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English abstract

This PhD thesis presents the results of our theoretical exploration of unconven-
tional nonlinear coupling schemes in quantum optomechanical systems. Our re-
search was focussed on two main aspects, namely cooling mechanisms and creation
of non-classical states for a mechanical oscillator. The first two chapters of this
manuscript define the theoretical framework and numerical approaches used to
perform the theoretical investigations. The last two chapters present the main

original results obtained during the doctorate.

In chapter I we introduce the subject of optomechanics and describe in a gradual
and pedagogical way the theoretical framework necessary to treat the correspond-
ing physics. We start by deriving the Hamiltonian of a general optomechanical
system, consisting of an optical cavity resonator with a moving mirror, which can
oscillate harmonically around an equilibrium position. We introduce microscopic
Hamiltonians to take into account the coupling of the system to its radiative and
non-radiative environment at finite temperature. Using a quantum Langevin equa-
tions approach we describe optomechanical cooling of mechanical motion and by
doing so we introduce the main concepts, which were considered throughout this
manuscript. We also briefly discuss optomechanical amplification of mechanical
motion.

In chapter II we present the numerical algorithms and methods used to study the
open system dynamics of an optomechanical cavity coupled both to an electro-
magnetic vacuum field and to a thermal reservoir for the mechanical resonator.
We discuss numerical resolutions of the Lindblad master equation in order to gain
insight on the stationary and time-dependent behavior of the system. In partic-
ular we introduce the finite-dimension numerical representation of a discrete and
infinite Fock Hilbert space we used. We also present a numerical method of res-
olution of the equations of motion based on the truncated Wigner distribution of
the system. We map the Lindblad master equation on the system density ma-
trix onto a partial derivative equation on the corresponding Wigner distribution.
By neglecting the higher order terms, and thus neglecting quantum correlations
leading to negative values of the Wigner distribution, we obtain a Fokker-Planck
equation for the Wigner distribution. The system is then described in terms of
an equivalent set of stochastic equations for two scalar C-fields. We present the
Monte Carlo algorithm used to solve this set of equations. We discuss the con-

vergence of our numerical resolution and show that it yields the expected results

XV
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concerning the noise statistics and mean field behavior of an optomechanical cav-
ity. We also show that the numerical resolution is able to correctly describe cooling
of mechanical motion in single-cavity and auxiliary-cavity scenarios. Finally, we
show recent results on the synchronization appearing in a mechanically-coupled

array of optomechanical cavities.

Chapter III presents our contributions to the theoretical study of optomechanical
cooling of mechanical motion. We explore the quantum limits of photothermal
cavity cooling. We show that in this case the relevant time scale in the cooling
mechanism is the thermal relaxation time after photon absorption. It turns out
that photothermal cavity cooling is able to produce cooling close to the ground
state even in the “bad cavity” regime, in contrast to what happens with the more
standard radiation pressure coupling. We also present our calculations for an
optomechanical cavity coupled to an auxiliary cavity. We show that the spec-
tral modification introduced by the coupling to the auxiliary cavity changes the
spectral density of noise felt by the mechanical resonator. This modified spectral
density of noise is expected to lead to a richer stability diagram for the system as
well as cooling of mechanical motion by resonantly pumping the optomechanical
cavity.

Finally, chapter IV reports our results on a hybrid system combining cavity /cir-
cuit quantum electrodynamics and optomechanics. We analytically diagonalize a
Hamiltonian describing Jaynes-Cummings coupling between a cavity photon mode
and an artificial two-level atom and radiation pressure coupling between the same
cavity mode and a mechanical resonator. We explore the open system dynam-
ics and show that it leads to atom-enhanced resonant cooling (or amplification
depending on the pump frequency detuning) and to non-classical states of me-
chanical motion. We obtain expressions for the stationary state correlations of
the system under incoherent pumping. In particular we show that by incoherently
pumping the first two excited states of the Jaynes-Cummings ladder of dressed
atom-photon modes the system behaves as a single phonon emitter thus display-

ing truly non-classical behavior.

Our results on the photothermal cavity cooling are published in [1]. They were
presented in two international conferences (CLEO Europe 2011, March Meeting
2013) and during a poster session at les Houches summer school on “Quantum
Machines: measurement and control of engineered quantum systems” [2]. Our
results on the hybrid cQED-optomechanics system are published in [3]. They

have been presented in three international conferences and workshops (“frontiers
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of nanomechanics” at the ICPT in Trieste in 2013, March Meeting 2014 and the
Gordon Research Seminar on “Mechanical systems in the quantum regime” in Ven-
tura CA in 2014). These results were also showcased in a science communication
article [4].






Résumé en francais

Ce manuscrit de these présente les résultats de notre travail théorique sur des cou-
plages non conventionnels dans des systemes d’optomécanique quantique. Nous
nous sommes intéressés a deux problématiques particulieres. D’une part 1’étude
des effets de ces nouvelles formes de couplages sur le mécanisme de refroidisse-
ment ayant lieu dans ce type de systemes. D’autre part nous avons aussi considéré
I’apparition d’états non classiques du mouvement d’un résonateur mécanique. Les
deux premiers chapitres de ce manuscrit définissent le cadre théorique et les outils
numériques utilisés pendant cette these. Les deux derniers chapitres présentent les

principaux résultats originaux obtenus pendant ce doctorat.

Dans le chapitre I nous introduisons les systemes optomécaniques et décrivons
graduellement et pédagogiquement le cadre théorique nécessaire pour décrire la
physique en jeu. Nous commencons en introduisant le Hamiltonien général d’une
cavité optomécanique, composée d’un résonateur optique avec un miroir mobile
qui oscille sous un potentiel harmonique autour de sa position d’équilibre. Nous
introduisons des Hamiltoniens microscopiques pour prendre en compte le cou-
plage du systeme a des bains radiatives et non radiatives a température finie.
Utilisant des équations de Langevin quantiques nous décrivons le refroidissement
optomécanique d’un résonateur mécanique, nous en profitons pour introduire les
principaux concepts mobilisés tout au long de ce manuscrit. Nous discutons aussi
brievement I'amplification du mouvement mécanique jusqu’a des régimes d’auto-
oscillation.

Le chapitre II présente les algorithmes et méthodes numériques utilisés pour me-
ner a bien ’étude de la dynamique d’une cavité optomécanique couplée au vide
électromagnétique et a un reservoir thermique pour le résonateur mécanique. Nous
discutons la résolution numérique de 1’équation maitresse sous forme de Lind-
blad afin d’obtenir des informations sur le comportement dynamique et station-
naire du systeme. En particulier nous introduisons la représentation numérique
de taille finie d’un espace de Hilbert infini et discret utilisée pendant cette these.
Nous présentons aussi une méthode de résolution numérique des équations du
mouvement basée sur la distribution de Wigner tronquée du systeme. L’équation
maitresse sous forme de Lindblad de la matrice densité du systeme est projetée
vers une équation aux dérivées partielles sur la distribution de Wigner associée
au probleme. En négligeant les termes d’ordre supérieur dans cette équation, et

donc en négligeant les corrélations quantiques menant a des valeurs négatives de
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la distribution de Wigner, nous obtenons une équation de type Fokker-Planck
pour la distribution de quasi-probabilité. Le systeme peut alors étre représenté
en termes d’'un systeme d’équations de Langevin sur des variables scalaires com-
plexes. Nous présentons 'algorithme Monte Carlo mis en place pour intégrer ces
équations stochastiques. Nous discutons la convergence de l’algorithme et mon-
trons qu’il décrit correctement les statistiques du bruit et le comportement en
champ moyen du systeme. Nous montrons aussi que cette résolution donne une
représentation adéquate du refroidissement optique dans des scénarios a une et
deux cavités. Finalement, nous présentons des résultats récents sur la synchroni-

sation dans un réseau de cavités optomécaniques couplées mécaniquement.

Le chapitre III présente nos contributions a ’étude théorique du refroidissement
optomécanique d’un résonateur optomécanique. Nous explorons la limite quan-
tique du refroidissement photothermique de cavité. Nous montrons que dans ce
cas 1’échelle de temps en jeu dans le processus de refroidissement est le temps
de relaxation thermique apres absorption d’un photon. Il en résulte que le re-
froidissement photothermique en cavité est capable de refroidir le mouvement du
résonateur mécanique jusqu’a son état fondamental et ce dans un régime de ca-
vité non résolue (“bad cavity limit”) a différence de ce qui se produit dans le
cas standard de refroidissement par pression de radiation. Nous présentons aussi
nos calculs sur une cavité optomécanique couplée optiquement a une cavité auxi-
liaire. Nous montrons que la modification spectrale introduite par le couplage
a la deuxieme cavité change la densité spectrale de bruit optique ressenti par le
résonateur mécanique. Cette nouvelle densité spectrale de bruit devrait mener a un
diagramme de stabilité plus riche pour le systeme ainsi qu’a du refroidissement du
mouvement mécanique en excitant de maniere résonante la cavité optomécanique.
Finalement, le chapitre IV expose nos résultats sur un systeme hybride combi-
nant 'electrodynamique quantique (en cavité ou des circuits supraconducteurs) et
Ioptomécanique quantique. Nous diagonalisons analytiquement un Hamiltonien
décrivant un couplage de type Jaynes-Cummings entre un atome artificiel a deux
niveaux et un mode optique et un couplage par pression de radiation entre le
méme mode optique et un résonateur mécanique. Nous explorons la dynamique
en présence d’excitations et pertes et montrons qu’elle mene a un refroidissement
rehaussé par l'atome (ou amplification en fonction du désaccord entre la pompe
optique et la cavité) et a des états non-classiques du mouvement du résonateur
mécanique. Nous obtenons des expressions analytiques pour la statistique sta-
tionnaire du systeme sous excitation incohérente. En particulier nous montrons

que lorsque les deux premiers niveaux de 1’échelle Jaynes-Cummings sont excités
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de maniere incohérente le systéeme se comporte comme un émetteur de phonons

uniques et donc qu’il présente un comportement non-classique.

Nos résultats sur le refroidissement photothermique sont publiés dans [1]. Ils ont
été présentés lors de deux conférences internationales (CLEO Europe 2011, March
Meeting 2013) et pendant une session poster de 1’école d’été des Houches “Quan-
tum machines : Measurement and control of engineered quantum systems” [2].
Nos résultats sur le systeme hybride sont publiés dans [3]. Ils ont été présentés
lors de trois conférences internationales (“Frontiers of nanomechanics” a 'ICTP a
Trieste en 2013, March Meeting 2014 et au Gordon Research Seminar “Mechanical
systems in the quantum regime” a Ventura CA en 2014). Ces derniers ont aussi

été discutés dans un article de médiation scientifique [4].






General Introduction

“ But, in the end, can you see the electrons?
- Well, it depends.
- It depends on what?

- It depends on what you understand by seeing ...’

Conversation at a science museum.

The sensory act of “seeing” can be objectified in terms of the physical phenomena
taking place between the observer and the observed object. The object emits,
reflects or diffuses light that travels through some medium (usually air). After a
finite time light arrives at the observer’s retina. There the photons are absorbed
and converted into electrical signals sent to the brain. Finally the brain interprets
the electrical signals and the observer “sees” this manuscript. In this sense “seeing”
amounts to capturing some signal emitted by the object, analyzing it and obtaining
relevant information. By means of an ammeter or an oscilloscope it is possible
to detect electrons and obtain quantitative information about them such as the
associated current or voltage. Equipped with such apparatuses the observer “sees”
and measures the system under consideration. Quantitative data is then available

and can be used to infer or test a predictive theoretical model.

This far in the discussion the measurement process completely separates the ob-
server from the observed object. Indeed we just considered some information-
conveyor signal joining the latter to the former. The information travels in one
direction and the observed object remains unaltered while the observer steadily ac-
quires more and more information. When moving to the realm of quantum physics
the observer is placed in a radically new and exciting situation. The observer has
to face the intrinsic probabilistic nature of a quantum system. In order to com-
pletely determine the state (wave function) of the system a series of measurements
on an ensemble of copies is required. Simultaneously the state of the system it-
self is changed by the measurement. The measurement perturbs the system such

that the observer and the observed object interplay in a more intricate way. One

1
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striking example is the Heisenberg microscope gedanken experiment. Let us now

briefly follow an insightful discussion on this problem which can be found in [5].

Photographic plate
T — f—

FIGURE 1: The Heisenberg microscope as discussed in [5].

Let us assume that we want to determine the position z; of an object of mass m
by means of an optical measurement. The information between the object and the
observer is carried by the light shone on and diffracted by the mass. In order to
perform this measurement one attaches a sub-wavelength (in comparison to the
used light field) stick to the mass which will be able to scatter the light field. The
scattered photons are sent through a lens of focal length L; into a photographic
plate where they are collected. Now, let us consider a stream of photons arriv-
ing at the mass/stick. An individual photon reaches the stick, is scattered, goes
through the lens aperture a and is finally absorbed by the photographic plate thus
leaving a mark at the position x5. By means of a simple Thales relation we obtain
that the position of the mass is ;1 = —x9L1/Ls. So far we are still performing
measurements as in the first paragraph. We obtain information on the system

without perturbing it.

The mark left on the photographic plate is not a point but an Airy disk with a
finite size. The position x5 can only be defined within a certain interval. We thus
know that the mass position is within an area centered in the previously computed
21 and of finite width given by

1. .14

A measure " —A—. 1
x e (1)
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AZpeasure 18 the error in the infered position of the mass. At this point we have
only taken into account the fact that due to diffraction there is no perfectly precise
optical measurement. We still have to describe the effects of the measurement on

the mass.

As was intuited by Kepler in 1619 [7], predicted by Maxwell in 1873 and exper-
imentally measured by Lebedew [8] in 1901 and by Nichols and Hull in 1903 [9]
light carries mechanical momentum and can exert pressure. A single photon of
frequency w holds a mechanical momentum Pppoton = hw/c (¢ being the speed of
light) that can be transfered to the mass when the scattering takes place. We know
that the photon must have been diffracted by the aperture a, it thus gives to the
stick (and thus to the mass) a random momentum along the x axis Apperturp. This
random momentum kick has unknown sign but, for a < L4, it has a magnitude of

order
hw a

Ap}uerturb Z 72_111 (2)
Measuring the mass position thus leads to a perturbation of its momentum in
a random fashion that ultimately perturbs further measurements of its position.
Multiplying these expressions we obtain the following relationship between the
imprecision of the measurement and its random recoil on the mass

. (3)

Axmeasure ~Appe7’turb Z

o >

Eq.3 is reminiscent of the well known Heisenberg uncertainty principle linking
the simultaneous knowledge one can get on the position x and momentum p of a

quantum object :

Az.Ap > (4)

h
5
Although Eq.3 and Eq.4 are both called “Heisenberg inequalities” they rise from
different physical pictures. Eq.4 is a property of any quantum object for which
one cannot have simultaneous and infinitely precise information about its position
and its momentum. Eq.3 on the other hand results from the properties of the
performed measurement, it links the imprecision of the position measurement to
the uncertainty on the recoil felt by the system. Both inequalities are nevertheless
closely related. If one was to perform a measurement of x; with an imprecision
given by Eq.1 then the Heisenberg uncertainty principle (Eq.4) implies that the
momentum has been perturbed by at least the amount given in Eq.2. Quan-
tum mechanics imposes a fundamental limit on the precision of a position weak

measurement, the so-called standard quantum limit [5, 10].
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The achievable precision in a position measurement is of central interest in the
field of gravitational wave interferometry. In order to detect such astronomical
waves, optical interferometers with arms at the scale of the kilometer have been
set [11, 12]. Instead of measuring the position of a stick attached to a mass, these
interferometers aim at determining the changes in length of the interferometers’
arms down to a precision of 107%° meters (we remind the reader that the Bohr
radius of an hydrogen atom is approximately 5.107'! meters). Reaching such
precisions implies having control and understanding of the different noise sources
disturbing the measurement. The standard quantum limit was hence considered
as technologically relevant upon the development of these interferometers. In the
1970’s Vladimir Borisovich Braginsky et al. published a paper investigating the
mechanical effects of light in an interferometric position measurement [13]. At the
time these effects associated to photon recoil were considered to be detrimental
to the detection of gravitational waves. Nevertheless, further investigation showed
that the radiation pressure back action could lead to controllable and useful mod-

ification of the deformable interferometer mechanical properties.

In a Michelson interferometer the light intensity depends on the length of the arms.
On the other hand, radiation pression on the end mirrors changes this length. The
optical modification of the interferometer mechanical properties is a signature
of this optomechanical coupling between the light field and mechanical motion.
For about ten years now the interest for this coupling has quickly overflown the
field of gravitational wave interferometry and has become a whole field of physics
itself. The rise of optomechanical systems, where light and mechanical motion
are coupled, is supported by a solid community exploring and pushing further the

limits of optomechanical coupling [2, 14-17].

Using systems with masses ranging from the gram down to the zeptogram a
plethora of research groups are exploring the capabilities of optomechanical sys-
tems. It has been shown that the influence of light leads to a modification of the
mechanical resonance frequency (optical spring effect [13]), to a modification of the
dissipation constant as if light were a viscous medium (optical damping [18]) and
even to bistable behavior of mechanical motion for intense enough electromagnetic
fields [19]. Changing the mechanical properties of mechanical motion also induces
a modification of its response to the different noise sources at play in real life
experiments. In the 1950’s it was shown that it is possible to reduce the effects of
thermal Brownian motion on an electrometer by time-delayed electrical feedback
[20]. Following the same principles, in 1998 a theoretical article [21] proposed

using radiation pressure external feedback in order to cool mechanical brownian
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motion below its equilibrium temperature. Soon after, this proposition was exper-
imentally realized [22] and followed in 2004 by an experimental demonstration of
optical self-cooling of a cavity mirror using photothermal forces [23]. Similar cavity
self-cooling of a mirror, but with radiation pressure as the optomechanical force,
was achieved by four groups over 2006-2007 [24-27] and followed by several others.
By cooling the thermal fluctuations on the mirror position the frontier between
classical and quantum mechanics for mechanical motion became a reachable goal.
2007-2008 saw the publication of four theoretical papers [28-31] investigating the
limits of radiation pressure cooling and showing that it should indeed be possible
to reach the quantum ground state of mechanical motion. Mechanical systems in
their quantum ground state are now a reality, either by directly using cryogenic
techniques to put a 6 GHz microwave resonator in its ground state [32] or by com-
bining cryogenics and radiation pressure cooling in systems in the optical domain
[33] or in microwave superconducting circuits [34]. Recent experiments have suc-
cessfully measured radiation pressure shot noise [35] and measuring the position
of a moving mirror at the standard quantum limit seems to be within reach in a

not so distant future.

Experiments are now paving the way to quantum optomechanics where both
light and mechanical motion have to be described in terms of quantum observ-
ables. There have been many theoretical proposals to prepare and measure truly
quantum states in optomechanical systems. Early on radiation-pressure coupled
deformable interferometers were proposed as a mean to perform quantum non-
demolition measurements of the number of photons inside the cavity [36]. The
parametric dependance between the cavity resonance frequency and mechanical
motion can be understood in terms of an effective Kerr-like non-linearity leading
to squeezing of the photon field [37-39]. The radiation pressure coupling should
also lead to entanglement between mechanical motion and light [40-43] and even
to the creation of an EPR pair of two spatially separated mechanical resonators
[44]. Following the technological advances on the fabrication of optomechanical
resonators [45], reaching the vacuum “strong” coupling regime where a single pho-
ton is able to move the mechanical resonator by an amount comparable to its
zero point fluctuations may soon open the way for single photon quantum logic
using mechanical elements [46-48|. Finally, optomechanical systems are entering
the “zoology of tamed quantum systems” [15] and thus the possibility to study
optomechanical phenomena interplaying with other quantum systems has become
an important center of interest. The possibility to optomechanically couple the
center of mass motion of a cold atom cloud to a light field has been theoretically
explored [49, 50] and used experimentally to reach sensitivities near the standard

quantum limit [51]. Mechanical motion has already been coupled at the quantum
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level to the internal degrees of freedom of an artificial solid state atom [32] and
recent theoretical papers are now investigating the possibility to bridge cavity/

circuit quantum electrodynamics to optomechanics [3, 52-55].

This manuscript presents the theoretical work we undertook on the description
of quantum optomechanics with non conventional coupling schemes. We start in
chapter I by giving a theoretical introduction to quantum optomechanics. Chapter
IT discusses the different numerical tools used during this PhD. Chapters IIT and IV
comprise our new contributions to the field of quantum optomechanics. In chapter
ITT we discuss the modifications of optomechanical cavity cooling by considering
photothermal forces and the coupling to an auxiliary cavity. Finally chapter IV
reviews our work and results on a hybrid cavity optomechanics-quantum electrody-
namics system. Appendices A and B present useful derivations for the formalisms
used during this thesis. These derivations can be found in the literature but we
have decided to present them here for the sake of consistency. Appendices C and
D present generalizations of some of the original calculations performed in the

main body of this manuscript.



Chapter I

Quantum optomechanics

I.1. The model system considered

I.1.1. Description of the system

The most simple example of the family of systems considered in this thesis is a
Fabry Perot cavity having one of its two end mirrors fixed in space (mirror 1 in
the following) and the other one (mirror 2) prone to move under the mechanical
effects of light (radiation pressure, photothermal distortion, ...). When mirror
2 is at its equilibrium position the cavity length is denoted L. For the sake of
simplicity let us consider only one cavity mode at frequency w, (w, is such that
there is a given k € N such that w. = kwc/L, ¢ being the speed of light). This one
mode is excited by a coherent laser which injects photons at frequency w, into the
cavity. The light intensity that eventually builds up in the cavity depends on the
difference w, — w,. A shift in the position of mirror 2 changes the cavity length
and thus leads to a modification of w.. If the laser frequency remains unchanged,
the movement of mirror 2 modifies the intensity of the electromagnetic field inside
the cavity. Let us now consider that mirror 2 can move under the effects of an
optical force depending on the light intensity. The number of photons inside the
cavity depends on mirror 2 position, and the position of the mirror depends on the
number of photons in the cavity. This way we obtain a mutual coupling between

the electromagnetic field and the position of the moving mirror.

In order to study the quantum dynamics of such a configuration we first have to

obtain the Hamiltonian of a coupled mirror-field system.
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I[.1.2. Closed system Hamiltonian

We follow the main steps of the historic derivation by Law [56] for the Hamiltonian
of a coupled field-mirror system in the case of a radiation-pressure-based optical
force.

1.1.2.1. Hamiltonian formulation for the deformable Fabry-Perot cav-
ity

Mirror 1 Mirror 2

z
T
Y
<> (

} } > T
0 L

FicURE 1.1: Fabry Perot cavity with a movable mirror. Mirror 2 can move
around its equilibrium position (¢ = 0).

As can be seen in Fig.I.1 we now consider a Fabry Perot cavity. The left side mirror
(mirror 1) is fixed at the position z = 0, the other mirror is prone to move along
the z-axis, thus modifying the cavity length. Let ¢ be the position coordinate
around mirror 2 equilibrium position z = L (the actual cavity length is thus
L +¢q). The dynamical variables of interest in this scenario are the mirror position
q along the x-axis and the electromagnetic field between the two mirrors. We
assume that the mirror moves in an energy potential V' (¢) and that the mirrors
are perfect conductors. The electromagnetic field and the mirror position are

coupled through the radiation pressure exerted by the former.

Let us consider that the dimensions of the mirrors along the y and z-axis are large
enough compared to the cavity length L so that the problem can be described

as a one-dimensional cavity. We also assume the dynamics of the mirror to be
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slow enough so that the system can be described in a non-relativistic way. The
electromagnetic field inside the cavity (0 < x < L+ ¢(t)) will be described by its
vector potential A(x,t). Setting the speed of light to ¢ = 1 one gets the following

wave equation for the vector potential,

O?A(x,t) B O? Az, t)
Ox? ot?

—0. (L1)

The “perfect conductors” assumption for the mirrors leads to the following bound-

ary conditions
Vt, A(0,t) = A(L +q(t),t) = 0. (1.2)

Finally, the mirror undergoes the forces arising from the potential energy V'(q)
and from the radiation pressure exerted by the electromagnetic field. The non-

relativistic equation of motion for the mirror position is therefore

mg = — (L.3)

o (240

x=L+q(t)

The dynamics of the system is fully characterized by Equations 1.1,1.2 and I.3.
In order to go further with our derivation of the Hamiltonian we now perform an
eigenmodes expansion of the cavity field that yields a set of generalized coordinates

{Qr}ken. Using Equation 1.2, the generalized coordinates can be defined by

L+4q(t) T
Vk eN, Qi(t) = ,/%q(t)/o dx A(x,t)sin <#q(t)) . (L4)

Given the orthogonality of the mode functions, Eq.I.4 transforms the set of equa-
tions 1.1 and 1.3 into

. L+q q
Qr :_kak+2L+ ng]QJ Z k]QJ

(L5)
+ m ]Zl JikgiQ
ov .
mG = — 8C(IQ) - 17 i p Z(—l)kﬂwkijij (1.6)

k?j
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where we introduced the position dependent eigen-frequencies {wy} and the di-

mensionless coefficients {gx;} defined by

olg) = 27 (L7)

L+g
o = ( 1)kt 2’“1 k#j
! 0,

In order to get a quantized Hamiltonian for the system one has to find a way
to interpret the set of equations 1.5 and 1.6 as a set of Euler-Lagrange equations
with respect to some Lagrangian L. Law’s approach was to derive the following

Lagrangian which yields the adequate equations of motion,

L(0.0.(Qu0i}) = ZQk ~ iy Qk+1mq V(o)
(1.9)
Z gngng ( Z Irj g Qi@

7.kl

The canonical momenta conjugate to (), and ¢, P and p respectively, are obtained

by Legendre transformation and are defined as follows:

P = @k——zgm@], (1.10)

p = q_—zgijkQ] (1.11)

From here it is then possible to define a Hamiltonian H associated to L. It can
be easily checked that H represents the total energy of the system (kinetic and
potential energies associated to the mirror’s motion and the energy stored by the

electromagnetic field inside the cavity).

H(q.p.AQw Pi}) =pd + > Pe@r — L(q, 4. {Qx, Qi })
K
2
1 1
:%(p‘i‘L—_H]jZkgijij) + Vg +§[ Qk]

(aAg; t))2+ (aAa(f; t)) ]

(1.12)

1 ) L+Q()d
— 24V -
5md + (q)+2/0 T
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1.1.2.2. Main approximations

From the Hamiltonian 1.12 one could “quantize” the problem by following the
canonical quantification procedure (replacing the variables ¢, p, Q) and Py with
noncommuting operators on a Hilbert space). Doing so at this point would lead to
a Hamiltonian describing additional physical phenomena going beyond the scope
of this thesis. Let us now briefly discuss these phenomena and present the main ap-
proximations leading to the quantum optomechanics Hamiltonian used throughout

this manuscript.

Taking the infinite summations over the field modes into the quantum realm leads
to a divergent vacuum field energy arising from the vacuum fluctuations of each
mode. In order to get rid of such divergence one would have to take into ac-
count the field modes outside the cavity and by doing so introduce the well known
Casimir force [57]. This force, which results from a differential radiation pressure
force applied on both the internal and external faces of the mirror, would intro-
duce a term —hm/24(L + q) into the potential energy V(g). In the following we
assume the equilibrium cavity length is big enough so that the Casimir potential
can be neglected with respect to the other energies of the problem (kinetic en-
ergy and harmonic potential of the mirror motion and the energy stored in the

electromagnetic field inside the cavity).

