called
Born-von Karman boundary condition) allows the certain values for g such
that

dit—1 — 4= %kzo (F.4)
(2

for m; € Z. The solution of the Schrodinger equation ]:Ilqbn(z) = Endn(2)
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is the set of all plane-waves which satisfy Eq. (F.4) and has the form

On(2) =) Gngl2) =) cngd® (F.5)

q

in which ¢, 4’s form orthonormal bases. An equivalent set of functions are

Wannier functions

1 :
wp(z — R) = 7R Z P g(2) €1 (F.6)

qeBZ

defined at a lattice position R for a Bloch band n. The Wannier functions in
(F.6) are the discrete Fourier transform of the Bloch functions. The sum in
(F.6) is taken over the first Brillouin zone (BZ) which contains the values of
the quasi-momentum q € [—%, %) for a primitive reciprocal lattice vector
Go = 27/d where d = 7/kg is a lattice constant, and K is the number of
primitive cells in the lattice. The localized Wannier functions w,(z — R) in

(F.6) at different lattice site position R are equivalent.

To obtain the Bloch functions ¢, , one can evaluate the coefficients ¢, 4

in the following way. Consider the Schrodinger equation of motion

2m

(~g 2+ V) énle) = Eoul). (F.7)

Substituting ¢, (z) of (F.5) in Eq. (F.7) and expanding the potential in re-

ciprocal space as
V(z)=> Vge” (F.8)
G

for a reciprocal lattice vector G = nGq, we get the central equation relation

h2
(%QQ - En) Cn,q + Z VG Cn,qu =0 (Fg)
G
where
1 d/2 )
Vo = = / dzV (z)e C* (F.10)
dJ a2

and Vg = V_g. Hence, for Eq. (F.9) one obtains the eigenenergies FE,
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corresponding to the eigenvectors

Cn,q—NGo
Cn = Cngq . (F.11)

C"qurNGO

Due to the fact that in this thesis, we work in the energy-scale well-below
the energy gap between the first and the second Bloch bands, we focus on
the Wannier function of the first Bloch band, that is when n = 1, and we

show that this assumption is consistent in the purpose of our studies.
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