The non-linearities in Hamiltonian 1.12 also allow two photon emission and ab-
sorption processes as well as exchange of photons between the different cavity
modes. In the following we neglect these non linear processes and assume that
only one mode contributes dominantly to the cavity field. The mode subscripts
k are replaced by a single subscript c¢. The cavity field variables are thus (). and
P. and the cavity mode eigenfrequency will be denoted w,. In order for this one
mode approximation to be valid the mirror motion has to be adiabatically slow
(with respect to the photon lifetime inside the cavity) so that no photon scattering

between cavity modes is possible.

Finally we assume that the mirror displacement is small enough so that the dy-

namics can be well described by keeping terms only to second order on ¢q. The

1

potential energy V(q) is thus set to a harmonic potential V(¢) = mw? ¢*, where

wy, is the frequency of the mechanical oscillation in this potential.
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1.1.2.3. Quantum optomechanics Hamiltonian

Taking into account these approximations we now move to a quantum mechanical
frame by applying the canonical quantization procedure. We let the variables g,

p, Q. and P, be operators obeying the commutation relations

~ A A A

[6.Qc) = 1[4, P] = [p, Q] = [p, ] =0 (1.13)
(4.5] = [Qc, ] = ih. (1.14)

From here it is possible to introduce the usual annihilation and creation operators,

a and a' respectively, for the cavity field

0 — 27;% wQ. + P (1.15)
it = 2;% [Wch—ipC]. (1.16)

We thus get the usual quantum optomechanics Hamiltonian for the system under
consideration (single mode optical cavity field coupled to the motion of a mechan-
ical harmonic oscillator via radiation pressure)

. N\ 21
H=hw, (dla+>) + 2 4 2mw?d® — hGomatad, (1.17)
2) Tom 2

where we have introduced the optomechanical coupling between the cavity and
the mechanical oscillator G, = —0w,/9q|4=0 (Gem = kme/L* for the linear model
introduced in this Chapter, k is the mode number associated to the cavity mode
under consideration). Here again we can introduce annihilation and creation op-

erators for the mechanical resonator,

A MWy, . 1
_ 4 H 1.1
b V' 2h q—l—z\/ 2mhwmp’ (I.18)
R 1
b= [ Tms 5 11
2h =1 QmFMmp (1.19)

Introducing the newly defined operators into the Hamiltonian 1.17 yields the stan-

dard form of the Hamiltonian used in quantum optomechanics

. 1 U L
H = hw, (a*a + 5) + Fitom, (b*b v 5) — Rgemata (bT + b) . (1.20)
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where we introduced gen, = Gemn/h/2mw,, = Gentyyp, the single photon op-
tomechanical coupling strength. g¢.,, represents the cavity frequency shift due to

a displacement equal to the zero point fluctuations of the mechanical resonator

position (z,,f = Zmzm).

Before moving to the next step of our description of the system (the description of
the dissipative baths responsible for the decoherence of the system) we would like
to introduce a new transformation on the Hamiltonian which will prove useful in
the following. Let us consider the dimensionless position and momentum operators

for the mechanical resonator

. IS—%— IST MWy, .
Gmn = —= =/ ——4
V2 n (1.21)
R
N P

These operators satisfy the dimensionless commutation relation [G,, pr] = ¢. In-

jecting them into the hamiltonian 1.17 leads to the following form

o 2@ L
H = hw, aa—|—§ + hw,y, 7+7 — V2hgemalaGp,. (1.22)

I[.1.3. Open system dynamics

Since the optomechanical coupling term in the Hamiltonian 1.20 is proportional to
the number of photons in the cavity, reaching a large photonic population boosts
the optomechanical effects. In usual experimental realizations this is achieved
by driving the system with a coherent laser. This drive not only populates the
cavity but it also enables acquisition of information on mechanical motion via the
detection of the photons exiting the cavity. The optomechanical cavity is thus
receiving and giving information from and to the exterior world. Taking into
account these information exchanges and the noise intrinsic to them requires a
proper description of the coupling to the environment.

Another reason for taking into account the environment is the inclusion of the
effects of finite temperature on the mechanical resonator dynamics. Indeed, given
the usual orders of magnitude of the mechanical frequency (w,, ~ 1 kHz-1 GHz),
even dilution cryostat environments lead to a mean thermal occupation of the
mechanical resonator ng, > 1. Neglecting the effects of the thermal environment
would give an incomplete description of the dynamics. Furthermore, as will be

presented later on in this Chapter, by taking into account this two environments
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(the cavity field environment and the mechanical resonator thermal environment)
it is possible to show that the optomechanical interaction can reduce the pseudo-
thermal occupation of the mechanical resonator taking it close to its ground state.
In the following paragraphs we present a Hamiltonian description of the total
system {optomechanical cavity + environment}. We first discuss in general terms
the properties of the environment and of the coupling between it and the system,

and then we give the hamiltonian formulation used during this research project.

1.1.3.1. Modelling the environment

Let us first consider a simple optical cavity. We showed before that a single cavity
mode can be described in terms of a harmonic oscillator at frequency w,.. It is
a well known result [58] that in quantum mechanics such a closed system has a
discrete energy spectrum with equidistant energy levels separated by hw,.. If one
was to linearly probe the spectral response of such a system the resulting spectrum
would yield a delta peak at frequency w.. But in real life experiments the spectral
response of the cavity does not present a Dirac delta shape, rather the delta peak
is convoluted with a Lorentzian distribution thus giving rise to a finite linewidth.
The same holds for the problem of an atom with discrete eigenstates but whose
spectral lines (obtained by means of an absorption experiment for example) are not
sharp. Gardiner and Zoller give the following interpretation of the finite linewidths
of atomic spectra: “The origin of the spectral linewidth is the coupling of the atom
to the electromagnetic field, which has infinitely many degrees of freedom, and it
is only because of this infinity that the irreversible phenomenon of atomic decay
takes place” [59]. In the following we follow this guideline in order to describe the
coupling to the environment. We assume that the cavity mode can either absorb
a photon from the environmental field thus creating a cavity photon or it can
emit/destroy a cavity photon in order to excite one of the vacuum modes outside
the cavity. The optical bath is described as a collection of harmonic oscillators
coupled to the cavity mode of interest. We assume that the coupling is linear in
the bath and cavity operators. On the mechanics side the dissipative processes
at play can have diverse origins. They can result from clamping losses due to
the structural connection of the mechanical resonator to its support, they can
also arise from fluidic damping due to the motion in the surrounding fluid (air
or liquid) for example. In any case, we assume that the mechanical resonator
undergoes Brownian motion and we describe it by assuming that it is also linearly

coupled to an infinity of harmonic oscillators.
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1.1.3.2. Optical Bath

Let us first take into account the optical bath leading to dissipative processes on
the cavity field. We assume the following form for the Hamiltonian of the system

{optomechanical cavity + optical bath},

H+ H” =H+ / dq {hwybel + i/Fq (agat — ala) } . (1.23)

q

Each mode of the environment is indexed by the subscript ¢ and &y, d:g are annihi-
lation and creation operators for each mode. The first term under the integral on
the right hand side of equality .23 amounts for the energy of each environmental
mode, the other two terms give the coupling between the system and its bath.
The system can absorb a photon from one of the modes thus creating a photon in
the cavity mode (&,a') or one cavity photon can be lost to the extra cavity field
(dzd). The reservoir exchanges excitations with the system, at zero temperature
(hw. > k,T, with k, Boltzmann’s constant and T' the environment temperature)

the reservoir only absorbs energy from the system.

Let us assume that mode p is driven by a coherent pump. We consider it is
in a coherent state |A(t)) such that &,|A(t)) = A(t)|A(t)) with A(t) € C. Let
us now consider the unitary transformation given by the displacement operator
D (A(t)) = exp [A(t)ad — A(t)*d,]. Up to a constant scalar term which can be

forgotten, the Hamiltonian now reads
H+ H, = H +iF, (e7"'al — e*r'a)

1.24
+ / dgq {hw,bgtl +i\/Rq (Gqa" — ala)}, (124)
q

where we assumed the amplitude of the coherent state has a constant norm such
that A(t) = F,/\/Rpexp(—iwyt) and we have chosen [}, € R without loss of gen-
erality. The Hamiltonian 1.24 corresponds to an optomechanical cavity driven by
a coherent laser at frequency w, and coupled to the vacuum electromagnetic field

whose modes are all in their ground state.

1.1.3.3. Mechanical bath

Let us now propose a Hamiltonian description for the dissipative dynamics under-
gone by the mechanical resonator. The train of thought is similar to what was

just discussed but with the major difference that the relevant frequencies of the
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mechanical resonator are such that the thermal occupancy of the modes has to be

taken into account (wy,, ~ kyT'/h).

As stated before, the dissipative processes acting on the moving mirror can have
diverse and multiple origins. They can arise from clamping losses in which case
the dissipative processes can be understood in terms of energy exchanges between
the mechanical resonator and the vibrational modes of the structure on which it is
attached. The dissipation can also result from the action of the surrounding fluid
on the motion of the mechanical resonator. In both cases and at equilibrium the

problem is well described in terms of Brownian motion [60].

FIGURE 1.2: A mechanical resonator linearly coupled to an infinity of oscillators.
The coupling is mediated by the positions of the resonator and of the oscillators.

Looking for a Hamiltonian description for the dissipative processes undergone by
the mechanical resonator amounts to choosing a microscopic description of the
mechanical resonator’s environment and of the coupling between the two of them.
The picture we have chosen follows the schematics of Fig.I.2 : the mechanical
resonator is coupled to an infinity of modes with a linear coupling via its posi-
tion. We thus consider the following Hamiltonian for an optomechanical cavity
whose moving mirror undergoes Brownian motion due to its coupling to a thermal

environment of harmonic oscillators [61].

~2 A N2
H+ Hreh = H + /k dk {mkpk + (Qk2 9x4) } , (1.25)

where k is an index for the modes of the bath, ¢, and p; are position and momen-

tum operators for each mode, wy, is the energy for mode k and g; is the coupling
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strength between the mechanical resonator and the mode. The Hamiltonian 1.23
can be deduced from equation 1.25 by introducing annihilation and creation op-

erators and by neglecting the anti-resonant terms resulting from the coupling term.

1.1.4. Total Hamiltonian and extensions

The Hamiltonian of the complete system, optomechanical cavity and baths, is
thus:

- 1 e 1 s
Hyor =heo, (&*d + 5) + M, (b*b + 5) — hgemata (bT + b)
+ ZFp (6—iwptd’[ . eiwptd)
+ / dq {hw,bgtd +i\/Rq (G407 — ala)}
q

52 (A N2
Jr/d]\C {hwkpﬁr(q/; ) }
k

(1.26)

This Hamiltonian takes into account the dynamics of the closed optomechanical
system (a cavity mode coupled to mechanical motion via radiation pressure), the
driving of the cavity by a laser of frequency w, and intensity F,, the cavity coupling
to an optical bath modeled by a collection of harmonic oscillators in their ground
state and the coupling of the mechanical resonator to a bath of thermally populated

harmonic oscillators.

The Hamiltonian 1.26 is the starting point of the physics studied in this thesis. In
the following chapters we consider variations to this Hamiltonian, which are not
derived in detail. Nevertheless, each time the modifications to the Hamiltonian
are explicitly stated. In the case of the optomechanical arrays (Chapters II and
I1T), each optical cavity is coupled to the same optical bath as in the Hamiltonian
.23 (they are subject or not to a coherent drive) and each mechanical resonator
undergoes Brownian motion described by the Hamiltonian 1.25. In the situation
considered in Chapter IV, just as the cavity, an artificial atom is coupled to the
vacuum electromagnetic field outside the cavity, which allows us to take into con-

sideration the phenomenon of spontaneous emission from the atom.

At the beginning of this thesis, one of the guidelines of our work was to study the
cooling mechanisms arising in optomechanical systems. The original description
of this phenomenon can be found in Refs.[28-31]. The review [17] also presents the

principles and limitations of optomechanical ground state cooling of the mechanical
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resonator. In the following we present the main aspects of optomechanical cooling
theory. We feel that this discussion provides an easy-to-follow scenario on which
to discuss the relevant concepts in theoretical quantum optomechanics. Doing so
also allows us to set-down important ideas that will be revisited in the following

chapters.

I.2. Langevin equations

In this section we discuss the dynamics of the system within the Heisenberg rep-
resentation. The time-varying behavior is carried by the operators while the state
of the system remains unchanged. The time evolution for any given operator O(t),
acting on the system or the environment, can be deduced from the Hamiltonian
[.26 by simply applying the Heisenberg equation :

h%it) = [O(t), Htot} . (1.27)

We thus get the following set of equations on the system’s observables of interest,

él = —Z(A)cd + chmd(i) + [A)T) + Fpeiiwpt + /dq \/fi_qOAéq

_ ‘ (1.28)

b= —iwml; + igcded + /dk \//ikﬁAk.
k

The set of equations 1.28 includes terms corresponding to the environment’s dy-
namics, for which similar equations can be derived. Dealing with the complete
set of dynamical equations would amount to follow at each time t the evolution
of the whole system {optomechanical cavity + environment}. Given the size of
the environment this would be impossible and inconvenient since in the end only
the behavior of the optomechanical system is of interest. By using the Langevin
equations formalism it is possible to overlook the environment’s time evolution
and keep track of its dissipative influence on the system altogether. We do not
present the whole derivation of the Langevin equations [61-63] but rather give
the essential assumptions, arguments and steps leading to the set of equations

considered during this thesis.
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By formally integrating the dynamical equations on the environment’s observables

one can rewrite the set 1.28 in the following form

t
G = —iwei — / dt'ye(t = )a(t') + igema(b + 1) + Fye ™" + &, (t)
; A e A ) (1.29)
b= —iwnb— / At Y (t = t)b(t') + igem@’ @ + En(t).

—00

I1.2.1. Dissipation and noise operators

The coupling to the environment leads to the presence of two terms in the equations
of motion of the observables of interest. The first term (v;(7), j = ¢,m), is
responsible for the dissipation, which in general can be delayed (memory effect).
The second term (£;(t)) is an operator acting on the environment, it represents

the noise introduced by the environment onto the system.

By determining the properties of the memory kernel and the noise spectrum of the
Langevin force it is possible to continue the study of the system dynamics. We
assume that the optomechanical cavity is weakly coupled to the environment and
that the environment is Markovian. The latter approximation implies that any sys-
tem information dissipated to the environment is irreversibly lost. The markovian
environment is thus memoryless and we set the memory kernel to ;(t) = ;0(7),
where v; is a constant amplitude decay rate for the cavity (v.) and for the me-

chanical resonator (7,,) and 0(7) is the Dirac delta distribution.

The Langevin forces are treated as stochastic terms with zero mean value and

their noise spectrum is determined by the following two relations

(W = il —1), (130)
GOSN = Y =~ ) (131)

In the correlation function in Eq.1.31 we see the appearance of a factor giving the
average thermal occupation of an harmonic oscillator in equilibrium with a tem-
perature T'. As previously stated we assume that for the characteristic frequencies
related to the cavity (w; ~ w,) this occupation factor is 0. For frequencies related
to the mechanical resonator (w; ~ wy,) we consider occupations given by a finite

temperature.
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The equations of motion for the cavity and mechanical degrees of freedom are thus

(= —iwed — Yol + igema(b + b) + Fpe " + £.(t) (1.32)
; A A k 1.32
b= —iwmb — Ymb + igema’a + En(2).

The equations of motion in terms of the mechanical resonator position will also
be useful when discussing the effects of the radiation pressure coupling on the
mechanical frequency and dissipation rate. Considering the normalized position

operator the corresponding set of equations is :

(= —iwelt — Yo + IV 2Gemm + Fye ™ + £,(t) 133
ém = _wzn(jm - '.)/qum + \/égcmwde& + ém(lf) ‘

Eq.I.32 and Eq.1.33 are not strictly equivalent as they result from two different
Hamiltonians describing two different couplings to the thermal environment of the
mechanical resonator. Eq.I.33 results from a coupling to the mechanical environ-
ment as described by the Hamiltonian in Eq.1.25. On the other hand Eq.1.32 arises
from a coupling where the anti-resonant terms have been neglected, in which case
the coupling to the mechanical bath is formally identical to that considered in
Eq.1.23.

If the coupling to the mechanical environment is weak enough (in other terms if
the mechanical quality factor is large enough, Q,,, = Wy /vm > 1) both equations
describe the same physics. The correlation function of the Langevin force acting

on the mechanical resonator position is given by

EnlOZnE)) =t [ -

dw e coth, ( o > : (1.34)
R

The sets of differentials equations 1.32 and 1.33 contain a non-linear term propor-
tional to a'a, which is treated with a mean field approach. By separating the mean
fields and the fluctuations it is possible to linearize the optomechanical interac-
tion and use a Fourier transform to analyze the cavity and mechanical spectral

response.
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I.3. Non-linear mean-field approach

Moving to the frame rotating at the pump frequency! we are able to eliminate
the time dependance in the equations of motion. In this rotating frame the co-
herent pump term is now a constant F},, and the cavity annihilation operator now
oscillates at the cavity detuning defined as A = w, — w,. Being coupled to the
light field by the number of photons, the mechanical resonator is insensitive to

this change of frame.

Having lost the time dependance in the equations we assume that the cavity and
mechanical resonator reach a stationary state characterized by time-independent

mean fields defined as : a = (@) and § = (b). Injecting the definition of the mean

fields into the equations of motion we obtain the following algebraic expressions:

0=—(iA+v)a+ igema(f + ) + F,

0= — (iWm + Ym) B + igem|a”.

Absorbing the equation on the mechanical mean field we derive a third order
polynomial equation relating the intra-cavity photon intensity I. = |a|? to the
pump intensity |F,|?.

2

2 4
2 2 2 gcmwm 2 gcmwm 3
Bl = (A% +92) e — 48 = 1] e (1.36)

Such third order equation can lead to multistable regimes, reminiscent of Kerr
non-linearities, in which for a given intensity of the coherent pump one has more
than one solution to the mean field equation 1.36. By looking at the polynomial it
is possible to show that the multistability appears if and only if A > /3., which

is to say only for a red-detuned pump with respect to the cavity resonance.

Let us now take into account the fluctuations of the system around its mean-field.
We write @ = a + 6@ and b = B+ 6b. We limit ourselves to terms up to first order

in the fluctuations.

86 = —(iAn 4 7e)0 + itgem (b + 6bT) 4 (1)

5b = — (i + Y )b + 10 Gem (86 + 81 + & (1)

(1.37)

IThe change of frame is performed by applying a unitary transformation to the Hamiltonian
defined by the unitary operator : U, =e

iwptata
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The average stationary number of photons in the cavity |a|? displaces statically
the equilibrium position of the mechanical resonator thus shifting the resonance
frequency of the cavity. We take into account this mean-field effect by introducing
the non-linear detuning of the cavity A,; = A — (8 + 8*)gem- In the set of
equations .37 we have assumed without loss of generality that the coherent pump
phase is such that « € R. Having linearized the equations on the fluctuations
the non-linear optomechanical coupling gcde&(I;T + l;) is reduced to an effective
linear coupling between the quadratures of the light field and the mechanical
resonator. This effective linear coupling can be described by an interaction term in
the Hamiltonian of the form cvgey (0a'+68a)(6bT+0b). The effective optomechanical
coupling is enhanced by the square root of the average number of photons inside

the cavity.

The linear set of equations 1.37 can be solved by considering the Fourier transform
of the operators. For any time dependent quantity c(¢) its Fourier transform is

defined as follows

é(w) = Fle(t)](w) = /dt@i‘”tc(t). (1.38)
The Fourier transform of the Hermitian conjugate of an operator will be noted
Flef()](w) = ¢f(~w) 2.

In frequency space the equations of motion link linearly the operators of the system

to the noisy inputs by the environment.

da(w) §e(w)
y 0b(w) . En(w) | _
Mw] it (~u) + S 0, (1.39)
00 (~w) £h(—w)

where we have introduced the Bogoliubov matrix of the system

Ap —w — i —Qfem 0 —Qfem
M| = —QGem W — W — Ym —QGem 0
0 AGem —Ap —w =i OGem
AGem 0 AGem —Wm — W — 1Y

The stability of the mean-fields o and 3 can be checked by looking at the eigen-
values of the Bogoliubov matrix M[w]|. The mean-fields are stable if and only if

2[4 et (n) = ([ dteteft))| = (@-w))'
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all the eigenvalues of the matrix have strictly negative imaginary parts, which is
reminiscent of the well knwon Routh-Hurwitz criterion for stability [64]. Fluctu-
ations diverge in time if any imaginary part changes sign, one then moves from

damped to amplified fluctuations.

I.3.1. Bistability

Having this stability criterion for the mean-field solutions it is possible to separate
the stable from unstable solutions of the mean-field equations. As shown in Fig.1.3
it is possible to obtain multistable regimes where the curve o(F),) has an “S”-like
shape displaying unstable solutions for the middle branch. As soon as A < v/37.
the multistability is lost, for every value of the pump intensity there is one and
only one mean-field solution. In the case where the multistability is possible, the
center of the “S”-like curve (the center of the two points at which the derivative
of the function F,(«) changes sign) corresponds to an intracavity intensity [, =
la|? = (v + w?)A/3g%, wm. Higher values of the optomechanical coupling lead to
the appearance of the bistability for smaller number of photons. Inversely if the
detuning between the cavity and the pump increases the bistability is pushed to
larger values of the number of photons. For an early experimental demonstration
of the bistable behavior of optomechanical systems the reader is invited to consult
the reference [19].

A:57c AZS’YC A:\/g’}/c A:"Yc
/ 107 / 10° w 102 \ 10°
- — 10! —10t 3SH - 10! —10?
| 10° | 10° | 10° | 10°
107" 10 10! 107" 10° 10! 107 10° 10! 107t 10° 10!
| Ep| | Ep| | Fpl | Epl

FIGURE 1.3: Solutions of the mean-field equation for the cavity field o as a

function of the coherent pump intensity F), for different values of the cavity

detuning A = w, — w,. Stable (unstable) solutions are shown as solid (dashed)
lines. Y /wm = 1070, v /wm = 1073, gem/wm = 1073,

In the following section we discuss cavity cooling of mechanical motion in the
regime where the linearization with respect to the mean-field holds. We implicitly
assume that the system reaches a stable stationary state and that it is far from
bistability.
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I.4. Cavity cooling of mechanical motion

I.4.1. Linearized optomechanics

The linear set of equations of motion .37 can be recovered from an effective linear

Hamiltonian,

Hiin = N3G 60 + wn0bT6b — g (00 + 60) (86T + 6b). (1.41)

By performing an unitary transformation defined by the operator U(t) = exp[i(Ada'
8a + w,0bTab)t] it is easy to see that the optomechanical effects on the mechan-
ical resonator are tailored by the cavity-pump detuning A [2]. For a pump red-
detuned so that A = w,, the resonant terms in the optomechanical interaction
are 8a!db + h.c, which allows transfer of excitations between the mechanical res-
onator and the cavity. Given that da is an oscillator at zero temperature it is
possible to cool down the mechanical resonator, the surplus thermal energy being
extracted by the photons and dissipated into the vacuum electromagnetic field. For
Gem > (Yms 7ve) 06 and 6b hybridize and it becomes possible to coherently transfer
photonic information to mechanical states and vice-versa. On the other hand, for
a blue detuned pump (A = —w,,) the resonant interaction is 6atdb! + H.c, which
can lead to two-mode squeezing, entanglement and even mechanical instabilities

if the amplification rate is larger than the losses.

Starting from the Langevin equations on the fluctuations around the mean field
we now study how optomechanical effects of light on mechanical motion lead to its
modification. This is discussed by considering the equations coupling the light field
fluctuations da to the mechanical resonator position around the new equilibrium
position 6g. We show how radiation pressure leads to the optical spring effect and
to the introduction of an optomechanical damping rate, ultimately responsible for

either cooling or amplification of mechanical motion.

I.4.2. Langevin equations on fluctuations

The set of equations of motion we consider is

@ = — (i + 7e)d + iV 200qm + E(t)
dT = —(—iAnl + 'Yc)dT - Z.\/Egocdm + §I<t> (142)

ijm = _W?an - ’VQO + \/ﬁgawm(a + aT) + Em(t>a
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where we have omitted the §’s and the hats in the fluctuation operators for sim-
plicity and we have introduced the coherently enhanced optomechanical coupling
Jo = QGem- Just as we did before, we move to Fourier space in order to obtain an

equivalent set of algebraic equations:
(W) = iV2gaXe(@)dm(w

i (—w) = iV2ga X (—w)dm

)

Gm(w) = \/Egocmem (w

)+ X(@)€(w)
(@) +xe (~w)E (~w) (1.43)
(a(w) +a'(~w)) + xm(W)Em(w)

Here we see the appearance of the optical and mechanical susceptibilities, x.(w)
and X, (w) respectively, which define the cavity and the mechanical resonator

spectral response to the inputs. This suceptibilites are

Z(Anl — LU) + Ye

&
£
I

L (1.44)
X (W) = w3 —w” — iypw.

The cavity displays an usual Lorentzian response while the spectral response of

the mechanical resonator is that of a well-known damped harmonic oscillator.

By eliminating the cavity degrees of freedom it is possible to get an equation only
on the mechanical position fluctuation. These equations can be written in the

form
X;f1f<w)(jm<w) = éo]m‘/(w) + ém(w) (1.45)

As can be seen in Eq.1.45 the coupling to the light field has two major consequences.
First, a modification of the mechanical spectral response, which is taken into

account by the effective mechanical susceptibility

Xepr(W) = Xom' (W) = 1202w (Xe(w) — X2(—w)) - (1.46)

Second, the mechanical resonator is effectively coupled to an additional noise
source of optical origin Z,,(w). This Langevin force describes how the fluctua-
tions arising from the coupling between the cavity photons and their environment
affect mechanical motion. This additional noise can be cast in terms of the noise

operators acting on the cavity as follows:

[1]:

ot (@) = V200 (Xe@)Elw) + Xi(—w)E () ). (L47)
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The effective susceptibility in Eq.[.46 can be interpreted as resulting in a mod-
ification of the mechanical resonance frequency and of the mechanical damping
rate, such that one can write X;flf = Wl (w) = w? — iwYess(w). This modification
leads to what is known as the optical spring effect, in which the stiffness of the
mechanical resonator can be controlled by the laser pumping of the cavity [65]. Of

particular interest is the modification of the mechanical damping rate:

1 1
A —w?2+12  (Au+w)?+72

YeWm
'7eff(w) = Ym + 292 w (148)

For weak optomechanical coupling and large enough mechanical quality factors,
this effect can be analyzed by just considering the problem at the unperturbed
mechanical frequency (w = w,,). For red-detuned pumps A,; > 0 one obtains
extra-damping that for strong enough pump intensities should completely elim-
inate the effects of thermal noise thus cooling down the mechanical resonator’s
motion. Blue-detuned pumps A,; < 0 on the contrary induce anti-damping lead-
ing to heating or even instability if the effective mechanical damping rate becomes

negative.

In a classical approach to the cooling problem, we can assume that the optical
environment is at zero temperature whereas the mechanical environment is at
temperature 7. The mechanical resonator couples with strength ~,, to its thermal
environment and, due to the optomechanical coupling, is effectively coupled to
the optical bath with a strength I',,;. The mechanical resonator total decay rate
is thus verr = Ym + Dopr, and its final effective temperature should be given by
Terr = YL /(Ym + Lopt). By red-detuning the cavity and increasing sufficiently
the laser power the optical damping I',,: should overcome the intrinsic damping
rate 7, and take the mechanical resonator down to its quantum ground state.
Nevertheless with this approach we are not taking into account the fluctuations
of the electromagnetic field, which will prevent us from getting exactly to the
ground state. In the following section we present a rate equation approach to
optomechanical cooling that gives a more precise insight into these fluctuations

effects.

I1.4.3. Optically induced transitions

The cooling of mechanical motion can be treated with rate equations for the pop-

ulations of the mechanical resonator density matrix. In order to take into account



[.4. Cavity cooling of mechanical motion 27

the optomechanical coupling it is necessary to know how it enters these rate equa-
tions. Based on usual time-dependent perturbation theory, we first derive a Fermi
Golden Rule in terms of the spectral noise density of the perturbation. With this
form of the Fermi Golden Rule we describe the optomechanically excited tran-
sitions of the mechanical resonator, which ultimately allows us to calculate the
final occupancy of the mechanical resonator, thus giving the quantum limits of

optomechanical cooling.

1.4.3.1. Fermi Golden Rule for noisy perturbations

Let us consider a system described by the following time-dependent Hamiltonian:
H = Hy+ \O.F(t). Hy is the unperturbed Hamiltonian, which we assume has a
discrete diagonalization basis labeled {|n)} that verifies Hy|n) = wy|n). © is an
operator acting on the system. F () is a noisy external operator perturbing the
system. At any given time ¢ the system is in a state [¢), = ) C,(t)|n) and we
assume that initially its state is |¢), meaning C,(t = ty) = 0ny. The objective of
the calculation is to derive the probability to find the system in the |n) state after
some small period of time t > ¢;. We do so by performing an usual perturbative

treatment on the coupling strength X\ [66].

Let us introduce the probability amplitude of finding the state in the state |n),
bn(t) = C,(t)e™rt. The Schrodinger equation leads to the following set of equations

on these amplitudes:

Vi, by = —iX > F(t)Ome “m'b,, (1.49)

where ©,,, = (n|©|m) is the matrix element between two coupled states, and
Wimn = Wy — Wy 1s the energy difference between the two states. Developing the
perturbative treatment up to first order one finds that the probability amplitudes
are given by:

t

Vi # q, by(t) = —iXO,, [ dre ™ F(1) + O()\?), (1.50)

to

By averaging over the noise source we obtain that the probability to find the

system in the state |n) at time ¢ is,

t t
Vn # q, Pu(t) = A\2|0,, / / drdr'e” @ TV (B (T)F (). (1.51)
to Jto
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A

If we assume that the whole system is in a stationary state so as to have (F'(7)F/(7'))

A A

(F(t — 7")F(0)) we can introduce the spectral noise density for the noisy pertur-

bation X
Srrlw] = 7 / dTein<F(T)F(O)>, (1.52)
which then leads to
t pt ' ,
Py(t) = N[O * / dw / / drdr'e @ tea) ) g ). (1.53)
to Jto

By performing two variable changes on the integrals over 7 and 7' the previous

expression can be rewritten

. 2
Pn(t) _ )\2|@nq|2/dWSFF[W]e_i(w+qu)t/2 (QSIH((W + qu)t)) ] (154)

W + Wyn

The last factor under the integral is well approximated by 7té(w+wy, ), which gives
us the result we were looking for: the rate at which the state |n) is populated from
the initial state |q)

dP,(t
Cysn = d; ) = A2|Ong|*Srr|wn — wy (1.55)

1.4.3.2. Optically induced phonon transitions

For weak values of g.,, we can treat the optomechanical interaction perturbatively.
In this case the noisy external perturbation is applied by the number of photons
inside the cavity, F = a'a. The spectral noise density of interest is thus the
spectral density of the number of photons. The corresponding operator acting on
the system is in this case b + b, which couples an initial mechanical Fock state 1)

to its neighbouring states |l + 1) and |l — 1).

In order to use the previously derived perturbative formula we need an expression
for the spectral density of noise for the number of photons in the cavity. This can
be obtained by using @ = (a+da) exp(—iw,t) and (da(t)da(0)) = exp(iAut —|t|)

thus leading to
27.|a| ?

(L56)

Let us for a moment consider a simple mechanical resonator at frequency w,, only

coupled to a thermal environment at temperature T. At equilibrium the oscillator
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has a mean number of excitations ny, given by the Boltzmann distribution: ny, =
1/(exp(fwn, /kyT) — 1). The dynamics of such a system can be described (as
is discussed in further details in chapter II and in appendices A and B) by the

following master equation on its density marix p:
p = —ilwmb'd, B + Y (nn + 1) D[b)p + Ymnen DB, (157)

~

where 7,D[0]p is a Lindbladian super-operator acting on the density matrix. It
describes a dissipative process characterized by a rate v, and a jump operator 0.
From this master equation we can obtain equations of motion for the probability
P (t) =Tr(|l)(l|p) of finding the mechanical resonator in the Fock state |l).

By =y (nun + 1)(1+ 1) Py — Y (na, + 1)IB,

(L58)
FYmnnl Py — Ymnan (L + 1) P

In the thermal rate equation Eq.1.58 we see that the state |l) is populated by decay
of the state |l + 1) (upper left term) or excitation of the state |l — 1) (lower left).
Similarly, decay of the state |I) populates |l — 1) (upper right) and excitation of
|l) populates |l + 1) (lower right).

The optomechanical coupling proportional to (Z;T + I;) induces similar transitions.
The Fermi Golden Rule previously derived allows us to define optical transition
rates corresponding to the optically induced excitation and decay of a Fock state.
These rates are noted 'yIpt and vipt respectively. They are defined as follows:
27c| o ge
(Anl + Wm)2 + 7c2
270|Oé|2.ggm

nl = Wm)% + 72 .

VIpt = ggmsnn[wm] =
(1.59)

oo _
Yopt = gzmsnn[_wm] - (A

Once again we see that the cavity-pump detuning plays a central role in deter-
mining how the mechanical resonator statistics will be modified by the photons
in the cavity. Introducing this optical rates to Eq.[.58 we obtain the following

optomechanical rate equation for the mechanical resonator.

By =Y (nn + 1)1+ 1) Pry = Yo (4 + 1L,
+Ymnenl o1 — Ymnn (I + 1) P
—|—7ipt(l +1) Py — ’yiptl‘Pl
+vjpthH - ’ngt(l +1)F,

(L.60)
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We introduce an optical decay rate I'yp; = ﬁpt — ﬁpt that yields the effective decay
rate of the mechanical resonator vers = Vm + I'opr. By doing so we can rewrite
Eq.I.60 as the rate equation of an harmonic oscillator coupled with strength ~.ss
to a thermal environment at an effective temperature T.;¢. The stationary state

thus has an effective occupancy given by

VonTeh + Vopt

[.61
TYm + Fopt ( )

Neff =

This treatment allows us to correctly compute the stationary number of phonons
in the optomechanical resonator. In particular we are able to recover the effects
of the photon number noise on the final phonon population. Even in the case
where the coupling and the pump are strong enough to erase the thermal effects
on the phonons, I'y,t > 1Ny, there is an inferior limit to the final occupation of
the mechanical resonator, reached when the red-detuning matches the mechanical
frequency A,; = w,,. The minimal number of phonons in this situation is given by:
Nomin = (Spnl—wm]/Spnlwm] — 1)1 = 72 /w?,. Approaching the quantum ground
state by radiation pressure optomechanical cooling should hence be feasible in
systems placed in what is known as the “resolved-sideband” or “good cavity”

regime where w,, > 7..

I.5. Amplified motion of a mechanical resonator

So far we have discussed red-detuned pumping regimes, which lead to extra-
damping of mechanical motion I',,; > 0 and ultimately cooling close to the ground
state. Blue-detuned pumps on the other hand lead to anti-damping I',,; < 0 that
results in heating-amplification of mechanical motion. For strong enough pump
intensities (or strong enough effective optomechanical couplings) a blue-detuned
pump can lead to an overall negative damping Verr = Vm + I'opr < 0, thus setting
unstable dynamics. In this case any small mechanical perturbation will expo-
nentially grow in time until non-linear effects saturate the growth of mechanical
motion amplitude. In this regime, parametric instability sets in giving rise to self-
sustained oscillations of the mechanical resonator, which oscillates at frequency

w,, with constant amplitude A.

This mechanical instability was first discussed in classical terms [6]. In that work
the position x of the mechanical resonator was assumed to evolve in time according
to x(t) = T + Acos(wnt). By comparing the power injected to the system Pj,;

to the power dissipated Py, the authors showed that a classical optomechanical
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Cantilever oscillation amplitude A

o
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FIGURE 1.4: Dynamical multistability in classical optomechanical systems.

Density plot of the ratio of injected power to dissipated power as a function

of mechanical oscillation amplitude A and cavity detuning zg. The contour
plots indicate possible oscillation amplitudes. Figure from [6].

system should display a rich array of dynamical attractors as seen in Fig.I.4. This
figure shows a density plot of the ratio Pj,;/Puss as a function of the mechanical
oscillation amplitude A and the cavity detuning zy,. The white contour plots
displayed in the figure correspond to values for which this ratio goes to one thus

yielding suitable solutions to the equations of motion.

The mechanical instability has also been studied in the quantum regime [46, 67, 68].
The signatures of the instability on the quantum statistics have been studied
by considering the mechanical Wigner distribution. The cross-over from below-
threshold to above-threshold statistics have been discussed [46]. It has been shown
that above the instability threshold the mechanical resonator is in “a coherent state
undergoing circular motion in phase space but with an undetermined phase” [67].
The possibility to attain non-classical states for the mechanical resonator, corre-
sponding to Wigner functions presenting negative values, has been discussed both

numerically [67] and analytically [68].

In this chapter we presented the theoretical framework within which this thesis
was undertaken. Starting from the classical equations of motion for a deformable
Fabry Perot cavity we derived the Hamiltonian formulation of the standard op-
tomechanics system. We presented some of the main tools used in order to describe
the dissipative behavior of such systems and reviewed briefly the cooling capabil-

ities of optomechanical systems.
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The following chapters present the work and results that were obtained during this
PhD. They include the application of the tools presented in this chapter to other
cooling mechanisms (see chapter III), the implementation of numerical resolution
methods for optomechanical systems (see chapter II) and the study of a hybrid
cQED-optomechanics system (see chapter IV).



Chapter 11

Numerical methods for

optomechanical systems

In this chapter we present the numerical methods used and implemented during
this thesis. The methods under discussion rely on the Lindblad master equation for
the density matrix of the optomechanical cavity. We start by quickly reviewing
the basic properties of the density matrix and we present the master equation
studied during this thesis. We then present the methods used to numerically solve
the Lindblad master equation in order to acquire information about the stationary
state and dynamical behavior of the system. These methods rely on a truncation
of the Hilbert space of an harmonic oscillator and are thus best suited for problems
exploring a low number of excitations. In the second part of this chapter we present
the truncated Wigner Monte Carlo method we implemented in order to explore
semi-classical regimes of parameters by solving stochastic differential equations on

scalar fields.

II.1. Density matrix and master Equation

So far we have discussed the coupling of the system to its environment with quan-
tum Langevin equations on the observables of the system. Within a Heisenberg
representation, the dynamical behavior has been carried on by the operators while
implicitly assuming that the state vector (of both the system and the environment)
remains constant in time. We assumed a memory-less, Markovian, environment

and by doing so we arrived to a set of damped first order non-linear differential

33
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equations. In chapter I the equations were tackled with a mean-field approxima-
tion and we described the effect of the noisy environment in terms of spectral

densities of noise.

Here we change the point of view and switch to the Schrodinger representation in
which the observables are constant operators and the time dependance is encoded
on the system state. Given the coupling to the environment the system is no
longer described by a one dimensional vector state but rather by a density matrix
operator p. In this chapter we start by introducing the main properties of a proper
density matrix !. Then we present and discuss the master equation on p, a first-
order differential equation with time-independent terms that takes into account
the coupling of the system to its environment. The form of the Lindblad master
equation can be recovered from very general assumptions on the structure and the
properties of the time dynamics of a proper density matrix. This discussion can be
found in [69], we present a brief summary in appendix A. The master equation and
the coefficients on the dissipative terms can also be recovered from a microscopic
Hamiltonian describing the interaction between the system and its environment.
We present the corresponding derivation for a harmonic oscillator coupled to a

finite temperature environment in appendix B.

I1.1.1. Density Matrix

The density matrix is an hermitian operator describing statistical mixtures of

states. Given its hermiticity it can be rewritten under its diagonalized form
p=>_ Dipr, (IL1)
k

where {pr = |[tr){Wr|}x is a set of projectors into the vectors |1;) which form an
orthonormal basis of the Hilbert space. py is the probability to find the statistical

mixture in the state |¢;), and thus we have

Trip) = pe=1. (I1.2)

The expectation value of any observable O is given by

(O) = Tr [Oﬁ] . (11.3)

1 Reference [58] was a wise companion throughout this thesis and an avid reader will find in
it deep insight into more general considerations on density matrices.
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If the dynamics of the system under consideration is ruled by some Hamiltonian
H, then the time evolution of the density matrix is determined by the Schrodinger
equation

dp .

inl — [H, } . 1.4

= p (I1.4)
Finally, for any given density matrix one has Tr[p?] < 1 where the equality is met
if and only if there is only one pp = 1, the other probabilities being zero, in which

case the system is said to be in the pure state |¢) (V|-

I1.1.2. Lindblad Master Equation

In the previous chapter we described the dynamics of an optomechanical cavity
coupled to its environment by means of the total Hamiltonian defined in eq.I.26.
The environment dynamics are of little or no interest and thus we formally in-
tegrated it. Doing so we obtained a set of quantum Langevin equations for the
photon and phonon operators. In the set of equations 1.29 the coupling to the envi-
ronment leads to a causal memory kernel and to the introduction of an stochastic
force acting on the system operators. When assuming weak coupling to a Marko-
vian environment the memory kernel results in a time independent dissipative
term related to the noise by the fluctuation-dissipation theorem. From there the
expectation value of any operator 6(t) can be computed by solving the Langevin

equations and calculating the average over the total system state.

The system density matrix p is obtained by averaging over the environment degrees
of freedom via a partial trace operation. If we assume that the system is weakly
coupled to a Markovian environment, the dynamics of the optomechanical cavity
under consideration is ruled by the following master equation

dp 1

= — [f,p] +.D[alp + Y + )DB)o + D1, (1L5)
where H is the optomechanics Hamiltonian defined in Eq.1.20. D[o]p = 6pot —
1/2(6'6p + po'6) is the Lindbladian super operator with an associated quantum
jump operator 0. ny, is the mean thermal occupancy of the mechanical resonator
when at equilibrium at temperature 7',

(11.6)

Np =
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The Lindbladian terms in the master equation II.5 account for the dissipative
processes enforced by the memory-less environment on the system. The irreversible
loss of a photon to the electromagnetic vacuum field outside the cavity at a rate
7. is described by the term o D[a]. The term o< D[b] describes the process
of losing a phonon to the mechanical resonator environment. Finally, the term
o D[b'] accounts for the fact that at finite temperature (ny, # 0) the environment
can excite thermal phonons. While the set of Langevin equations 1.29 contains
stochastic forces the master equation is a time independent equation. The effects
of the environment noise are here averaged by the partial trace operation over the

environment degrees of freedom.

II.2. Numerical resolution of the Liouvillian op-

erator

We now present the numerical tools used to study the master equation I1.5. We
begin by presenting the matrix representation chosen to numerically describe the

system density matrix and the corresponding operators.

I1.2.1. Truncation of a discrete Fock Hilbert space

Both the phonons and the photons evolve in infinite and discrete Hilbert spaces.
Let us consider a pair of annihilation and creation operators @ and af. In the Fock
states basis {|I) };en (which we label by increasing number of excitations) they are

represented by the following infinite matrices

- - 0 0

0 v1 0 0

. V1

V2

. . 0 V2
a= 0 Al = 0 (IL.7)

0 0 Vi

0 0 VI

In order to perform the numerical calculations we introduce a cutoff to the Hilbert
space dimension. Let [,,,, be the maximum number of excitations taken into ac-
count. We truncate the Hilbert space to the subspace spanned by the set of states

{I0) Yo<i<typae- We then introduce numerical annihilation and creation operators,
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Anum and @l defined by truncating the actual operators. These numerical op-

erators are represented by the following matrices in the truncated Hilbert space

of dimension I,,,,, + 1.

0 vI 0 ... 0 0 ... ... ... 0
Do 2o Vi :
Apum = | o0 |La,=10 v2 o . (ILS)
Lz A :
0 0 | K 0 VInaw O

While the real annihilation and creation operators follow the commutation relation

[13, IA)T] = 1, their numerical representations present a slightly different commutator:

1 0 0

0 1

: 1 0
0 oo oo 0 s

Except for the terms acting on the last vector of the truncated basis, |l;4.), the
numerical operators verify the proper commutation relation. As long as the sys-
tem does not populate this last vector the numerical operators verify the algebraic
properties necessary to properly simulate the system. The choice of [,,,, is de-
pendent on the kind of statistics considered for the system. Describing a coherent
or thermal state requires a bigger cut-off than the one needed to describe a Fock
state with few excitations. In the following we choose values of 1., ensuring that
the system state is accurately described by states in the truncated Hilbert space.
In some cases, mainly when there is amplification of mechanical motion, the sys-
tem can be driven out of the truncation thus leading to incorrect results from the
numerical treatment. Choosing an a prior: big enough cut-off is not sufficient and
one should ensure that at every step of the numerical treatment the truncation of

the Hilbert space is adequate.

I1.2.2. Stationary state of the master equation

In the most general case the dynamics of a system weakly coupled to a Markovian

environment can be cast under the form of a Lindblad master equation of the
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form: .
Do ilig)+ >l 0l (11.10)

with H the Hamiltonian of the system and {O, Yo}o a set of jump operators and
their corresponding dissipative rates. Eq.II.10 is a first order linear differential

equation for the density matrix which can be rewritten:

p=Lp, (I1.11)

where we have introduced the linear Liouvillian superoperator £ acting on the
density matrix. If the system Hamiltonian is time-independent then the superop-
erator L is a constant operator. If the master equation I1.10 has a stationary state
Pstat 1t verifies ﬁsmt = 0. Such a state is thus an eigenvector of the superoperator
L with zero eigenvalue. We can thus recover the stationary state by diagonalizing

the Liouvillian super operator and considering the zero-eigenvalued matrix.

This procedure presents a few mathematical problems which go beyond the scope
of this thesis. First, the problem of the existence of such a stationary state is not
an easy question. Even if there exists one such state the system could present mul-
tiple stationary states. Second, the superoperator being non-hermitian the usual
discussions in terms of a basis of diagonalizing eigenvectors is not straightforward
and so the general methods for first order differential equations do not necessarily
apply to this problem. Finally, even if such a zero-eigenvalue matrix exists there
is no a priort way of knowing if it defines a proper density matrix for a physi-
cal system. We thus make the following assumptions which were never violated
during this thesis. First, the physical systems under consideration do possess a
stationary state. Second, such a stationary state can be found by diagonalizing the
Liouvillian superoperator and taking the zero-eigenvalue density matrix (which we

assume to be unique).

Given that we are dealing with infinite Hilbert spaces (spanned by the infinite ba-
sis of Fock states for the mechanical resonator) there is no simple way to tackle the
diagonalization of the corresponding superoperator. We thus opted for a numeri-
cal diagonalization. With the numerical representation previously discussed it is
rather straightforward to construct the superoperator L,,,, corresponding to the
numerical version of the hamster equation I1.5. The density matrix is mapped into
a finite size vector and the superoperator is represented by a matrix which is then

numerically diagonalized. For small dimensions of the numerical Hilbert space it
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is possible to implement an exact and complete diagonalization of the super oper-
ator. When the dimension becomes too big it is possible to exploit the sparsity of
Lum and use the ARPACK library [70] in order to obtain the eigenvectors with

the smallest eigenvalues.

By diagonalizing this matrix and extracting the corresponding zero-eigenvalued
eigenmatrix we get the stationary density matrix of the system. This matrix con-
tains all the information necessary to calculate the system statistics, observable
mean values, equal time correlation functions between observables and the sta-
tionary Wigner density function of the mechanical resonator. In chapter IV we
present the results obtained concerning the stationary statistics of the mechanical

resonator when coupled to a Jaynes-Cummings atom-cavity system.

11.2.3. Time resolved dynamics

Let us now present the method used to study the time dependent evolution of
the system. Looking into the dynamical evolution of the system we are able to
gain additional insight into how the system evolves from one state to another thus

completing the knowledge we obtain from the study of the stationary state.

The master equation under consideration is a first order differential equation that
can be numerically solved with usual Runge-Kutta algorithms [71]. A fine tuning of
the resolution parameters (mainly those controlling the tolerance of the integration
step) is required in order to ensure the “unitary” evolution of the master equation.
The conservation of the density matrix norm, Tr[p] = 1, for every time step
was chosen as a first validity check on the resolution precision. When tuning
the values of the resolution tolerances a compromise has to be made. Too-big
tolerances lead to non unitary evolutions. Too-small values conserve the trace but
imply an integration time which is way too long making the method unusable in
practice. The tuning of these parameters is strongly dependent on the numerical
values of the system parameters considered (frequencies, couplings and dissipative
constants). In the case of optomechanical systems, the orders of magnitude of
difference between the photon and mechanical time scales may also lead to a
stiff problem which should be handled with care. In the end we chose a set of
parameters (parameters inherent to the physical problem and parameters inherent
to the numerical resolution itself) allowing unitary evolution within a reasonable
range (comparable to the unavoidable numerical noise rising from the finite number
of available decimals), and integration times that for the biggest Hilbert spaces

considered, [,,,, ~ 100, were of the order of a few hours.
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We created a set of functions and data structures in order to calculate, store
and treat the produced numerical data. We also established parallel computing
routines in order to take full advantage of the material at hand (two 48-cores servers
where acquired by the theory group of Laboratoire Matériaux et Phénomenes
Quantiques in 2011). Parallel computing was not used directly in the solving
routine but was rather implemented in order to accelerate the study for different

sets of parameters, each iteration calculating a distinct set of parameters.

I1.3. Truncated Wigner distribution and Monte
Carlo simulations of stochastic equations

on scalar fields

The numerical resolution methods presented this far rely on the truncation of the
Hilbert space. In principle if the truncation is big enough then the numerical
resolution yields the proper results. In practice the computational power of a
machine is finite and thus there is a limit on the dimension of the Hilbert space
that can be handled. We now present a numerical resolution based on stochastic
differential equations for scalar fields rather that on a master equation for a density
matrix. The equations for the scalar fields are obtained by mapping the problem
from a matricial point of view (master equation for the density matrix) to a partial
derivative equation for a quasi-probability distribution on the system fields (the

truncated Wigner function of the photons and phonons).

We start by introducing quasi-probability distributions for a quantum system. We
then draw the equivalence between the master equation I1.5 and a partial derivative
equation on the Wigner function of the system. Under certain assumptions this
partial derivative equation becomes a Fokker-Planck equation. The problem is
then well described by a set of first order stochastic differential equations which
we solve numerically with a Monte Carlo code. Finally, we present the principle
of the numerical resolution and the results obtained during this thesis on single

cavity optomechanics and arrays of coupled optomechanical cavities.

I1.3.1. Quasi-probability distributions

Let us consider a classical system consisting of n interacting particles with masses,

positions and momenta {m;, ¢;, p; }1<i<n. The system dynamics is ruled by the
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classical Halmiltonian

2 2 2

D p Dy,
H<{xi’pi}):2_r:h+2_ﬂ;+“'+2m

+V(zy, ..., z). (I1.12)

If the system is at thermodynamic equilibrium at temperature T it is possible to
introduce a probability distribution P(x1,...,x,;p1,-..,ps) such that the prob-
ability of finding each particle ¢ at a position x; with momentum p; within the

ranges x; € [z, x; + dx;] and p; € [p;, x; + dp;] ? respectively is given by

P(z1,...,20;p1, .., pn)dxy . .. dxydpy . .. dpy. (I1.13)

The probability distribution is given by the Gibbs-Boltzmann formula

P({zi,pi}) = exp {—%} . (I1.14)

The average value of any function of the positions and momenta of the particles
can then be calculated by integrating it all over the parameter phase space as

follows

(fHzip}) = | fQzop ) P{wipd) ] deidps. (IL.15)

R 1<i<n

In 1932 Eugene Wigner published an article [72] where he explored the possibility
to introduce a similar probability distribution for a quantum mechanical version of
the system. It is far from a trivial problem since the non-commutation of position
and momentum operator, [Z;, p;] = ihd; ;, excludes the definition of simultaneous
probabilities for both position and momentum. Nevertheless he managed to intro-
duce a quasi-probability distribution presenting similar properties as in Eq.IL.15.
This distribution is nowadays known as the Wigner quasi-probability distribution
and since then quasi-probability distributions in phase space have become impor-

tant tools for the study of quantum optics systems [73].

Defining a probability distribution in order to describe a quantum system statistics
as in Eq.I1.15 poses a number of problems among which the non-commutation of
operators in a Hilbert space. The introduction of a scalar representation for non-
commuting operators of a harmonic oscillator was thoroughly tackled in a series
of papers by Cahill and Glauber in 1969 [74, 75]. They discussed the existence

and convergence of a Taylor series expansion of any given operator 0 in terms of

2dx; and dp; being the differential elements in phase space.
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powers of the creation and annihilation operators, a' and @, of the system,
6= comla)am. (I1.16)

In Eq.I1.16 we chose a normally ordered expansion on the creation and annihilation
operators where powers of a' are always to the left. Antinormal ordering, a' to the
right, or symmetric ordering, where a' and @ are in equal footing with respect to
order, are also possible. In [74, 75] the authors discuss such power series expansions
by introducing a continuous ordering parameter s which for s = 1,0, —1 yields
normal, symmetric and anti-normal ordering respectively. Here we quickly review

the results presented in those references.

Let us consider a system described by a single pair of operators a, a' verifying
the commutation relation [G,a'] = 1. Such a system evolves in an infinite Hilbert
space spanned by a discrete and complete set of orthonormal eigenvectors of the

hermitian operator a'a, the Fock basis {|n)}nen:

vn € N, a'aln) = n|n). (I1.17)

Let us now introduce the unitary operator

Vo € C, D(a) = exp (aa! — a*a), (I1.18)

which obeys the relation D(a)™' = Di(a) = D(—a). Usually called a “displace-

ment operator”, its action on the annihilation operator is

A

D(a)'aD(a) = a + a. (11.19)

It displaces the Fock state |0) into an eigenvector of & with eigenvalue «, the
coherent state |a):
ala) = aD(a)|0) = ala). (I1.20)

The overlap between two coherent states is

(Bla) = exp |~ 5lal? — 518" + 5l (1121)

Two coherent states are not orthogonal but their overlap vanishes if |a — §]* —

+00. The set of coherent states forms a continuous and overcomplete set of vectors
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of the Hilbert space as

[l ol @ =1 (11.22)

where the differential element of phase space is given by 7 'd*a = 7 1dR(a)dSS ().

We define the s-ordered product {(af)"a™}, by means of a Taylor series expansion

of the operator

A

D(a, s) = D(a)e’lf/?

1
= exp [adT —a’a+ —3\04]2

- Z nlml (a%)"a™}.

n,m=0

(11.23)

The normal and anti normally ordered products are recovered by setting s = 1, —1

respectively,

{@ram}, = (ahram (I.24)
Mra

{(ahram™}_y = a™(a")™. (11.25)

The symmetrically ordered product {(af)"a™}, is the average of all ways of order-

ing the product of n factors of a' and m factors of a. For example we have

{ata}y =

{a'a*}y =

(a'a + aa') (11.26)

(a'a® +aa'a + a*a') . (11.27)

From the completeness of the coherent states basis {|a)}acc it is possible to in-
troduce a set of complete operators {T'(c, s)}aec spanning the Hilbert space of
operators. This set of operators is obtained by complex Fourier transform of the

operators D(a, s) as follows

Vo e C, T(a, s) :/ D(e, s)e® "~ g%, (I1.28)
C

It is then possible to expand any arbitrary operator o over phase space in the

following form

6:/ O(ar, —s)T (e, s)m " d2a. (I1.29)
C



Chapter II. Numerical methods 44

The weight function is given by

O(a, —s) = Tr [aT(a, —s)] . (I1.30)

For a given value of s it is then possible to establish a one to one correspondence

between operators and functions of scalar C-numbers?.

An operator of particular interest is the density matrix p of a system. It encodes
the statistical information about the system so that the expectation value of any
observable 6 is given by (6) = Tr[po]. By means of the previous one-to-one cor-
respondence between operators and functions we are able to obtain an expression
of the average value of an observable in terms of an integral over phase space of

some “probability” distribution.

Tr(6p] = /C Ola, —8)R(a, s)r'da, (IL31)

where O(a, —s) is the weight function associated to 6 by Eq.I1.30 and R(«, s) is the
scalar function associated to p by R(a,s) = Tr[pT (e, s)]. In general the function
R(a, s) can have negative values forbidding us to treat it as an actual probability
distribution. Nevertheless, given the relation in Eq.I1.31 we will call it a quasi-
probability distribution over the phase space of eigenvalues of the annihilation

operator a. For a given value of the ordering parameter s we have in particular

Tri{(ahramy.g) = /(C (0*)"a™ R(a, s)n~'d%. (11.32)

I1.3.2. Fokker-Planck like equation for the Wigner Distri-

bution

Let us now move back to the problem at hand, an optomechanical cavity coupled
both to an electromagnetic environment, treated as if it were at zero temperature,
and to a thermal environment at finite temperature T" for the mechanical resonator.

As previously stated the dynamics of such system can be described by dealing with

3 Here we present a very brief discussion on this correspondence. The convergence domain
of the expansion of Eq.I1.23 depends on the value of the ordering parameter s. This translates
into different domains of validity for the phase space expansion of Eq.I1.29. For more details the
reader should refer to [74, 75].



I1.3. Truncated Wigner distribution and Monte Carlo simulations of stochastic
equations on scalar fields 45

the following master equation

0 » | |
d—? — — Z [wc&Td + meTb - ngdT& + in(e_lwptd - elwpth)’ ﬁ]
+ e (dpcﬁ - §(aTap + pa*@))

L (IL33)
-+ 1) (8907 = 30785 + D))

1 -~

+%mm(ﬁ%—§wwﬂ+%ﬁ0,

where we have taken into account a coherent drive of the photons at frequency w,.
Now we use the density matrix to quasi-probability distribution mapping we just
presented to derive a partial differential equation on the corresponding function
representing our system. We have two coupled harmonic oscillators represented
by the operators a and b and their adjoint operators. We thus have two scalar
fields o and 3 and two ordering parameters s and u for the cavity and the mechan-
ical resonator respectively. The corresponding time-dependent quasi-probability
distribution is noted R(«, f3; s, u;t).

Given the linearity of the mapping, we derive the corresponding partial differential
equation by calculating the quasi-probability distribution associated to each term
in Eq.I1.33. In order to do so we establish a series of correspondences to obtain the
quasi-probability distribution associated to the product of some arbitrary operator
6 and a system operator (&, at, b, or bf) [76]. With f* = s+1/2 and g*= = u+1/2

the necessary correspondences are given by

a6 +— (a— f70.+)O(ey, B;s,u) bo +—> (B =9 0s)O(cx, B s,u)

ato «— (o — f18,) O(a, B;s,u) | b6 «— (B* — g7 3) O(a, B; 5, u)

00— (v — fT.:)O(av, B;s,u) | 6b < (8 —9g70s) O(cx, B; s, 1)

vl —— (o — f78,) O(a, B; s,u) | 0b1 «— (8" — g=93) O(a, B; 5, u)
(I1.34)

From now on we only consider the case of the Wigner distribution of the system,
W(a,B) = R(a,s = 0;5,u = 0), which is obtained by considering symmetrical
ordering® of the operators and thus setting s = v = 0. In this case the time-
dependent Wigner distribution of the system W («, 3;t) follows the Fokker-Planck
like equation defined in Eq.I1.35.

4 More details on the derivation for arbitrary ordering parameters can be found in Appendix
C
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0 e _
aW(O&, Bit) = Oq [z’wca —igema (B + B) + %a + Fue “"Pt} Wi(a, B,t)
+ O [—z’wca* + igema™ (B + 5%) + %Oz* + Fpeiw”t} W(a, B,t)
1 m
05 i —igen (laf = 5 ) + 225 W(a 0

1 M o
+ aﬁ* |:_iwmﬁ* + igcm ('QP - 5) + %ﬁ :| W(Oé, ﬁa t)

c 1
+ %ai*aW@)é,ﬁ,t) + Tm <nth + §> aE*BW(OC, 67t)

T e W (@ B.1) = 195 W (0, B.1)
(I1.35)

Phase space approaches have been recently used to successfully study the quantum
regime of optomechanical limit cycles appearing when the blue-detuned optical
pump leads to mechanical self-sustained oscillations [68]. In that work only the
mechanical Wigner distribution is introduced and analytical results on the me-
chanical resonator statistics show that it should be possible to obtain quantum
statistics (negative values of the mechanical Wigner distribution) when exciting
the mechanical resonator to a limit cycle. In the following we consider a Wigner
distribution over the photons and phonons and use the Fokker-Planck like equa-
tion to derive a set of stochastic differential equations on the scalar fields o and

which can be numerically solved with Monte Carlo algorithms.

11.3.3. Equivalent stochastic equations on scalar fields

Eq.I1.35 contains first order terms corresponding to a drift term determined by the
system Hamiltonian H. Tt should be noted that in the drift terms of the phonon
field the optomechanical coupling is represented by a term o |a|*—1/2. This comes
from the fact that the Wigner distribution favors symmetrical ordering of operators
in which the number of photons operator is written as a'a = 1/2(afa +aa’ — 1) =
{a'a}y — 1/2. The second order terms are responsible for the diffusion of the
Wigner distribution in phase space. They rise from the dissipative coupling to
the environment. Finally the non-linear radiation pressure coupling between the
photons and phonons yields third order terms. Whenever the coupling constant
is stronger than the dissipative effects of the environment these third order terms
lead to the appearance of non-classical correlations in the system. In such a regime

the Wigner function presents negative values which forbid any interpretation in



I1.3. Truncated Wigner distribution and Monte Carlo simulations of stochastic
equations on scalar fields 47

terms of actual probability distributions. In the following we neglect these terms.
Doing so we limit ourselves to positive gaussian distributions which in return can

be interpreted as probability distributions over phase space.

Without the third order terms we recover a Fokker-Planck equation with a definite
positive diffusion matrix. The dynamical and statistical behaviour of such an
equation can be recovered by considering the following set of stochastic equations
on the scalar fields

d Ve

Za = —iwea+igama(f+ BY) — Tat Fe it %gc@), (I1.36)

d , , 5 1 Vm 1

il - S I - 1.
i W3 =+ igem (Ial 2) 5 Bt \/vm (nth + 2)€m(t),( 37)
where &.(t) and &,,,(t) are gaussian random variables with mean values to zero and
whose correlators are given by (£.(1)&5(t)) = (En(8)EE, () = d(t —t'). Such a set
of equations has been used to numerically study amplitude noise suppression in

cavity-driven oscillations of a mechanical resonator [77].

During this thesis we developed a numerical Monte Carlo code in order to numer-
ically solve the set of equations I1.36 and I1.37 . A similar procedure had been
developed in the theory group at Laboratoire Matériaux et Phénomenes Quan-
tiques in order to successfully study light-matter interactions in semiconductor
microcavities [78] and polariton super-fluidity [79-81]. We designed and tested an
implementation able to study the physics in an array of coupled optomechanical
cavities. Great effort was spent in order to tackle the stiffness of the correspond-
ing numerical problem. The orders of magnitude separating the mechanical and
cavity time scales lead to simulations requiring very precise integration time steps
(in order to have enough resolution to follow the photon dynamics) over a very
large time window (in order to properly describe the “slow” mechanical dissipa-
tion). The procedure crafted during this thesis also implements parallel computing

structures in order to best exploit the equipment at hand.

In the following we present the Monte Carlo code developed. We study the con-
vergence of the simulation and present the work undertaken in order to validate
this numerical resolution method. We tested incrementally the different physical
phenomena we wanted to study with our calculations and compared them to what
is obtained by analytical treatment of the equations of motion. First we study the
noise statistics for a system with no optomechanical coupling, g.,, = 0, for which

the cavity and the mechanical resonator are described by coherent and thermal
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states respectively. Second, we consider the mean field behaviour of an optome-
chanical cavity under coherent pumping and show that our resolution method is
able to properly follow the bistable diagram solution discussed in Chapter I. Then
we take into account the fluctuations around the mean fields and show that we
are able to properly describe the cooling capabilities of a single optomechanical
cavity. Finally, the numerical resolution was conceived to simulate an array of
optomechanical cavities, we thus consider the auxiliary cavity scenario depicted
in Chapter III for which we get excellent agreement between the numerical and
analytical results and we present our results on synchronization of amplified me-

chanical motion in a 30 x 30 optomechanical array.

I11.3.4. Truncated Wigner Montecarlo simulations

11.3.4.1. Principle

The numerical integration of equations Eq.I1.36 and Eq.I1.37 is performed by in-
troducing a time step dt chosen small enough (we set dt ' > wWynee, Where wpey 18

the largest frequency at play in the system) so that we can write

a(t+dt) =aft) + dt x [~(ise + L)alt) + igan (B(E) + 5 () at) + Fp(t)

()] Lar

4
B(t + dt) =B(t) + dt x {—(wm + 2)5(6) + igen <|a(t)|2 _ %)}
+§m(t)\/ym%1/2dt.

(11.38)

For a single run of the integration we obtain a set of vectors a(t) and £(t) con-
taining the time evolution of the system fields. The Monte Carlo implementation
calculates N configurations, each configuration corresponding to a statistically

independent trajectory. As seen in Fig.Il.1 we obtain a set of N independent

trajectories {a(t), Be(t) b 1<r<n-

The quantities of interest are the mean values of the observables of the system.

For any given observable 0 (d, at, I;, ET) the correspondence between operators and
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2400 independent
trajectories

0 1 2 3
Ym X Time

FiGure II.1: Schematics of the data structure produced by the Monte Carlo

algorithm. Here the simulation provides N = 2400 independent trajectories.

We represent for each trajectory the real part of the phonon field R[5(t)] as a
function of time.

distributions over phase space yields the following relation:
<a (a, at b, BT>> — Tr[6]]
(I1.39)
- [ Oswia s tdads,
C

With the Monte Carlo procedure the average over phase space is recovered by

averaging over the N independent configurations, so that

N
- 1
<5(a,a*,b, bT)> = Jlim =" O(ar, ). (I1.40)
k=1

N—+o0

Let us now consider the field corresponding to the number of phonons after an

average over N configurations:

(5P = 1/2)y = + S 1G@F -5 (41)

Fig.I1.2 presents (|3 —1/2) y as a function of time for increasing values of N. The
set of parameters in Fig.I[.2 corresponds to an optomechanical cavity pumped as
to have cooling of mechanical motion. (|3(¢)|?)y reaches a stationary state at a
time tg4. For times t > tg4 the system fluctuates around this stationary state.

We then calculate the N-dependent mean value and standard deviation over time
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Average over 2400 conﬁgur'ations

[Average over'4 configurations
[Average over'3 configurations
T T
lAverage over 2 configurations

Q 30 Average over 1 configuration
—
| 15 ]
— w
n 0 : )
- 0 1 2 3
Ym X Time

FIGURE I1.2: Number of phonons as a function of time. The set of parameters

has been set to yield optomechanical cooling of mechanical motion. The dif-

ferent plots correspond to results after averaging over an increasing number of
configurations.

of the field in the stationary state as follows

(BT = [ dr(IB)P),

tend - tstat tstat

(11.42)

dr

L s (8@~ TP
o (N) = /tsmt <—<|5|2>N>2

tend - tstat

where t.,4 is the final time of the integration window.

: : 10°
=
=T q107!
=
5
. . 1072
10° 10! 102 103

N (number of configurations)

FiGURE I1.3: N-dependent standard deviation of the number of phonons in the

stationary state as function of the number of calculated configurations. The

blue line corresponds to numerical results. The red line gives a fit proportional
to the expected behavior o 1/\/N

Fig.IL.3 presents the evolution of the standard deviation og2(N) as a function
of the number of calculated configurations. As expected from a Monte Carlo
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algorithm computing statistically independent trajectories, the standard deviation

decreases as o< 1/v/N.

I1.3.4.2. Noise statistics

We now look closely at the noise statistics yielded by the truncated Wigner Monte
Carlo simulation. Let us discuss a scenario in which there is no optomechanical
coupling (g.m = 0), no coherent excitation of the cavity photons (Vt, F,(t) = 0)
and the mechanical resonator is at equilibrium with a bath at zero temperature
(T'=0). Under this conditions the system density matrix is a product of the two
ground states and the Wigner distribution of the total system is a product of two

gaussians centered around 0.

Wi(a, ) = —e 20 x =26F, (I1.43)

Given that we expect a gaussian distribution for the fields of both the cavity and
the mechanical resonator we only study the distribution moments up to second
order. In order to characterize the gaussian states of the cavity and the mechanical
resonator we consider the mean value of the number of photons and phonons
and the mean value of the square of one of the quadratures. The two harmonic

oscillators being in the ground state we should get

(I1.44)

In terms of an integral over phase space this expectation values are given by

(alay = /C <|oz|2 - %) W (a, B)d2ad2B (11.45)
( +a)2) = /C (0 + a2 W(a, B)dad?B (I1.46)
51y — /C (|ﬁ|2 - %) W (a, B)d2ad?s (I1.47)
(b + D)%) = /C (B4 55 W (a, B)d*ad?B. (11.48)

Fig.I1.4 presents the results yielded by the numerical resolution. Averaging over
4800 configurations we obtain an excellent agreement between the expected theo-

retical value and the numerics, with differences of the order ~ 1072, showing that
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FIGURE I1.4: Average values of the mechanical resonator (left column) and

cavity (right panel) number of excitations (upper panel) and squared quadrature

(lower panel). In blue the time evolution of the observables. Red-solid and

red-dotted lines correspond to the average value over time and the expected

theoretical value respectively. Results after averaging over 4800 configurations,
gem =0, F, =0, T=10"%, A =0, vmn/wm = 1073, 7./wy,, = 1071

the simulation is able to describe the proper statistics of a harmonic oscillator in

its ground state coupled to the vacuum fluctuations.

We also checked the noise statistics for a cavity subject to non-zero coherent
pumps and for a mechanical resonator at equilibrium with an environment at
temperature T # 0. Under these conditions the cavity photons should be in a
coherent state and the mechanical resonator in a thermal state. The corresponding

Wigner distribution is then given by

W(Oé,ﬁ) = 5672‘017010\2 tanh (l{;b_T) exp |:—2‘5‘2 tanh (k;b_T):| , (II49)

where the photons are assumed to be in a coherent state |ag). The expected values

for the mean values of the observables are in this case

o—lwm [k T (I1.50)
1 — e~ wm/kT

(b1 +0)%) = 20y, + 1.

Fig.I1.5 presents the stationary state standard deviation between the numerical
results and the expected theoretical values for different temperatures and different

coherent pump intensities. The standard deviation for any given observable o is
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defined as

olo] = < (o(t) ; Otheo""y)2> 7 (IL51)

Otheory

where (.)..4 corresponds to the ergodic time average over the stationary state as
discussed before.
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FIGURE I1.5: Stationary state standard deviation of the observables of interest

for an uncoupled system as a function of the equilibrium temperature (for the

phonons) and the coherent pump intensity (for the photons). Squares and

circles correspond to averaging over 800 or 4800 configurations respectively.
Gem =0, A =0, v /wm = 1073, ve/wpy, = 1071,

Fig.I1.5 displays the standard deviations obtained for averages over 800 config-
urations (squares) and 4800 configurations (circles). The calculations with 800
configurations display relative differences of the order of the percent and were ob-
tained after roughly 2 hours of calculations using 12 parallelized processors. With
4800 configurations it is possible to reduce these differences by one or two orders
of magnitude and the calculation time needed was of about six hours when using
the same 12 processors. The deviation to the expected theoretical values is more
important for lower values of the temperature and the pump intensity. This rises
from the fact that properly describing such low number of excitations requires a
much bigger number of configurations. The quadratures on the other hand have a

lower bound > 1, we thus get excellent an agreement with just 800 configurations.

These results show that the numerical resolution gives a proper description of
the coherent and thermal statistics as long as the average is performed over a

big enough number of independent configurations. Now we demonstrate it is also
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able to describe accurately the mean field behavior rising from the non-linear

optomechanical coupling.

11.3.4.3. Bistable mean-field behavior

In Chapter I we showed that the non-linear coupling between the photons and
phonons leads to multistable solutions to the mean-field equations of the system.
In particular we showed that for red-detuned pumps it is possible to reach a regime
in which there are two stable solutions and an unstable one. Increasing and de-
creasing the pump intensity can lead to an hysteresis cycle (for an experimental
observation of the optomechanical bistability see [19]). Fig.I1.6 presents a numer-
ical simulation in which we slowly change the pump intensity in order to scan the
bistability diagram back and forth. We chose a pump with a gaussian shape over
time as to ensure an intensity modification over time as adiabatic as possible. The
blue line depicts the numerical dependance of the photon field absolute value as
a function of the changing pump intensity. The red line corresponds to the ana-
lytical curve described by Eq.[.36. We have an excellent agreement between the

analytical and numerical results.

T T 104
S
! 10°
2 3

F,/wm

FIGURE 1I1.6: Numerical bistability of the optomechanical mean-field equa-
tions. Squared absolute value of the photon field as a function of the time
dependent pump intensity F},. The red line depicts the expected theoretical
bistable relation obtained from the mean field equations. The blue line cor-
responds to the numerical results. The width of the gaussian profile pump is
given by tyYe = 5/3. AJwm = 107 v /wm = 1073, ye/wim = 1072, gem/wm =
1072, T = 4mK,w,, = 1GH,. Results after averaging over 800 configurations.
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The oscillations after the sudden jump on the cavity field are probably related to
a transient regime excited by the abrupt change in the number of photons leading

to a non adiabatic excitation of the mechanical resonator position.

11.3.4.4. Single cavity cooling

We now discuss the results of our numerical method beyond the mean fields. In
particular we want to determine whether or not the numerical resolution takes
properly into account the dynamics of the fluctuations around the mean field.
Fig.I1.7 presents the time evolution of the number of phonons inside the mechanical
oscillator for a set of parameters chosen to give cooling from an initial thermal
occupation of 130 phonons. According to Eq.I1.61 the stationary state of the system
should contain on average 1.44 phonons. The numerical treatment displays cooling
of the mechanical resonator as expected. Averaging over time in the stationary

state and over 800 configurations, the numerics yield a final occupation ~ 1.61.
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FiGure I1.7: Mechanical resonator number of phonons as a function of time.
The red line corresponds to the final mechanical occupation computed with the
theoretical results of Chapter I. The set of parameters (A/wy, = 1, Yim/Ym =
1073, ve/wm = 1071 gem/wm = 1073, F,/wm = 15, ny, = 130) has been
chosen to lead to cooling of the mechanical resonator down to ~ 1.44 excitations.

The disagreement between the theoretical value and the numerical result cannot
be explained by the number of configurations which should be enough to obtain
accuracy up to the percent. Given the pump intensity considered in the parameters
of Fig.Il.7 we believe that the system is being excited to a point close to the
unstable solutions of the mean field approximation thus breaking the validity of
the linearized approach. We obtain better agreement for less intense coherent

pumps. Nevertheless we decided to show this figure for consistency with what is
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presented in Fig.I1.9. Both figures share the same parameters and Fig.I1.9 presents

our numerical results for the auxiliary cavity cooling scenario discussed in chapter
I1I.

The final phonon occupation is related to the intrinsic dynamical behavior of
the mechanical resonator (through +,,), to the modifications to the mechanical
damping rate introduced by the coupling to the photons (through I',,) and to
the effects of the optical noise (through S, [w]). The fact that our numerical
resolution yields a result corresponding to what is expected from a theoretical
treatment shows that the resolution is capable of properly taking into account the

dynamical behavior of the fluctuations around the mean fields.

11.3.4.5. Linear optical coupling between cavities

We have stated before that the numerical implementation is well suited for the
study of an optomechanical array comprising many optomechanical cavities. The
scalar stochastic equations for the photon and phonons fields of the i-th optome-

chanical cavity are given by

d ci s ci

aﬁi = — w0 + Zgz()éz(ﬁz + ﬂ:) +1 Z JijOéj — %O&i + Fpie wpit + %fai(t);
J#i

Eﬁi = —Wnif4+10; (|CY¢|2 — 5) +1 %: K;;B; — 7@‘ + \/%m‘ <nth,i + §>§mz‘(t),
j#i

(IL.52)

where the matrices {.J;;} and {K;;} determine the coupling between cavities which

can be mediated by photons and/or phonons respectively.

Fig.I1.8 presents a comparison between the analytical and numerical spectral re-
sponse of a double cavity system with no optomechanical coupling (g3 = g2 = 0)
and a site to site optical coupling ({J;;} # 0, {K;;} = 0). We obtain the spectral
response of cavity 1 by applying a gaussian pulse to both cavities and deconvolut-
ing the spectrum of the system excitation (coherent pump and white noise) from
the photons spectrum. The numerical results are in excellent agreement with the

theoretical predictions from Eq.II11.24.
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Fi1GURE I1.8: Double cavity system spectral response. Absolute value of cavity

1 field Fourier transform as a function of frequency and cavity 2 detuning. The

spectral response of the cavities is studied by applying a gaussian pulse of width

tw ~ 67.. The other parameters are Ay = 0, J = 107, Ye/wm = 107%, gem =

0, Fp/wm =20, {K;;} = 0. The numerical results, obtained by averaging over
800 configurations, are in excellent agreement with the theory.

11.3.4.6. Auxiliary cavity cooling

In order to test if the numerics is capable of describing properly both a linear
coupling between cavity photons and the optomechanical coupling we tested it
with the auxiliary cavity cooling presented in Chapter III. Fig.I1.9 displays the
corresponding results for a calculation averaging over 1200 configurations. The
set of parameters has been chosen so that theoretically the mechanical resonator
reaches a stationary population of 14.4 phonons. Numerically (after ergodic av-
erage over the stationary state) we obtain a final occupation of 14.1 which is in

good agreement with the analytical values.

11.3.4.7. Synchronization of optomechanical arrays

Finally we would like to present some preliminary results on the study of optome-
chanical arrays. It has been shown [82] that an array of optomechanical cavities
coupled through the mechanical degrees of freedom can present synchronization

of the limit cycle oscillations of the mechanical resonators.

We consider an all to all coupling scenario for an array of identical optomechanical

cavities. We assume that the cavities are coupled via the mechanical degrees of
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FiGURE I1.9: Numerical results for the auxiliary cavity cooling of Chapter

ITII. Number of phonons in cavity 1 as a function of time after averaging over

1200 configurations. The red line corresponds to the expected theoretical value.

At Jwm = 1072 Agjwnm = 71078 v /wm = 1074, qe/wm = 1071 J/w, =
1, g1/wm =1073, g2 =0, Fpi/wm =15, T = 1K, wy,, = 1GH,.

freedom. The equations of motion of the i-th optomechanical cavity are then

d C 3 C

7%= —1we 0 + 1gema; (B + BF) — %Oéi + Fye vt + %fai(t),

d . . 1 . Ym 1

%@' = —iwWmBi + 1em <|Oéi|2 - 5) + ZK%:ﬁj - 7@ + \/%n (nth + 5) Emi(t).
j#i

(I1.53)

In order to quantify the synchronization of the mechanical resonators we introduce

Xo = < > ; (I1.54)

where N is the number of cavities in the array. The average is performed over the

the phase coherence

1 o,
J— e J

configurations. ¢; is the argument of the mechanical field in the j-th cavity:

iy — Pi I1.55
e 5,1 (I1.55)

Complete synchronization of the mechanical resonators corresponds to having
Vj,¢; = ¢ in which case x4 goes to 1. On the contrary, if there is no synchro-
nization the phases of all the resonators are independent from each other in which
case we have x, = 1/N.
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F1GURE I1.10: Phase coherence of a 30 x 30 optomechanical array as a function

of time. We consider an all to all mechanical coupling scenario in which K;; =

K = wy, /4. The other parameters are: gem = Ve = 0.3wm, Ym = 0.074w,,

and Fj,, = 1.17,.. Solid blue line corresponds to a synchronized array with A =

We — wp = —wp, /2. Dashed blue line corresponds to an unsynchronized array
with A = —3wy, /4.

Fig.I1.10 presents the phase coherence of a 30 x 30 optomechanical array. The set
of parameters are identical to those considered in [82]. Fig.I1.10 presents the tran-
sition from synchronized to unsynchronized dynamics of the optomechanical array
as the detuning between the coherent pump and the cavities frequency increases.

Our numerical results are in good agreement with the results from [82].

The numerical methods for the resolution of the Lindblad master equation are
extensively used in chapter IV in order to study the open system dynamics and
statistics of a hybrid architecture combining optomechanics and quantum electro-
dynamics. The semi-classical truncated Wigner Monte Carlo approach is still a
work in progress but given the promising results presented here we are confident
that it will prove to be an useful tool for the study of disordered optomechanical

arrays.






Chapter I1I

Non conventional optomechanical
cooling: dissipative forces and

auxiliary cavities

In chapter I we went through the theory of optical self cooling of mechanical
motion in an optomechanical cavity coupled via radiation pressure [28-31]. The
calculations show that for systems in the resolved-sideband regime, where the
mechanical frequency is larger than the cavity linewidth, it is possible to cool
mechanical motion down to the mechanical quantum ground state if the photons
are pumped with a coherent pump red-detuned from the cavity resonance by an
amount equal to the mechanical frequency. In this chapter we present two differ-
ent cooling mechanisms for optomechanical systems. First we present our work
on photothermal-based cooling [1]. We show that it is possible to cool mechanical
motion without relying on the resolved-sideband regime by considering photother-
mal forces. We also present our work on an optomechanical cavity coupled to an
auxiliary cavity. These new geometry modifies the optomechanical cavity spectral
response thus allowing cooling close to the ground state while pumping almost

resonantly the photons in the optomechanical cavity.

III.1. Limits of cavity optomechanical cooling by

photothermal forces

In usual optomechanical setups the coupling between mechanical motion and cav-

ity photons results from the reflection of photons on the mirror. The reflection

61
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of a photon with wave vector k induces a momentum exchange 2hk with the mir-
ror, thus leading to radiation pressure. If instead of reflecting every incoming
photon the moving mirror absorbs some energy from the light field, this extra
energy can be converted into thermoelastic deformation of the mirror yielding a
coupling between light and mechanics. The associated optically generated force
is call the photothermal (or bolometric) force. Actually, the first experimental
realizations of optomechanical self-cooling of mechanical motion were obtained
in setups where this kind of photothermal force was dominating the dynamical
effects [23, 83-85]. More recently several experimental groups have shown pho-
tothermal coupling between light and a variety of mechanical resonators such as
semiconductor nanomembranes [86], grating reflectors [87], silicon nanowires [8§]

and graphene [89] among others.

When deriving a Hamiltonian formulation of the radiation pressure coupling we
assumed the two cavity mirrors to be perfectly reflective. Later, in order to take
into account the environment dissipative effects, we relaxed that approximation
by introducing an optical decay rate . measuring the rate at which photons leak
out of the cavity. In the picture of a linear Fabry-Perot cavity this decay rate
can be understood as resulting from the finite transmission coefficient 1 of the
fixed mirror. The transmission decay rate of the amplitude v, is related to the
fixed mirror transmission coefficient and to the photons round-trip time 75 by
the relation v, = /7. In the following we consider that the moving mirror
absorbs photons with an absorption coefficient A, thus introducing an additional
loss channel described by a decay rate v, = A/7p. The cavity photons are then

lost at a total decay rate v. = v + Vaps-

The absorbed photons transfer thermal energy to the mirror thus inducing a tem-
perature field within the material. If this field is not uniform thermoelastic de-
formation of the mirror bulk material is possible and eventually leads to a mod-
ification of the cavity length. This mechanical effect is called photothermal or
bolometric force. This additional optomechanical coupling has been extensively
studied in the field of interferometric gravitational waves detection, where in order
to reach the precision required to measure gravitational waves one needs to bound
the different noise sources acting on the system. In particular, thermoelastic noise
induced by heat diffusion in the mirror material after the absorption of photons
has been taken into account [90, 91]. The noise on the number of absorbed pho-
tons has to be considered if one is to describe cooling to the ground state with

photothermal forces.

We just discussed radiation pressure as resulting from momentum exchange be-

tween the photons and the mechanical resonator. Following the same guideline to
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compute the amplitude of the photothermal force leads to the wrong conclusion
that the latter is half as intense as radiation pressure (the absorption of a photon
leads to a momentum exchange hk). This was the scenario considered in a paper
discussing photothermal forces before the beginning of this PhD work [92]. By
doing so one fails to take into account the total energy transfer from the photon
to the mechanical resonator. It has been shown experimentally that in case of ab-
sorption photothermal forces can actually overcome radiation pressure by several
orders of magnitude [85]. The work we present here tackles a more general picture
in which the difference of magnitude between the two forces is not fixed and where
we take fully into account the effects of both radiation pressure and photothermal

forces on the cooling of mechanical motion close to the ground state.

I1I.1.1. Description of a dissipative force

It has been stated that photothermal forces arise from heat generation due to
photon absorption. Describing such a dissipative process from a Hamiltonian point
of view is a difficult if not impossible task. To do so we would have to describe
an infinite amount of degrees of freedom in order to describe the dissipative heat
diffusion within the phonon modes of the bulk. Even though we do not have a
Hamiltonian formulation of the problem, we tackle it with a quantum Langevin
approach where the photothermal force acts as a time-delayed force depending on
the number of photons absorbed by the mechanical resonator, and where the shot
noise of the absorption process is taken into account. This approach is theoretically
self-consistent and is supported by the fact that its classical limit has been shown to

reproduce the dynamics of a large number of bolometric optomechanical settings.

I11.1.1.1. Time-delayed photothermal force

At any time the number of absorbed photons by the mirror per unit time depends
on the total number of photons in the cavity. Nevertheless the thermoelastic
deformation will only change the position of the mechanical resonator after the
extra thermal energy has diffused across the resonator. We assume that this
diffusion has a characteristic finite time-scale 74,. The photothermal force at time
t thus depends on the number of absorbed photons in the past. We describe this
time delayed force in terms of a convolution of the flux of absorbed photons with
some causal memory kernel reflecting the thermal relaxation process :

A +oo t—u A~

1 _
Fohotothermal (t) o / du—0O(t —u)e 7 Iys(u), (I11.1)

— 00 Tth
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where 7 — O(7) is the Heaviside function and I,,(7) is the rate of absorbed
photons at time 7. This memory kernel plays an essential role in the discussion
of photothermal cavity cooling. As we will see, in the case where photothermal
force overcomes radiation pressure the thermal relaxation time 7, replaces the
photons life time 1/, as the typical time scale of the dynamical optomechanical

self-cooling process.

I11.1.1.2. Fluctuation and dissipation

We assume that the equation of motion of the mechanical resonator can still be

written in the standard form

G = =2 Gm — Ymlm + Fopt + Zm(2), (I11.2)

where Fopt accounts here for the radiative forces (radiation pressure and pho-
tothermal force) applied by the light field. The mechanical damping rate =, and
the stochastic Langevin force ém(t) are linked to each other via the fluctuation-
dissipation theorem. The fluctuation and dissipation described by this quantities
account for contributions from different noisy channels. On one hand the effects
due to the campling of the mechanical resonator to a support at finite temper-
ature. On the other hand the thermoelastic noise [90, 91] which finds its origin
in the steady state temperature fluctuations of the oscillator body. Finally, any
steady-state increase of the equilibrium temperature due to photon absorption will
also be included in this terms. It will simply translate into a shifted environment

temperature T'. The Langevin force is thus still defined by the correlation function:

En(En()) = Frm /

R

(bt Fuw
dw e coth, (2ka> : (T11.3)

One last key element is necessary to discuss optomechanical cooling close to the
ground state. As stated before, we have to take into account the effects of the
fluctuations in the number of absorbed photons, which enforce fluctuations of the
photothermal force. We do so by treating the absorbing mirror as an effective
transmission channel with transmission coefficient A. Under these circumstances

the photons in the cavity, the absorbed photons and the absorption shot noise are
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related by the following input-output relation [63]

. A, é
Agps = —a — GQabs
"V ’ (I11.4)

= ’yabsd - gabs 5

where éabs is the noise operator corresponding to vacuum fluctuations entering the
cavity through the absorption process. The intensity of absorbed photons is given
by fabs = dlbs&abs' We also introduce the operator corresponding to the shot noise

entering from the fixed mirror ét.

Now we have all the ingredients to write down the set of equations of motion for
an optomechanical cavity subject both to radiation pressure and photothermal
forces:

= — (1o + 7e) @ + iV 20emlm + Fpe ™7t + /361 (1) + absbabs(t)

.. . 1 _t=u 4
ij = - wfn(jm - Z’Ym(jm + \/égcmwm (dT& + TOB/ du—@(t - u)e tTth Lzbs(u))
R Tth

(111.5)

Here we have introduced a phenomenological parameter S that quantifies the dif-
ference of amplitudes between the photothermal and radiation pressure forces.
Under constant illumination and for a fixed cavity this ratio would be given by
Fohotothermat | Fraa = BA (reference [85] reports values of SA between 10? and 10*).

I11.1.2. Photothermal cavity cooling

The set of equations II1.5 is dealt with in the same way we used to describe radi-
ation pressure cooling in chapter I. Using a mean field approach we linearize the
equations of motion, which can then be treated as algebraic equations by moving
to Fourier space.

Moving to the frame rotating at the frequency of the pump we find that the

stationary mean values of the position and the photon field are given by

(@) = V22 (14 34) o”
o B (I1L.6)

@=<a>=m7
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where once again we assume that the pump phase is set to have a € R and we
have introduced the effective detuning of the cavity A,; = w, —w, — 292 Jwm(1+
BA)a? We also introduce the non linear frequency shift induced by the steady-
state intracavity photon pressure on the movable mirror w,; = 2¢2 o?/w,(1+BA),

the effective detuning can then be rewritten A, = we — Wy — wp.

Let us now consider the fluctuations around these mean fields : 6¢ = é — (¢). For
clarity in the expressions we will omit the hats on the operators. Only keeping

terms up to first order we get the set of coupled linear equations

§a = — (iAn + 7e)da + iV2G00qm + V& + V/VabsEabs
O = — W2, 0Gm — YmOGm + V200w (6a +da"+ BA / du h(u —t) (da(u) + 5aT(u))>

- \/igawmﬂﬂ)\/%/du h(u - t) (gabs(u) + 521)5(“)) + Em(t>’
(I1L.7)

h(7) being the memory kernel introduced in Eq.IT1.1. At this point the set of equa-
tions III.7 presents a major difference with what we encountered with radiation
pressure. Given the nature of the photothermal force the mechanical resonator
is directly (without the formal integration of the photonic degree of freedom)
sensitive to the optical absorption shot noise,which is convoluted by the thermal
relaxation memory kernel h(u). The differences appear more clearly when moving
to Fourier space where, after integration of the equations on a and af, the equation
on the mechanical resonator position can be rewritten

()i () = 12620 (1 Y ) () — X ()i ()

1+ iwry,
+Em (w)
- \/_gocwm/BTol T iwm \/7 abs CU) abs _w))
+ \/igawm (1 + ﬁA ( 5abs< ) + X:( )izbs( >>

14 ZCL)Tth)

ﬁﬁ

Vg (1 BT ) 2 ()il + i) (-0) ),

(I11.8)

1+ ZWTth

where we have introduced the cavity and mechanical bare suceptibilities : x,.!(w) =

w2 — w? +iwy, and x;Hw) = i(Ay — w) + e
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We have obtained a result reminiscent of what was obtained for the radiation
pressure case in Eq.1.45. By integrating the photonic degrees of freedom we see that
the mechanical oscillator responds with an effective susceptibility to a modified
noise term. The first line of the right hand term in Eq.II1.8 is responsible for the
mechanical resonator effective suceptibility. Once again, if the initial mechanical
quality factor @, = wy/Vm is big enough this effects can be understood in terms of
both an optical spring effect (modification of the mechanical resonance frequency
Weff = Wy + 0wy,) and the appearance of an optical damping rate (the decay
rate is then given by vers = Ym + I'opt). Given the additional damping rate, the
fluctuation-dissipation theorem tells us that there has to be an additional noise
term on the equation of motion of the mechanical resonator. This additional
optical noise has a slightly more convoluted form than what was discussed in
chapter I for radiation pressure. Indeed here we have taken into account the
absorption shot noise which is described by the third and fourth lines. But most
importantly, the thermal relaxation memory kernel introduces a “thermal low-pass
frequency filter” o< /(14 wmy,) that completely modifies the optical force spectral
density with respect to the radiation pressure case. Setting the absorption rate A

to zero yields the exact same equations we obtained for radiation pressure cooling.

The normalized motional variance of the mechanical resonator is given by

(gn) = /_ T (Gm (W) G (—w)). (I11.9)

o 2m

Using Eq.IIL.8 this variance can be recast in the following form:

@)= [ 5 ers @) (Sulel + S, (I1L10)

o 2m

where Sy,[w] and S,,[w] are the spectral noise densities of the thermal Langevin
and optical noise forces respectively. The effective susceptibility of the mechanical
oscillator is given by

(@) = X () — 4D gt (1 Y ) @) (—w).  (IL1D)

14 wmy,

Before discussing the cooling limits let us introduce the following set of normalized

variables.
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Normalized variable ~ Physical Meaning

b=m Normalized mechanical frequency

= % Normalized cavity detuning
RES %(fji’ﬁ o= jj‘%ﬁ Normalized non-linear frequency shift
d = WnT, Normalized thermal relaxation time
Q== Normalized frequency

With this normalized notations the spectral density of optical noise S, [€2] (in-

cluding both radiation pressure and photothermal contributions) is given by:

2

oT A
12002 2\2 2012 _ 2, 1202
(1= D202 + ¢2)? + 40°0%) S, [ <T+A’ | et +Eer - may)
T+A (A-T ?
14 iQb —ig) |1 —ip— i)
+T+A’( e “0){ T i0d) <T+A e )} )

(111.12)

The effective damping of the mechanical resonator is given by

14 on 2C0m ((1—bz+w2)dﬂ+2b<l+ pA ))]

Yeff = Tm

(1 — 024 p?)2 4 4b? 1+ d? 14 d?
(IT1.13)

We are only interested in discussing the quantum limits of strong optomechanical
cooling, where the optical spring effect remains moderate but the effective me-
chanical damping of motion allows efficient quenching of the mechanical oscillator
Brownian fluctuations (yers > 7,,). In this regime, and if the effective mechanical
susceptibility has a sharp frequency response, the normalised position variance of

the mechanical resonator reduces to

(¢2,) = J—Z (14 200+ 21 Qu(Sol@ = 1] + Sl = —1))  (IIL14)

Fig.ITL.1 displays the normalised variance {¢2) as a function of the normalized cav-
ity detuning ¢ = A,;/7. and the normalized thermal relaxation time d = w,, 7y,
in the regime of strong cooling and in the limit of strong optomechanical coupling
wnu > 1. As can be seen in the figure, the quantum ground state is approached
(which corresponds to variances {¢2,) ~ 1) for a large set of values of the detuning
and thermal relaxation time. Large values of the detuning reduce the influence of
radiation-pressure noise and could be a favourable route to approach the ground

state in this configuration. But the system exhibits other regimes of interest. For
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FiGureg III.1: Normalized variance of the mechanical resonator as a function

of the normalized cavity detuning ¢ = A,;/7. and the normalized thermal

relaxation time d = w,,7,. The other parameters of the system A = 1072, T =
1073, B=10% b=10"2.

example, for ¢ = 1 increasing d from 0 to 100 gets the system closer to its ground
state. For values of d much bigger than 100 (that is values bigger than SA in the
specific case of Fig.III.1) the variance increases again reflecting the fact that the
optomechanical effects of photothermal origin no longer damp the mechanical mo-
tion response to radiation-pressure noise. Taking into account the noise originating
from radiation pressure and the noise of photothermal origin leads to an optimum
value of the parameter d. We used a numerical bound constrained minima search
algorithm to get statistical insights into the final mechanical resonator phonon
occupation. We found for example that it is possible to reach a state containing
~ 4.1072 phonons for a set of parameters putting the system in the bad cavity limit
and for a slightly detuned pump (p ~ 1.2, b~ 0.6, d ~ 10°, 3 ~ 10°, A ~ 0.45).
However, because of the complexity of Eq.II1.12 we were unable to find a simple
expression allowing an analytical survey of the minimal occupancy dependence on

all the involved parameters.

Just as we did in chapter I, the minimum number of phonons that can be reached
by optomechanical cavity cooling is computed by assuming that the thermal effects
become negligible due to optical damping (Vess > ¥,) and by applying a detailed
balance condition on the spectral density of optical noise [28, 29] (we assume that

the optical noise leads the mechanical resonator to a state described by an usual
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Boltzmann distribution at thermal equilibrium). The minimal occupancy is in

that case given by

Pomin = {% - 1} o (IIL.15)

Fig.II1.2 plots n,,;, as a function of d = w,, 7y, for a detuning ¢ = 1, in the bad
cavity limit b = 10~! and for different values of SA. Occupation factors well below
one are obtained here by an appropriate choice of the parameter d. For example,
an occupancy of about 107! is reached for A = 107! and 8 = 10%. More generally,
very small occupations are obtained in the “bad-cavity” (w, < 7.) regime by a
proper choice of the A and § parameters compatible with experimentally reported

values.
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FIGURE III.2: Minimum phonon occupancy as a function of the normalized

thermal relaxation time d = wy,, 7, for a normalized detuning ¢ = 1 and for

different values of A and 3. solid line: A = 1072, 3 = 10?, dashed line:

A =1072, B = 103, dashe-dotted line: A = 1072, 3 = 10*, dotted line:
A=10"1 B=10%

Photothermal cooling of mechanical motion allows to closely approach the quan-
tum ground state of the mechanical resonator even in the so-called bad-cavity limit
where the life time of cavity photons is smaller than the mechanical oscillation pe-
riod. This is very different from the standard radiation pressure cooling scenario
and opens interesting new experimental perspectives. Using photothermal cooling
the ground state can be reached without having to fulfill the good cavity condition

and for moderate detunings where a large number of incident photons can be more
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easily injected in the cavity. From a theoretical point of view, our calculations are
valid for any semi-classical force that can be written under the form of Eq.III.1

such as radiometric pressure or optoelectronic stresses.

Another theoretical paper [93] explored the quantum limits of photothermal cavity
cooling and reached similar conclusions to ours. The authors limited themselves to
the unresolved-sideband regime in which the dynamical modifications induced by
radiation pressure can be neglected. In [94] the authors describe exciton-mediated
photothermal coupling in GaAs membranes via a microscopic formulation of the
couplings between light, excitons and mechanics. Self-oscillation regimes of me-
chanical motion have also been discussed theoretically for semi-classical resonators

under photothermal forces [95].

II1.2. Cooling with an auxiliary cavity

In recent years, a growing interesting for coupled cavity systems has emerged.
A few publications have discussed theoretically the physics of “optomechanical
arrays” [82, 96, 97]. Here we consider a scenario in which an optomechanical
cavity is coupled to a passive (without optomechanical coupling) auxiliary cavity.
By doing so we show that it should be possible to cool the mechanical resonator
close to its ground state while pumping the optomechanical cavity near its optical

resonance thus allowing to inject more easily a large number of intracavity photons.

The system under consideration is described by the following Hamiltonian.

A

H = wcldidl + wcgd;dg —+ wmlA?TlA)
— gem}ay (b7 + b) + J(alay + ayab) (111.16)

. AT —dwpt A Gwpt ]
+iF,(a1e” """ — a1e™"") + Hpgen,

where we use subscripts 1,2 to distinguish the two cavities. g, is the optome-
chanical coupling strength between cavity 1 and the mechanical resonator. The
two cavity modes are coupled with a coupling strength .J (this coupling could re-
sult from evanescent overlap between the optical modes for example). Cavity 1
is pumped by a coherent pump of intensity £}, and frequency w,. Finally Hyin is
responsible for the coupling to the baths.

Moving to the frame rotating at frequency w, with respect to the photons and in-

tegrating the Markovian environment we get to the Langevin equations describing
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our system:

é'\ll == _(ZAl + Vcl)dl - ZJ&Q + Zﬁgcmdlém + Fp + écl(t)y
Go = —(iDs + Ye2)ia — iJ a1 + Eal(t), (I11.17)
ém = _w?n - ’quAm + \/5&1&1 + ém(t>7

where A;, 7. and éci are the detuning (A; = w,; — w,), amplitude decay rate and
shot noise operator for the i-th cavity respectively. We deal with the optomechan-
ical non-linearity with a mean field approach. The mean fields o; = (@;), Qm =

(Gm) are linked by the following set of algebraic equations:

2 2

: 92 ) J J
F, - [2 (AI—\@ m | | —A2—>+%l+%2—2 GHIL18)

w A% + ’722 A% + Ve
—iJ
= — I11.19
@ iAo + Yo & ( )
On = V22,2 (I11.20)
W

As can be seen in Eq.II1.18 the level splitting induced by the coupling .J introduces

an effective detuning for cavity 1

J2

AT = A= Ny
' A3 +92%

(111.21)

The amplitude decay rate is modified according to

eff _ ppde_ I 111.22
Ye1” = Vel + EA% + ,}/22 ’ ( ) )

Linearizing the set of equations of motion III1.17 around the mean fields and moving
to Fourier space we can reduce the set of equations to a single equation on the

Fourier transform of the mechanical resonator position operator
Xeff(W)_l(jm(W) = ém((")) + éOpt((/‘))- (11123)

Eq.I11.23 is formally identical to what we have encountered this far. Just as for
the photothermal force, the coupling to the second cavity modifies the spectral
response of the photons in cavity 1 leading to a modification of the spectral density
of optical noise acting on the mechanical resonator. Keeping similar notations as
in chapter I the susceptibility of cavity 1 is x, (w) = i(Ae(w) — W) 4+ Yie(w)),

where the frequency-dependent effective detuning and amplitude decay rate are
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given by
AQ — W
A (w) = Ay — J?
) = A TR g
7 (I11.24)
Yie(w) = Y1 (1 +— Je2 2 ) :
Vel (A2 - CU) + Ye2

A, is the non-linear detuning of cavity 1 when one takes into account the frequency
shift arising from the static shift of the mechanical resonator equilibrium position.
From these expressions we then get the optical force spectral density of noise on

the mechanical resonator and the effective mechanical damping:

Soptli] = 2(gawm)? (Ix1e(@)I? (€1 @)€ (@)} + 2 Ixea (W) *(Eaw)Ehw)) ) )
(I11.25)

s ) = (1 VB2 | 2Ly, o = 2 ] ),z

m fY’ITL

where Ja = O1Gcm and Xc_21 (w) = Z(AQ - w) + Ye2-
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Ficurg II1.3: Effective mechanical damping rate in a double cavity as a

function of the cavity detunings A,; and As. The white regions correspond

to unstable regimes where 7.ry < 0. The other parameters are given by
Yel = Ye2 = 10_1wm7 ’Ym/wm = 10_47 goc/wm = 10_17 J/’Ycl =5.

Fig.I11.3 plots the effective mechanical damping rate as a function of the cavity
detunings A,,; and A,. It is obtained by assuming that the initial mechanical qual-
ity factor is high enough as to evaluate Eq.I11.26 on w = w,,. The regions where
Yers < 0, which correspond to the onset of mechanical instability, are depicted in

white. The coupling between cavities yields a rather complicated stability diagram
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but it shows that it is possible to obtain optomechanical cooling (yess > v,,) for
a set of parameters for which cavity 1 is pumped near resonance A,; ~ 0. In the
following we assume A,; = 0 and investigate the limits of optomechanical cooling

as a function of the auxiliary cavity detuning A,.
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FIGURE II1.4: Effective mechanical damping rate (blue solid and dashed line)

and final phonon occupancy (red dotted line) as a function of the auxiliary cavity

detuning A,. Gray areas correspond to unstable solutions (vers < 0, dashed

blue line), white areas to stable solutions (v.¢s > 0, solid blue line). A,; = 0, the

temperature has been chosen so that the average number of thermally excited
phonons is ny, = 130.45, all other parameters as in Fig.I11.3.

Fig.II1.4 presents the effective damping rate and the final number of phonons
under optomechanical cooling as a function of Ay. The final number of phonons
nesy is computed by assuming the optical noise leads the mechanical resonator
to a pseudo-thermal state and thus applying a detailed balance condition as in
Eq.I.61. The instability regions are colored in gray, they correspond to negative
values of the effective mechanical damping and their boundaries correspond to
points where the final occupancy of the mechanical resonator goes to infinity thus
breaking the validity of the linearization procedure. We consider an environment at
finite temperature 7" exciting an average number of thermal phonons n;, = 130.45
(for a mechanical resonator in the GHz range this correspond to a temperature
of 1K). For Ay/w,, = 0.74 the mechanical resonator is cooled down to a state
containing n.ss ~ 0.6 phonons with a cavity 1 that can be pumped exactly at
its Lorentzian resonance (A% ~ —2.37%/7) According to these calculations it
should be possible to cool down the mechanical resonator close to its ground state
while pumping the optomechanical cavity near its resonance which allows more
efficient injection of photons into the cavity. These results might be useful to
experimentalists limited by undesirable absorption in their devices when faced to

strong out-of-resonance pumping of the cavity in the resolved-sideband regime.



Chapter IV

Hybrid cavity quantum

electrodynamics - optomechanics

FiGure IV.1: Conceptual illustration of a system combining cavity quantum
electrodynamics and optomechanics.

Until recently the theoretical description of optomechanical systems was based on
a single optomechanical cavity strongly pumped in order to enhance, via the cavity
mean field, the effective optomechanical interaction. In this regime the optome-
chanical interaction is linearized around the cavity mean field. Such treatment
predicts important and already achieved results such as optical cooling of mechan-
ical motion close to the ground state [28-31, 33, 34], mechanical instability and
self sustained oscillations [6, 46, 67|, pondemorotive squeezing of light [98] and

entanglement between photons and phonons [40, 42, 42]. More recently, confident

75
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on the promising future of experimental optomechanics, theoretical studies have
started exploring more ambitious configurations. Regimes of strong optomechan-
ical coupling in which a single photon is sufficient to yield a visible effect on the
mechanics [47, 99-101] have been discussed. There have been works exploring the
pathway to non-classical states (other than the gaussian ground state) for the me-
chanical resonator [43]. And recently the problem of hybrid optomechanical setups
comprising more complex systems, such as optomechanical arrays [82, 96, 102] or
hybrid cold-atoms-optomechanics systems have been proposed [50, 51, 103-105].

In this chapter we present our contribution to these new perspectives for future
hybrid optomechanical systems. We detail our results on the physics of a quantum
system where a cavity photon mode is coupled to an artificial two-level atom and
to a mechanical resonator. The coupling between a cavity mode and an atom has
been explored within the field of cavity Quantum Electrodynamics (QED), which
has undertaken experiments exploring light-matter interactions at the quantum
level [69, 106]. Similar physics have been successfully studied in solid state imple-
mentations such as semiconductor systems [107, 108] or superconducting circuits
[109, 110]. Experimental optomechanical systems have successfully coupled cavity
photons to mesoscopic mechanical resonators [17, 111]. Given these experimental
results the maturity of solid-state quantum devices will soon allow to bridge cavity

and circuit QED and cavity optomechanics.

The basic principle of inserting a two-level artificial atom in an optomechanical
setting was discussed in classical terms for fine tuning of dispersive and dissipative
optomechanical interactions [111]. The coupling of an optomechanical cavity to
an atom motion [105] or to collective excitations of an ensemble of atoms [112] was
also discussed, resulting in the physical situation of two linearly coupled harmonic
oscillators. In that case the anharmonic internal structure of a single atom and
its corresponding nonlinear dynamics, a key feature of cavity and circuit QED, is
absent. Since optomechanical systems progressively move towards regimes where
single photon coupling exceeds dissipation [33, 45, 47, 48, 113, 114] we decided to
study a scenario in which artificial atoms, photons and phonons are all strongly
coupled at the quantum level.

In the following we present our findings reported in [3] concerning such a hybrid
system. We start by introducing the system Hamiltonian, which combines Jaynes-
Cummings coupling between the cavity mode and a two-level artificial atom and
radiation pressure coupling between the cavity mode and mechanical motion. At
the expense of some reasonable approximations, we are able to analytically di-
agonalize the Hamiltonian. We discuss the dynamics in presence of losses and

driving. We show atom-assisted cooling of mechanical motion close to the ground
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state, atom-assisted unusual mechanical amplification and the appearance of non-
classical states for the mechanical resonator. Last, we discuss the emission of

strongly antibunched phonons in such tripartite atom-cavity-mechanics systems.

IV.1. The system under consideration

Photon Mode

weala
cQED Optomechanics
g(LC .(JC”L
3 W . . @ mass
g ?a(fz wmb'h
—e* g
Artificial Mechanical
Atom Resonator

F1GURE IV.2: Scheme of the considered hybrid system. A confined photon

mode of frequency w. couples both to a two-level system (w, is its transi-

tion frequency) and to a mechanical resonator of frequency wp,. gac (gem) is

the coupling strength of the Jaynes-Cummings (radiation pressure) atom-cavity
(cavity-mechanics) coupling.

As depicted in Fig.IV.2 the system under consideration consists of a single cavity
mode at frequency w,., a mechanical resonator at frequency w,, and an artificial
two-level atom with a transition energy w,. We assume that the cavity is coupled

both to the artificial atom and the mechanical resonator.

IV.1.1. Uncoupled Hilbert space

The Hilbert space on which the cavity photon operators act can be spanned by
an infinite and discrete set of orthogonal Fock states which we label {|k)}xen, the
same holds for the mechanical resonator Hilbert space which is spanned by a set
of Fock states labeled {|I)}en.

The artificial two-level atom evolves in a two dimensional Hilbert space spanned
by the vector states corresponding to the ground, |g), and excited, |e), states of the

atom. Any operator acting on the artificial atom can be written as a combination
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of the Pauli matrices, which in the basis {|g),|e)} are defined as follows:

1 0 0 1 0 i
6, = 5, = ce = . (IV.1)
0 1 1 0 —3 0

We also define atomic lowering and raising operators as follows:

5 =lg)lel = [8 (1)] o= L)l = [(1) 8] . (v.2)

A hybrid system combining these three subsystems is described in a Hilbert space
obtained by tensor product of the three separate Hilbert spaces just discussed.
These new Hilbert space is spanned by a basis labeled {|£) ®|k) @ [I) }ecqg,e} ken,ien
that diagonalizes the uncoupled Hamiltonian of the system:

A~

Huncoupled = WC&T& + wmI;Ti) + %&z- (IVB)

IV.1.2. Closed system Hamiltonian

Let us now discuss the couplings between the different sub-systems. First, the
cavity is coupled to the two-level atom via a dipolar electric coupling of the form
X afﬁ, where d is the atom electric dipole and E is the electric quadrature of
the electromagnetic field. By quantizing the operators of both the atom and the
field and neglecting the resulting counter-rotating terms we obtain the Jaynes-
Cummings Hamiltonian [69, 115, 116]. The interaction term between the cavity

mode and the two-level system can be cast in the following form:

Vie = igac (640 — 6_a') . (IV.4)

The mechanical resonator can be coupled to the atom-cavity system either by a
radiation pressure coupling to the photons, which is described by an interaction
term of the form o a'a(bt + b), or it could be directly coupled to the artificial
atom. A promising experimental candidate to explore the physics described in
this chapter is a miniature Gallium-Arsenide optomechanical resonator combining
strong optomechanical coupling [45, 113, 114] with strong cavity QED couplings
(107, 108]. In such architectures the artificial atom is a semiconductor quantum
dot embedded in the crystalline optical-mechanical resonator. The strain in the

lattice induced by the resonator mechanical movement can modify the spatial
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properties of the quantum dot thus modifying the energy splitting between ground
and excited states. Such an effect can be accounted for by introducing a term in
the Hamiltonian of the form o 6,(b' + b). Here we only consider the radiation

pressure term.

The closed system Hamiltonian for our hybrid atom-cavity mechanics system is
thus:

H =woila+ 226, + igee (640 — 6_a1)
2 o (IV.5)
+ wib'b — gemala (b + bT) .

IV.2. Hamiltonian diagonalization

In this section we present the steps of the analytical diagonalization of the Hamil-
tonian IV.5.

IV.2.1. Diagonalization of the atom-cavity Hamiltonian

E A
—%‘.2:-—|+(2>>
we §2\/§gac(}£2)

1 |-+D)
1— 5 )% 4 2gac6gl) |
-

—swe b -@——9.0)

FiGure 1V.3: Polariton energy levels of the Jaynes-Cummings Hamiltonian.
Restriction to the subspaces H,,n < 2.

Our hybrid Hamiltonian shares an important symmetry with the usual Jaynes-
Cummings one (without the optomechanical part). Let us define a “number of

polaritons” operator as follows:

Nootariton = @1+ 6,.6_. (IV.6)

This operator counts the number of photons and atomic excitations inside the

A~ A~

cavity. Its commutation with the total Hamiltonian ([Npowariton, H] = 0) tells us
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that the two operators can share a common basis. We now introduce the following

set, of states:

VneN, n#0
+) = % (19)k = n) +ile) |k = n — 1))
=) = ()b =n) i)k =n-1)) V7
n=>0
G) = lg)lk = 0)

This set of vectors constitutes an orthogonal basis of the atom-cavity Hilbert
space, which diagonalizes ]\Afpolmmn ( Npolaritonlzl:(")> = n|£™)). In the following
we assume that the atom and the cavity mode are at resonance w, = w.. Un-
der this condition the previously defined basis of polaritons also diagonalizes the
Jaynes-Cummings part of the Hamiltonian, thus yielding the well known Jaynes-

Cummings ladder of states:

Hyol£™) = (wcaﬂa + % +igae(G4d — 6,&*) |+
=({(n—=|w.* |+ ™),
2 2

where Q™ = \/ng,.. Taking into account an asymmetry between the atom and

cavity frequencies (w, # w.) leads to more cumbersome expressions for the eigen-
vectors of the total Hamiltonian. For this reason we restrict the analytical di-
agonalization presented here to the resonant case. Nevertheless the numerical
exploration of the system was performed in order to allow non-resonant configu-

rations for the Jaynes-Cummings sub-system.

From this point on the atomic and cavity degrees of freedom will be discussed
in terms of upper, [+™), and lower, |—(), polaritons. The second and final
part of the diagonalization is performed by switching to the polariton-phonon
basis {|£™) @ |I) }nenien and projecting the optomechanical interaction into each

subspace containing n polaritons.
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IV.2.2. Atom-cavity-mechanics polarons

Given the comutation relation [H , Npolamon] = 0, the two operators share a com-
mon diagonalization basis. The set {|£™) @ |I)},en diagonalizes the Jaynes-
Cummings part of the Hamiltonian. In this basis the total Hamiltonian has a
block-diagonal structure that allows us to treat the projection of H into each
n-polariton subspace H,, independently. We present in the following how the ra-
diation pressure coupling is projected into the polariton basis, giving rise to a
coupling between the mechanical resonator and a series of polariton doublets. By
restricting ourselves to a single subspace H,, the system can be seen as an effec-
tive two-level system (upper and lower polaritons with n excitations) coupled to
a harmonic oscillator (the mechanical resonator). The effective coupling between
this two level system and the harmonic resonator is reminiscent in its form of the

original coupling between the artificial atom and the light field.

IV.2.2.1. Polaron eigenstates

After performing the change of basis we can study the system in each subspace
H,,. If put in any state |¢)) € H,, the system remains within this subspace unless
an additional perturbation (coherent pump or dissipative processes acting on the

Jaynes-Cummings subsystem) is taken into account.

In the basis {|+™),|-™)} the Jaynes-Cummings Hamiltonian, the number of
photons operator and the atomic 6, operator are represented by the following

2 X 2 matrices:

. (n —1/2)w, + & 0
I 0 (n—1/2)w. — 5
(1 1
ata = "2 | (IV.10)
| 2 T3
—1
G, = 01 0 ] : (IV.11)

We introduce the corresponding Pauli matrices for this dimension 2 subspace 6,§n),

&, 64" as well as the two polaritonic lowering and raising operators &(f), ™. In
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the basis {|+),|—()} these operators are represented by the following matrices

1 0 01 0 —i 0 1 0 0
I N I L I L IE I O I
0 —1 10 v 0 0 0 10
(IV.12)

The total Hamiltonian can thus be written H = Y onen H™ _ where the Hamilto-

nian projection to #,, H™ is given by :
[91)
&
2

1 1 - -
= Yem (565{0 +(n— 5)]1<”)> (b + bT> + Wb,

H™ =(n —1/2)w 4™ +

(IV.13)

with 1™ the identity matrix in the subspace spanned by the set {|+™), |-},
The first two terms correspond to the projection of H,c in this new basis. The
third term is the projection of the optomechanical coupling term. This coupling,
proportional to a'a, results in two different effects. An exchange term & and a
static shift of the mechanical resonator position (n—1/ 2)1™. Indeed, the subspace
H,, holds n excitations of which in average n — 1/2 are stored as photons. This
average number of photons shifts statically the mechanical resonator equilibrium
position. The term o< ]l(”)(l;+ l;T) describes this effect. The other half excitation is
exchanged between the states, being half the time a photon and the other half an
atomic excitation. This exchange of polaritonic excitations is coupled to the posi-
tion of the mechanical resonator. The “1/2” proportion is changed if the artificial
atom and the cavity mode are no longer in resonance. Nevertheless the overall pic-
ture remains valid. The last term in Eq. V.13 is the mechanical resonator energy,
reminding us that we are still working in the basis {|=™) ® |I)},1en. From here
we move to the second part of the diagonalization, which takes us to the polaron

eigenstates of the full Hamiltonian.

The term —gen(n — 1/2)1™ (b + bt) can be understood as an additional energy
potential linear in the position. In the Heisenberg picture this potential results in a
constant force applied on the mechanical resonator. We apply a translation to the
position operator in order to absorb this term. We thus set the new equilibrium

position of the mechanical resonator to q(()n) = \/20em /wm(n — 1/2). This is done
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FIGURE IV.4: Description of the system in the polariton-phonon basis. The
mechanical resonator couples independently to each polariton doublet.

by making the following transformation to the mechanical resonator operators:

(IV.14)

The transformation IV.14 introduces annihilation and creation operators! Bn and
ZA)IZ in a new translated basis of H,. This new basis of Fock states is noted
{Im™)} L men, m™) being the Fock state with m(™ phonons? of a mechanical
resonator centered on q(()"). One should bear in mind that the mean value of any
operator (O) will depend on the basis used to calculate this mean value. Rewrit-
ing the Hamiltonian IV.13 in terms of the new operators we get the following

expression:

bbb, 4 ) _ Jem ) @ X gn> (IV.15)

1 The new operators follow the same commutation relation as the original ones, [b,,b}] =
[b,b1] = 1.
2 m(™ is an integer. The superscript (n) is superfluous but we decided to keep it to remind

the reader that this new Fock basis refers to the displaced annihilation and creation operators
by, bl .
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(n — 1/2)w. is the reference energy of the n-polariton subspace H,. g2, /wm(n —
1/2)? is the energy shift due to the static displacement of the mechanical resonator
in this subspace. The third line of Eq.IV.15 results from the translation transfor-
mation. In the displaced frame the static shift of the mechanical resonator leads to
a perturbative effect o< &8 which induces a Stark-like shift in the eigenenergies.
The effects of this term could be accounted for with usual perturbation theory [66]
or they can be dealt with analytically at the expense of losing explicit expressions
for the eigenvectors and eigenvalues of the system [117]. We neglect this term in
the following. Its second order effects lead to a modification of the eigenenergies of
the system of the order ~ gen(gem/wm)?. Since in current experimental implemen-
tations we have ge,/w, < 1 the approximation is valid. Nevertheless this ratio
may change in future systems, which would require more careful considerations of

the energy hierarchies at play in the system.

The central line in Eq.IV.15 is the one responsible for the main coupling between
the polariton and the mechanical resonator. It is formally identical to a Jaynes-
Cummings Hamiltonian [116] for which we have kept the anti-resonant terms.
Using a rotating wave approximation (thus assuming implicetly |w,, — Q™| <
wm + QM for the approximation to be valid) we get to the same Hamiltonian that

coupled originally the two level atom to the cavity:

~(n) _ gcm (T (n) A(n) V.1
5 0 5 b + by : (IV.16)

We can now introduce a polaron number operator (acting on the subspace H,,)

that commutes with the projected Hamiltonian, [H( N;Z)amn] = 0. From here,

if wy, = QM the diagonalization is identical to the one performed on the atom-

m(n)>

cavity Hamiltonian and we obtain the polaron basis {|£+™ Fmmen, which

diagonalizes the Hamiltonian IV.16.

m™ 7& 0:

) = o () (m — 1)) F <))

[lg)[m)[m™) F |g) )] (m + 1))
—i(le)ln — 1)|m™) F [e)|n — 1)|(m + 1)1))]

(IV.17)

[\3|>—‘§||

n m(")
ESSEES
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The “ground” state in subspace H,, is

mM™ =0:
n,0(m) n n
GO =[=)]0™) (IV.18)

=% (1) m)[0™) — ile) n — 1)]0())

From Eq.IV.17 we obtain the projector between a given ket in the final polaron-
diagonalizing basis H:”’m(n)> and a ket from the original atom-cavity-mechanical
resonator basis, |e, g) @ |k) @ |1):

]

& e k) = S0 (™) F (m+D™D) - (1V.19)
E g k) = L (O F (mE)O))  (V.20)

The scalar products {(m™|l)},,mcy do not assume the simple form of Kroenecker
deltas over two indices. Depending on the new equilibrium position q(()n) the overlap

between Fock states of the original and displaced basis varies according to [118] :

I—m(™)
m! (n) I—mm) n (n)
vm®, 1€ N, (lm®™) = /7 (qﬁ) Loy (@ /v2)) e v,

(IV.21)
I—m/(™)
m(™)

index [ — m™,

where z +— L (z) is the generalized Laguerre polynomial of degree m™ and

In the most general case Q™ = w,, the polaron eigenvectors are given by

. 0n,m(") . n,m(™)
H_n,m( >> = cos— I+ |(m — 1)) 4 sin 5 |— )™y (TV.22)
enﬂn(”) nvm(n)

™y = sin

[+)[(m — 1)) — cos |—™) ™) (1V.23)

2 2

where

tan[gn"] = — Vg, g™ } —g,o} . (1v.24)

V(OO — w2 +mgZ,
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The associated eigenenergies are

. ") — )2 2

2 4 4
(IV.25)
IV.2.3. Anharmonic energy structure
1 /
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FIGURE IV.5: Energy levels in the subspaces H,,n < 1 as a function of the
Jaynes-Cummings coupling g,.. Top half: Energy levels in the n = 1 subspace

for states with a number of polarons verifying (Npoigrons) < 3. Lower half:
Energy levels in the uncoupled n = 0 subspace.

Fig. IV.5 presents the energy levels for a number of polaritons n = 0,1 as a func-
tion of the atom-cavity coupling. The n = 0 subspace corresponds to states with
0 photons. When the system state is in this subspace the mechanical resonator is
uncoupled from the cavity and the two-level atom. The energy levels follow the
usual harmonic structure without any dependance on g,.. The picture is radically
different in the subspace H;. The finite number of photons leads to a coupling
between the mechanical resonator and the non-linear 1-polariton doublet as was
previously discussed. In this subspace the energy levels present an anharmonic
structure resulting from the polaron splitting described by Eq. IV.25. Chang-
ing the coupling between the cavity and the artificial atom ultimately modifies

the polariton splitting Q™. As can be seen in Fig.IV.5, bringing in and out of
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resonance the atom-cavity and mechanical parts modifies the splitting between

polaron states eventually leading to crossing and anti-crossing of energy levels.

These considerations on the energy structure of the final polaron basis of the total
Hilbert space end our presentation of the analytical diagonalization of the prob-
lem. To obtain these analytical expressions we had to make a certain number
of approximations. First, we neglected the antiresonant terms in the polariton-
mechanics coupling. We neglected as well the effects of the term o &, Also, we
relied on the block diagonal structure of the Hilbert space in order to treat inde-
pendently each subspace H,,. From now on we take into account a coherent pump
on the cavity and the dissipative processes acting both on the cavity, the artifi-
cial two-level atom and the mechanical system. The presence of the environment
leads to a coupling between the different polariton subspaces. Nevertheless the
picture presented in this section establishes a good basis from which to interpret

the results presented in the following.

IV.3. Coupling to the environment

From here on we take into account the effects of the environment on the total
system. In order to describe the coupling between the cavity photons and an
external laser drive at frequency w, we add the following time-dependent term to

the Hamiltonian of the system:

~

V,(t) = iFy(ale™#" — getiert), (IV.26)

A

The dissipative processes are described by Lindbladian terms of the form v, D|[Os]p,
where 7y, is the decoherence rate associated to the jump operator O, acting on the
system. In the previous chapters of this manuscript we introduced and described
the noise terms acting on the cavity and the mechanical resonator. We now intro-

duce the dissipative processes experienced by the artificial two-level atom.

IV.3.1. Noise on the atom

In the following we assume that due to its coupling to the electromagnetic field
outside the cavity the two-level atom is subject to spontaneous emission. By
considering a coupling between the atom and the electromagnetic field of the form

H,,; = i dqmgqu&, + kg G G, it is possible [119] to derive a master equation
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involving the operators 6_ and ¢, as jump operators. Just as we did for the cavity,
we assume that the ratio between the atomic frequency and the temperature is
big enough so that the effects of transitions stimulated by thermal photons can
be neglected. We thus only add the Lindbladian term ~,D[6_]p to the master
equation. This term accounts for the irreversible loss of an atomic excitation to
the electromagnetic environment. The two-level atom could also be subject to
other forms of dissipative processes such as non-radiative dephasing (described
by a term o D[d,]p), but we restrict the discussion in this manuscript to the

spontaneous emission of the atom.

IV.3.2. Final form of the master equation

We thus work with the following form of the master equation :

dp(t . .
% = — ilHior + V3 (1), 7]
+ v.Lla)p + v L[6-]p (IV.27)

+ Y LY 5 + (na + 1)y L[] p.

In the following we assume that both the atomic excitations and cavity photons
decay with the same rate and thus set 7, = 7. = Y. We define polariton and

mechanical quality factors as follows: Que = We/Yae = Wa/Vae and Q= Win /Y-

IV.4. Coherently pumped single polariton op-

tomechanics

From now on we restrict the discussion to the subspaces H,, with n < 1. This
truncation of the polariton Hilbert space is allowed by a well-known phenomenon
in cavity and circuit quantum electrodynamics, the photon blockade effect. It is
a consequence of the strong Jaynes-Cummings coupling between the cavity mode
and the intrinsically non-linear two-level artificial atom. We first briefly discuss
the physics behind photon blockade effects and present the main consequences of

the Hilbert space truncation on the formalism.
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IV.4.1. Photon blockade effect in a coherently pumped

scenario

A bare cavity, one that is not coupled to any other system, has an harmonic
ladder of equidistant energy levels separated by an energy hw.. The equidistant
Fock states can be adressed by an external coherent drive at frequency w,. leading
to the excitation of a coherent state |a) = 3, exp(—|a|?/2)a*/V/k!|k) overlapping
all the Fock states |k) of the Hilbert space.

It has been shown that a cavity coupled to an atom having a small number of
states, and thus highly non-linear, can present photon blockade effects [120-122].
Due to the resulting anharmonicity of the spectrum, a pump tuned to excite the
first photon will be off-resonance with respect to transitions exciting further the
system. Once the first photon is excited the injection of a second one is blocked. It
is important to note that in real life experiments the levels have a finite linewidth
and levels non-resonant with the pump could actually be excited. The appearance
of the photon blockade effects requires a spacing between levels larger than the
linewidths. For the Jaynes-Cummings Hamiltonian the photon blockade rises if
one is in the so-called strong coupling regime, gu./7Vee => 1. The pump intensity
has to be small enough as to avoid excitation of non resonant transitions. Here
we assume that the system parameters ensure photon blockade thus allowing us

to project the problem into the subspaces Hy and H;.

IV.4.2. Dimension 3 polariton Hilbert space

The atom-cavity degrees of freedom are thus described in a Hilbert space spanned
by the vectors |g, k = 0), |1} and |[+1). In this dimension-3 subspace the opera-
tors of interest are thus represented by 3x 3 matrices in the basis {|G), |[-M), [+M)}.
The projection of the cavity photon annihilation and creation operators are rep-

resented by the following matrices:

. 011 . 000
a=-— 100 0|,afl=—=1{1 0 0 (IV.28)
2 2
V2 000 V2 1 00
For the atomic lowering and raising operators we get:
) 0 —i i . 0 00
o_=—=10 0 0|, 00 =—%1|1 00 V.29
V2 el (1V:29)
0 0 O —i 0 0
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In the simple case of a resonant Jaynes-Cummings system (w. = w,) for which
the atomic and photonic decay rates are strictly identical (v, = 7,) the dissipative
processes on both the atom and the photon are easily described in this new reduced
picture. The lower and upper polariton states decay indepently at a rate 7v,. =

Yo = 7. towards the ground state. We introduce the jump operators:

010 0 01
ce.=10 0 0f,cx. =10 0 0Of, (IV.30)
000 000

responsible for the decay channels of the lower and upper polariton respectively.
The atom and photon Lindbladian terms then become ~.Llalp + v,L[o_]p —

YacL[e-]p + YacL[E4]p-

The corresponding density matrix of this reduced system is noted and represented
as follows:
pac  Pg- PG+
A= 1rwe po Py | - (IV.31)
p+(1)G P+(1)7(1) p+(1)+(1)

IV.4.3. Joint spectral density of states

Let us consider that the system is initially in a generic uncoupled state of the form
|G){(G| @ pm, which corresponds to a state with no photons in the cavity, the arti-
ficial atom in its ground state and an arbitrary state for the mechanical resonator.
By applying a coherent pump to the cavity the initial state previously defined
gets coupled to states in subspace H; in which the distinction between photons,
atomic excitations and phonons no longer holds and the tripartite polarons are

the relevant elementary excitations.

Fig.IV.6 presents the transitions excited by the coherent pump between states in
Ho and states in H;. The pump links the initial atom-cavity-mechanics states to
polaron states containing a different number of phonons. Using the diagonalized
basis defined in Eqs.IV.22 and IV.23 we introduce a joint spectral density of states
that is useful to understand the possible transitions excited by the pump as a
function of the frequency pump. The joint spectral density of states, D[w], is

defined as follows :

Dlw] = 3 "™V G, 26w — (worm — wa)): (IV.32)
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FIGURE IV.6: Energy levels in the subspaces Hy and H; and the transitions
induced by the coherent pump. In the upper half solid lines correspond to upper
polaron states (|+1’m(1)>) while dashed lines correspond to lower polaron states

(|—1’m<1)>). Green, blue and red arrows correspond to transitions conserving,

reducing and increasing the average number of phonons respectively. The atom-

cavity coupling is set to give a resonant single polariton-mechanics scenario,
QM) = w,,. The optomechanical coupling is given by gem Jwm = 1071,

Where w ., . 1s the eigenenergy of the state \i”7m<n)) and wg is the energy of the
state |G,l) = |G) ® |l). D[w] explores the optically induced transitions between
states in Hy to states in H;. The generalization to transitions between other
subspaces is straightforward but here we are only exploring transitions exciting at
most one polaritonic excitation. The function w — D[w| presents a series of delta
peaks centered on the frequency (energy) difference between two coupled states,
each delta peak being weighted by the squared of the corresponding coupling

matrix element.

Fig. IV.7 presents D[w] as a function of w for two different sets of parameters. For
clarity the delta peaks have been convoluted by a Lorenzian® of width 7,.. The
main panel shows Dw] for gen/w, = 107'. Tt displays two spectral structures
centered on the lower (upper) polariton energy w? (wf)). Each structure is itself
split into a doublet with a splitting ~ ge,. The inset of Fig.IV.7 presents D[w] for

a weaker optomechanical coupling ., /w, = 1072. In this case the polaron fine

3 The main contribution to the dissipative processes undergone by the polaron states comes
from the Lindbladian term with the fastest rate, in usual experiments this corresponds to the
atomic-photonic decay.
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FIGURE IV.7: Optical joint spectral density of polaron states describing transi-

tions between the states with 0 and 1 polaritons. Main panel: gep/wy, = 1071,

Qe = 10*. Insight: gem Jwm = 1073, Qqe = 10%. For clarity, we only present

transitions between states with m(™ < 5 polarons. Blue, green and red peaks

represent transitions reducing, conserving and increasing the number of phonons
respectively.

structure splitting ~ g.n, is no longer visible at a scale ~ w,, and D|w] presents
(1)

only two resonances at wi’.

The structure of D[w] is best understood by looking closely at the possible transi-
tions from subspace H, to subspace H; as depicted in Fig.IV.6. The form of D|[w]
arises from the fact that under the coherent pump the system can undergo three
different kinds of transitions. Let us assume that the system is initially in a state
of the form |G) ® |m) with m # 0.

If the pump is set as to excite the lower polariton (w, ~ w®

*7) then the system is
roughly taken to the state |—(1) ® |m), which is in the m-polarons subspace H.
The two eigenstates of the Hamiltonian that are actually excited are [£™"). The
corresponding transitions (shown as green arrows in Fig.IV.6 and green peaks in
Fig.IV.7) are split with respect to w by an amount proportional to \/mgen.
Now, if the pump frequency is tuned to w, ~ wsrl) then the system is roughly taken
to the state |[+()) ® |m), which is in the (m + 1)-polarons subspace ’HSLI The
two excited states are in this case ]il’(m“)(l)} and the corresponding transitions
(depicted in red in Figs. IV.6 and IV.7) are split with respect to wsrl) by an amount
proportional to v/m + 1gen.

Finally, the third kind of possible transitions (depicted in green) corresponds to
the transition |G)|0) — [G10"). Here one starts from a state with 0 phonons and
excites a state with 0 polarons. Having no polaronic excitation in the final state

there is no energy splitting and this particular transition sits at w, = wl.
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In Fig.IV.7 the peak at w = w (green peak) corresponds to the only transition
linking two states with the same number of phonons |G)[0) — |G*0"). The res-
onances around w'" (blue peaks) correspond to transitions linking a state with
m phonons to a state with m polarons. Since the m-polarons states are super-
positions of the states |—) @ |m) and |[+®M)) ® |m — 1) these transitions lead to
an average reduction of the number of phonons. On the other hand the transi-
tions around w(j) (red peaks) couple states with m phonons to states with m + 1
polarons. These transitions increase the number of phonons (the final state is a
superposition of the states |[-1) ® [m+1) and |+®) @ |m)). Carefully tuning the
pump frequency to any one of these transitions will lead to cooling or amplification

of mechanical motion.

Here we have discussed the doublet structures in D[w| in terms of the possible
transitions excited in the system by the coherent pump. In section IV.5.2 we show
that the Jaynes-Cummings coupling of the cavity to the two-level atom results
in a splitting of the standard optomechanical sidebands. These split sidebands
anti-cross when the hybrid system considered here is at resonance (QW) = w,,),

which leads to the doublet structures we just discussed.

IV.5. Coherently pumped stationary statistics

Using the numerical methods presented in chapter II we study the properties of the
stationary state of the master equation IV.27. We discuss cooling and amplification
of mechanical motion. We also discuss the ability of the hybrid system to reach
non-classical “trajectories” of mechanical motion. Finally, we discuss such features

as a function of different parameters of the system.

IV.5.1. Stationary phonon statistics

As discussed before, by tuning the pump frequency to either one of the polariton
structures in the joint spectral density of states it is possible to cool or amplify
mechanical motion. In what follows we discuss the phonon stationary statistics
as a function of the pump frequency*. We do so by numerically diagonalizing the

Liouvillian superoperator for each value of w,.

4 The time dependance of the additional pump terms in the Hamiltonian can be removed by
moving to the rotating frame via the unitary operator U(t) = exp(—iw,t(ata + &, /2).
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FIGURE IV.8: Stationary phonon statistics as a function of the pump frequency
wp. Left panel (solid line): Stationary number of phonons. Right panel (dotted
line): Stationary second order autocorrelation function.

Qac = Qm = 10%, 2940 = QY = w1, gem/wm = 1071, ny, = 2.15.

Fig.IV.8 presents the mechanical resonator stationary number of phonons and
second order autocorrelation function as a function of the pump frequency w,. We
consider a finite temperature environment and a strong enough optomechanical
coupling (compared to the loss rates) as to clearly separate the polaron resonances
previously discussed. When the pump is tuned far from the system resonances the
mechanical resonator statistics follow those dictated by the thermal environment.
The average phonon number is equal to the mean thermal occupancy <l§ﬁ)> = Ny
and the second order autocorrelation function has the value corresponding to a
thermal state (b'b1bb)/(b'0)2 = 2. On the other hand, if the pump frequency is
tuned to excite the transitions described in Fig.IV.6 it is possible to drastically
change the mechanical resonator statistics. A pump tuned to match the lower
polariton energy will induce a decrease of the mechanical resonator occupation
number. This cooling is accompanied by strong bunching of phonons in comparison
to the statistics of a thermal state. If the pump is tuned to the upper polariton
energy the number of phonons in the stationary state is amplified leading to values
of the autocorrelation function closer to those of a coherent state (btbfbb) /(bth)2 =
1.

Fig.IV.9 presents the stationary number of photons as a function of w, for the
same set of parameters. It should be noticed that around the lower polariton
energy (w, ~ w(_l)) the number of photons does present the triple-peak structure
predicted by the joint spectral density of states of Eq.IV.32. As was previously
discussed this central peak corresponds to a transition linking two states with
the same number of phonons and does not lead to any modification of mechanical
motion. As expected the phonon statistics of Fig.IV.8 only present two split peaks

around this frequency.
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FIGURE IV.9: Stationary number of photons as a function of the pump fre-
quency wp.
Qac = Qm = 1047 2Gac = Q) = W, gcm/wm = 10717 ngy, = 2.15.

IV.5.1.1. Resonant optomechanical effects on mechanical motion

In usual optomechanics (i.e for g, = 0) cooling or amplification of mechanical
motion are obtained by pumping the cavity on either its red or blue optomechanical
sideband. The off-resonant pumping of photons leads to second order transitions
modifying the mechanical properties. The hybrid system we study here has a
radically different behavior. By introducing the non-linear artificial atom in the
cavity we are able to modify the mechanical resonator statistics by resonantly
pumping the dressed photon states. Now cooling or amplification arise from first
order transitions between system states. Fig.IV.8 also presents the resonances
corresponding to the second order transitions which are off-resonance with respect
to the optical response. As can be seen in Fig.IV.9, when exciting these transitions
the number of photons actually injected into the system is much less leading to

smaller effects on the mechanics.

In our hybrid scheme the optical transitions inducing cooling of mechanical mo-
tion become aligned with the Jaynes-Cummings resonances. Fig.IV.10 presents
a comparison between the cooling capabilities of our scheme and the usual op-
tomechanical setup for moderate optomechanical couplings, gem/wm, = 1073, In
the atom-less scenario, the number of photons that can be injected into the cavity
by pumping the red sideband is hindered by the very narrow optical response,
and the phonon number barely deviates from the thermal occupation (solid line).
Whereas in a hybrid system coupled to a two-level artificial atom the possibility
to reduce the number of phonons by resonantly injecting photons into the system

leads to a much more efficient cooling of mechanical motion (dashed line).
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FIGURE IV.10: Stationary number of phonons as a function of w), for @,, = 108,
Qac = 105, gom /wm = 1073, F,/~aec = 100. The dashed blue line represents the
hybrid QED-optomechanics case with an atom (gq. 7 0) while the black solid
line corresponds to the usual atomless scenario(ge. = 0). The inset depicts
schematically the doubly-resonant polariton cooling of motion.

IV.5.1.2. Amplification of mechanical motion and non-classical “tra-

jectories”

So far we have discussed the cooling capabilities of the system under consideration.
Let us now choose a pump frequency tuned to the resonances around the energy
of the upper polariton w(j). The transitions corresponding to these resonances
increase the number of phonons excited in the mechanical resonator thus leading to
amplification of mechanical motion. Optomechanically induced amplification and
instability of mechanical motion have already been discussed in the semi-classical
regime [6] and in the quantum regime [46, 67]. Here we revisit this concept with
our hybrid system and present some of the insight we gained by looking at the
phonon number distribution in the stationary state of the system. In the following
we set the pump frequency to w, = wf) + Gem- As shown in Fig.IV.11 for strong
enough pump intensities, tuning the coherent pump to this frequency leads to

amplified statistics of mechanical motion.

In a pump-less scenario (£, = 0, inset a in Fig.IV.11) the mechanical resonator
is only subject to the effects of its thermal environment. Its Wigner distribution
is given by a gaussian centered around 0. Without any optomechanical modifica-
tion the stationary probability distribution over the Fock states of the mechanical
resonator, T[] = Tr[|l)(l|p], is given by the usual thermal distribution with an

average number of phonons equal to ny,:

(nth)l

)H—l :

Tonll) = (nT
th

(IV.33)
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Ficure IV.11: Stationary state Wigner distribution of the mechanical res-
onator in the C-plane of the scalar field 8 (as discussed in chapter II) for
increasing values of the pump intensity Fj,. In all the figures we have set :

Gac = Wm/27 Gem = Wm/loa Qac = Qm = 1047 Wp = WS-) + gem- The system
is coupled to a finite temperature environment exciting an average number of
thermal phonons ny, = 2.15.

As can be seen in Fig.IV.11 increasing the pump intensity leads to the appear-
ance of non gaussian statistics for the mechanical resonator. Inset e) of the figure
presents the form of the Wigner distribution for values of F}, beyond threshold
for which the thermal-gaussian lobe centered in zero completely disappears giving
place to a ring-like shape of the Wigner distirbution. This kind of Wigner dis-

“ a coherent

tributions has been discussed in the literature as corresponding to
state undergoing circular motion in phase space but with an undetermined phase”
[67]. Here we are interested on the effects of a finite temperature environment and
we have observed that the phonon statistics are best described by the so-called
cothermal distribution [123] which corresponds to a state having in average nc,
coherent phonons and ny, thermal phonons. The cothermal distribution is given

by the following formula:

l
Teotn|l] = einc"h/(nth) (nth) L —Tleoh
ol (nen + 1)1 : nen(ney + 1)

— e_ncoh/(nth)T lL [ _nCOh :| ,
mlllL nep (Ner, + 1)

(IV.34)

where x — [L;[z] is the 1-th Laguerre polynomial. The total number of phonons
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in such a state is (l;TZ;> = Ny = Neoh + My, and the second order autocorrelation
bibtbb con )’
ULLONPS (” h) . (IV.35)
(bTh)? np

As the coherent fraction of the stationary states becomes predominant the auto-

function is given by

correlation function of the mechanical resonator approaches 1 corresponding to the
usual statistics of a coherent state. The stationary state of Fig.IV.11e is well fitted
by a cothermal distribution with n,;, = 0.095 thermal phonons and n.., = 9.043

coherent phonons.

The different insets in Fig.IV.11 present how the mechanical resonator goes from
a pure thermal state to the “cothermal” state previously discussed. From the
thermal state (Fig.IV.11a), as the pump intensity F), increases one first observes
the appearance of the ring like shape additional to the thermal lobe (Fig.IV.11b).
Then the thermal lobe starts fading away (Fig.IV.11d) until it completely disap-
pears giving rise to the cothermal distribution (Fig.IV.11le). Both the initial and
final states can be described in terms of an analytical description of the phonon
distribution. Nevertheless for those intermediate values for which the thermal
lobe and the cothermal ring coexist (Fig.IV.11c) we have not been able to find an
analytical description of the interplay between the polariton and the mechanics
leading to these “superpositions”. We remain confident though that the analytical
treatment that is presented in the following sections will shed new light into the

problem.

The state shown in Fig.IV.11e) does not result from a gaussian Wigner distribu-
tion. But it can be interpreted as a gaussian state having lost all information on
its phase (a coherent state undergoing circular motion in phase space). From this
point of view could it be called non-classical? Defining a non-classical state for a
harmonic oscillator is in itself a difficult question. A squeezed state for which the
noise on one of its quadratures is below the standard quantum limit is a gaussian
non-classical state. Entangled states are also non-classical states but defining a
good measure of entanglement for the kind of open systems considered here is not
a simple task. Here we loosely define a non-classical state as a state presenting

negative values on its Wigner distribution®.

As shown in Fig.IV.12 when pumped at the right frequency our system offers the
possibility to reach stationary non-classical statistics for the mechanical resonator.
The figure depicts the stationary statistics for a zero temperature environment.

We have checked that for small enough finite temperatures this negative values for

5 Ref.[43] gives an insightful discussion on other signatures of non-classicality for mechanical
resonators.
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the Wigner distribution can be reached by increasing slightly the pump frequency.
With the set of parameters in Fig.IV.12 a pump intensity of the order F), =
107, leads to non-classical statistics for dilution cryostat temperatures ~ 4mK.
Evidently as the temperature rises the non-classicality succumbs under thermal
noise and the negative values dissapear as can be seen in the Wigner distributions
depicted in Fig.IV.11

W (8, 8"
-2 0

)

0.25
0.2
0.15
0.1
0.05
0
—0.05

2 4

F1GURE IV.12: Non classical Wigner distribution of a mechanical resonator.
Zero temperature environment, pump intensity below threshold.

Fp/fyac = 1.15, gae = W /2, gem = Wm/10, Quc = Qm = 1047 Wp = wgrl) + Gem-
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IV.5.2. Polaritonically split optomechanical sidebands

We studied the behavior of the system when the polariton splitting varies. The
polariton splitting is tailored by the Jaynes-Cummings coupling Q" = 2g,.. By
changing this parameter it is then possible to bring in and out of resonance the po-
lariton doublet and the mechanical resonator. This polariton-splitting-wise study
allowed us to better understand the doublet structures appearing in Fig.IV.7.
The density plot in Fig.IV.13 depicts the behaviour of the stationary number of
phonons as a function of the polariton splitting and the coherent pump frequency.
For zero coupling between the artificial atom and the cavity (g, = 0 = QW)
we get the picture of standard optomechanics. The mechanical resonator proper-
ties are essentially modified when the cavity is pumped at its two optomechanical
sidebands (w, = w. + wy,). For increasing values of the Jaynes-Cummings cou-
pling a splitting of the two optomechanical sidebands occurs. Eventually, when
QW) = w,,, these split sidebands can cross or anticross depending on the observable
under consideration thus leading to the doublet structures appearing in the joint

spectral density of states.
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FIGURE IV.13: Logarithm of the stationary number of phonons as a function
of the pump frequency w, and of the vacuum Rabi splitting Q.
Fp/%c =1, gem = wm/]-oa Qac = Qm = 10%

IV.5.3. Dependance on the decay rates

We also studied the influence of the polariton and mechanical quality factors.
Cooling and amplification of mechanical motion arise from the exchange of excita-
tions between the 1-polariton level structure and the mechanical resonator. When
exciting resonantly the lower polariton, the annihilation of a mechanical phonon
excites the Jaynes-Cummings system from the lower to the upper polariton level.
If the polaritonic excitation is rapidly lost (through non-radiative or radiative loss
mechanisms) and rapidly re-excited (by means of the optical pump) one can grad-
ually depopulate the mechanical oscillator thus leading to cooling of its motion.
This explains why worsening the cavity (smaller quality factor) in a certain range
enhances the cooling mechanism. A polariton quality factor of 103 leads to a
stationary phononic occupation ~ 1072 for a pump still obeying F,/v. = 1. For
Q.. = 10* we obtain a cooled phononic occupancy ~ 4.107!. Similarly, increas-
ing the polariton losses mechanisms leads to stronger amplification of mechanical
motion. One has to be careful though with the value of the quality factors. If the
atomic spontaneous emission and cavity photon leakages become too important
the polaritonic fine structure is no longer resolved and no cooling or amplification

is possible.
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The situation instead is radically different for the mechanical resonator. A re-
duction of the mechanical quality factor decreases the cooling and amplification
efficiencies in all cases. As the mechanical quality factor goes down much more in-
tense optomechanical effects are needed in order to counteract the thermalization
induced by the environment. This intensification could be achieved by either in-
creasing the optomechanical coupling or increasing the number of photons excited

in the cavity by considering stronger pump intensities.

IV.5.4. Time resolved thermalization of a Fock state

Fig.IV.14 presents the time evolution of the number of photons and phonons for a
coherently pumped system. Initially the state is in a state of the form |G) ® |l = 2)

with the mechanical resonator in a Fock state with 2 phonons and no polaritons.
1)

At a time ¢ > 0 the pump, whose frequency has been set to w, = w>’, is turned
on with a heaviside profile. The discontinous profile of the pump enriches with
high frequencies the pump spectrum thus leading to an involved early transient
regime. As the stationary number of photons approaches a stationary state the
number of phonons exponentially decreases with an effective dissipation constant

Yerf = 187, towards a state containing 7,,;, ~ 1/10 phonons.

ol ——
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FIGURE IV.14: Time evolution of the number of photons (red) and phonons

(blue) for an initial state of the form |G) ® |l = 2). The coherent pump, with
(1)

frequency w, = w’’, is turned on at a time ¢t > 0 with a heaviside profile.
Qm = Qac = 1047 Yac = wm/Za Jem = Wm/loa Fp = 10\@7(10-

In this scenario, the mechanical resonator starts in a highly non-classical Fock
state and ends up in a gaussian state, close to the ground state but having slightly

different statistics since its correlation function presents (in good agreement with
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Fig.IV.8) a bunched value in comparison to a thermal state. With the set of
parameters of Fig.IV.14 we obtain (b'bTbb) /(bTh)? = 3.36.

Fig.IV.15 presents the Wigner distribution of the mechanical resonator at five
different times marked by the vertical dashed lines in Fig.IV.14. Panel a) shows
the Wigner distribution for the 2 phonons Fock state with its negative values.
As time advances the system enters its transient regime (panels b and ¢ ) where
first the negatives values are lost and it starts converging to a gaussian state.
From the point d) until the end the state remains in a gaussian state and the
phonon population exponentially decays leading to a state near the ground state

as previously discussed.
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F1GURE IV.15: Mechanical resonator Wigner function at different times for a
system pumped as to induce cooling of mechanical motion. The different panels
correspond to snapshots taken at different times marked by the vertical dashed
lines in Fig.IV.14. The set of parameters considered is the same as in Fig.IV.14.

Given the non-linear couplings and the dimension of the Hilbert spaces it is not
necessarily straightforward to get analytical insight into the dynamical (time-
dependent) behavior of such systems. The kind of numerical resolution employed
here appears thus a good tool to obtain insights into how the decoherence processes

at play manifest themselves within the considered formalism.
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IV.6. Incoherently pumped single-polariton op-

tomechanics

Given the form of the considered optomechanical coupling it is essential to inject
energy from the “outside world” to excite photons and obtain optomechanical
effects. This far we have only considered a coherent pump at a given frequency
in order to excite the polariton system from the ground state |G) to either one
of the two 1-polariton states |=(). Now we discuss incoherent pumping of the
1-polariton subspace. While the coherent pump couples the coherences of the
density matrix, the incoherent one only couples the populations. We explore this
new experimental configuration with analytical tools that yield insight into the
stationary statistics of our tripartite system. We first briefly discuss the physical
process behind this so-called incoherent pumping and the master equation we
used to describe it. Then we present the analitycal method used to describe the
problem. This method is greatly inspired by a theoretical work studying the strong
light-matter coupling between a two-level system and a cavity mode [123]. Here we
generalize the method to our effective three level structure (the polariton system
spanned by the states {|G), |-™1), [+1)}) coupled to the mechanical resonator.

Finally we discuss the emission of strongly antibunched phonons under incoherent

pumping.

IV.6.1. Incoherent pumping

Up to this point the dynamics of the system have been described by the master
equation IV.27:
dp(t)

— 5 =~ il + V(1) /)
+.Lla]p + voL[6-]p (IV.36)

+ Y LI+ (4, + 1)y L[D] .

The terms in the second line of this master equation rule the dissipative processes
undergone by the cavity and the two-level artificial atom. These dissipative pro-
cesses are characterized by two loss rates (7, and 7,) measuring the rate at which
photonic and atomic excitations are lost to the environment and two jump op-
erators (a and ¢_) determining how this information is lost. A photon can be
annihilated from the cavity and/or the atom can be deexcited from its excited to

its ground state.
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The incoherent pumping under consideration corresponds to a similar process but
performed in the opposite direction. The environment randomly excites the 1-
polariton states from the ground state |G). This excitation is described by a
similar Master Equation which now contains jump operators increasing the num-
ber of photonic and/or atomic excitations. From an experimental point of view,
this incoherent pumping can be achieved by coherently pumping higher energy
levels in the Jaynes-cummings ladder (n > 2) and waiting for the decoherence
to kick-in and incoherently take the polariton excitations to the desired n = 1
subspace. We would like to add that incoherent pumping is an important method
in experimental quantum optics toolboxes. As an example, first proofs of strong
light-matter coupling between a quantum dot and a semiconductor microcavity

were first achieved with this configuration [107].

For the sake of simplicity we still continue restricting ourselves to the problem
projected to the subspace containing 1 polariton. We assume that the atom and
the cavity are resonant (w. = w,) and that the photonic and atomic loss rates
are identical (7, = Ve = Yac). Since the Jaynes-Cummings part of the problem is
symmetrical with respect to photon and atomic excitations, it will be clearer to

discuss the photonic and atomic properties of the system using the basis of states

{1GY, |-D), [+M)}. From now on the considered master equation for the system
1s:
dp(t - .
% = — i[Hiot+, p]
+ YacL[C-]p + YacL[C+]p (IV.37)

+ YimeLIE 1D+ v LIEL )
+ nth’YmL[bT]ﬁ + (nth + 1)/7mL[b]ﬁ7

where ¢_ = |G)(—M] and &, = |G)(+M)]| are the jump operators describing the de-
excitation of the lower and upper polariton respectively to the ground state. The
state |[£(1) is incoherently pumped with a rate 7., from the ground state, this
process being described by the corresponding jump operator éTi In this new config-
uration we omit the coherent photon pump. Here H,,; is the effective Hamiltonian
for the projected system for which we have neglected the anti-resonant terms in

the effective polariton-mechanics coupling.
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IV.6.2. “One-atom laser approach”

In order to follow the dynamics of the system we study the correlations between
the mechanical resonator and the three-level polariton system. Let us introduce a

series of operators measuring such correlations:

Vm e N: Nym|= (BTmBm>,

~ (1) ~(1)
- 004 >7

A IV.38

Ng[k] = (o™ b HG)(G), (139

Ny [m] = (b bm=160),
NbTO—J’» [m] e <bTm—1 bm6$)> .

The master equation IV.37 rules the evolution of the previously discussed correla-
tors. We do not present here the complete derivation of the equations but rather
present a simplified version by assuming that the environment is at zero temper-
ature, ny, = 0, and that the incoherent pumping rates for both polariton states
are identical, v; . = v, . = 7in.. With these hypotheses the master equation now
reads

dp(t)

——L = — i[Hyg+, ] + Yac(L[E-1p + L[e4]p)

dt (1V.39)

~

+ Yine(L[E]p + LEL]p) + ym L[D] .

By tracing out the mechanical resonator degrees of freedom we obtain a reduced
density matrix on the polariton sub-system. This reduced density matrix being

unitary we have:

{GHG| + |=I(=D] 4+ |+ (+W]) = 1. (IV.40)

From Eq.IV.40 it follows that Ny [m] + N_[m| + Ng[m| = Ny[m — 1]. This allows
us to reduce the number of equations at play. We also introduce the following

notation: ‘
Nog[m] = Ny, [m] +iN;, [m]

Nyto, [m] = Ny, [m] — iNj_[m] (Iv.41)
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With this notations the set of first order differential equations for the mean values

of the system correlators is:

VmeN: Nym —2M G NE[m] — My, Ny[m]

[m]
Ni[m] = 2emNi,[m] + YineNa[m] = yaeNy [m] = (m = 1)7, Ny [m]
Nc[m] = Yaec (N4[m] + N_[m]) = (27inc + (m — 1)) Ne[m]
Niglm] = —(wm = QO)N [m] = (Yo + (m = 1/2)7m) Ny, [m]
Nim] = (wm = Q)N [m] = (Yae + (m = 1/2)3m) Ni, [m]

o (2N [m 4 1] + mN, ] + Nalm + 1] = Nyfm)
(IV.42)

We are only interested in the stationary state properties of the system. We thus
set the time derivatives in the set of equations 1V.42 to zero. It is then possible

to write all the correlators in terms of the phonon correlators Ny[m| as follows:

Yac
N, = N, —1
G[m] Yac + 2/ymc + (m - ]-)/Ym b[m ]
(Wi — Q(l))%n
N, |m] = Ny|m
bo‘[ ] gFT[m} b[ ]
Njgln] = = 5= Nof] (1V.43)
YacYine
Niolm| = Nylm — 1
+[ ] (/Yac + 27inc + (m - ]-)me)(’yac + (m - 1)7771) b[ ]
Jm Ny[m],

Yac + (M — 1)%71
where we have introduced the total decoherence on states of the subspace with m
polarons

Lrim] = 2794 + (2m — 1) ypm. (IV.44)

The stationary statistics are fully determined by the set of equations IV.43 and

the following second order recurrence relation on { Ny[m/|}men

A(m)No[m — 1] + B(m)Ny[m] + C(m)Nym + 1] = 0. (IV.45)

The coefficients of the recurrence relation are given by:

A(m) ——m YacYine
(Yac + 2%ine + (M — 1)9m) (Yae + (M — 1)y
Ym Ym 1
B(m) =m +m + Corplm
(m) Popy py s oo rlml (IV.46)
2Ym
C(m) =—

" Y + MY
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where we introduced the effective coupling and cooperativity

B Gem
Gerflm] = —
2(wrm—01))
\/H< Frlm] ) (IV.47)
42 ¢[m]
Copslm] =—L1
’ymFT[m]

By definition N,[0] = 1 and Ny[1] = ny is the number of phonons in the stationary
state. The previous equations tell us that if one is able to obtain the stationary
number of phonons it is possible to calculate all the correlators of the system to
any order. As an example the stationary populations of the ground state |G) and

of the upper polariton |+ are given by:
'.Yac
Py =(|G)(G]) = ———

Yac + 2’}/’1}70 5 (IV48)
Py =( 0 (0] = Ty,

and the mechanical resonator second order auto-correlation function is given by :

G2 _ <ZA)T2IA)2> _ i”)/ac + Ym |: Yine . <’y_m + Tm +C ff[l]_1> nb:| '
<bTb>2 nz 2'.)/m Yac + 27’mc Yac ’Yp + Ym

(IV.49)

IV.6.3. Emission of strongly anti-bunched phonons

As shown in Fig.IV.16 the incoherent pump populates the excited polaritonic
states that, in the eigenbasis of the Hamiltonian, leads to excitation of polarons
and then emission of phonons. By looking at the statistics of the emitted phonons
we have seen that for weak enough values of 7,. (the broadening of the polaritonic
levels) the system exhibits emission of phonons with sub-poissonian, antibunched
statistics (second-order correlation function G5 < 1). In this regime, the system
acts as a single-phonon emitter under incoherent pumping. Hence, phonon block-
ade type effects arise from the non-linearity introduced into our hybrid system by
the artificial two-level atom.

In Fig.IV.16 we also present the analitycal results from the previously discussed
treatment. The stationary number of phonons is obtained from the numerical
resolution of the master equation. It is then injected into equation IV.49 and
compared to the numerical value. The analytical results (circles) and numerical

solutions of the master equation (continuous lines) are in excellent agreement.
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QGC QCLC

FIGURE IV.16: Phonon occupation number and second-order auto correlation

function Go as a function of the polariton quality factor QQ4.. The incoherent

pump rate is set to Vine = Vae- Black-solid, blue-dashed and red-dotted lines

correspond to numerical results obtained for mechanical quality factors @Q,, =

103, 10% and 10" respectively. The corresponding analytical values for Gy are

represented by circles and are in excellent agreement with the fully numerical
calculations.

The formalism introduced in this part of the manuscript allows us to compute the
stationary correlations of the system at all orders. Here we have only included
the calculations for a zero temperature environment and for an incoherent pump
populating at the same rate both polaritonic states. The generalization to finite

temperature and differential pumping can be found in Appendix D.

The set of correlators introduced in Eq.IV.38 respects the symmetries of the Hamil-
tonian considered in this part. We remind that we have neglected the counter-
rotating terms in the effective polariton-mechanics coupling and thus the number

= bb + 0_(:)0(_1)) is a constant

of polarons (represented by the operator Nlﬁ;l)mn
of motion. Generalizing the method should allow us to study the effects of this
counter-rotating terms as well as to analytically study the statistics in a scenario
with a coherent pump. Finally, during this thesis we only considered the final
phonon statistics but understanding the signatures of these effects on the photon
statistics constitutes an important step for the experimental observation of these

non-classical states of mechanical motion.



Conclusion and perspectives

In this thesis, we have presented theoretical results for quantum optomechanical
systems with non-conventional nonlinear coupling schemes. In chapter I we in-
troduced the field of optomechanics and we set the theoretical framework of our
work. In chapter IT we described the numerical methods used during this research

project. Chapters IIT and IV presented the original results of this thesis.

In Chapter I1I, we described our quantum theory of photothermal cavity cooling.
While in usual radiation-pressure optomechanics the main time scale at play in the
cooling mechanism is the photons lifetime 1/, in photothermal based systems this
role is played by the thermal relaxation time 7;,. The possibility to have 7,7, > 1
and since photothermal forces can overcome radiation pressure by several orders
of magnitude it is possible to cool mechanical motion close to the ground state
even in the so-called “bad cavity” regime. Photothermal optomechanics could be
relevant for integrated solid-state optomechanical systems such as those based on

semiconductor microstructures.

In Chapter 4, we presented a theory for a cavity quantum optomechanical sys-
tem coupled to a single quantum emitter (two-level system artificial atom). We
showed that this tripartite configuration (cavity field, atom, mechanical oscilla-
tor) provides a way to explore single-photon optomechanics thanks to the large
nonlinearity provided by the two-level system. We investigated in detail single-
polariton resonant cooling and amplification of mechanical motion as well as the
peculiar quantum phonon statistics obtainable in this regime. This kind of system
could be obtained by using quantum dots in semiconductor microresonators or by
using circuit QED architectures with superconducting resonators and Josephson

junctions.
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Appendix A

Kraus sum representation of the

master equation

When describing a system A coupled to some environment E one should in prin-
ciple work with the density matrix pa.p of the total system. Nevertheless we are
only interested in the system density matrix p4 which is obtained by tracing out
the environment degrees of freedom by means of a partial trace ps = Trg[pas |-
In the case of weak coupling to a memory-less environment (a Markovian envi-
ronment) the evolution of the reduced density matrix of the system is ruled by
a Master Equation which is a first order differential equation on p4. Such an
equation can be obtained from the microscopic description of the coupling to the
environment, the derivation is carried through for the mechanical resonator in
Appendix B. Here we present a different derivation relying on very general con-
siderations on the algebraic structure and physical meaning of the variables under
consideration. We only give the main lines of an insightful derivation for which a

more thorough discussion can be found in [69].

When considering the evolution of a density matrix we are basically wondering
how the density matrix at any given time ¢, pa(t), is mapped at a later time
t + 7 > t into a different density matrix pa(t + 7). We thus have to consider a
quantum process transforming a density matrix into another. We will note p4 the
initial density matrix and L4(p4) the transformed density operator. L4 is called
a quantum map described as a linear super-operator acting in the Hilbert space of
operators. In order to preserve the necessary physical (and algebraic) properties

of the density matrix the quantum map L 4 has to be a linear operation preserving
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the hermiticity, the trace and the positivity of p4,

La(ppa +aps) = pLa(pa) + qLa(ply), where p+q=1
(La(pa))' = La(pa)
TrLa(pa) =1
(W[La(pa)l) >0, V[).

(A1)

Additionally the quantum map has to be completely positive, which is to say
that it has to be an acceptable physical process even if the system A were to be

entangled to some system B.

It can be shown [69] that if the system A is not initially entangled with any other
system (and this is a crucial hypothesis) then any quantum map can be cast in
the following Kraus sum form

La(pa) =Y MyupaMf, (A2)
I

where the Kraus sum in Eq.A.2 has at most Nx < N% terms, N4 being the dimen-
sion of system A Hilbert space. In order to ensure the preservation of the density
matrix trace the set of Kraus operators {Mu}u has to obey the normalization
condition

> MM, =1 (A.3)

I

We now use the Kraus sum representation in order to describe the dynamics of
system A when coupled to an environment F. Our aim is to derive a first order
differential equation with constant coefficients on p4(t). To do so let us assume
that the time interval 7 is small enough for pa(t + 7) — pa(t) to be a first-order
quantity in 7, which can be identified with 7dpa/dt. These identification holds if
7 is small compared to the characteristic evolution time 7. of p4. In usual analysis
the identification becomes an equality by taking the limit 7 — 0 but we will see
that physically the equation of motion of our system coupled to an environment
can not be taken to this limit. The time slicing has to be coarse-grained, small
enough to allow a quasi-continuous following of the system evolution and long
enough to allow us to neglect the correlations building up between the system and

the environment.

We want to use the Kraus sum representation previously discussed in order to
describe the increment p4(t + 7) — pa(t). To do so we assume that at time ¢ the

environment is in a steady state described by the density operator pp and that
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the total density operator is given by
pare(t) = pa(t) ® pe. (A.4)

Since there is no entanglement between the system and the environment we can

apply the previous results and we thus can write

Nyp—1

palt +7) = Lo [pa()] = Y Mu(7)pa(t)M(7). (A.5)

Eq.A.5 holds as long as Eq.A.4 describes correctly the initial state of the total
system. But to be precise this initial state should actually be written under the

form
pare(t) = pa(t) ® (pp + 0pp(t)) + 0parr(l), (A.6)

where we have included the fluctuations of the environment around its steady
state, dpr(t), and the entanglement between A and E, dpa g(t). These two
additional terms rise from the past interactions between the two parts of the total
system. Keeping these terms could forbid the use of the Kraus sum representation
(since A would be initially entangled with F), and even if it could be applied the
operators M#(T) would have to be functions of ¢ in order to take into account
the history of the interaction between environment and system. Nevertheless if
the environment is large enough one can make a Markov approximation in which
the environment is memory-less, in this case the incremental evolution of p4 over
a time interval 7 takes place as if A 4+ E was initially described by Eq.A.4. The
“big enough” environment has energy levels spanning over a wide range of energies
hAw, the typical correlation time of the environment observables 7, is loosely given
by 7. ~ h/Aw. The environment fluctuation and the entanglement between A and
E quickly wash away for times longer than 7.. For 7 > 7, the environment will

thus be Markovian and we can safely neglect the correlations between A and F.

The system, coupled to an amnesiac environment, undergoes random walks that
have a duration ~ 7.. Each step induces a phase change of the order V'7./h, where
V' is the order of magnitude of the coupling between A and E. After a time ¢ the
system accumulates a phase dispersion A¢(t) that is related to T, by

2,22
t ot
VYt _ 1t (A7)

2
Ad(t) o oT. T,

The Markov condition of a very short environment memory time, 7. < T}, is thus

satisfied when V7, < h. The Markov approximation and the quasi-continuous
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following of the evolution of A will be ensured as long as
Te L 17 LT (A.8)

Then it is safe to assume the increment given by Eq.A.4 and we are able to obtain
the Master Equation from Eq.A.5.

By definition L.[pa(t)] = pa(t +7) = pa(t) + O(7), among the Kraus operators
there is at least one of order unity (in order to obtain the equality when 7 = 0)

which we assume to be M,. Without loss of generality we write it as
My =1— iK1+ O(72). (A.9)

Let us introduce the hermitian and anti-hermitian parts of the 7-independent

operator K.

. K+ Kt . K-Kt
H:thT and J = i=——. (A.10)

All the other terms of interest in the Kraus sum are of order 1 in 7, we can thus

write Y # 0, M W= \/Ff/# From the trace preservation condition we can see that

NK—l
> MM, =1-2)r+> 7LiL, =1, (A.11)
p=0 p#0

which in the end leads to
J =

N —

> LiL, (A.12)
u#0
Finally we get to the master equation for p4(t) in the generic Lindblad form

dpa T . P 1., 1. ...

o T [H, PA] +) (LMPALL - ELLLMpA - §PALLLM) : (A.13)
u#0

In Eq.A.13 H contains two contributions. On the hand the actual Hamiltonian

H, of system A, on the other an energy shift induced by the coupling to the

environment.

The Kraus sum representation can be interpreted by introducing an environment
simulator B which replaces the environment E. In this effective picture the quan-
tum map undergone by p4 results from entanglement building between A and B

and a following unread measurement performed by B. The unread measurement
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procedure is then responsible for the statistical mixture (p4 is then a probability-
weighted sum of all the states related to the possible outcomes of B’s measure-
ment), it erases the entanglement. The relaxation process undergone by the system
can thus be interpreted as an irreversible leakage of information to the environ-
ment. The Markovian environment does not keep any track of the information
received from A. In this effective picture an operator ﬁu can be understood as a
jump operator defining the projection undergone by A after a measurement by B
with a given result.

The presentation given here of the master equation does not explicitly yield the
precise form of the master equation. Nevertheless it is possible to infer the quan-
tum jump operators that affect the system, and an experiment can precise the time
constants associated to each quantum jump. In our case of interest we assume that
the optomechanical cavity is subject to two noisy channels. First, a photon can
leave the cavity and be lost to the electromagnetic vacuum beyond the mirrors.
Such channel is described by the jump operator a which destroys a photon in the
cavity. Second, the mechanical resonator is coupled to a thermal environment
at finite temperature T which is able to either excite or absorb one mechanical
excitation, this two processes are ruled by the quantum jump operators bT and b
respectively. The master equation ruling our system is then

dp 1

8 = = [f1,5] +.Dalp + Y (nan + VDBl + A DB, (A14)
where H is the optomechanics Hamiltonian defined in Eq.I.20, Dlo]p = opol —
1/2(6'6p + po'o) is the lindbladian super operator with an associated quantum
jump operator 0 and ny, is the mean thermal occupancy of the mechanical res-
onator when at equilibrium at temperature T,

(A.15)

Nip, = 7 .
ek —1






Appendix B

Master equation derivation from

a microscopic Hamiltonian

In this appendix we derive the Lindblad master equation from a microscopic Hamil-

tonian coupling a mechanical resonator to a thermal reservoir at temperature 7.

Total system Hamiltonian:

Let us consider a closed system comprising the mechanical resonator and the

thermal reservoir. Let us assume the following form for the total Hamiltonian:

H=Hg+ Hp+ Vg, (B.1)

where Hg is the mechanical resonator Hamiltonian, Hg is the reservoir Hamilto-

nian and VBR is the coupling term between the two of them.

Hg is given by:
Hg = hwy, (b1h+1/2), (B.2)

where b an b are the usual annihilation and creation operators. We assume that

the coupling between the system and the reservoir is of the form:
- / ak (Bt — i BD) (B.3)

where we have assumed that the mechanical resonator is coupled to the different
modes, labeled by the index k, of the reservoir. Bk and B,Z are the annihilation and

creation operators of the k-th mode of the reservoir. The form of the Hamiltonian
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in Eq.B.3 was discussed in chapter 1. Briefly, it can be obtained by assuming that
the system position is linearly coupled to the positions of an infinite amount of

harmonic oscillators and then neglecting the resulting counter rotating terms.

The reservoir Hamiltonian is on the other hand given by:

fip = / AT By, (B.4)

Before moving forward let us introduce the following notation:

~

H = Hy+ Vsg = (Hg 4+ Hg) + (Vs,,). (B.5)

Time evolution of the master equation in the interaction picture:

Let psr be the total system density matrix. Its time evolution is given by the

Schrodinger equation:
L d o, A
ZhEﬂS,R = [H,PS,R} (B.6)

In the interaction picture with respect to H, we have:

d

.
—hsa(t) = — |Vsn(t), ps.alt) (B.7)
Psn(t) = M0Mpg pemitiot/h (B.8)

VSR(t) _ eiﬁot/hVSRe—iﬁot/h (B.9)

By formally integrating Eq.B.7 twice we obtain the following expression for the

increment Apg r(t) of the total density matrix between times ¢ and t + At:

t+At 5
APSR—_/ dtl Vsr(t1), ps,r tl}

+ (z’l )/t+At / dts VSR (t), [VSR(h)aﬁ&R(b)H

(B.10)

This far Eq.B.10 is exact. By iterating the formal integration it is possible to
obtain higher order terms on Vsr. Nevertheless we assume weak coupling to the
reservoir and we thus limit ourselves to second order. The first order term leads
to a Lamb-shift renormalization of the system energy, it will be neglected in the

following.



Appendix B. Master Equation 119

Main approximations:

First of all let us assume that the time interval At verifies:
TR, K At < Ty, (Bll)

where 7, is the typical time scale of the reservoir’s thermalization. Tyg is the
typical time scale of the interaction between the system and the reservoir. The
approximation in Eq.B.11 implies a coarse-grained slicing of time, small enough to
continuously follow the time evolution of the system dynamics and big enough for
the reservoir to “forget” any correlations that could have built between the two

parts.

In the following we also assume that the reservoir is sufficiently large to allow us
to neglect any initial correlation between the system and the reservoir. For any

given time t we write:
ﬁS,R(t) = ﬁS(t) ® ﬁRb(t)7 (B12)

where pg(t) and pg, (t) are the system and reservoir density matrices respectively.

Finally, we assume that the reservoir is at thermal equilibrium at temperature T’

and thus its stationary density matrix is given by:

pr,(t) = 65 = exp(—Hp/kT) = c'°. (B.13)

Having made these approximations the increment of the density matrix over a

time interval At is rewritten:

) 1 t=At 1 - _ ~
Apsn = dt, | diy [VSR(tl), [,05(152) ® o, VSR(tQ)H (B.14)
t t

General considerations on the coupling Hamiltonian

In the following we work with these notations:

Vsr= Y AoX, (B.15)
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where we have introduced operators acting on the system {1217}7 and operators

acting on the reservoir {X,},:

Ag=b , Ag =0 (B.16)
Xp = —z’h/dkz KiBr , Xge = z’h/dk kBl = X (B.17)

Let {|s)}, be an orthonormal basis of eigenvectors of the system Hamiltonian Hg
(Hs = 3, hws|s)(s]). We introduce the frequency dependent operators A. ()

defined as follows:

AW(Q) = Zé(ww - Q) |T><T|A7|S><S|, where w;, = ws — w;. (B.18)

In the interaction picture with respect to H, they are written:

AW(Q) = Zé(ws,r - Q) ciHot/h ‘r><r|AW|S><S’€fiHot/h
o (B.19)
— efiQtA'y(Q)'

Noting that > A, () = A, the coupling term becomes:

Vsr(t) =Y D e ™A (QeX, () =) Y Al Xi(t)  (B.20)

Q v
Autocorrelation functions

We now expand the nested commutators in Eq.B.14 and we perform a partial trace
over the reservoir degrees of freedom. We obtain:
Aps 1

t+At t1 B _ _ _
N =g A [ T {Vontta) (s © 02 Vi(t) — (75 © o) Von(to) Von(tn)

~Vsr(t1)Vsr(ts) (ps @ or) + Vsr(ti)Vsr(tz) (ps ® CTR)}
(B.21)
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Using Eq.B.20 this expression becomes:

Aﬁs 1 t+At t1
—_ = = dt / dt
At h2At /t1 N A 2.2

¥y Q7
Trr{e A, (Q) @ X, (t2) (Ps(tz) ® o) e AL (V) @ X, (1)
— AL () @ X (t)e 2 AL (Q) ® X, (1) (s (t2) © or)
VHC)
(B.22)

We now introduce the stationary correlation functions for the reservoir operators:

Gt ) = Trg {fq, (tl)Xy(tg)aR}

B.23
~ Trp { Xt — tz)f(v(O)oR} = G(t — 1) (B.23)

Injecting Eq.B.23 into Eq. B.22 we get:

Aﬁs t+At t1
— = dt / dt
At R2At /t ', >

¥y Q.87

{em_mtlemm—mgw, (tr — t2) Ay (Q) ps AT (€Y)

TG IG (1, 1) AL(@)s A ()
(B.24)

Integration variable substitution and discussion on time scales

This far on the discussion we have always integrated over t5 first then over ¢;. This
integration paths are represented in Fig.B.1. Now we integrate over the line [, of

equation [, : to = t; — 7 then we integrate over 7, as can be seen in Fig.B.2.

The double integral ftHAt dt, ttl dt, becomes an integral fOAt dr ::TN dt;. We thus
write:
Aﬁs 1 /'At /t+At O o
— = dr dt, Z Z V=D TG (1)«
2 vy
I N A T
o (B.25)
Ay (@) () AL () — AL(@) Ay (Q)ps(t1)]
+ HC

The dependence on 7 of Eq.B.25 arises from a term of the form "G, (7). Since

we have assumed At > 7z we can send the upper limit of the integration over 7
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127
: . Lo =1
NN S— A
el L
i1
t t+ At

FIGURE B.1: Paths of the double integration over time.

to

PN S

3]

} t+ At

Ficure B.2: Paths of the double integration after substitution of the time
variables.

to infinity. The term under the integral decays rapidly for times bigger than 7.
On the other hand, only small valleys of 7 are of interest to us. We thus send
the lower limit of the integral over ¢; to ¢ (since At > 7g,, g, it is as if we were
setting 7 — 0). Finally, we assume that At < Tg where Tg is the typical time

scale of the information exchanges between the reservoir and the system. In the
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integration over t; we thus set pg(t1) = ps(t), which ultimately leads to:

Aps 1 * A (' —Q)t
s 1S [ o] [ o]
At h%tzz{/o ’”()Ht !

¥ 2.
. ~ " . . ~ (B.26
(A ()75 A1) — AL (@A (@s(0) )
+ h.c
Lindblad master equation
Let us introduce:
W, () = / dTeiQTG%W/(T) (B.27)
Ot-‘rAt ‘(Q/ Q)t 1
-0 = dt e’ M — B.2
a0 -9) = [ e (B.28)
Injecting these variables into Eq.B.26 we get:
Ars _ 1 J(Q = QW () [ Ay () ps(t) AL (O
E*TZZ (€ = W, (Q) | Ay (Q)ps(t) 7( )
¥,y Q,9
- P N B.29
A A (@5) (:29)
+ h.c

Given that At < Ts we replace the left hand side of the previous equality by an

usual time derivative of the density matrix:

dp T~ o
% - —% [HS’ ﬁs} + % Z Z J(Q — Q)W%v’(Q)GZ(Q e

[AM(Q)/@S(I?)AL(Q/) _AL(Q/)AM(Q)/@S@) (B.30)
+ HC

We have J(z) oc sin(%5t)/%2L. Since At + 0 we will replace every appearance of
J( — Q) by a Kroenecker delta §(€2' — Q). We also define I, .,(Q2) = W, /() +
W2 () and A, (Q) = 5 (W, () + W2 _(€2)). We obtain then the “standard”

2
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form of the master equation:

dp Ul { it A .
% = _ﬁ [HS, ps(t)] — ﬁ % ; A%,‘//<Q) [AW(Q)AW,(Q)7 ps(t)]
1 - . - 1pa - .
t i 2 X L@ { A @s(0.85(0) - 5 [AL @0, pst0)] |
Q vy
(B.31)
where [.,.]4+ corresponds to an operator anticommutator. The term o« A, ., renor-

malizes the energies of the system and is absorbed into the definition of Hs.

Let us note that I', /() can be rewritten as:

| > :/ dTeiQTG%,Y/(T). (B.32)

o

With this final modifications we get to the Lindblad master equation for the density

matrix:
dp i
d_i‘,) =7 [H57p5(t)]
b 2 S T { A @Al - 5 [, @),ps0)] |

(B.33)

In order to obtain the final density matrix of the system we only have to calcu-
late the correlations by taking into account the coupling and the statistics of the

reservoirs under consideration.
Dissipative constants

We have I, /() = [*_dr "G, /(7), where

G,y y (T) = T?"R {Xj(T)X’y/&R} , and <B34)
% _ iHot/h 1 —iHoT/h
X,];(T) = it/ Xie or/h (B.35)



Appendix B. Master Equation 125

In the case under consideration the reservoir operators are given by:

Xy = —ih / dk w3 (B.36)
Xg = ih / dk kP (B.37)
(B.38)

We assume the reservoir is at equilibrium at temperature 7', we thus have:

G = e /KT, (B.39)

Since H R = f dk hkaZBk the reservoir density matrix can be rewritten as a tensor

product of the density matrices of each mode:

Or = ®G’HR”“/RT:®6RJ€, where (B.40)
k q
1 At A

Grn = Ze—hwk(ﬁ,iﬁkﬂ/m/kbr (B.41)

After calculation of the partition functions we get:

or =) (1 — e er/kT) ~lrdifu/T (B.42)
k

We have to calculate correlation functions of the form:

G (1) = Trp (X;(T)X7,63> , (B.43)

where the time dependent operators are given by:

Br(r) = ey
3 _ T A (B44)

Bi(r) = e g
Since the reservoir is at equilibrium at temperature 7' the density matrices are
diagonal in each associated Fock basis. The only non-zero terms are those coming
from terms of the form 513 or B31. We just have to calculate Ggsp and Gg- g-.
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They are given by:

Gap(r)=Trg {h? / / dlydks Ky, K5, B AL, e T ®éR,k}
q

(B.45)
= 12 / dk |y |?e ™ Tr {BkB;&R,k},
and
G,B*,ﬁ* (T) = hQ/dk |/€k‘2€+iwkTT’f’ {Bligka-}%,k} . <B46)
After calculations this autocorrelations functions are given by:
Goplr) = 12 / dk |5t (nan(eg) + 1) 7
(B.47)

GﬁjB(T) = hQ/dl{ |/<k|2nth(wk)e+iw“,

where ny;,(w) is the number of excitations given by the Bose-Einstein distribution
at frequency w.

We now assume a white noise spectrum for the bath so as to have Vk, kr = \/Ym.

The coefficients in the dissipative terms of the master equation are then:

L5 = B2 ki|? (nep(wim) + 1
o0 = Il () + 1) s
Fﬁ*ﬂ* =h |lik| nth(wm).
Finally, the Lindblad master equation for a mechanical resonator weakly and lin-
early coupled to a reservoir at equilibrium at temperature T is:
dp 1

_ Y it s bt — Im (T T))
L~ o [b b, p] 4 (ngn + 1) <7mbpb = (bbp + pb'h

o AT (B.49)
+ s (ymbfﬁb — %’" (bbT,a + ﬁbb*)) .



Appendix C

Partial derivative equation for the
s-ordered quasi-probability

distribution

In this appendix we give the correspondences between the different terms in the
master equation of the system and the corresponding terms in the partial derivative

equation on the s-ordered quasi-probability distribution.

We remind the following set of correspondences between the product of an arbi-

trary operator 6 and some system operator and the corresponding scalar represen-

tation:
a6 — (a0 — [704) O(av, B s,u) bo s (B — g 0s) O(x, B s, u)
a'o «+— (a* — fT0,) O(a, B; s,u) bto (B* — g7 03) O(a, B; 5,u) )
66 +— (a— fT9.)O(a,B;s,u) | 6b «— (B —g"ds)O0(a, B;5,u) '
oa" +— (a* — f70,) O(a, B; s,u) obt +— (B* — g~ 03) O(a, B; s, 1)

And we remind the master equation considered during this thesis:
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0 _

L =i [wcam 4 Wb — gaméiTa + iF, (e~ — e#rtal), ﬁ]

1
+ e (aﬁaﬁ - 5(&* ap + pal a))
psit — Liitis o st
+ Y (g, + 1) | bpb" — 5(1) bp + pb'db)

PP RO ~n
+ Y Nith <prb — §(bbT/§ + ﬁbb*)) :

Here we give the correspondences for the different terms for any given ordering
parameters s,u (ff = s+ 1/2 and g* = u 4 1/2):

a'a  Photon number operator:

[a'a,p] < {(f7 = [1)0aa = (f7 = [1)Oura} W (C.3)

b'b  Phonon number operator:

[13*3, f)} o {97 —9)08— (97 — 9708} W (C4)
de(l;T + 13) radiation-pressure optomechanical coupling:

[@Ta@* +b), ﬁ} “ {(f — )0 (B+57) = (f~ = ) Oura™ (B+ )

+ (97 —97) (Oslaf + f705) — (97 — g") (Op|al* + f~Op+)
+ ([Tt =)o+ (fg" = fTg7)05 00

—(fTgt = [T o — (g — [T )05 0o

+ M =) ea — T (97 =90 e s

}W

(C.5)
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a'b and ab': Linear resonant coupling between modes:

a%.5] {(f‘ — [0~ (g —g")0a + (g - f‘g+)@3ﬁ*}w
(C.6)
ab,3] e {0 = g00m0 = (7 = 1005 + (™ = 70702 bW

Photon dissipative processes

apal {\042 T = f a0 — f 0wt + f—f—af,*,a}w (C.7)

alap+ pata < {2|a!2 +2f 7 = (fT+ )00 — (f + [0

(C.8)
+ 2f+f8§*,a}W
Phonon dissipative processes
bpb' <+ {W +9” =g 08— g 0p 5" +g—g—a;*,g}w (C.9)
bbp + pb'b {2!Bl2 +29" — (g +97)08 — (g~ +9")9s-8"
(C.10)
+ 2g+98§*75}W
bipb {I5\2 +9" =g 08— gt 058" + g+g+0§*,g}W (C.11)
0b'p + pbbt ¢ {2|ﬁ|2 +29" = (9" +97)058 — (97 +97) 055"
(C.12)

+ 2g+g_(9§*ﬁ}W






Appendix D

One-atom laser approach to single
polariton optomechanics. Finite
temperature and differential

incoherent pumping

In this appendix we present the generalization of the calculations presented in
the final section of chapter IV. We include here a finite temperature mechanical

reservoir as well as a differential incoherent pumping of the two 1-polariton states.

The master equation under consideration is:

dp(t S R
% = — i[Hiot+, p]

+ ’YacL[é_],é + ”yaCL[éJr],é (D.l)
+ Y L[E ]+ A LIE ]
+ i L[0Y) 5 + (g + 1)y L{D]

where the state |—(1) (|4+(1))) is incoherently pumped from the ground state |G')

at a rate v;,.(7ih.)-

As we did in chapter IV we introduce the following set of correlators:
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¥Ym e N: Nym] = (b"bm),
Ni[m] = <bTm Lpm—15 (1) 1)
N_[m <b*’” lbm 5 %&”),
{] T (D.2)
Nyo[m] = (6" bm=160)y,
Nyio. [m] = (1" "0m5 ).

We remind the reader that N_[m] = Ny[m — 1] — N..[m] — N,[m]. Let us consider

the real and imaginary parts of the cross-correlators Ny, [m] and Ny, [m] defined

as follows:
Nog[m] = Ni,[m] +iN;, [m] (D.3)
Nyto, [m] = Ny [m] — iNy,[m].
The set of differential equations we consider is:
VmeN: Nym] = —2MGerm NE [m] — My Ny [m| + m?ng,ym Np[m — 1],
Nylm] = 2ganNi,[m] + 7N [m] — vae N+ [m]
—(m = 1)y Nym] + (m — 1)2nth7mN+[m - 1],
Nalm] = YaeNo[m — 1] = (Yine + Yihe + Yae + (m = 1)7m) Ne[m]
+(m — 1)*ng,ym Ng[m — 1]
N [m] = —(wn = Q)N [m] = (o + (1 — 1/2)m) N, [m]
+m( - 1)nth7mNg"a[m —1]
Niglm] = (wm = Q)N [m] = (Yo + (10 — 1/2)7) Ni, ]
gmmmwwﬂ+mmwyuwm+u—mmn
(m )nthf)/m [ - 1]
(D.4)

In chapter IV all the correlators in the stationary state were rewritten in terms of
Ny[m|. Here, because of the possibility to thermally excite phonons, it is no longer

possible. For example Ng[m| is determined by the following recurrence relation:

YaeNp[m — 1] + (m — 1)?*ngym Ng[m — 1]
Yac + /7;’7—10 + 77;10 + (m - 1)7771

Ng[m] = (D.5)

It is nevertheless still possible to obtain a recurrence relation for the stationary

value of N,[m] as follows:
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The temperature dependent coefficients of this recurrence relation are given by:

A(m) = (m™2= ((2m = 1)(nn = 1) — 2¥ac)
n AgemVacV i,
((m=1)(nen—D)vm—ae) (Yac 7 et Vine = (nen—1)(m—1)ym )
_’_4mnth7m (wm_Q(l))2

gem  (2m—1)(ngp—1)vm—2%ac’

Blm) = (mng, = 1) 722 ((2m = 1), = 13 = 27
b (14 et )

m—1)(nen—1)Ym+Yac T (M —1)Ym—Yac) Yac 7 Vi e —m (e —1)¥m
(wm—Q1)2
D (nen—1)ym—27ac’

+(mny, — 1) ;:—T; @

— 29emym
O<m) - 'Yac*m(nth*l)')/m :

(D.7)
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